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1. Experimental section

Fig. S1 Synthesis route of probe Zn2L

Synthesis of the Compound 2: The Compound 2 was synthesized according to 

the literature and improved [1]. Hexamethylenetetramine (11.2 g, 80 mmol) was 

dissolved in 15 mL of trifluoroacetic acid (TFA), then 4-methylphenol (2.16 g, 20 

mmol) was added and stirred at 105 °C for 12 h. The reaction vessel was then poured 

with 10 mL of water, and then the reaction solution was refluxed for 10 min, and then 

slowly added to 400 mL of ice water to quench the reaction. The yellow compound 2 

(yield: 82.3%) was obtained by filtration and vacuum drying. 1H NMR (400 MHz, 

DMSO-d6) δ 11.40 (s, 1H), 10.21 (s, 2H), 7.85 (s, 2H), 2.33 (s,3H). 13C NMR (101 

MHz, DMSO-d6) δ 192.72, 160.80, 137.80, 129.73, 123.72, 19.99.

Synthesis of the Zn2L: The binuclear complex Zn2L was synthesized according 

to the literature and improved [1]. 1,3-diaminopropane (1 mmol, 84 μL) was added to 

the methanol solution of Zn (NO3)2 6H2O (0.3 g, 1 mmol, 5 mL), and then a methanol 

solution of Compound 2 (1 mmol, 5 mL) was added. The resulted mixture was stirred 

under reflux for one hour. Yellow crystals (yield: 85.6%) precipitated after standing for 

several hours and were collected by filtration. 1H NMR (400 MHz, DMSO-d6) δ 8.51 

(s, 4H), 7.54 (s, 4H), 3.98 (s, 8H), 2.29 (s, 6H), 2.04 (s, 4H). 13C NMR (101 MHz, 

DMSO-d6) δ 170.68, 164.82, 142.76, 125.93, 121.24, 62.73, 29.49, 19.72. 
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2. Characterization of Compound 2 and Zn2L probe

Fig. S2 1H NMR spectra of Compound 2 in CDCl3.

Fig. S3 13C NMR spectra of Compound 2 in DMSO-d6.

Fig. S4 1H NMR spectra of Zn2L in DMSO-d6.
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Fig. S5 13C NMR spectra of Zn2L in DMSO-d6.

Fig. S6 The mass spectrometry of complex 2 in negative ion mode.
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Fig. S7 The mass spectrometry of complex Zn2L in positive ion mode.

3. Real sample analysis

Urine samples were collected from volunteers from SUES (shanghai university of 

engineering science). This study strictly adheres to the "Ethical Review Measures for 

Biomedical Research Involving Humans,"[2] and all participants were fully informed 

of the research purpose, potential risks, and benefits prior to sample collection.

4. Optimization of experimental conditions 
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Fig. S8 (a) Histogram of the highest point of fluorescence intensity of the Zn2L probe (5 μM) for 

the detection of PPi (50 μM) in different solution systems (Tol: Toluene; DCM: Dichloromethane; 

THF: Tetrahydrofuran; EA: Ethyl Acetate; EtOH: Ethanol; DMF: N,N Dimethylformamide; ACN: 

acetonitrile; DMSO: Dimethyl Sulfoxide) at 425 nm; (b) Changes in fluorescence intensity of the 

probe Zn2L (10 μM) for recognizing PPi (100 μM) in water solution with different pH conditions; 

(c) Histogram of the highest point of fluorescence intensity of the Zn2L probe (10 μM) for the 

detection of PPi (100 μM) in HEPES (pH=7.0, 10 mM), PBS (pH=7.4, 10 mM), CBS (pH=9.2, 10 

mM), Tris-HCl (pH=7.4, 10 mM) and water solution systems at 425 nm; (d) Fluorescence intensity 

at 425 nm for Zn2L (10 μM) in the presence of PPi (100 μM) as a time-dependent in Tris-HCl 

(pH=7.4, 10 mM). 

5. Study of binding constants
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The Kb1= 2.12×107 M-1 (R2=0.990) (Fig. S7a) for the 1:1 complex and Kb2= 

2.14×1012 M-1 (R2=0.994) (Fig. S7b) for 1:2 binding process of the probe to PPi were 

calculated based on the following equation (1). [3]

                                   (1)
log [𝐹 ‒ 𝐹𝑚𝑎𝑥

𝐹𝑚𝑖𝑛 ‒ 𝐹] = 𝑙𝑜𝑔𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑆]

Fig. S9 (a) Binding constant curves for the binding process of Zn2L to PPi in 1:1 complex; (b) 

Binding constant curves for the binding process of Zn2L to PPi in 1:2 complex.

6. The chemical structures of PPi homologous compounds

Fig. S10 The chemical structures of PPi homologous compounds (ATP, ADP, AMP, CTP, UTP 

and GTP).
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7. Table

Table S1 Fluorescence quantum yield of probe Zn2L in different solvents

Solvent Ф*Zn2L

EA 0.034

THF 0.115

Ethanol 0.038

Methanol 0.028

ACN 0.021

DMF 0.045

DMSO 0.088

H2O 0.020

*：The fluorescence quantum yield of the probe Zn2L was obtained by measurement using an 

ethanol solution of rhodamine B (ФR=0.89) as a reference, calculated as follows (2): [4] 

                                                      (2)
Ф𝑠 = Ф𝑅(

𝐴𝑅

𝐴𝑆
)(

𝐹𝑆

𝐹𝑅
)[

𝑛𝑆

𝑛𝑅
]2

where ФS and ФR are the fluorescence quantum yields of the probe and rhodamine B, 

respectively, AS and AR are the absorbance of the probe and rhodamine B at the excitation 

wavelength, FS and FR represent the integral areas of the fluorescence emission spectra of the probe 

and rhodamine B, and nS and nR denote the refractive indices of the solvents used for the probe and 

rhodamine B.

Table S2. Summary of PPi sensors and their structures, fluorescence sensing and applications 

No.
Chemical 

Structures

λex/λem

(nm)

LOD

 (μM)
Applications（Medium） Refs

NO.1

NMe2

N
N N

Cd2+

400/580 200 HeLa cell imaging [5]
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NO.2 400/595 -- HeLa cell imaging/Locate 
lysosomes [6]

NO.3 -- -- -- [7]

NO.4 280/316 About μM -- [8]

NO.5

CH3

N NO-

N NO-

CH3

Zn2+ Zn2+ 390/500 0.29 
PPi sensing/ Detection of 
PPi in human metabolic 

urine

This 
work

8. The experiments of 31P NMR titration
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P O PHO
OH
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OH

O O
PPi

Zn2L-PPi

Fig. S11 31P NMR spectra of PPi and Zn2L-PPi in DMSO-d6.

9. Theoretical calculation 

Table S3. Vertical excitation of Zn2L-PPi.

Compound Electronic transition Energy, eV fa Compositionb Contribution %

S0→S1 1.10 0.0006 HOMO→LUMO 99.86

S0→S2 1.84 0.0012 HOMO→LUMO+1 99.66

S0→S3 2.31 0.0115 HOMO→LUMO+2 95.03

S0→S4 1.92 0.0001 HOMO-1→LUMO 59.82

Zn2L-PPi

S0→S5 3.03 0.0000 HOMO-2→LUMO 59.43

10. Photophysical properties of the Compound 2 and Zn2L response to PPi
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Fig. S12 UV response to Compound 2, Zn2L (10 μM) and PPi (100 μM) in Tris-HCl (pH=7.4, 10 

mM).
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