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Abstract 

A new fluorescent probe (E)-4-(4-([2,2':6',2''-terpyridin]-4'-yl)styryl)-1-

dodecylpyridin-1-ium (TPy-SD), with the aggregation-induced emission (AIE) property 

in aqueous solution, has been characterized. The new probe, TPy-SD exhibited excellent 

selectivity and sensitivity towards Zn2+ with a relatively low detection limit (1.76 x10-7

M). The addition of Zn2+ is thought to disrupt the AIE property of TPy-SD, thereby 

leading to a fluorescence blue shift. Interestingly, the complex of probe TPy-SD with 

Zn2+ (Zn (II) TPy-SD), with molar ratio of 1:1, can be used as a simple, sensitive, and 

rapid means for the detection of pyrophosphates (PPi) in solution (water/DMSO = 99:1). 

As evidenced by transmission electron microscopy (TEM), dynamic light scattering 

(DLS) and fluorescence emission spectroscopy, this detection is thought to be due to the 

strong affinity between PPi and Zn2+, which brings out Zn2+ from the coordination cavity 

of chemical sensor TPy-SD, thus realizing the detection and recognition of PPi. 

Therefore, the new AIE fluorescent probe can be used as a dual probe for the detection 

of cations and anions. 
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Introduction 

Over the past decade, the study of molecules exhibiting the aggregation-induced 

emission (AIE) effect has received much attention due to their enhanced luminescence 

when aggregated or in the solid state [1-5]. In addition, compared with monomeric 

organic compounds as chemical probes, aggregated organic compounds tend to have 

higher selectivity and sensitivity toward metal ions [6,7]. Terpyridine (TPy), one of the 

most studied AIE luminescent systems, has been widely used in chemical sensors and 

biological probes because of its simple preparation and facile functionalization [8-10]. 

More importantly, tripyridine and its derivatives have been well-studied as ligands for 

transition metal ions, and produce highly stable complexes with attractive optical, 

electronic and magnetic properties [11,12]. This has opened up a new pathway in the field 

of coordination and supramolecular chemistry [13], particularly in the case of ion 

selective chemical probes constructed using aggregated ligation. 

Zinc is one of the most abundant trace elements in the human body, and plays an 

important role in many biological processes [14], such as gene expression, cell 

metabolism, neurotransmission and apoptosis [15-18]. Hence, the identification and 

detection of Zn2+ ions is of great significance for understanding the pathophysiological 

homeostasis and biological processes in the human body. To date, numerous fluorescent 

chemical sensors for Zn2+ have been designed and developed [19-22], but there are 

limitations such as complex multistep syntheses, insufficient selectivity and/or 

sensitivity. Therefore, the development of water-soluble zinc sensors that are easy to 

prepare with improved sensitivity and selectivity will continue to be an area of interest 
[23,24].  

Pyrophosphate (PPi) is an important anion, not only because it plays an important 

role in a wide range of key biological processes, but also because it is widely used in 

various industrial applications [25]. It is known that PPi, as the product of ATP hydrolysis 

under cellular conditions, participates in biological processes such as cellular signal 

transduction, gene transcription and protein synthesis [14]. Also, PPi is the most common 

cause of eutrophication in industry and has attracted great attention because of its use 

as a new negative electrode material for lithium batteries, and has been recognized as 

an effective catalyst for n-butane oxidation to maleic anhydride [26]. Given this, the 



identification and detection of PPi has attracted increased attention from the research 

community. However, it remains a challenging task to design water-soluble fluorescent 

chemosensors for the selective detection of PPi in aqueous media because of the high 

solvation energy of PPi in water (DG0 = 584 KJ/moL) [27] and the existence of other 

competitive anions.  

In recent years, metal ion complexes have been used to develop fluorescent 

phosphate sensors due to the special interaction between metal ions and anions [28-30]. 

However, instances of specific identification and quantitative detection of PPi and other 

phosphate anions in aqueous media remain somewhat limited. Therefore, there is a 

great demand for the development of highly efficient PPi optical chemical sensors 

which can work in water. TPy derivatives, especially those substituted at the 4’-position, 

are readily available [31]. Moreover, due to the rotational arrangement of the ring 

nitrogens, TPy derivatives can efficiently coordinate with transition metals [32-34]. 

Herein, we have designed a new AIE fluorescent probe (E)-4-(4-([2,2':6',2''-

terpyridin]-4'-yl)styryl)-1-dodecylpyridin-1-ium (TPy-SD) based on a tripyridine 

derivative, which shows excellent selectivity and sensitivity towards Zn2+ with a 

relatively low detection limit in aqueous media. Interestingly, the complex Zn(II)TPy-

SD can be used as a simple, sensitive, and rapid means for the detection of 

pyrophosphates (PPi) in aqueous medium. The advantage of this recognition is that it 

can effectively eliminate the interference caused by other competitive anions and 

solvent molecules due to the metal coordination effect [35-37]. 
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Scheme 1. Synthesis of probe TPy-SD. 

Materials and Methods  

2.1. Materials  

The reagents were purchased from the Shanghai Aladdin Biochemical Technology 

Co., Ltd. and were used as received. Anions (ClO4- , Br-, Cl-, F-, NO3-, SO42-, H2PO4-, I-, 

CO32-, AC-, ADP, ATP) were used as sodium or potassium salts, and cations as perchlorate 

salts (Zn2+, Hg2+, Ca2+, Fe2+, Fe3+, Mn2+, Ba2+, Na+, Ni2+, K+, Mg2+, Al3+, Li+, Cu2+, Pb2+, 

Co2+, Cd2+). 

 

2.2. Instruments and measurements 

A Varian Cary Eclipse fluorescence spectrophotometer was used to record the 

fluorescence emission spectrum of the host-guest complexes. 1H NMR spectra were 

measured on a Nippon Denshi JEOL FT-400 NMR spectrometer with Me4Si as an internal 

reference. Transmission electron microscopy (TEM) experiments were performed on a 

Hitachi JEM-2100 TEM. Samples were prepared by carefully dropping a solution of the 

sample onto a carbon-coated copper grid and then removing the solvent by air drying. 

DLS was performed on a laser light scattering spectrometer (BI-200SM) equipped with a 

digital correlator (BI-9000AT) at λ = 514 nm under room temperature conditions. Mass 

spectra were obtained by Thermos Q Exactive Focus. 

 

2.3. Methods 

The stock solutions for the fluorescence emission studies of TPy-SD (1.00×10-3 

mol·L-1) were prepared in dimethyl sulfoxide (DMSO). Stock solutions (1.00×10-2 

mol·L-1) of different cations and anions in deionized water were also prepared. The 

fluorescence spectra of the host-guest complexes were recorded at 25 °C. Working 

solutions were prepared by diluting the stock solutions to the required concentrations. 

A solution of the TPy-SD and Zn2+ (1:1) complex was prepared at a fixed concentration 

of 1×10-5 mol·L-1 in solution (water/DMSO = 99:1). Fluorescence spectra were 

obtained at an excitation of 351 nm (emission and excitation bandwidths: 10 nm). For 

each experiment, three replicate measurements were recorded. 



Limit of detection (LOD) measurement 

The LOD was calculated based on the standard derivation (σ) of 10 measurements 

without guest molecules and the slope (K) of a linear calibration curve with the formula 

LOD=3σ/K. The standard deviation formula for 10 measurements in the absence of 

guest molecules was formulated as: � 1
𝑛𝑛−1

∑ (𝑥𝑥𝑖𝑖 − �̅�𝑥)2𝑛𝑛
𝑖𝑖=1      (𝑛𝑛 = 11) 

 

2.3 Synthesis and structural characterization of the probe TPy-SD 

Compound 1. The probe TPy-SD was synthesized according to the synthetic route 

shown in Scheme 1. Compounds 1 and 2 were synthesized by a previously reported 

literature method [38]. A mixture of 4-bromobenzaldehyde (2 g, 10.9 mmol), 2-

acetylpyridine (2.42 g, 20 mmol), potassium hydroxide (1.7 g), 29 mL ammonia and 

50 ml ethanol was added to a 150 ml round-bottomed flask. The mixture was stirred for 

1 h at 0 ℃, then refluxed for one day, and stirred at room temperature for 1 h. The 

precipitate was filtered off, and recrystallized twice with ethanol to obtain compound 

1. Yield: 88%. 1H NMR (400 MHz, DMSO-d6): δ 8.77 – 8.75 (m, 2H), 8.69 (s, 2H), 

8.66 (d, J = 7.9 Hz, 2H), 8.03 (td, J = 7.7, 1.8 Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H), 7.77 

(d, J = 8.5 Hz, 2H), 7.53 (ddd, J = 7.5, 4.7, 1.1 Hz, 2H). 

Compound 2. A mixture of compound 1 (500 mg, 1.3 mmol), 4-vinyl pyridine (150 

mg), palladium acetate (30 mg, 0.13 mmol), triphenylphosphine (102 mg, 0.4 mmol) 

and triethylamine (10 mL) was added to a high-pressure reaction flask under nitrogen 

atmosphere, and then refluxed at 120 ℃ for 72 h. After the reaction, the mixture was 

cooled to room temperature, extracted into CH2Cl2, and washed three times each with 

distilled water and saturated salt solution. The organic reagent was removed by rotary 

evaporation, the crude product was dissolved in dichloromethane, and compound 2 was 

obtained by recrystallization from ethanol yield: 81%.1H NMR (400 MHz, DMSO-d6): 

δ 8.77 (d, J=4.0 Hz, 2H), 8.75 (s, 2H), 8.68 (d, J=8.0 Hz, 2H), 8.57 (d, J=6.0 

Hz, 2H), 8.05 (td, J=7.6, 1.6 Hz, 2H), 8.0 (d, J=8.4 Hz, 2H), 7.8 (d, J=8.4 Hz, 2H), 7.66 

(d, J=16.4 Hz, 1H), 7.62 (d, J=6.0 Hz, 2H), 7.54 (ddd, J = 6.8, 5.2, 0.8 Hz, 2H), 7.39 

(d, J=16.4 Hz, 1H). 

Compound TPy-SD. A mixture of compound 2 (0.5 mmol), DMF (5 mL) and 1-



bromododecane (1 mmol) was added into a 10 mL round bottom flask, and stirred 

continuously for 24 h at 80 ℃. After the reaction, the mixture was cooled to room 

temperature, and then 30 mL diethyl ether was added to the filtrate to obtain a yellow 

precipitate. Following filtration, the crude product was washed three times with diethyl 

ether, and dried to afford the compound TPy-SD Yield: 80%.1H NMR (400 MHz, 

DMSO-d6) : δ 8.94 (d, J = 6.7 Hz, 2H), 8.75 (m, 4H), 8.67 (d, J = 7.9 Hz, 2H), 8.26 (d, 

J = 6.7 Hz, 2H), 8.12 - 8.10 (m, 2H), 7.93 (d, J = 8.4 Hz, 2H), 8.08 (td, J = 8.0Hz, 

2H),7.63 (d, J = 16.3 Hz, 2H), 7.57 - 7.48 (m, 2H), 4.46 (t, J = 7.3 Hz, 2H),1.87 (s, 2H), 

1.24-1.15 (m, 18H), 0.80 (s, 3H). 13C NMR (100 MHz, DMSO-d6), δ 156.32, 149.83, 

144.79, 140.35, 138.00, 129.58, 128.10, 124.68, 124.53, 60.28, 40.35, 40.21, 40.07, 

39.94, 39.80, 39.68, 39.59, 31.76, 31.00, 29.31, 28.85, 25.88, 22.55, 14.42. Mp. 25°C. 

MS m/z: calcd for C40H45N4+: 581.36; found: 581.36. 

 

 Results and discussion 

As shown in Scheme 1, TPy-SD was synthesized from commercially available 

chemicals via several steps. In the experimental section, the synthetic route and structure 

characterization of TPy-SD (Fig. S1–S3) are described in detail.  

From a structural perspective, the tripyridine skeleton endows the styrylpyridine with 

typical AIE characteristics [39]. In other words, in a good solvent, the C-C bond between 

the three pyridine rings and the C-C bond between the tripyridine and styrylpyridine can 

rotate freely, which reduces the planarity of the molecule, with the result that the 

fluorophore has weak or no emission. In a solvent with poor solubility, the 

intramolecular motions are restricted, blocking the nonradiative decay channels, making 

the fluorophore molecules highly luminous [40]. In order to understand the AIE behavior 

of TPy-SD in solution, the fluorescence spectra of TPy-SD in different solvents were first 

evaluated. As shown in Fig.1a, in common organic solvents, TPy-SD exhibited the 

typical blue emission of styrenyl pyridine at 450 nm. This result indicated that TPy-SD 

has good solubility in these solutions and therefore produced monomer emission. 

Surprisingly, the fluorescence of TPy-SD was enhanced and a yellow emission spectrum 

appeared in aqueous solution, which caused the AIE phenomenon. To further prove the 



AIE effect of TPy-SD, the fluorescence spectrum of the probe was studied in a 

DMSO/H2O system. In general, when an appropriate amount of non-solvent was added, 

aggregates can form, and this is a common method for estimating the AIE behavior in 

solvent/non-solvent mixtures [41]. As shown in Fig.1b, TPy-SD emitted weak blue 

fluorescence in DMSO solution, which may be attributed to the rotation of multiple 

pyridine ring active molecules that consumed the excited state energy and resulted in the 

weakening of fluorescence. Due to the distortion of the charge transfer process in the 

probe molecule, the fluorescence gradually decreases with the increase of water volume 

ratio. When fw > 60%, the excited state decayed to the corresponding ground state 

through strong fluorescence emission, and when the content of water increased, the 

maximum emission wavelength changed from 450 nm to 545 nm (Fig.1b and c), which 

was mainly due to aggregate-induced π-π interactions between the adjacent terpyridine 

of TPy-SD [42]. Under a UV lamp, the color changed from blue to bright yellow (Fig.1d). 

These results further indicated that TPy-SD was AIE-active.  

 

Figure 1. (a) Fluorescence spectra of probe TPy-SD in several organic reagents and aqueous solutions; (b) 

Fluorescence spectra of TPy-SD (10 μM) in the DMSO/H2O system with different water fraction (fw) excited at 351 

nm; (c) Plot of the changes of the peak fluorescence spectra intensity of TPy-SD with variation of fw; (d) Photograph 

of DMSO/water mixture solution of TPy-SD under UV light at 365 nm. 



Fig. 2a,b shows the fluorescence of aggregate-based TPy-SD and its response 

towards various metal ions in solution (water/DMSO = 99:1). There was no significant 

change in the fluorescence spectrum upon the addition of other metal ions, including 

Cd2+ or the VIIIA metal ions (Fe2+, Fe3+, Co2+ and Ni2+). However, under the same 

experimental conditions, when Zn2+ was added, the fluorescence spectrum showed a 

significant blue shift, and the maximum emission spectrum was shifted from 545 nm to 

450 nm. Under UV light, the fluorescent color changed from yellow to blue (Fig. 2c). 

These results indicate that TPy-SD exhibits high selectivity for Zn2+ in aqueous solution. 

 

Figure 2. (a) Fluorescence spectra of TPy-SD (10.0 μM) in solution (water/DMSO = 99:1) at room 
temperature upon addition of various metal ions (50.0 μM); (b) Relative fluorescence intensity 
changes; (c) Photographs of the aqueous solution of TPy-SD in the presence of various metal ions 
(50.0 μM) under UV light at 365 nm. 

The effect of different concentrations of Zn2+ on the probe TPy-SD was also 

investigated. As shown in the Fig. 3a, on increasing the concentration of Zn2+, the 

fluorescence intensity at 545 nm gradually decreased, and at 450 nm was obviously 

enhanced. From the fluorescence titration spectral data, the binding constant (Ka) of 

probe TPy-SD to Zn2+ was calculated at 1.04 ×105 M-1 (Fig. S4 and Table S1). Over a 

certain concentration range, the fluorescence intensity has a good linear relationship with 

[Zn2+]. From the plot in Fig. S5 and Table S2, the detection limit of Zn2+ (LOD) was 

calculated at 1.76 x10-7 M. Moreover, the combined stoichiometric ratio of TPy-SD and 

Zn2+ was determined to be 1:1 by a Job's plot (Fig. 3b). In addition, in order to further 



evaluate the analytical application of the probe to target metal ions in aqueous solution, 

the interference of the probe's selective response to Zn2+ in the presence of other metal 

ions was evaluated. The fluorescence intensity was almost the same as that without other 

cations, which reflected that coexisting ions did not interfere with the recognition of 

TPy-SD when detecting Zn2+ (Fig. S6). Compared with other AIE probes which have 

been reported for the recognition of zinc ions in recent years [43-47], the TPy-SD probe 

has better water solubility and a lower detection limit (Table 1). These results indicate 

that the probe TPy-SD has advantages in selectivity and sensitivity toward zinc ions. 

 

 

 

Figure 3. (a) Fluorescence spectra of TPy-SD (1×10-5 mol·L-1) with increasing molar equivalents of Zn2+ from 0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6… to 2.0; (b) Job's plot for Zn2+ with TPy-SD. 

 
Table 1. Comparison of the solvents and detection limits (LOD) with recently reported AIE probes 

for Zn2+ 

 

Solvents LOD (M) Reference 

THF  1.24 × 10-6 43 

C2H5OH 3.02 × 10-7  44 

DMSO / H2O (9:1, v/v) 3.65 ×10-6  45 

H2O / THF ( 9:1, v/v) 3.7×10-7  46 

DMF / H2O (2:3, v/v) 2.5 × 10-7  47 

H2O / DMSO ( 99:1, v/v)  1.76 × 10-7      This work 

 



To obtain more information on the interaction of the probe with the cation, 

transmission electron microscopy (TEM) and dynamic light scattering (DLS) 

experiments were performed. As shown in Fig. S7a, in solution (water/DMSO = 99:1), 

the transmission electron microscopy (TEM) experiment showed that the newly 

prepared probe TPy-SD exhibited a large number of distorted bands, and the structure 

became spherical after standing for 12 h (Fig. S7b). This result further supported the 

statement that TPy-SD exhibited an aggregation-induced emission enhancement effect. 

However, when Zn2+ was added, the structure became fragmented (Fig. S7c), after 12 h, 

it was also fragmented (Fig. S7d). Thus, we hypothesized that the fluorescence blue shift 

was caused by metal coordination to trigger the disassembly of TPy-SD. As shown in 

Fig. 4 and Fig. S8, the DLS revealed that the average particle size of the newly prepared 

TPy-SD solution was 225.9 nm and that of the solution placed for 12 h was 896.5 nm, 

while the average particle size of the TPy-SD with Zn2+ was 18.5 nm. When a beam of 

light passed through the solution of TPy-SD without Zn2+, a bright "path" could be 

observed; for the solution with Zn2+ this was not the case. This result further supported 

our conjecture that the disassembly of TPy-SD was triggered by the coordination of 

metal ions, which results in a blue shift of fluorescence. 

 

 

Figure 4. (a) DLS data of the newly prepared TPy-SD (10.0 μM) and (b) DLS data of TPy-SD (10.0 μM) in the 

presence of Zn2+ (50.0 μM) in solution (water/DMSO = 99:1) and photograph of a Tyndall effect in day light. 

 

In recent years, metal ion complexes have been used as sensor for anions. Therefore, 

we investigated whether the complex of probe TPy-SD with Zn2+ (Zn (II) TPy-SD), 

with the molar ratio 1:1, could be used as a fluorescent probe to detect and recognize 



anions. Interestingly, when different anions, such as ClO4- , Br-, Cl-, F-, NO3-, SO42-, 

H2PO4-, I-, CO32-, AC-, ADP, ATP were added, the fluorescence of probe Zn (II) TPy-

SD did not change. Whereas in the presence of PPi, the maximum emission peak of the 

probe Zn (II) TPy-SD was red-shifted from 450 nm to 545 nm and the fluorescence 

intensity was clearly enhanced. Under ultraviolet light, the fluorescent color changed 

from blue to yellow (Fig.5a). This result indicated that the probe Zn (II) TPy-SD could 

recognize PPi with high selectivity in solution (water/DMSO = 99:1). In order to obtain 

more information about the probe Zn (II) TPy-SD and PPi, titration experiments were 

conducted. As shown in Fig. 5b, on increased addition of PPi (0-5 equiv.), the 

fluorescence intensity of the probe gradually decreased at 450 nm and increased at 545 

nm. Over a certain concentration range, probe Zn (II) TPy-SD exhibited a good linear 

relationship with PPi. As shown in Fig. S9 and Table S3, the detection limit (LOD) of 

PPi was calculated at 4.88 x 10-7 M. In order to further evaluate the utility of Zn (II) 

TPy-SD as an anion-selective probe, the fluorescence emission changes of Zn (II) TPy-

SD after the addition of other anions in the presence of PPi were investigated. As we 

expected, the results showed that the fluorescence emission spectra of Zn (II) TPy-SD 

to other anions were almost unchanged in the presence of PPi anions (Fig. S10). 

Therefore, it can be concluded that the above anions, except for PPi, did not affect the 

emission characteristics of Zn (II) TPy-SD, indicating that Zn (II) TPy-SD can be used 

as a sensing molecular system for a rapid selective response to PPi. 

  

 

Figure 5. (a) Fluorescence spectra of Zn (II) TPy-SD (10.0 μM) in the presence of various anions (each of 50.0 μM) 

in solution (water/DMSO = 99:1); (b) Fluorescence spectra of Zn (II) TPy-SD upon addition of increasing 

concentrations of PPi in solution (water/DMSO = 99:1). 



   Among the phosphates, PPi has a high affinity toward Zn2+ [48]. Here, the strong 

interaction between Zn2+ and PPi can promote the rupture of the Zn (II) TPy-SD 

complex, thus restoring the probe TPy-SD to its original spectral position (545 nm) in 

solution (water/DMSO = 99:1). To achieve a further understanding of the assembly 

controlled by PPi, transmission electron microscopy (TEM) and dynamic light scattering 

(DLS) experiments were performed. As shown in Fig. 6a, the structure of TPy-SD with 

PPi revealed twisted bands in the TEM images, which was similar to the TEM images 

of the newly prepared probe TPy-SD. The DLS data showed that the average particle 

size of Zn (II) TPy-SD with PPi was 238.9 nm in solution (water/DMSO=99:1) and a 

Tyndall effect was observed when the solution of Zn (II) TPy-SD in the presence of PPi 

was irradiated with a laser pointer in day light (Fig. 6b). These results indicated that the 

probe has reaggregated. 

 

 

Figure 6. (a) TEM image of Zn (II) TPy-SD (10.0 μM) in the presence of PPi (50.0 μM) in solution (water/DMSO 

= 99:1); (b) DLS data of Zn (II) TPy-SD (10.0 μM) in the presence of PPi (50.0 μM) in solution (water/DMSO = 

99:1) and photograph of a Tyndall effect in day light. 

 

 

Conclusion 

A novel AIE fluorescent probe based on a styrylpyridinium attached to a 

terpyridine fluorophore was synthesized and characterized. Complex TPy-SD showed 

excellent sensitivity and selectivity for Zn2+ with a low detection limit in solution 



(water/DMSO = 99:1). Whereas the zinc-bound adduct (Zn (II) TPy-SD) was found to 

have the ability to recognize PPi without interference from common anions, enabling it 

to be used as a dual probe for the detection of cations and anions. As evidenced by TME 

and DLS and emission spectroscopy, the probe TPy-SD formed a 1:1 complex with 

Zn2+, which induced the disassembly of TPy-SD, thereby creating the fluorescence blue 

shift. On subsequent addition of PPi, the maximum emission spectrum red-shifted to 

the original position. This is thought to be due to the strong affinity between PPi and 

Zn2+, which brings out Zn2+ from the coordination cavity of chemical sensor TPy-SD, 

thus realizing the detection and recognition of PPi（Fig. 7). The present work provides 

a new approach to expand the application of AIE fluorescent probes, which can be used 

as dual probes for the detection of both cations and anions. 

 

 

Figure 7. Schematic diagram of the probe TPy-SD for detecting and identifying Zn2+ and PPi in solution 

(water/DMSO = 99:1) 
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