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’ INTRODUCTION

Phosphorescent iridium(III) complexes have been attracting
considerable attention as a class of excellent phosphorescent
materials, because of their advantageous photophysical proper-
ties, such as high phosphorescent quantum yields at room
temperature, tunable emission wavelength through the modifica-
tion of ligand structures, and long-lived excited states.1 Hence,
phosphorescent iridium(III) complexes have been applied suc-
cessfully in many optoelectronic devices, such as organic light-
emitting diodes (OLEDs),2 light-emitting electrochemical cells,3

and molecular devices (such as chemosensor,4 biological labeling
reagents,5,6 and bioimaging probes7).

Recently, the application of phosphorescent iridium(III)
complexes as molecular probes inmolecular devices has attracted
increasing interest, as a result of their excellent emission proper-
ties compared with those of purely organic luminophores.8 For
example, we and other groups have exploited a series of excellent
phosphorescent probes based on iridium(III) complexes for
anions,9 metal cations,10 amino acids,11 and biomolecules.12

Lo’s group and our group developed a series of phosphorescent
iridium(III) complexes for cell imaging, and investigated the
relationship between their chemical structures and cell uptake
behaviors.13,14 In addition, phosphorescent iridium(III) com-
plexes for monitoring intracellular cysteine and homocysteine
have been reported by our group.11b

As an important constituent of molecular computers, molec-
ular logic gates for converting chemical, electrical, and optical
inputs into the detectable outputs has become an active research

area inmaterial science. Recently, a number of fluorescent probes
based on organic dyes have been developed as molecular logic
gates.15,16 For example, Tian et al. reported that the characteristic
fluorescence of Hg2þ-selective OFF-ON and Cu2þ-selective
ON-OFF operations could be monitored and reversibly con-
trolled by the sequence and ratio of Hg2þ and Cu2þ inputs to
construct a crossword puzzle and a logic memory at the
molecular level.15c However, few works on molecular logic gates
based on phosphorescence signals have been reported to date,
although phosphorescence measurements have some unique
advantages compared with the fluorescence signals of organic
dyes. Hence, the construction of molecular logic gates with
phosphorescence signals based on the developed phosphores-
cent complexes should prove to be an interesting topic.

On the basis of the above considerations, in the present study
we have designed and synthesized a neutral iridium(III) complex,
[Ir(ppy)2(PBT)], PBT = 2-(2-hydroxyphenyl)-benzothiazole, as
a phosphorescent chemodosimeter for Hg2þ and a molecular
logic gate. In our design strategy, the interaction of Hg2þwith the
S atom in the PBT [2-(2-Hydroxyphenyl)-benzothiazole] ligand
can induce the dissociation of this ligand from the complex
[Ir(ppy)2(PBT)], thereby affecting its luminescence emission
properties, which provides a means of detecting Hg2þ. Further
addition of histidine induces a spectral shift of the phosphores-
cence signal, thereby realizing an AND and INHIBIT logic gate
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ABSTRACT: Phosphorescent iridium(III) complexes have
been attracting increasing attention in applications as lumines-
cent chemosensors. However, no instance of an iridium(III)
complex being used as a molecular logic gate has hitherto been
reported. In the present study, two iridium(III) complexes,
[Ir(ppy)2(PBT)] and [Ir(ppy)2(PBO)], have been synthesized
(PBT, 2-(2-Hydroxyphenyl)-benzothiazole; PBO, 2-(2-hydro-
xyphenyl)-benzoxazole), and their chemical structures have been characterized by single-crystal X-ray analysis. Theoretical
calculations and detailed studies of the photophysical and electrochemical properties of these two complexes have shown that the
N∧O ligands dominate their luminescence emission properties. Moreover, [Ir(ppy)2(PBT)], containing a sulfur atom in the N∧O
ligand, can serve as a highly selective chemodosimeter for Hg2þ with ratiometric and naked-eye detection, which is associated with
the dissociation of the N∧O ligand PBT from the complex. Furthermore, complex [Ir(ppy)2(PBT)] has been further developed as
an AND and INHIBIT logic gate with Hg2þ and histidine as inputs.
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with Hg2þ and histidine as two inputs and phosphorescence as
the output signal. The photophysical properties and recognition
behaviors of [Ir(ppy)2(PBT)] have been investigated in detail
through UV/vis absorption spectra, luminescence spectra, cyclic
voltammetry, and theoretical calculations. For comparison, an-
other iridium complex, [Ir(ppy)2(PBO)], PBO = 2-(2-hydro-
xyphenyl)-benzoxazole, has also been investigated (Scheme 1).

’EXPERIMENTAL SECTION

Materials. PBT, PBO, and 2-phenylpyridine (ppy) were purchased
from Acros Organics. Mercury(II) perchlorate hydrate (Hg(ClO4)2 3
3H2O) and histidine (His) were purchased from Aldrich. Iridium(III)
trichloride hydrate (IrCl3 3 3H2O) and other chemicals were purchased
from China Pharmaceutical Co. Ltd. and used without further
purification.
Synthesis of Ir(ppy)2(PBT). A mixture of 2-ethoxyethanol and

water (3:1, v/v) was added to a flask containing IrCl3 3 3H2O (1.0mmol)
and 2-phenylpyridine (2.5 mmol). The mixture was refluxed for 24 h.
After cooling, the yellow solid precipitate was filtered to give crude
cyclometalated Ir(III) chloro-bridged dimer. The chloro-bridged dimer
(0.2 mmol), Na2CO3 (1.4 mmol) and 2-ethoxyethanol/H2O (40 mL,
1:1, v/v) were added to the flask. 2-(2-Hydroxyphenyl)-benzothiazole
(0.5 mmol) was added slowly and then themixture was heated to 110 �C
for 12 h under N2 atmosphere. After cooling to room temperature, the
red precipitate was collected by filtration and purified by silica gel
chromatograph using CH2Cl2/MeOH (100:1, v/v) to afford the red
complex Ir(ppy)2(PBT) in yield 61%. mp 341�343 �C; 1H NMR (500
MHz, d8-THF) δ 9.01 (d, J = 4.9 Hz, 1H), 8.24 (d, J = 5.8 Hz, 1H), 7.96
(d, J = 8.1 Hz, 1H), 7.91 (d, J = 8.0Hz, 1H), 7.73�7.64 (m, 4H), 7.54 (d,
J = 6.6 Hz, 1H), 7.49�7.47 (m, 1H), 7.20 (d, J = 8.5 Hz, 1H), 7.06�7.04
(m, 2H), 6.95�6.87 (m, 1H), 6.90�6.85 (m, 1H), 6.77�6.74 (m, 3H),
6.62�6.58 (m, 1H), 6.58�6.55 (m, 1H), 6.45�6.43 (m, 1H),
6.40�6.38 (m, 1H), 6.27�6.24 (m, 1H), 5.94�5.92 (m, 1H); MS-
(ESI-MS): calcd. for C35H24IrN3OS 727.1 [M]þ; found 728.1
[MþH]þ.
Synthesis of Ir(ppy)2(PBO). The procedure for the synthesis of

Ir(ppy)2(PBO) was similar to that for Ir(ppy)2(PBT), and a yellow
complex Ir(ppy)2(PBO) was obtained in yield 59%. mp 338�340 �C;
1H NMR (500 MHz, CDCl3) δ 8.87 (d, J = 5.1 Hz, 1H), 8.12 (d, J = 5.1
Hz, 1H), 7.99�7.96 (m, 1H), 7.88�7.86 (d, J = 8.1 Hz, 1H), 7.79�7.77
(m, J = 8.1 Hz, 1H), 7.67�7.59 (m, 4H), 7.44�7.42 (d, J = 8.1 Hz, 1H),
7.24�7.16(m, 1H), 7.13�7.09(m, 1H), 7.05�7.02 (m, 1H), 6.95�6.92
(m, 1H), 6.91�6.88 (m, 1H), 6.87�6.84 (m, 1H), 6.83�6.80 (m, 1H),
6.79�6.75 (m, 3H), 6.69�6.65 (m, 1H), 6.49�6.45 (m, 1H),
6.21�6.19 (m, 1H), 6.08�6.06 (m, 1H); MS(ESI-MS): calcd. for
C35H24IrN3O2 711.2 [M]þ; found 712.2 [MþH]þ.
General Experiments. All reactions were performed under nitro-

gen atmosphere. The 1H NMR spectra of Ir(ppy)2(PBT) and Ir(ppy)2-
(PBO) in d8-THF or CDCl3 were recorded on a Bruker spectrometer at
500 MHz. Electrospray ionization mass spectra (ESI-MS) were mea-
sured on a Micromass LCTTM system. The UV�visible absorption

spectra were recorded on a Shimadzu UV-2550 spectrometer. Steady-
state emission spectra of Ir(ppy)2(PBT) and Ir(ppy)2(PBO) at room
temperature were measured on an Edinburgh instrument LP-920
spectrometer. The luminescence quantum yields of Ir(ppy)2(PBT)
and Ir(ppy)2(PBO) in CH2Cl2 solution was measured with reference
to ruthenium(II) complex Ru(bpy)3

2þ (Φf = 0.028 in water). Lifetime
studies were performed with an Edinburgh FL-920 photocounting
system with a hydrogen-filled flashlamp 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. Samples for absorption and emis-
sionmeasurements were contained in quartzose-cuvettes (1 cm�1 cm).
Deionized water was used to prepare all metal cation aqueous solutions.
Theoretical Calculations. The geometric and energy optimiza-

tions were performed with the Gaussian 03 program based on the
density functional theory (DFT) method.17 Becke’s three parameter
hybrid functional with the Lee�Yang�Parr correlation functional
(B3LYP) was employed for all the calculations. The LANL2DZ basis
set was used to treat the iridium atom, whereas the 3-21G* basis set was
used to treat all other atoms. Once an optimized geometry was obtained,
imaginary frequencies were checked at the same level by vibration
analysis to verify the genuine minimum on the potential energy surfaces
(PES). To understand the nature of the excited state, the orbital analyses
of the complexes were also performed.
Electrochemical Measurements. Electrochemical measure-

ments were performed with an Eco Chemie Autolab. All measurements
were carried out in a one-compartment cell under N2 atmosphere,
equipped with a glassy-carbon working electrode, a platinum wire
counter electrode, and an Ag/Agþ reference electrode. The supporting
electrolyte was a 0.10 mol 3 L

�1 CH2Cl2 solution of tetrabutylammo-
nium hexafluorophosphate (Bu4NPF6). The ferrocene/ferrocenium
couple was added and used as the internal standard. The scan rate was
50 mV 3 s

�1.
X-ray Crystallography Analysis of Ir(ppy)2(PBT) and Ir-

(ppy)2(PBO). The single crystal was mounted on a glass fiber and
transferred to a Bruker SMART CCD. Crystallographic measurement
was carried out using a Bruker SMART CCD diffractometer, σ scans,
and graphitemonochromatedMoKR radiation (λ = 0.71073 Å) at room
temperature. The structure was solved by direct methods and refined by
full-matrix least-squared on F2 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 refine-
ments [I > 2σ(I)], the unweighted and weighted agreement factors of
R1 = ∑||Fo| � |Fc||/∑|Fo| and wR2 = [∑w(Fo

2 � Fc
2)2/∑w(Fo

4)]1/2

were used. Cambridge Crystallographic Data Centre (CCDC) numbers
of Ir(ppy)2(PBT) and Ir(ppy)2(PBO) are 699179 and 709611,
respectively.

’RESULTS AND DISCUSSION

Synthesis of Complexes. The synthetic procedure for com-
plexes Ir(ppy)2(PBT) and Ir(ppy)2(PBO) includes two steps.
First, the chloro-bridged dinuclear cyclometalated iridium(III)
precursor [Ir(ppy)2Cl]2 was synthesized by the same method as
reported by Nonoyama.18 And then the iridium(III) complexes
were synthesized by the bridged-splitting reactions of crude
[Ir(ppy)2Cl]2 and subsequent complexation with N∧O ligand
PBT and PBO. Both the complexes Ir(ppy)2(PBT) and Ir(ppy)2-
(PBO) were obtained in good yields. Their structures were chara-
cterized by 1H NMR, ESI-MS, and X-ray crystallography.
Single Crystal Structures of Ir(ppy)2(PBT) and Ir(ppy)2-

(PBO). The single crystal of Ir(ppy)2(PBT) was obtained from
the mixed solution of dichloromethane and ether, and that of
Ir(ppy)2(PBO) was obtained by the slow evaporation of

Scheme 1. Chemical Structure of Ir(ppy)2(PBT) (1) and
Ir(ppy)2(PBO) (2)
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dichloromethane into the acetonitrile solution. Figure 1 shows
the crystal structures of Ir(ppy)2(PBT) and Ir(ppy)2(PBO). The
crystallographic refinement parameters of Ir(ppy)2(PBT) and
Ir(ppy)2(PBO) are summarized in Table 1, and the selected
relevant bond length (Å) and bond angle (deg) parameters are
listed in Supporting Information, Table S1 and S2.
The iridium(III) centers in both complexes Ir(ppy)2(PBT)

and Ir(ppy)2(PBO) adopt a distorted octahedral coordination
geometry with cis metalated carbons and trans nitrogen atoms, as
revealed by previous structural studies on mononuclear species
containing the cyclometalated C∧N ligands.19 Compared with
[Ir(ppy)2(PBO)], [Ir(ppy)2(PBT)] shows slightly longer Ir�C,
Ir�N, and Ir�O bond lengths, as shown in the Supporting
Information, Tables S1 and S2, indicating that it is somewhat
less stable. In both [Ir(ppy)2(PBT)] and [Ir(ppy)2(PBO)],
both the Ir�N(N∧O) (∼2.18 Å) and Ir�O (∼2.13 Å)
bond lengths are significantly longer than that of Ir�N(C∧N)

(∼2.04 Å). In particular, the Ir�N(N∧O) and Ir�O distances in
[Ir(ppy)2(PBT)] are 2.204(3) and 2.143(2) Å�, respectively,
which are longer than those in [Ir(ppy)2(PBO)]. These facts
suggest that the N∧O ligand PBT may be easily dissociated
from [Ir(ppy)2(PBT)] than [Ir(ppy)2(PBO)]. In addition, it can
be seen from Supporting Information, Tables S1 and S2 that the
N(N∧O)�Ir-O(N∧O), N(ĈN)�Ir-O(N∧O), and N(C∧N)�Ir-N(N∧O)

bite angles are very different for [Ir(ppy)2(PBT)] and
[Ir(ppy)2(PBO)], which indicates that the N∧O ligands have
a significant effect on the structures of the complexes.
Absorption Spectroscopy. The UV�vis absorption spectra

of the two complexes were measured in CH2Cl2 solutions at
298 K (Figure 2). The relevant data are collected in Table 2. Both
of the two complexes display intense absorption bands below
350 nm with an extinction coefficient ε of ∼105 mol�1

3 L 3
cm�1, which are assigned to the spin-allowed singlet ligand-
centered LC (π�π*) transitions. The weak absorption bands
in the range of 350�500 nm with an extinction coefficient ε
of ∼103 mol�1

3 L 3 cm
�1 are assigned to the metal-to-ligand

charge transfer (MLCT) and ligand-to-ligand charge transfer
(LLCT) transitions. Interestingly, the absorption band of
Ir(ppy)2(PBT) is red-shifted evidently in comparison with that
of Ir(ppy)2(PBO), indicating that the N

∧O ligand influences the
ground-state electronic structures and photophysical properties
of complexes.

Luminescence Spectroscopy. The room-temperature
photoluminescence spectra of two complexes in dichloro-
methane solutions and solid state are shown in the Figure 2. In
CH2Cl2 solution, both Ir(ppy)2(PBT) and Ir(ppy)2(PBO) dis-
play structureless emission bands with maximal wavelength at
602 and 523 nm with quantum efficiency of 1.8% and 0.68%,
respectively. The emission lifetimes measured in an air-equili-
brated solution at room temperature are 0.98 and 1.73 μs for
Ir(ppy)2(PBT) and Ir(ppy)2(PBO), respectively. Such long-
lived excited states indicate that the emitting states of the two
iridium(III) complexes have triplet character. Moreover, the

Figure 1. Crystal structures of Ir(ppy)2(PBT) (left) and Ir(ppy)2(PBO) (right) with thermal ellipsoids are drawn at the 40% probability level, and the
H atoms and solvent molecules have been omitted for clarity.

Table 1. Crystallographic Data for Ir(ppy)2(PBT) and
Ir(ppy)2(PBO)

Ir(ppy)2(PBT) Ir(ppy)2(PBO) 3CH3CN

chemical formula C35H24IrN3OS C37H27IrN4O2

Fw 726.83 751.83

cryst syst triclinic triclinic

space group P1 P1

a (Å) 10.8920(12) 8.9186(9)

b (Å) 11.6541(14) 10.4896(10)

c (Å) 12.0711(16) 16.9431(16)

R (deg) 75.631(8) 103.388(2)

β (deg) 68.776(7) 97.092(2)

γ (deg) 71.478(8) 106.612(2)

V 1338.9(3) 1446.7(2)

Z 2 2

T (K) 113(2) 293(2)

Dcalcd (g 3 cm
�3) 1.803 1.726

μ (mm�1) 5.100 4.657

2θmax (deg) 52.06 51.48

no. of reflns collected 11655 8596

no. of unique reflns 6297 6140

no. of obsd reflns 5554 5515

no. of variables 370 399

R 0.0304 0.0353

wR 0.0702 0.0819

GOF 1.018 1.036
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photoluminescence spectra of Ir(ppy)2(PBT) and Ir(ppy)2-
(PBO) are broad and featureless, indicating that the emission
originates primarily from the triplet 3CT excited states. Interest-
ingly, compared with Ir(ppy)2(PBO), Ir(ppy)2(PBT) exhibited
a significant red-shift of 80 nm in the emission wavelength,
corresponding to the change of emission color from green to red
by changing the N∧O ligand from PBO to PBT. Considering that
both complexes have the same C∧N ligand, it can be deduced
that the different emission properties for Ir(ppy)2(PBT) and
Ir(ppy)2(PBO) are associated with the difference of the S and O
atoms in the N∧O ligands. Thus, through changing the N∧O
ligands, the emission wavelengths and colors were tuned
significantly.
Electrochemical Properties. The electrochemical properties

of Ir(ppy)2(PBT) and Ir(ppy)2(PBO) were studied by cyclic
voltammetry (CV) in CH2Cl2 solution.

20 The data are listed in
Table 2. Complexes Ir(ppy)2(PBT) and Ir(ppy)2(PBO) exhib-

ited the irreversible oxidation wave at 0.90 and 0.96 V, respec-
tively. It is assumed that pure metal-centered oxidation is
reversible, and the irreversibility increases as the contribution
to the highest occupied molecular orbital (HOMO) of the N∧O
ligands increases. Therefore, the irreversible oxidation process
could be assigned to orbitals receiving strong contributions from
the iridium center and the Ir�O� σ-bond orbitals simulta-
neously. Complexes Ir(ppy)2(PBT) and Ir(ppy)2(PBO) exhib-
ited the irreversible reduction wave at �1.86 and �1.84 V,
respectively. In addition, the similar second reduction potential
for both complexes is assigned to the reduction of the C∧N
ligand (ppy), and this potential is also similar to that in the
previous report.21

Theoretical Calculations. To further investigate the nature
of the excited states, DFT and time-dependent DFT (TDDFT)
calculations were performed for [Ir(ppy)2(PBT)] and
[Ir(ppy)2(PBO)]. The calculated distributions of molecular
orbitals (HOMO-2, HOMO-1, HOMO, LUMO, LUMOþ1,
and LUMOþ2) are shown in Table 3, and the calculated low-
energy singlet- and triplet-state transitions of [Ir(ppy)2(PBT)]
and [Ir(ppy)2(PBO)] are shown in Table 4. The HOMO of
[Ir(ppy)2(PBT)] primarily resides on the iridium center with a
small distribution on the phenyl group of the N∧O ligand. Its
lowest unoccupiedmolecular orbital (LUMO) is distributed over
the whole N∧O ligand. For the complex [Ir(ppy)2(PBO)], both
the iridium center and the phenyl group of the N∧O ligand
contribute to the HOMO. The LUMO of [Ir(ppy)2(PBO)] is
mainly located on the C∧N ligand.
According to the calculated oscillator strength, the lowest

singlet transition responsible for the measured low-energy
absorption band of [Ir(ppy)2(PBT)] at 452 nm is assigned to
the S1 state (478 nm), which is mainly composed of the
HOMOfLUMO transition. The calculated energy of the ab-
sorption band is very similar to the experimental data. According
to the orbital distributions, this absorption band is mainly
assigned to the [dπ(Ir)fπ*N∧O] MLCT transition, with a small
contribution from the LC (π�π*)N∧O transition. That is to say,
the N∧O ligand PBT dominates the transitions. However, for
[Ir(ppy)2(PBO)], the S2 state (433 nm) is responsible for the

Figure 2. Absorption, emission spectra and colors of Ir(ppy)2(PBT)
and Ir(ppy)2(PBO) in different condition. Inset: (a�e) Photos of two
samples Ir(ppy)2(PBT) and Ir(ppy)2(PBO) in different states. (a, d)
bright-field photo of Ir(ppy)2(PBT) (a) and Ir(ppy)2(PBO) (b) in
CH2Cl2 (200 μM) solution; (b, c) emission photos of Ir(ppy)2(PBT) in
powder (b) and in CH2Cl2 solution (c); (e, f) emission photos of
Ir(ppy)2(PBO) in powder (e) and in CH2Cl2 solution (f).

Table 2. Photophysical Parameters and Electrochemical Data for Ir(ppy)2PBT (1) and Ir(ppy)2PBO (2)

λabs, nm
a τ, μsa λem, nm

a τ, μsa Φf
b , % Ea

ox, V Eonset
ox, V E1/2

re or Ec
re, V Eonset

re, V

1 260,452 0.98 602 0.98 1.8 0.90 0.74 �1.18 c, �1.86 c �0.69

2 259,407 1.73 523 1.73 0.68 0.96 0.82 �1.19 c, �1.84 c �0.77
aMeasured in CH2Cl2 solution. Concentration: 20 μM, T = 298K. bReference to ruthenium(II) complex Ru(bpy)3

2þ. c Irreversible wave.

Table 3. Selected Frontier Orbitals of Complex Ir(ppy)2PBT and Ir(ppy)2PBO
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experimentally observed low-energy absorption band (407 nm)
according to the calculated oscillator strength, which is also
assigned to the HOMOfLUMO transition.
According to the orbital distributions, [dπ(Ir)fπ*C∧N]

MLCT and [πN∧Ofπ*C∧N] intraligand charge-transfer
(ILCT) transitions are responsible for the absorption band at
433 nm, that is to say, the C∧N ligand dominates the absorption
band, which is different from the situation in [Ir(ppy)2(PBT)].
The lowest triplet states (T1) of [Ir(ppy)2(PBT)] and [Ir(ppy)2-
(PBO)] originate from the HOMOfLUMO and HOMO
fLUMOþ2 transitions, respectively. The calculated emission
wavelengths for [Ir(ppy)2(PBT)] and [Ir(ppy)2(PBO)] are 588
and 532 nm, respectively, which are also very close to the
experimental data. According to the orbital distributions, both
the [dπ(Ir)fπ*N∧O]MLCT and the LC (π�π*)N∧O transitions
are responsible for the excited states of [Ir(ppy)2(PBT)]
and [Ir(ppy)2(PBO)]. In addition, the [πC∧Nfπ*N∧O] LLCT

transition also makes some contribution to the excited state of
[Ir(ppy)2(PBO)]. Hence, we can conclude that the N

∧O ligands
dominate the emission properties of these two complexes and
that the different electronic properties of the sulfur and oxygen
atoms result in the significantly different emission wavelengths.
Optical Response of [Ir(ppy)2(PBT)] to Hg2þ. In view of the

dependence of the luminescence of [Ir(ppy)2(PBT)] on the
ligand PBT and the potential interaction22 between Hg2þ and
the sulfur atom of PBT, it is reasonable to expect that
[Ir(ppy)2(PBT)] might be used for the selective detection of
Hg2þ. In the present study, the sensing ability of [Ir(ppy)2-
(PBT)] has been investigated through UV/vis absorption and
photoluminescence techniques.
Considering the significance of detection in aqueous media, an

optimized solvent system of THF/H2O (1:9, v/v) was selected
for the spectroscopic investigation. The luminescence and ab-
sorption spectra of [Ir(ppy)2(PBT)] in the absence and presence

Table 4. Calculated Energy Levels of the Lower Lying Transitions of Complex 1 and 2

assignment

state from to coefficient energy (eV) wavelength (nm) oscillator strength

1 S1 HOMO LUMO 69%

2.595 477.7 0.0332HOMO LUMOþ1 17%

HOMO LUMOþ2 5%

S2 HOMO LUMO 6%

2.681 462.5 0.0144HOMO LUMOþ1 62%

HOMO LUMOþ2 25%

S3 HOMO-1 LUMOþ2 3%

2.721 455.0 0.0199
HOMO LUMO 14%

HOMO LUMOþ1 13%

HOMO LUMOþ2 63%

S4 HOMO-1 LUMO 66%
2.998 413.6 0.0432

HOMO-1 LUMOþ1 25%

S5 HOMO-1 LUMO 23%
3.040 407.8 0.0219

HOMO-1 LUMOþ1 67%

T1 HOMO-1 LUMO 11%

2.109 587.9 0HOMO LUMO 85%

HOMO LUMOþ2 3%

2 S1 HOMO-1 LUMO 11%

2.772 447.3 0.0061HOMO LUMO 83%

HOMO LUMOþ1 2%

S2 HOMO-1 LUMO 62%

2.863 433.1 0.0311
HOMO-1 LUMOþ1 5%

HOMO LUMO 5%

HOMO LUMOþ1 22%

S3 HOMO-1 LUMO 12%

2.869 432.1 0.0102
HOMO-1 LUMOþ1 6%

HOMO LUMO 7%

HOMO LUMOþ1 72%

S4 HOMO-1 LUMO 8%
2.912 425.8 0.0005

HOMO-1 LUMOþ1 83%

S5 HOMO-1 LUMOþ2 10%

2.980 416.1 0.0788HOMO LUMOþ2 79%

HOMO-1 LUMOþ4 89%

T1 HOMO-1 LUMOþ2 3%
2.332 531.6 0

HOMO LUMOþ2 97%
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of Hg2þ are shown in Figure 3 and Supporting Information,
Figure S8, respectively. The addition of increasing amounts of
Hg2þ to a solution of [Ir(ppy)2(PBT)] induced some changes in
its absorption spectrum. The absorbance at 452 nm gradually
decreased, which led to an evident color change from orange to
colorless. This indicated a strong interaction between [Ir(ppy)2-
(PBT)] and Hg2þ.
In THF/H2O (1:9, v/v) solution, [Ir(ppy)2(PBT)] shows an

intense emission band at 607 nm, and the photoluminescence
color is red (Figure 2 inset). Upon excitation at 360 nm, the
emission intensity at 607 nm decreased and a new band gradually
appeared at 460 nm when Hg2þ was added into the solution of
[Ir(ppy)2(PBT)], corresponding to a significant blue-shift of
147 nm with an isoemissive point at 545 nm. As a result, the
emission color was distinctively changed from red to blue, which
could be observed by the naked eye. The large difference between
the two emission wavelengths (147 nm) is very beneficial for the
accurate measurement of the two emission intensities. In addi-
tion, the ratio of the emission intensities at 460 and 607 nm (I607/
I460) undergoes a dramatic change from 38.96 to 0.08 upon the
addition of Hg2þ (Supporting Information, Figure S9). Such a
large change in the ratio of the emission intensities at the two
wavelengths indicates that [Ir(ppy)2(PBT)] is capable of serving
as a ratiometric phosphorescent probe for Hg2þ. At the con-
centration of [Ir(ppy)2(PBT)] used in this study, Hg

2þ could be
detected down to a concentration of 10�7 mol 3 L

�1, namely, in
the parts per billion (ppb) range. In addition, a Job’s plot analysis
showed that the binding stoichiometry was 1:1 in CH3CN
solution (Figure 3 inset). Interestingly, under excitation at
460 nm, the phosphorescent emission of [Ir(ppy)2(PBT)] at
607 nm was quenched, and no short-wavelength emission was
observed (Supporting Information, Figure S10), which is sig-
nificantly different from the case excited at 365 nm. In addition,
no change in emission of [Ir(ppy)2(PBO)] was observed upon
addition of Hg2þ. These facts indicate a strong interaction
between the sulfur atom of [Ir(ppy)2(PBT)] and Hg

2þ.
Selective Optical Response of Complex Ir(ppy)2(PBT) to

Various Metal Ions. For an excellent chemosensor, high selec-
tivity is very important. To validate the selectivity of Ir(ppy)2-
(PBT), some other metal ions including some alkali (Naþ, Kþ),
alkaline earth (Mg2þ), and transition metal ions (Cu2þ, Ni2þ,
Cuþ, Co2þ, Agþ, Cd2þ, Cr3þ, Fe2þ, Pb2þ) were tested under the

same condition as that of Hg2þ by absorption and luminescent
spectroscopy. As shown in Figure 4, only the addition of Hg2þ

resulted in a prominent emission change, whereas very weak
variations were observed upon addition of an excess of others
metals ions. The results indicated that the Ir(ppy)2(PBT) can
serve as a sensitive phosphorescent indicator for Hg2þ.
Mechanism of the Sensing of Hg2þ by [Ir(ppy)2(PBT)]. In

terms of Pearson’s hard�soft acid�base theory,23 Hg2þ is a soft
ion (soft acid) and can interact preferentially with sulfur (a soft
base). Herein, the interaction of [Ir(ppy)2(PBT)] withHg

2þwas
further investigated by 1H NMR and MS spectra technique. As
shown in Figure 5, the chemical shifts of [Ir(ppy)2(PBT)]
changed significantly upon addition of Hg2þ. When the amount
of added Hg2þ ions reached 1.0 equivalent, the original peaks
(Figure 5) of [Ir(ppy)2(PBT)] had disappeared, and the final
spectrum in the presence of 2.0 equiv of Hg2þ was similar to that
of a mixture of ligand PBT and 2.0 equiv of Hg2þ ions (Figure 5).
This suggests that the interaction between [Ir(ppy)2(PBT)] and
Hg2þ ions releases the ligand PBT to bind with Hg2þ and then a
new complex is formed (Scheme 2A) in what constitutes a
chemical reaction. This mechanism was further confirmed by
ESI-MS measurements on a mixture of [Ir(ppy)2(PBT)] and 2.0
equiv of Hg2þ. As shown in the Supporting Information, Figure
S12, the original peak atm/z 728.1 assigned to [Ir(ppy)2(PBT)]

Figure 3. Luminescent response of Ir(ppy)2(PBT) (2 � 10�5 M) in
solution (THF/H2O, 1:9, v/v) to Hg2þ (0.1 M, 3.4 equiv.) under
excitation at 360 nm.

Figure 4. Luminescent responses of Ir(ppy)2(PBT) (50 μM) in THF/
H2O (1:9) to various metal ions (5.0 equiv) at 25 �C.

Figure 5. 1H NMR spectra between ligand PBT and Ir(ppy)2(PBT)
(1) with Hg2þ in d8-THF. (a) only PBT; (b) only Ir(ppy)2(PBT); (c)
PBTwith 2.0 equiv of Hg2þ; (d) Ir(ppy)2(PBT) with 2.0 equiv of Hg

2þ.
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disappeared and a new peak was observed at m/z 534.9 attribu-
table to [Ir(ppy)2(H2O)2]

þ. Moreover, the coordination inter-
action of the PBT ligand with Hg2þ ions was further confirmed
by an obvious shift in the 1H NMR signal of PBT upon addition
of 2.0 equiv of Hg2þ (Supporting Information, Figure S4).
According to the above analyses, we can conclude that upon
bonding with Hg2þ the N∧O ligand (PBT) dissociates from
[Ir(ppy)2(PBT)] and the fragment [Ir(ppy)2]

þ further com-
bines with two H2O molecules to form a new complex
[Ir(ppy)2(H2O)2]

þ. Hence, such a probe for Hg2þ based on
[Ir(ppy)2(PBT)] can be classed as a chemodosimeter.
Logic Gates Based on [Ir(ppy)2(PBT)] with Hg2þ and

Histidine As Inputs. It has been reported that the formed Ir(III)
solvent complex [Ir(ppy)2(H2O)2]

þ is nonemissive, but may
selectively bind histidine to form a luminescence-enhanced
complex.6 In the present study, the response of [Ir(ppy)2-
(PBT)] to histidine and/or Hg2þ has been investigated by
luminescence analysis. As shown in Figure 6, when only histidine
was added to a solution of [Ir(ppy)2(PBT)], the spectral change
was very slight. However, upon addition of both histidine and
Hg2þ, the luminescence spectrum of [Ir(ppy)2(PBT)] changed
significantly, and a new peak at 510 nm was formed immediately,
corresponding to an obvious change in the emission color from
red to green. These facts indicated that the presence of Hg2þ

promoted the interaction of [Ir(ppy)2(PBT)] with histidine.
The process is shown schematically in Scheme 2.
Furthermore, the effects of Hg2þ ions and histidine on the

luminescence of [Ir(ppy)2(PBT)] permit this complex to be
fabricated as a more advanced and functional molecular device,

such as a logic gate. Interestingly, as shown in Figure 7, two-input
AND and INHIBIT gates were successfully fabricated for
[Ir(ppy)2(PBT)]. Herein, Hg

2þ (input 1, denoted as I1, 2.0
equiv, binary 1; 0 equiv, binary 0), and histidine (input 2, denoted
as I2, 5.0 equiv, binary 1; 0 equiv, binary 0) were used as these
inputs, and the emission intensities at 460 nm (I460 nm, corre-
sponding to the PBT emission) and 545 nm (I545 nm, corre-
sponding to the isoemissive point, output 1, denoted as O1) and
the values of the ratio I460 nm/I545 nm (output 2, denoted as O2)
were taken as the outputs of the system. As shown in Figure 7, the
I545 nm (O1) was distinctly high (logic 1) only when both inputs
(I1, I2) were high (1, 1), and the output was low (logic 0) when
either or both of the inputs (I1, I2) were low [(0, 0) or (0, 1) or
(1, 0)]. The experimental truth table for this device summarizes
the input�output response and confirms that [Ir(ppy)2(PBT)]
behaves as an AND logic gate. Thus, a two-input AND gate was
fabricated by using Hg2þ and histidine as inputs and taking
I545 nm (O1) as the output. Furthermore, we also fabricated an
INHIBIT logic gate by using Hg2þ (I1) and histidine (I2) as two
inputs and taking the ratio I460 nm/I545 nm (O2) as the output
(Figure 7). In this device, I460 nm/I545 nm (O2) is distinctly high
(logic 1) when (I1, I2) is (1, 0), indicating that Hg2þ and
histidine modulate I460 nm/I545 nm (O2) through an INHIBIT
logic operation. Therefore, two-input AND and INHIBIT gates
were successfully fabricated for [Ir(ppy)2(PBT)] by using
chemical inputs and taking the luminescent emission signals as
outputs. Of course, it should be noted that the logic gate in
solution described in this work is not practicable.

’CONCLUSIONS

In summary, we have demonstrated for the first time that two
neutral complexes, [Ir(ppy)2(PBT)] and [Ir(ppy)2(PBO)], con-
taining different N∧O ligands can serve as logic gates. Theoretical
calculations and detailed studies of the photophysical and
electrochemical properties have shown that the N∧O ligands
dominate the emission properties of these two complexes.
Furthermore, the complex [Ir(ppy)2(PBT)] containing an S
atom in the N∧O ligand can serve as a highly selective chemo-
dosimeter for Hg2þ, permitting ratiometric and naked-eye
detection. More importantly, [Ir(ppy)2(PBT)] has been further
developed as AND and INHIBIT logic gates by using Hg2þ (I1)
and histidine (I2) as two inputs and the phosphorescence signal
as the output. This preliminary understanding of the sensing
mechanism can be expected to help the design of new

Scheme 2. Possible Mechanism of the Sensing Reaction

Figure 6. Luminescence spectra and emission photos (inset) of
[Ir(ppy)2(PBT)] in the CH3CN/H2O (1:5, v/v) solution upon addi-
tion of Hg2þ and histidine. (a) only 1; (b) 1 with 2.0 equiv of Hg2þ;
(c) 1 with 5.0 equiv of histidine; (d) 1 with 2.0 equiv of Hg2þ and 5.0
equiv of histidine.

Figure 7. Truth table and representation of the electronic circuit (top)
and combinational logic scheme (bottom) of AND and INHIBIT logic
operations.
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phosphorescent probes based on iridium(III) complexes by
simply modifying the ligands to contain specific coordinating
elements, allowing further exploration of this new application of
phosphorescent iridium(III) complexes in molecular logic gates.
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