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Abstract: Anions play an indispensable role in the balance and regulation of the

ecological environment and human health, however, excess anions can cause serious
ecological and environment problems. Therefore, the detection and removal of excess
anions in aqueous solution is not only a technological problem, but also crucial for
environmental protection. Herein, a set of water-soluble pyrene-based cationic
fluorophores were synthesized, which exhibit high sensitivity for the detection of the
anions BF4, PF¢ and ClO4 via electrostatic interactions. Such fluorescent probes
exhibit “turn-on” emission characteristics even at low concentration of anions due to
anion-m" interactions. Moreover, these fluorescence probe act as efficient precipitating
agents for the removal of the BF4", PF¢” and ClO4™ anions from an aqueous environment.
This example opens up new avenues for future research on pyrene-based fluorophores
as turn-on fluorescence probes for anion detection and as excellent precipitating agents

in environmental settings.



1. Introduction

Molecular self-assembly is spontaneous behaviour via weak intra-
/intermolecular interactions (such as electrostatic interactions, van der Waals'
forces, H-bonding etc.).! Among them, the electrostatic interaction occurs
between cations and anions with a relatively strong interaction without direction,
and is one of the important driving forces for the formation of supramolecular
architectures,? molecular recognition® and in protein folding.*

Anions illustrating a 3D spatial structure, such as BF4” and PF¢ , have been
widely used as ionic liquids in catalysis and in the lithium-ion battery industry.>°
However, their extensive application has also caused a series of environmental
issues. For example, as lithium-ion technology has developed, new energy
vehicles have entered our everyday life, but this has also led to new challenges
such as how to recycle the lithium-ion batteries as well as electrolytes.” On the
other hand, perchlorate (ClO4) is a new type of persistent inorganic pollutant,
which can exhibit fast diffusion, high stability and is problematic to the
environment. Moreover, even at low concentrations, ClO4™ can also cause serious
ecological issues and be detrimental to human health.® Thus, much effort is
focussed on exploring high-tech ways for the specific detection and recycling of
this category of anion. Traditional methods are based on electrochemistry,’!? ion

chromatography,!!:1?

atomic absorption spectroscopy, and
spectrophotometry,'®!* but these technologies still exhibit a number of

disadvantages, such as poor reproducibility, long duration, low sensitivity, etc.



Thus, it is of vital practical significance to develop new methods for identifying
BF4, PF¢ and ClO4™ anions, as well as ways of removing them.

Fluorescent probes!>!° have emerged as powerful tools in recent years and
have been exploited for determining metal ions and anions in various
environments. Compared with the above-mentioned methods, fluorescent
technologies possess some unique advantages such as simplicity, high speed,
high sensitivity, high resolution and high selectivity.?**> However, compared to
the fast-growing field of fluorescent probes for cation detection, it remains a
challenge to design highly specific and sensitive fluorescence probes for anion
detection.?>?* The main reason is that anions have multiple geometries with
larger ionic radius, which make them more sensitive to pH and imparts higher
hydration energy.”> On the other hand, solvents can preferentially and
specifically bind the probe molecule rather than the anion, and the higher polarity
of the solvent could aggravate this competitive relationship, resulting in poor
anion detection. Therefore, the development of ideal fluorescent probes for anion
detection is rare.

In 2001, Tang with co-workers observed a new type lumingenous, namely
silole, which was non-emissive in solution, but with enhanced emission in the
aggregation state.’® This phenomenon was defined as aggregation-induced
emission (AIE). High-efficiency organic materials with AIE characteristics have
been widely used in environmental analysis and for bio-sensing in view of their

abnormal optical properties.?’* Inspired by electrostatic interactions, cationic



fluorescence probes with AIE characteristic have been explored for detecting
various anions. Flood et al.?! reported a macrocycle that can specifically binding
with BF4, PFe and ClO4 in a MeOH/CH2Cl2 system with a large binding
constant, due to the synergetic effect of electrostatic interactions and a number
of hydrogen-bonding interactions between the host-guest molecules. Kumar and
Singh et al. used a biphenyl linked bisbenzimidazolium fluorescent probe to
achieve the highly selective recognition of ClO4 3> Moreover, our group has
also developed a series of cationic water-soluble AIE fluorescent probes for
anion detection via electrostatic interactions and weak interactions, such as Van
der Waals forces and n-n interactions.**® On the other hand, due to the presence
of strong electrostatic interactions, the probe also can rapidly capture various
anions which readily affiliate to form neutral clusters, thereby resulting in
insoluble species, which can be removed by facile processes, and this could open
up a potential pathway for the exploitation of ionic fluorescent probes as a tool
for bringing the ionic contaminants (such as metal ions and anions) under control.
Pyrene possesses a strong monomer or excimer emission in solution,
depending on the degree of aggregation, and can be utilized as a fluorescence
probe for metal ion detection.***?> Moreover, pyrene displays a sensitivity to the
polarity of the solvent.** Herein, a set of water-soluble, turn-on type pyrene-
based acceptor-n-acceptor (A-m-A) cationic fluorescent probes DPPD-R [4,4'-
((1E,1'E)-pyrene-1,6-diylbis(ethene-2,1-diyl))bis(1-nonylpyridin-1-ium)

(DPPD-9C), 4,4'-((1E,1'E)-pyrene-1,6-diylbis(ethene-2,1-diyl))bis(1-



nonylpyridin-1-ium) (DPPD-10C) and 4,4'-((1E,1'E)-pyrene-1,6-diylbis(ethene-
2,1-diyl))bis(1-dodecylpyridin-1-ium) (DPPD-12C)] and the intermediate 1,6-
bis((E)-2-(pyridin-4-yl)vinyl)pyrene (DPPD) were synthesized. Here, the pyrene
not only acts as a m-bridge, but also can be a donating group for constructing a
pull-push electronic structure. Moreover, the pyridine unit with a positive charge
can be a recognition group for identifying and trapping anions. Indeed, the
cationic pyrene-based probes not only show a highly affinity for detecting BF4,
PFs and ClO4™ anions via electrostatic interactions, but also can remove them in

near quantitative fashion from an aqueous environment.

RESULTS AND DISCUSSION

3.1 Design and synthesis of DPPD and DPPD-R
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Scheme 1. Design and synthesis of DPPD and DPPD-R
The synthetic routes for DPPD and DPPD-R are shown in (Scheme 1). The

structure of DPPD was characterized by single crystal X-ray diffraction analysis, NMR

spectroscopy and HRMS (Figs. S1- S9).



3.2. Single crystal X-ray diffraction analysis of DPPD
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Fig. 1. X-ray structure of DPPD. (Symmetry code: #-x, -y, -z. ORTEP representation
of the symmetry expanded local structure for DPPD showing 30% thermal ellipsoids.)

Compound DPPD was dissolved in a mixed solvent system of trichloromethane
and ethyl acetate. Single crystals of DPPD suitable for single crystal X-ray diffraction
were grown by slow evaporation of the solvent, and the X-ray structure of DPPD is
presented in Fig.l; key crystal structural refinement parameters are summarized in
Table S1. The crystal belongs to the orthorhombic system with the space group Pbca,
and the asymmetric unit contains one molecule of DPPD with two CHCI3 solvent
molecules. As shown in Fig.1, the pyrene connects to two pyridine ring molecules
through double bonds. The two double bonds are in a "frans-configuration". The two
pyridine rings are almost coplanar with the pyrene core, and the dihedral angle between
the pyrene and the pyridine ring is 169.26°. In the packing, the structure prefers to
arrange with herringbone-type packing with a J-aggregation model by several groups

of C-H:- -7 interactions at a distance of 3.5~3.7 A (Table S2).



3.3. Photophysical properties of DPPD-R
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Fig. 2. UV-vis spectra of three compounds (each of 10.0 uM) in MeOH at 25 °C.

The UV-vis absorption spectra of DPPD and DPPD-R were investigated in
MeOH solution (10° M). As shown in Fig.2, DPPD exhibits a maximum
absorption peak at 400 nm, with a molar absorption coefficient of 1.783x10° m"
'em!. The DPPD-9C., DPPD-10C and DPPD-12C exhibit a similar absorption
band in the range of 200-550 nm, indicating that the length of the terminal alkyl
chain has a limited effect on the absorption peak and the maximum absorption
bands are at 482 nm. However, as the length of the alkyl chain increases, the mole
extinction coefficient increases in the following order DPPD-12C (8.640x10*m"
'em™) > DPPD-10C (7.937x10* m™' em™) > DPPD-9C (6.194 x10*m™! cm™).

On the other hand, the compounds DPPD-R show good solubility in polar solvents,
such as H20, methanol, but are insoluble in CHCIl3. Thus, the emission spectra of the

three compounds were measured in MeOH and a mixture of MeOH/CHCl: with



different CHCIs fractions (f'cuciz) and are presented in Figs. 3 and S10. Compared to
the cyan blue emission of DPPD (480 nm), the DPPD-9C, DPPD-10C and DPPD-
12C exhibit a weak red emission with a maximum emission peak at 597 nm for DPPD-
9C, 598 nm for DPPD-10C and 598 nm for DPPD-12C, respectively, which is
attributed to the strong acceptor-donor-acceptor structure, where the cationic pyridine
ring acts as a strong electron-withdrawing group, and the pyrene as an electron-
donating group.*> Moreover, the alkyl chains at pyridine exert a limited effect on
the emission behavior. Taking DPPD-10C as an example, the fluorescence intensity
gradually increased as the CHCIs content increased, and when the fcrcis reached 60%,
the compound DPPD-10C shows a maximum emission peak at 610 nm.
Subsequently, the fluorescence intensity has slightly decreased when the CHCl3
content reached 90%. Although the compounds exhibit an enhanced emission in the
mixture MeOH/CHCI3, the compounds present a low quantum yield in the solid state
compared to in solution (Table 1). We speculate that the expanding m-conjugated
molecules with large planar structures can form a strong J-aggregation in the solid state,

resulting in quenched fluorescence.**
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Fig. 3. Fluorescence spectra of DPPD-10C (A) DPPD-10C and (B) Plots of AIE
curves in MeOH/CHCIs with different CHCI3 fraction (fcuciz) (Aex = 485nm). (C) the
emission spectra of the compounds. (D) Fluorescence quantum yield of DPPD and

DPPD-R in solution and in solid state.

Table 1. Absorption, emission and fluorescence quantum yield data of pyrene

compounds DPPD-9C, DPPD-10C and DPPD-12C.

Compound Amax abs [nm]* AmaxpL[nm] (07

ex10*[M'em™]  Solns¥/films®  Solns*/films®

DPPD 412 (3.07) 485 0.72/0.20

DPPD-9C 481 (6.20) 597 0.73/0.09



DPPD-10C 481 (7.94) 598 0.71/0.09

DPPD-12C 481 (8.64) 598 0.71/0.06

a) Maximum absorption wavelength; b) Measured in MeOH solution at room

temperature; ¢) Measured in the solid state.

3.4. Anion recognition properties of DPPD-R
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Fig. 4. (A) Fluorescence spectra of DPPD-10C (10.0 uM) in water in the presence of
various anions including F-, CI', Br', I', SO3%*, SO4*, BF«+, PF¢’, ClOs", PO4*, HPO4?,
NO2, NO3", HCO3", CO3* and CH3COO" (each of 20 equiv.). (kex = 485 nm). (B)
Changes of fluorescence intensity of DPPD-10C (10.0 uM) before and after response
with target anion (each of 20 equiv.) in aqueous solutions with different pH values

(Aex =480 nm).

Further, the three pyrene-based cationic fluorophores DPPD-9C, DPPD-10C and
DPPD-12C were selected as fluorescence probes for metal detection, which comprised

a mixture with 20 times of the concentration of various anions (such as F-, Cl', Br’, I,



SOs*, SO4*, BF4", PFs", ClO4, PO4*, HPO4*, NO2", NO3", HCO3", CO3> and CH3COO")
in a mixture of MeOH/H20 with fw = 90% at pH = 7.0, respectively. As shown in Figs.
4A and S11, as the anions were added, the maximum emission peak of each compound
was red-shifted to 700 nm with decreased emission intensity. Meanwhile in the presence
of the anions BF4", PF¢ or ClO4, the emission intensity was enhanced ca 10-fold with
a maximum emission peak at 610 nm. Clearly, all the red emitters show a high-affinity
to the anions BF4", PF¢ and ClO4. We infer that the dominant driving force is the
electrostatic interactions between the target anions and the positively charged probes,*
38 which induce the formation of anion - " interactions, resulting in enhanced emission
via molecular aggregates.* Dynamic light scattering experiment shows that after
DPPD-R interacts with the target anion, its average particle size increases (Table 2,
Figure S12-S14). This result further confirms our conjecture.

Table 2. Dynamic light scattering data.

Compound Average particle size (nm)

Blank BFs PF¢ ClO«
DPPD-9C 5.8 289.9 310.8 301.3
DPPD-10C 11.1 296.2 312.6 305.8
DPPD-12C 25.6 310.8 328.1 312.5

Furthermore, to investigate the effect of pH on the anion detection, the
fluorescence spectra were recorded in the range of pH =4 ~ 10. It was found that the

pH value exerts only a slight effect on the detection of the three anions BF4", PF¢ and



ClOx« (Figs. 4B and S15). Thus, the probes can effectively detect the target anions over
the range of pH = 4~10. Furthermore, interference experiments were measured for
investigating the effect of coexisting anions (such as F-, CI', Br,, I', SO3%", SO4*, BF«,
PFs, ClO4, POs*, HPO4*, NO2, NO3", HCO3", CO3* and CH3COO") on the detection
of the three anions BF4", PF¢ and ClO4". The experimental results indicated that the
coexist anions exerted only a slight interference on this system. (Figure S16).

Under the optimized experimental conditions, interference tests were performed
to investigate the effect of other anions on the recognition of BF4", PF¢” and ClO4™ by
the pyrene-based emitters (Figure S17). The emission spectra of the three fluorescence
probes reveal no obvious changes in the presence or absence of interfering anions in
the solvent contains BF4", PFs” and ClO4™ anions, indicating that the coexisting anions
did not affect the fluorescence probe to identify the target anion. In addition,
fluorescence titration experiments were further carried out to determine the limit of
detection of the three fluorescence probes for BF4", PF¢ and ClO4  anions (Figures S18-
S20). It was found that the detection limits of the probes for the target anions gradually
decreased from 1.063 to 3.786 uM for BF4, 0.622 to 1.969 uM for PF¢ and 1.162 to
2.283 uM for ClO4 on increasing the alkyl chain length of the probes (Table 3). Thus,
the three pyrene-based AIEgens are excellent fluorescence probes for detecting the BF4',
PFs and ClO4 anions with high selectivity and with a low limit of detection in various
environments.

Table3. DPPD-R probe was used as a fluorescent reagent for the analytical

parameters of anions.



linear range of

Probe anions correction curve R? LOD
M WM
BF4 5.0x10°~3.0x10° 0.998 3.786
DPPD-9C PFe 1.0x10°~1.4x10°  0.999 1.969
ClOs  1.0x10°~1.4x10° 0.995 2.283
BF4 1.5x10°~4.0x10°  0.993 2.620
DPPD-10C PF¢ 1.0x10°~1.2x10° 0.996 0.626
ClOs  3.0x10°~1.5x10° 0.990 1.779
BF4 1.0x10~8.0x10°  0.998 1.063
DPPD-12C PF¢ 2.0x10°~1.6x10° 0.997 0.622
ClOs  2.0x10%~1.1x10° 0.996 1.162

3.5. Anion adsorption properties of DPPD-R

More interestingly, when mixing each pyrene-based fluorescence probe with BF4’,
PFs or ClO4 anions (mole ratio: 1:20) in the MeOH/H20=1:9 solvent mixture for 1 h,
respectively, an amount of red suspended solid was observed. Also, the precipitates
were filtered and analyzed by scanning electron microscopy (SEM). Taking DPPD-
10C as an example, as shown in Fig.5, the DPPD-10C had self-assembled into a plate-
like morphology in the aggregate state, when the fluorescence probe met the target
anions of BF4", PF¢ or ClO47; the morphology was changed to a uniform ball-like,
irregular fiber-like and gel-like assemblies, respectively. The formation of these
morphologies may be due to the different anion molecular geometries and the ionic
radii (Figure 5d.). For example, a regular tetrahedral configuration for BF4, an
octahedral configuration for PFe¢ and the different ionic radii of BF4™ and ClO4, thus
affecting the self-assembly mechanism of the probes. Additionally, X-ray electron
spectroscopy (EDS) elemental analysis showed that trace B, P and Cl elements were

uniformly distributed in the nanoparticles. These results indicated that the target anions


https://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html

prefer to associate around the fluorescence probe via electrostatic interactions.
Furthermore, the suspended solids became clearer as the concentration of added BF4",
PFs¢ and ClO4 anions increased from 0 to 20 mM in the pyrene-based fluorescence
probe (100 pM), respectively, indicated that the fluorescence probes also act a
precipitating agent to remove BF4, PFs and ClO4 anions from the aqueous
environment. This is of potential application in terms of environmental pollution

control.
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Fig. 5. Photographs of DPPD-10C in the presence of (al) BF4", (b1l) PFe¢ and
(c1) ClOx4 ions after 6 h under UV light (360 nm). SEM image of (a2) BF4,

(b2) PFe¢ and (c2) ClO4 induced precipitates of DPPD-10C. EDS image of (a3-



a4) BF4, (b3-b4) PFs and (c3-c4) ClO4™ induced precipitates of DPPD-10C. (d)
Proposed mechanism for anions recognition triggered self-assembly of probes

in aqueous media.

CONCLUSIONS

In summary, we have designed and synthesized three water-soluble cationic
pyrene-based probes containing a pyridine unit, which exhibit light-up fluorescence
with a high-affinity towards BF4", PF¢ and ClO4 anions via electrostatic interactions in
an aqueous environment. The fluorescence probes possess a relative low detection limit
for the BF4", PF¢” and ClO4 anions at 1.063 uM, 0.622 uM and 1.162 pM, respectively.
Moreover, these fluorescence probes can interact with these anions to form precipitates
by self-assembly in aqueous solution. Thus, these compounds are not only excellent
light-up fluorescence probes for detecting anions, but also can be employed as a
precipitating agent for the removal of high concentrations of anions, which provides a

new tool for the management of anionic pollutants in environment and industrial arenas.

EXPERIMENTAL SECTION

Materials and instrumentation. All chemical materials used in this st
udy were obtained from commercial suppliers and were not further purifi
ed. Silica gel (Guiyang Chaoyuan Zhi-Cheng Biotechnology Co.) was use
d for column chromatography. 'H NMR were measured on a Bruker Ava
nce III, and chemical shifts are reported in ppm (in CDCIl3 and d6-DMS

O, TMS is the internal standard). Absorption spectra were recorded on a



UV-2600 spectrophotometer. Fluorescence emission spectroscopy was perfo
rmed on a Cary eclipse fluorescence spectrometer from Varian, USA. Sca
nning Electron Microscopy (SEM) was carried out using a Hitachi S-480
0 II field-emission SEM system. Samples were deposited on a SiO2/Si su
bstrate and dried in air at room temperature. ESI-TOF mass spectra were
obtained with an Agilent HPLC-6545.

Synthesis of 1,6-di(4-vinylpridine) pyrene (DPPD) and DPPD-R. DPPD:
A mixture of 1,6-dibromopyrene (0.72 g, 2 mmol), 4-vinylpridine (1.06 g,
10mmol), Pd (OAc)2 (50 mg, 0.223 mmol), triphenylphosphine (0.525 g, 2 mmol)
were added into a mixture solvent of triethylamine (5 mL) and toluene (5 mL),
and the system was stirred at 105°C (an oil bath) for 72h under an argon
atmosphere. After the reaction was complete, the mixture was cooled to room
temperature and quenched by water (20 mL), extracted by dichloromethane and
washed twice by water (50 mL x2), and brine, and then the combined organic
layer was dried by anhydrous magnesium sulfate and evaporated. The residue
was recrystallized from toluene to obtain a yellow solid (DPPD). (0.38 g, 46%).
mp 178-179°C. '"H NMR (600 MHz, Chloroform-d) § 7.74 (s, 4 H, pyridyl-H),
7.68 (d, J=4.1 Hz, 4 H, pyridyl-H), 7.65 — 7.37 (m, 2 H, Ar-H), 7.37 — 7.28 (m, 2
H,vinyl-H), 7.14 (ddd, J=17.8, 11.7,4.1Hz, 6 H, Ar-H), 7.09 — 6.94 (m, 2 H, vinyl-
H). 3C NMR (100 MHz, Chloroform-d) § 153.9, 152.7, 150.1, 144.7, 132.3,
131.7, 129.0, 128.7, 128.4, 121.2, 114.3. HRMS (ESI-TOF) m/z: [M+H]" Calcd

for C30H21N2 409.1616; Found 409.1690.



DPPD-9C: A mixture of compound DPPD (0.41 g, 1 mmol) and 1-
bromodenonane (10 mmol) was added into DMF (30 mL) and 180°C (heating
mantle) refluxed for 12h. After cooling to room temperature, the precipitant was
filtered and washed with DMF and dichloromethane twice time to obtain DPPD-
9C as a red solid (0.43 g, 52.4%). mp 333-334°C. 'H NMR (600 MHz, DMSO-
d6) 6 9.16 (d, J = 18.0 Hz, 2H), 9.07 (d, J = 18.0 Hz, 2H), 9.07 (d, J = 12 Hz,
4H), 8.72 (d, J = 8.3 Hz, 2H), 8.57 (d, J = 6.7 Hz, 4H), 8.52 (d, J = 8.3 Hz, 2H),
8.45(d,J=9.3 Hz, 2H), 7.91 (d, J = 15.9 Hz, 2H), 4.56 (t, ] = 7.4 Hz, 4H), 2.06-
1.89 (m, 4H), 1.43-1.19 (m, 24H), 0.86 (dt, J = 13.8, 6.9 Hz, 6H). HRMS (ESI-
TOF) m/z: [M]** Calcd for CasHsgN2** 331.2295; found 331.2281.

Both compounds DPPD-10C and DPPD-12C were synthesized following
the same experiment conditions as for DPPD-9C.

DPPD-10C: The compound DPPD-10C was obtained as a red solid (0.47
g, 55.3%). mp 336-337°C. '"H NMR (600 MHz, DMSO-d6) § 9.16 (d, J = 15.9
Hz, 2H), 9.06 (m, 6H), 8.72 (d, J = 8.3 Hz, 2H), 8.57 (d, J = 6.6 Hz, 4H), 8.52 (d,
J=28.4 Hz, 2H), 8.45 (d, J = 9.3 Hz, 2H), 7.91 (d, J = 15.9 Hz, 2H), 4.56 (t,J =
7.4 Hz, 4H), 2.09-1.79 (m, 4H), 1.47-1.12 (m, 28H), 0.94-0.74 (m, 6H). HRMS
(ESI-TOF) m/z: [M]** Calcd for CsoHe2N2%" 345.2451; found 345.2449.

DPPD-12C: The compound DPPD-12C was obtained as a red solid (0.52
g, 58.1%). mp 338-339°C. 'H NMR (600 MHz, DMSO-d6) 3: 9.16 (d, J = 15.9
Hz, 2H), 9.06 (t, J = 8.1 Hz, 6H), 8.72 (d, J = 8.4 Hz, 2H), 8.57 (d, J = 6.7 Hz,

4H), 8.52 (d, J = 8.4 Hz, 2H), 8.45 (d, J = 9.4 Hz, 2H), 7.91 (d, J = 15.8 Hz, 2H),



4.55 (t, J = 7.4 Hz, 4H), 1.96 (m, 4H), 1.29 (m, 36H), 0.84 (t, ] = 6.9 Hz, 6H).
HRMS (ESI-TOF) m/z: [M]** Calcd for Cs4aH70N2** 373.2764; found 373.2756.

X-ray Crystallography: Crystallographic data for DPPD were collected on a Bruker
APEX 2 CCD diffractometer with graphite-monochromated Mo Ka radiation (A =
0.71073 A) in the wscan mode.* The structures were solved by a charge flipping
algorithm and refined by full-matrix least-squares methods on F2.47*8. Data for the
structures reported here have been deposited with the Cambridge Crystallographic Data
Centre with deposition numbers CCDC 2250518, which contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supplementary data

Electronic Supplementary Information (ESI) available: Details of the '"H NMR and MS

spectra.
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