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ABSTRACT: In this work, a neutral iridium(Ill) complex
[Ir(bt),(acac)] (Hbt = 2-phenylbenzothiazole; Hacac = acet-
ylacetone) has been realized as a Hg(II)-selective sensor
through UV—vis absorption, phosphorescence emission, and
electrochemical measurements and was further developed as a
phosphorescent agent for monitoring intracellular Hg(II).
Upon addition of Hg(II) to a solution of [Ir(bt),(acac)], a
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noticeable spectral blue shift in both absorption and phosphorescent emission bands was measured. 'H NMR spectroscopic titration
experiments indicated that coordination of Hg(1I) to the complex induces fast decomposition of [Ir(bt),(acac)] to form a new
complex, which is responsible for the significant variations in optical and electrochemical signals. Importantly, cell imaging
experiments have shown that [Ir(bt),(acac)] is membrane permeable and can be used to monitor the changes in Hg(II) levels

within cells in a ratiometric phosphorescence mode.

B INTRODUCTION

Cyclometalized iridium(III) complexes that possess a
d%electron configuration show strong spin—orbit coupling,
efficient intersystem crossing from the singlet excited state to
the triplet manifold, as well as an enhancement of the T, —S,
transition, thereby displaying efficient phosphorescent emission
at room temperature.”” Due to their rich excited states, these
iridium(I1T) complexes show unique photophysical properties,
such as significant Stokes shifts for easy separation of excitation
and emission and relatively long lifetimes compared to purely
organic luminophores for eliminating fluorescent backgrounds
by time-gated technology.® Therefore, in recent years, phospho-
rescent iridium (III) complexes have been applied in the fields of
chemosensors,476 biolabeling, and bioimaging.779 For example,
Lo’s group and our group independently reported approximately
50 phosphorescent iridium(III) complexes suitable for cellular
imaging; some of these are capable of staining compartments
within living cells.® '° The effects of charge and lipophilicity on
the celluar uptake of the iridium complexes were investigated in
detail. Since positively charged compounds can generally traverse
cell membranes more easily, this prior research focused exclu-
sively on cationic iridium complexes. In addition, most of the
reported chemosensors based on iridium(III) complexes can
detect analytes in solution but not in biological samples.

Combinations of the recognition properties of chemosensors
and the monitoring capability of bioimaging based on phospho-
rescent iridium(III) complexes have rarely been reported. To date,
there has been only one example of such of phosphorescent cationic
iridium(III) complexes to monitor cysteine/homocysteine in
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living cells reported by us.'® We are interested in developing the
potential application of neutral phosphorescent iridium(III)
complexes for cell imaging and intracellular detection. In the
work described herein, we synthesized a neutral phosphorescent
iridium(II1) complex [Ir(bt),(acac)] (Ir-1, Hbt = 2-phenylben-
zothiazole, Hacac = acetylacetone, Scheme 1) containing sulfur
atoms and found that it can enter the living cells and monitor
intracellular Hg(II). The photophysical and electrochemical
properties of Ir-1 have been investigated in the absence and
presence of Hg(II) ions, and the complex showed an obvious
blue shift in its absorption and emission spectra upon addition of
Hg(II). Furthermore, internalization of Ir-1 into the living cells
was investigated, and monitoring intracellular Hg(II) has been
achieved with ratiometric luminescence bioimaging. For com-
parison, two other cationic iridium(III) complex salts, [Ir(bt)-
(bpy)]PF¢ (Ir-2, bpy = bipyridine) and [Ir(bt),(CH;CN),]OTf
(Ir-3, OTf = trifluoromethanesulfonate) (Scheme 1), have also
been studied to compare their sensing ability.

B EXPERIMENTAL SECTION

Materials. 2-Phenylbenzothiazole (bt), bipyridine (bpy), silver tri-
fluoromethanesulfonate (AgOTf), tetrabutylammonium hexafluoro-
phosphate (BuyNPF), KPFq, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), and acetylacetone (Hacac) were
purchased from Acros. IrCl; - 3H,O (Ir content > 54.51%) was an industrial
product and used without further purification. Hg(ClO,),-3H,0,
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Scheme 1. Chemical Structures of [Ir(bt),(acac)] (Ir-1), [Ir(bt),(bpy) ]PF (Ir-2), and [Ir(bt),(CH3CN),]OTf (Ir-3)
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Pb(NO;),, Mg(NO,),, Zn(NOs), -6H,0, Ni(NO5), - 6H,0, KNO,,
NaNO;, Co(NO;),:6H,0, Cd(NOs3);, Cr(NO;3);-9H,0, Cu-
(NO3),-3H,0, FeSO,-7H,0, CuSO,, and other reagents were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

General Experiments. 'H NMR spectra were recorded with a
Varian spectrometer at 400 MHz. Electrospray ionization mass spectra
(ESI-MS) were measured on a Micromass LCTTM system. The
UV —vis spectra were recorded on a Shimadzu UV-2550 spectrometer.
Steady-state emission experiments at room temperature were measured
on an Edinburgh Instruments spectrometer. The luminescence quan-
tum yields of iridium complexes in air-equilibrated solution were
measured with reference to quinine sulfate as a standard (yield = 0.53,
in 0.1 M H,SO,, Aoy = 365 nm). Electrochemical measurements were
performed with an Eco Chemie Autolab. All measurements were carried
out in a one-compartment cell under N, gas, equipped with a glassy-
carbon working electrode, a platinum wire counter electrode, and a Ag/
Ag" reference electrode. The supported electrolyte was a 0.10 mol L™ *
CH;CN  solution of tetrabutylammonium hexafluorophosphate
(BuyNPFy). The ferrocene/ferrocenium couple was added and used
as the internal standard. The scan rate was 100 mV-s~ .

Synthesis of [Ir(bt),(acac)] (Ir-1). Complex Ir-1 was synthesized
according to previous literature.'' A mixture of 2-ethoxyethanol and
water (3:1, v/v) was added to a flask containing IrCl; - 3H,0 (1 mmol)
and phenylbenzothiazole (2.2 mmol). The mixture was heated under
reflux for 24 h. After cooling to room temperature, the red solid
precipitate was filtered to give crude cyclometalated iridium(III)
chloro-bridged dimer. To the mixture of crude chloro-bridged dimer
[Ir,(bt)4Cl,] (0.2 mmol) and K,CO; (1.4 mmol) were added 2-ethox-
yethanol and Hacac (0.5 mmol), and then the slurry was refluxed for
12 h. After cooling to room temperature, a brown-red precipitate was
collected by filtration and chromatographed using CH,Cl,/petroleum
ether (3:2, v/v) to give Ir-1, red solid. Yield: 45%; mp 269—270 °C. 'H
NMR (CDCls, 400 MHz): 6 (ppm) 8.09 (d, J=5.6 Hz,2H),7.92 (d,] =
8.0 Hz, 2H), 7.68 (t, ] = 7.6 Hz, 2H), 7.45 (d, ] = 7.4 Hz, 2H), 7.24 (t, ] =
5.8 Hz,2H), 6.81 (t, ] = 7.0 Hz, 2H), 6.68 (t, ] = 7.0 Hz,2H), 6.31 (d, ] =
8.0 Hz, 2H), 5.13 (s, 1H), 1.78 (s, 6H). Anal. Calcd for Cs;H,3lr-
N,0,8,: C, 52.30; H, 3.26; N, 3.94. Found: C, 52.08; H, 3.30; N, 3.47.
ESI-MS: m/z 712.1(M").

Synthesis of [Ir(bt),(bpy)IPFg (Ir-2). A mixture of cyclometa-
lated iridium(III) chloro-bridged dimer [Ir,(bt),Cl,] (120 mg, 0.1
mmol) and bipyridine (37 mg, 0.24 mmol) in 30 mL of CH,Cl,/MeOH
(1:1 v/v) was heated at reflux under nitrogen for 6 h. The solution was
then cooled to room temperature, and KPF¢ (0.24 mmol) was added to
the solution. Then, the mixture was evaporated under reduced pressure.
Lastly, chromatography on silica gel with CH,Cl,/acetone (4:1, v/v,
R=0.37) as the eluent gave 0.10 g (yield 56%) of Ir-2 as a yellow solid.
'H NMR (400 MHz, CDCl5): 6 (ppm) 8.57 (d, ] = 8.4 Hz, 2H), 8.16 (,
J=7.6Hz,2H),8.07 (d,] = 5.2 Hz,2H), 7.85 (d, ] = 8.0 Hz, 2H), 7.80 (d,
J=7.2Hz,2H),7.50 (t,] = 6.4 Hz, 2H), 7.33 (t, ] = 8.0 Hz,2H), 7.07 (m,
4H), 6.85 (t,J=7.2 Hz,2H), 6.38 (d, ] = 7.6 Hz, 2H), 6.10 (d, ] = 8.4 Hz,
2H). Anal. Caled for CagHa,IrEgN,PS,: C, 47.31; H, 2.65; N, 6.13.
Found: C, 47.55; H, 3.01; N, 5.80. ESLMS: m/z 769.1 ([M — PE4]").
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Synthesis of [Ir(bt),(CH3;CN),]OTf (Ir-3). [Ir,(bt),Cl,] (120
mg, 0.1 mmol) and AgOTf (62 mg, 0.24 mmol) were placed in a flask.
Acetonitrile (15 mL) and dichloromethane (15 mL) were added, and
the slurry was stirred at room temperature for 6 h. The solution was
filtered, and the precipitate was washed three times with CH3CN
(0.5 mL x 3). The filtrate and washings were combined and reduced
by evaporation to a volume of 1 mL. The solution was cooled to —10 °C,
and ether (1S mL) was slowly added while stirring. The yellow
precipitate which formed was collected by filtration, washed with ether,
and dried under vacuum for 24 h to yield the product. The product is a
yellow solid (0.12 g, 70% yield). "H NMR (CDCl;), 6 (ppm): 8.45 (d,
J = 8.4 Hz,2H), 8.01 (d, ] = 8.0 Hz, 2H), 7.78 (t, ] = 5.8 Hz, 2H), 7.62 (t,
J=8.0Hz,4H), 6.93 (t, ] = 8.0 Hz, 2H), 6.71—6.75 (m, 2H), 6.15 (d, ] =
7.6 Hz, 2H), 2.45 (s, 6H). Anal. Calcd for C5,H,,IrF3N,O5S5: C, 44.12;
H, 2.63; N, 6.64. Found: C, 43.75; H, 2.73; N, 6.35. ESL-MS: m/z 695.1
(M — OTf]").

X-ray Structure Determinations. A single crystal of complex
[Ir(bt),(CH3CN),]OTf (Ir-3) was mounted on a glass fiber and
transferred to a Bruker SMART CCD area detector. Crystallographic
measurement was carried out using a Bruker SMART CCD diffract-
ometer, O scans, and graphite-monochromated Mo Ka radiation (4 =
0.71073 A) at room temperature. The structure was solved by direct
methods and refined by full-matrix least-squares on F using the program
SHELXS-97."> All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were calculated in ideal geometries. For the full-matrix
least-squares refinements [I > 20(I)], the unweighted and weighted
agreement factors of R1 = 2(F, — F.)/ZF, and wR2 = [Sw(F,> —
F2)?/SwF,*]""* were used. The CCDC reference number for [Ir(bt),-
(CH,CN),]OTf is 764139.

Mercury(ll) Titration and Selectivity Experiments. A stock
solution of Hg(I) (Hg(ClO,4),-3H,0) was prepared in deionized
water, and other stock solutions of the metal ions Ag’, Ccd*, Co™,
Cr**, Cu*, Fe**, Mg2+, Ni**, Pb**, Zn**, K*, and Na*(1 mM) were also
prepared in deionized water. A stock solution of Ir-1 (1 mM) was
prepared in CH3CN and then diluted to 20 uM with CH;CN for
titration and selectivity experiments. Titration experiments were per-
formed by placing 2 mL of a solution of Ir-1 (20 #M) in a quartz cuvette
of 1 cm optical path length and then adding the Hg(II) stock solution
incrementally through a micropipet. Test samples for selective optical
response experiments were prepared by adding appropriate amounts of
metal ion stock solutions to 2 mL of a solution of Ir-1 (20 uM). All test
solutions were stirred for S min and then tested by UV —vis absorption and
fluorescence spectrometers. For fluorescence measurements, excitation was
provided at 365 nm and emission was collected from 450 to 750 nm.

Cell Culture. The KB and HeLa cell lines were provided by the
Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences. The KB and HeLa cells were grown in RPMI 1640 (Roswell
Park Memorial Institute’s Medium) supplemented with 10% FBS (Fetal
Bovine Serum) at 37 °C and 5% CO,. Cells were plated on 18 mm glass
coverslips and allowed to adhere for 24 h.

Confocal Luminescence Imaging. A stock solution of Ir-1
(1 mM) was prepared in dimethyl sulfoxide (DMSO) and then diluted
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Figure 1. ORTEP diagram of Ir-3. Hydrogen atoms and OTf anion
were omitted for clarity.

to 10 or 2 uM with phosphate-buffered saline (PBS) for imaging
experiments. Confocal luminescence imaging of cells was performed
with on an OLYMPUS FV1000 IX8 confocal fluorescence microscope
equipped with a 60X oil-immersion objective lens, excitation at 405 nm
was carried out with a semiconductor laser, and emission was collected at
515 &£ 15 and 560 &£ 10 nm.

Theoretical Calculations. Geometric and energy optimizations
were performed with the Gaussian 03 program based on the density
functional theory (DFT) method."® The Becke’s three-parameter hybrid
functional with the Lee—Yang—Parr correlation functional (B3LYP)
was employed for all calculations. The LANL2DZ basis set was used to
treat the iridium atom, whereas the 6-31G* basis set was used to treat all
other atoms.

B RESULTS AND DISCUSSION

Crystal Structure of Ir-3. The single crystal of Ir-3 was
obtained from the mixed solution of CH,Cl, and ether. Figure 1
shows the ORTEP view of Ir-3. The crystallographic refinement
parameters of Ir-3 are summarized in Table 1, and the selected
bond distances (Angstroms) and angles (degrees) are listed in
Table S1 (see Supporting Information).

As shown in Figure 1, the iridium(1II) center in Ir-3 adopts a
distorted octahedral coordination geometry with cis-metalated
carbons atoms and trans nitrogen atoms, similar to what has been
revealed by previous structural studies on mononuclear species
containing the C"'N cyclometalated ligands.'* Moreover, the Ir—C
(~2.04 A) and Ir—N (C"N) (~2.06 A) distances are similar to
those reported for other iridium(II) complexes."* However,
the Ir—=N (CH;CN) distances (2.142(7) and 2.161(7) A) are
longer than the corresponding Ir—N (bt) distances (2.061(5) and
2.064(4) A) because of their trans influence. In addition, the
relatively wide bite angle (87.39°) of N3—Ir—N, may be attributed
to the small size of CH;CN.

Photophysical Properties. The electronic absorption and
emission spectra of Ir-1, Ir-2, and Ir-3 in CH,Cl, and CH,CN
solutions at room temperature are shown in Figure 2, and the
corresponding data are listed in Table 2. With reference to
previous photophysical studies on related iridium (IIT) systems, "
all complexes have intense absorption bands in the ultraviolet
region ca. 260—340 nm, with an extinction coefficient & of ~10°
dm® mol ' cm™', which are assigned to spin-allowed singlet
intraligand ('LC) transitions (1 — 7r*) (bt and bpy). The weak
bands at 350—500 nm with & of ~10> dm® mol ' cm ™" have

Table 1. Crystallographic Data for Ir-3

Ir-3 [Ir(bt),(CH;CN),]OTf

empirical formula C3Hy,F3IrN,O5S;
cryst syst monoclinic
space group P2(1)/c
crystal size (mm) 0.18 x 0.16 x 0.15
a, A 13.054(3)
b A 13.683(3)
oA 17.743(4)
Q, deg 90
p, deg 91.47(3)
y, deg 90
Vv, A3 3168.0(11)
V4 4
calcd density, g/ cm® 1.769
u, mm 4.469
F(000) 1648
final R indices [I > 20(I)] 0.0364
wR2 [I > 20(1)] 0.0810
R1 (all data) 0.0668
wR2 (all data) 0.0930
GOF on F? 0.981
] a —Ir-1
g Elj ;A i
-
g 0.2-
0.0 . . : - T . T y
300 400 500 600 700
N Wavelength (nm)
=¥
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% 0.6
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Figure 2. Absorption (a) and emission spectra (b) of Ir-1, Ir-2, and Ir-3
in CH3CN solution with a concentration of 10 4M, 4., = 365 nm.

been assigned to the mixed singlet and triplet metal-to-ligand
charge-transfer (MLCT) transition (dzz(Ir) — 7*(bpy)) and
intraligand (LCy,) transitions.

In CH;CN solution, Ir-1 displays a structured emission band
with a maximum at a wavelength of 563 nm and a shoulder at
603 nm. With reference to quinine sulfate as a standard in an air-
equilibrated solution, the quantum efficiencies (®.,) of Ir-1 and
Ir-2 in CH;CN solution were measured to be 0.016 and 0.031,
respectively. For the cationic iridium(I1I) complex Ir-2 contain-
ing a diimine ligand, the emission commonly comes from a mixed
excited state containing *MLCT (d(Ir) — TT*bpy) and *LLCT
(/e = T*ypy) transitions. However, for the neutral complex
Ir-1 containing OO ligand with a higher triplet energy level,
the emission comes from a mixed excited state containing ’LC
(7tpe — ) and *MLCT (dn(Ir) — 77%,,) transitions.'®

Optical Response of Ir-1 to Hg(ll). Recently, fluorescent
chemosensors for mercury ions have attracted increasing atten-
tion, because mercury is a dangerous and widespread global
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Table 2. Photophysical Data of Complexes Ir-1, Ir-2, and Ir-3

complexes solvent Aabs/nm (&/dm> mol ™ cm™?) ApLmax(nm) D,
Ir-1 CH,Cl, 266 (34673), 324 (30199), 435 (5754) 557, 590sh
CH,;CN 269 (33831), 323 (30597), 438 (5577) 563, 603sh 0.016
Ir-2 CH,Cl, 274 (33884), 310 (28 840), 412 (6309) 525, 561sh
CH,CN 270 (31735), 309 (28953), 409 (6882) 524, 560sh 0.031
Ir-3 CH,Cl, 268 (15135), 322 (19.054), 400 (5011) 516, 548sh
CH;CN 266 (14 876), 318 (19354), 396 (4851) 520, 560sh 0.008
2+
0s{ Hg 0.9, a,
] 0.8 " ¥
|
965 A\ 20eq. §0.7 . :
' "'.t'»\ Ef 0.6 . i
@ 044 YN A
8 N4 05 .
8 \jﬂ}, el .
UE) 0.3 . | 0.3 e o o o o
Shoperll| 00 05 10 15 20
0.2 E.q. of [Hg"]
398nm
A\ l‘ 438nm
b5 | Ir-1 Jr-14Hg?*  Ir-1 Ir-1+Hg?*
o N A "'__"_6*6 0 =SLES = Figure 4. Solution (a) and luminescence (b) color photographs of Ir-1
Wavelength(nm) (40 uM in CH5CN solution) before (a; and b;) and after (a, and b,)

Figure 3. Changes in the UV—vis absorption spectra of Ir-1 (20 «M) in
CH;CN solution with various amounts of Hg(II) ions (0—40 uM).
(Inset) Titration curve of the absorbance ratio at 438 nm to 398 nm for
Ir-1 upon addition of Hg(II) ions.

pollutant and causes serious environmental and health problems."”

The responses of Ir-1, Ir-2, and Ir-3 to Hg(II) were investigated
through titration in UV—vis absorption, phosphorescence
emission, and electrochemical titration measurements. No sig-
nificant changes in the absorption and phosphorescence emis-
sions were observed for Ir-2 or Ir-3 (Figures S1—S4 in the
Supporting Information). However, Ir-1 proved to be able to
specifically sense Hg(Il), as manifested in an evident optical
change.

a. UV—vis Absorption Spectroscopy. Figure 3 shows the
absorption changes of Ir-1 as a function of Hg(II) concentration
in CH;CN solution. Upon addition of Hg(II) to a solution of Ir-
1, the absorption band at 438 nm progressively disappears while a
new band appears at 398 nm. The color of the solution changes
from yellow to green (Figure 4), indicating that Ir-1 can serve as a
sensitive indicator for Hg(1I). The stoichiometry of Ir-1 is given
by the variation of A43g nm/A30s nm With respect to the number of
equivalents of Hg(II) added. Effectively, Aisgnm/Azosnm de-
creases continuously until addition of 1 equiv of Hg(II). Further
addition of Hg(II) induces only very minor changes in A43gnm/
Azo8nm (Figure 3, inset), indicating that Ir-1 forms a 1:1 complex
with Hg(II). The binding constant (K) calculated from absorp-
tion titration data is 9.3 x 10* M '. More importantly, the
binding process is fairly fast and we could observe a distinct color
change within 2 min. Therefore, Ir-1 could be potentially used
for real-time tracking of Hg(Il) in organisms.

b. Luminescent Properties of Ir-1 at Different pH Values. The
pH dependence of the luminescent emission of Ir-1 was inves-
tigated. As shown in Figure 5, Ir-1 exhibits the same emission color
(yellow) and intensity at various pH values. Similar phenomena

addition of 1 equiv of Hg(1I).

pH=2 pH=4 pH=6 pH=7 pH=8 pH=10 pH=12

Figure 5. Luminescent photographs of Ir-1 at different pH values.

were also observed for Ir-2 and Ir-3 (Figure SS in the Supporting
Information). Furthermore, as shown in Figure S6 in the
Supporting Information, the emission integral counts of Ir-1
(10 uM) at different pH values could be calculated to be 7.05 x
10%,6.96 x 10°% 6.78 x 10% 6.75 x 10°,7.17 x 10°,7.01 x 10°,
and 7.24 x 10°, corresponding to the pH range from 2 to 12. The
average value of emission integral counts at different pH values is
7.05 X 106, and the error of emission integral counts is 0.14 X
10°. These facts revealed that Ir-1 is stable within the pH range
from 2 to 12, and its response ability toward Hg(II) is almost
invariable. Therefore, complex Ir-1 can be used to detect Hg(II)
without pH interference.

¢. Luminescent Spectroscopy. 1t is well known that lumines-
cent emission spectroscopy is more sensitive toward small
changes that affect the electronic properties of molecular recep-
tors. Hence, the response of Ir-1 to Hg(II) was further investi-
gated by a photoluminescence technique. Upon addition of 1
equiv of Hg(II), the emission band of Ir-1 exhibited a blue shift
of ~40 nm (Figure 6), corresponding to an evident change in
emission color from yellow to green (Figure 4). Hence, Ir-1
shows efficient colorimetric sensing of Hg(II). As determined by
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Figure 6. Changes in the luminescence spectra of Ir-1 (20 uM) in
air-equilibrated CH;CN solution with various amounts of Hg(II)
(0—40 uM). (Inset) Titration curve of Ir-1 with Hg(II).

variations in the luminescence response of Ir-1 in the presence of
various amounts of Hg(II), the stoichiometry of the complex
formed between Ir-1 and Hg(II) is 1:1, which is consistent with
the result obtained from the UV —vis absorption spectra. More-
over, in a control experiment, the response of ligand 2-phenyl-
benzothiazole to Hg(II) was also investigated by absorption and
emission spectroscopies. It can be seen from the Figure S7 (see
Supporting Information) that no significant changes in absorption
and phosphorescence emission were observed for ligand Hbt in
CH;CN solution before and after addition of 2 equiv of Hg(II),
which are different from complex Ir-1. These observations indicate
that Ir-1 could serve as a “naked eye” indicator for Hg(II) ions.

Electrochemical Studies. Furthermore, the electrochemical
response of Ir-1 to Hg(II) was studied by cyclic voltammetry
(CV). In the absence of Hg(II), Ir-1 shows a quasi-reversible
oxidation wave at 0.60 V, which can be assigned to the metal-
centered '™/ and cyclometalated ligand oxidation pro-
cesses.'® A significant modification in the cyclic voltammetry
was observed upon addition of increasing amounts of Hg(II) to a
solution of Ir-1 (Figure 7). The intensity of the oxidation wave at
0.60 V decreased and a new reversible oxidation wave at 1.03 V
appeared with the progressive addition of Hg(Il). However, the
reduction potential of Ir-1 was hardly changed with various
amounts of Hg(I) ions (Figure S8 in the Supporting In-
formation). Moreover, a control experiment about the effect of
Hg(Il) on the electrochemical signal of ligand Hbt was con-
ducted. As shown in Figure S9 in the Supporting Information,
ligand Hbt has a quasi-reversible oxidation wave at 1.67 V. Some
changes in the cyclic voltammetry were observed upon addition
of excess amounts of Hg(II) to a solution of Hbt, that is, the
oxidation wave was shifted positively. Hence, the new reversible
oxidation wave at 1.03 V with addltlon of Hg(II) should be
assigned to the metal-centered Ir'"/Ir'"" and cyclometalated
ligand oxidation processes of new complex [Ir(bt),(CH3CN),]"
rather than oxidation of Hg(II) —Hbt complex.

Selective Optical Response of Ir-1 to Various Metal lons.
For an excellent chemosensor, high selectivity is a matter of
necessity. The selectivity of Ir-1 for Hg(II) over other cations
was evaluated by examination of the emission spectra. In light of
the obvious blue shift of the emission spectra for Ir-1 upon
addition of Hg(II), we investigated the selective response of Ir-1

20 1.03V |
0.000020 Hg" 0—5.0eq.
0.000015 -
] 06V
< 0.000010-
0.000005
0.000000 -
-0.000005
i 0 52V
T T T T T , 4 : . ;
0.0 0.2 0.4 06 0.8 1.0 12
E/IV

Figure 7. Cyclic voltammograms of Ir-1 (S0 #uM) in CH;CN solution
in the absence and presence of S equiv of Hg(II) ions.

ISZDnm“SSUnm

0.0 40— I e el PR e e O e e
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Figure 8. Luminescent response of Ir-1 (20 #M) in the presence of
various metal cations (1 equiv) in CH3CN solutions. Bars represent the
ratio (Iszo nm/Iseo nm) Of emission intensity at 520 and 560 nm. White
bars represent addition of 1-fold various metal cations to a 20 uM
solution of Ir-1. Solid bars represent the Isyo nm/Isso nm ratio after
addition of Hg(II) (20 uM): (1) without metal cation; (2) H§2+, 3)
Ag'; (4) Cd*'; (5) Co™; (6) Cr*F; (7) Cu’; (8) Ee™*; (9) Mg™*; (10)
le*, (11) sz*, (12) Zn**; (13) K¥; (14) Na*.

to various metal ions by using the ratio of the phosphorescent
emission intensity at S60 and 520 nm (Isgonm/Is20nm) as the
output signal. To verify a specific response to Hg(II), variations
of the luminescence spectra of Ir-1 caused by other related heavy,
transition, and main group metal ions were recorded. As shown
in Figure 8 and Figure S10 (in the Supporting Information), only
addition of Hg(II) resulted in a prominent luminescence change,
whereas addition of 1 equiv of other competitive cations (such as
Ag', Cd*", Co’™", Cr**, Cu", Fe®", Mg*", Ni**, Pb*", Zn**, K,
and Na") caused only slight luminescent changes. Moreover, a
competition experiment was done to further explore the utility
of Ir-1 as an ion-selective probe for Hg(II). The coexistent
metal cations had a negligible interfering effect on the lumines-
cent blue shift of Ir-1 upon addition of Hg(II) (Figure S11 in the
Supporting Information). All results indicate that the selectivity
of Ir-1 for Hg(II) over other cations is remarkably high.
Furthermore, the selectivity of Ir-1 for Hg(II) over other cations
was also evaluated by examination of the absorption spectra
(Figure S12 in the Supporting Information). Herein, the ratio of
the absorbance intensity at 438 and 398 nm (A438nm/A3980m)
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Figure 9. Partial 'H NMR spectral changes of Ir-1 in CD5CN in the
presence of Hg (II) (0—1 equiv).

was used as the output signal. Due to the low affinity with Ir-1,
other metal ions (such as Ag*, Cd**, Co™*, Cr**, Cu*, Fe2+,
Mg™*, Ni**, Pb**, Zn>*, K*, and Na*) showed hardly any change
in A438nm/A398nm However, addition of Hg(I) resulted in a
prominent absorption change. These facts indicate that Ir-1 could
be used as a highly selective and ratiometric sensor for Hg(II).

Mechanism of Hg(ll) Sensing by Ir-1. In terms of Pearson’s
hard—soft acid—base theory, " Hg(1II) is a soft ion (soft acid) and
can interact preferentially with sulfur (a soft base). Palomares
and co-workers reported that the interaction of Hg(1I) with the
sulfur atoms in ruthenium complexes induces a color change.”’
We can deduce that the variations in the optical-electrochemical
properties of Ir-1 are due to coordination of Hg(II) by the lone-
pair electrons on the sulfur atom of the cyclometalated ligand
2-phenylbenzothiazole (bt). Herein, to seek further detailed
information on the binding mechanism, 'H NMR spectroscopic
titration experiments of complex Ir-1 with different equivalents
of Hg(II) ion were conducted. Upon addition of Hg(1I) ion, a
variation in the 'H NMR spectra of Ir-1, especially in the
cyclometalated ligand bt moiety (see Figure 9), was observed.
However, no "H NMR characteristic peaks at 0 = 8.09, 8.07,7.53,
and 7.43 ppm that correspond to free Hbt appeared upon
addition of various amounts of Hg(II), indicating that the ligand
bt still bound with iridium(III). Interestingly, the characteristic
peaks of free Hacac at 2.01 ppm appeared for Ir-1 in the presence
of 1.0 equiv of Hg(II) (Figure S13 in the Supporting In-
formation), suggesting that ligand acac was removed from
complex Ir-1. Hence, we can deduce that rupture of Ir—O
coordinated bonds occurs and free acac ligand is released from
Ir-1 after addition of Hg(II). Furthermore, the "H NMR peaks of
[Ir(bt),(CH3CN),]" can be found in the spectrum of the
mixture of Ir-1 with Hg(II) (Figure S14 in the Supporting
Information). Therefore, we tentatively summarize the sensing
mechanism of Ir-1 with Hg(II) as follows (see Scheme 2): the
sulfur atoms (soft base) on the bt ligand bind with Hg(II) (soft
acid) according to Pearson’s soft—hard acid—base theory, which
induces fast decomposition of Ir-1 with departure of acac from
the complex to form a new complex [Ir(bt),(CH;CN),]". Such
a process results in the evident changes of absorption, emission,
and electrochemical properties.

The sensing responses of complexes Ir-2 and Ir-3 to Hg(II)
were very weak, which is different from those of Ir-1. In order to

clarify such difference, the charge distributions of these complexes

Scheme 2. Illustration of the Sensing Mechanism
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Figure 10. Cell viability values (%) estimated by MTT proliferation test
versus incubation concentrations of Ir-1, Ir-2, and Ir-3. KB (a) and
HeLa (b) cells were cultured in the presence of S—100 4M complexes at
37 °C for 24 h.

were investigated through DFT calculations. Surface charge analysis
based on DFT calculations indicated that the charge on the sulfur
atom of Ir-1 (the electron cloud density 0.247) is more negative
than those of Ir-2 (the electron cloud density 0.310) and Ir-3
(the electron cloud density 0.292). Thus, Ir-1 combines with
Hg(1I) to form a coordinated complex more easily, whereas Ir-2
and Ir-3 exhibit weaker coordination ability toward Hg(1I). In
addition, Ir-2 and Ir-3 are cationic, making coordination with
Hg(1I) more difficult.

Cytotoxicity of Ir-1. We selected two cell lines (KB and HeLa
cells) for investigation of the toxicity about three Ir complexes,
and the toxicity data are shown in Figure 10. Upon incubation
with Ir-1 (10 #M) for 24 h, only less than 5% of the KB and HeLa
cells died. When the concentration of Ir-1 was increased to 25
and 100 M, the cell viability still remains above 90%. For the
other two complexes Ir-2 and Ir-3, their cytotoxicity is higher
than that of Ir-1, especially at high concentration (>50 uM).
However, at the concentration (10 #M) of the cell imaging
experiment, the cell viability of these two complexes for both KB
and HeLa remains above 80%, even with an incubation time of
24 h. These three complexes show relatively low cytotoxicity
in the cell imaging experiment (concentration of 10 yM and
incubation time of 15 min). In particular, complex Ir-1 exhibits
the lowest cytotoxicity both at low and at high concentration and
will not kill the cell being probed.
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Figure 11. Confocal luminescence (a), bright-field (b), and overlay (c) images of living KB cells incubated with Ir-1(10 #M) in PBS for 15 min at 37 °C
(Aex = 405 nm). (d) Overlap Z-scan confocal image of the living KB cells incubated with Ir-1 (10 #M). (e) Luminescence intensity profile and

luminescence image (across the line) of KB cells.
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Figure 12. Ratiometric phosphorescence images of Ir-1-incubated KB cells treated without or with Hg(II). (A) KB cells incubated with Ir-1 for 15 min.
(B) KB cells incubated with Ir-1 (10 #M) for 15 min and then further treated with 100 #M Hg(II) for 1 h. Emission was collected by the green channel
(515 £ 1S nm) and yellow channel (570 £ 10 nm) (4., = 405 nm). Ratio of emission intensity at S15 & 15 to $70 & 10 nm is also shown.

Luminescence Bioimaging of Hg(ll) in Living Cells Using
Ir-1. In contrast to conventional luminescence-enhanced detec-
tion, ratiometric measurement allows simultaneous recording of
two emission intensities at different wavelengths in the presence
and absence of analytes and thus provides built-in correction for
environmental effects.”’ As described above, addition of Hg(II)
into an Ir-1 solution induced a blue shift of approximately 40 nm
in the emission spectrum. Therefore, Ir-1 has the potential to
serve as a luminescent probe in ratiometric bioimaging. The
applicability of Ir-1 in the ratiometric monitoring of intracellular
Hg(Il) was investigated by confocal luminescence microscopy.
For this, optical windows at S15 & 15 (green channel) and 570 +
10 nm (yellow channel) were chosen as the two signal outputs.

For adequate interaction between Ir-1 and intracellular Hg(1I),
the reaction was allowed to proceed at 37 °C for 1 h. As shown in
Figure 11, intense emission was observed within the KB cells
incubated with 10 M Ir-1 in PBS for 15 min at 37 °C. Overlay of
confocal luminescence and bright-field images demonstrated
that the luminescence was evident in the cytoplasm over the
nucleus and membrane (Figure 11c), which was further con-
firmed by Z-scan confocal microscopy (Figure 11d and movie in
the Supporting Information) and quantization analysis of lumi-
nescence intensity. As shown in Figure 11e, further quantization
by line plots (inset) revealed that the signal ratio (I,/1;) between
the cytoplasm (region 2) and nucleus (region 3) reached 16,
implying weak nuclear uptake of Ir-1. The bioimaging results
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indicated that the neutral complex Ir-1 had good cell membrane
permeability and entered the living cells easily. This is the first
case of a neutral iridium (III) complex as a luminescent probe for cell
imaging application, although approximately S0 cationic iridium-
(IIT) complexes have been used as bioimaging probes.””*°
Concerning the ratiometric bioimaging, KB cells incubated
with 10 uM Ir-1 for 15 min showed an emission ratio Is;snm/
Is70nm Of ~0.1 between the green luminescence channel (515 =+
15 nm) and the yellow luminescence channel (570 &= 10 nm), as
shown in Figure 12A. The Ir-1-treated cells were then exposed to
100 #M Hg(1I) for 1 h at 37 °C. The phosphorescence intensity
of the green channel increased, while that of the yellow channel
decreased slightly, and the ratio of luminescence intensities at
515+ 15 and 570 & 10 nm was increased to >0.6 (Figure 12B).
Furthermore, Ir-1 can sense the change of Hg(Il) in living cell
incubated with 10 uM Hg(I) (Figure S15 in Supporting
Information). KB cells incubated with 2 4M Ir-1 for 30 min
showed an emission ratio Is;spm/Is7onm Of <0.2. The Ir-1-
incubated cells were then exposed to 10 #M Hg(II) for 8 h at
37 °C. The phosphorescence intensity of the green luminescence
channel increased, and the emission ratio Isispm/Is7onm Was
increased to >0.6. These data suggest that Ir-1 could still be
used for monitoring changes in a low concentration of Hg(II).

Bl CONCLUSIONS

In summary, we demonstrated the internalization of a neutral
iridium (III) complex Ir-1 into living cells and further selective
detection of Hg(II) in cell samples by ratiometric measurement.
Compared to two cationic complexes Ir-2 and Ir-3, Ir-1 speci-
fically responds to Hg(II) with a noticeable change in phospho-
rescent emission color from yellow to green. The interaction
between Hg(II) and the sulfur atom of the C"N cyclometalated
ligand is responsible for the significant variations in the optical
and electrochemical signals. Importantly, cell imaging experi-
ments have demonstrated that Ir-1 is membrane permeable and
can readily reveal changes in intracellular Hg(II) concentration
in a ratiometric way. To our knowledge, this is the first report of a
neutral iridium complex entering living cells and realizing ratio-
metric bioimaging of Hg(II). The result described herein may
well be of interest to others working in the areas of phospho-
rescent heavy metal complexes, bioimaging, and luminescent
molecular probes.
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