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An imidazolium bridged macrocyclophane was synthesized as a ratiometric fluorescence sensor with
aggregation-induced emission (AIE) characteristic to detect pyrophosphate anion with high selectivity
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complexation with pyrophosphate anion and emit ratiometric fluorescence, resulting from an
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Introduction

Anions play very important roles in the environment and our
health. Among them, phosphate anions have attracted consid-
erable interest owing to their ubiquitous nature in biological
systems and strong impact on life processes." They participate
in energy transduction and metabolic processes.” Because the
concomitant release of pyrophosphate anions during ATP
hydrolysis occurs in many relevant biological processes, thus,
these anions are considered important targets for monitoring
such processes.® Several diseases, such as arthritis and
Monckeberg's arteriosclerosis, are related to abnormal levels of
phosphate anions in the blood serum.* Up to now, much
research effort has been devoted to develop highly selective and
sensitive sensors for phosphate anions through coordination
chemistry.® Several techniques, such as colorimetry® and elec-
trochemiluminescence,” have been established to detect phos-
phate anions. Fluorescence-based receptors, in particular, have
attracted widespread attention due to their high sensitivity and
easy operation in both in vivo and in vitro imaging.® Although
several chemosensors have been reported for phosphate-anion
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macrocycle showed great potential as a ratiometric fluorescence receptor.

sensing.”'*> However, great difficulties remains to develop
highly selective and sensitive fluorescence sensors for phos-
phate anions especially in aqueous environment because of
disrupting of binding of solvents and competitions from other
similar anions. An effective strategy to overcome those chal-
lenges is to develop chemical sensors that have multiple
binding units preorganized for specific targets of interest.
Macrocycles are well suited for such purposes. In the past,
macrocyclic based host materials have been used for sensing,*
encapsulations' and self-assemblies.”® Therefore, macrocyclic
chemical sensors have great potential for further developing
highly selective and sensitive fluorescent probes for various
anions. Nevertheless, this type of fluorescence sensors remains
scares.

Aggregation-induced emission (AIE) is a unique phenom-
enon that strong fluorescence arouses in the aggregated state
which usually quenches fluorescence.'® This unusual behavior
of fluorophores makes them very good candidates for simple
fluorescence turn-on or turn-off sensors either induced by
aggregation of an analyte or by quenching the aggregate emis-
sion with a quencher."” This type of sensors based on AIEgens
has gained great success. With this type of design, false-positive
responses can significantly weaken the confidence of detection.
A possible way to overcome this problem is by using ratiometric
probes.*® This type of design is less likely to produce false-
positive responses because it is based on the relative intensi-
ties at two different wavelengths. Successful developments of
ratiometric fluorescence sensors have been found for some
specific analytes.” Ratiometric probes based on AIEgens are
very rare because most AlEgens don't display two emissions
simultaneously. In a previous study, a novel imidazolium
macrocycle was reported to display two emissions simulta-
neously.”® Here, we take advantage of this unusual dual emis-
sion of this macrocycle and used it as a ratiometric probe to
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detect pyrophosphate anions in aqueous solution. In the pres-
ence of zinc ion, this macrocyclophane showed high selectivity
for pyrophosphate anion and showed ratiometric fluorescence
changes of enhanced aggregate emission and reduced mono-
mer emission.

Results and discussion

As shown in Scheme S1,T the TPE derivative 4 was synthesized
by using 4,4’-dimethoxybenzophenone and 9-fluorenone as
a starting material and it was easily transformed into dia-
ldehyde 5 through a Duff reaction. With dialdehyde 5 in hand,
dialcohol 6 and dichloride 7 were obtained by reduction with
NaBH, followed by a chlorinating reaction with thionyl chlo-
ride. Upon a nucleophilic substitution with imidazole,
dichloride 7 was converted into diimidazole 8. Finally, the target
product imidazolium macrocycle 1 was obtained in 76% yield
by the reaction of dichloride 7 and diimidazole 8 in the presence
of a tetrabutylammonium chloride template (Scheme 1).

The evolution of the emission spectra of 1 in response to
different solvent systems was assessed in DMSO/toluene,
CHCl,/hexane, and DMSO/H,O (Fig. S9-S11t). Unlike typical
AlEgens that are non-emissive in the soluble state, macro-
cyclophane 1 showed distinct monomer emission at wavelength
of 450 nm in the soluble state. Upon aggregation of 1 with
increasing the ration of the poor solvent, the aggregate-state
emission became the major emission at 550 nm. The fluores-
cence intensity of monomer-to-aggregate emission could be
tuned by changing the ratio of the solvents. This result
encouraged us to apply 1 as a ratiometric probe by changing the
aggregation degree via addition of suitable analyte.

The imidazolium motif has been reported as a receptor for
a number of anions.*'* This finding prompted us to examine
the sensing performance of 1 toward different anions. Firstly,
we added one aliquot of different anions to the solution of 1 in
DMSO and water mixture (v/v 50/50).>* Phosphate (Pi) and
pyrophosphate (PPi) resulted in a red emission, however, the
responsiveness and selectivity observed were discouraging
(Fig. S12%). Then one aliquot of zinc ion was added to the
solution of 1 and various anions. Surprisingly, only pyrophos-
phate anions demonstrated a distinct enhancement in their
aggregate-state emission as indicated in Fig. 1A. Other anions,
such as phosphate and monohydrogen phosphate anions,
showed slight enhancements in their emission intensity. The
addition of zinc ion to other anions, it had a minimal effect on
the emission spectra (Fig. 1B). Further experimentation by

Scheme 1 The chemical structure of macrocyclophane 1.
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Fig. 1 (A) The fluorescence spectra of 1 in water containing 50%
DMSO with addition of different anions in the presence of zinc(i). Aex =
378 nm, ex/em slits = 5/10 nm. (B) Diagram of the emission at 550 nm
of 1in the presence of zinc(i) and different anions. [1] = [Zn(OAc),] = 1/
2lanion] =50 x 107° M

titrating pyrophosphate anion into a solution of 1-Zn showed
that the emission intensity at 555 nm progressively increased
upon addition of the anion solution (Fig. 2). When the
concentration increased to 1 x 10™* M, the fluorescence
intensity had no further obvious change, indicating 1-Zn and
pyrophosphate anion complexed in a 1 : 1 molar ratio.

After confirming that aggregation could be induced by the
addition of pyrophosphate anion in the presence of zinc ion, we
then investigated the feasibility of achieving a ratiometric
response toward pyrophosphate anion. The selectivity of the

1504
S
@ 100+
=
D 1.0x10%2.0x10*
S [PPi] (mol/L)
€ 504

600
Wavelength (nm)

500

Fig. 2 The fluorescence change of 1 (50 uM) in water containing 50%
DMSO with PPi in the presence of 1 equivalent zinc(i). Inset, curve of
the intensity at 550 nm vs. the concentration of PPi. ., = 378 nm, ex/
em slits = 5/5 nm.
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resultant sensor was tested, and the results are shown in Fig. 3.
Similar to above-mentioned experiments, only pyrophosphate
anion showed obvious fluorescence increase. The aggregate-
state emission of the anion at 550 nm greatly increased
whereas their monomer emission at 443 nm slightly decreased.
Meanwhile, other anions showed tiny changes in their emission
spectra. The ratiometric change of fluorescence enabled by
probe 1 is distinctly different with a similar sensor* reported
before that only simple enhancement of emission is possible.

Then, a fluorescent titration experiment was conducted by
using pyrophosphate anion as the analyte. As shown in Fig. 4A,
changes in the intensity of the monomer and aggregate-state
emissions were observed. Specifically, the aggregate emission
progressively increased whereas the monomer emission
decreased. A clear isomeric point was noted at about 490 nm.
Moreover, UV-vis titration of 1-Zn and pyrophosphate anion
was also implemented. With increasing of concentration of PPi,
the absorption intensity at 253 nm gradually (Fig. 4B). When the
concentration of PPi increased to 1 x 10~* M, the absorption
spectra showed little changes, which is consistent with the
result of fluorescence titration. The detection limit of ppi with
probe 1 was estimated as 67 nM which is among the range of
best similar probes. (ESI, Table S17).

The binding affinity of macrocycle 1 with pyrophosphate
anion was obtained by fitting the UV-Vis titration traces at
253 nm using 1:1 binding model (Fig. S13f). The binding
constant was found to be 4.3 x 10° M~ ! which indicates strong
binding with PPI anion. The associated complex with PPi anion
can also be detected by ESI' mass spectroscopy (Fig. S147). A
mass peak at m/z 1209.2904 (z = 1) matched with the formation
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Fig. 3 (A) The fluorescence spectra of 1 in water containing 50%

DMSO with addition of different anions in the presence of zinc(i)). Aex =
378 nm, ex/em slits = 5/10 nm. (B) Diagram of the emission at 472 nm
of Lin the presence of zinc(i) and different anions. [1] = [Zn(OAc),] =1/
2lanion] = 1.0 x 10> M.
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Fig. 4 (A) The fluorescence change of 1 in water containing 50%
DMSO with PPi in the presence of zinc(i). Inset, curve of the intensity at
550 nm vs. the concentration of PPi. e, = 378 nm, ex/em slits = 10/
10 nm. (B) Change of the absorption spectra of 1 in water containing
50% DMSO with PPi. Inset, curve of the absorbance at 253 nm vs. the
concentration of PPi. [1] = [Zn(OAc),] = 1.0 x 107> M.

of 1:1 complex of 1 and PPi. The inclusion complex of 1-PPi
alone in aqueous solution does not show significant changes in
solubility. However, in the presence of Zn(u), the inclusion
complex of 1-PPi was further connected possibly through the
coordination of zinc cation with pyrophosphate anions. It is
through this coordination, the solubility of the complex
changed and aggregates formed. The size of the aggregation in
aqueous solution was found to be around 2.5 um by dynamic
light scattering (DLS) measurement (Fig. S15%). Therefore,
a possible mechanism of the selective sensing of pyrophosphate
anion can be drawn as below. The macrocycle, which bearing
two imidazolium units, is able to binding a pyrophosphate
anion into its cavity possibly through electrostatic and multiple
dipole-dipole interactions. The inclusion complex of 1-PPi can
coordinated with Zn** which results in aggregation and hence
changes the fluorescence from monomer emission to aggregate
emission that gives a ratiometric fluorescence change (more
discussion of mechanism see ESI Note 17).

Conclusions

In conclusion, we have used an AIE-active macrocyclophane
bearing imidazolium linkers as a selective ratiometric fluores-
cence sensor for pyrophosphate anion in aqueous solution in
the presence of zinc cation. A selective binding pocket for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pyrophosphate anion is provided by the imidazolium macro-
cycle with its well suited size and cooperative binding forces.
Through coordination with zinc cation, ratiometric fluores-
cence change of this system offers a unique example among
AlEgens based sensors. The present study provides a new
strategy for development of ratiometric fluorescence sensors
based on AlEgens. Further developments of ratiometric sensors
using this strategy for various targets such as other anions,
environment pollutants and health hazards are pursued in our
labs and will be reported in due course.
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