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ABSTRACT: A novel “turn-on” phosphorescent chemodosimeter based on a cyclometalated Ir(III) complex has been designed
and synthesized, which displays high selectivity and sensitivity toward Hg** in aqueous media with a broad pH range of 4—10.
Furthermore, by time-resolved photoluminescence techniques, some interferences from the short-lived background fluorescence
can be eliminated effectively and the signal-to-noise ratio of the emission detection can be improved distinctly by using the
chemodosimeter. Finally, the chemodosimeter can be used to monitor Hg*" effectively in living cells by confocal luminescence

imaging.

B INTRODUCTION

Mercury is one of the most hazardous species in nature. Due to
the wide application of mercury in industry and manufacturing,
the diffusion and environment contamination of mercury
species in nature has aroused considerable attention, which
can cause a wide variety of diseases even at very low
concentration, such as neurological damage, prenatal brain
damage, serious cognitive and motion disorders, and increased
risk of myocardial infarction.! For monitoring of the dispersal
of mercury species, various Hg**-sensing systems based on
fluorescent signal changes have been developed.” However, the
fluorescence signals from these probes often suffer from the
interference of autofluorescence and scattered light on
application in real-time environmental and biological milieus.
Fortunately, time-resolved photoluminescent techniques
(TRPTs) based on long-lifetime luminescent complexes, as a
promising tool, can effectively eliminate the undesirable short-
lived background fluorescence or scattering by introduction of
an appropriate time delay from pulsed excitation to the
acquisition of signals. Although luminescent lanthanide
complexes have an extraordinarily long luminescence lifetime
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on the order of milliseconds, most of them show a natural
limitation with higher excited energy, and the structural stability
still needs to be improved in complex test requirements.’
Recently, phosphorescent heavy-metal complexes with micro-
second-scale luminescence lifetimes have attracted ever-
increasing interest, and only a limited number of examples of
TRPTs combining sensing abilities have been reported.*
Therefore, the development of phosphorescent chemosensors
for rapid and accurate detection of Hg®* in complicated
aqueous environments or biological milieus is an important
goal.

As rapidly developing derivatives and highly sensitive optical
chemosensors, cyclometalated Ir(II) sensors are considered to
be excellent phosphorescent materials for bioimaging applica-
tions due to their larger Stokes shifts, long excited-state
lifetimes, prominent color tunability, and suitable excitation in
the visible region in comparison to most purely organic
fluorophors, which may be discriminated readily from the
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scattered light and/or shorter-lived background fluorescence
normally present in clinical samples and may permit the
implementation of time-gated techniques.” As a result, a variety
of cyclometalated Ir(III) complexes have been synthesized and
utilized as phosphorescent chemosensors for specific anions,’
metal cations,” amino acids,® and biomolecules.” To date, some
Hg*"-selective sensors based on cyclometalated Ir(III) com-
plexes have been synthesized and assessed in bioimaging. For
example, Hyun synthesized an aza crown ether appended
Ir(IlI) complex which exhibits notable phosphorescence
quenching for Hg®" in 50% acetonitrile aqueous solution. "
Huang, Zhao, and Li prepared a class of charge-neutral Ir(III)
complexes containing a sulfur atom that shows multisignaling
changes by Hg**-induced decomposition of Ir(IlI) complex
moieties to form a new solvent complex.'' Nabeshima
synthesized a cationic Ir(III) complex based on Hg**-promoted
thioacetal deprotection reaction which exhibits a ratiometric
response for Hg2+ in acetonitrile—water (98/2 v/ v).12 Although
these phosphorescent functional materials show potential
application and unique superiority, many Hg**-selective sensors
based on cyclometalated Ir(III) complexes act only in organic
media and some only exhibit phosphorescent quenching.
Moreover, their further application in time-resolved lumines-
cence assay and Dbiological imaging analysis is quite rare.
Therefore, it is worthwhile to address these issues by proposing
a novel design for developing various phosphorescent chemo-
sensors for Hg”* detection and effectively utilizing TRPT.

To get a better signal response, we attempted to develop the
chemodosimeter approach by irreversible chemical reactions to
give rise to sensitivity and selectivity. Herein we provide the
novel phosphorescent chemodosimeter [Ir(ppy),(L)](PF¢) (1;
ppy = 2-phenylpyridine, L = 1-(2-(1,10-phenanthrolin-$-
ylamino)ethyl)-3-phenylthiourea) (Scheme 1) as a new

Scheme 1. Synthetic Routes of Chemodosimeter 1 and
Cyclized Product 2
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advancement in the rapid detection of Hg** ions in aqueous
media. Our design is based on the well-known mercury-
promoted desulfation and intramolecular cyclic §uanylation of
thiourea reaction exploited by Tian and Kim."” For chemo-
dosimeter 1, a thiourea unit acting as a recognition moiety was
introduced into the phenanthroline ligand of the Ir(IIl)
complexes (signaling units) to provide a specific reaction site
for the Hg** ion. In the presence of Hg*, the thiourea unit of
Ir(IlI) complexes is cyclized to form an imidazoline moiety,

namely complex 2 (Scheme 1). The selectivity of phosphor-
escent chemodosimeter 1 for Hg®" was examined in
acetonitrile/HEPES buffer (10 mM, 4/6 v/v, pH 7.4) solutions,
and the recognition mechanism exhibiting the phosphorescence
response to Hg”* ions was established through theoretical
calculations and ESI mass and "H NMR spectra. The utility of 1
for Hg** sensing was demonstrated by the time-gated
acquisition of signals that were contaminated by fluorescent
Rhodamine 6G. Finally, a confocal laser scanning microscope
was used to visualize intracellular Hg® ions by enhancing
phosphorescence signals.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All reagents and solvents were
obtained commercially and used without further purification unless
otherwise noted. "H NMR and "*C NMR spectra were recorded on
JNM-ECS-400 MHz and Varian INOVA 600 spectrometers and
referenced to the solvent signals. Mass spectra (ESI) were performed
on Bruker Daltonics Esquire6000 and Bruker MicroTOF ESI-TOF
mass spectrometers. All pH measurements were made with a pH-10C
digital pH meter. Hg*" and various other cation ions were prepared by
dissolving their perchlorate salts in acetonitrile with a concentration of
10 mM.

Caution! Perchlorate salts are potentially explosive. All compounds
containing perchlorates should be handled with great care and in small
amounts.

Synthesis of N’-(1,10-Phenanthrolin-5-yl)ethane-1,2-dia-
mine (3). S-Amino-1,10-phenanthroline (0.96 g, 4.9 mmol) and 2-
bromoethylamine hydrobromide (1 g, 4.9 mmol) were dissolved in
1,4-dioxane (30 mL) . The mixture was stirred at 373 K for 10 h under
an argon atmosphere. The solvent was removed under reduced
pressure, the crude product was added to water (30 mL), and the pH
of the solution was adjusted to 9—10. The resulting aqueous phase was
extracted with CH,Cl, (100 mL X 3). Then, the solvent was removed
under vacuum to yield the yellow oily crude product. The crude
product was purified by silica gel chromatography with CH,Cl,/
MeOH (1/1 v/v). The latter eluent was concentrated by evaporation
and dried in vacuo, affording 3 as a yellow oily product. Yield: 0.76 g
(65%). "H NMR (400 MHz, CDCL,, § ppm): 8.81 (dd, ] = 4.3, 1.5 Hz,
1H), 8.59 (dd, J = 4.3, 1.7 Hz, 1H), 8.04 (dd, ] = 8.5, 1.5 Hz, 1H), 7.63
(dd, J = 8.1, 1.6 Hz, 1H), 7.16 (ddd, ] = 10.8, 8.2, 4.3 Hz, 2H), 6.22 (s,
1H), 5.12 (t, ] = 5.0 Hz, 1H), 2.97 (dd, J = 11.1, 5.3 Hz, 2H), 2.82 (t, ]
= 5.7 Hz, 2H), 1.61 (s, 2H). *C NMR (100 MHz, CDCl;, § ppm):
149.19, 145.98, 145.52, 145.29, 140.96, 133.16, 132.79, 130.04, 128.91,
128.63, 99.34, 99.04, 45.34, 39.91. ESI mass spectrum m/z: caled for
C,,H,,N,, 238.1218; found, 239.1071 [M + H]".

Synthesis of 1-(2-(1,10-Phenanthrolin-5-ylamino)ethyl)-3-
phenylthiourea (4). Phenyl isothiocyanate (0.27 g, 2.0 mmol) was
added dropwise to a solution of N’-(1,10-phenanthrolin-5-yl)ethane-
1,2-diamine (0.48 g, 2.0 mmol) in 30 mL of acetone which was stirred
and heated to 328 K. The reaction mixture was then stirred at that
temperature for S h. After it was cooled, the solution was filtered and
washed with ethanol, affording 4 as a pale orange solid. Yield: 0.46 g
(62%). '"H NMR (400 MHz, DMSO-dg, 5 ppm): 9.78 (s, 1H), 9.06
(dd, J = 42, 1.4 Hz, 1H), 8.73 (dd, J = 8.5, 1.5 Hz, 1H), 8.69 (dd, ] =
42, 1.6 Hz, 1H), 8.08 (dd, ] = 8.2, 1.6 Hz, 1H), 8.05 (s, 1H), 7.75 (dd,
J = 84, 43 Hz, 1H), 7.52 (dd, ] = 8.1, 4.3 Hz, 1H), 7.38 (dd, J = 8.5,
1.1 Hz, 2H), 7.35-7.27 (m, 2H), 7.16—7.07 (m, 1H), 6.89 (s, 1H),
6.69 (s, ] = 49 Hz, 1H), 3.93 (d, ] = 5.7 Hz, 2H), 3.54 (d, ] = 5.8 Hz,
2H). BC NMR (100 MHz, DMSO-d;, § ppm): 180.57, 150.49,
149.67, 149.41, 145.68, 138.92, 135.79, 128.76, 128.04, 124.43, 123.39,
122.82, 120.34, 117.37, 101.54, 42.22, 41.90. ESI mass spectrum m/z:
caled for C,H gN;S, 373.1; found, 374.3 [M + H]".

Synthesis of [Ir,(ppy),Cl,] (5). The chloro—bridged dimer
[Ir,(ppy)4Cl,] was synthesized according to the literature.'* A mixture
of 2-ethoxyethanol and water (3/1 v/v) was placed in a flask
containing IrCl;-3H,0 (0.71 g, 2 mmol) and 2-phenylpyridine (0.68 g,
4.4 mmol). The mixture was heated under reflux for 24 h. After the
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mixture was cooled to room temperature, the yellow solid precipitate
was filtered to give the crude cyclometalated Ir(III) chloro-bridged
dimer. Yield: 0.95 g (89%).

Synthesis of Complex 1. A mixture of the cyclometalated Ir(III)
chloro-bridged dimer [Ir,(ppy),Cl,] (206 mg, 0.192 mmol) and 1-(2-
(1,10-phenanthrolin-5-ylamino)ethyl)-3-phenylthiourea (144 mg,
0.384 mmol) in S0 mL of CH,Cl,/MeOH (1/1 v/v) was refluxed
under an inert atmosphere of argon in the dark for 24 h. The solution
was then cooled to room temperature, and NH,PF, (1.92 mmol) was
added to the solution. The mixture was evaporated to dryness, and the
solid was dissolved in CH,Cl, and purified by column chromatography
on silica gel. The desired product was eluted with CH,Cl,/MeOH
(100/1 v/v) and subsequently recrystallized from CH,Cl,/n-hexane.
Complex 1 was isolated as yellow crystals. Yield: 320 mg (82%). 'H
NMR (400 MHz, DMSO-d,, § ppm): 9.73 (s, 1H), 9.11-9.04 (m,
1H), 8.38 (dd, J = 7.1, 2.7 Hz, 1H), 825 (d, ] = 8.3 Hz, 2H), 8.19—
8.14 (m, 1H), 8.02 (dd, J = 8.6, 5.1 Hz, 1H), 7.94 (dd, J = 7.3, 4.8 Hz,
3H), 7.88 (t, ] = 7.8 Hz, 2H), 7.75 (dd, ] = 8.3, 3.8 Hz, 2H), 7.46 (t, ]
= 5.3 Hz, 3H), 7.37—7.25 (m, 4H), 7.16—7.09 (m, 1H), 7.03 (qd, ] =
7.3, 1.1 Hz, 4H), 6.94 (qd, = 7.5, 1.2 Hz, 2H), 628 (dd, ] = 12.7, 6.8
Hz, 2H), 3.92 (d, ] = 1.3 Hz, 2H), 3.62 (dd, ] = 11.5, 6.0 Hz, 2H). *C
NMR (150 MHz, DMSO-d,, § ppm): 180.53, 166.94, 166.86, 150.74,
150.24, 149.02, 148.78, 146.99, 145.12, 144.03, 143.95, 140.08, 138.61,
135.31, 133.36, 133.12, 131.29, 131.16, 130.13, 128.86, 126.86, 125.73,
125.05, 124.60, 124.38, 123.78, 123.51, 122.27, 119.89, 98.57, 42.75,
41.96. ESI mass spectrum m/z: caled for C3H3N,SIrPF,, 1018.4;
caled for [C,3H3sN,SIr]*, 874.2; found, 874.3 [1 — PF,]".

Synthesis of Complex 2. Complex 1 (81 mg, 0.08 mmol) and
Hg(ClO,),-3H,0 (36 mg, 0.08 mmol) were stirred in acetonitrile (20
mL) for 10 h at room temperature. The solid that formed was
removed by filtration. The solution was concentrated by evaporation.
The product was purified by silica gel column chromatography with
CH,Cl,/MeOH (100/1 v/v). The eluent was concentrated, and the
residue was subsequently recrystallized from CH,Cl,/n-hexane.
Complex 2 was isolated as yellow crystals. Yield: 67 mg (85%). 'H
NMR (400 MHz, DMSO-d, 3 ppm): 10.07 (s, 1H), 9.11 (d, J = 8.1
Hz, 1H), 8.93 (s, 1H), 8.80 (s, 1H), 8.29 (d, ] = 5.9 Hz, 4H), 8.14
(ddd, J = 20.9, 7.9, 5.3 Hz, 2H), 7.97 (d, ] = 7.8 Hz, 2H), 7.90 (t, ] =
7.8 Hz, 2H), 7.43 (m, 7H), 7.14—6.94 (m, 6H), 6.28 (d, ] = 7.5 Hz,
2H), 4.40 (s, 1H), 4.25 (s, 1H), 3.96 (s, 2H). ESI mass spectrum m/z:
caled for C,3H33N,IrPFg, 985.2068; caled for [C,3H;3N,Ir]*, 840.2427;
found, 840.2405 [1 — H,S — PF,]*.

UV-Vis Absorption and Phosphorescence Spectral Studies.
UV—vis absorption spectra were recorded on a Jena SPECORD 50
PLUS UV/vis spectrophotometer. Phosphorescence spectra were
measured using a Hitachi F-7000 spectrofluorophotometer equipped
with a xenon lamp, 1.0 cm quartz cells, and 5.0/10.0 nm slits. For all
measurements with 1, the excitation wavelength was chosen as 380 nm
and all spectra were recorded at 25 °C. The luminescence lifetime was
determined on an Edinburgh FLS920 time-correlated pulsed single-
photon-counting instrument. Luminescence quantum yields at room
temperature were measured by the optically dilute method"® with an
aerated aqueous solution of [Ru(bpy);]Cl, (@, = 0.028) as the
standard solution”""'® and by using the equation

DuAsnuZ
®, = g
\ DSAUnS

where @ is the quantum yield, D is the integrated area of the emission
spectrum, A is the absorbance at the excitation wavelength, n is the
refractive index of the solution, and the subscripts u and s refer to the
unknown and the standard, respectively.

Time-Resolved Luminescence Detection. Time-resolved emis-
sion spectra (TRES) were performed through a time-correlated single
photon counting (TCSPC) technique by using a FLS920 instrument
(Edinburgh, UK.) with an LED laser (360 nm) as the excitation
source. The luminescence signal from 450 to 780 nm was collected
and recorded with a R928-P instrument at a step size of 5 nm. The
TRES experiment was performed in duplicate using freshly prepared
samples. In order to exhibit the emission peaks of the complex and

Rhodamine 6G (as a typical fluorescent interference) simultaneously,
different concentrations of 1 (50 yM) and Rhodamine 6G (1 M)
were used and mixed in acetonitrile (air-equilibrated) because of the
stronger fluorescence of Rhodamine 6G. Delayed photoluminescence
spectra acquired after 100 ns would eliminate most of the fluorescence
from Rhodamine 6G. Thus, a photoluminescence spectrum at 100 ns
delay was chosen and compared with the total photoluminescence
spectrum.

Theoretical Calculations. Calculations were performed using the
Gaussian 09 suite of programs.'” The ground-state structures of the
complexes were optimized using density functional theory (DFT) with
Becke’s three-parameter hybrid functional with the Lee—Yang—Parr
correlation functional (B3LYP)'® and 6-31+G(d)/LanL2DZ basis set.
The LanL2DZ basis set was used to treat the iridium atom,'® whereas
the 6-31+G(d) basis set was used to treat all other atoms.”® The
excited-state-related calculations were carried out with time-dependent
density functional theory (TD-DFT) with the optimized structure of
the ground state (DFT 6-31+G(d)/ LanL2DZ).*' Fifteen singlet
absorptions and three triplet emissions were obtained to determine the
vertical excitation energies for 1 and 2 in acetonitrile using the time-
dependent DFT (TD-DFT) calculations, respectively. The polarized
continuum model method (CPCM) with acetonitrile as solvent was
used to calculate all electronic structures in solution.*> There are no
imaginary frequencies in the frequency analysis of all calculated
structures; therefore, each calculated structure expresses an energy
minimum. To understand the nature of the excited state, the orbital
analyses of the complexes were also performed. The contours of the
HOMOs and LUMOs were plotted.

Cell Culture and Cytotoxicity Tests. SMMC-7721 cells were
grown in RPMI-1640 medium supplemented with 10% heat-
inactivated fetal calf serum and 1% penicillin/streptomycin. Cells (S
x 10% L) were plated on 18 mm glass coverslips and allowed to
adhere for 24 h at 37 °C under a humidified atmosphere containing
5% CO,. Then cells were treated with 1 (10 M) and incubated for 30
min. Subsequently, the cells were treated with 100 uM Hg(ClO,),
3H,O0 for another 30 min. The cells were rinsed with PBS three times
to remove free compound and ions. SMMC-7721 cells only incubated
with 10 uM 1 for 30 min acted as a control.

Standard 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bro-
mide (MTT) assay procedures were used to test the cytotoxicity of
complex 1. SMMC-7721 cells were placed in 96-well microassay
culture plates (1 X 10* cells per well) and grown for 24 hat 37 °Cin a
5% CO, incubator. Complex 1 was then added to the wells to achieve
final concentrations of 5, 10, 25, and 50 uM. Control wells were
prepared by addition of culture medium (100 yL). The plates were
incubated at 37 °C in a 5% CO, incubator for another 24 h. Upon
completion of the incubation, stock MTT dye solution (20 uL, S mg/
mL) was added to each well. After 4 h, dimethyl sulfoxide (150 uL)
was added to solubilize the MTT formazan. An enzyme-linked
immunosorbent assay (ELISA) reader (Bio-Rad, Model 550) was used
to measure the OD570 (absorbance value) of each well referenced at
655 nm. Each experiment was repeated at least three times to obtain
the mean values.

Confocal Luminescence Imaging. Confocal luminescence
images of SMMC-7721 cells were carried out on an Olympus
FV1000 laser scanning confocal microscope and a 100X oil-immersion
objective lens. Emission was collected at 510—610 nm for the SMMC-
7721 cells.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic route to
chemodosimeter 1 is depicted in Scheme 1. First, the 1,10-
phenanthroline ligand linked to a thiourea unit was synthesized
through the nucleophilic substitution of 5-amino-1,10-phenan-
throline with 2-bromoethylamine hydrobromide, which was
subsequently reacted with phenyl isothiocyanate. The chloro-
bridged dinuclear cyclometalated Ir(III) precursor
[Ir,(ppy)4CL,] was obtained according to a method described
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in the literature. Then, substitution of the chlorides in
[Ir,(ppy)4Cl,] with the thiourea-appended phenanthroline
ligand was performed, followed by metathesis with NH,PF
to afford chemodosimeter 1. To make sure the mercury-
induced intramolecular cyclic guanylation of the thiourea
moiety occurred, 2 was isolated from the reaction of 1 with 1
equiv of Hg(ClO,), in acetonitrile at room temperature. The
compounds were efficiently synthesized and fully characterized
(see the Supporting Information).

Photophysical Properties. The absorption and emission
spectra of chemodosimeter 1 and isolated product 2 in
acetonitrile solutions are shown in Figure 1. The UV—vis

It is worth mentioning that chemodosimeter 1 exhibited a
large Stokes shift (>180 nm), which is larger than that of a
conventional fluorescence probe whose Stokes shift is only 20—
30 nm. The large Stokes shift can be used for eliminating the
interference from scattered light.

Selectivity and Cation-Competitive Experiments. The
metal ion recognition capability of chemodosimeter 1 was
systematically carried out for diverse metal ions in acetonitrile/
HEPES buffer (10 mM, 4/6 v/v, pH 7.4) solutions. Variations
of emission spectra of 1 (10 M), recorded within S min after
the addition of 10 equiv of these common metal ions, are
displayed in Figure 2a. Only the addition of Hg*" ion could
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Figure 1. UV—vis absorption (dash lines) and emission (solid lines)
spectra of 1 (blue) and 2 (red) in acetonitrile. Conditions: [1] = [2] =
10 uM, A, 380 nm.

absorption spectra of the two complexes both displayed intense
absorption bands with extinction coefficients on the order of
~10° dm® mol™" cm™ in the wavelength region shorter than
320 nm, which were assigned to the spin-allowed ligand-
centered ('LC) transitions. In addition, a moderately intense
absorption band at about 320—480 nm with extinction
coefficients (g) of ~10* dm>® mol™ cm™, which could be
assigned to an overlap of the spin-allowed metal-to-ligand
charge-transfer transition (‘MLCT, dz(Ir) — #*(ppy and L)),
ligand-to-ligand charge-transfer transition ('LLCT, #(ppy) —
7*(L)) and intraligand charge-transfer transition ('ILCT, z(L)
— 7*(L) and z(ppy) — #*(ppy)), as confirmed by TD-DFT
calculations (Figures S1 and S2 and Tables S1—S4, Supporting
Information).

In the phosphorescence spectrum, chemodosimeter 1 (10
uM) exhibited a weak and single emission band at ca. S60 nm
at ambient temperature. The weak emission comes mainly from
a ’ILCT excited state, which was further confirmed by the TD-
DFT calculations (Figure S3 and Tables S5 and S6, Supporting
Information). In air-equilibrated acetonitrile, the quantum yield
(@) of 1 was measured to be 0.003 and the average
lifetimes>® monitored at 560 nm were measured to be 7 = 390
ns. In contrast, isolated product 2 displayed a stronger emission
with quantum yields of 0.019 in air-equilibrated acetonitrile.
The stronger emission was attributed to an admixture of
MLCT (dz(Ir) — z*(L)) and LLCT (#(ppy) — #*(L)),
which was further confirmed by the TD-DFT calculations
(Figure S4 and Tables S7 and S8, Supporting Information). In
addition, the average lifetime monitored at 573 nm of 2 in air-
equilibrated acetonitrile was also measured to be 7 = 93 ns,
which is suitable for time-resolved luminescent detection.
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Figure 2. (a) Luminescence spectra of 1 (10 #M) upon the addition of
various metal ions (Li*, Na¥, K*, Mg**, Ca*, AI**, Fe**, Co*, Ni*/,
Cu®, Cr*, Pb**, Cd*, Ag*, Mn**, Zn®*, and Hg?*) within 5 min in
acetonitrile/HEPES buffer (10 mM, 4 6 v/v, pH 7.4) solutions. (b)
Relative luminescence intensities of 1 (10 #M) in acetonitrile/HEPES
buffer (10 mM, 4/6 v/v, pH 7.4) solutions at 560 nm. Black bars
represent addition of 10 equiv of various metal ions to the solution,
and red bars represent addition of 10 equiv of Hg* and 10 equiv of
various metal ions to the solution. Conditions: 4., 380 nm.

cause a prominent emission enhancement with slight red shift
in their emission maxima, whereas very weak variations in the
emission spectra of 1 were observed upon addition of other
metal ions, such as Li*, Na¥, K¥, Mg**, Ca**, AI**, Fe**, Co*',
Ni*, Cu*, Cr**, Pb**, Cd*, Ag’, Mn*", and Zn**. Therefore,
chemodosimeter 1 displayed a turn-on phosphorescence
response and high selectivity in sensing Hg2+ ion. Moreover,
cation-competitive experiments were also carried out by adding
Hg*" ion to solutions of 1 in the presence of other metal ions.
As shown in Figure 2b, whether in the absence or in the
presence of the other metal ions, obvious spectral changes were
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observed for 1 only upon addition of Hg?* ion. The results
indicate that the sensing of Hg*" ion by 1 is hardly affected by
these commonly coexistent ions.

Hg(ll) Titration Experiments. Efforts were then made to
understand the spectral changes of 1 and nature of the
mercury-induced response. The emission spectral changes of 1
(10 uM) were measured with different concentrations of Hg*"
(0—20 uM) in acetonitrile/HEPES buffer (10 mM, 4/6 v/v,
pH 7.4) solutions. As shown in Figure 3a, with continuous
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Figure 3. (a) Luminescence spectra of 1 (10 M) upon titration with
Hg** (0—20 M) in acetonitrile/HEPES buffer (10 mM, 4/6 v/v, pH
7.4) solutions. Inset: titration curve of 1 with Hg**. (b) Luminescence
linear changes of 1 (10 #M) upon titration with Hg** (0—10 uM) in
acetonitrile/HEPES buffer (10 mM, 4/6 v/v, pH 7.4) solutions at S60
nm.

addition of Hg2+ into 1, a weak emission band at 560 nm
underwent a ca. 6-fold enhancement and the emission intensity
increased linearly with the amount of Hg*" in the range 0—10
uM (Figure 3a, insert), suggesting that the mercury-promoted
cyclic guanylation of the chemodosimeter has a 1/1
stoichiometry and a new species is only produced during the
titration. From the linear equation (Figure 3b), the detection
limit for Hg** was calculated to be 6.6 ppb at a signal to noise
ratio (S/N) of 3, which is much lower than that for many
reported Hg“ sensors based on cyclometalated Ir(III)
complexes'”">** and shows that 1 is a promising tool for the
quantitative determination of ngJr concentration.

Response Time Experiments. For a chemodosimeter, the
emission response time depends on the rate of the reaction
between the dosimeter molecule and the target species. Thus,
the reaction kinetics for the time-dependent dosimetric
response was evaluated between 1 and Hg** to shorten the
reaction time and improve the detection efficiency. As shown in

Figure 4, the time needed for the emission intensity of 1 (10
UM) to gradually reach a stable state at 560 nm was obviously
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Figure 4. Time course of the luminescence response of 1 monitored at
560 nm over time with the addition of Hg** ions (0, 0.2, 0.4, 0.6, 0.8,
1.0, 2.0, 10 equiv) in acetonitrile/HEPES buffer (10 mM, 4/6 v/v, pH
7.4) solutions. Conditions: 1., 380 nm, 4., 560 nm, [1] = 10 uM.

shortened with an increase in the ratio [Hg?*]/[1] in
acetonitrile/HEPES buffer (10 mM, 4/6 v/v, pH 7.4) solutions.
When the concentration ratio [Hg**]/[1] was more than 1/1,
the progress curve of the kinetic analysis clearly demonstrated
that the emission intensity of 1 quickly increased in the first 2
min and reached a relative maximum within S min, suitable for
rapid Hg*" detection.

Effects of the pH. In addition, the effect of pH on the
emission of 1 and the 1—Hg”" system was also investigated in
acetonitrile/water (4/6 v/v) solutions (Figure S). There was no

3000+
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Figure S. Luminescence intensity of 1 (10 gM) at 560 nm in the
absence and presence of 10 equiv of Hg** as a function of pH in
acetonitrile/water (4/6 v/v) solutions. Conditions: 4., 380 nm.

dramatic spectral change for chemodosimeter 1 at a variety of
pH values, but it was still highly sensitive and stable for Hg*"
within the pH range 4—10, within which range most biological
samples (5.25—8.93) can be tested. Chemodosimeter 1 failed
to respond to Hg*" ions at lower pH, which might be due to the
protonation of the 1,10-phenanthroline group and the
decomposition of the Ir(IlI) complex. However, the lack of
response to Hg*" at higher pH was mainly because the Hg*" ion
had been hydrolyzed. Considering the excellent sensing
performances of chemodosimeter 1 in solution, it is possible
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that 1 could be used in living cells without interference from
pH effects.

Density Functional Theory (DFT) Calculations. To
further understand the response mechanism and phosphor-
escence properties, time-dependent DFT (TD-DFT) calcu-
lations for 1 and cyclized product 2 were performed to estimate
the corresponding transition energy. The ground-state geo-
metries of the two complexes were first optimized, and the low-
lying singlet—singlet transitions based on the optimized S, state
geometry revealed that the excitations of 1 and 2 could be
mainly assigned to an overlap of 'LLCT/'MLCT/'ILCT,
supported by UV—vis spectral profiles in the absorption around
320—480 nm, which implies that their different substituents
give inappreciable changes in absorbance features for both
complexes (Figures S1 and S2 and Table S1—S4, Supporting
Information).

For calculated emission transitions, the distributions of the
molecular orbitals and the calculated data are compared in
Figure 6 and Table 1. In chemodosimeter 1, the triplet
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Figure 6. HOMO and LUMO distributions of complexes 1 and 2
corresponding to calculated triplet transitions.

excitations for 1 corresponding to the low-lying triplet—triplet
transitions (S57 nm) originate from HOMO — LUMO (36.5%
contribution) and HOMO — LUMO+1 (63.5% contribution).
As shown in Figure 6 and Table SS (Supporting Information),
the calculated HOMO of 1 is mainly localized on the
phenanthroline ligand (61.92%) and thiourea group
(26.10%), while the calculated LUMO and LUMO+1 of 1
are primarily localized on the phenanthroline ligand (91.42 and
91.59%, respectively). Hence, the inefficient phosphorescence
emission of chemodosimeter 1 may be attributed to the *ILCT
(z(L) - =*(L)) state, dominated by the electron transfer from
the thiourea group to phenanthroline in part. For cyclized
product 2, the triplet excitations corresponding to the low-lying
triplet—triplet transitions (563 nm) mainly originate from the
HOMO — LUMO+1 (96.4% contribution). The distribution
of LUMO+1 is similar to that of LUMO+1 of 1 and is mainly
localized on the phenanthroline ligand (93.99%). However, the
distribution of the HOMO of 2 is significantly different from
that of 1 and resides on the Ir(II) center (34.18%) and

phenylpyridine ligands (47.84%) (Table S7, Supporting
Information). Thus, an admixture of 3MLCT (dz(Ir) —
7*(L)) and *LLCT (z(ppy) — #*(L)) is responsible for the
triplet—triplet transitions of 2, improving the phosphorescent
efficiency of the Ir(Ill) complex. Therefore, the significant
enhancement in emission intensity for 2 may arise from a less
nonradiative process in the rigid molecular structure and the
variation of transition characters.”> Accordingly, a turn-on
phosphorescent probe for sensing Hg?* based on Ir(IIl)
complex has been realized.

Mechanism of the Sensing of Hg(ll). ESI mass spectral
changes of 1 in the absence and presence of Hg®" ion were
employed to provide direct evidence. The chemodosimeter 1
displayed a characteristic peak of [1 — PF4]* at m/z 874.3.
However, after the addition of Hg*" ion, the peak completely
disappeared and a new peak arose at m/z 840.2405 assigned to
[1 — PF — H,S]*. By reacting 1 with 1 equiv of Hg*" at room
temperature, '"H NMR spectra of the isolated product 2 were
measured. Two peaks corresponding to N—H groups in the
thiourea unit of 1 disappeared and another N—H group in the
thiourea unit at § 9.73 ppm shifted downfield (Figure S6,
Supporting Information). In addition, the chemical shifts of two
methylene groups were all shifted downfield and one of them
was split, supporting the Hg*'-triggered desulfurization reaction
and cyclization of the chemodosimeter 1 to form a rigid
structure. Thus, a mechanism for the reaction of 1 with Hg2+ is
depicted in Scheme 2.

Scheme 2. Proposed Mechanism for the Hg**-Induced
Intramolecular Cyclic Guanylation of the Thiourea Moiety

PR
@ o s
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Application in Time-Resolved Luminescence Assays.
In practical applications, the validity and accuracy of the
chemsensors encounter inevitable interference with undesirable
scattered light and/or shorter-lived background fluorescence.
The most attractive merit of 1 is the long emission lifetime of
its phosphorescent signal. For chemodosimeter 1, the average
lifetime monitored at 560 nm was 7 = 390 ns, which is long
enough to do TRES experiments. To demonstrate the
advantage of 1, the fluorescent dye Rhodamine 6G, with a
short emission lifetime of 3.66 ns (1 X 107 mol L™') in

Table 1. TD-DFT Calculations for the Triplet Transition and MO Contributions of 1 and 2 in Acetonitrile

complex state transition
1 T, HOMO — LUMO
HOMO — LUMO+1
2 T, HOMO — LUMO+1

contribution/% E/nm (eV) assignment
36.5 557 (2.23) SILCT
63.5 SILCT
96.4 563 (2.20) SMLCT/3LLCT
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Figure 7. (a) Steady-state photoluminescence of chemodosimeter 1 containing Rhodamine 6G in the absence and presence of Hg*". (b, c) Time-
resolved emission spectra of a mixture of chemodosimeter 1 and Rhodamine 6G before (b) and after (c) addition of Hg®". (d) Time-gated
photoluminescence spectrum acquired after a 100 ns delay of chemodosimeter 1 containing Rhodamine 6G in the absence and presence of Hg™".

Conditions: [1] = 50 uM, [Rh 6G] = 1 uM, [Hg*"] = 250 uM.

acetonitrile,?® was selected as a typical signal interference,
whose emission can significantly overlap with the phosphor-
escence of 1 (Figure S7, Supporting Information). The steady-
state photoluminescence spectra were recorded as shown in
Figure 7a. As shown in Figure 7a, under 380 nm excitation, the
obvious maximum emission at 550 nm was assigned to the
strongly fluorescent Rhodamine 6G and the phosphorescence
emission of probe 1. When Hg** (5 equiv) was added, the
fluorescence interference at 550 nm from Rhodamine 6G still
existed and there was no obvious change in the steady-state
emission spectra, which indicates the strong interference of
background fluorescence to Hg** sensing. Then, the time-
resolved emission spectra (TRES) of a mixture of 1 (50 uM)
and Rhodamine 6G dye (1 uM) at room temperature were
measured before and after addition of Hg*" (Figure 7b,c). The
time-gated photoluminescence spectrum acquired after a 100 ns
delay of the mixture effectively removed most of the
background fluorescence from Rhodamine 6G, though the
emission at 550 nm belonging to Rhodamine 6G still remained,
which might be due in part to energy transfer from Ir(III)
complex 1 with a long-lifetime weak luminescence to the
Rhodamine 6G. After addition of Hg*', the emission intensity
was enhanced significantly in TRES, which realizes the time-
resolved luminescence turn-on response to H‘g2+ (Figure 7d).
Although the technique suffers from low brightness because

11504

parts of the intensities will be lost by the time-gated removal, it
is worth noting that these results exhibit the advantage of long-
lifetime phosphorescence in eliminating the interference of
background fluorescence and improving the signal-to-noise (S/
N) ratio.

Application in Intracellular Hg(ll) Imaging. The ability
of 1 to detect Hg*" within living SMMC-7721 cells was further
tested by confocal luminescence imaging on the basis of the
excellent sensing performance of 1 in aqueous solution. The
human hepatoma cells (SMMC-7721) treated with 10 uM 1
alone for 30 min at 37 °C exhibited very weak emission (Figure
8a). Bright-field measurements after the treatment with 1
confirmed that the cells were viable throughout the imaging
experiments. Overlays of confocal luminescence and bright-field
images demonstrated that the luminescence was evident in the
cytoplasm over the nucleus and membrane. When the 1-treated
cells were then exposed to 100 uM Hg** for 30 min at 37 °C,
the whole cell displayed marked luminescence enhancement,
which was clearly demonstrated by visual colors that match
different luminescence intensities in the corresponding stained
locations. Therefore, obvious luminescence changes indicated
that 1 had good cell membrane permeability and can be applied
to Hg*" ion in the living cells, which is valuable for studying the
uptake, bioaccumulation, and bioavailability of Hg** in living
organisms. In addition, to demonstrate the bioimaging

dx.doi.org/10.1021/ic501417s | Inorg. Chem. 2014, 53, 11498—11506
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Figure 8. Confocal luminescence images of SMMC-7721 cells: (a)
SMMC-7721 cells incubated with 1 (10 M) for 30 min at 37 °C; (b)
SMMC-7721 cells incubated with 1 for 30 min and then further
incubated with 100 uM Hg** for 30 min at 37 °C. The color bar
indicates intensity values.

usefulness, the cytotoxic activity of 1 against SMMC-7721 cells
has been determined by using an MTT assay (Figure S8,
Supporting Information). Although complex 1 at higher
concentration (>25 uM) will kill the cell, the cell viability of
the complex for SMMC-7721 cells remains above 80% upon
incubation with 1 at the concentration (10 uM) of the cell
imaging experiment for 24 h. When the concentration of 1 was
S uM, the cell viability remained above 90%, which suggests
that the chemodosimeter 1 has lower cytotoxicity at low
concentration. The potential anticancer activity of complex 1 at
high concentration will be investigated in the future.

B CONCLUSION

In conclusion, we have rationally employed the “chemo-
dosimeter approach” to develop a new phosphorescent probe
based on a cyclometalated Ir(III) complex, which utilizes an
irreversible Hg**-promoted desulfurization and cyclization
reaction of the thiourea unit. The chemodosimeter exhibited
a rapid turn-on phosphorescent response toward Hg*" that was
highly sensitive in aqueous media with a broad pH range of 4—
10. Importantly, the utilization of the long emission lifetime and
the time-resolved luminescent assay of chemodosimeter 1 for
Hg*" ions was developed successfully, which could eliminate
effectively the interference from the short-lived fluorescence
and improve distinctly the signal-to-noise ratio of the detection
so that it is very helpful for the further design of excellent
probes suitable for time-resolved photoluminescence techni-
ques. Furthermore, the chemodosimeter 1 has been successfully
used for bioimaging by using a confocal laser scanning
microscope, which may be favorable for biological applications
to monitor and research effectively Hg?* in living cells.
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