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Highly Selective and Sensitive Detection of Hydrogen
Sulfide in Solution and Gas
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Abstract A novel turn-on fluorescent probe (NPHQ) based on naphthalimide had been constructed to detect hydrogen sul-
fide. The nucleophilic effect of hydrogen sulfide induced the decomposition of naphthoquinone structure, which resulted in the
disappearance of photo-induced electron transfer (PET) of NPHQ and recovery of intramolecular charge transfer (ICT) of
naphthalimide. The fluorescence intensities of NPHQ showed a linear enhancement response to hydrogen sulfide in the con-
centration range of 0~0.5 umol/L with limit of detection of 1.68 nmol/L. Moreover, NPHQ held promising application pro-
spects for detecting hydrogen sulfide in solution and gas based on its high selectivity, sensitivity and specific turn-on emission.
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1 Introduction

Hydrogen sulfide (H»S) is a colorless, extremely poi-
sonous gas with a rotten egg stench that may readily harm
the human central nervous system and respiratory system.[!]
H,S has been found to be another endogenous gas signal-
ling molecule?! besides nitric oxide® and carbon monox-
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ide,™ and identified as an important multifunctional mole-
cule that regulates different physiological systems. H,S is
widely known to be present in several tissues and organs of
the body, and to be associated with a number of physio-
logical processest such as inflammation,'® vasodilation,!”!
myocardial contraction,'® apoptosis,® insulin secretion,!%!
nerve conduction'!! and regulation.['”) At the same time,
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more and more reports confirm that once H»S concentra-
tion exceeds its normal levels in human body, it can lead to
a series of diseases such as arterial and pulmonary hyper-
tension, diabetes, gastric mucosal damage, liver cirrhosis,
alzheimer’s disease, down’s syndrome, and heart dis-
ease.[3] H,S is released into the environment from both
anthropogenic and natural sources, and a large portion of
H,S originates from industrial production, such as paper
production, sulfide dyes, sewage treatment, gas manufac-
turing, natural gas purification and petroleum refining.!'¥
Given the impacts of H,S on the environment and human
health, the development of molecular probes for its early
detection to ameliorate its terrible effects is of great scien-
tific importance.

The detection of H,S has been made easier in recent
years with the development of a number of techniques,!”
including electrochemical analysis,!'® gas chromatog-
raphy,!'” mass spectrometry,!'® and high performance lig-
uid chromatography.['! Yet, these procedures are difficult
and time-consuming to carry out, and special equipments
are required to meet the rapid, accurate and real-time de-
tection of the objectives. In contrast, the fluorescence de-
tection approach has garnered a lot of interest due to its
straightforward operation, excellent selectivity, high sensi-
tivity, and low cost.?”) Many fluorescent probes have been
created and manufactured to detect H»S. The detection
principles mainly include reduction of azidoes,*!! reduc-
tion of nitro to amino groups,??! copper sulfide precipita-
tion,'?¥) nucleophilic substitution,?* selenium-sulfur ex-
change reaction® and thiolysis reactions.*’! However,
they also have some disadvantages such as low sensitivity
and poor selectivity. More importantly, the long response
time makes them difficult to accomplish rapid detection of
H>S in practical application (e.g. real-time detection of H,S
in oil production and processing).?”) Hence, it remains a
challenge to design fluorescent probes with easy synthesis,
high sensitivity, high selectivity, low limit of detection
(LOD) and rapid response for detection of H,S.

In this paper, a novel “turn-on” fluorescent probe
(NPHQ) that could be used to detect H,S was described.
The synthesis pathway of NPHQ was displayed in Scheme
1. The structures of intermediates and NPHQ were con-
firmed on the basis of nuclear magnetic resonance spec-

troscopy (NMR) and high-resolution mass spectra (HRMS).

The naphthalimide and its derivatives showed good pho-
tophysical properties, including the advantages of better
photostability, visible excitation and emission, and a large
stokes shift. Therefore, naphthalimide was used as the
fluorophore.[?®) When naphthoquinone was attached to the
4-position of 1,8-naphthalimide, the electron-rich nature of
naphthoquinone gave rise to the photo-induced electron
transfer (PET) effect,*” rendering the molecule non-fluo-
rescent. Aromatic nucleophilic substitution (SyAr) reaction
took place in the presence of H»S, which resulted in the
recovery of intramolecular charge transfer (ICT) of naph-
thalimide, and the fluorescence turned on selectively and
sensitively. NPHQ had also been designed to be attached

4278 http://sioc-journal.cn/

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

OO T, (1) CuSOy, NaOCHj
——
OO (2) HI (55%)
Br

e)

2 NPHQ
Scheme 1 Synthetic route of NPHQ

to the filter paper to obtain the test strips, which was used to
detect H,S gas.

2 Results and discussion

2.1 Selectivity

Selectivity was one of the most crucial aspects of fluo-
rescent probe in detection procedure. To assess the selec-
tivity of NPHQ, fluorescence response of NPHQ (10
pmol/L) toward H,S (100 pumol/L) and other interfering
substances (100 umol/L) including Mn>", AI*", Sn*", K',
Cr’', Cca’’, Zn?', Na', Ba?', Ce*', Mg*", I, S,03 ,
HCO; , MnO, , HSO; , SO; , CnO; , H,PO,,
CO3 ,Br, ClO;, NO;, ClO", H,0,, GSH, Cys, Hcy,
DTT, SME in dimethyl sulfoxide (DMSO)/H2O (V/V'=1/9)
were recorded. The results were shown in Figure 1.
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Figure 1 Fluorescence response of NPHQ (10 umol/L) against
different interfering analytes (100 pmol/L)

Weak fluorescence emission was observed at 542 nm for
NPHQ, and a substantial fluorescence amplification
(16-fold) was shown after the addition of H,S, while there
were no obviously fluorescence changes caused by the
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addition of other cation, anion, biological thiols (SME,
DTT, GSH, Cys and Hcy) or reactive oxygen species (H,O»
and ClO™). Among these analytes, the maximum fluores-
cence increasement was GSH (2.8-fold). This suggested
that NPHQ exhibited high selectivity for H,S, implying that
NPHQ could specifically interact with H,S and recognize
it.

2.2 Concentration dependence

In order to investigate the recognition performance of
NPHQ for H,S, the detailed changes in optical spectra of
NPHQ after addition of H,S were shown in Figure 2. As
shown in Figure 2a, a weakening of the ripple-like broad
absorption band at 355 nm was observed for NPHQ (10
pmol/L), while a new absorption band at 360 nm was
emerged. This phenomenon was due to the 4-position sub-
stitution of naphthoquinone by hydroxyl, which changed
the electronic push-pull effect in the molecule, resulting in a
small red shift in the absorption spectrum. NPHQ emitted a
weak fluorescence at 542 nm. When 0.5 umol/L H,S was
added, the fluorescence intensity of NPHQ was found to be
greatly increased (16-fold), and a noticeable “turn-on” flu-
orescence was detected. Under irradiation of the 365 nm
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Figure 2 (a) Absorption and emission spectra of NPHQ (10
pmol/L) in DMSO/H20 (V/V'=1/9) solution in absence and
presence of H2S (100 pumol/L) (inset: the fluorescence color of
NPHQ in absence and presence of H2S under 365 nm fluorescent
lamp); (b) fluorescence intensity changes of NPHQ (10 pumol/L)
in DMSO/H20 (V/V=1/9) solution with the addition of H2S (0~
0.5 umol/L) (inset: linear relationship between the fluorescence
intensity of NPHQ and the concentration of HzS)
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fluorescent lamp, the fluorescence colour of NPHQ
changed from absent to light yellow (Figure 2a, inset).
These apparent changes in UV-Vis and fluorescence spectra
indicated that NPHQ could produce an obvious response to
H.S.

To test the sensitivity of NPHQ to H,S, the fluorescence
titration experiments were performed as shown in Figure
2b. It could be seen that NPHQ quickly responded to H»S
by the fluorescence signal at 542 nm. The intensity of
maximum emission wavelength of NPHQ at 542 nm was
weak, and gradually enhanced with the addition of H,S, and
reached peak when the amount of H,S exceeded 0.5 pmol/
L. More importantly, a satisfactory linear relationship (Y=
160.6271 + 1456.3507X, R>=0.9984) was observed be-
tween the Fsg» of NPHQ and the concentration of H,S,
when the concentration of H,S was in the range of 0~0.5
umol/L. According to LOD =307k, the limit of detection
was determined to be 1.68 nmol/L, indicating that NPHQ
was highly sensitive to H,S. Using quinine sulfate (0.1
mol/L) as reference, the fluorescence quantum yields of
NPHQ before and after reacting with HoS were 0.04 and
0.45, respectively.

2.3 Response time

The response time to the analytes was significant indi-
cator to evaluate the performance of fluorescent probe. As a
result, the time dependence between the fluorescence in-
tensities of NPHQ at 542 nm and the adding time of H,S
were investigated. As shown in Figure S6, the fluorescence
intensity of NPHQ was found to reach the maximum after
the addition of H»S for 10 s, indicating that NPHQ could
rapidly identify H,S by fluorescence, and could be used for
real-time detection of H,S.

2.4 Competitive experiment

Competitive experiments were performed on NPHQ (10
umol/L) in DMSO/H,O (V/V=1 : 9) solution in order to
investigate the selectivity of NPHQ for H,S in complex
environment. Various interfering species (100 pumol/L)
including Mn2", A", Sn*', K', Cr*', Ca?’, Zn*', Na",
Ba2’, Ce*’, Mg?", I, S,02, HCO; , MnO; , HSO; ,
SO; , Cn0; , H,PO,, CO; , Br, ClO;, NO,,
CIO™, H,0,, GSH, Cys, Hey, DTT, SME were discussed. In
the existence of these interferents, the fluorescence intensi-
ties of NPHQ at 542 nm were illustrated in Figure 3. Ob-
viously, weak fluorescence changes caused by competitive
analytes while H,S led to significant fluorescence en-
hancement. These results indicated that NPHQ was able to
detect H,S selectively in the existence of interferents.

2.5 Effect of pH

To explore the potential applicability of NPHQ, the pH
effect was determined at various pH 1~14. The fluores-
cence intensities of NPHQ at 542 nm in absence and
presence of H»S kept constant at pH 1~9. When pH was in
the range of 10~14, significant variation of the fluores-
cence intensities occurred. It could be seen that the fluo-
rescence intensities gradually decreased in the presence of
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Figure 3 Fluorescence intensities of NPHQ (10 pmol/L) in the
presence of 100 pmol/L interfering species including H2S, Mn2",
AR, sn*', K, Cr¥", Ca?', Zn?", Na", Ba?" Ce", Mg?" T,
S,0:", HCO; , MnO;, HSO;, SOi , CnO7 , H»-
PO;, CO3”, Br, ClO;, NO;, ClO~, H202, GSH, Cys,
Hcy, DTT and SME (Aex=390 nm)

H,S, and the phenomena were just the opposite in the ab-
sence of H,S. These results indicated that NPHQ could
detect H,S at pH from 1 to 9.

2.6 Response mechanism

The response mechanism of NPHQ for the detection of
H,S was provided in light of the variations in UV-Vis ab-
sorption and fluorescence emission spectra before and after
injection of H,S. As shown in Figure 4, upon reaction with
H,S, the naphthoquinone group of NPHQ was released to
form 4-hydroxy-1,8-naphthalimide, which consequently led
to the recovery of ICT effect in naphthalimide and exhibited
“turn-on” fluorescence. Moreover, the fluorescence spec-
trum of compound 2 (10 umol/L) was consistent with the
fluorescence spectrum of NPHQ (10 umol/L) reaction with
H>S. In order to prove above mechanism, NPHQ (100 mg),
NaHS (188 mg) and hydrochloric acid solutions (pH=1, 50
pL) were added in DMSO/H,O (V' V=1 : 9) solution.
After reaction for 1 min, the mixture was separated and
purified by column chromatography. It was found that the
UV-Vis and fluorescence spectra of the product and com-
pound 2 in the same concentration overlapped. The fluor-
ophore structure was confirmed as 4-hydroxyl-1,8-naph-

76 mg/m?3

152 mg/m?

Figure 4 Proposed recognition mechanism of NPHQ to HaS

thalimide by 'H NMR, '*C NMR and HRMS. The results
clearly supported that H,S could induce the decomposition
of naphthoquinone structure, and 4-hydroxy-1,8-naphtha-
limide was formed. Consequently, the fluorescence turned
on.

2.7 Application

To evaluate the portable performance of NPHQ for the
detection of H»S gas, test strips were made by dipping the
test paper into NPHQ solution (1 mmol/L). Test strips were
placed into a centrifuge tube (10 mL) and then H,S gas was
added to reach different concentrations. As illustrated in
Figure 5, the test strips showed significant yellow fluores-
cence changes under 365 nm portable fluorescent lamp,
when they were exposed to an atmosphere of H,S gas at
38 ~ 607 mg/m’. The fluorescence intensities were ob-
served to increase gradually with increased H,S. These
phenomena indicated that the test strips containing NPHQ
could achieve real-time detection of H,S gas qualitatively.
NPHQ-based test strips showed great potential for future
applications. The selectivity of the test strips in different gas
(Hz2, Oz, CO,, SO,) was further investigated. Only the test
strips treated with H.S gas showed an obvious yellow flu-
orescence, while the test strips treated with other gases
showed no distinctive change. These phenomena made
clear that the test strips were able to efficiently detect H,S
gas, indicating its potent practical application.

3 Conclusions

In conclusion, a novel fluorescent probe NPHQ based on
naphthalimide was designed and synthesized. NPHQ was

UL

228 mg/m* 301 mg/m* 455 mg/m* 607 mg/m?

Figure 5 Test strips for detection of HzS gas (0, 38, 76, 152, 228, 301, 455, 607 mg/m3 ) under fluorescent lamp
Aex=365 nm. Pictures were taken after exposure to H,S gas for 10 s
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reactive fluorescent probe for detection of H,S which used
naphthoquinone as the receptor with relatively simple syn-
thesis. NPHQ exhibited remarkable “turn-on” fluorescence
response to H»S, showing a rapid (within 10 s) and notable
fluorescence enhancement (16-fold), and the LOD was 1.68
nmol/L. NPHQ had a relatively low LOD and response
time for H,S compared with those reported in literature.l®!
NPHQ remained highly selective and sensitive to H,S when
coexisting with other interfering analytes. In addition,
portable test strips could be easily prepared and their fluo-
rescence changed selectively, rapidly and distinctly in the
presence of H,S gas (38~607 mg/m?). This work provided
a new method with high selectivity, sensitivity and potent
practicability for detection of H,S in solution and gas.

4 Experimental section

4.1 Materials and apparatus

4-Bromo-1,8-naphthalic anhydride, NaOCHs, CuSOg*
5H,O, butylamine, 55% HI, 2,3-dichloro-1,4-naptho-
quinone and K»COj3; were purchased from Macklin. Gases
including H>S, CO», O,, SO, and H, were purchased from
Jingzhou Special Gases Co., Ltd. All of the reagents were
analytical grade, bought from Sinopharm, and utilized
without further purification. Flash column chromatography
was performed using silica gel (200~300 mesh). The in-
strument used to obtain 'H NMR and '*C NMR spectra was
a Bruker AVANCE III 600 MHz NMR spectrometer. Mass
spectra of the new compounds were obtained using an Ag-
ilent Technologies 1290 Infinity mass spectrometer. Shi-
madzu UV-2450 spectrometer was used to gather UV-Vis
spectra, and fluorescence spectra were collected on a Perkin
Elmer LS55 spectrometer. pH measurements were carried
out using a REX benchtop pH-3c.
4.2 Synthesis of NPHQ

6-Bromo-2-butyl-1H-benzo[de]isoquinoline-1,3(2H)-
dione (1): 4-Bromo-1,8-naphthalic anhydride (2.77 g, 10
mmol) and butylamine (0.80 g, 11 mmol) were dissolved in
anhydrous EtOH (50 mL) with stirring and refluxing at
80 ‘C for 8 h. The solvent was removed under reduced
pressure. The residue was dried after being washed with
water, and purified by silica gel column chromatograph
with CH,CL/PE (V/V=3/2) to give compound 132! as white
solid (2.83 g, yield 84%). m.p. 103.5~104.5 “C; 'H NMR
(600 MHz, DMSO-ds) o: 8.58 (d, J=7.9 Hz, 2H), 8.35 (d,
J=17.8 Hz, 1H), 8.24 (d, /=7.8 Hz, 1H), 8.01 (d, J=7.9
Hz, 1H), 4.11~3.98 (m, 2H), 1.62 (t, J=7.5 Hz, 2H), 1.36
(dd, J=15.0, 7.5 Hz, 2H), 0.93 (t, J=7.4 Hz, 3H); 3C
NMR (150 MHz, DMSO-ds) J: 163.11, 163.06, 132.8,
131.8, 131.6, 131.2, 130.0, 129.4, 129.1, 128.5, 123.0,
122.2,39.9, 30.0, 20.2, 14.1.

2-Butyl-6-methoxy-1H-benzo[de]isoquinoline-1,3(2H)-
dione (2): Anhydrous CH3OH (40 mL) was used to dissolve
compound 1 (2.89 g, 10 mmol), CuSO45H,0 (0.25 g, 1
mmol) and NaOCHj3 (1.08 g, 20 mmol), and then the mix-
ture was stirred and refluxed at 75 °‘C for 5 h. The solvent
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was removed under reduced pressure, and 40 mL of 1 mol/L
HCI was added. The mixture was agitated for 0.5 h at 25 C.
After the reaction was completed, the precipitate was ob-
tained by filtration, and progressively dissolved in 55% HI
(13 mL) with stirring and refluxing at 130 C overnight.
After cooling to room temperature, the crude product was
filtered, washed with cold water (200 mL), and purified by
silica gel column chromatography with PE/EtOAc (V/V=
1/1) to obtain compound 2331 as yellow solid (1.55 g, yield
66%). m.p. 236~238 °C; '"H NMR (600 MHz, DMSO-dj)
0: 11.84 (s, 1H), 8.51 (dd, /=8.3, 1.1 Hz, 1H), 8.45 (dd,
J=17.3,1.1 Hz, 1H), 8.33 (d, /=8.2 Hz, 1H), 7.74 (dd, J=
8.2, 7.4 Hz, 1H), 7.14 (d, J/=8.2 Hz, 1H), 4.07~3.96 (m,
2H), 1.66~1.53 (m, 2H), 1.40~1.26 (m, 2H), 0.92 (t, J=
7.4 Hz, 3H); '3C NMR (150 MHz, DMSO-ds) J: 168.46,
167.79, 165.06, 138.27, 135.83, 133.96, 133.62, 130.28,
127.18, 126.60, 117.46, 114.76, 44.03, 34.65, 24.76, 18.61.

2-Butyl-6-((3-chloro-1,4-dioxo-1,4-dihydronaphthalen-
2-yl)oxy)-1H-benzo[de]isoquinoline-1,3(2H)-dione
(NPHQ): K»,CO; (0.4 g, 2.9 mmol) was added to a solution
of compound 2 (0.50 g, 2.9 mmol) in DMSO (20 mL) with
stirring at 25 ‘C for 5 min, and then 2,3-dichloro-1,4-
napthoquinone (0.59 g, 2.6 mmol) was added to the mixture.
After stirring for 12 h at 25 °C, the mixture was poured into
ice water, extracted with EtOAc (30 mL X 3), and washed
with saturated brine (60 mL). The organic layer was dried
over Na,SO4 and concentrated in vacuo. The crude product
was further purified by silica gel column chromatography
with CH>Clo,/MeOH (V/V=10/1) to obtain NPHQ as yel-
low solid (0.45 g, yield 53%). m.p. 226.2~228.1 C; 'H
NMR (600 MHz, DMSO-ds) J: 8.69 (dd, /=28.3, 0.9 Hz,
1H), 8.61 (dd, J/=7.3, 1.0 Hz, 1H), 8.35 (d, /=8.2 Hz, 1H),
8.18(dd,/=7.7, 1.1 Hz, 1H), 8.03~7.94 (m, 3H), 7.93 (dd,
J=1.5, 1.3 Hz, 1H), 7.60 (d, /=8.2 Hz, 1H), 4.24~3.91
(m, 2H), 1.72~1.56 (m, 2H), 1.36 (dd, /=15.0, 7.4 Hz,
2H), 0.93 (t, J=7.4 Hz, 3H); '3C NMR (150 MHz, DMSO-
de) 0: 177.78, 163.89, 163.19, 157.11, 152.53, 135.31,
135.08, 132.49, 132.05, 131.01, 129.33, 128.36, 128.08,
127.29, 127.07, 122.84, 122.68, 118.05, 111.66, 30.14,
20.26, 14.21; HRMS (ESI") caled for CaH;9CINOs [M+
H]" 460.0952, found 460.0956.

4.3 Preparation of stock solutions

Stock solution of NPHQ (1 mmol/L) was prepared in
DMSO medium. H,S was achieved from sodium hydrosul-
fide (NaHS). The stock solution of NaHS (10 mmol/L) was
prepared by dissolving it in ultrapure water. The other stock
solutions of interfering species (Mn?", A*", Sn*", K", Cr®",
Ca*', zn?", Na*, Ba?", Ce’", Mg¥’, I, S,0%, HCO; ,
MnO; , HSO; , SO; , Cr,O7 , H,PO;, CO; , Br,
ClO; , NO, , CIO , H,O,, GSH, Cys, Hcy, DTT and
SME) (10 mmol/L) were prepared by dissolving corre-
sponding compounds in ultrapure water. The corresponding
solutions with different concentration were obtained by
diluting stock solution in a certain proportion.

4.4 Determination of LOD

The LOD was calculated according to the formula
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LOD=230/k. In this formula, o was the standard deviation of
the blank which was obtained through 11 times tests of the
probe in solution, and k was the slope of the intensity versus
sample concentration. The coefficient was 3 according to
the compendium of analytical nomenclature standard.

4.5 Preparation of test strips

The filter paper was cut into test strips (3 cm X 1 cm), and
then the test strips were placed into the prepared solution of
NPHQ (1 mmol/L). Noticed that each test strips contained
the same number of NPHQ.

Supporting Information The NMR and HRMS spectra
of compounds 1, 2 and NPHQ. Fluorescence intensity
changes of NPHQ at 542 nm with the addition of H,S (100
pmol/L) as time elapses. The pH-dependent (pH=1~14)
fluorescence intensities of NPHQ (10 mmol/L) in
DMSO/H,O (V/V=1/9) in absence and presence of H»S.
The absorption and fluorescence spectra of compound 2
and the product of NPHQ reaction with H,S. The fluores-
cence spectra of compound 2 and the solution of NPHQ
reaction with H»S. Test strips for the detection of other
gases with the concentration of 607 mg/m’, and the pic-
tures were taken after exposure to gases for 5 min. Com-
parison of fluorescent probes for detection of H,S. The
Supporting Information is available free of charge via the
internet at http://sioc-journal.cn/.
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