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A reversible fluorescent chemosensor for Mercury ions based on
1H-Imidazo[4,5-b]Phenazine derivatives

BingBing Shi, Peng Zhang, TaiBao Wei, Hong Yao, Qi Lin, Jun Liu, YouMing Zhang*

Key Laboratory of Eco-Environment-Related Polymer Materials, Ministry of Educati on of
China; Key Laboratory of Polymer Materials of Gansu Province; College of Chemistry and
Chemical Engineering, Northwest Normal University, Lanzhou, Gansu, 730R7R. China
Abstract:

A series of non-sulfur, fluorescent sensors &1 or $.2) for mercury ions bearing
1H-Imidazo[4,5-b]Phenazine derivatives have been designed and synthesized. Among
there sensors, a furan group into the sengan@ecule was as the functional group,
compound &; containing the 5-(4-Nitrophenyl)-2-furan group was synthesized, and in
order to establish the furan group’s contribution to the sensor’s fluorescent sensing
abilities, compound & which without containing the furan group was also synthesized.
Ss showed excellent fluorescent specific selectivity and high sensitivity fof g
aqueous solution. The detection limit of the sensor toward$ isld..6x10 M, and
other ions, including B& C&*, C#*, C*, Ni*, Cd*, P, zr?*, Cr**, and Md@*
had nearly no influence on the probing behavior. Notably, this sensor serves as a
recyclable component in sensing materials. The test strips basgaveneSabricated,

which could act as a convenient and efficient Hgst kits.
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1. Introduction

Mercury is one of the most hazardous species in nature, which may cause prenatal
brain damage, cognitive and motion disorders, vision and hearing loss, and even
death! Development of a facile and selective method fof'iigtection has long been
demanded in the area of food safety and environmental protection. Numerous
chemosensors for K with good properties have been repoftedost of these
traditional chemosensors contain a sulfur moiety and the sensing process involves an
irreversible coordination of Hg to the S atomi. The mechanism for traditional
sensors includes an affinity irreversible organic reaction driven by the extremely
strong Hg-S affinity. (1) ring opening of spirocyclic systems (rhodamine and
fluorescein, etc.j,(2) intramolecular cyclic guanylation of thiourea derivativ¢3)
conversion of thiocarbonyl compounds into their carbonyl analogues or a sequential
desulfurization-lactonization reacti§Scheme 1)This thiophilic approach will suffer

from potential interference in sulfur-rich environments where mercury is abundant,
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Scheme 1 Tactics for the sensing of Qg
and undesired oxidation of the probes containing a sulfur atom by air or oxidizing

reagents also inevitably occurs. Other drawbacks may be the requirement for elevated



temperature or excess quantities osztg) drive these desulfurization reactions to
completion. Correspondingly, most of the traditional chemosensors which contain a
sulfur moiety and the sensing process involves an irreversible coordinatioi'dbHg

the S atom were unrecyclable. So the recyclable sensors tbatéghadly needed.

Furthermore, phenazine derivatives have been synthesized and been used for
organic electronics for a long tinfiehut they have seldom been used in host-guest
chemistry. Phenazines are ideal platforms for the development of cation, anion, and
neutral molecule recognition. Moreover, among the different fluorogenic units,
phenazine is very sensitive to conformational change. Phenazine-based fluorescent
chemosensors are still very scarce, although in principle, well-designed ones should
show very good performance.

In view of this requirement and as part of our research effort devoted into ion
recognition’ an attempt was made to obtain a non-sulfur, recyclable and efficient
fluorescent sensor which could sense®Hgiith specific selectivity and high
sensitivity in aqueous solution. This paper details the design and synthesis of a series
of ng+ fluorescent sensorseSS.1 or S bearing 1H-Imidazo[4,5-b]Phenazine
derivatives (Scheme 2). The strategies for the design of these sensors were as follows
The phenazine group acts as fluorophore, imidazole and furan groups into the same
sensor molecule as the functional groups, to allow the coordination capacity required
to coordinate a mercury ion. The sensors were designed to be easy to synthesize. In
order to establish the substituent group’s influence to the sensor’s fluorescent sensing

abilities for Hg", compound &; which containing the 5-(4-Nitrophenyl)-2-furan



group was synthesized, and in order to establish the furan group’s contribution to the
sensor's fluorescent sensing abilities for ?Hgcompound &, which without
containing the furan group was also synthesizgensor & showed fluorescent
selectivity for mercury ions in DMSOA® (6:4, viv) HEPES buffer solutions
(pH=7.2) over other common physiologically important metal ions. To the best of our
knowledge, this is the first time that the Phenazine derivatives were used to the

recognition of H§" ions with high selectivity.
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Scheme 2 Synthesis of compounds,&.; and S..
2. Experimental
2.1. Materials and physical methods
Fresh double distilled water was used throughout the experiment. All other reagents

and solvents were commercially available at analytical grade and were used without
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further purification. 'H NMR spectra were recorded on a Mercury-400BB
spectrometer at 400 MHz amC NMR spectra were recorded on a Mercury-600BB
spectrometer at 150 MHz. Chemical shifts are reported in ppm downfield from
tetramethylsilane (TMSyp scale with solvent resonances as internal standards)
Melting points were measured on an X-4 digital melting-point apparatus (uncorrected).
Infrared spectra were performed on a Digilab FTS-3000 FT-IR spectrophotometer.
2.2. Synthesis of sensorg,&.; and 3...

2,3-diamino-phenazine was prepared following the reported procedure.

5-(4-Nitrophenyl)-2-furaldehyde was prepared following the reported procdure.
Synthesis of Compounds S.; and $.2:

2,3-diamino-phenazine (0.42g, 2mmol), 2-furaldehyde (0.24g, 2.5mmol) and
catalytic amount of acetic acid (AcOH) were combined in hot absolute DMF (20 mL)
The solution was stirred under reflux conditions for 8 hours, after cooling to room
temperature, the brown precipitate was filtrated, washed with hot absolute ethanol
three times, then recrystallized with DMR£Bito get brown powdery producg.She
other compoundseS and 3., was prepared by similar procedures.
Ss: Yield: 72%; m.p.>30@; 'H NMR (DMSO-d;, 400 MHz)5 13.43 (s 1H)p 8.45
(s 1H), 8.23~8.21 (m 3H), 8.17~8.16 (d J=4 1H), 7.90~7.87 (m 2H), 7.59~7.58 (d J=4
1H), 6.89~6.88 (m 1H)C-NMR (DMSO-d¢, 150 MHz)§ 156.16, 154.46, 151.15,
147.08, 144.39, 141.77, 141.03, 140.13, 136.99, 129.76, 129.09, 128.58, 123.20,
115.04, 113.15, 102.37, 99.07; IR (KBr, {mv: 3101 (NH), 1653 (C=N), 1620

(C=C); ESI-MS m/z: (M+H) Calcd for G;H10NsO 287.2; Found 287.2; Anal. Calcd.



For Gi7H10NsO: C, 71.32; H, 3.52; N, 19.57; O, 5.59; Found C, 71.26; H, 3.55; N,
19.56; O, 5.63.
Ss1: Yield: 75%; m.p.>30@; '*H NMR (DMSO-d;, 400 MHz)8 13.56 (s 1H)35
8.34~8.32 (m 3H), 8.18~8.15 (m 5H), 7.84~7.81 (m 2H), 7.67~7.66 (d J=4 1H),
7.61~7.60 (d J=4 1H); IR (KBr, ch v: 3106 (NH), 1643 (C=N); ESI-MS m/z:
(M+H)" Calcd for GsH13NsO3 408.3; Found 408.4; Anal. Calcd. Fogs8:3Ns Os: C,
67.81; H, 3.22; N, 17.19; O, 11.78; Found C, 67.78; H, 3.24; N, 17.16; O, 11.82.
Ss2: Yield: 80%; m.p.>30@; *H NMR (DMSO-d;, 400 MHz)§ 13.44 (s 1H)p 8.51
(s 1H), 8.38~8.37 (d J= 4 2H), 8.26~8.23 (d 3H), 7.89~7.88 (d J=4 2H), 7.67~7.66 (d
3H); *C-NMR (DMSO-d;, 150 MHz) 8 159.55, 148.88, 141.87, 141.68, 140.51,
140.23, 139.84, 131.87, 131.88, 129.85, 129.55, 129.23, 129.22, 129.02, 128.80,
127.76, 127.75, 114.84, 105.91; IR (KBr, &nv: 3168 (NH), 1693 (C=N); ESI-MS
m/z: (M+H)" Calcd for GsH13NsOs 297.1; Found 297.2; Anal. Calcd. Fo38:3Ns
Os: C, 77.01; H, 4.08; N, 18.91; Found C, 77.08; H, 4.04; N, 18.88.
2.3. General procedure for Fluorescence spectra experiments

All fluorescence spectra were recorded on a Shimadzu RF-5301 fluorescence
spectrometer after the addition of perchlorate metal salts in DMSO, while keeping the
ligand concentration constant (2.5 x°1). The excitation wavelength was 416 nm.
Solutions of metal ions were prepared from the perchlorate salts>af g™,
cat ,cut, Cd*, Ni¥*, cd*, P, zr?*, CF*, and M@*.
2.4. General procedure foH NMR experiments

For 'H NMR titrations, two stock solutions were prepared in DM&Oone



containing the sensor only and the second containing an appropriate concentration of
the metal. Aliquots of the two solutions were mixed directly in NMR tubes.
3. Resultsand discussion

In order to investigate the Elgrecognition abilities of the sensorg Ss.1 and $.»in
agueous solution, we carried out a series of Host-Guest recognition experiments in
DMSO/H,O (6:4/v:v) HEPES buffered solution at pH 7.2. The fluorescent
measurements foreSS; and 3., were first performed in DMSOAD (6:4/v:v)
HEPES buffered solution (pH=7.2). As shown in Figure (1), sensoas 3., had
strong emission maximum wavelength at 546 nm and 544 nm,shentitted very
weakly, indicating that the 5-aryl-furan unit directly bound to the phenazine group
guenched the emission for the formation of the twisted intramolecular charge transfer

state™ The recognition
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Figure 1 Fluorescence spectra of @5uM), S.1 (25uM) or S, (25uM).
profiles of the chemosensog ®ward various metal cations, ¥eHg™", C&*, CU#*,
Cco®*, Ni**, cd*, PE*, zr?*, CF*, and Md", were investigated by fluorescence
spectroscopy in DMSOHA® (6:4/v:v) HEPES buffered solution at pH 7.2. As shown

in Figure (2) in the fluorescence spectrum, the emission g@fafpeared at the
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maximum emission wavelength was 546 nm in DMSQYH6:4, v/v) HEPES buffer

(pH 7.2) solution when excited B$,=416 nm. When 15 equivalents of figvas
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Figure 2 Fluorescence spectra of 8pon an excitation at 416 nm in DMSQM (PH=7.2,
viv=6:4) in the presence of Big(15 equiv.). Inset: photograph from left to right shows the change

in the fluorescence 0f;SS-Hg?" (15 equiv.) in DMSO/KO (PH=7.2, v/iv=6:4).
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Figure 3 (a) Fluorescence emission data for a 1:15 mixtures25:M) and different metal ions:
1)only S, 2) F€*, 3) HE", 4) C&", 5) C{", 6) CF*, 7) N#*, 8) Cd*, 9) PB*, 10) zif*, 11) CF*
and 12) M§"; as their perchlorate salts, in DMSQH (PH=7.2, v/v=6:4) solution. (excitation
wavelength = 416 nm). (b) Visual fluorescence emissions of segsdte®the addition of P&
Hg?*, c&', cu*, o, NiZ*, cd*, P, zr?*, CP* and Md* (15 equiv.) in DMSO/HO (PH=7.2,

v/v=6:4) on excitation at 365 nm using UV lamp at room temperature.



added to the DMSOA® (6:4, viv) HEPES buffer (pH 7.2) solutions of sensgrtise
fluorescence emission band at 546 nm is red-shifted to 562 nm. The apparent
fluorescence emission color change from yellow to jacinth could be distinguished by
the naked eye. To validate the selectivity of sensprtt® same tests were also
applied using F&, Cc&*, CU#*, Co*, Ni**, Cd*, P, zr®*, Cr**, and Md" ions, and

none of these anions induced any significant changes in the fluorescent spectrum of

the sensor (Figure 3). Therefore, in DMS@ZHsolution, $ showed specific

4004

Fluorescence intensity
2

Wavelength(nm)

Figure 4 Fluorescence emission data for a 1:15 mixturesqf(35uM) and different metal ions:
1only S, 2) F€*, 3) HG", 4) C&", 5) Cd", 6) CF*, 7) N#*, 8) C&*, 9) PB*, 10) Zif*, 11) CF*

and 12) M§"; as their perchlorate salts, in DMSQ@H (PH=7.2, v/v=6:4) solution. (excitation
wavelength = 436 nm).

fluorescent selectivity to Hg The same tests were applied ta $Figure 4) and &
(Figure 5). In this case, when various cations were added to the DMS Bt/ v.v,
pH=7.2) solutions of & or $.,, No obvious changes were observed. In corresponding
fluorescent spectrum ok or $.,, there is no selectivity for the recognition onFlg
which indicated that&S or S, couldn’t fluorescent and selectively sensé*Hmder

these conditions.
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Figure 5 Fluorescence emission data for a 1:15 mixturesaf(35uM) and different metal ions:
1)only S, 2) FE€*, 3) HE", 4) C&", 5) C{, 6) CF*, 7) N¥*, 8) Cd*, 9) PB*, 10) zif*, 11) CF*
and 12) M§" as their perchlorate salts, in DMSQ@H (PH=7.2, v/v=6:4) solution. (excitation
wavelength = 403 nm).

Therefore, according to these results we can find that the furan moiety acted as a
functional group and played a crucial role in the process of colorimetric recognition.
The sensor Semploy furan moiety as functional group, which possess fluorescent
response abilites for H§ cations. Because the ¢S employ the
5-(4-Nitrophenyl)-2-furan group as functional group, and the nitrophenyl group in the
molecule can enhance the the twisted intramolecular charge transfer ability, the
fluorescent capability ofS is too weak to fluorescent recognize any catfémst the
same time, because thg.,Shas no furan unit as functional groups.Shas no
fluorescent capability to fluorescent recognize any cations.

As S showed specific selectivity for 4§ a series of experiments was carried out to
investigate the Hg recognition capability and mechanism @f $o gain an insight

into the stoichiometry of thesSHg”* complex, the method of continuous variations
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Figure 6 The Job's plot examined between?Hand §, indicating the 1 : 1 stoichiometry for
Ss-Hg?* clearly.
(Job’s method} was used. When the molar fraction of sensprw@s 0.5, the
fluorescence intensity value approached a maximum, which demonstrated the

formation of a 1:1 complex between the sensar® Hg" (Figure 6).
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Figure 7 (a) Fluorescence spectra gf(35uM) in the presence of different concentration of Hg
(0-5.58 equiv.) in DMSO/LD (PH=7.2, v/iv=6:4). (b) A plot of fluorescence intensity depending
on the concentration of Ktjn the range from 0 to 5.58 equivalents.

The binding properties of sensay8ith Ho?* were further studied by fluorescence
emission spectral variation experiments (Figure 7). It turned out that DM8O/H
(6:4/v:v, pH=7.2) solutions ofsSwith an increasing amount of Figthe emission peak

at 546 nm gradually shifted to 562 nm. The binding constant Ks of the metal complex
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was determined as 1.8¥1@™. And the detection limit of the fluorescent spectrum
changes calculated as 1.6X10 for Hg? "cation, which pointing to the high detection

sensitivity.
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Figure 8 IR spectra of compounds &nd $-Hg”* complex in KBr disks.

The recognition mechanism of the sensm@h Hg?* were investigated by IR
spectra andH NMR titration methods. In the IR spectra ef Sie stretching vibration
absorption peaks of imidazole N-H, imidazole C=N and furan C=C appeared at 3100,
1651 and 1625 cihrespectively. However, wheng Soordinated with Hg, the
stretching vibration absorption peaks of imidazole N-H shifted to 3124 while, the
stretching vibration absorption peaks of imidazole C=N and furan C=C shifted to 1618
cm?, which indicated that&omplexed with HY via O-Hdf*-N coordination bond as
shown in Figure (8).

The results ofH NMR titration experiments also support this presumption. As
shown in Figure (9), after adding 1.0 equivalents of*Hme NH peak at 13.4 ppm

disappeared. At the same time, the signal of the hydrogen atoms in the benzene and
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Figure 9 '"H NMR spectra (400 MHz, DMS@s) of free § and in the presence of Hgl’,
respectively.
furan rings showed a significant downfield shift, indicating a charge transfer from the
benzene and furan groups to the*Higns. After adding 2.0 equivalents oftd the
above system, one new peak appeared at 8.8 ppm, which can be attributed to the NH
protons. Because of the negative electron charactértb&€IN-H signal in the top line
and bottom line is differerf. And, the signal of the hydrogen atoms in the benzene
and furan rings showed a significant upfield shift. Based on the above findings, we
propose that the reaction mechanism in this system may proceed through the route
depicted in Figure (10).
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Figure 10 The proposed structures qff8r Hgf* and I ions.

An important feature of the sensor is its high selectivity toward the analyte over other
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competitive species. The variations of fluorescent spectrum of seyisdd8MSO/HO

binary solutions caused by the metal ion¥ Fe&", Cu#*, C#*, Ni**, cd*, PK*, zn?*,

cr*, and M@" were recorded in Figure (3). It is noticeable that the miscellaneous
competitive metal ions did not lead to any significant interference. In the presence of
these ions, the ﬁ@ still produced similar emission changes (Figure 11). These results
shown that the selectivity of sensertéward H3* was not affected by the presence of

other cations and suggested that it could be used as a fluorescent chemosenébr for Hg

800

Only S,

600

S,, S;+Hg, S +Hg+other ions
400 -

2004

Fluorescence intensity

T T 1
500 600 700

Wavelength(nm)
Figure 11 Fluorescence spectra of 8nd $-Hg”'in the presence of 15 equivalents of various
metal ions in DMSO/RD (PH=7.2, v/iv=6:4) HEPES buffered solution at pH 7.2, room
temperature.
The selectivity of §to H¢" was also examined over a wide range of pH values.
No apparent changes of the fluorescence spectra were observed, and the detection of

Hg?* can work well in the range of pH 2.0-10.0 (Figure 12).

15



NN

Fluorescence intensity
" )

o
- -
[]

Figure 12 Influence of pH on the fluorescence aftfy** in DMSO/H,0O (PH=7.2, vIv=6:4).

Excitation wavelength is 416 nm.
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Figure 13 Emission spectra showing the reversible complexation betweandHg" (5.0 equiv.)
by introduction of 1(10.0 equiv.).

The reversibility of the chemosensor function was tested by additiontofthe
mercury-sensor complex. Theibn is well-known to bind strongly to Hions®®
Addition of I to a solution of the SHgf* complex induced the opposite trend in the
fluorescent spectra to that observed on titration witf*Hgpon addition of 40
equivalents of| the optical fluorescence intensity returned to the levels observed for
the free compound¢SThe addition of [ to the $-Hg*" complex shows that the

process of titrating sensog ®ith Hgf* is reversible, and the reversible process could
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be repeated at several times with little fluorescent efficiency loss (Figure 13, 14).
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g

Figure 14 Fluorescence emission spectra gf(@uM) in the presence of H(15 equiv.) or 1

(40 equiv.) in DMSO/HO (PH=7.2, v/v=6:4) solution. The excitation wavelength was 416 nm.
Inset: photograph from left to right shows the change in the fluorescence ofspBiyHR’*" (15
equiv.) and SHg>" (15 equiv.) plus1(40 equiv.Jn DMSO/H,O (PH=7.2, v/v=6:4) solution on
excitation at 365 nm.

To investigate the practical application of chemosengae$t strips were prepared
by immersing filter papers into a DMSO solution @f(8.1 M) and then drying in air.
The test strips containings Svas utilized to sense Bigand other metal ions. As
shown in Figure (15), whehlig®* and the other ions were added on the test kits
respectively, the obvious color change was observed only with $ttution under
the 365nm UV lamp. And potentially competitive ions exerted no influence on the

detection of H§' by the test strips. Therefore, the test strips could conveniently detect

Figure 15 Photographs of ¢Son test papers (A) onlysS(B) after immersion into DMSOA®

Hg?" in solutions.
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(PH=7.2, v/v=6:4) solutions with Hfj C) after immersion into DMSO4® (PH=7.2, viv=6:4)
solutions with others ions, (D) after immersion into DMSEHPH=7.2, v/v=6:4) solutions with
Hg?* and other ions under irradiation at 365 nm.
4. Conclusion

A non-sulfur, recyclable sensors ®f mercury ions has been designed and
synthesized. The sensor was bearing 1H-Imidazo[4,5-b]Phenazine derivatives, which
shown brilliant fluorescent response for#gns in aqueous solution. The detection
limit of the sensor towards Hois 1.6x10° M, and other ions, including Ee C&",
Cw', Cd*, Ni**, Cdf*, P*, zn**, C**, and Md" had nearly no influence on the
probing behavior. Notably, this sensor serves as a recyclable component in sensing
materials. In addition, test strips based g@nw®re fabricated, which also exhibits a
good selectivity to HY as in solution. We believe the test strips could act as a
convenient and efficient Hgtest kit.
Acknowledgment

This work was supported by the National Natural Science Foundation of China (No.
21064006, 21262032 and 21161018), the Program for Changjiang Scholars and
Innovative Research Team in University of Ministry of Education of China (No.
IRT1177), the Natural Science Foundation of Gansu Province (No. 1010RJZA018),
the Youth Foundation of Gansu Prov-ince (No. 2011GS04735) and
NWNU-LKQN-11-32.
Supplementary data

These data include the Spectral data, MS data and copted* 3 NMR of the

18



compounds described in this article. Supplementary data associated with this article

can be found in the online version.

19



References

1. Harada, M. CritRev. Toxical1995, 25, 1-24.

2. (a8) Chen, C.; Wang, R. Y.; Guo, L. Q.; Fu, N. Y.; Dong, H. J.; Yuan, ©Ordr Lett.2011, 13,
1162-1165(b) Ruan, Y. B.; Maisonneuve, S.; XieQyes Pigm2011, 90, 239-241. (c) Qian, F.;
Zhang, C.; Zhang, Y.; He, W.; Gao, X.; Hu, P.; GuoJ 2Am Chem So@009, 131, 1460-1468.
(d) Aksuner, N.; Basaran, B.; Henden, E.; YilmaZDyes Pigm2011, 88, 143-150. (e) Liu, C.;
Zhou, Z. G.; Gao, Y.; Yang, H.; Li, B. G; Li, F. Y.; Huang, C.$ti China Chem2009, 52,
760-764.

3. (a) Yoon, S.; Albers, A. E.; Wong, A. P.; Chang, C.JJAm Chem Soc2005, 127,
16030-160301. (b) Nolan, E. M.; Lippard, SJAmM Chem So@007, 129, 5910-5918. (c) Zhu,
M.; Yuan, M.; Liu, X.; Xu, J.; Lv, J.; Huang, C.; Liu, H.; Li, Y.; Wang, S.; Zhu@g Lett.2008,

10, 1481-1485. (d) Chen, X.; Nam, S. W.; Jou, M. J.; Kim, Y.; Kim, S. J.; Park, S.; Y@arg, J.
Lett. 2008, 10, 5235-5238. (e) Suresh, M.; Mishra, S.; Mishra, S. K.; Suresh, E.; Mandal, A. K;
Shrivastav, A.; Das, AOrg Lett.2009, 11, 2740-2743. (f) Tian, M.; lhmels, Bhem Commun.
2009, 3175-3177.

4. (a) Yang, Y. K.; Yook, K. J.; Tae, JAm Chem So@005, 127, 16760-16761. (b) Shi, W, Ma,
H. Chem Commur2008, 1856-1858. (c) Lin, W.; Cao, X.; Ding, Y.; Yuan, L.; Long,Chem
Commun2010, 46, 3529-3531. (d) Kumar, M.; Kumar, N.; Bhalla, V.; Singh, H.; Sharma, P. R,;
Kaur, T.Org Lett.2011, 13, 1422-1425¢) Chen, X. Q.; Pradhan, T.; Wang, F.; Kim, J. S.; Yoon,
J.Chem Re\2012, 112,1910-1916.

5. (a) Wu, J. S.; Hwang, I. C.; Kim, K. S.; Kim, J.(&g Lett.2007, 9, 907-910. (b) Lee, M. H.;

Lee, S. W,; Kim, S. H.; Kang, C.; Kim, J. Srg Lett.2009, 11, 2101-2104.

20



6. (a) Song, K. C.; Kim, J. S.; Park, S. M.; Chung, K. C.; Ahn, S.; Chang,&gl.ett.2006, 8,
3413-3416. (b) Choi, M. G.; Kim, Y. H.; Namgoong, J. E.; Chang, £hem Commur2009,
3560-3562. (c) Namgoong, J. E.; Jeon, H. L.; Kim, Y. H.; Choi, M. G.; Chang,T®ti&hedron
Lett. 2010, 51, 167-169. (d) Jiang, W.; Wang, @hem. Commur2009, 3913-3915.

7. Winch, S.; Praharaj, T.; Fortin, D.; Lean, D.Ri Total Environ2008, 392, 242-251.

8. (a) Li, G.; Wu, Y. C.; Gao, J. K.; Wang, C. Y.; Li, J. B.; Zhang, HI @m Chem So@012,
134, 20298-20301. (b) Korzhenevskii, A. B.; Markova, L. V.; Efimova, S. V.; Koifman, O. |
Krylova, E. V. Russian Journal of General Chemist®205, 75, 980-984. (c) Amerl, A. M,;
Bahnasawil, A. A.; Mahran, M. R. H.; Lapib, Monatshefte fU r Chemi&999, 130, 1217-1226.
(d) Bahnasawy, A. A. E.; Ahwany, M. F. Phosphorus, Sulfur, and Silicon and the Related
Elements2007, 8, 1937-1944.

9. (a) Zhang, Y. M,; Lin, Q.; Wei, T. B.; Qin, X. P.; Li, €¢hem Commur2009, 45, 6074-6077.
(b) Zhang, Y. M.; Lin, Q.; Wei, T. B.; Wang, D. D.; Yao, H.; Wang, LSéns Actuators.B009,
137, 447-455. (c) Lin, Q.; Chen, P.; Liu, J.; Fu, Y. P.; Zhang, Y. M.; Wei, DyBs Pigm2013,

98, 100-107. (d) Wei, T. B.; Zhang, P.; Shi, B. B.; Chen, P.; Lin, Q.; Liu, J.; Zhang, Dyé&4.
Pigm 2013, 97, 297-302.

10. (a) Wei, T. B.; Chen, J. C.; Wang, X. C.; Yang, SCiem. J. Chin. UniM992, 13, 1217. (b)
Wang, J. X.; Chen, J. C.; Li, Z.Ghinese. Sci. Bulll966, 419, 58-63.

11. Lippert, E.; Luder, W.; Moll, F.; Nagele, H.; Boos, H.; Prigge AHgew Chem1961, 73,
695-706.

12. Li, Q. Q.; Peng, M.; Li, H.; Zhong, C.; Zhang, L.; Cheng, X. H.; Peng, X. N.; Wang, Q. Q.;

Qin, J. G,; Li, ZOrg Lett.2012, 14,2094-2097.

21



13. Liu, Y.; You, C.; Zhang, Hsupramolecular chemistry, molecular recognition and assembly of
synthetic receptorsTianjin: Nankai University Press; 2001; pp 613-616.

14.Li, S; Wang, D. X.; Wang, M. Xl etrahedron Letter2012, 53, 6226-6229.

15. Coronado, E, Galan-Mascaros, J. R.; Marti-Gastaldo, C.; Palomares, E.; Durrant, J. R.; Vilar,

R.; Gratzel, M.; Nazeeruddin, M. K.Am Chem So@005, 127, 12351-12356.

22



List of Figuresand schemes:

Figure 1 Fluorescence spectra of (85uM), .1 (25uM) or S, (25uM).

Figure 2 Fluorescence spectra of 8pon an excitation at 416 nm in DMSQM (PH=7.2,
viv=6:4) in the presence of Big(15 equiv.). Inset: photograph from left to right shows the change
in the fluorescence of;SS-Hg?" (15 equiv.) in DMSO/RO (PH=7.2, v/v=6:4).

Figure 3 (a) Fluorescence emission data for a 1:15 mixturesd25:M) and different metal ions:
1)only S, 2) FE€*, 3) HE", 4) C&", 5) C{", 6) CF*, 7) N#*, 8) Cd*, 9) PB*, 10) zif*, 11) CF*
and 12) M§"; as their perchlorate salts, in DMSQH (PH=7.2, v/v=6:4) solution. (excitation
wavelength = 416 nm). (b) Visual fluorescence emissions of segsdte®the addition of P&
Hg?*, c&*, cu*, o, Ni#*, cd*, PEF*, zr?*, CP* and Md* (15 equiv.) in DMSO/HO (PH=7.2,
v/v=6:4) on excitation at 365 nm using UV lamp at room temperature.

Figure 4 Fluorescence emission data for a 1:15 mixturesqf(35uM) and different metal ions:
1only S, 2) FE€*, 3) HE", 4) C&", 5) C{", 6) CF*, 7) N#*, 8) C&*, 9) PB*, 10) Zif*, 11) CF*
and 12) M§"; as their perchlorate salts, in DMSQH (PH=7.2, v/v=6:4) solution. (excitation
wavelength = 436 nm).

Figure 5 Fluorescence emission data for a 1:15 mixturesaf(35uM) and different metal ions:
1)only S, 2) F€*, 3) HE", 4) C&", 5) C{", 6) CF*, 7) N#*, 8) Cd*, 9) PB*, 10) zif*, 11) CF*
and 12) M§"; as their perchlorate salts, in DMSQH (PH=7.2, v/v=6:4) solution. (excitation
wavelength = 403 nm).

Figure 6 The Job’s plot examined between?Hgnd §, indicating the 1 : 1 stoichiometry for

Se-Hg?* clearly.

23



Figure 7 (a) Fluorescence spectra gf(35uM) in the presence of different concentration of Hg
(0-5.58 equiv.) in DMSO/LD (PH=7.2, v/iv=6:4). (b) A plot of fluorescence intensity depending
on the concentration of Ktjn the range from 0 to 5.58 equivalents.

Figure 8 IR spectra of compounds &nd $-Hg”" complex in KBr disks.

Figure 9 '"H NMR spectra (400 MHz, DMS@,) of free § and in the presence of Hgl’,
respectively.

Figure 10 The proposed structures qf f8r Hgf* and I ions.

Figure 11 Fluorescence spectra of &nd $-Hg?'in the presence of 15 equivalents of various
metal ions in DMSO/RD (PH=7.2, viv=6:4) HEPES buffered solution at pH 7.2, room
temperature.

Figure 12 Influence of pH on the fluorescence oftg** in DMSO/H,0O (PH=7.2, viv=6:4).
Excitation wavelength is 416 nm.

Figure 13 Emission spectra showing the reversible complexation betweandHg" (5.0 equiv.)

by introduction of 1(10.0 equiv.).

Figure 14 Fluorescence emission spectra gf(&uM) in the presence of H (15 equiv.) or 1

(40 equiv.) in DMSO/HO (PH=7.2, v/v=6:4) solution. The excitation wavelength was 416 nm.
Inset: photograph from left to right shows the change in the fluorescence ofspSiyHR’** (15
equiv.) and SHg*" (15 equiv.) plus1(40 equiv.Jn DMSO/HO (PH=7.2, v/v=6:4) solution on
excitation at 365 nm.

Figure 15 Photographs of ¢Son test papers (A) onlysS(B) after immersion into DMSO#4®
(PH=7.2, v/v=6:4) solutions with Hfj C) after immersion into DMSO4® (PH=7.2, viv=6:4)

solutions with others ions, (D) after immersion into DMSEHPH=7.2, v/v=6:4) solutions with
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Hg?* and other ions under irradiation at 365 nm.
Scheme 1 Tactics for the sensing of g

Scheme 2 Synthesis of compoundsg, ., and S
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Figure 1 Fluorescence spectra of @5uM), S.1 (25uM) or S, (25uM).
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Figure 2 Fluorescence spectra of 8pon an excitation at 416 nm in DMSQM (PH=7.2,
viv=6:4) in the presence of Big(15 equiv.). Inset: photograph from left to right shows the change

in the fluorescence 0f;SS-Hg?" (15 equiv.) in DMSO/KO (PH=7.2, v/iv=6:4).

26



800+
700 —-
600 —-
500 —-
400+
3004

200

Fluorescence intensity

100

3 S, Fe”, Ca™, Cu®, Co™ NI,
W Cd™, Pb™, Zn™, Cr, Mg™

SG+15equiv.ng’

T T
600 700

Wavelength(nm)

Figure 3 (a) Fluorescence emission data for a 1:15 mixturesd25:M) and different metal ions:

1)only S, 2) FE€*, 3) HE", 4) C&", 5) C{, 6) CF*, 7) N#*, 8) Cd*, 9) PB*, 10) zif*, 11) CF*

and 12) M§" as their perchlorate salts, in DMSQ@H (PH=7.2, v/v=6:4) solution. (excitation

wavelength = 416 nm). (b) Visual fluorescence emissions of segsdte®the addition of P&

Hg**, c&’, cu*, cd*, Ni**, cd*, PE*, zr®*, CP* and Md" (15 equiv.) in DMSO/HO (PH=7.2,

v/v=6:4) on excitation at 365 nm using UV lamp at room temperature.
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Figure 4 Fluorescence emission data for a 1:15 mixturesaf(85uM) and different metal ions:
1only S, 2) F€*, 3) HE", 4) C&", 5) Cd", 6) CF*, 7) N#*, 8) C&*, 9) PB*, 10) Zif*, 11) CF*
and 12) M§"; as their perchlorate salts, in DMSQ@H (PH=7.2, v/v=6:4) solution. (excitation

wavelength = 436 nm).
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Figure 5 Fluorescence emission data for a 1:15 mixturesof(85uM) and different metal ions:
1only S, 2) FE€*, 3) HE", 4) C&", 5) C{", 6) CF*, 7) N#*, 8) C&*, 9) PB*, 10) zif*, 11) CF*
and 12) M§"; as their perchlorate salts, in DMSQ@H (PH=7.2, v/v=6:4) solution. (excitation

wavelength = 403 nm).
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Figure 7 (a) Fluorescence spectra qf(85uM) in the presence of different concentration of Hg
(0-5.58 equiv.) in DMSO/KD (PH=7.2, viv=6:4). (b) A plot of fluorescence intensity depending

on the concentration of Kgjn the range from 0 to 5.58 equivalents.
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Figure 11 Fluorescence spectra of 8nd $-Hg?'in the presence of 15 equivalents of various
metal ions in DMSO/RD (PH=7.2, v/iv=6:4) HEPES buffered solution at pH 7.2, room
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(40 equiv.) in DMSO/HO (PH=7.2, v/v=6:4) solution. The excitation wavelength was 416 nm.
Inset: photograph from left to right shows the change in the fluorescence ofspSiyHR’*" (15
equiv.) and $Hg** (15 equiv.) plus1(40 equiv.in DMSO/H,O (PH=7.2, v/v=6:4) solution on

excitation at 365 nm.
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Figure 15 Photographs of ¢Son test papers (A) onlysS(B) after immersion into DMSO#4®
(PH=7.2, v/v=6:4) solutions with Hfj C) after immersion into DMSO4® (PH=7.2, viv=6:4)
solutions with others ions, (D) after immersion into DMSEHPH=7.2, v/v=6:4) solutions with

Hg®* and other ions under irradiation at 365 nm.
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Supporting Information
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Figure S1Absorbance spectra of 5 M) in DMSO/H,O (PH=7.2, v/iv=6:4) in the
presence of Hg (15 equiv.).
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Figure S2Absorbance spectra 0§.$(25 uM) in DMSO/H,0 (PH=7.2, v/v=6:4) in the
presence of Hg (15 equiv.).
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presence of Hg (15 equiv.).
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ESI-MS spectrum of $.1 compound

Generic Display Report

Analysis Info Acquisition Date  4/9/2013 18:09:38
Analysis Name  D:\Data\YANGY_MS\New\ZHANGPENG130409_3APCI.d

Method APCIMS.m Operator ESQ6K

Sample Name default Instrument esquire6000
Comment

Intens,
x108

408.4

1.50+

1.251

1.004

0.754

0.50+

0.25+

4365

’5.—
— 479.3

— 419.3

0.00 T L

L 3787
& 3017

w2916

200 00 500 600

T
miz

Bruker Daltonics DataAnalysis 3.4 printed: 4/9/2013 18:11:36 Page 1 of 1

S5




ESI-MS spectrum of $., compound
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'H NMR spectra of compound $
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'H NMR spectra of compound $.1
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'H NMR spectra of compound $.»
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13C NMR spectra of compound $
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13C NMR spectra of compound $.,
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