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Two 2-(2’-hydroxyphenyl)benzothiazole-based fluorescent probes 1 and 2 were 

designed and exhibited strong fluorescence in short duration upon exposure to 

Pd
2+

. The portable test strips were also prepared by direct deposition of the 

probe molecules onto the filter paper to detect the lowest possible ppm levels of 

Pd
2+

. 
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Abstract Highly sensitive and selective fluorescent probes 1 and 2 for detection of 

palladium ions (Pd
2+

) were synthesized based on excited-state intramolecular proton 

transfer process (ESIPT) using 2-(2'-hydroxy-)benzothiazole moiety. Different metal 

ions were used to optimize their sensitivity and selectivity but best results were 

obtained with Pd
2+

. Probe 1 produced green fluorescence with Stokes shift of about 

163 nm upon addition of Pd
2+

, whereas probe 2 displayed red fluorescence with a 

large Stokes shift of about 217 nm under similar conditions. The detection limits of 1 

and 2 to Pd
2+

 were found to be 285 nM and 14.6 nM, respectively. Mechanistic 

aspects of probes 1 and 2 were discussed to account for the optical changes leading 

to the strong ESIPT fluorescence in very short duration. Furthermore, the portable 

test strips were also prepared by direct deposition of the probe molecules onto the 

filter paper to detect the lowest possible ppm levels of Pd
2+

. 
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1. Introduction 

Palladium (Pd) has been widely used as key materials in numerous scientific 

areas including catalytic converters, medical instruments, dental alloys, fuel cells, 

electronics and jewelry.[1-4] Pd-catalyzed reactions comprise an important area 

of research interests including transformations for synthesis of functional 

molecules and drugs.[5] However, their frequent use has resulted in a high level 

of residual palladium in water systems and soil.[6-8] Palladium may form 

complexes with thiol-containing amino acids, proteins, DNA, RNA, and vitamins 

to disrupt the physiological processes of human life cycle along with other serious 

health problems, and hence, poses a threat to human health. [9-11] The 

extensive use of palladium increases the risk associated with human health.[12, 

13] Considering all these hazardous effects of palladium, European Agency for 

the Evaluation of Medicinal Products (EMEA) has set the threshold limit of 

palladium found in drugs as 5–10 ppm and the proposed dietary intake as less 

than 1.5–15 mg per person per day.[14] Therefore, it is highly desirable to 

develop effective tools for quantitative detection of palladium in the ecological 

environment. Several methods have been used by various research groups to 

detect the traces of palladium such as atomic absorption spectrometry, plasma 

emission spectroscopy, inductively coupled plasma mass spectrometry (ICP-MS) 

and solid-phase microextraction-high performance liquid chromatography.[15-19] 

But all these methods have several disadvantages including slow response, 

complex process, high consumption of time and high cost.[20-22] Fluorescent 

technique, on the other hand, provides an efficient method for the detection of 

very low quantity of palladium and hence, serves as better alternative with 

various advantages such as low cost, fast response and simple process.[23-32]
  

A vast variety of fluorescent probes have been developed to detect palladium, 

based on various fluorophores including naphthalene,[33] acridine,[34] 

cyanine,[35] N-(3-(benzo[d]thiazol-2-yl)-4-(hydroxyphenyl) benzamide) 

(HBTBC),[36] triazole,[37] coumarin,[38, 39] rhodamine,[27, 40-49] 

anthraquinone-imidazole,[50] naphthalimide[51] and fluorescein.[28, 52] The 
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disadvantages of above fluorescent probes include long fluorescence response 

time,[53, 54] small Stokes shift,
 [55-57] 

short emission wavelength[58-61] and 

fluorescence-quenched response mechanism.[62-71] 

2-(2’-hydroxyphenyl)benzothiazole and its derivatives have gained an upsurge of 

interest due to their ability to undergo an excited-state intramolecular photon 

transfer (ESIPT) process upon photoexcitation.[72-73] Herein, we have described 

the synthesis of two 2-(2’-hydroxyphenyl)benzothiazole-based fluorescent probes 

1 and 2 (Scheme 1), and their mechanistic aspects regarding the optical changes 

that lead to emission of strong fluorescence in short duration upon exposure to 

Pd
2+

. Owing to the release of 2-(2’-hydroxyphenyl)benzothiazole unit induced by 

Pd
2+

, the two probes 1 and 2 exhibited large Stokes shifts with decreased 

interference of excitation. On the basis of these advantages, probes 1 and 2 

exhibited sensitive and efficient potential to detect traces of Pd
2+

. 

 

Scheme 1. Structures of probes 1 and 2 

 

 

2.Experimental 

2.1. Materials and methods 

2-Aminothiophenol, sodium metabisulfite, TFA and (NH4)2PdCl6 were purchased 

from Aladdin Co., Ltd.. Pd(AcO)2 was purchased from Sigma-aldrich Co., Ltd.. 

PdCl2 was purchased from Accela ChemBio Co., Ltd.. 1,3-Indanedione, 

3-Bromopropyne and 2-Hydroxy-5-methylbenzaldehyde, were purchased from 

J&K SCIENTIFIC LTD.. Other reagents of analytical reagent grade and different 

metal ions were purchased from Sinopharm Chemical Reagent Co., Ltd. and 
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Sigma-aldrich Co., Ltd.. All reagents and solvents were used without any 

purification. Deionized water was used throughout all experiments. Column 

chromatography was performed on silica gel (200−300 mesh, Qingdao Haiyang 

Chemical Co., Ltd.). 
1
H NMR and 

13
C NMR spectra were collected on Bruker 

AV400 NMR Spectrometer. The chemical shifts in parts-per-million (ppm) for 

NMR spectra were referenced relative to tetramethylsilane (TMS, 0.00 ppm) as 

the internal reference. Mass spectra were obtained from Q-Tof mass 

spectrometer (Agilent 6530). Fluorescent spectra were measured on 

RF-5301/PC spectro-fluorophotometer and emission maxima (λmax) were 

expressed in nanometers. Electronic transition spectra were recorded on 

α-1860A UV-Vis spectrometer and absorption maxima (λmax) were expressed in 

nanometers. 

 

2.2. Synthesis 

2.2.1. Synthesis of 2-(2'- hydroxyphenyl -5'-methyl)benzothiazole (3) 

2-Hydroxy-5-methylbenzaldehyde (5 g, 36.72 mmol), 2-aminothiophenol (4.6 

g, 36.74 mmol) and sodium metabisulfite (6 g, 31.56 mmol) were dissolve ed in N, 

N-dimethylformamide (DMF) (50 mL) in a round bottom flask. The reaction 

mixture was refluxed under 110 
o
C for 3 h and the progress of reaction was 

monitored by TLC. After completion of reaction, reactant solution was cooled to 

room temperature. The solid was precipitated out on addition of deionized water 

(50 mL) to the solution. The solid was filtered, washed with deionized water for 5 

times and dried under vacuum to get the white product 3 (8.5 g, yield 96%). 
1
H 

NMR (DMSO, 400 MHz) δ (ppm): 11.36 (1H, s), 8.15 (1H, d, J = 8.0 Hz), 8.07 (1H, d, 

J = 8.1 Hz), 7.99 (1H, s), 7.56-7.52 (1H, m), 7.46-7.42 (1H, m), 7.24 (1H, d, J = 8.3 

Hz), 7.00 (1H, d, J = 8.4 Hz), 2.33 (3H, s); 
13

C NMR (DMSO, 100 MHz) δ (ppm): 

165.77, 154.66, 151.93, 134.73, 133.71, 128.89, 128.75, 126.92, 125.50, 122.53, 

122.46, 118.41, 117.35, 20.50. ESI-MS: calcd for C14H11NOS [M + H]
+
, 241.0561; 

found, 241.0655. 

 

2.2.2. Synthesis of 2-(2'- hydroxyphenyl -3'-aldehyde-5'-methyl)benzothiazole (4)  
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Product 3 (2.5 g, 10.37 mmol) and hexamethylenetetramine (HMT) (4.5 g, 

32.10 mmol) were dissolved in TFA (15 mL) in a round bottom flask. The reaction 

mixture was refluxed under 100 
o
C for 6 h and the end of reaction was monitored 

by TLC. After cooling to room temperature, HCl (200 mL, 4 mol/L) was added and 

the reaction mixture was extracted with dichloromethane, washed with brine 

and then dried under vacuum. After evaporation of organic solvent, the obtained 

precipitate was purified by silica gel column chromatography using CH2Cl2 as 

eluent to give faint yellow solid 4 (2 g, yield 72%). 
1
H NMR (DMSO, 400 MHz) δ 

(ppm): 12.76 (1H, s), 10.33 (1H, s), 8.22 (1H, d, J = 6.6 Hz), 8.20 (1H, s), 8.13 (1H, d, 

J = 8.0 Hz), 7.73 (1H, s), 7.60-7.58 (1H, m), 7.53-7.50 (1H, m), 2.40 (3H, s);
 13

C 

NMR (DMSO, 100 MHz) δ (ppm): 192.30, 165.66, 157.51, 151.48, 135.76, 134.04, 

133.58, 129.78, 127.42, 126.31, 123.72, 122.78, 122.75, 119.60, 20.21. ESI-MS: 

calcd for C15H11NO2S [M + H]
+
, 269.0510; found, 269.0594. 

 

2.2.3. Synthesis of 2-(2'-(propargyl ether) phenyl 

-3'-aldehyde-5'-methyl)benzothiazole (1) 

Product 4 (0.5 g, 1.86 mmol) was dissolved in DMF(50 mL) in a round bottom 

flask, followed by addition of K2CO3 (0.616 g, 4.46 mmol). The reaction mixture 

was stirred under room temperature for 20 min. Further, 3-bromopropyne (0.531 

g, 4.46 mmol) was added to the reaction mixture and stirred for 15 h at room 

temperature. After completion of reaction as checked by TLC, deionized water 

was added. The reaction mixture was then extracted with ethyl acetate, washed 

with brine and dried under vacuum. The crude product obtained was purified by 

silica column chromatography using dichloromethane–hexane as eluent (2:3, v/v) 

to give white solid 1 (0.4 g, yield 29%). 
1
H NMR (DMSO, 400 MHz) δ (ppm): 10.34 

(1H, s), 8.47 (1H, s), 8.20 (1H, d, J = 7.8 Hz), 8.13 (1H, d, J = 8.0 Hz), 7.82 (1H, s), 

7.58-7.57 (1H, m), 7.52-7.50 (1H, m), 4.93 (2H, s), 3.65 (1H, s), 2.48 (3H, s); 
13

C 

NMR (DMSO, 100 MHz) δ (ppm): 189.99, 161.85, 155.83, 152.37, 136.20, 136.08, 

135.99, 132.50, 131.04, 128.48, 127.25, 126.32, 123.58, 122.79, 81.67, 78.60, 

64.64, 20.86. ESI-MS: calcd for C18H13NO2S [M + H]
+
, 307.0667; found, 307.0710. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2.2.4. Synthesis of 2-(2'-(propargyl ether) phenyl -3'- Indanedione 

-5'-methyl)benzothiazole (2) 

Product 1 (0.307 g, 1 mmol) and 1,3-Indanedione (0.161 g, 1.1 mmol) were 

dissolved in THF (20 mL) in a round bottom flask, followed by addition of 2-3 

drops of piperidine. The reaction mixture was stirred for 6 h at room temperature. 

After completion of reaction as checked by TLC, deionized water was added. The 

reaction mixture was then extracted with dichloromethane, washed with brine 

and dried under vacuum. The crude product obtained was purified by silica 

column chromatography using dichloromethane–hexane as eluent (2:1, v/v) to 

give yellow solid 2 (0.12 g, 25%). 
1
H NMR (DMSO, 400 MHz) δ (ppm): 8.61 (1H, s), 

8.39 (1H, s), 8.20 (1H, d, J = 7.4 Hz), 8.12 (2H, d, J = 7.9 Hz), 8.03 (4H, d, J = 10.8 

Hz), 7.58-7.56 (1H, m), 7.51-7.49 (1H, m), 4.77 (2H, s), 3.59 (1H, s), 2.50 (3H, s);
 

13
C NMR (DMSO, 400 MHz) δ (ppm): 189.27, 188.44, 155.06, 152.73, 152.40, 

142.56, 140.23, 138.44, 136.18, 136.07, 134.74, 134.11, 130.98, 129.82, 127.78, 

127.46, 126.61, 125.68, 123.34, 123.19, 123.10, 122.11, 79.64, 78.04, 64.17, 

20.31. ESI-MS: calcd for C27H17NO3S [M + H]
+
, 435.0929; found, 435.0942. 

 

2.3. Absorption and fluorescence measurements 

The probe 1 (1 mM) was dissolved in DMSO and maintained at room 

temperature. Stock solutions (20 mM) of metal ions including Pd
2+

, Pb
2+

, Cr
3+

, Ag
+
, 

Cu
2+

, Li
+
, Fe

2+
, Zn

2+
, Eu

3+
, Co

3+
, Hg

2+
, Zr

4+
, Cs

2+
, K

+
, Na

+
, Cd

2+
, Fe

3+
, Mg

2+
, Ni

2+
, Mn

2+
, 

Al
3+

, Ca
2+

 were prepared in deionized water by dissolving the corresponding salts. 

Test solutions were prepared by placing 30 μL of the probe stock solution into a 

test tube, diluting the solution to 3 mL with HEPES buffer (10 mM, pH = 7.4) and 

then different analytes were added. All UV-vis absorption and fluorescence 

measurements were taken at room temperature. Excitation and emission 

wavelengths were chosen at 380 nm and 543 nm, respectively. The excitation slit 

width was 10 nm and emission slit width was 5 nm. The fluorescence spectra 

were recorded after 5 min of addition of analytes into the test tube, to allow 

complete mixing of analytes into the solution.  
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It was found that 2 reacted very slowly when exposed to Pd
2+

 in 100% water at 

room temperature. Hence, different solvent ratios were explored to optimize the 

reactivity of 2 with Pd
2+

. It was observed that 2 reacted with Pd
2+

 at different 

ratios of H2O–THF at room temperature and exhibited the desired fluorescence. 

The ratio of H2O–THF: 2:5 was found to be the best suitable ratio for getting 

maximum fluorescence (Fig. S1) and hence, prompted us to carry out the 

response detection of 2 to Pd
2+ 

at this ratio.  

The probe 2 (1 mM) was dissolved in DMF and maintained at 37 
o
C. Stock 

solutions (20 mM) of metal ions including Pd
2+

, Pb
2+

, Cr
3+

, Ag
+
, Cu

2+
, Li

+
, Fe

2+
, Zn

2+
, 

Eu
3+

, Co
3+

, Hg
2+

, Zr
4+

, Cs
2+

, K
+
, Na

+
, Cd

2+
, Fe

3+
, Mg

2+
, Ni

2+
, Mn

2+
, Al

3+
, and Ca

2+
 were 

prepared in deionized water by dissolving the corresponding salts. Test solutions 

were prepared by placing 30 μL of the probe stock solution into a test tube, 

diluting the solution to 3 mL with THF-HEPES buffer (10 mM, pH =7.4, 5:2 v/v) 

and then different analytes were added. All UV-vis absorption and fluorescence 

measurements were recorded after probe 2 reacted with analytes at 37 
o
C. 

Excitation and emission wavelengths were chosen at 437 nm and 642 nm, 

respectively. Both the excitation and emission slit widths were set to 5 nm. After 

the analytes were added into the test tube, it took 20 min for complete mixing 

into the solution before carrying out the fluorescence spectral analysis. 

 

2.4. Time-dependent fluorescence studies of probes 1 and 2 

Stock solutions of probe 1 (1 mM) and PdCl2 (0.8 mM) were prepared in DMSO 

and deionized water, respectively , and were stored at 4 
o
C. Test solution was 

prepared by placing 30 μL of probe stock solution into the test tube, diluting the 

solution to 3 mL with HEPES buffer (10 mM, pH =7.4) and adding 30 μL of analyte 

stock. Excitation and emission wavelengths were chosen at 380 nm and 543 nm, 

respectively. The excitation slit width was 10 nm and emission slit width was 5 

nm. 

Stock solution of probe 2 in DMF (1 mM) and PdCl2 in deionized water (2 mM) 

and was stored at 4 
o
C. Test solution was prepared by placing 30 μL of probe 
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stock solution into the test tube, diluting the solution to 3 mL with THF-HEPES 

buffer (10 mM, pH =7.4, 5:2 v/v) and adding 30 μL of analyte stock. Excitation 

and emission wavelengths were chosen at 437 nm and 642 nm, respectively. 

Both the excitation and emission slit widths were 5 nm. Each set of data was 

measured at regular intervals of 5 min at 37 
o
C.  

 

2.5. Preparation of paper test strips loaded with probes 1 and 2  

     A volume of 30 μL stock solution of probes 1 and 2 (1 mM) were dropped on 

the filter papers having diameter of 1 cm, and then test papers were dried in air 

to measure different concentrations of Pd
2+

.  

 

 

3. Results and discussion 

The synthetic process of probe 1, 2 were shown in Scheme 2. Compound 3, 

formed by 2-hydroxy-5-methylbenzaldehyde and 2-aminothiophenol, reacted 

with HMT to give the compound 4. In alkaline conditions, compound 4 was 

converted into probe 1. The probe 2 was obtained through the reaction between 

aldehyde group and 1,3-indanedione. After purification, two probes were 

characterized by 
1
H NMR, 

13
C NMR and high resolution mass spectroscopy (Fig. 

S2 - Fig. S13). 
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Scheme 2. Synthesis of probes 1 and 2 

 

 

3.1. Optical responses of probes 1 and 2 to Pd
2+ 

 

Fig. 1. (a) Absorption spectra of 1 (10 μM) in the absence or presence of Pd
2+ 

(22 

μM). (b) Absorption spectra of 2 (10 μM) in the absence or presence of Pd
2+ 

(13 

μM). (c) Fluorescence spectra of 1 (10 μM) upon addition of different 

concentrations of Pd
2+ 

(0 – 22 μM) at room temperature for 5 min. (10 mM HEPES, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

pH 7.4, λex = 380 nm). (d) Fluorescence spectra of 2 (10 μM) upon addition of 

different concentrations of Pd
2+ 

(0 – 13 μM) at 37 
o
C in H2O-THF (2:5) for 20 min. 

(10 mM HEPES, pH 7.4, λex = 437 nm) 

 

The color and absorption spectral changes of 1 and 2 induced by Pd
2+

 were 

first examined. As shown in Fig. 1a and Fig. 1b, in the absence of Pd
2+

, the 

solution containing 1 or 2 is colorless. With the addition of Pd
2+

, probe 1 and 2 

exhibited different absorption at 380 nm and 425 nm respectively. The 

remarkable color change from colorless to yellow was clearly visible. The 

fluorescence responses of probes 1 and 2 to Pd
2+

 were also investigated in detail. 

When probe 1 was excited at 380 nm upon the addition of Pd
2+

, the emission 

peak was observed to be at 543 nm with green fluorescence, along with a Stokes 

shift of about 163 nm (Fig. 1c). In contrast, probe 2 upon excitation at 437 nm, 

showed the emission peak at 642 nm in presence of Pd
2+

 with a large Stokes shift 

of about 217 nm and displayed red fluorescence (Fig. 1d). Both the probes were 

examined in the absence of Pd
2+

 and resulted in almost no fluorescence. While, 

remarkable enhancement in their fluorescence intensities were observed in the 

presence of different concentrations of Pd
2+

. When the concentration of Pd
2+ 

was 

increased
 
to 1.3 equiv of probe concentration, the fluorescence enhancement of 

probe 2 reached a plateau of upto 248-fold enhancement, while the fluorescence 

of probe 1 was found to be increased up to 53-fold at 2.2 equiv. concentration of 

Pd
2+

. The two kinds of good fitted regression lines of two probes were shown in 

Fig.S14 and Fig.S15 and the detection limits of 1 and 2 to Pd
2+

 were calculated as 

285 nM and 14.6 nM respectively. This result confirmed that probe 2 is more 

sensitive to Pd
2+

 than probe 1.
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Fig. 2. (a) Fluorescence response of 1 (10 μM) upon addition of different metal 

ions (200 μM) and Pd
2+

 (100 μM) at room temperature for 5 min in HEPES buffer 

(10 mM, pH 7.4), λex = 380 nm, λem = 543 nm (b) Fluorescence response of 2 (10 

μM) upon addition of different metal ions
 
(200 μM) and Pd

2+
 (100 μM) at 37 

o
C 

for 20 min in HEPES (10 mM, pH 7.4)-THF (2:5, v/v), λex = 437 nm, λem = 642 nm. 

 

 

Fig.3. (a) The ratio (I/I0) of fluorescence spectra of probe 1 (10 μM) upon adding 

different species of palladium (110 μM) for 5 min at 543nm in HEPES buffer (10 mM, 

pH 7.4), λex = 380 nm. (b) The ratio (I/I0) of fluorescence spectra of probe 2 (10 μM ) 

at 642 nm upon adding different species of palladium (110 μM) at 37 
o
C for 20 min in 

HEPES (10 mM, pH 7.4)-THF (2:5, v/v), λex = 437 nm. 

 

 

Further, the selectivity of probe 1 and 2 was studied by examining the 

responses of probes to different metal ions including Pd
2+

, Pb
2+

, Cr
3+

, Ag
+
, Cu

2+
, Li

+
, 

Fe
2+

, Zn
2+

, Eu
3+

, Co
3+

, Hg
2+

, Zr
4+

, Cs
2+

, K
+
, Na

+
, Cd

2+
, Fe

3+
, Mg

2+
, Ni

2+
, Mn

2+
, Al

3+
, Ca

2+
. 
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Under similar test conditions of probe 1 or probe 2, all metal ions (20 equiv.) 

except for Pd
2+

 shown rarely fluorescent changes, only Pd
2+ 

could give significant 

rise in fluorescent intensity (Fig. 2). As the figure indicated, probes 1 and 2 were 

having excellent detection capability to Pd
2+

. Pd
2+

 was easily differentiated among 

various metal ions due to emission of green fluorescence and red fluorescence 

using handhold UV lamp (Fig. S16). No drastic changes in fluorescence response 

of probe 1 and 2 were noticed at different pH levels, and hence, probe 1 and 2 

can be applied in acidic and alkaline conditions (Fig. S17). Considering that 

palladium not only exists in the form of palladium chloride, so we tested the 

fluorescence response of two probes to another two species of palladium 

((NH4)2PdCl6, Pd(AcO)2). Both probe 1 and probe 2 were observed to produce 

significant fluorescence enhancement on reacting with PdCl2, (NH4)2PdCl6, and 

Pd(AcO)2. Hence, it is confirmed that these two probes can determine various 

palladium species effectively (Fig. 3). The responses of 1 and 2 to Pd
2+

 were 

found to be very rapid. As shown in Fig. S18, in the presence of Pd
2+

, both the 

solutions containing probes 1 and 2 displayed maximum fluorescent intensity 

within 10 minutes. 

 

3.2. Proposed mechanism 
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Scheme 3. Proposed signaling mechanism of probe 1, 2 to Pd
2+ 
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Fig. 4. ESI-MS spectra of mixture of probe 1 (a) and 2 (b) in the presence of Pd
2+

.  

 

Furthermore, we proposed the possible detection mechanism for optical 

changes induced by Pd
2+

. The optical changes should be attributed to the 

cleavage of alkynyl ether linkage induced by Pd
2+

, which released the moieties 4 

and 5, under light irradiation, 4 and 5 converted to the corresponding ketones 

structure and leading to strong fluorescence (Scheme 3). In order to verify our 

hypothesis, the ESI-MS analysis of the solution of probes reacted with Pd
2+

 were 

carried out. As shown in Fig. 4(a) and 4(b), two new signals at m/z = 270.0549 

and 397.0708 appeared after addition of Pd
2+

, which were assigned to mass 

peaks of 4 and 5, demonstrated that Pd
2+

 was responsible to induce the cleavage 
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of alkynyl ether linkage. 

 

3.3. Analytical Application 

 

Fig. 5. The photographs of probe 1(a) and 2(b) loaded test strips, treated with 

different concentrations of Pd
2+

 for 5 min at room temperature, taken under 365 

nm UV light. 

 

Considering 1 and 2 have good selectivity to Pd
2+

, we decided to put the two 

probes for practical application. Test papers, made from stock solution of two 

probes were exposed to different concentrations of Pd
2+

, and then fluorescence 

changes were observed directly using 365 nm handheld UV lamp. As shown in Fig. 

5, almost no fluorescence was observed with 1 and 2 loaded on test strips. With 

increasing Pd
2+

 concentrations, green and red fluorescence of 1 and 2 were 

enhanced gradually. This confirmed that lowest possible ppm levels of Pd
2+

 can 

be detected easily by the test strips. Therefore, 1 and 2 can be successfully used 

as portable fluorescent probes for Pd
2+

. 

 

4. Conclusions 

In conclusion, highly sensitive and selective ESIPT based fluorescent probes 1 

and 2 were synthesized for the detection of traces of Pd
2+

. These probes produced 

green and red fluorescence along with the large Stokes shifts. The detection limit 

was found to be as low as 285 nM and 14.6 nM respectively. The portable test 
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strips were prepared by direct deposition of probe molecules onto the filter paper. 

Thus, our designed probes act as valuable fluorescent probes for quantitative 

determination of Pd
2+

.      

 

 

 

Acknowledgements  

This work was supported by the National Natural Science Foundation of China 

(21376117, 21406109), the Jiangsu Natural Science Funds for Distinguished Young 

Scholars (BK20140043), the Natural Science Foundation of the Jiangsu Higher 

Education Institutions of China (14KJA150005), the Qing Lan Project and the Project 

of Priority Academic Program Development of Jiangsu Higher Education Institutions 

(PAPD). 

 

Appendix A. Supplementary data 

Supplementary data associated with this article can be found in the online version. 

 

Supporting information for “Highly sensitive and selective ESIPT-based fluorescent 

probes for detection of Pd
2+

 with large Stocks shifts” 

 

Tiantian Chen, Tingwen Wei, Zhijie Zhang, Yahui Chen, Jian Qiang, Fang Wang*,  

Xiaoqiang Chen* 

 

State Key Laboratory of Materials-Oriented Chemical Engineering, College of 

Chemical Engineering, Jiangsu National Synergetic Innovation Center for Advanced 

Materials (SICAM), Nanjing Tech University, Nanjing, 210009 China. 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

Fig.S1. Fluorescence enhanced factor (I/I0) of 2 (10 μM) in the presence of Pd
2+

 (100 

μM) in H2O-THF at various ratios with excitation at 437 nm. 

 

 
 

Fig.S2. 
1
HNMR spectrum of 3 in DMSO. 
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Fig.S3. 
13

CNMR spectrum of 3 in DMSO. 

 

 

 
Fig.S4. ESI mass spectrum of 3. 
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Fig.S5. 
1
HNMR spectrum of 4 in DMSO. 

Fig.S6. 
13

CNMR spectrum of 4 in DMSO. 
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Fig.S7. ESI mass spectrum of 4. 

 

Fig.S8. 
1
HNMR spectrum of 1 in DMSO.  
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Fig.S9. 

13
CNMR spectrum of 1 in DMSO. 

 

 

 

Fig.S10. ESI mass spectrum of 1. 
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Fig.S11. 

13
HNMR spectrum of 2 in DMSO. 

 
 

 
Fig.S12. 

13
CNMR spectrum of 2 in DMF. 
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Fig.S13. ESI mass spectrum of 2. 

 

 

Fig.S14. the linear relationship of 1 between fluorescence intensity at 543 nm and 

Pd
2+

 concentration. ( λex = 380 nm, slit: 10 nm/5nm) 
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Fig.S15. the linear relationship of 2 between fluorescence intensity at 642 nm and 

Pd
2+

 concentration. ( λex = 437 nm, slit: 5 nm/5 nm) 
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Fig.S16. (a) Photographs of probe 1 in the presence of Fe
2+

, Mn
2+

, Eu
3+

, Zr
4+

, Zn
2+

, 

Cu
2+

, K
+
 , Cr

3+
, Na

+
, Ca

2+
, Pd

2+
, Ni

2+
, Fe

3+
, Cs

2+
, Co

3+
, Al

3+
, Cd

2+
, Ag

+
, Pb

2+
, Mg

2+
, Li

+
 and 

(b) 2 (10 µM) in the presence of Na
+
, Al

3+
, Li

+
, Cs

2+
, Zr

4+
, Fe

2+
, Co

3+
, Zn

2+
, Pd

2+
, Pb

2+
, 

Fe
3+

, Ca
2+

, Ag
+
, Cd

2+
, Eu

3+
, K

+
 , Mg

2+
, Cu

2+
, Hg

2+
, Cr

3+
, Mn

2+
, Ni

2+
 under white light and 

a 365 nm UV lamp. 

 

 

 

Fig. S17. The responses of probe 1 (10 μM) and 2 (10 μM) to Pd
2+

 at different pH 

conditions. 
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Fig.S18. (a) Time-dependent fluorescence intensity of 1 (10 μM) at 543 nm in the 

presence of Pd
2+ 

(8 μM) (λex= 380 nm, slit: 10 nm/ 5 nm). (b) Time-dependent 

fluorescence intensity of 2 (10 μM) at 642 nm in the presence of Pd
2+ 

(20 μM) at 37 
o
C in H2O-THF (2:5) (λex= 437 nm, slit: 5 nm/ 5 nm). 

 

 

  

REFERENCES 

[1] Carey JS, Laffan D, Thomson C, Williams MT. Analysis of the reactions used for the preparation of 

drug candidate molecules. Org Biomol Chem. 2006;4(12):2337-47. 

[2] MacQuarrie S, Horton JH, Barnes J, McEleney K, Loock HP, Crudden CM. Visual observation of 

redistribution and dissolution of palladium during the Suzuki-Miyaura reaction. Angew Chem Int Ed. 

2008;47(17):3279-82. 

[3] Xiang K, Liu Y, Li C, Tian B, Zhang J. A colorimetric and ratiometric fluorescent probe for detection 

of palladium in the red light region. RSC Adv. 2015;5(65):52516-21. 

[4] Iwasawa T, Tokunaga M, Obora Y, Tsuji Y. Homogeneous palladium catalyst suppressing Pd black 

formation in air oxidation of alcohols. J Am Chem Soc. 2004;126(21):6554-5. 

[5] Zhang J, Zhang L, Zhou Y, Ma T, Niu J. A highly selective fluorescent probe for the detection of 

palladium(II) ion in cells and aqueous media. Microchimica Acta. 2012;180(3-4):211-7. 

[6] Liu W, Jiang J, Chen C, Tang X, Shi J, Zhang P, et al. Water-soluble colorimetric and ratiometric 

fluorescent probe for selective imaging of palladium species in living cells. Inorg Chem. 

2014;53(23):12590-4. 

[7] Wang Z, Liao F. Fluorescent probes for Pd2+ detection by poly(o-phenylenediamine) nanospheres 

with fluorescence enhancement. Synthetic Metals. 2012;162(5-6):444-7. 

[8] Ren WX, Pradhan T, Yang Z, Cao QY, Kim JS. Rapid responsive palladium sensor under mild 

condition. Sens Actuators B. 2012;171:1277-82. 

[9] Kielhorn J, Melber C, Keller D, Mangelsdorf I. Palladium--a review of exposure and effects to human 

health. Int J Hyg Environ Health. 2002;205(6):417-32. 

[10] Melber CK, Keller D, Mangelsdorf I. Environmental Health Criteria 226: Palladium. Environmental 

Health Criteria. 2002(226). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[11] Nie H, Geng J, Jing J, Li Y, Yang W, Zhang X. Triphenylphosphine-assisted highly sensitive 

fluorescent chemosensor for ratiometric detection of palladium in solution and living cells. RSC Adv. 

2015;5(118):97121-6. 

[12] Luo WF, Liu WS. A Two-Photon Ratiometric ESIPT Probe for Discrimination of Different Palladium 

Species and Its Application in Bioimaging. J Mater Chem B. 2016;4:3911-5. 

[13] Gao T, Xu P, Liu M, Bi A, Hu P, Ye B, et al. A water-soluble ESIPT fluorescent probe with high 

quantum yield and red emission for ratiometric detection of inorganic and organic palladium. Chem. 

2015;10(5):1142-5. 

[14] Garrett CE, Prasad K. The art of meeting palladium specifications in active pharmaceutical 

ingredients produced by Pd-catalyzed reactions. Adv Synth Catal. 2004;346(8):889-900. 

[15] Chen H, Lin W, Yuan L. Construction of a near-infrared fluorescence turn-on and ratiometric probe 

for imaging palladium in living cells. Org Biomol Chem. 2013;11(12):1938-41. 

[16] Dimitrova B, Benkhedda K, Ivanova E, Adams F. Flow injection on-line preconcentration of 

palladium by ion-pair adsorption in a knotted reactor coupled with electrothermal atomic absorption 

spectrometry. J Anal At Spectrom. 2004;19(10):1394-6. 

[17] Locatelli C, Melucci D, Torsi G. Determination of platinum-group metals and lead in vegetable 

environmental bio-monitors by voltammetric and spectroscopic techniques: critical comparison. Anal 

Bioanal Chem. 2005;382(7):1567-73. 

[18] Zhou L, Hu S, Wang H, Sun H, Zhang X. A novel ratiometric two-photon fluorescent probe for 

imaging of Pd(2+) ions in living cells and tissues. Spectrochim Acta A Mol Biomol Spectrosc.  

2016;166:25-30. 

[19] Van Meel K, Smekens A, Behets M, Kazandjian P, Van Grieken R. Determination of platinum, 

palladium, and rhodium in automotive catalysts using high-energy secondary target x-ray fluorescence 

spectrometry. Anal Chem. 2007;79(16):6383-9. 

[20] Mahapatra AK, Manna SK, Maiti K, Mondal S, Maji R, Mandal D, et al. An 

azodye-rhodamine-based fluorescent and colorimetric probe specific for the detection of Pd(2+) in 

aqueous ethanolic solution: synthesis, XRD characterization, computational studies and imaging in live 

cells. Analyst. 2015;140(4):1229-36. 

[21] Jiang J, Jiang HE, Liu W, Tang XL, Zhou X, Liu WS, et al. A Colorimetric and Ratiometric Fluorescent 

Probe for Palladium. Org Lett. 2011;13(18):4922-5. 

[22] Garner AL, Song FL, Koide K. Enhancement of a Catalysis-Based Fluorometric Detection Method 

for Palladium through Rational Fine-Tuning of the Palladium Species. J Am Chem Soc. 

2009;131(14):5163-71. 

[23] Cai S, Lu Y, He S, Wei F, Zhao L, Zeng X. A highly sensitive and selective turn-on fluorescent 

chemosensor for palladium based on a phosphine-rhodamine conjugate. Chem Commun. 

2013;49(8):822-4. 

[24] Garner AL, Koide K. Studies of a fluorogenic probe for palladium and platinum leading to a 

palladium-specific detection method. Chem Commun. 2009(1):86-8. 

[25] Houk RJ, Wallace KJ, Hewage HS, Anslyn EV. A Colorimetric Chemodosimeter for Pd(II): A Method 

for Detecting Residual Palladium in Cross-Coupling Reactions. Tetrahedron. 2008;64(36):8271-8. 

[26] Huang H, Wang K, Tan W, An D, Yang X, Huang S, et al. Design of a modular-based fluorescent 

conjugated polymer for selective sensing. Angew Chem Int Ed. 2004;43(42):5635-8. 

[27] Li H, Fan J, Du J, Guo K, Sun S, Liu X, et al. A fluorescent and colorimetric probe specific for 

palladium detection. Chem Commun. 2010;46(7):1079-81. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[28] Santra M, Ko SK, Shin I, Ahn KH. Fluorescent detection of palladium species with an 

O-propargylated fluorescein. Chem Commun. 2010;46(22):3964-6. 

[29] Schwarze T, Muller H, Dosche C, Klamroth T, Mickler W, Kelling A, et al. Luminescence detection of 

open-shell transition-metal ions by photoinduced electron transfer controlled by internal charge 

transfer of a receptor. Angew Chem Int Ed. 2007;46(10):1671-4. 

[30] Singh P, Mittal LS, Vanita V, Kumar K, Walia A, Bhargava G, et al. Self-assembled vesicle and 

rod-like aggregates of functionalized perylene diimide: reaction-based near-IR intracellular fluorescent 

probe for selective detection of palladium. J Mater Chem B. 2016;4(21):3750-9. 

[31] Jun ME, Ahn KH. Fluorogenic and Chromogenic Detection of Palladium Species through a Catalytic 

Conversion of a Rhodamine B Derivative. Org Lett. 2010;12(12):2790-3. 

[32] Song FL, Garner AL, Koide K. A highly sensitive fluorescent sensor for palladium based on the 

allylic oxidative insertion mechanism. J Am Chem Soc. 2007;129(41):12354-5. 

[33] Chen Y, Chen B, Luo D, Cai Y, Wei Y, Han Y. A facile naphthalene-based fluorescent ‘turn-on’ 

chemodosimeter for palladium ions in aqueous solution. Tetrahedron Lett. 2016;57(10):1192-5. 

[34] Zhou Y, Huang Q, Zhang Q, Min Y, Wang E. A simple-structured acridine derivative as a fluorescent 

enhancement chemosensor for the detection of Pd2+ in aqueous media. Spectrochim Acta A Mol  

Biomol Spectrosc. 2015;137:33-8. 

[35] Wang X, Guo Z, Zhu S, Tian H, Zhu W. A naked-eye and ratiometric near-infrared probe for 

palladium via modulation of a pi-conjugated system of cyanines. Chem  Commun.  

2014;50(88):13525-8. 

[36] Cui L, Zhu W, Xu Y, Qian X. A novel ratiometric sensor for the fast detection of palladium species 

with large red-shift and high resolution both in aqueous solution and solid state. Anal Chim Acta. 

2013;786:139-45. 

[37] Hou JT, Li K, Yu KK, Ao MZ, Wang X, Yu XQ. Novel triazole-based fluorescent probes for Pd2+ in 

aqueous solutions: design, theoretical calculations and imaging. Analyst. 2013;138(21):6632-8. 

[38] Liu Y, Xiang K, Guo M, Tian B, Zhang J. A coumarin-based fluorescent probe for the fast detection 

of Pd0 with low detection limit. Tetrahedron Lett. 2016;57(13):1451-5. 

[39] Wang K, Lai G, Li Z, Liu M, Shen Y, Wang C. A novel colorimetric and fluorescent probe for the 

highly selective and sensitive detection of palladium based on Pd(0) mediated reaction. Tetrahedron. 

2015;71(41):7874-8. 

[40] Cui J, Li DP, Shen SL, Liu JT, Zhao BX. A simple and effective fluorescent probe based on rhodamine 

B for determining Pd2+ions in aqueous solution. RSC Adv. 2015;5(5):3875-80. 

[41] Li H, Fan J, Song F, Zhu H, Du J, Sun S, et al. Fluorescent probes for Pd2+ detection by 

allylidene-hydrazone ligands with excellent selectivity and large fluorescence enhancement. Chem. 

2010;16(41):12349-56. 

[42] Li L, Liu Z. A colorimetric and fluorescent turn on chemodosimeter for Pd(2+) detection. 

Spectrochim Acta A Mol Biomol Spectrosc. 2015;138:954-7. 

[43] Liu F, Du J, Xu M, Sun G. A Highly Sensitive Fluorescent Sensor for Palladium and Direct Imaging of 

Its Ecotoxicity in Living Model Organisms. Chem. 2016;11(1):43-8. 

[44] Sun S, Qiao B, Jiang N, Wang J, Zhang S, Peng X. Naphthylamine-rhodamine-based ratiometric 

fluorescent probe for the determination of Pd2+ ions. Org Lett. 2014;16(4):1132-5. 

[45] Wang M, Liu X, Lu H, Wang H, Qin Z. Highly selective and reversible chemosensor for Pd(2+) 

detected by fluorescence, colorimetry, and test paper. ACS Appl Mater Interfaces. 2015;7(2):1284-9. 

[46] Yang M, Bai Y, Meng W, Cheng Z, Su N, Yang B. A novel selective fluorescent and colorimetric 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

chemosensor for the visual detection of Pd2+ and application of imaging in living cells. Inorg Chem 

Commun. 2014;46:310-4. 

[47] Zhou Y, Zhang J, Zhou H, Zhang Q, Ma T, Niu J. A highly sensitive and selective “off–on” 

chemosensor for the visual detection of Pd2+ in aqueous media. Sens Actuators B. 

2012;171-172:508-14. 

[48] Qiao B, Sun S, Jiang N, Zhang S, Peng X. A ratiometric fluorescent probe for determining Pd2+ ions 

based on coordination. Dalton Trans. 2014;43(12):4626-30. 

[49] Li H, Fan J, Hu M, Cheng G, Zhou D, Wu T, et al. Highly sensitive and fast-responsive fluorescent 

chemosensor for palladium: reversible sensing and visible recovery. Chem. 2012;18(39):12242-50. 

[50] Rasheed L, Yousuf M, Youn IS, Shi G, Kim KS. An efficient non-reaction based colorimetric and 

fluorescent probe for the highly selective discrimination of Pd0and Pd2+in aqueous media. RSC Adv. 

2016;6(65):60546-9. 

[51] Wang C, Zheng X, Huang R, Yan S, Xie X, Tian T, et al. A 4-Amino-1,8-Naphthalimide Derivative for 

Selective Fluorescent Detection of Palladium(II) Ions. Asian J Org Chem. 2012;1(3):259-63. 

[52] Li H, Fan J, Peng X. Colourimetric and fluorescent probes for the optical detection of palladium 

ions. Chem Soc Rev. 2013;42(19):7943-62. 

[53] Xu ZY, Li J, Guan S, Zhang L, Dong CZ. Highly selective and sensitive fluorescence chemosensor for 

the detection of palladium species based on Tsuji-Trost reaction. Spectrochim Acta A Mol Biomol 

Spectrosc. 2015;148:7-11. 

[54] Zhou J, Zhang J, Ren H, Dong X, Zheng X, Zhao W. A Turn-On Fluorescent Probe for Highly Selective 

and Sensitive Detection of Palladium. Chinese J Chem. 2016;34(7):715-9. 

[55] Li H, Cao J, Zhu H, Fan J, Peng X. Optical Pd2+ sensing by rhodamine hydrazone ligands: different 

stoichiometries in aqueous/nonaqueous environments. Tetrahedron Lett. 2013;54(33):4357-61. 

[56] Huang Q, Zhou Y, Zhang Q, Wang E, Min Y, Qiao H, et al. A new “off–on” fluorescent probe for 

Pd2+ in aqueous solution and live-cell based on spirolactam ring-opening reaction. Sens Actuators B. 

2015;208:22-9. 

[57] Luo W, Liu W. A water-soluble colorimetric two-photon probe for discrimination of different 

palladium species and its application in bioimaging. Dalton Trans. 2016;45(29):11682-7. 

[58] Kaur P, Kaur N, Kaur M, Dhuna V, Singh J, Singh K. ‘Turn-on’ coordination based detection of 

Pd2+and bioimaging applications. RSC Adv. 2014;4(31):16104-8. 

[59] Kumar M, Kumar N, Bhalla V. Highly selective fluorescent probe for detection and visualization of 

palladium ions in mixed aqueous media. RSC Adv. 2013;3(4):1097-102. 

[60] Li L, Gao L, Wang J, Xiao Z, Liu Z. A Colorimetric and Fluorescent Sensor Based on Novel 

Iminocoumarin Precursor for Pd(2+) Dectection in Aqueous Solution. J Fluoresc. 2015;25(5):1165-8. 

[61] Wang JY, Liu ZR, Ren M, Deng B, Lin W. A fast-responsive two-photon fluorescent probe for 

detecting palladium(0) with a large turn-on fluorescence signal. J Photochem Photobiol A. 

2016;317:108-14. 

[62] Ahn SY, Kim S, Baek K, Eom MS, Kang S, Han MS. Thioether Amide Based-Fluorescent 

Chemosensors for Pd2+with High Selectivity over Pd0. Bull Mater Sci. 2014;35(7):2189-92. 

[63] Li JP, Wang HX, Wang HX, Xie MS, Qu GR, Niu HY, et al. Push-Pull-Type Purine Nucleoside-Based 

Fluorescent Sensors for the Selective Detection of Pd2+in Aqueous Buffer. Eur J  Inorg Chem. 

2014;2014(11):2225-30. 

[64] Liang G, Cai Q, Zhu W, Xu Y, Qian X. A highly selective heterogeneous fluorescent sensor for 

palladium ions. Anal Methods. 2015;7(12):4877-80. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[65] Liu B, Bao Y, Wang H, Du F, Tian J, Li Q, et al. An efficient conjugated polymer sensor based on the 

aggregation-induced fluorescence quenching mechanism for the specific detection of palladium and 

platinum ions. J Mater Chem. 2012;22(8):3555-61. 

[66] Maniyazagan M, Mohandoss S, Sivakumar K, Stalin T. 

N-phenyl-1-naphthylamine/beta-cyclodextrin inclusion complex as a new fluorescent probe for rapid 

and visual detection of Pd(2+). Spectrochim Acta A Mol Biomol Spectrosc. 2014;133:73-9. 

[67] Panchompoo J, Aldous L, Baker M, Wallace MI, Compton RG. One-step synthesis of fluorescein 

modified nano-carbon for Pd(II) detection via fluorescence quenching. Analyst. 2012;137(9):2054-62. 

[68] Sharma V, Saini AK, Mobin SM. Multicolour fluorescent carbon nanoparticle probes for live cell 

imaging and dual palladium and mercury sensors. J Mater Chem B. 2016;4(14):2466-76. 

[69] Wang M, Yuan Y, Wang H, Qin Z. A fluorescent and colorimetric probe containing oxime-ether for 

Pd(2+) in pure water and living cells. Analyst. 2016;141(3):832-5. 

[70] Xu ZY, Wang XL, Yan JW, Li J, Guan S, Zhang L. A colorimetric and fluorometric NBD-based 

chemosensor for highly selective recognition of palladium(ii) cations. RSC Adv. 2016;6(49):43539-42. 

[71] Zi Y, Meng H, Chu XQ, Xu XP, Ji SJ. Synthesis and characterization on novel fluorescent sensors for 

Pd2+/Pd0with high selectivity. RSC Adv. 2015;5(33):26092-6. 

[72] Chang C, Wang F, Qiang J, Zhang Z, Chen Y, Zhang W, et al.  Benzothiazole-based fluorescent 

sensor for hypochlorite detection and its application for biological imaging. Sens Actuators B. 2017; 

243: 22–8. 

[73] Ren X, Wang F, Lv J, Wei T, Zhang W, Wang Y, Chen X. An ESIPT-based fluorescent probe for highly 

selective detection of glutathione in aqueous solution and living cells.  Dyes and Pigments. 2016; 129: 

156-62. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 

1. ESIPT-based fluorescent probes with large Stocks shifts are developed for detection of Pd2+. 

2. The probes exhibited good selectivity to Pd2+ among various metal ions. 

3. The high sensitivity of probes 1 and 2 with detection limits of 285 nM and 15 nM were deter-

mined, respectively. 

4. The portable test strips prepared by direct deposition of the probe molecules onto the filter 

paper can detect the lowest possible ppm levels of Pd2+. 

 

 


