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An ultrasensitive detection and effective removal material was successfully developed by using a pillar[n]
arene-based supramolecular polymer gel (MTP55HB). The MTP55HB can ultrasensitively recognize Cu?*
and Fe**, and the limits of detection (LODs) for Cu?* and Fe3* are 1.55 and 2.68 nmol/L, respectively.
Additionally, the in-situ generated metallogel MTP5>HB-Cu can exclusively detect CN~, and the LOD for
CN™ is 1.13 nmol/L. Noticeably, the xerogel of MTP55HB-Cu can effectively remove CN~ from aqueous
solution with 94.40% removal rate. Test kit based on MTP5OHB-Cu is also prepared for convenient
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The extreme toxicity of cyanide (CN ™) in physiological systems,
as well as the continuing environmental concern caused by its
widespread industrial use, has led to considerable research into
development of methods for CN™ detection [1,2]. For example,
Mergu et al. reported a naphthalimide-benzothiazole conjugate for
reaction-based fluorescence detection of CN~ [3]. Shiraishi et al.
synthesized a coumarin-spiropyran dyad for excellently fluores-
cent detect CN™ [4]. Although some methods have been developed
for the ultrasensitive detection of CN™ [5-7], unfortunately these
methods could not remove target ions. While some other methods
could efficiently remove CN~ but could not detect CN~ [8].
Therefore, developing novel materials for ultrasensitive detection
and efficient removal of CN~ is a charming subject.

Supramolecular polymers are defined as polymeric systems
that extend beyond the molecule [9]. Various dynamical and
reversible noncovalent interactions promote monomers to assem-
ble into polymeric structures [10,11], which makes them not only
possess the merits of traditional covalent polymers but also have
some unique performances such as stimuli-response properties
[12,13]. Therefore, supramolecular polymers provide a platform for
fabricating novel materials with ultrasensitive stimuli responsive-
ness [14,15]. In addition, pillar[n]arenes emerged as new
supramolecular host macrocycles was first proposed by Ogoshi
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in 2008 [16]. The special structure of pillararenes could provide
various supramolecular interactions such as H-bonding, -7
stacking, metal coordination, etc. [17-19]. These properties endow
pillar[n]arenes with opportunities for the construction of stimuli
responsive supramolecular polymers [20-25].

Aggregation induced emission (AIE), first coined by Tang in
2001 [26], reveals an important photophysical phenomenon that
non-emissive luminogens exhibits enhancement of fluorescent
emission at aggregate state [27]. In recent years, new type of
supramolecular polymer materials with AIE properties has earned
much attention in many fields, including biological areas [28],
fluorescent sensors [29], optoelectronic systems [30] and stimuli
responses materials [31]. Therefore, the research on AIE provide
novel approach for the design of ultrasensitive fluorescent stimuli
responsive materials [32,33].

Here, a novel pillar[5]arene-based AIE supramolecular polymer
gel MTP50OHB was designed and fabricated referring to the
research contents of our previous studies [34]. The MTP5>HB was
constructed by multiple H-bonding and exo-wall -7 stacking
interactions between thioacetylhydrazine copillar [5]arene MTP5
and 2,2'-(1,4-butanediyl)-bis(1H-benzimidazole) HB. Our strate-
gies are demonstrated as follow. First, the thioacetylhydrazine
groups on MTP5 provides suitable H-bonding interaction sites and
metal coordination sites. Then the HB supplies electron accepting,
m-bridging and metal-ions chelating abilities. Impressively, based
on this design, the MTP5OHB gel is formed and exhibited strong
bluish white AIE fluorescence, which can be wused to
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Fig. 1. Schematic illustration for the formation of MTP5OHB and detection
mechanism for ions.

ultrasensitively detect Cu?>* and CN~ (Fig. 1). Moreover, the xerogel
of in-situ generated metallogel MTP5OHB-Cu has excellent
capacity to remove CN™ in water with 94.40% removal rate.

The synthetic route of MTP5 and HB were depicted in
Scheme S1 (Supporting information), and they were characterized
by 'H NMR, 3C NMR and HRMS (Figs. S1-S6 in Supporting
information). Although MTP5 could not self-assemble into a
supramolecular gel, stable supramolecular polymer gel MTP5OHB
was obtained by mixing it with HB in DMSO-H,0 binary solvent
containing 35% water (Tables S1 and S2 in Supporting information).
As shown in Fig. 2a, the sol of MTP5OHB had inappreciable
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Fig. 2. (a) Temperature-dependent fluorescence spectra of MTP5-HB. (b)
Fluorescence spectra of MTP5OHB and MTP5OHB-M (M is different cation). (c)
Fluorescence enhancement by adding various anions into MTP5 >HB-Cu metallogel.
Inset: corresponding photographs under UV lamp irradiation. (d) Fluorescence
spectra of MTP5OHB-Cu with increasing concentration of CN~. Experiment
conditions: wt% =5%, 35% water fraction in DMSO/H50, Aex=251 nm.

fluorescence. However, a stable MTP5OHB gel with a remarkable
fluorescence enhancement at 468 nm was generated (wt% = 5%, i.e.,
50 mg/mL) when the temperature decreased. Simultaneously, a
strong bluish white emission was observed under the irradiation of
UV-vis lamp at 365 nm. These results indicated the aggregation-
induced emission (AIE) property of MTP5OHB gel [35].

Series experiments were carried out to further investigated the
assembly mechanism of the MTP55oHB. Firstly, the 'H NMR
titration experiment was performed by gradually adding HB into
MTP5. Upfield shifts in the signals of protons on HB were observed,
while H,, Hy, and H, located on MTP5 shifted slightly to downfield
(Fig. S7 in Supporting information), which suggested that
mr-electron deficient HB interacted with electron-rich MTP5 via
-7 donor-acceptor interaction [36,37]. Meanwhile, the 2D NOESY
NMR spectra exhibited cross peaks at A, B and C (Fig. S8 in
Supporting information), which testified that benzimidazole
groups on HB were close to the aromatic rings on MTP5. Then,
as shown in the concentration-dependent 'H NMR spectrum of
MTP5-OHB (Fig. 3a), both of H,, Hy, He, Hj, Hy, on MTP5 and Hy, Ho,
H, on HB shifted downfield and became broad with increasing the
concentration of MTP5OHB, indicating the formation of hydrogen-
bond between MTP5 and HB. Afterwards, the XRD patterns of
xerogel MTP5OHB showed peaks at 31.47°, 26.75° and 20.21°
corresponding to the d-spacing of 2.84A, 3.33A and 439A
(Fig. 3b), which confirmed that the assembly process of MTP5OHB
was promoted by the combination of H-bonding, exo-wall w-m
stacking and intercolumnar stacking interactions [37-39]. In
addition, there was a peak at m/z 1187.5522 in the HRMS spectrum
of MTP5OHB (Fig. S9 in Supporting information), which could be
assigned for [MTP5 + HB + H]*. This result indicated that MTP5
combined with HB in 1:1 stoichiometric ratio. Finally, the SEM
morphological features of xerogel MTP5OHB showed a regular
overlapping laminar morphology (Fig. 4a), which supported the
formation of a 3D network structure of MTP5>HB.

The fluorescence detection property of MTP5OHB for cations
was studied by diffusing various cations (including Fe3*, Zn?*,
Mg?*, Co?*, Zn?*, Hg?*, Ag®, Ca%*, Cu?*, Ni?*, Cr>*, Pb?*, Cd?* and Ba®
* c=0.1 mol/L) into MTP5>HB, only Cu?* and Fe>" ions quenched
the fluorescence emission (Fig. 2b). Moreover, the detection limits
(LODs) of MTP55HB toward Cu?* and Fe** were determined by
fluorescence titration as 1.55 nmol/L and 2.68 nmol/L, respectively
(Figs. S10 and S11 in Supporting information), which indicated the
sensitivity of MTP5OHB were much higher than other reported
sensors (Table S3 in Supporting information). After that, the anions
recognition performance of in-situ generated metallogel
MTP5OHB-Cu was investigated by adding different anions such
as F-, Cl-, %, Ac™, HyPO,4~, Br—, N3~, SCN~, HSO,~, Cl0,~, I~ and
CN™ (c=0.1mol/L) into these metallogel. As shown in Fig. 2c,
MTP5OHB-Cu could exclusively detect CN~. Based on the
fluorescence titration experiment (Fig. 2d), the LOD of
MTP55HB-Cu toward CN~ was 1.13 nmol/L (Fig. S12 in Supporting
information). Compared with other reported sensors, the
MTP5OHB-Cu possesses higher sensitivity for detecting CN™
(Table 1).

The response mechanisms of supramolecular polymer gel
towards Cu?" and CN~ were investigated using FT-IR, XRD and SEM.
In the FT-IR spectra (Fig. S15 in Supporting information), the
stretching vibration absorption peaks of —NH and —C=0
transferred from 3427 cm™ and 1649cm™ to 3436cm™! and
1627 cm™!, with the addition of Cu?* into MTP55HB. Meanwhile,
new shoulder peaks appeared at 1114cm™ and 2999cm™,
representing the changes of the stretching vibration absorption
peaks of C—S—C and =C—H on aromatic ring, respectively.
Moreover, in the XRD spectra (Fig. 3b), the peaks at 3.33 A and
2.84 A disappeared, but the peak at 4.39 A had negligible change.
These changes indicated that intercolumnar stacking maintained,
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Fig. 3. (a) Partial concentration-dependent "H NMR spectra (400 MHz, in DMSO-dg, 298 K) of MTP5 SHB: (bottom to top) 25.0 mg/mL; 50.0 mg/mL; 75.0 mg/mL; 100.0 mg/mL
1). (b) Corresponding powder X-ray diffraction patterns.
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Fig. 4. SEM images of (a) xerogel MTP5OHB, (b) MTP5>HB-Cu, (c) MTP5OHB-Cu + CN™.

Table 1

Comparison of detection and removal efficiency of MTP5OHB-Cu for CN~ with other reported sensors.
Detection materials LOD (nmol/L) Removal rate (%) Ref.
Hydrogenated coumarin-spiropyran dyad 1000.00 - [4]
Graphene quantum dots (GQDs)/gold nanoparticle (AuNPs) conjugate 520.00 - [1]
Molecular Au(I) cluster 80.00 - [7]
Ag-core/Au-shell/iridium(IIl) complex 36.00 - [2]
Naphthalimide-benzothiazole conjugate 4.50 - [3]
TiO,/Fe;03/PAC & TiO,/Fe,05/zeolite nanophoyocatalysts - 92.42%, 97.37% [8]
Magnetic graphene-isolated AuCo nanocrystal 5.00 91.01% [41]
Pillar[5]arene-based MTP5>HB-Cu 113 94.40% This work

but H-bonding and exo-wall m-7 stacking were destroyed.
Additionally, the morphology of xerogel MTP5OHB-Cu trans-
formed into fragmentary (Fig. 4b). These results showed that the
MTP55HB combined with Cu?* by coordination interaction with
thioacetylhydrazine groups and cation-7 interaction.

Moreover, with the addition of CN™ into the MTP55>HB-Cu, the
stretching vibration absorptions of —NH and —C=0 shifted to
3429 cm™! and 1643 cm™, respectively, and the peaks at 2999 cm™
and 1114 cm™! disappeared (Fig. S15). This consequence can be
explained by the strong complexation abilities of CN~ with Cu?*
revealing CN~ coordinated with Cu?* in MTP5>HB-Cu. Moreover,
in the XRD, the peaks around 20 = 26.74° and 28.22° corresponding
to the d-spacing of 3.32A and 3.16 A appeared again (Fig. 3b),
which verified that CN~ coordinated with Cu?* and the exo-wall
m-m stacking generated again. In addition, SEM experiment
showed the macromorphology changed from fragmentary into
regular overlapped layer structure again after adding CN™ into
MTP5O5HB-Cu (Fig. 4c). The above results could be ascribed to the
competitive coordination mechanism between CN~ and Cu?*

To explore the application of supramolecular polymer gel
MTP55HB-Cu, the removal experiment for CN~ were performed.
Immersing the xerogel MTP5OHB-Cu into CN- solution (c=3.40
pmol/L) for three hours, the residual content of CN~ in water was

0.19 pumol/L [40] (Fig. S13 in Supporting information). The removal
rate toward CN~ was 94.40%, indicated that MTP5OHB-Cu
displayed excellent removal capacity toward CN™ in aqueous
solution(Table 1). Meanwhile, the MTP5>HB-Cu could be extracted
by dichloromethane and reused (Fig. S14 in Supporting informa-
tion). Portable test kits were prepared for convenient detection of
CN- (Fig. S16 in Supporting information). These results are of great
significance to detect and remove extreme toxic CN~ in water.

In summary, we successfully constructed a supramolecular
polymer gel MTP5OHB, which emitted bluish white AIE fluores-
cence and could ultrasensitively detect Cu?* and Fe®**. Meanwhile,
the corresponding metallogel MTP5OHB-Cu could be used to
continuously detect CN~ with high selectivity and ultrasensitivity.
More importantly, the xerogel of MTP5OHB-Cu showed efficient
removal ability for CN~ with 94.40% removal rate. Meanwhile, the
portable test kit was also prepared for convenient and quick
detection of CN™.
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