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Abstract: A new fluorescent chemosensor comprised of a pyridine
functionalized pillar[5]arene (PyP5) and 1-naphthol has been
designed and utilized for the recognition of metal cations. The 1-
naphthol was encapsulated by the PyP5 cavity and formed a 1:1 host
- guest inclusion complex. Whilst free 1-naphthol is known to be
strongly fluorescent, this strong fluorescence was quenched in the
inclusion complex PyP5@1-naphthol. Using the PyP5@1-naphthol
inclusion complex as a fluorescent probe, various metal cations have
been detected. The experimental results revealed that the probe
responded to both Ag* and Fe®, via an obvious fluorescence
quenching or an incomplete quenching of fluorescence, respectively.
As a result, a fluorescence method for the detection of two metal
cations using a single system has been developed.

Introduction

The selective monitoring of metal ions is very significant
because they play a crucial role in biological systems and in the
environment!™"%, |ron is the most abundant transition metal in the
human body and exists in two biologically related oxidation states:
Fe?* and Fe*. Fe® is an essential element in the human body!'"
4l and is central to hemoglobin, myosin and many cofactors
involved in enzyme activity. At the cellular level, it plays a vital role
in the exchange of cytochrome and oxygen transport. Excessive
Fe® will have adverse effects on human health and immunity,
leading to serious mental illness, hemochromatosis,
neurodegenerative diseases and so onl'*'l. However, if the
human body is short of Fe3* for a prolonged time, or if the
absorption of iron is hindered, it will be difficult for the human body
to produce hemoglobin, which can result in reduced hemoglobin
levels, and even iron deficiency anemia. At this time, the ability of
blood oxygen supply is reduced, the skin color is pale, making
people feel tired and weak, affecting the overall physiological
function of the human body. Such issues are likely to lead to
pancreatic, heart, lung and other functional organ disorders.
Some researchers have confirmed that Alzheimer's disease and
Parkinson's disease are related to Fe®*. Another metal ion, Ag*,
is also extremely important. Silver is a precious metal that is
widely used in photography, imaging, batteries, semiconductors
and a number of other industries. Recently, soluble silver
compounds and colloidal silver have been used in the treatment

of mental illness, epilepsy, nicotine addiction, gastroenteritis, and
infectious diseases, because of their antibacterial activity.
However, Ag® is a heavy metal environmental pollutant, and high
concentrations of Ag* will accumulate in the body due to food, and
this will result in many adverse effects on health, such as brain
damage, nerve and immune system damage!'®?%. Therefore, the
detection of silver ions is also of great significancel®-2%. However,
so far, effective and standardized tests for the characterization of
Ag* and Fe® have been limited and are relatively complex.
Therefore, it is very important to develop a highly sensitive and
selective detection method for Ag* and Fe®. Fluorescence
sensors have the advantages of simple operation, high sensitivity,
fast detection and real-time detection. Therefore, it is desirable to
design a simple, sensitive, and rapid fluorescent detection probe
for detecting Ag* and Fe®", which can be employed for practical
applications.

First reported in 2008, pillar[n]arenes are now receiving more
and more attention®®34, Amongst the pillar[n]arene family, the
use of pillar[5]arene has many advantages®*4%: (1) it binds
neutral molecules in organic solvents because it has an electron-
rich cavity; (2) it can provide 10 functionalized reaction sites; (3)
its structure provides a rigid component for the preparation of
functional materials, and has shown great potential in sensors,
catalysts, supramolecular gels, separation and storage. Therefore,
pillar[5]arene is very suitable for use in host-guest inclusion
complexation in order to design a fluorescent probel*'-9,

On the other hand, 1-naphthol is an important intermediate of
fine chemicals, which is widely used in the synthesis and
production of dyes, spices, oils, medicines and pesticides!®>-52,
The oxygen atom of 1-naphthol is sp? hybridized and can form
extensive 1 bonds, and can exhibit strong fluorescence. The
successful preparation of water-soluble pillar[5]arene can provide
new opportunities for chemists working in the field of host—guest
chemistry and the recognition of metal ions. Therefore, more and
more research has centered on the synthesis of water-soluble
pillar[5]arenes!®-%%. On this basis, we have synthesized a pyridine
functionalized pillar[5]arene. Pyridine functionalized
pillar[5]arenes are extremely soluble in water and strongly bind 1-
naphthol in water, which is mainly driven by hydrophobic and
electrostatic interactions. The probe system is constructed by
encapsulating one equivalent of 1-naphthol, which possess
strong intrinsic fluorescence, into the hydrophobic cavity of PyP5.
To this inclusion complex, namely PyP5@1-naphthol, were added



This is the peer reviewed version of the following article: X. Y. Zhu, X. N. Yang, Y. Luo, C. Redshaw, M. Liu, Z. Tao, X.
Xiao, ChemistrySelect 2021, 6, 13265, which has been published in final form at https://doi.org/10.1002/sIct.202103744. This article may

be used for non-commercial purposes in accordance with Wiley Terms and Conditions for self-archiving.

metal ions. The addition of Ag* led to incomplete quenching of
fluorescence, whilst Fe®* led to complete quenching of
fluorescence. Based on the linear relationship between the
fluorescence intensity and the concentration of Ag* and Fe®, a
simple fluorescent probe method for the analysis of Ag+ and Fe®*
was constructed. The observed visual signals indicate the
potential of this probe system in rapid assay applications.

Results and Discussion

Interaction of PyP5 and 1-naphthol
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Figure 1. (A) Fluorescence spectra of 1-naphthol (20uM) with
increasing amounts of PyP5 from 0, 20, 40, 60, 80, 100, 120, 140,
160, 180, 200, 220, 240, 260, 280 and 300 uM; (B) plots of
Npyps/N1-naphthol VS fluorescence intensity of 1-naphthol in aqueous
solution; (C) The Job's plot obtained by continuous variation of the
mole fraction of 1-naphthol and PyP5 from aqueous solutions.
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Figure 2. (A) 1-Naphthol spectrum and on addition of (b) 0.12, (c)
0.46, (d) 0.68, (e) 1.16, (f) 1.40, (g) 1.52, (h) 1.65, (i) 1.87
equivalents of PyP5 and (j) PyP5 '"H NMR titration spectrum.

Figures 1A and B show that 1-naphthol (20uM) displays
strong fluorescence with a maximum emission at 470 nm in
solution. However, the titration florescence spectra of 1-naphthol
decreased on increasing the amount of PyP5, which revealed the
emergence of a robust supramolecular complex. The
extinguishing of the fluorescence is attributed to the electron

transfer between PyP5 and the electron-rich 1-naphthol.
Moreover, using the Job’s plot method, as shown in Figure 1C, it
was observed that the maximum peak appeared at a mole fraction
of 0.5, which corresponds to a 1:1 binding stoichiometry for PyP5
to 1-naphthol. As shown in Figure S1, the UV- vis spectra were
obtained using aqueous solutions = containing a fixed
concentration of PyP5 (2.0x10° mol/L) and variable
concentrations of 1-naphthol. On gradually increasing the 1-
naphthol concentration in the PyP5 solution, the absorption band
of the PyP5 exhibits a progressively higher absorbance due to the
formation of the host - guest complex PyP5@1-naphthol. This is
compatible with the results acquired from the fluorescence
spectra.

"H NMR titration spectra were obtained for a fixed amount of
1-naphthol in neutral aqueous solution and on gradual addition of
PyP5 (Figure 2). Upon continuous addition of PyP5, only 1-
naphthol proton resonances changed, suggesting that 1-naphthol
had a high exchange ratio for binding and unbinding on the NMR
time scale. As shown in Figure 2, when PyP5 was added to the 1-
naphthol solution, the protons H2, H3, H4, H5, H6, H7, and H8 all
underwent a clear upfield shift (H2= 0.05; H3= 0.08; H4= 0.22; H5
= 0.16; H6 = 0.23; H7 = 0.11; H8 = 0.16 ppm), indicating that 1-
naphthol has entered the cavity of PyP5.

Response of the 1-naphthol@PyP5 inclusion complex to
different metal ions (M™)

600
=E J _ 1-naphthol
% 500-. 1-naphthol@PyP5-Ni",cu AT 8r27,
2 4004 ot cat Mg?t Lt Mn2t,co?",
g ] cd?t zn?t Ba?t pp2 T KT Na T Y2,
?3 300 ru2tzet o5t et pEt
§ 200:
2 ] 1-naphthol@PyP5-Ag
B
E 100+ 1-naphthol@PyP5-Fe'™
= ]

0 T T T T 7 |

400 450 500 550 600 650 700

Wavelength(nm)

Figure 3. Fluorescence spectral response of metal cation (50
times) to 1-naphthol@PyP5 (20 uM).

The fluorescence properties of PyP5@1-naphthol indicated
that it should be suitable for the rapid detection of metal ions. Thus,
the PyP5@1-naphthol could be used as a probe to recognize
metal cations. Herein, we investigated the fluorescence response
of the PyP5@1-naphthol (1:1, 20uM) with metal cations (1mM).

After adding the metal ions to the supramolecular fluorescent
probe PyP5@1-naphthol (20 uM), it was found that Fe®* causes
the fluorescence of the supramolecular fluorescent probe to be
quenched, and a white precipitate is observed under natural light,
whilst Ag* also causes fluorescence decreased (as shown in
Figure 3). The fluorescence intensity of the molecular fluorescent
probe is reduced, and red-brown precipitation is observed under
natural light (as shown in Figure 4). The addition of other metal
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ions resulted in no obvious change in the fluorescence intensity

of the probe. On placing the solution under 365 nm ultraviolet light,

adding Fe® makes the PyP5@1-naphthol probe solution non-
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fluorescent, and adding Ag* makes the fluorescence of probe
solution significantly reduced (as shown in Figure 5).

Figure 4. 1-naphthol@PyP5 probe and the color change diagram
of the probe-metal ion solutions under natural light.

Ni* AL- Cu? AP Sr** CrY' Ca¥ Mg™* Li- Mn* Co™ Cd’

JUTIIINENEEN
1-naphthol Probe
L
|- |

— e d
; Zn* Ba® Fe* Pb* K' Na~ Y* Ru* Zr"™ Cs* Rb' Fe¥

TYIIIIIIND

§IsEN 1
UL

Figure 5. The color change diagram of 1-naphthol, 1-
naphthol@PyP5 probe and probe-metal ion solution under 365nm
UV lamp.
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Figure 6. (A) Fluorescence spectra of Fe® titration probe 1-
naphthol@PyP5; (B) The relationship between fluorescence
emission and Npyps@1-naphtho/NFe>; (C). Linear fitting curve of the
fluorescence intensity of 1-naphthol@PyP5 titration with different
concentrations of Fe®*.
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Figure 7. (A) Fluorescence spectra of Ag* titration probe 1-
naphthol@PyP5; (B) the relationship between fluorescence
emission and Npyps@1-naphthol/Nag®; (C) Ag* counter-probe 1-
naphthol at different concentrations and linear fitting curve graph
of the fluorescence intensity change for the @PyP5 titration.

The concentration of the fluorescent probe PyP5@1-
naphthol was fixed at 2.0 x 10° mol/L, and different volume
fractions of Fe®* ions were added to the fluorescent probe
standard solution, and in Figure 6, it can be seen that the
fluorescence intensity gradually decreases. Using the intensity
reduction value as the ordinate, and the Fe® ion concentration as
the abscissa, a calibration curve was drawn, and applying IUPAC
regulations, the detection limit of the PyP5@ 1-naphthol probe for
different amounts of Fe® ions was calculated. When the
confidence level is 90%, K is 3, and the detection limit of Fe®* is
calculated to be 8.56 x 10~ mol/L (Figure 6). The detection limit
of Ag* was determined by the same method as 1.67 x 107 mol/L
(Figure 7).

In order to further study the mode of action of the metal ions
Fe®* and Ag* with the probe PyP5@ 1-naphthol, we conducted an
NMR specroscopic titration experiment with the metal ion and the
probe PyP5@1-naphthol. The metal ion Fe** was gradually added
to the quantitative probe PyP5@1-naphthol (1:1; 20uM), and the
results showed that with the addition of Fe®, the host-guest
proton peaks of the fluorescent probe 1-naphthol@PyP5
gradually disappeared, accompanied by a white precipitate.
Eventually, the probe 1-naphthol@PyP5 was completely
precipitated and the signals of the host-guest protons had
completely disappeared (as shown in Figure S2). In a similar
fashion, Ag* ion was gradually added to the quantitative probe 1-
naphthol@PyP5 (1:1; 20 uM) for "H NMR spectroscopic titration
experiments. The results revealed that with the addition of Ag*,
the phenomenon is similar to that of Fe®* (as shown in Figure S3).
It is speculated that the luminescent Forster resonance energy
transfer (FRET) might play a crucial role in the detection of these
analytes. The UV-vis absorption spectra of Fe®* exhibited a
maximum overlap with the excitation spectrum of 1-naphthol
between 240 nm and 330 nm, and the efficient absorption of Fe3*
at the excitation wavelength (293 nm) may hinder the absorption
of 1-naphthol, resulting in the remarkable decrease or quenching
of the luminescence compared with other ions. In the case of Ag*,
it may combine with Br from the PyP5 leading to AgBr
precipitation.

Conclusion

In summary, the interaction of 1-naphthol with PyP5 was
investigated using various techniques, and the results revealed a
1:1 host - guest inclusion complex, namely 1-naphthol@PyP5,
exhibiting strong fluorescence emission. The complex was tested
as a fluorescent probe for the detection of various metal cations.
The results showed that the 1-naphthol@PyP5 inclusion complex
exhibited unique responses to Ag* cations, accompanied by a
partial fluorescence quenching and reddish-brown precipitate
appears; the 1-naphthol@PyP5 inclusion complex also exhibited
unique responses to Fe®* cations, accompanied by complete
fluorescence quenching and the appearance of a white precipitate.
The research results show that the probe PyP5@ 1-naphthol can
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specifically detect Fe®* and Ag*, and has the advantages of high
sensitivity and a low detection limit.

Experimental Section

Materials

1-naphthol and perchlorate were purchased from the Aladdin company,
whilst all other reagents were of analytical reagent quality and were used
without any further purification. PyP5 was synthesized according to the
literaturel®’]. Doubly-distilled water was employed throughout.

Synthesis of PyP5
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Figure 8. Synthetic route of PyP5.

While stirring at 0 °C, carbon tetrabromide (39.8 g, 120 mmol) was slowly
added to the dissolved 1,4-bis(2-hydroxyethoxy)benzene (10.0 g, 50.4
mmol) and triphenylphosphine (31.5 g, 120 mmol) in 300 mL dried
acetonitrile solution. The clear solution obtained after the reaction mixture
was heated to room temperature under the protection of inert nitrogen was
stirred for another 4 h. Then 200 mL of cold water was added to the
reaction mixture to obtain a white solid. The white solid was collected by
vacuum filtration, washed thoroughly with a 60:40 mixed solvent of V
methanol: V water, and recrystallized from methanol to obtain white flake
crystals. After vacuum drying, product 1 (13.8 g, 85%) was obtained.

Under the protection of nitrogen, product 1 (3.37 g, 11.5 mmol) and
paraformaldehyde (0.349 g, 11.5 mmol) were dissolved in 200 mL of 1,2-
dichloroethane solution. Then, boron trifluoride ether (BFs-(OC2Hs)2, 1.63
g, 11.5 mmol) was added as a catalyst, and the mixture was stirred at room
temperature for 3 h to obtain a green solution. After filtration, the solid was
placed on silica gel with a mixed solvent of petroleum
ether/dichloromethane (1:2 v/v) as the eluent for column chromatography
purification to obtain a white powder product 2 (1.6 g, 41%).

Product 2 (1.00 g, 0.595 mmol) and pyridine (1.88 g, 23.8 mmol) were
added to 50 mL ethanol. The solution was stirred and heated to 80 °C and
refluxed for 24 h. The solution was evaporated to obtain a solid, which was
washed with ether solution. A white solid product 3 (1.28 g, 92%) was
obtained, which is a PyP5 (Figure 1).

Measurement of absorption and fluorescence spectra

All  UV/Visible spectra were recorded on an Agilent 8453
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA), from
solutions in 1 cm quartz cells. Fluorescence emission spectra were
recorded on a VARIAN Cary Eclipse spectrofluorometer (Varian, Inc., Palo
Alto, CA, USA). Fluorescence spectra were obtained by excitation at 293
nm with 5 nm emission and excitation bandwidths. Stock solutions of PyP5
(1.00 x 10 mol/L), 1-naphthol (1.00 x 10-® mol/L) and M™ (2.00 x 102

mol/L) were prepared in doubly-distilled water. Working solutions were
prepared by diluting stock solutions to the required concentrations.
Aqueous solutions of 1-naphthol (2.00 x 105 mol/L) were prepared by
diluting the stock solutions. For absorption and fluorescence spectra,
increasing concentrations (0 — 30.0x10~> mol/L) of PyP5 solution were
added to 1-naphthol. The excitation and maximum emission wavelengths
(Aex/Aem) were 293 nm/ and 470 nm for the 1-naphthol/PyP5 complex,
with 5 nm emission and excitation bandwidths. Aqueous solutions of the
1-naphthol/PyP5 complex (1-naphthol: 2.00 x 10 mol/L) were prepared
for characterization by fluorescence emission spectroscopy. To obtain
fluorescence spectra, known quantities of metal ion solutions were added
to the 1-naphthol/PyP5 complex. Fluorescence spectra were obtained by
excitation at 293 nm with 5 nm emission and excitation bandwidths at room
temperature. The maximum emission wavelength was Aem=470 nm for the
1-naphthol/PyP5 complex. For each experiment, three replicate
measurements were made.

'H NMR measurements

The 'H NMR spectra were recorded using a JEOL JNM-ECZ400s
spectrometer at 25°C. D20 was used as a field-frequency lock and the
observed chemical shifts are reported in parts per million (ppm) relative to
that of the internal tetramethylsilane (TMS) standard (0.0 ppm).

Detection Limit

The detection limit of Fe3* and Ag* was determined by fluorescence
titration. Fluorescence emission spectra of a series of mixture of certain
amount of 1-naphthol@PyP5 and Fe® and Ag* were recorded at room
temperature. The calculation technique used for the DLs was based on the
standard derivation of 10 measurements without the guest molecule (o)
and the slope of the linear calibration curve (K) based on the formula DLs

= 30/K. The standard deviation of 10 measurements without the guest
molecule could be determined based on the following relationship:

where n is the number of measurements (n=11).
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