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A highly selective phosphorescent chemosensor for Hg2+ based on the iridium(III) complex Ir(btp)2-
(acac) was realized. Multisignaling changes were observed through UV-vis absorption, phosphorescent
emission, and electrochemical measurements. Upon addition of Hg2+, the obvious spectral blue-shifts in
absorption and phosphorescent emission bands were measured for Ir(btp)2(acac), which could be observed
by the naked eye. Further investigation indicated that the interaction between Hg2+ and the sulfur of
cyclometalated ligands is responsible for the significant variation in optical and electrochemical signals,
which was also confirmed by density functional theory (DFT) calculation. It is the charge transfer from
the iridium center to cyclometalated ligands that increases the electron density of cyclometalated ligands,
which makes the coordination of sulfur to Hg2+ easier.

Introduction

Recently, phosphorescent heavy-metal complexes have been
attracting more and more attention due to their high lumines-
cence quantum yields and long-lived excited states.1 The strong
spin-orbit coupling caused by the heavy atom effect leads to
an efficient intersystem crossing from the singlet (S1) to the
triplet (Tn) as well as the enhancement of the T1-S0 transition.
Phosphorescent heavy-metal complexes have been explored for
a multitude of photonic applications including organic light-
emitting diodes,2 photovoltaic cells,3 biological labeling re-
agents,4 and hydrogen production via the photoreduction of
water.5 Recently, the use of phosphorescent heavy-metal
complexes as chemosensors has also attracted considerable

interest,6 due to the photophysical properties of heavy-metal
complexes, such as emission wavelength shifts with changes
in the local environment, significant Stokes shifts for easy
separation of excitation and emission, and relatively long
lifetimes compared to purely organic luminophores.7 The
relatively long lifetime can give heavy-metal complexes excel-
lent temporal resolution and their luminescence can be easily
separated from fluorescent backgrounds. Some heavy-metal
complexes, such as platinum(II) complexes, rhenium(I) com-
plexes, and ruthenium(II) complexes, have successfully been
explored as phosphorescent chemosensors for anions,8 oxygen
concentration,9 and metal ions.6c However, as one of the best
phosphorescent dyes, iridium(III) complexes were scarcely used
as chemosensors. Up to now, only a few cases of phosphorescent
iridium(III) complexes were reported to sense oxygen10 and
Ca2+,11 and no iridium(III) complexes were utilized to recognize
transition- and heavy-metal ions.

Transition- and heavy-metal ions play an important role in
many fundamental physiological processes in organisms; there-
fore, development of highly selective chemosensors for the
detection of transition- and heavy-metal ions is very important.
Among them, mercury is a dangerous and widespread global
pollutant,12a and it causes serious environmental and health
problems because marine aquatic organisms convert inorganic
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mercury into neurotoxic methylmercury, a potent neurotoxin
that bioaccumulates through the food chain in the tissues of
fish and marine mammals.12b,c Subsequent ingestion of meth-
ylmercury by humans is connected to DNA damage, mitosis
impairment, and nervous system defects.12d,e Therefore, it is
important to explore new methods for detection of Hg2+. A
number of Hg2+-selective sensors have been devised by utilizing
chromogenic,13 fluorogenic,14 and electrochemical15 behaviors
of the devised compound. However, multisignaling chemosen-
sors for Hg2+ that are capable of both optical and electrochemi-
cal sensing are very few.16 Herein, we are interested in
developing a multisignaling probe based on iridium(III) com-
plexes that exhibits a naked-eye observed change in phospho-
rescent emission upon addition of Hg2+ over other metal ions.

It is well known that the chemical structures of cyclometalated
ligands (C∧N ligands) can strongly affect the photophysical and
electrochemical properties of iridium(III) complexes. When the
cyclometalated ligands of iridium(III) complexes contain specific
metal-coordinating elements, we reason that the presence of
metal ions can lead to dramatic changes in the photophysical
and electrochemical properties of complexes. Herein, an iridium-
(III) complex, Ir(btp)2(acac)1a (see Scheme 1), containing sulfur
atoms was synthesized to provide a mercury-coordinating
element and could be used as a highly selective and multisig-
naling optical-electrochemical sensor for Hg2+.

Experimental Section

Materials. Acetylacetone, 2-ethoxyethanol, 2-bromopyridine,
2-benzothienylboronic acid, and thianaphtlene (bt) were obtained
from Acros. Mercury(II) perchlorate hydrate was obtained from
Aldrich. IrCl3‚3H2O and tetrakis(triphenylphosphine)palladium(0)
(Pd(PPh3)4) were industrial products and used without further
purification. According to previous literature,1a2-(benzo[b]thiophen-
2-yl)pyridine (btp) was easily synthesized via the Suzuki coupling

reaction, using Pd(PPh3)4 and K2CO3 from 2-bromopyridine and
2-benzothienylboronic acid, and was characterized by1H NMR
spectroscopy.

General Experiments.1H NMR spectra were recorded with a
Varian spectrometer at 400 MHz. Mass spectra were obtained on
a Shimadzu matrix-assisted laser desorption/ionization time-of-flight
mass spectrometer (MALDI-TOF-MS). The UV-visible spectra
were recorded on a Shimadzu UV-2550 spectrometer. Steady-state
emission experiments at room temperature were measured on an
Edinburgh Instruments Xe-920 spectrometer. Lifetime studies were
performed with an Edinburgh FL 920 photocounting system with
a hydrogen-filled lamp as the excitation source. The data were
analyzed by iterative convolution of the luminescence decay profile
with the instrument response function using a software package
provided by Edinburgh Instruments. The luminescence quantum
yields of Ir(btp)2(acac) in air-equilibrated solution were measured
with reference to rhodamine B (ΦF ) 0.69 in ethanol).

Electrochemical Measurements.Electrochemical measurements
were performed with an Eco Chemie Autolab. All measurements
were carried out in a one-compartment cell under N2 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-1 dichloromethane solution of
tetrabutyl ammonium hexafluorophosphate (Bu4NPF6). The scan
rate was 50 mV‚s-1.

Theoretical Calculations. The optimization of the complex
structures was performed using B3LYP density functional theory.
The LANL2DZ basis set was used to treat the iridium atom, whereas
the 3-21G* basis set was used to treat all other atoms. The contours
of the HOMO and LUMO orbitals were plotted.

Metal Cation Titration of Ir(btp) 2(acac).Spectrophotometric
titrations were performed on 20µM solutions of Ir(btp)2(acac) in
MeCN. Typically, aliquots of fresh cations (Ag+, Cd2+, Co2+, Cr2+,
Cu2+, Fe3+, Mg2+, Ni2+, Pb2+, Zn2+, Hg2+) were added, and the
UV-vis absorption and fluorescent spectra of the samples were
recorded.

Synthesis of Ir(btp)2(acac). Complex Ir(btp)2(acac) was syn-
thesized according to previous literature.1a A mixture of 2-ethoxy-
ethanol and water (3:1, v/v) was added to a flask containing IrCl3‚
3H2O (1 mmol) and btp (2.5 mmol). The mixture was refluxed for
24 h. After cooling, the red solid precipitate was filtered to give
crude cyclometalated iridium(III) chloro-bridged dimer. To the
mixture of crude chloro-bridged dimer (0.2 mmol) and Na2CO3

(1.4 mmol) were added 2-ethoxyethanol and acac (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
was chromatographed using CH2Cl2/petroleum ether (1:1, v/v) to
give Ir(btp)2(acac), brown-red solid, yield 60%.1H NMR (CDCl3,
400 MHz): δ 8.52 (d,J ) 5.6 Hz, 2H), 7.85 (d,J ) 8.0 Hz, 2H),
7.73 (t,J ) 7.8 Hz, 2H), 7.55 (d,J ) 7.6 Hz, 2H), 7.14 (t,J ) 5.6
Hz, 2H), 6.82 (t,J ) 7.2 Hz, 2H), 6.70 (t,J ) 7.2 Hz, 2H), 6.27
(d, J ) 8.0 Hz, 2H), 5.21 (s, 1H), 1.78 (s, 6H).

Results and Discussion

UV-Vis Absorption Spectroscopy.The absorption spectrum
of Ir(btp)2(acac) in CH3CN is shown in Figure 1. The complex
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Scheme 1. Chemical Structures of Ir(btp)2(acac), btp, and
bt.
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displays intense absorption bands in the ultraviolet region of
280-400 nm with extinction coefficients (ε) of ∼105

mol-1‚L‚cm-1, which are assigned to the spin-allowed singlet
ligand-centered (1LC) transitions. The weak band at 480 nm
with the extinction coefficientε of 6.1× 103 mol-1‚L‚cm-1 is
assigned to a singlet metal-to-ligand charge transfer (1MLCT)
transition. The addition of increasing amounts of Hg2+ to the
solution of Ir(btp)2(acac) promoted some changes in its absorp-
tion spectrum. The absorbance at 480 nm decreased gradually,
whereas a new band at 420 nm appeared (Figure 1), corre-
sponding to aλmax(abs) blue-shift of 60 nm with two isobestic
points at 440 and 385 nm, which induced a color change from
orange to yellow-green (see Figure 2), indicating that Ir(btp)2-
(acac) can serve as a sensitive “naked-eye” indicator for Hg2+.
As shown in the Figure 1 inset, metal-binding titrations indicate
that Ir(btp)2(acac) forms a 1:1 complex with Hg2+. The
extinction coefficientε of the band at 420 nm after the addition
of 1 equiv of Hg2+ is 8.5 × 103 mol-1‚L‚cm-1. The binding
constant value (K) calculated from absorption titration data is
1.5 × 104 M-1.

Fluorimetric Response of Complex Ir(btp)2(acac) to Hg2+.
It is well known that fluorescent emission spectroscopy is more
sensitive toward small changes that affect the electronic proper-
ties of molecular receptors.14 Herein, the complexation ability
of Ir(btp)2(acac) with Hg2+ was also investigated by photolu-
minescent technique. The luminescence spectra of complex Ir-
(btp)2(acac) in the absence and presence of Hg2+ are shown in
Figure 3. In CH3CN solution, Ir(btp)2(acac) showed an intense
emission band at 610 nm with a shoulder band at 660 nm and
the photoluminescent color is deep red. The luminescent
quantum yield of Ir(btp)2(acac) in air-equilibrated solution was
0.026. The emission lifetimes monitored at 610 and 660 nm in
air-equilibrated solution at room temperature were measured
to be 137.9 and 136.5 ns, respectively, indicating the phospho-
rescent emission nature of Ir(btp)2(acac). The similar lifetimes
show that a single species was responsible for the luminescence.

The excitation spectra monitoring these two emission bands were
similar (see Figure S1 in the Supporting Information), indicating
that they came from the same excited states. Upon addition of
Hg2+, the intensity of these two bands decreased and two new
bands at 585 and 630 nm appeared gradually, corresponding to
a blue-shift of about 30 nm with three isoemissive points at
647, 632, and 598 nm. The emission color was changed from
deep red to orange (see Figure 3, inset), which could be observed
by the naked eye. The luminescent quantum yield of Ir(btp)2-
(acac) in the prescence of 1 equiv of Hg2+ in air-equilibrated
solution was 0.027. Moreover, the emission lifetimes monitored
at 585 and 630 nm in air-equilibrated solution at room
temperature were also measured to be 275.9 and 273.8 ns,
respectively. Such long lifetimes in air-equilibrated solution
show that the emitting states of Ir(btp)2(acac) in the presence
of Hg2+ also have triplet character, and the similar lifetimes
also show that a single species was responsible for the
luminescence. The excitation spectra monitoring these two new
bands were similar (see Figure S2 in the Supporting Informa-
tion), but were significantly different from those of pure Ir-
(btp)2(acac) monitored at 610 and 660 nm. The differences in
the excitation and absorption spectra coupled with the different
emission spectra in the absence and presence of Hg2+ show
that a different ground-state species is responsible for each of
the two different emissions. Coupled with the different single-
exponential decay times, there is no interconversion between
the two forms during the excited-state decay. By the changes
in the fluorimetric response of Ir(btp)2(acac) in the presence of
varying concentrations of Hg2+, the stoichiometry of the
complex system was also determined to be 1:1, indicating the
formation of a 1:1 complex, which is in agreement with the
result obtained from the UV-vis absorption technique. Fur-
thermore, at the concentration of the complex employed in our
studies, Hg2+ could be detected down to a concentration of 10-7

M, that is, at concentrations in the ppb range, which is
comparable with many previous reports.14m,o,18

Electrochemical Studies.To explore further the utility of
Ir(btp)2(acac) as an electrochemical sensor for Hg2+, cyclic
voltammetry (CV) studies were conducted in CH3CN solution.

(17) Pearson, R. G.J. Am. Chem. Soc.1963, 85, 3533-3539.
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E.; Durrant, J. R.; Vilar, R.; Gratzel, M.; Nazeeruddin, M. K.J. Am. Chem.
Soc.2004, 127, 12351-12356.

Figure 1. Changes in the UV-vis absorption spectra of Ir(btp)2-
(acac) (20µM) in CH3CN solution with various amounts of Hg2+

ions (0-40 µM). Inset: titration curve of Ir(btp)2(acac) with Hg2+.

Figure 2. Color variation observed in CH3CN solutions of Ir(btp)2-
(acac) (500µM) in the presence of 1 equiv of certain metal cations.

Figure 3. Changes in the luminescence spectra of Ir(btp)2(acac)
(20 µM) in air-equilibrated CH3CN solution with various amounts
of Hg2+ ions (0-40 µM) (λex ) 440 nm).λex ) 440 nm. Inset:
Emission color observed in CH3CN solution of Ir(btp)2(acac) (500
µM) in the absence (a) and presence (b) of 1 equiv of Hg2+.

Optical-Electrochemical Sensor for Hg2+ Organometallics, Vol. 26, No. 8, 20072079



A reversible oxidation wave at 0.47 V can be observed for Ir-
(btp)2(acac) in the absence of Hg2+. According to the previous
electrochemical studies on iridium(III) complexes, this oxidation
wave is assigned to a metal-centered IrIII /IrIVoxidation process.
The addition of increasing amounts of Hg2+ to a solution of
Ir(btp)2(acac) caused a significant modification in the cyclic
voltammetry (Figure 4 and Figure S5 in the Supporting
Information). The intensity of the oxidation wave at 0.47 V
decreased and a new reversible oxidation wave at 0.86 V
appeared with progressive addition of Hg2+. The saturation
behavior of the intensity of the oxidation wave at 0.86 V after
the addition of 1.0 equiv of Hg2+ also reveals that the complex
system has a 1:1 stoichiometry.

Selective Optical Response of Complex Ir(btp)2(acac) to
Various Metal Ions. For an excellent chemosensor, high
selectivity is a matter of necessity. Herein, the selective
coordination studies of Ir(btp)2(acac) by absorption spectroscopy
were then extended to related heavy, transition, and main group
metal ions in CH3CN solution. As shown in Figure 5, only the
addition of Hg2+ resulted in a prominent absorption change,

whereas very weak variations of absorption spectra of Ir(btp)2-
(acac) were observed upon addition of an excess of the other
metal ions, such as Mg2+, Cr2+, Fe3+, Co2+, Ni2+, Pb2+, Ag+,
Zn2+, Cu2+, and Cd2+. Therefore, Ir(btp)2(acac) displayed a high
selectivity in sensing Hg2+. Similarly, achieving high selectivity
for the analyte of interest over a complex background of
potentially competing species is challenge in sensor develop-
ment. Thus, the competition experiment was also carried out
by adding Hg2+ to the solutions of Ir(btp)2(acac) in the presence
of other metal ions. As shown in Figure 5, whether in the
absence or presence of the other metal ions, obvious spectral
changes were observed for Ir(btp)2(acac) upon addition of Hg2+.
The results indicate that the sensing of Hg2+ by Ir(btp)2(acac)
is hardly affected by these commonly coexistent ions.

Furthermore, selective and competition experiments were also
carried out by luminescent spectra (see Figure S6 in the
Supporting Information). The results also showed the high
selectivity for Hg2+ in the prescence of other metal ions. The
addition of some other metal ions, such as Pb2+ and Cd2+,
induced the decrease of the emission band at 610 nm. It appears
that there may be bimolecular quenching of the excited state.
The Stern-Volmer (SV) fluorescence quenching plots for Pb2+

and Cd2+ are shown in Figure S7, and the values of SV
quenching constants (Ksv) for Pb2+ and Cd2+ are 3.1× 102 and
1.1 × 103, respectively.

Mechanism of Complex Ir(btp)2(acac) in Sensing Hg2+.
From the above discussion, we can see that the photophysical
and electrochemical properties of complex Ir(btp)2(acac) can
be changed significantly by the addition of Hg2+. It is well
known that soft Hg2+ ions (soft acid) can preferentially interact
with sulfur (soft base) according to Pearson’s hard and soft acids
and bases theory.17 In a previous report, Palomares et al. have
found that the coordination of Hg2+ to a sulfur atom induces a
color change for ruthenium complexes.18 So, we can deduce
that the significant variations in the photophysical and electro-

Figure 4. Cyclic voltammograms of Ir(btp)2(acac) (500µM) in
CH3CN solution in the absence and presence of 1 equiv of Hg2+

ions. Inset: Electrochemical titration of Ir(btp)2(acac) with Hg2+.

Figure 5. Absorption response of Ir(btp)2(acac) (20µM) in the
presence of various metal cations (1 equiv) in MeCN solution. Bars
represent the ratio (A490 nm/A420 nm) of absorbance intensity at 490
and 420 nm. Solid bars represent the addition of 1-fold various
metal cations to a 20µM solution of Ir(btp)2(acac). White bars
represent theA490 nm/A420 nm ratio after addition of Hg2+ (20 µM)
to the above solution. 1, Ag+; 2, Cd2+; 3, Co2+; 4, Cr2+; 5, Cu2+;
6, Fe3+; 7, Mg2+; 8, Ni2+; 9, Pb2+; 10, Zn2+, 11, the mixture of
1-10; 12, Hg2+; 13, without metal cation.

Figure 6. UV-vis absorption (a) and luminescence spectra (b) of
btp (20µM in CH3CN) in the absence and prescence of 1 equiv of
Hg2+. λex ) 263 nm.

2080 Organometallics, Vol. 26, No. 8, 2007 Zhao et al.



chemical properties of complex Ir(btp)2(acac) are induced by
coordination of Hg2+ to the lone-pair electrons on the sulfur
atom of cyclometalated ligands of the complex Ir(btp)2(acac).

There is a possibility that Ir(btp)2(acac) may decompose by
the addition of Hg2+ and the complex Hg-btp is formed, which
is responsible for the significant change of photophysical and
electrochemical properties. Hence, the coordination of the ligand
btp with Hg2+ was also investigated by spectral techniques. The
absorption and luminescence spectra of btp in the absence and
prescence of 1 equiv of Hg2+ are shown in Figure 6. Upon
addition of Hg2+, the absorption maximum of btp was shifted
from 310 to 345 nm and the luminescent emission peak was
also shifted from 363 to 475 nm. The emission lifetime
monitored at 475 nm, corresponding to the emission of complex
Hg-btp, was 1.1 ns. The data of absorption and luminescence
properties of Hg-btp are significantly different from those of
Ir(btp)2(acac)-Hg. Hence, the possibility of decomposition for
Ir(btp)2(acac) after the addition of Hg2+ can be excluded.

In addition, we investigated the response of UV-vis absorp-
tion of the compound thianaphthene (bt, see Scheme 1), which
is a fragment of the ligand btp containing sulfur, to various
amounts of Hg2+ (see Figure S8 in the Supporting Information).
No obvious change was observed, indicating no (or very weak)
interaction between the sulfur of bt and Hg2+. Considering the
same benzothienyl fragment for Ir(btp)2(acac) and bt, the
difference of response to Hg2+ can be ascribed to the formation
of the iridium(III) complex.

For a better understanding of the influence of Hg2+ on the
photophysical and electrochemical properties of Ir(btp)2(acac),
the HOMO and LUMO distributions of Ir(btp)2(acac) were
calculated by density functional theory (DFT). As shown in
Figure 7, the HOMO primarily resides on the iridium center
and benzothienyl part of the cyclometalated ligands and the
LUMO primarily resides on the pyridyl part of the cyclometa-
lated ligands, which are similar to most iridium(III) complexes.19

Hence, the coordination of Hg2+ to the sulfur atom can
significantly influence the HOMO energy level, whereas the
influence on the LUMO energy level is negligible. The
coordination of Hg2+ to the sulfur atom reduces the electron
density on the benzothienyl part of the cyclometalated ligand
and lowers the electron-donating ability of the cyclometalated

ligand, and then the electron density on the iridium center is
also reduced. As a result, the HOMO energy level is lowered
and the energy gap between the HOMO and LUMO is increased,
leading to the remarkable blue-shift in the absorption and
luminescence spectra. Such changes of energy levels for Ir-
(btp)2(acac) are illustrated in Figure 8. In addition, the decrease
of electron density on the iridium center also makes the IrIII /
IrIVoxidation process more difficult and the corresponding
oxidation wave is shifted positively.

Conclusions

In summary, we have presented a highly selective and
multisignaling optical-electrochemical chemosensor for Hg2+

based on the phosphorescent iridium(III) complex Ir(btp)2(acac).
Especially, the complex shows a naked-eye phosphorescent
change in the Hg2+ ion over other metal cations. The interaction
between Hg2+ and the sulfur atom of cyclometalated ligands is
responsible for the significant variations in optical and electro-
chemical signals. To the best of our knowledge, this is the first
report of a chemosensor for transition- and heavy-metal ions
based on a phosphorescent iridium(III) complex. Due to the poor
solubility of the complex in water, the analysis is in a
nonaqueous media and probably only good for ionic Hg2+.
However, this preliminary understanding of the Hg2+ sensing
mechanism would actually help to design a series of new
phosphorescent probes based on iridium(III) complexes by
simply modifying the chemical structures of the ligands to
contain specific coordinating elements and explore the new
application in chemosensors for iridium(III) complexes as the
best phosphorescent dye.
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Figure 7. HOMO (left) and LUMO (right) distributions of Ir(btp)2-
(acac). Figure 8. Variation in HOMO and LUMO energy levels of Ir-

(btp)2(acac) in the absence (a) and presence (b) of Hg2+.
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