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A novel dibenzola,clphenazine-based fluorescent
probe for fast and selective detection of

thiophenols in environmental watery
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We herein report a novel dibenzola,clphenazine-based fluorescent probe with fast response to thiophenols
over a wide pH range from 5 to 13. The probe possesses a large Stokes shift (120 nm). More importantly, it
displays a high selectivity and sensitivity for thiophenols in the presence of other analytes such as biothiols
and common metal ions. A good linear relationship between the fluorescence intensity at 570 nm and the
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thiophenol concentration in the range of 0—-20 uM was observed with a low detection limit at 40 nM. In

addition, it has been successfully applied to detect thiophenols in environmental water (such as

DOI: 10.1039/d1ra08605g

rsc.li/rsc-advances environmental monitoring.

1. Introduction

Thiophenols are widely used in the production of pesticides,
dyes, and medicines." However, they are also known as volatile
toxic substances, and can cause serious damage to bioorgan-
isms and environment, especially the water environment.* The
median lethal concentration (LCs) of thiophenols to fish (0.01-
0.04 mM) and mice is 0.01-0.04 mM and 46.2 mg kg,
respectively.>® Inhalation or ingestion of thiophenols can cause
serious health problems in humans, such as muscle atrophy,
vomiting, and even death.*” When thiophenols are incorpo-
rated into the water ecosystem, they can be absorbed by aquatic
organisms, and ultimately harm human beings.® Therefore,
there is an urgent need to develop highly sensitive and selective
methods to detect thiophenols in environmental samples.
Several approaches, such as high-performance liquid chro-
matography (HPLC), gas chromatography (GC), and capillary
electrophoresis, have been developed separation and detection
of thiophenols.®™ Among numerous detecting methods of
thiophenols, fluorescent method was considered as the most
powerful tool for thiophenols detection, because of the intrinsic
advantages such as high selectivity and high sensitivity."**° In
these probes, 2,4-dinitrobenzenesulfonyl or 2,4-dinitrophenyl
groups were employed as recognition moieties linked to various
fluorophores.”*>® However, there are still some defects, such as
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seawater, tap water and spring water) with high recovery, which confirmed its potential value in

high pH-dependence of the fluorescence intensity, weak fluo-
rescence enhancement after the addition of thiophenols, and
relatively long response time, which limit the practical appli-
cation of fluorescent method in environmental samples. Thus,
it is still of great significance to explore novel applicable probes
for rapid detection of thiophenols.

Dibenzo[a,c]phenazines is a kind of excellent organic fluo-
rescent compounds with large Stokes shift, high quantum
yields, good photostability, and easy synthesis, which were
widely used in organic light-emitting diode (OLED) field.>*>*
However, dibenzo[a,c]phenazines have so far received little
attention in the field of fluorescent probe. Since the first report
of 2,4-dinitrobenzenesulfonyl group as a fluorescence
quencher,” a lot of fluorescent probes with 2,4-dini-
trobenzenesulfonyl group as recognition site were synthesized
and reported.**?* Herein, we employed dibenzo[a,c]phenazin-
11-amine as a fluorophore and 2,4-dinitrobenzenesulfonyl
group as recognition site to develop a novel fluorescent probe
for fast detecting of thiophenols in water. The probe exhibits
high selectivity and sensitivity for thiophenols with a large
Stokes shift (120 nm). It is noteworthy that this probe can work
in a wide pH range from 5 to 13 with fast response. As far as we
know, this is the first thiophenols fluorescent probe which can
work in such a wide pH range. Moreover, the probe demon-
strated its capability to monitor thiophenols in real water
samples.

2. Experimental
2.1. Materials and instrumentation

All solvents and materials were purchased in analytical grade
and used as received. 'H NMR and "*C NMR spectra were based
on a Bruker Avance-500 MHz NMR spectrometer (Bruker-
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Biospin, Billerica, MA, USA). High-resolution mass spectra were
taken on WATERS MALDI SYNAPT G2 HDMS (MA, USA). The pH
was measured by Ion analyzer (LEICI, China). UV-vis spectra
were recorded on spectrophotometer (UV-1800, Shimadzu,
Japan). Fluorescence spectra were captured on a Microplate
Reader (Infinite M1000 Pro, Tecan, Switzerland). High perfor-
mance liquid chromatographic (HPLC) analysis was performed
on a Shimadzu HPLC system (LC-20, Shimadzu corp., Kyoto,
Japan) equipped with a C18 column (Shimadzu InertSustain 4.6
I. D. x 250 mm, 5 um, S/N 6LR98081).

2.2. Synthesis of probe-dbp

Probe-dbp was synthesized according to Scheme 1. The char-
acterization data including "H NMR and '*C NMR were given in
the ESI. To a solution of dbp-NH, (0.1 mmol) in dry pyridine (5
mL) at 0 °C, a solution of 2,4-dinitrobenzenesulfonyl chloride
(0.15 mmol) in CH,Cl, (5 mL) was added dropwise. The mixture
was stirred at room temperature overnight. After solvent was
evaporated, the crude product was purified by column chro-
matography to give the probe-dbp as a yellow solid (23.6 mg,
yield 45%). '"H NMR (500 MHz, DMSO-de) 6 9.20 (dd, ] = 8.2 Hz,
1H), 9.18 (d,J = 8.2 Hz, 1H), 8.92 (d,J = 2.1 Hz, 1H), 8.77 (d, ] =
7.2 Hz, 2H), 8.60 (dd, J = 8.8, 2.1 Hz, 1H), 8.40 (d, J = 8.8 Hz,
1H), 8.31 (d,J = 9.1 Hz, 1H), 7.95 (d,/ = 2.1 Hz, 1H), 7.88 (d, ] =
8.1 Hz, 1H), 7.85 (d, J = 8.1 Hz, 1H), 7.79 (m, 3H), 5.74 (s, 1H).
3C NMR (125 MHz, DMSO-dg) 6 150.73, 148.36, 142.62, 142.24,
141.45, 139.43, 136.36, 132.13, 132.04, 131.78, 131.51, 131.20,
129.74, 129.53, 128.77, 128.74, 128.03, 126.18, 125.84, 125.05,
124.10, 121.05, 116.18. HRMS (ESI) m/z calcd for CyH;6N506S
(IM + H]"): 526.0816, found 526.0810.

2.3. Spectral measurements

2.5 mM of probe-dbp stock solution and 5 mM p-thiocresol (a
very common thiophenol) stock solution were prepared in
analytical grade dimethyl sulfoxide (DMSO). The stock solutions
were diluted with the mixed solvent (pH = 7.4, 10 mM PBS
buffer/DMSO = 1:1, v/v) to desired concentration. The
absorption and fluorescence spectra were carried out at room
temperature (Ax = 450 nm and A, = 570 nm). The stock solu-
tions (5 mM) of p-F-C¢H,SH, p-CH;0-C¢H,SH, CcH;NH, and
Ce¢HsOH were also prepared in DMSO. Other analytes such as
amino acids, common metal ions and aliphatic thiols were
dissolved in ultrapure water. All stock solutions were used
immediately after preparation and were diluted with the mixed
solvent (pH = 7.4, 10 mM PBS buffer/DMSO = 1:1, v/v) to

dbp-NO,
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desired concentration. The mixture of probe-dbp and analytes
were incubated for 15 min at 37 °C before recording the fluo-
rescence and absorption spectra. The results were reported as
the mean =+ standard deviation of triplicate experiments.

2.4. Preparation of real water samples

The tap water of Qingdao, spring water of Laoshan Mountain
(Qingdao, Shandong province, China), and seawater from
Jiaozhou Bay (Qingdao, Shandong province, China) were
collected as the crude water samples. The water samples were
filtered and kept at 4 °C before use. These water samples were
then spiked with p-thiocresol to desired concentration (0, 2.0,
4.0, 6.0, 8.0, 10.0, 15.0, 20.0 uM). Then, the water samples were
incubated with probe-dbp for 15 min before measurement, and
the fluorescence intensity at 570 nm was recorded.

3. Results and discussion

3.1. Synthesis of probe-dbp

Dibenzo[a,c]phenazines is a kind of excellent organic fluores-
cent compounds with large Stokes shift and good photo-
stability. On the other hand, 2,4-dinitrobenzenesulfonyl group
is a well-known fluorescence quencher and an effective reaction
site for thiophenols recognition. Base on this fact, we designed
probe-dbp with dibenzo[a,c]phenazin-11-amine as fluorophore
linked to 2,4-dinitrobenzenesulfonyl group as recognition site.
The synthetic routes were shown in Scheme 1. 9,10-Phenan-
threnequinone and 4-nitro-o-phenylenediamine were selected
as starting material. A mixture of them were refluxed in ethanol
to give compound dbp-NO,. Dbp-NO, was then reduced by Pd-C
and N,H,-H,O0 to produce dbp-NH,. Dbp-NH, reacted with 2,4-
dinitrobenzenesulfonyl chloride to afford probe-dbp. The
experimental part and spectral data can be found in the ESL7

3.2. Photophysical properties and response towards
thiophenols

The absorption and fluorescence spectroscopy of probe-dbp
before and after addition of p-thiocresol were measured in
aqueous medium (pH = 7.4, 10 mM PBS buffer/DMSO =1: 1, v/
v) and depicted in Fig. S1.7 The maximum absorption of probe-
dbp was located at 450 nm. Before the addition of p-thiocresol,
probe-dbp displayed no fluorescence. When p-thiocresol (50
uM) was added into the solution containing probe-dbp (5 uM),
a strong fluorescence enhancement (~50 fold) was observed at
570 nm (Aex = 450 nm) (Fig. S27).

(\) NO

dbp-NH, probe-dbp

Scheme 1 The synthetic routes of probe-dbp. Reagents and conditions: (a) C,HsOH, CH3zCOOH, reflux; (b) C,HsOH, Pd—C, NoH4-H0, reflux;

(c) 2,4-dinitrobenzenesulfonyl chloride, pyridine, CH,Cl,, RT.
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The time-dependent response of probe-dbp to p-thiocresol
was further evaluated. As depicted in Fig. 1A, fluorescence was
observed immediately after the addition of p-thiocresol. The
fluorescence intensity increased rapidly at 570 nm in the first
5 min upon the addition of the p-thiocresol, and reached
equilibrium in 15 min. The results indicated that probe-dbp
was a rapid and remarkable fluorescent probe for detecting
thiophenols.

Fluorometric titration experiments of probe-dbp were carried
out and the results were shown in Fig. 1B. As the thiophenol
concentration increasing, the emission intensity of the probe-
dbp solution grew and reached a saturation when 10 equiva-
lents of p-thiocresol was added. In addition, a good linear rela-
tionship (Fig. 1C) between the fluorescence intensity at 570 nm
and the thiophenol concentration in a range of 0-20 uM (R> =
0.99545) was observed with a detection limit of 40 nm (36/k).

3.3. The effect of pH

Probe-dbp itself is pH stable in a broad pH range from 3 to 13
(Fig. 1D). However, with the addition of p-thiocresol (50 uM), the
probe solution showed a large fluorescence enhancement at
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570 nm between pH 4.0 and 13.0. Moreover, the fluorescence
enhancement at 570 nm was stable towards pH ranging from 5
to 13. As far as we know, there is no thiophenols fluorescent
probe has been reported possessing such stable fluorescence
enhancement over such a wide pH range (Table S1t). The
results suggested that probe-dbp was able to apply for thio-
phenols monitoring in a wide pH range, even in a strong alka-
line condition.

3.4. Selectivity for thiophenols

To explore the selectivity of probe-dbp towards thiophenols, the
fluorescence change of probe-dbp towards various relevant
analytes including thiophenols (p-thiocresol, 4-methoxy thio-
phenol, 4-fluorothiophenol), aliphatic thiols such as ethane-
thiol, glutathione (GSH), cysteine(Cys), homocysteine (Hcy),
amino acids (Lys, His, Val, Tyr, Ala, Leu, Trp, Ile, Ser, Met),
nucleophilic substances such as Ph-NH,, Ph-OH, NaSH, and
other potential interfering species (Pb(AcO),, FeCl;, NaHSO3,
CuSO0y,, FeSOy, KI, Cul, CaCl,, MgSO,, NaCl, SnCl,, Na,SO;) were
studied. As illustrated in Fig. 2A, addition of aliphatic thiols,
amino acids, nucleophilic substances and other competitive
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(A) Fluorescence intensity at 570 nm for probe-dbp with/without p-thiocresol as a function of time. (B) Fluorescence emission spectra of

probe-dbp upon the addition of different concentration of p-thiocresol (0, 0.25, 0.5,1, 2, 3,4, 5,6, 7, 8,9, 10, 15, 20, 25, 30, 40, 50 uM). (C) The
linear relationship between the fluorescence intensity of probe-dbp at 570 nm and the concentration of p-thiocresol. (D) The effect of pH on the
fluorescence intensity of probe-dbp at 570 hm. A¢x = 450 NmM, e = 570 nm. Relative standard deviation (RSD), n = 3.
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rescence intensity responses of probe-dbp (5 uM) at 570 nm toward p-
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(A) Fluorescence intensity responses of probe-dbp (5 uM) at 570 nm in the presence of 100 uM aliquots of various analytes. (B) Fluo-

thiocresol in the presence of various analytes. (1) blank, (2) Na,SOs, (3)

Pb(AcO),, (4) FeCls, (5) NaHSOs, (6) CuSOy, (7) FeSOy, (8) K, (9) Cul, (10) CaCl,, (11) MgSQOy, (12) NaCl, (13) SnCl,, (14) Lys, (15) His, (16) Val, (17) Tyr,
(18) Ala, (19) Leu, (20) Try, (21) iso-Leu, (22) Ser, (23) Met, (24) GSH, (25) homo-Cys, (26) Cys, (27) NaHS, (28) CoHsSH, (29), aniline, (30) phenol, (31)
p-thiocresol, (32) 4-methoxythiolphenol, (33) 4-fluorothiophenol. Black bar represent the addition of a single analyte (100 uM). Red bar represent
the subsequent addition of p-thiocresol (100 uM) to the mixture. Aex = 450 M, Aem = 570 nm. Relative standard deviation (RSD), n = 3.
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Fig. 3 HPLC chromatograms of p-thiocresol, dbp-NH,, probe-dbp,
probe-dbp + p-thiocresol.

species to the solution of probe-dbp did not induce remarkable
fluorescence enhancements. In contrast, obvious fluorescence
enhancements were observed when thiophenols were added
into the solution of probe-dbp. Although NaHS caused a weak

thiophenols
)

> »’i

QY
secl

probe-dbp

Scheme 2 The proposed detection mechanism towards thiophenol.

fluorescence enhancement, the enhancement is negligible
compared to thiophenols. Moreover, when thiophenol was
added into the solution of probe-dbp and the above-mentioned
analytes (Fig. 2B), remarkable fluorescence changes could also
be observed, indicating that probe-dbp possesses good anti-
interference ability. Thus, it can be concluded that probe-dbp
is highly selective for thiophenols over other analytes.

3.5. Response mechanism

To understand the response mechanism of probe-dbp towards
thiophenols, HPLC and mass spectrometry were employed to
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Fig. 4 Mass spectrum of the reaction solution of probe-dbp and p-thiocresol.
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Fig. 5 Frontier orbital diagrams of probe-dbp and dbp-NH,.

analyze probe-dbp, dbp-NH,, and the products of probe-dbp
reacted with p-thiocresol. As shown in Fig. 3, probe-dbp, dbp-
NH, and p-thiocresol possess a retention time at 8.0 min,
15.1 min and 18.3 min, respectively. With the addition of p-
thiocresol into probe-dbp, the peak of probe-dbp at 8.0 min

View Article Online
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decreased. Meanwhile, the peak of dbp-NH, at 15.1 min
appeared. Furthermore, we could see the m/z = 296.1176 in the
mass spectrum (Fig. 4), which belong to the cleavage product
dbp-NH,. From the HPLC and HRMS analysis, we can conclude
that the 2,4-dinitrobenzenesulfonyl group was removed by p-
thiocresol to give the fluorophore molecular dbp-NH,
(Scheme 2).

To further verify the response mechanism of probe-dbp for
thiophenols, the density functional theory (DFT) was applied
using the Gaussian 09 program. As shown in Fig. 5, the highest
occupied molecular orbital (HOMO) of probe-dbp is primarily
distributed in dibenzo[a,c]phenazin-11-amine group, while the
lowest unoccupied molecular orbital (LUMO) is mainly
distributed in 2,4-dinitrobenzenesulfonyl group. The calculated
results demonstrate the possible photoinduced electron trans-
fer (PET) processes in probe-dbp. Electron transfer from
dibenzo[a,c]phenazin-11-amine group (PET donor) to 2,4-dini-
trobenzenesulfonyl group (PET acceptor) attenuates the original
fluorescence of dibenzo[a,c]phenazin-11-amine. When 2,4-
dinitrobenzenesulfonyl group was removed, the fluorescence of
dbp-NH, can be restored because of the removal of 2,4-
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(A) Fluorescence response of probe-dbp (5 uM) towards various concentration of p-thiocresol in different water samples, including tap

water, spring water and seawater. The linear relationship between the fluorescence intensity of probe-dbp at 570 nm and the concentration of p-

thiocresol in tap water (B), spring water (C) and seawater (D).
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dinitrobenzenesulfonyl group. The calculated results exhibit
good consistency with the experimental results.

3.6. Application in real water samples

Considering the potential damage of thiophenols to the water
ecosystem, probe-dbp was employed to evaluate thiophenols
concentration in real water samples. Tap water of Qingdao city,
spring water from Laoshan Mountain (Qingdao, Shandong
province, China) and seawater from Jiaozhou Bay (Qingdao,
Shandong province, China) were collected and filtered for test. A
variety of concentrations of p-thiocresol (0-20 uM) were spiked
into these water samples. Then, these water samples were
incubated with probe-dbp. The fluorescence intensity at 570 nm
were recorded. It shows good relationship between the fluo-
rescence intensity and thiophenol concentrations in a range of
0-20 pM (Fig. 6) in all water samples. As shown in Table S2,} the
calculated thiophenol recoveries for each water samples ranged
from 93% to 108%, suggesting that probe-dbp is specific for
thiophenols detection in real water samples. The method
described above might provide a new way for quantitative
detection of thiophenols in both freshwater and seawater
samples.

4. Conclusion

In this work, we have designed and synthesized probe-dbp with
dibenzo[a,c]phenazin-11-amine as fluorophore linked to 2,4-
dinitrobenzenesulfonyl group as recognition site. Probe-dbp
exhibited high selectivity and sensitivity towards thiophenols
over a wide pH range from 5 to 13. Moreover, the probe can be
used for the quantitative detection of thiophenols in both
freshwater and seawater samples. It can be concluded that
probe-dbp possesses a great potential for detection and quan-
tification of thiophenols in environmental systems, even in
a strong alkaline condition.
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