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Selective sensing of important chemical species that play 

essential roles in chemical, biological, and industrial processes is 

one of the most important research topics.
1
 Among many 

important analytical targets, hydrogen sulfide (H2S) or its ionized 

form, sulfide ion (S
2− ), has attracted considerable interest 

because of their importance in various aspects of chemical, 

biological, and environmental sciences.
2
 H2S is a toxic gas and is 

generated by bacterial degradation of organic matter, extraction 

of natural gas or oil, mining activity, and refining of natural gas 

and crude oil.3 The main industrial sources of H2S are kraft-pulp 

mills, petroleum refineries, gasification of coal, and sewage 

treatment plants.
4 

Despite its toxicity, H2S is an important industrial material for 

the production of elemental sulfur, metal sulfides, and 

thioorganic compounds such as thiols and sulfides.
5
 In addition, 

H2S has been widely employed as an analytical reagent and in the 

manufacture of heavy water.
6
 Particularly, the application of H2S 

in the preparation of nanostructured metal sulfides has recently 
become increasingly important because of their applications in a 

variety of devices such as solar cells, light-emitting diodes, 

sensors, lithium-ion batteries, and fuel cells.
7
 

The ability to detect H2S in low concentrations is extremely 

important because of its effects on humans. Long-term low-level 

exposure to H2S may result in fatigue, loss of appetite, headache, 
irritability, poor memory, and dizziness.

8
 In fact, H2S gas 

stimulates the central nervous system, causing hyperpnoea that 

leads to apnoea, convulsions, unconsciousness, and death.
9
 

According to the National Institute of Occupational Safety and 

Health (NIOSH), the concentration of H2S immediately 

dangerous to life or health (IDLH) is 100 ppm, and the 

recommended exposure limit is 10 ppm for a maximum duration 

of 10 min.
10

 Hence, it is of great importance to develop simple 

and sensitive methods for the determination of H2S in various 

samples at low concentrations. 

Analytical techniques for the detection of H2S have been 

recently reviewed.11 H2S analysis has been most frequently 

carried out using gas chromatography,
12

 atomic absorption 

spectrometry,
13

 and electrochemical techniques.
14

 Recently, 

reaction-based optical chemosignaling systems for H2S have 

attracted considerable research interest.15,16 For example, the 

H2S-assisted reductions of azide derivatives in rhodamine,
17

 

dansyl,
18

 naphthalimide,
19

 benzothiazolyl naphthalene,
20

 and 

near-infrared cyanine dye
21

 to the corresponding amines have 

been successfully used as selective switches for the signaling of 

H2S. The reductions of the nitro groups of nitrophenol-substituted 

heptamethine cyanine and nitroolefin-based coumarin have also 
been used for this purpose.

22,23
 Other useful methods employed 

for the selective H2S signaling include the reduction of 

selenoxide derivative of the boron-dipyrromethene (BODIPY) 

dye
24

 and the nucleophilic cleavage of fluorescein–

dinitrobenzenesulfonate
25

 and fluorescein ester with an adjacent 

disulfide bond.26 Moreover, the high affinity of S2−  ions to Cu2+ 

ions in the Cu
2+

 complex of fluoresceins conjugated to an 

azamacrocyclic or dipicolyl chelating subunit
27,28 

has also been 

utilized for the purpose. 
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A novel reaction-based probe for the dual signaling of hydrogen sulfide (H2S) was investigated. 

The selective H2S-induced cleavage of the ether linkage of the 7-nitro-2,1,3-benzoxadiazole 

(NBD) and 7-hydroxycoumarin conjugate resulted in a dual signaling behavior. The colorimetric 

and fluorogenic signaling behaviors were attributed to the H2S-induced generation of 7-

nitrobenzo-1,2,5-oxadiazole-4-thiol (NBD-SH) and 7-hydroxycoumarin, respectively. The 

signaling behavior was analyzed by ratiometry. The selective signaling of H2S over other 

common metal ions and anions was possible with a detection limit of 1.6 × 10− 6
 M in an 

aqueous DMSO solution. 
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The biological imaging of H2S in the living cells has 

attracted much research interest because it is one of the most 

important endogenously generated gaseous signaling compounds; 

it is known to be involved in a variety of physiological 

processes.29 However, studies to monitor H2S in chemical and 

environmental analytes have been much less investigated. 
Recently, a novel colorimetric signaling method has been 

developed by using the H2S-assisted cleavage of ether, thioether, 

and selenoether groups of the NBD-functionalized derivatives 

that exhibit colorimetric signaling behavior.
30

 Herein, we 

designed a novel NBD–fluorophore conjugate containing a 

fluorescent coumarin subunit that could furnish fluorogenic 
signaling behavior because of the H2S-assisted generation of a 

fluorophore, in addition to the colorimetric behavior.
31

 

NBD–hydroxycoumarin conjugate 1 was prepared by the 

reaction of 7-hydroxycoumarin with 4-chloro-7-nitro-1,2,3-

benzoxadiazole (NBD-Cl) (TEA, EtOH, 72%, Scheme 1). For 

comparison purposes, closely related mercapto analogue 2 was 

also prepared by the reaction of 7-mercapto-4-methylcoumarin 

with NBD-Cl (TEA, EtOH, 86%, Scheme 1). Compound 1 

exhibited an absorption band at 376 nm in the UV− vis spectrum 

and yielded a colorless solution in 50% aqueous DMSO buffered 

at pH 7.1 using hydroxyethyl-piperazineethane sulfonic acid 

(HEPES). A strong absorption band at 551 nm appeared on 

treating 1 with 10 equiv H2S,
32

 along with a concomitant color 
change from colorless to pink (the inset of Fig. 1). Other anions 

did not induce any noticeable change in the UV–vis spectrum as 

well as the color of the solution. A large change in the 

wavelength at the maximum absorbance (Δ λ  = 175 nm) was 

induced by the signaling; therefore, a ratiometric analysis was 

performed. Figure 1 shows that the absorbance ratio at the two 

characteristic wavelengths of 551 and 376 nm, A551/A376, changed 
over 200-fold for H2S. On the other hand, the ratios for the rest 

of the surveyed anions were relatively constant. 

 

 

 
 
Scheme 1. Preparation of NBD–coumarin conjugates 1 and 2 
for H2S signaling. 

 

Probe 1 showed a weak fluorescence in 50% aqueous DMSO 

solution buffered at pH 7.1 (HEPES buffer). In the presence of 

H2S, an intense emission band at 454 nm was observed (the inset 

of Fig. 2). The fluorescence enhancement estimated by the 

fluorescence intensity ratio of 1 at 454 nm in the presence and 

absence of added anions, I/Io, for H2S was 17.42 (Fig. 2). An 

intense blue fluorescence was observed under UV–lamp 
illumination. The fluorescence was attributed to 7-

hydroxycoumarin that was produced by the H2S-induced 

cleavage reaction of 1. The responses of 1 towards other anions 

were negligible except for the azide ions (I/Io = 2.27). The values 

of I/Io of 1 for the rest of the anions were nearly constant, ranging 

between 1.06 for F−  and 1.25 for SO4
2−  anions. 

 

 
Figure 1. Absorbance ratio at 551 and 376 nm (A551/A376) of 1 in the presence 

of common anions. Inset: changes in UV–vis spectrum. [1] = 1.0 × 10− 5 M, 

[H2S] = [An− ] = 1.0 × 10− 4 M in a mixture of HEPES buffer (pH = 7.1) and 

aqueous DMSO (1:1, v/v). [HEPES buffer] = 10 mM. 

 

 

 

Figure 2. Fluorescence intensity ratio I/Io of 1 at 454 nm in the presence of 

common anions. Inset: changes in fluorescence spectrum. [1] = 5.0 × 10− 6 

M, [H2S] = [An− ] = 5.0 × 10− 5 M in a mixture of HEPES buffer (pH = 7.1) 

and aqueous DMSO (1:1, v/v). [HEPES buffer] = 10 mM. λ ex = 350 nm. 

 

The signaling behavior was observed because of the H2S-

induced cleavage of the ether group of 1 to yield 7-nitrobenzo-

1,2,5-oxadiazole-4-thiol (NBD-SH) and 7-hydroxycoumarin 

(Scheme 2). Montoya et al. employed the cleavage reaction of 

bridging thioether group of a NBD-thioether for selective H2S 

signaling.30a We also reported H2S signaling by the cleavage 

reaction of selenoether, thioether, and ether derivatives with 
similar structure.

30b
 After the cleavage of 1, the resulting NBD-

SH product showed chromogenic signaling behavior (the color 

changed from colorless to pink), whereas the 7-hydroxycoumarin 

product exhibited fluorogenic (off–on type) signaling behavior. 

Often, the NBD derivatives with substituents containing bridging 

O, N, or S atom at the 4 position showed very weak emission;
33

 

therefore, fluorogenic signaling could not be obtained with 

produced NBD-SH. We designed a dual signaling probe by 

conjugating NBD subunit with a fluorophore to obtain the 

desired fluorogenic behavior along with chromogenic signaling. 

The signaling process could be followed by 1H NMR and mass 

spectral measurements. The 
1
H NMR spectrum of the purified 

product of the cleavage reaction of probe 1 with 2 equiv H2S 

revealed the characteristic NMR peaks of NBD-SH and 7-

hydroxycoumarin (Fig. 3). The transformation of 1 to NBD-SH 

and 7-hydroxycoumarin was also confirmed by TLC experiments 

(Rf = 0.71, 0.49, and 0.14 for probe 1, 7-hydroxycoumarin, and 

NBD-SH, respectively, in CH2Cl2:CH3OH = 9:1, v/v). Moreover, 
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the mass spectrum of the reaction mixture of 1–H2S system 

showed a prominent peak for 7-hydroxycoumarin at m/z = 162.03.  

 

Scheme 2. H2S signaling by NBD–coumarin conjugate 1. 

 

 

Figure 3. Partial 1H NMR spectra of 1, the reaction product of 1 with H2S, 

NBD-SH, and 7-hydroxycoumarin. [1] = [NBD-SH] = [7-hydroxycoumarin] 

= 1.0 × 10− 2 M in CDCl3:CD3OD = (3:2, v/v). NBD-SH was independently 

prepared by following the reported procedure.30a 

 

In order to check the general applicability of the probe design 

using an NBD–fluorophore conjugate, the signaling behavior of 

the NBD–mercaptocoumarin analogue 2 was tested. We expected 

that the oxygen-to-sulfur exchange could provide further 

information on the H2S signaling of the NBD–fluorophore 
conjugates, such as selectivity and signaling speed. The 

mercaptocoumarin fluorophore, which is frequently employed as 

a subunit of the fluorescent signaling probes, was selected with 

the assumption that the signaling behavior would be enhanced by 

affecting the cleavage process of the bridging thioether group. 

Compound 2 also showed prominent colorimetric signaling 
behavior toward H2S because of the resulting chromogenic NBD-

SH product (Fig. S1, Supplementary data). However, the 

expected fluorescence off–on type signaling behavior was not 

observed because of the low fluorescence intensity of the 

resulting 7-mercaptocoumarin product under the measuring 

conditions (Fig. S2, Supplementary data).
34 

The efficient and selective fluorescence signaling of H2S by 1 

was observed between pH 4.8 and 7.1 (Fig. S3, Supplementary 

data). With an increase in the pH of the solution, the response 

related to the maximum absorbance of the resulting NBD-SH 

product at 551 nm, increased steadily up to pH 4.8 and then 

became constant. This may be attributed to the formation of the 
deprotonated thiolate form (NBD-S− ) of the NBD-SH product 

(pKa of NBD-SH = 2.6).30a On the other hand, the absorbance at 

376 nm attributed to the absorption of the 7-hydroxycoumarin 

product slightly decreased up to pH 7 and then significantly 

increased beyond pH 8. This is due to the deprotonation of the 

phenolic hydroxyl group of the 7-hydroxycoumarin chromophore 

(pKa = 7.11).35 A relatively optimized signaling speed was 

observed in 50% aqueous DMSO buffered at pH 7.1 (HEPES 

buffer). The H2S signaling was accomplished within 2 min (Fig. 

S4, Supplementary data), whereas probe 1 showed no discernible 

responses up to 3 h after the sample preparation. 

 

Figure 4. Absorbance ratio of 1 at 551 and 376 nm (A551/A376) in the presence 

of common metal ions. Inset: changes in UV–vis spectrum. [1] = 1.0 × 10− 5 

M, [H2S] = [M
n+

] = 1.0 × 10− 4
 M in a mixture of HEPES buffer (pH = 7.1) 

and DMSO (1:1, v/v). [HEPES buffer] = 10 mM. 

 

Fortunately, probe 1 revealed no significant responses toward 

common metal ions (e.g., alkali, alkaline earth, and transition 
metal ions) under the measuring conditions (Fig. 4 and S5, 

Supplementary data). Most of the metal ions showed nearly 

constant absorbance ratio (A551/A376) less than 0.02. This 

additional advantage makes 1 suitable for application in the 

selective H2S signaling of environmental samples. The possible 

interference from other sulfur containing anions and biological 
species such as thiosulfate, cysteine, and glutathione was also 

tested. The response from sulfur containing anions HSO3
− , 

S2O3
2− , and S2O4

2−  was not prominent. On the other hand, 

biological thiol species of cysteine, homocysteine and glutathione 

showed considerable responses at 420 or 475 nm. However, the 

ratiometric treatment of the responses using the absorbance ratio 
of 1 at 551 and 376 nm (A551/A376) showed that the selective 

signaling of H2S was not significantly affected by these sulfur 

containing anions and biological thiol species (Fig. S6, 

Supplementary data). 

The competitive signaling of H2S by 1 was investigated under 

identical measuring conditions. The H2S-selective signaling of 1 

was not significantly affected by the presence of common anions 

in the background (Fig. 5 and S7, Supplementary data). In fact, 

the absorbance ratio of the H2S signaling of 1 in the presence and 

absence of competing anions at A551/A376 varied in a limited range 
of 4.17–4.44. The results further demonstrated that NBD–

hydroxycoumarin conjugate 1 could be used for H2S detection in 

real samples. 
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Figure 5. Competitive signaling of H2S by 1 in the presence of various 

anions in the background. [1] = 1.0 × 10− 5 M, [H2S] = [An− ] = 1.0 × 10− 4 M 

in a mixture of HEPES buffer (pH = 7.1) and DMSO (1:1, v/v). [HEPES 

buffer] = 10 mM. 

 

Finally, the quantitative H2S signaling behavior of 1 was 

investigated by UV–vis titration. With the increase in the H2S 

concentration, the absorbance of 1 at 551 nm increased steadily, 

while the absorbance at 376 nm decreased (Fig. 6). The changes 

in the absorbance of 1, as a function of the H2S concentration, 

could be readily analyzed by ratiometry using the ratio of 

absorbance obtained at the two characteristic wavelengths, 551 

and 376 nm. The ratio changed significantly up to 5.5 equiv (5.5 

× 10− 5
 M) of the H2S concentration and could be used as a 

calibration plot for the quantification of H2S. From this 

concentration-dependent plot, the detection limit of 1 for the 
determination of H2S was estimated to be 1.6 × 10− 6

 M.
36 

The 

calibration curve obtained from fluorescence titration was also 

useful for the quantitative analysis of H2S up to 4.0 × 10
–5

 M 

with a detection limit of 2.7 × 10
–6

 M (Fig. S8, Supplementary 

data). 

 

 

Figure 6. Changes in the UV–vis spectrum of 1 as a function of H2S 

concentration. Inset: Changes in absorbance ratio (A551/A376) as a function of 

H2S concentration. [1] = 1.0 × 10− 5 M, [H2S] = 0–8 × 10− 5 M in a mixture 

of HEPES buffer (pH = 7.1) and DMSO (1:1, v/v). [HEPES buffer] = 10 mM. 

 

In summary, a novel reaction-based probe for H2S signaling 

using an H2S-assisted cleavage process was investigated. The 

cleavage of the NBD–hydroxycoumarin conjugate by H2S 
resulted in the pronounced colorimetric and fluorogenic signaling 

of H2S. After the cleavage reaction, the resulting NBD-SH 

chromophore and 7-hydroxycoumarin fluorophore products 

showed colorimetric and fluorogenic behaviors, respectively. The 

designed reaction-based strategy using a selectively cleavable 

chromophore and fluorophore conjugate could be useful for the 

development of other smart molecular devices. 

 

Acknowledgment. This research was supported by the Chung-

Ang University Excellent Student Scholarship in 2013 (JC) and 

by Advanced Production Technology Development Program, 

Ministry of Agriculture, Food and Rural Affairs (312066–3). 

Supplementary data 

Supplementary data associated with this article can be found 

in the online version, at doi:****. 

References and notes 

1. Que, E. L.; Domaille, D. W.; Chang, C. J. Chem. Rev. 2008, 108, 1517–
1549. 

2. Pandey, S. K.; Kim, K.-H.; Tang, K.-T. TrAC Trend. Anal. Chem. 2012, 

32, 87–99. 

3. (a) Kim, K.-H.; Jeon, E.-C.; Choi, Y.-J.; Koo, Y.-S. Atmos. Environ. 

2006, 40, 4478–4490; (b) Köhn, C.; Dubrovska, G.; Huang, Y.; Gollasch, 

M. Int. J. Biomed. Sci. 2012, 8, 81–86. 

4. Singh, V.; Gosain, S.; Mishra, S.; Jain, A.; Verma, K. K. Analyst 2000, 
125, 1185–1188. 

5. Poliquen, F.; Blanc, C.; Arretz, E.; Labat, I.; Tournier-Lasserve, J.; 

Ladousse, A.; Nougayrede, J.; Savin, G.; Ivaldi, R.; Nicolas, M.; Fialaire, 

J.; Millischer, R.; Azema, C.; Espago, L.; Hemmer, H.; Perrot, J. 

Ullmann’s Encyclopedia of Industrial Chemistry; VCH: New York, USA, 

1995; Vol. A13, pp 467–485. 

6. Andreev, B. M. Sep. Sci. Technol. 2001, 36, 1949–1989. 

7. Lai, C.-H.; Lu, M.-Y.; Chen, L.-J. J. Mater. Chem. 2012, 22, 19–30. 

8. Beauchamp, R. O.; Bus, J. S.; Popp, J. A.; Boreiko, C. J.; Andjelkovich 

D. A.; Leber, P. Crit. Rev. Toxicol. 1984, 13, 25–97. 
9. Hydrogen Sulfide, Environmental Health Criteria, no. 19. World Health 

Organization, Geneva (1981). 

10. Xu, H.; Wu, J.; Chen, C.-H.; Zhang, L.; Yang, K.-L. Sens. Actuator B-

Chem. 2010, 143, 535–538. 

11. Lawrence, N. S.; Davis, J.; Compton, R. G. Talanta 2000, 52, 771–784. 

12. Pandey, S. K.; Kim, K.-H. Environ. Sci. Technol. 2009, 43, 3020–3029. 

13. Afkhami, A.; Khalafi, L. Microchim. Acta 2005, 150, 43–46. 

14. He, Y.; Zheng, Y.; Locke, D. C. Anal. Chim. Acta 2002, 459, 209–217. 

15. Kumar, N.; Bhalla, V.; Kumar, M. Coord. Chem. Rev. 2013, 257, 2335–

2347. 
16. Yang, Y.; Zhao, Q.; Feng, W.; Li, F. Chem. Rev. 2013, 113, 192–270. 

17. Lippert, A. R.; New, E. J.; Chang, C. J. J. Am. Chem. Soc. 2011, 133, 

10078–10080. 

18. Peng, H.; Cheng, Y.; Dai, C.; King, A. L.; Predmore, B. L.; Lefer, D. J.; 

Wang, B. Angew. Chem. Int. Ed. 2011, 50, 9672–9675. 

19. Montoya, L. A.; Pluth, M. D. Chem. Commun. 2012, 48, 4767–4769. 

20. Mao, G.-J.; Wei, T.-T.; Wang, X.-X.; Huan, S.-Y.; Lu, D.-Q.; Zhang, J.; 

Zhang, X.-B.; Tan, W.; Shen, G.-L.; Yu, R.-Q. Anal. Chem. 2013, 85, 

7875–7881. 

21. Yu, F.; Li, P.; Song, P.; Wang, B.; Zhao, J. Chem. Commun. 2012, 48, 

2852–2854 

22. Wang, R.; Yu, F.; Chen, L.; Chen, H.; Wang, L.; Zhang, W. Chem. 

Commun. 2012, 48, 11757–11759. 

23. Wu, M.-Y.; Li, K.; Hou, J.-T.; Huang, Z.; Yu, X.-Q. Org. Biomol. Chem. 

2012, 10, 8342–8347. 

24. Wang, B.; Li, P.; Yu, F.; Song, P.; Sun, X.; Yang, S.; Lou. Z.; Han, K. 

Chem. Commun. 2013, 49, 1014–1016. 

25. Yang, X.-F.; Wang, L.; Xu, H.; Zhao, M. Anal. Chim. Acta 2009, 631, 

91–95. 

26. Liu, C.; Pan, J.; Li, S.; Zhao, Y.; Wu, L. Y.; Berkman, C. E.; Whorton, A. 

R.; Xian, M. Angew. Chem. Int. Ed. 2011, 50, 10327–10329. 

27. Choi, M. G.; Cha, S.; Lee, H.; Jeon, H. L.; Chang, S.-K. Chem. Commun. 

2009, 7390–7392.  

28. Sasakura, K.; Hanaoka, K.; Shibuya, N.; Mikami, Y.; Kimura, Y.; 

Komatsu, T.; Ueno, T.; Terai, T.; Kimura, H.; Nagano, T. J. Am. Chem. 

Soc. 2011, 133, 18003–18005. 

29. Wang, R. Antioxid. Redox Signal. 2010, 12, 1061–1064. 

30. (a) Montoya, L.; Pearce, T. F.; Hansen, R. J.; Zakharov, L. N.; Pluth, M. 

D. J. Org. Chem. 2013, 78, 6650–6657; (b) Bae, J.; Choi, M. G.; Choi, J.; 

Chang, S.-K. Dyes Pigment. 2013, 99, 748–752. 

0

0.1

0.2

0.3

300 400 500 600 700

Wavelength (nm)

A
b
s
o
rb

a
n
c
e

[H2S]0

1

2

3

4

5

0 2 4 6 8

Equiv. of H2S

A
5

5
1
/A

3
7

6

0
.0

2

4
.3

5

4
.4

4

4
.3

6

4
.3

6

4
.2

5

4
.4

4

4
.2

4

4
.3

6

4
.3

2

4
.1

8

4
.2

5

4
.4

2

4
.1

7

4
.4

0

0

1

2

3

4

5
A

5
5

1
/ A

3
7

6

1
 o

n
ly

1
 +

 H
2
S F

-

C
l-

B
r- I-

H
P

O
4

2
-

P
2
O

7
4

-

H
S

O
3

-

S
O

4
2

-

N
O

3
-

N
3

-

H
C

O
3

-

O
A

c-

C
lO

4
-

+ 1 + H2S



  

 

 

5
31. During the reviewing process of this manuscript, another paper 

concerning the fluorescence signaling of hydrogen sulfide using closely 

related NBD-fluorescein conjugate (Wei, C.; Zhu, Q.; Liu, W.; Chen, W.; 

Xi, Z.; Yi, L. Org. Biomol. Chem. 2014, 12, 479–485; Title: NBD-based 

colorimetric and fluorescent turn-on probes for hydrogen sulfide) was 
published. 

32. Sodium sulfide was used as a source of H2S. 

33. Galardon, E.; Tomas, A.; Roussel, P.; Artaud, I. Dalton Trans. 2009, 
9126–9130. 

34. Brogan, A. P.; Widger, W. R.; Kohn, H. J. Org. Chem. 2003, 68, 5575–

5587. 

35. Sabnis, R. W. Handbook of Acid–Base Indicators; CRC Press: San 

Francisco, USA, 2008; p391. 

36. Shortreed, M.; Kopelman, R.; Kuhn, M.; Hoyland, B. Anal. Chem. 1996, 

68, 1414–1418. 



  

Tetrahedron Letters 

 

6

Graphical Abstract 

 

 

Reaction-based colorimetric and fluorogenic 

signaling of hydrogen sulfide using a 7-nitro-

2,1,3-benzoxadiazole–coumarin conjugate 

 

Jihee Bae, Jiyoung Choi, Tae Jung Park, Suk-Kyu Chang* 

Department of Chemistry, Chung-Ang University, Seoul 156-756, Republic of Korea 

 

Leave this area blank for abstract info. 


