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Reports about fluorescent sensors for the highly sensitive and selective detection of Ni2+ are rare 

compared with Hg2+, Ag+, Cd2+, Pb2+ and Cr3+ etc. Herein, we report the synthesis and application of two 

conjugated polymer fluorescent sensors, P-1 and P-2, using benzochalcogendiazole and triazole as 

cooperative receptors of Ni2+. The synthesis was carried out by the polymerization of 4,7-10 

diethynylbenzoselenadiazole (M-2) and 4,7-diethynylbenzothiadiazole (M-3) with 2,7-diazido-9,9-

dioctyl-9H-fluorene (M-1) via copper-catalyzed azide-alkyne cycloaddition. P-1 and P-2 exhibit emission 

peaks at 535 nm and 514 nm, and show yellow and green fluorescence, respectively. These two polymers 

showed outstanding fluorescence response behavior toward Ni2+ during real-time detection. Compared 

with benzothiadiazole-based P-2, benzoselenadiazole-based P-1 showed higher sensitivity and selectivity 15 

and its detection limit could reach 2.4 nM, which might be due to the specific electronegativity of 

selenium. This work increases the application scope of the click reaction in regard to the design and 

synthesis of novel conjugated polymer fluorescence sensors based on the benzochalcogendiazole unit.    

Introduction 

Over the last two decades, conjugated polymer fluorescent 20 

sensors for heavy and transition metal (HTM) ions, anions, and 
organic molecules have attracted much interest owing to their 
high sensitivity, selectivity, rapidity and ease of measurement.1 
Their excellent sensitivity is attributed to sensory signal 
amplification that originates from energy migration along the 25 

conjugated backbone upon light excitation, and this was pointed 
out by Swager and coworkers.2 Ni2+ is a dangerous and 
widespread global pollutant3 but reports concerning fluorescence 
sensors for Ni2+ detection are still relatively scarce compared with 
Hg2+, Ag+, Cd2+, Pb2+ and Cr3+ etc.4 Ni2+-sensitive fluorescent 30 

sensors are often based on small molecules and some have 
serious interference problems from other HTM ions like Cu2+, 
Pb2+, Co2+, Hg2+, Zn2+ and Fe2+ etc.5 Very few fluorescence 
sensors based on conjugated polymers for Ni2+ detection have 
been reported,6 and they often show unsatisfactory selectivity 35 

because their structures mostly incorporate bipyridyl or 
oligopyridyl groups, which exhibit a strong ability to coordinate 
with several metal ions. The development of highly selective and 
sensitive conjugated polymer fluorescence sensors for the 
detection of Ni2+ remains a challenge for researchers.   40 

 Recently, the copper-catalyzed azide-alkyne cycloaddition 
reaction (CuAAC) has had an enormous impact on the field of 
polymer material science because of its high efficiency, mild 

reaction conditions and technical simplicity.7 In the click 
reaction,  a thiazole ring is directly generated. The click-formed 45 

triazole can be used as a metal-binding ligand and it is more than 
a simple linker group. Many fluorescent sensors based on a 
triazole unit exist for metal ion detection.8 However, these 
fluorescent sensors are mostly based on small organic 
molecules,8,9 and only a few are based on conjugated 50 

polymers.6e,10 

    Benzochalcogendiazoles, such as 2,1,3-benzothiadiazole (BT) 
and 2,1,3-benzoselenadiazole (BSe), play very important roles in 
the synthesis and application of π-conjugated structure 
fluorescent sensors because they are excellent fluorophores 55 

owing to their strong and stable fluorescence, good thermal 
stability and good electron-withdrawing ability.11 Comparisons 
between the effects of the heteroatoms S and Se are common 
since Se is much larger and less electronegative than S. It has 
been reported that BSe-based compounds have obvious 60 

absorption and emission redshifts compared with BT-based 
compounds because BSe can more effectively lower band gaps, 
and some of these compounds exhibit interesting photoelectric 
properties.12 Additionally, benzochalcogendiazole units 
containing C=N bonds can also be used as recognition moieties 65 

and display high affinity toward transition metal ions.13 

   In this work, we report the synthesis and application of two new 
conjugated polymer fluorescent sensors, P-1 and P-2, which 
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incorporate a benzochalcogendiazole unit and a triazole unit by 
the polymerization of 4,7-diethynylbenzoselenadiazole (M-2) and 
4,7-diethynylbenzothiadiazole (M-3) with 2,7-diazido-9,9-
dioctyl-9H-fluorene (M-1) via the CuAAC reaction, respectively. 
Both these two polymers are soluble in common organic solvents 5 

and highly emissive. The sensing properties of these two 
polymers were investigated using benzochalcogendiazole and 
triazole as cooperative receptors for metal ions by obtaining 
fluorescence spectra for real-time detection. Although both these 
polymers were highly sensitive toward Ni2+, compared with P-2 10 

based on BT, P-1 based on BSe showed higher sensitivity and 
selectivity because of the specific electronegativity of selenium.  

Experimental section 

Measurements and materials 

1H NMR and 13C NMR spectra were recorded as CDCl3 solutions 15 

on a Bruker DRX 500 NMR spectrometer with tetramethylsilane 
(TMS) as the internal standard. The chemical shift was recorded 
in ppm and the following abbreviations were used to indicate 
multiplicities: s = singlet, d = doublet, m = multiplet, br = broad. 
EI mass spectra were recorded on an Agilent 5975C DIP/MS 20 

mass spectrometer. C, H and N elemental analyses were 
performed on an Elementar Vario MICRO analyzer. UV-vis 
absorption was recorded on a Shimadzu UV-1700 spectrometer 
and fluorescence spectra were recorded on a RF-5301PC 
fluorometer. Thermogravimetric analysis (TGA) was performed 25 

on a Perkin-Elmer Pyris-1 instrument under a N2 atmosphere. 
Molecular weight was determined by gel permeation 
chromatography (GPC) with a Waters-244 HPLC pump. THF 
was used as the solvent and the results are relative to polystyrene 
standards. THF and Et3N were purified by distillation from 30 

sodium in the presence of benzophenone. The other solvents were 
commercially available and analytical reagent grade. The other 
materials were common commercial grade and used as received.  

Preparation of monomer M-1 

9,9-Dioctyl-9H-fluorene (2) was synthesized according to a 35 

reported method.14 1-Bromooctane (4.26 g, 22 mmol) was added 
using a syringe to a mixture of fluorene (1) (1.66 g, 10.0 mmol) 
and KOH (5.6 g, 100 mmol) in THF (25 mL) at room 
temperature. The reaction mixture was stirred at room 
temperature for 12 h. Upon evaporation to dryness, the residue 40 

was extracted with CHCl3 and washed with water and then brine, 
dried over anhydrous Na2SO4, and then evaporated under vacuum 
to dryness. The residue was purified by silica gel column 
chromatography (petroleum ether/ethyl acetate) (200:1, v/v) to 
give compound 2 as a yellow oil in 82% yield. 45 

2,7-Dinitro-9,9-dioctyl-9H-fluorene (3) was synthesized 
according to a reported method.15 Compound 2 (5 g, 12.8 mmol) 
was dissolved in 10 mL glacial acetic acid in a round-bottom 
flask. The solution was chilled to 0 °C and then 10 mL fuming 
nitric acid was added dropwise. The reaction mixture was 50 

allowed to warm to room temperature and then it was stirred for 2 
h. The reaction mixture was poured on ice and then extracted 
with CHCl3. The organic layer was washed with water, saturated 
NaHCO3 solution, and then brine, dried over anhydrous Na2SO4, 

and then evaporated under vacuum to dryness. The residue was 55 

purified by silica gel column chromatography (petroleum 
ether/CH2Cl2) (1:5, v/v) to give compound 3 as a yellow solid in 
50% yield. 1H NMR (500 MHz, CDCl3): δ 8.33 (dd, J1 = 8.5 Hz, 
J2 = 2.0 Hz, 2H), 8.26 (d, J = 2.0 Hz, 2H), 7.93 (d, J = 8.5 Hz, 
2H), 2.12–2.08 (m, 4H), 1.17–1.01 (m, 20H), 0.78 (t, J = 7.0 Hz, 60 

6H), 0.58–0.52 (m, 4H); 13C NMR (125 MHz, CDCl3): δ 153.5, 
148.4, 144.7, 123.5, 121.5, 118.5, 56.4, 39.7, 31.6, 29.7, 29.1, 
29.0, 23.8, 22.5, 13.9.  

9,9-Dioctyl-9H-fluorene-2,7-diamine (4) was synthesized 
according to a reported method.16 A mixture of compound 3 (0.50 65 

g, 1.2 mmol), zinc powder (2.00 g), anhydrous CaCl2 (0.30 g), 
ethanol (30 mL) and water (10 mL) was refluxed for 5 h, and then 
the hot mixture was filtered to remove the zinc powder. The 
mixture was extracted with CHCl3, and the organic layer was 
washed with water and brine, dried over anhydrous Na2SO4, and 70 

then evaporated under vacuum to dryness. The residue was 
purified by silica gel column chromatography (petroleum 
ether/ethyl acetate) (1:5, v/v) to give compound 4 as a yellow oil 
in 90% yield. 1H NMR (500 MHz, CDCl3): δ 7.35 (d, J = 8.0 Hz, 
2H), 6.63 (s, 2H), 6.61 (d, J = 2.0 Hz, 2H), 3.64 (br, 4H), 1.86–75 

1.83 (m, 4H), 1.25–1.06 (m, 20H), 0.85 (t, J = 7.0 Hz, 6H), 0.67 
(br, 4H); 13C NMR (125 MHz, CDCl3): δ 151.6, 144.4, 133.1, 
119.0, 113.8, 110.0, 54.6, 40.9, 31.8, 30.2, 29.3, 29.2, 23.7, 22.6, 
14.0.  

2,7-Diazido-9,9-dioctyl-9H-fluorene (M-1) was synthesized 80 

according to a reported method.16 Compound 4 (0.4 g, 1.1 mmol) 
was dissolved in a mixture of 30 mL water and 10 mL 
concentrated hydrochloric acid in a round-bottom flask at 0 °C. 
Sodium nitrite (0.18 g, 2.3 mmol) was added dropwise to the 
above solution. After 1 h of stirring, sodium azide (0.16 g, 2.5 85 

mmol) was added dropwise. The reaction mixture was stirred at 0 
°C for 4 h. The mixture was extracted with CH2Cl2, and the 
organic layer was washed with water and brine, dried over 
anhydrous Na2SO4, and then evaporated under vacuum to 
dryness. The residue was purified by silica gel column 90 

chromatography eluting with petroleum ether to give M-1 as a 
yellow solid in 93% yield. 1H NMR (500 MHz, CDCl3): δ 7.60 (d, 
J = 8.0 Hz, 2H), 7.00 (dd, J1 = 8.0 Hz, J2 = 2.0 Hz, 2H), 6.95 (d, J 
= 2.0 Hz, 2H), 1.94–1.90 (m, 4H), 1.23–1.04 (m, 20H), 0.83 (t, J 
= 7.5 Hz, 6H), 0.59–0.57 (m, 4H); 13C NMR (125 MHz, CDCl3): 95 

δ 152.6, 138.7, 137.6, 120.5, 117.9, 113.6, 55.4, 40.4, 31.7, 29.9, 
29.2, 29.1, 23.6, 22.6, 14.0.   

Synthesis of monomer M-2  

3,6-Dibromobenzene-1,2-diamine (7) (532 mg, 2.0 mmol), 
Pd(PPh3)2Cl2 (140.2 mg, 0.20 mmol), CuI (38.2 mg, 0.20 mmol), 100 

PPh3 (52.4 mg, 0.20 mmol) and trimethyl silyl acetylene (1.72 
mL, 12.00 mmol) were dissolved in a solvent mixture of Et3N (25 
mL) and THF (25 mL). The reaction mixture was stirred at 80 °C 
for 12 h under N2. After cooling to room temperature, the solvent 
was removed using a rotary evaporator and the residue was 105 

extracted with CHCl3. The organic extract was washed with water 
and then brine, dried over anhydrous Na2SO4, and then 
evaporated under vacuum to dryness. The residue was purified by 
silica gel column chromatography (petroleumether/ethyl acetate) 
(30:1, v/v) to give compound 8 as a yellow solid in 42% yield. 110 

MS (EI, m/z): 300 (M+).  
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To a solution of compound 8 (112.2 mg, 0.38 mmol) in 
refluxing ethanol (40 mL) was added a solution of SeO2 (43.2 
mg, 0.4 mmol) in hot water (20 mL). The reaction mixture was 
stirred under reflux for 2 h. After cooling to room temperature, 
the solvent was removed using a rotary evaporator and the 5 

residue was extracted with CHCl3. The organic layer was washed 
with water and then brine, dried over anhydrous Na2SO4, and 
then evaporated under vacuum to dryness. The residue was 
purified by silica gel column chromatography using petroleum 
ether as an eluent to give compound 9 as a yellow solid in 75% 10 

yield. 1H NMR (500 MHz, CDCl3): δ 7.62 (s, 2H), 0.33 (s, 18H); 
13C NMR (125 MHz, CDCl3): δ 158.0, 132.8, 118.2, 102.3, 99.5, 
-1.2.  
   Compound 9 (100 mg, 0.26 mmol) was dissolved in a mixed 
solvent of THF (20 mL) and MeOH (20 mL), and then K2CO3 15 

(26 mg, 0.266 mmol) was added to the solution. The reaction 
mixture was stirred at room temperature for 1 h. The solvent was 
removed under reduced pressure and the residue was extracted 
with CHCl3. The organic layer was washed with water and then 
brine, dried over anhydrous Na2SO4 and then evaporated under 20 

vacuum to dryness to give the yellow solid M-2 in 82% yield. 1H 
NMR (500 MHz, CDCl3): δ 7.66 (s, 2H), 3.67 (s, 2H); 13C NMR 
(125 MHz, CDCl3): δ 159.1, 133.4, 118.5, 85.2, 79.4.  

Synthesis of monomer M-3  

4,7-Diethynylbenzothiadiazole (M-3) was synthesized as 25 

previously reported.11c,17 4,7-Dibromobenzothiadiazole (6) (1.10 
g, 3.75 mmol), Pd(PPh3)4 (87.5 mg, 0.075 mmol), CuI (27.5 mg, 
0.15 mmol) and trimethylsilyl acetylene (1.5 mL, 11.25 mmol) 
were dissolved in 50 mL Et3N. The reaction mixture was stirred 
at 75 °C for 5 h under N2. After cooling to room temperature, the 30 

solvent was removed by rotary evaporation and the residue was 
extracted with CH2Cl2 (2 × 30 mL). The combined organic layers 
were washed with water and 1.2 mol·L-1 HCl (30 mL), and then 
dried over anhydrous Na2SO4. Upon evaporation to dryness, the 
residue was purified by silica gel column chromatography using 35 

petroleum ether/ethyl acetate (15:1, v/v) as an eluent to give 
compound 10 as a pale yellow solid in 95% yield. Compound 10 
was directly used for the synthesis of M-3 without further 
purification.  

Compound 10 (450 mg, 1.35 mmol) in a KOH methanol 40 

solution (1 mol·L-1, 35 mL) was stirred at room temperature for 1 
h. The solvent was removed under reduced pressure and the 
residue was extracted with CHCl3. The organic layer was washed 
with water and then brine, dried over anhydrous Na2SO4, and 
then evaporated under vacuum to dryness to give M-3 as a yellow 45 

solid in 90% yield. 1H NMR (500 MHz, CDCl3): δ 7.75 (s, 2H), 
3.67 (s, 2H); 13C NMR (125 MHz, CDCl3): δ 154.3, 133.2, 116.7, 
85.3, 78.9.  

Preparation of the conjugated polymers P-1 and P-2  

A mixture of M-1 (118.2 mg, 0.25 mmol), M-2 (57.8 mg, 0.25 50 

mmol), 10 mol% sodium ascorbate (4.95 mg, 0.025 mmol) and 5 
mol% CuSO4·5H2O (3.12 mg, 0.0125 mmol) was dissolved in a 
10 mL THF, 2 mL t-BuOH and 2 mL H2O solvent mixture. The 
reaction mixture was stirred at 30–36 °C for 2 d under N2. The 
solvents were removed under reduced pressure and the residue 55 

was extracted with CHCl3 (3 × 50 mL). The combined organic 

layers were washed with an aqueous NH4OH solution, water and 
then dried over anhydrous Na2SO4. After the solution was 
removed, the resulting polymer was precipitated in methanol, and 
then filtered and washed with methanol several times. Further 60 

purification was conducted by dissolving the polymer in CHCl3 
to precipitate in methanol. The polymer was dried under vacuum 
to give 120.0 mg P-1 as an orange solid in 57.8% yield. GPC 
results: Mw = 7560, Mn = 5880, PDI = 1.29. 1H NMR (500 Hz, 
CDCl3): δ 9.26 (br, 2H), 8.76–7.58 (m, 6H), 7.05–6.94 (m, 2H), 65 

2.02–1.91 (m, 4H), 1.25-1.08 (m, 20H), 0.79–0.64 (m, 10H). FT-
IR (KBr, cm-1): 2926, 2851, 1610, 1582, 1465. Anal. calcd for 
C39H44N8Se: C, 66.56; H, 6.30; N, 15.92. Found: C, 63.45; H, 
6.01; N, 13.49.  

Using the same procedure as for the preparation of P-1, P-2 70 

was obtained as a brown solid in 75.5% yield from M-3 and M-1. 
GPC results: Mw = 9400, Mn = 7200, PDI = 1.31. P-2 
spectroscopic data: 1H NMR (500 Hz, CDCl3): δ 9.29–9.25 (m, 
2H), 8.84–7.71 (m, 6H), 7.06–7.02 (m, 2H), 2.18–2.01 (m, 4H), 
1.25-1.11 (m, 20H), 0.79–0.66 (m, 10H). FT-IR (KBr, cm-1): 75 

2924, 2852, 1610, 1588, 1475. Anal. calcd for C39H44N8S: C, 
71.31; H, 6.75; N, 17.06. Found: C, 68.56; H, 6.21; N, 15.32.  

Metal ion titrations with P-1 and P-2 

Each metal ion titration experiment was started using 3.0 mL 
polymer fluorescent sensor in a CHCl3 solution of known 80 

concentration (10 µmol·L-1). Mercury perchlorate salt and various 
other metal salts (nitrates) in CH3CN were used for the titration. 
Because the minimum response time that can be measured is 
limited by the manipulation time, all measurements were 
obtained 10 s after the addition of the metal salt to the polymer 85 

solutions for real-time detection. 

Results and Discussion 

Synthesis and features of the conjugated polymers 

The synthesis procedures of the monomers M-1, M-2 and M-3 
and the conjugated polymers P-1 and P-2 are outlined in Scheme 90 

1. Monomer M-1 was synthesized from fluorene (1) in a five-step 
reaction as reported previously.11-16 Monomers M-218 and M-

311c,17 were synthesized from benzothiadiazole (5) in a three-step 
reaction and five-step reaction as reported previously, 
respectively. The terminal alkynes M-2 and M-3 are unstable and 95 

need to be kept in the dark and under a N2 atmosphere at -4 °C 
before use. 
   M-1, M-2 and M-3 were used as monomers for the synthesis of 
the target polymers. We used a typical click reaction for the 
synthesis of these polymers.10a,19 The polymerization was carried 100 

out under mild reaction conditions in a THF/t-BuOH/H2O 
solution in the presence of a catalytic amount of sodium ascorbate 
(10 mol%) and CuSO4·5H2O (5 mol%). The number-average 
molecular weight (Mn) was determined to be 5880 for P-1 and 
7200 for P-2 by GPC using a polystyrene standard in THF. The 105 

GPC results of these two polymers show a moderate molecular 
weight. The resulting polymers show good solubility in common 
solvents including CHCl3, CH2Cl2, toluene and THF, and this can 
be attributed to the flexible n-octyl group on the fluorene units,  
    110 
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Fig. 1 TGA curves of P-1 and P-2.  5 

which are side chains on the polymers. The TGA of the polymers 

was carried out under a N2 atmosphere at a heating rate of 
10 °C/min (Fig. 1). As shown in Fig. 1, although the P-1 and P-2 
repeating units have a similar polymer composition and backbone 
chain structure, their TGA plots are different. The TGA curves 10 

reveal that the 5% weight loss temperatures (Td) for P-1 and P-2 
are 211 °C and 334 °C, respectively. There is a total loss of about 
60% and 58% for P-1 and P-2 when heated to 700 °C, 
respectively. By comparison with P-1, P-2 has higher stability, 
which can be ascribed to the high thermal stability of the BT unit. 15 

These results indicate that these two polymers have a desirable 
thermal property for use in fluorescent materials.  

Optical properties  

The UV-vis absorption and fluorescence spectra of P-1 and P-2 
were recorded in CHCl3 as shown in Fig. 2. As is evident from 20 

Fig. 2, these two polymers exhibit two distinct absorption bands 
in the range of 300 nm to 500 nm. The band in the shorter 
wavelength 300–350 nm region is assigned to a localized π-π* 
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Scheme 1 Synthetic routes to M-1, M-2, M-3 and the conjugated polymers P-1 and P-2.
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transition, and the other band at around 360–500 nm is assigned 
to the effective π electronic transition of the conjugated units in 
the main-chain backbone.12e P-1 and P-2 exhibit emission peaks 
at 535 nm and 514 nm, and show yellow and green fluorescence, 
respectively. A red shift (21 nm) was observed for the 5 

fluorescence spectra of P-1 by comparison with that of P-2, 
which is related to the narrower π-π* gap of the aromatic Se-
containing heterocycle.12a The fluorescence quantum yields (ФF) 
of these two polymers were determined in CHCl3 at room 
temperature using the quinine sulfate solution as a fluorescence 10 

reference (Фr = 0.55 in 0.5 mol/L H2SO4). The ФF values could 
be calculated using the equation: ФF =Фr (Fs/Fr)(Ar/As)(ηs/ηr)

2, 
where s and r denote the sample and reference, respectively, F is 
the integrated fluorescence intensity, A is the absorbance at the 
excited wavelength, and η is the refractive index of the solvent.20 15 

P-1 based on BSe has low fluorescence quantum yield (ФF = 
0.13) compared with P-2 based on BT polymer (ФF = 0.27), and 
the result is similiar to those previously reported,12m,18 which 
could be due to the fact that the narrow energy bandgap may 
increase the probability of singlet excitons decaying to the ground 20 

state in a nonradiative way.12m 
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Fig. 2 Absorption spectra of P-1 (-□-) and P-2 (-○-), and fluorescence 
spectra of P-1 (-■-, λex = 425 nm) and P-2 (-●-, λex = 408 nm) in CHCl3. 

 25 

Fig. 3 Fluorescence spectra of P-1 (10.0 µmol L-1 in CHCl3) with 
increasing concentrations of Ni2+ (0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 
2.0, 2.5, 3.0, 4.0, 5.0 µmol·L-1 in CH3CN) (λex = 425 nm). Inset: Visible 
fluorescence of P-1 before (left) and after (right) the addition of Ni2+ (5.0 
µmol·L-1) under a 365 nm UV lamp. 30 
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Fig. 4 Calibration curve obtained from a plot of the fluorescence intensity 

of P-1 with added Ni2+ from 0 to 5.0 µmol·L-1. Inset: linear plot obtained 
at low concentrations of Ni2+ (0 to 1.8 µmol·L-1). 
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 35 

Fig. 5 Stern-Volmer plot of P-1 emission upon quenching by Ni2+ (0 to 
5.0 µmol·L-1).  
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Fig. 6 Relative fluorescence quenching of P-1 (10.0 µmol·L-1) in the 
presence of various metal ions (each 4.0 µmol·L-1).  40 
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Fig. 7 Metal specificity: the concentration of P-1 was 10.0 µmol·L-1. The 

concentration of Ni2+ and the other metal ions was 4.0 µmol·L-1. Mix: 
mixture of Co2+, Cd2+, Hg2+, Fe3+, Ag+, Cu2+, Zn2+, Mn2+, K+ and Pb2+.  

Fluorescence-sensing properties of P-1 and P-2 toward Ni2+ 5 

We first investigated the UV-vis absorption response behaviors of 
P-1 and P-2 (see Fig. S1 and Fig. S2 in the ESI) in CHCl3 toward 
various metal ions in CH3CN, including K+, Pb2+, Cd2+, Co2+, 
Ag+, Fe3+, Hg2+, Zn2+, Ni2+, Cu2+ and Mn2+. Although the 
addition of some metal ions to the polymer solution could cause 10 

the changes of the UV-vis absorption spectra of P-1 and P-2, 
these two polymers could not show outstanding response toward 
a specific metal ion. And so, in this work, we mainly studied the 
fluorescence-sensing properties of these two polymers for metal 
ions.  15 

   To provide a potential ‘‘zero-wait’’ detection method for metal 
ions, we first investigated the fluorescence-sensing properties of 
P-1 upon the addition of various metal ions in real-time. All the 
measurements were obtained 10 s after the addition of the metal 
salt to the host molecule solutions. Fig. 3 shows the fluorescence 20 

spectra of P-1 (10.0 µmol·L-1 in CHCl3) upon the addition of Ni2+ 
in CH3CN upon excitation at 425 nm. Emission quenching upon 
the addition of Ni2+ was observed. The emission quenching may 
be attributed to energy or electron transfer between the metal 
complexes and the polymer backbone.6b The addition of Ni2+ led 25 

to 82.9% fluorescence quenching of P-1 at a concentration of 4.0 
µmol·L-1. Additionally, the yellow P-1 fluorescence disappeared 
after the addition of Ni2+, and this was easily detected by the 
naked eye (Fig. 3, inset). Notably, the fluorescence intensity 
changed almost linearly with the concentration of Ni2+ in the 30 

range of 0–1.8 µmol·L-1. The following curve equation was 
obtained: F = 2.44×105-9.33×1010[Ni2+] (Fig. 4, inset), which 
indicates that Ni2+ can be quantitatively detected. According to 
this equation and the standard deviation of the blank, the 
fluorescence detection limit of P-1 for Ni2+ was detemined to be 35 

2.4 nM. The detection limit was sufficently low to detect the 
nanomolar concentrations of Ni2+ found in many chemical 
systems.  

The fluorescence-quenching efficiency of the P-1 sensor can 
be described by the Stern-Volmer equation: F0/F = 1 + KSV[Q] 40 

and, herein, F0 and F are the fluorescence intensities in the 
absence and presence of a quencher, respectively. KSV is the 

quenching constant and [Q] is the quencher concentration. At 
Ni2+ concentrations from 0 to 5.0 µmol·L-1, a good linear Stern-
Volmer plot of the fluorescence intensity of P-1 versus the the 45 

concentrations of Ni2+ was obtained with a KSV value of 1.17×106 
mol-1·L, as shown in Fig. 5.  
   To determine the selectivity of the sensor toward Ni2+, the 
fluorescence response behavior of P-1 toward other important 
metal ions at a concentration of 4.0 µmol·L-1 was determined (Fig. 50 

6). The degree of fluorescence quenching (1-F/F0) of P-1 was no 
more than 10% by the other metal ions including K+, Pb2+, Cd2+, 
Co2+, Ag+, Fe3+, Hg2+, Zn2+ and Mn2+. Fluorescence quenching of 
the P-1 solution was observed upon the addition of Cu2+, but the 
degree of fluorescence quenching (30%) was much smaller than 55 

that by Ni2+ ions. These results indicate that P-1 shows good 
selectivity toward Ni2+ sensing compared with other ions. For 
effective Ni2+ detection, another essential requirement is that 
other metal ions exhibit no or little interference. Competition 
experiments were performed on the P-1 solution in the presence 60 

of 4 µmol·L-1 of the other metal ions (Fig. 7). As shown in Fig. 7, 
the deviation in fluorescence quenching in the presence of the 
other metals ions was less than 6%. These results confirm the 
ability of P-1 to sense Ni2+ with high selectivity even in the 
presence of other metal ions. The sensitivity and selectivity of P-65 

1 may be ascribed to the building block receptors from the BSe 
and triazole units in the main-chain backbone. These fit well, 
leading to the formation of a more stable Ni2+-polymer complex 
compared with the other metal ions.    

 70 
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Fig. 8 (a) Fluorescence spectra of P-2 (10.0 µmol L-1 in CHCl3) with 
increasing concentrations of Ni2+ (0, 1.2, 1.8, 2.4, 3.0, 4.0, 6.0, 8.0, 10.0, 
14.0, 17.0, 20.0 µmol·L-1 in CH3CN) (λex = 408 nm). Inset: Visible 
fluorescence of P-2 before (left) and after (right) the addition of Ni2+ 5 

(20.0 µmol·L-1) under a 365 nm UV lamp. (b) Fluorescence intensity of 
P-2 versus Ni2+ concentration from 0 to 20.0 µmol·L-1. Inset: linear plot 
obtained at low concentrations of Ni2+ (0 to 6.0 µmol·L-1). 
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 10 

Fig. 9 (a) Stern-Volmer plot of P-2 emission quenched by Ni2+ (0 to 20.0 
µmol·L-1). (b) Relative fluorescence quenching of P-2 (10.0 µmol·L-1) in 
the presence of various metal ions (each 14.0 µmol·L-1).  

 

 15 

 

Fig. 10 Possible P-1 nickel ion detection mechanism.  

 

    We also investigated the possible use of P-2 for the 
determination of Ni2+ (Fig. 8). We found that Ni2+ resulted in 20 

83.8% fluorescence quenching at a concentration of 14.0 µmol·L-

1. We obtained a linear equation for the fluorescence intensity of 
P-2 vs Ni2+ concentration in the range of 0 to 6.0 µmol·L-1 Ni2+: F 
= 1.10×105-1.29×1010[Ni2+] (Fig. 8b, inset). The limit of 
detection was determined to be 11 nM. Furthermore, the KSV 25 

value of P-2 was calculated to be 3.43×105 mol-1·L from the 
Stern-Volmer plot, as shown in Fig. 9a. Additionally, the results 
of the metal-binding properties of P-2 toward the other metal ions 
showed that Co2+, Hg2+ and Cu2+ could significantly quench P-2 

fluorescence, and the quenching ratios were 57.9, 50.0 and 70.0% 30 

at the same concentrations as those used for Ni2+, respectively 
(Fig. 9b). According to these results, it can be concluded that P-1 
has higher sensitivity and selectivity toward Ni2+ detection than 
P-2.  
   The stoichiometry for Ni2+ with P-1/P-2 can be determined on 35 

the basis of the Benesi-Hildebrand expression:21 1/(F-F0) = 
1/{K(F0-Fmin)[Ni2+]n}-1/(F0-Fmin), where Fmin is the minimum 
fluorescence intensity in the presence of a quencher, and K is the 
associated constant. According to the fluorescence titration 
experiment data, the linear correlation coefficients of Benesi-40 

Hildebrand plots for Ni2+-bound P-1 and Ni2+-bound P-2 (see 
Fig. S3 and Fig. S4 in the ESI) were 0.9958 and 0.9939 using the 
Benesi-Hildebrand equation of linear fitting based on 1:1 (n = 1), 
respectively. The results indicate that there is a 1:1 binding mode 
between P-1/P-2 and Ni2+. In addition, the associated constants 45 

obtained from the slope and intercept of the line were 2.03 ×106 
mol-1·L for P-1 and 4.13 ×105 mol-1·L for P-2. A possible 
mechanism for P-1 nickel ion detection is shown in Fig. 10. We 
and others had reported several conjugated polymer fluorescent 
sensors for the selective detection of Hg2+ using 50 

benzochalcogendiazole or triazole as recognition unit, 
respectively, which indicate the individual BT11a,b,e, BSe11f or 
triazole6e,10 units tend to bind mercury ion. According to Bunz 
and coworkers,13 a binding pocket for Ni2+ is formed between the 
nitrogen of the triazole and the nitrogen of the 55 

benzochalcogendiazole in the polymer backbone. The higher 
sensitivity and selectivity of P-1 may be due to the lower 
electronegativity of selenium compared with sulfur, which is 
favorable for an adjustment of the aromaticity of the 
benzoselenadiazole cycle, the size of the binding pocket and the 60 

binding capacity of nitrogen, etc.13 

Conclusions  

Two conjugated polymer fluorescent sensors P-1 and P-2 using a 
benzochalcogendiazole unit and a triazole unit as cooperative 

Page 7 of 10 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

receptors were synthesized by the CuAAC reaction. The resulting 
polymers show good thermal stability and solubility in common 
organic solvents. P-1 and P-2 exhibit emission peaks at 535 nm 
and 514 nm and are characterized by yellow and green 
fluorescence, respectively. These two polymers show outstanding 5 

fluorescence response behavior toward Ni2+ in real-time detection 
and compared with BT-based P-2, the BSe-based P-1 showed 

higher sensitivity and selectivity because of the specific 
electronegativity of selenium. The quenching of P-1 fluorescence 
gave a linear response toward Ni2+ in the range of 0–1.8 µmol·L-1, 10 

with a detection limit of 2.4 nM. The results indicate that P-1 can 
be used as high sensitive and selective materials for the detection 
of Ni2+. This study opens up new opportunities for the design of 
conjugated polymer fluorescence sensors based on the 
benzoselenadiazole unit.    15 
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Highly sensitive conjugated polymer fluorescent sensors based on 

benzochalcogendiazole for nickel ions in real-time detection  

Yunxiang Lei, Hui Li, Wenxia Gao, Miaochang Liu, Jiuxi Chen, Jinchang Ding, Xiaobo Huang 

and Huayue Wu  

 

Two conjugated polymer fluorescent sensors P-1 and P-2 using a benzochalcogendiazole unit and 

a triazole unit as cooperative receptors were synthesized by the CuAAC reaction. Compared with 

benzothiadiazole-based P-2, benzoselenadiazole-based P-1 showed higher sensitivity and 

selectivity because of the specific electronegativity of selenium. The quenching of P-1 

fluorescence gave a linear response toward Ni
2+

 in the range of 0–1.8 µmol·L
-1

, with a detection 

limit of 2.4 nM.    
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