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’ INTRODUCTION

Given characteristic metal-to-ligand charge-transfer (MLCT)
excited states, rich luminescent Re(I)-bipyridine complexes have
attracted considerable attention for their intriguing photophysi-
cal, photochemical, excited-state redox properties, and potential
applications in light emitting devices.1 Therefore, the widespread
use of Re(I)-bipyridine complexes displaying the charge-transfer
phosphorescence has resulted in the study of many diimine-type
ligands. This is also because tuning the steric and electronic
properties of “diimine analogues” is readily accessible by
synthesis.2 In this context, the 2-(20-pyridyl)benzimidazole
(HPB) ligand3 and its derivatives4 are not unusual in coordina-
tion compounds, but many of the reported complexes have been
of interest because of the possibility of deprotonating the NH
group of the imidazole unit, leading to the formation of an
imidazolate unit (PB). Haga et al.3a first showed that the redox
and spectroscopic properties of [Ru(bpy)2(HPB)]

2þ were
highly dependent on pH. Since the imidazole form is suggested
to have a stronger π-donating ability than the imidazolate,
they also demonstrated that [Ru(bpy)2(HPB)]

2þ (bpy = 2,

20-bipyridine) shows3MLCT luminescence comparable to that
of [Ru(bpy)3]

2þ with a slight red-shift and a shorter lifetime,3b

indicating that [Ru(bpy)2(HPB)]
2þ also has rich luminescence.

Indeed, the deprotonated form (PB) is able to act as a multi-
nucleating bridging ligandwithmetal ions in assembled products.
These complexes, composed of two or more redox- and photo-
active components, display electronic communications between
sites and can be anticipated to find useful applications in material
science.

The selective recognition and sensing of biologically or
environmentally important ions by artificial receptors has
emerged as a key research topic in supramolecular chemistry.
In this regard, the design and synthesis of receptors sensitive to
ion�receptor interactions and capable of exhibiting either a
chromogenic and/or a fluorogenic response are of current
interest. Methodologies for the efficient detection and quantita-
tive determination of ions are being developed, and a variety of

Received: September 17, 2010

ABSTRACT: A series of Re(I) complexes, [Re(CO)3Cl(HPB)]
(1), [Re(CO)3(PB)H2O] (2), [Re(CO)3(NO3)(PB-AuPPh3)]
(3), and [Re(CO)3(NO3)(PB)Au(dppm-H)Au]2 (4) [HPB =
2-(20-pyridyl)benzimidazole; dppm = 2,20-bis(diphenylphos-
phinomethane)], have been synthesized and characterized by
X-ray diffraction. Complex 1, which exhibits interesting pH-
dependent spectroscopic and luminescent properties, was pre-
pared by reacting Re(CO)5Cl with an equimolar amount of
2-(20-pyridyl)benzimidazole. The imidazole unit in complex 1
can be deprotonated to form the imidazolate unit to give complex
2. Addition of 1 equiv of AuPPh3(NO3) to complex 2 led to the
formation of a heteronuclear complex 3. Addition of a half an
equivalent of dppm(Au(NO3))2 to complex 2 yielded 4. In both
3 and 4, the imidazolate unit acts as a multinuclear bridging
ligand. Complex 4 is a rare and remarkable example of a Re2Au4
aggregate in combination with μ3-bridging 2-(20-pyridyl)benzimidazolate. Finally, complex 2 has been used to examine the Hg2þ-
recognition event among group 12 metal ions. Its reversibility and selectivity toward Hg2þ are also examined.
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molecular sensors for anions have been synthesized and designed
in the past decade.5 In this context, the Hg(II) ion is considered
to be one of the most hazardous to environment and human
health. Up to now, intensive efforts have been made to develop
artificial receptors for the Hg(II) ion, and the fluorescence
technique has been known to offer a promising approach for
simple and rapid tracking of Hg(II) ions.6 We report herein
pH-dependent spectroscopic and luminescent properties of
Re(I) complexes with HPB and PB ligands, and the evaluation
of their sensing capabilities toward group 12 metal-ions.

’EXPERIMENTAL SECTION

General Information. All reactions were performed under a
nitrogen atmosphere. Solvents for syntheses (analytical grade) were
purified by literature methods, and 2-(20-pyridyl)benzimidazole (HPB),
Re(CO)5Cl, M(ClO4)2 (M = Zn2þ, Cd2þ, Hg2þ), and Hg(NO3)2 were
obtained commercially and used without any further purification. NMR
spectra were recorded on a Bruker DPX 400 MHz NMR spectrometer,
and samples were prepared in deuterated solvents with the usual
standards. Infrared (IR) spectra were recorded with samples in the form
of KBr pellets on a Perkin-Elmer PC 16 FTIR spectrometer. UV/vis and
steady-state emission spectra were recorded on Hitachi U-3010 and
Hitachi F-7000 spectrophotometers, respectively. The powder X-ray
diffraction (PXRD) data were recorded on a Shimadzu XRD-6000
diffractometer. Positive electrospray-ionization (ESI) mass spectra were
obtained on a Q-Tof LC/MS/MSmass spectrometer. Elemental analysis
(EA) of the complexes was performed on an Elementar vario EL III
Heraeus CHNOS Rapid F002 elemental analyzer, and the solid samples
were pretreated by subjecting them to a vacuumovernight. To determine
the photoluminescence quantum yield in solution, the samples were
degassed by three freeze�pump�thaw cycles. 4-(Dicyanomethylene)-2-
methyl-6-(paradimethylaminostyryl)-4H-pyran (DCM, λmax = 615 nm,
Exciton) in methanol, with a quantum yield of ∼0.4, served as the
standard for measuring the quantum yield. Solid-state quantum yields
were determined with a calibrated integrating sphere system. The
uncertainty of the quantum yield measurement was in the range
of <2% (an average of three replica). Lifetime studies were performed
with an Edinburgh FL 900 photon-counting system, using a hydrogen-
filled lamp as the excitation source. The emission decays were fitted by
the sum of exponential functions with a temporal resolution of∼300 ps
by the deconvolution of instrument response function.
Synthesis. [Re(CO)3Cl(HPB)] (1). A 36.1 mg portion (0.1 mmol) of

Re(CO)5Cl and 19.5 mg (0.1 mmol) of HPB in 10 mL of toluene were
heated with stirring at 60 �C for 24 h, whereupon a pale yellow solid was
formed. After cooling, the solid was collected on a glass frit, washed with
hexanes, dried under a vacuum, and weighed (ca. 80% yield). Yellow
single crystals were obtained by crystallization from CH2Cl2/diethyl
ether. 1H NMR (400 MHz, CDCl3): δ 7.27 [m, 2H, Ph/Py], 7.34
[m, 2H, Ph/Py], 7.79 [d, J = 7.6 Hz, 1H, Ph/Py], 7.86 [m, 1H, Ph/Py],
8.20 [d, J = 8.0 Hz, 1H, Ph/Py], 8.87 [d, J = 5.2 Hz, 1H, Ph/Py], 13.72
[s, 1H, NH]. FT-IR: νNH = 3039 cm�1, νC�O = 2,024 and 1898 cm�1,
νCdN/CdO = 1608 and 1483 cm�1. ESI-MS: [M � Cl]þ, m/e = 501.0,
10%. Anal. Calcd (%) for C15H9ClN3O3Re: C, 35.97; H, 1.81; N, 8.39.
Found (%): C, 36.29; H, 1.80; N, 8.43.
[Re(CO)3(PB)H2O] (2). Amethanolic solution of [Re(CO)3Cl(HPB)]

(50.3 mg, 0.1 mmol) was stirred for 20 min in the presence of NaOH
(4.8 mg, 0.1 mmol). MeOH was then removed on a rotary evaporator.
Deionized water (20 mL) was added to the solid, and the pale yellow
solid was collected on a glass frit, washed with hexanes, dried under a
vacuum, andweighed (ca. 75% yield). Yellow single crystals were obtained
by crystallization from tetrahydrofuran (THF)/dimethylsulfoxide
(DMSO)/diethyl ether. 1H NMR (400 MHz, DMSO-d6): δ 7.14
[m, 1H, Ph/Py], 7.21 [m, 1H, Ph/Py], 7.61 [m, 1H, Ph/Py], 7.65 [d,

J = 8.28 Hz, 1H, Ph/Py], 8.24 [m, 2H, Ph/Py], 8.35 [d, J = 7.96 Hz, 1H,
Ph/Py], 8.90 [d, J = 5.4 Hz, 1H, Ph/Py]. FT-IR: νC�O = 2,019 and
1888 cm�1, νCdN/CdO = 1611 and 1461 cm�1. ESI-MS: [M þ Hþ �
H2O]

þ, m/e = 465.9, 100%. Anal. Calcd (%) for C15H10N3O4Re: C,
37.34; H, 2.09; N, 8.71. Found (%): C, 37.21; H, 2.18; N, 8.58.

[Re(CO)3(NO3)(PB-AuPPh3)] (3). To a solution of Au(PPh3)NO3

{obtained by treating Au(PPh3)Cl (52 mg, 0.1 mmol) with AgNO3

(20.4 mg, 0.12 mmol)} in CH2Cl2/MeOH (1:1, 30 mL) was added 2
(48.3 mg, 0.1 mmol). After stirring for 1 h, the solution became pale
yellow. The solution was then reduced to 5 mL volume on a rotary
evaporator, and the yellow solid was obtained upon addition of diethyl
ether with about 72% yield. Yellow single crystals were obtained by
crystallization from CH2Cl2/diethyl ether. 1H NMR (400 MHz,
DMSO-d6): δ 7.31 [m, 1H, Ph/Py], 7.46 [m, 2H, Ph/Py], 7.71 [m,
15H, PPh3], 7.82 [m, 1H, Ph/Py], 8.12 [m, 2H, Ph/Py], 9.10 [m, 1H,
Ph/Py], 9.27 [d, 1H, Ph/Py]. FT-IR: νC�O = 2018 and 1892 cm�1,
νCdN/CdO = 1608 and 1473 cm�1, and νN�O = 1279 cm�1. ESI-MS:
[M � NO3]

þ, m/e = 924.1, 20%. Anal. Calcd (%) for C33H23Au-
N4O6PRe: C, 40.21; H, 2.35; N, 5.68. Found (%): C, 40.38; H, 2.18;
N, 5.58.

[Re(CO)3(NO3)(PB)Au(dppm-H)Au]2 (4). To a solution of dppm-
(AuNO3)2 {obtained by treating dppm(AuCl)2 (42.4 mg, 0.05 mmol)
with AgNO3 (20.4 mg, 0.12 mmol)} in CH2Cl2/MeOH (1:1, 40 mL)
was added 2 (48.3 mg, 0.1 mmol). After stirring for 24 h the solution
became pale yellow-green. The solution was then reduced to 5 mL
volume on a rotary evaporator, and the yellow-green solid was obtained
upon addition of diethyl ether with about 54% yield. Yellow-green single
crystals were obtained by crystallization from THF/DMSO/DMF/
diethyl ether. FT-IR: νC�O = 2021 and 1892 cm�1, νCdN/CdO =
1610 and 1466 cm�1, and νN�O = 1279 cm�1. ESI-MS: [M� 2NO3]

2þ,
m/e = 1241.98, 7.5%; [M � 2NO3] 3 2CH3CN}

2þ, m/e = 1282.99,
47.0%. Anal. Calcd (%) for C80H58Au4N8O12P4Re2: C, 36.85; H, 2.24;
N, 4.30. Found (%): C, 36.59; H, 2.36; N, 4.45.
X-ray Crystallography. Suitable crystals were mounted on glass

capillaries. Data collection was carried out on a Bruker SMART CCD
diffractometer with Mo radiation (0.71073 Å) at 150 and 100 K for
complexes 1�3 and 4, respectively. A preliminary orientationmatrix and
unit cell parameters were determined from 3 runs of 15 frames each, each
frame corresponding to 0.3� scan in 20 s, followed by spot integration
and least-squares refinement. Data were measured using an ω scan of
0.3� per frame for 20 s until a complete hemisphere had been collected.
Cell parameters were retrieved using SMART7a software and refined
with SAINT7b on all observed reflections. Data reduction was performed
with the SAINT software and corrected for Lorentz and Polarization
effects. Absorption corrections were applied with the program
SADABS.7c The structure was solved by direct methods with the
SHELXS-977d program and refined by full-matrix least-squares methods
on F2 with SHELXL-97.7e All non-hydrogen atomic positions were
located in difference Fourier maps and refined anisotropically. Hydro-
gen atoms were constrained to the ideal geometry using an appropriate
riding model. Detailed data collection and refinement of complexes 1�4
is summarized in Table 1.
Theoretical Method. The density functional B3LYP8a,b/

LanL2DZ8c calculations were performed for monomers of the Re(I)
complexes 1�4 in the corresponding crystal geometries. The Gaussian
03 program.9 was utilized in the electronic structure calculations.

’RESULTS AND DISCUSSION

The Re(I) 2-(20-pyridyl)benzimidazole complex (1) has been
synthesized by reacting Re(CO)5Cl with an equimolar amount
of 2-(20-pyridyl)benzimidazole in toluene at 60 �C for 24 h with a
yield of about 80%. Complex 1 was characterized by the X-ray
diffraction, and was found to have the imidazole unit acting as a
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chelate. The imidazole ligand in complex 1 can be deprotonated
to form the imidazolate unit to give complex 2. The addition of 1
equiv of AuPPh3(NO3) to complex 2 led to the formation of a
heteronuclear complex 3. On the other hand, the addition of a
half equivalent of dppm(Au(NO3))2 to complex 2 generated 4.
Scheme 1 shows the synthesis of complexes 2�4 from complex

1. Indeed, complex 1 has been shown to have pH-dependent
spectroscopic and luminescent properties, and its deprotonated
form (2) with the imidazolate unit is expected to act as a
multinuclear bridging ligand in the assembly process. In addition,
complex 2 is also evaluated for group 12 metal-ion sensing
events.

Scheme 1

Table 1. Crystallographic data of 1, 2 3THF, 3 3CH2Cl2, and 4

1 2 3THF 3 3CH2Cl2 4

empirical formula C15H9ClN3O3Re C19H18N3O5Re C34H25AuCl2N4O6PRe C80H56Au4N8O12P4Re2
formula weight 500.9 554.56 1070.62 2605.47

crystal system triclinic monoclinic triclinic triclinic

space group (No.) P1 P21/c P1 P1

a (Å) 7.6232(2) 6.9427(1) 10.7751(2) 12.950(2)

b (Å) 8.4654(2) 14.2672(2) 11.4767(2) 13.243(2)

c (Å) 11.8430(3) 19.3829(3) 14.8100(3) 14.050(3)

R (deg) 90.7883(13) 90 79.0817(12) 61.944(2)

β (deg) 95.1188(15) 99.8492(7) 75.7238(10) 89.385(4)

γ (deg) 92.0589(16) 90 82.9814(12) 84.796(3)

V (Å3) 760.62(3) 1891.63(5) 1737.27(6) 2116.2(6)

Z 2 4 2 2

F(000) (e) 472 1072 1016 1214

μ (Mo�KR) (mm�1) 8.181 6.460 7.949 9.892

reflections collected 11153 10751 25421 20272

independent reflections 3456 (Rint = 0.070) 4300 (Rint = 0.041) 7950 (Rint = 0.068) 7550 (Rint = 0.026)

observed reflections (Fo g 2σ(Fo)) 3456 4300 7950 7550

refined parameters 208 253 443 662

goodness-of-fit on F2 1.002 1.005 1.071 1.117

Ra, Rw
b (I g 2σ(I)) 0.038, 0.075 0.029, 0.057 0.039, 0.091 0.043, 0.103

Ra, Rw
b (all data) 0.054, 0.081 0.045, 0.062 0.060, 0.103 0.050, 0.105

aR = ∑||Fo| � |Fc||/∑|Fo|.
bwR2 = {∑w(Fo

2 � Fc
2)2/∑w(Fo

2)2}1/2.
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Description of Crystal Structure of Complexes 1�4. Per-
spective views of complexes 1�4 are shown in Figure 1a�d,
respectively. Each complex has a very similar coordination
geometry about the Re(I) ion, with a fac-tricarbonyl arrangement
and a pseudo-octahedral geometry. Among complexes 1�4, the
values of Re�Npyridyl (2.193(5)�2.226(9) Å) are in general
slightly longer than those of Re�Nimidazole/imidazolate (2.142(3)�
2.153(11) Å) and the bite angles of the chelating imidazole/
imidazolate ligands are within 74�75�, which are all in agree-
ment with the trend reported in refs 3c,4. Since the N(2)�C(9)/
N(3)�C(9) distances in the imidazole units are 1.334(7)/
1.344(7) Å and 1.350(5)/1.332(5) Å for complexes 1 and 2,
respectively, the partial delocalization between single and double
bonds can be observed, which are different from those of
localized forms found in Re(I) alkyl-imidazole complexes. How-
ever, the N(3)�C(9) and N(4)�C(9) distances are 1.316(7)
and 1.353(7) Å, respectively, in complex 3, indicative of less
delocalization in the imidazolate unit. The imidazolate unit acts
as a μ3-bridging form, and chelates not only to a Re(I) ion, but
also bridges to a AuPPh3

þ unit in complex 3. Therefore, the
conclusion is that the imidazole and imidazolate units in com-
plexes 1 and 2 are delocalized, whereas the alkyl-imidazole and
AuPPh3-imidazolate in complex 3 are more localized.4a This
findingmay be ascribed to the similar electronic effect of the alkyl
and AuPPh3

þ units, which are not the same as the Hþ unit. In
addition, π 3 3 3π interactions are also found in the crystal lattices
of complexes 1 and 2, and such interactions did increase the

structural dimensions of the 2-D (the π 3 3 3πcentroid distance of
3.655 Å between two parallel phenyl rings)10 and 1-D (the
π 3 3 3πcentroid distance of 3.736 Å between two phenyl rings with
a dihedral angle of 5.8�)10 frameworks for complexes 1 and 2,
respectively. Since a flipping disorder occurs in the imidazolate
unit in complex 4, discussions regarding bond parameters of the
imidazolate unit are not possible.
Except for the imidazole and imidazolate units, the other bond

parameters about the Re(I) ions of complexes 1�4 are not
uncommon, with respect to the reported Re(I) alkyl-imidazole
complexes.4 However, heteronuclear complexes 3 and 4 have the
imidazolate unit acting as a μ3-bridging form, which is a rare
phenomenon in the literature. In complex 3, the imidazolate unit
chelates to the Re(I) ion and also bridges to the AuPPh3

þ group
with a Au�Nimidazolate distance of 2.051(5) Å and a P�Au�N
angle of 176.39(15)�, which are comparable to the related values
of 2.075(4) Å and 176.39(15)� in [HPB(AuPPh3)]ClO4,

3c

respectively. Surprisingly, a novel heteronuclear aggregate,
namely, complex 4, has been serendipitously isolated and char-
acterized by X-ray diffraction. It has a dppm2Au2 unit as a core
structure with an intramolecular Au(I) 3 3 3Au(I) distance of
2.9814(7) Å, where each methylene group in dppm is singly
deprotonated to coordinate to the Au(I)-imidazolate-Re(I)
group. Although the deprotonated methylene group coordinat-
ing to the metal ion is not unusual,11 the Re2Au4 aggregate is a
remarkable example in the literature. Although the mechanism is
so far unclear, the infrared spectral data show that the complexes

Figure 1. Molecular structure of 1 (a), 2 (b), 3 (c), and 4 (d). ORTEP diagram shows 50 and 30 % probability ellipsoids for 1�3 and 4, respectively.
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isolated after 1 h and 24 h of reaction, and single crystals are all
highly similar (see Supporting Information, Figure S1). This
indicates that complex 4 is not formed in the crystal-growth
process, but most likely formed directly from the reaction. A
π 3 3 3π interaction is also found in complex 4 between two
phenyl rings in dppm (the π 3 3 3πcentroid distance of 3.618 Å and
a dihedral angle of 9.8�).10 Additionally, the Cl� anions on Re(I)
ions in complexes 3 and 4 have both been displaced by the NO3

�

anions in the reaction process.
Photophysical Properties. In general, all complexes 1�3

measured in CH3OH show an absorption band at about 237 nm,
a shoulder at about 300 nm, and also broad bands at about 336,
342, and 345 nm, respectively (Figure 2). On the basis of the
similarity to the absorptions at about 239 and 308 nm with two
shoulders at 300 and 321 nm of HPB, these absorptions are most
likely ascribed to intraligand (IL) transitions. However, the
absorption bands at 336�345 nm have low-energy absorptions
tailing to about 450 nm, where a characteristic MLCT transition
at about 380 nm possibly sits under this region. For reference, the
absorption spectrum of the Re(I) ethyl-imidazole complex4a

shows an absorption maximum at about 400 nm assigned to a
characteristic MLCT transition, which is expected to be solvent-
dependent. Therefore, a series of solvent-dependent absorption
spectra of 1 have been also measured in CH2Cl2, CHCl3, THF,
CH3OH, CH3CN, and DMSO (see Supporting Information,
Figure S2). Despite similar absorption features for low-energy
absorptions at about 380 nm tailing to 450 nm, a distinctly
different spectral feature can be observed at about 285�350 nm.
It seems like that MLCT absorption is red-shifted in the non-
hydrogen bonding solvents such as in CH2Cl2, CHCl3, and
CH3CN relative to those of hydrogen-bonding solvent like
DMSO and MeOH. A similar phenomenon is observed in the
emission spectra and will be discussed later. Note that in Figure 2,
the slight red shifts in the absorption energies from 1 to 3, or to 2
in CH3OH may be due to increased conjugation in the imida-
zolate unit compared with the imidazole. Because of the poor
solubility of crystalline samples of complex 4, its absorption and
luminescence measurements in solution were not possible.
All emission spectra of complexes 1�4 in the solid state and

complexes 1�3 in CH3OH have been measured; their spectra
are shown in Figures 3a�c. Upon photoexcitation at 380 nm at
room temperature, solid samples of complexes 1, 2, and 3 show
low-energy emission bands at about 560, 532, and 556 nm,
respectively, as shown in Figure 3a. Their respective excitation

spectra are shown in Supporting Information, Figure S3. In
solution such as CH3OH, the emission spectra for complexes
1�3 show emission bands at about 576, 528, and 553 nm,
respectively (Figure 3b). Similar to the absorption spectra,
complex 1 shows solvent-dependent emission, with peak wave-
length varied in a variety of solvents such as CH2Cl2, CHCl3,
THF, CH3OH, CH3CN, and DMSO, being at 590, 590, 610,
576, 606, and 578 nm, respectively (see Supporting Information,
Figure S4, vide infra).
Emission lifetime and quantum yield measurements are also

performed and pertinent data are listed in Table 2. According to
Table 2, the radiative decay rate constant, kr, can be derived by
the equation kr = kobs�Φ = 1/τ�Φ. As a result, the kr value is
deduced to be in the range of 104�105 s�1 for the titled
compounds, clearly indicating that the emission originates from
a triplet manifold, that is, the phosphorescence. As for the control
experiment, the free ligand HPB in CH3OH exhibits dual
emission maxima at 422 and 538 nm (see Supporting Informa-
tion, Figure S5). While the 422 nm emission, which is a mirror

Figure 2. Absorption spectra of 1 (black line), 2 (red line), 3 (blue
line), and HPB (green line) are measured in CH3OH at a concentration
of 2.5 � 10�5 M, respectively.

Figure 3. Emission spectra of 1 (black line), 2 (red line), and 3 (blue
line) measured (a) in the solid state and (b) in CH3OH at a concentra-
tion of 2.5 � 10�5 M, respectively. (c) The emission spectra of 4
measured in the solid state at room temperature (solid line) and at 77 K
(dash line). Excitation wavelength was used at 380 nm.
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image with respect to the absorption spectrum, is ascribed to the
normal Stokes shifted emission of HPB, the large Stokes shifted
emission (with respect to the absorption peak) originates from
the excited state proton transfer reaction assisted by the
methanol molecule. It has been reported that in methanol
HPB exists predominantly as a polysolvated form (by methanol
molecules).12,13 Upon electronic excitation, the solvent reorga-
nization takes place within the lifespan of the excited state (S1).
Once it forms a CH3OH/HPB cyclic hydrogen bonded complex
fast proton transfer takes place through a proton relay assisted
by CH3OH, resulting in the proton-transfer tautomer (see
Scheme S1 in Supporting Information for detailed mechanism).
The solvent reorganization to the monocyclic solvated form is
an endergonic process. Therefore, the rate of S1f S0 normal
emission competes with the rate of thermally activated proton
transfer, giving rise to both normal and proton-transfer tautomer
emission for HPB in CH3OH. Because of the lack of proton
donating property, excited-state proton transfer was not ob-
served for HPB in aprotic solvents. Thus, only normal emission
can be resolved in, for example, CH2Cl2 or CH3CN. More
importantly, it should be noted that once both diimine sites have
been involved in coordination with Re(I) such as complexes
1�4, proton transfer is prohibited because of the lack of a
proton accepting site. Therefore, there should be no proton
transfer emission for complexes 1�4 in any solvents and
solid state.
Along the above line, the emission of 1�4 with peak wave-

length >500 nm cannot be assigned to the ligand (HPB)
emission solely; otherwise it would be in the range of
400�450 nm. More plausibly, for complexes 1�3 the phosphor-
escence is ascribed to theMLCT originmixed, to a certain extent,
with the IL character in the triplet manifold. Supplementary
support of this viewpoint is given by the computational approach.
Figure 4 shows the HOMO and LUMO frontier orbitals for
complexes 1�4 involved in the lowest lying transition in both
singlet and triplet manifolds. Clearly, the HOMO of 1�3 is
mainly located at both dπ of Re(I) and π orbitals of imidazolate,
with a larger proportion for the latter, while the LUMO of
complexes (1), (2), and (3) are rather similar and all stem
predominately from the ligands. Accordingly, the assignment of
the phosphorescence to MLCT and IL transitions is unambig-
uous. As for complex 4, the calculation shows that HOMO and
LUMO belong to the Re(I) dπ and two interacting Au(I) metal
(plus few in phosphorus atom), respectively. In other words, if
the calculation is trustable, the lowest lying transition of complex

4 mainly involves metal Re(I) f Au(I) transition. Accordingly,
the emission property of complex 4 seems to be different from
that of complexes 1�3. Nevertheless, because of the system
complexity like 4, large uncertainty may be raised in the calcula-
tion, so that one should not take the result into serious account.
A more advanced calculation should be performed to resolve
this issue. Interestingly, in solid, complex 4 emits at about
536 nm at room temperature and at 77 K as shown in
Figure 3c. We are a little bit surprised that the low-energy
MLCT (a Re-diimine chromophore)3,4 and/or MC (a short
Au(I) 3 3 3Au(I) contact),

14,15 which are most likely present in
solution and often are dominant emissions in the literature, are
not found for complex 4.
With ample information provided above, the solvent depen-

dent emission spectra for complex 1 can thus be discussed.
According to the frontier orbital analysis (Figure 4), evidently,
the major electron distribution for the lowest lying transition
involves metal (dπ) (HOMO)f to π* (LUMO, delocalized in
the entire 2-(20-pyridyl)benzimidazole moiety) transition,
namely, a type of MLCT. Thus, the change of dipole moment
between ground and excited states (T1 state for the emission) is

Figure 4. Calculated frontier orbitals of HOMO and LUMO for
complexes 1�4.

Table 2. Emission Lifetime and Quantum Yield Data of
Complexes 1�3, where Φ, τ, kr, and knr stand for Quantum
Yield, Lifetime, Radiative and Nonradiative Decay Rate
Constants, Respectively

emission/nm Φ τ (μs) kr knr

CH2Cl2

1 590 0.031 0.075 4.1 � 105 1.3 � 107

2 542 0.004 0.042 9.5 � 104 2.4 � 107

3 568 0.009 0.176 5.1 � 104 5.6 � 106

MeOH

1 576 0.046 0.087 5.3 � 105 1.1 � 107

2 528 0.006 0.085 7.0 � 104 1.2 � 107

3 553 0.016 0.222 7.2 � 104 4.4 � 106
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expected. Because of the MLCT character, the dipole moment
seems to be increased, which is subject to more solvent stabiliza-
tion in the excited state, resulting in the red shift of the emission
upon increasing solvent polarity. Such a red-shifted emission can
be seen by the increase of emission peak wavelength from
CH2Cl2 to CH3CN. However, an opposite effect was also
observed for the solvents that can provide proton accepting
sites, such as THF, DMSO, and CH3OH, which are believed to
form hydrogen bond with imidazole N�H proton, giving the
spectral blue shift. The combination of polarity and hydrogen-
bonding effects is complicated, which is counterbalanced to give
the anomalous solvent dependent emission spectra shown in
Supporting Information, Figure S4.
Before wrapping up this section of fundamental of photophys-

ics, we like to point out that for all complexes 1�3, the
phosphorescence quantum yield is low, as also supported by
the large radiationless decay rate constant knr shown above. The
fast nonradiative decay pathway seems independent of the
ancillary ligand such as -Cl, -H2O, or -NO3. Alternatively, the
five membered-ring coordination together with two dative bonds
(cf. the ionic coordination) of the 2-(20-pyridyl)benzimidazole
moietymay cause the weakness of the metal�ligand bond, which
gives a shallow potential energy surface (PES) that intersects
with the ground state PES, resulting in dominant nonradiative
deactivation.16

pH-Dependent Absorption and Luminescence. Since the
imidazole and imidazolate units can be interconverted depending
on the pH value of the solution, the spectroscopic and lumines-
cent properties are therefore dependent on the ligand form

adopted in Re(I) complexes. Thus, we set out to investigate this
pH-dependent behavior. The pH-dependent absorption spectra
of complex 1 upon stepwise addition of NaOH in CH3OH and
CH2Cl2 (with 5% CH3OH) are shown in Figures 5a�b as
representative examples, respectively. Addition of NaOH to a
methanolic solution of complex 1 caused the original absorption
maximum at 336 nm to be red-shifted and finally stabilized at
342 nm, with an isosbestic point at 340 nm, which is exactly the
same as that of complex 2. As mentioned in the last section the
above red-shift in the absorption energy is ascribed to the
increased conjugation in the imidazolate unit compared with
the imidazole. Upon addition of HCl to a methanolic solution of
complex 2, the absorption maximum was blue-shifted to the
original position at 336 nm (see Supporting Information, Figure
S6) indicating that this pH-dependent behavior is reversible. The
absorption titration carried out in CH2Cl2 (with 5% CH3OH)
was slightly different from that in CH3OH. Upon addition of
NaOH, the absorptions at 326�400 nm increase concomitantly
with a slight decrease at 400�500 nm, with an isosbestic point at
400 nm. Addition of HCl to a solution of complex 2 caused the
absorptions at 326�400 nm to decrease and the absorptions at
400�500 nm slightly to increase, and finally back to the original
position (see Supporting Information, Figure S7). The above
results indicate that the pH-dependent behavior in either solvent
is reversible.
For the luminescence titration, stepwise addition of NaOH to

a methanolic solution of complex 1 causes the original emission

Figure 5. Absorption spectra of complex 1 at a concentration of 3.5 �
10�5 M upon stepwise addition of NaOH in (a) CH3OH with 0 (pH =
6.13), 0.25 (6.60), 0.5 (6.95), 0.75 (7.29), 1 (7.53), 2 (8.11), 3 (8.48), 4
(8.70), and 5 (8.85) equiv of NaOH added and (b) CH2Cl2 (with 5%
CH3OH) with 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, and 7 equiv of
NaOH added.

Figure 6. Emission spectra of complex 1 at a concentration of 3.5 �
10�5 M upon stepwise addition of NaOH in (a) CH3OH with 0 (pH =
6.13), 0.2 (6.47), 0.4 (6.81), 0.6 (7.10), 0.8 (7.37), 1 (7.53), 2 (8.11), 3
(8.48), 4 (8.70), 5 (8.85), 10 (9.83), and 20 (10.85) equiv of NaOH
added and (b) CH2Cl2 (with 5% CH3OH) with 0, 0.2, 0.4, 0.6, 0.8, 1, 2,
3, 4, 5, 6, 7, 8, 9, and 10 equiv of NaOH added. Excitation wavelength was
used at 380 nm.
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band at 576 nm to be blue-shifted to 528 nm when 1�2 equiv of
NaOH were added, and finally the emission was almost
quenched as shown in Figure 6a. When adding HCl to a
methanolic solution of complex 2, the emission band at
528 nm was finally red-shifted to 576 nm, indicating that this
pH-dependent behavior is also reversible (see Supporting In-
formation, Figure S8). In CH2Cl2 (with 5% CH3OH), addition
of NaOH to a solution of complex 1 causes a direct quenching of
the emission at 590 nm, and this emission is later blue-shifted to a
weak one at 542 nm as shown in Figure 6b. Addition of HCl to a
CH2Cl2 (with 5%CH3OH) solution of complex 2 still causes the
weak emission at 542 nm to red-shift and restores an enhanced
emission at 590 nm (see Supporting Information, Figure S9).
Therefore, distinct quenching processes depending on solvents
(i.e., CH3OH and CH2Cl2) have been observed. We reason that
the deprotonation of the imidazole leading to the imidazolate
induces an ICT process17 to first quench the MLCT state, and
then the IL state in CH3OH. This two-step quenching process is
also supported by the fact that the emission band at 538 nm for
HPB in CH3OH can be quenched during the addition of NaOH.
Upon the addition of HCl to the above solution, the ICT process
was blocked because of the protonation of the imidazolate to
form the imidazole, and hence theMLCT emission was restored.
However, the quenching process in CH2Cl2 (with 5% CH3OH)
seems to be a one-step process. Actually, this may be because the
MLCT emission of complex 2 is more enhanced in CH2Cl2 (with
5% CH3OH) compared with that in CH3OH, and thus the
quenching of the MLCT emission is dominant in the titration
process and finally leaves the weak IL emission.
Group 12 Metal-Ion Recognition Studies. Since the imida-

zolate unit in complex 2 can act as a bridging ligand, themetal-ion

binding affinity is thus evaluated for the purpose of sensing. As
mentioned in the last section, complex 2 emits at 528 nm in
solution, which is tentatively assigned to MLCT mixed with
some IL character. Upon addition of HCl to a solution of
complex 2 in CH3OH or CH2Cl2 (with 5% CH3OH), the
emission band at 528 nm was finally red-shifted to 590 nm.
Thus, the coordination behavior of the imidazolate unit in
complex 2 may be used to examine its metal-ion sensing event.
In this context, we tried to utilize the coordination preference of
complex 2 toward the certain metal ions to tune its luminescent
property to perform metal-ion recognition studies. Here, we set
out recognition studies based on complex 2 toward group 12
metal ions (Zn2þ, Cd2þ, and Hg2þ),4d which are detected by the
spectroscopic and luminescent responses.
A methanolic solution of complex 2 was titrated with a

solution of Zn2þ, Cd2þ, and Hg2þ, respectively. Upon addition
of Zn2þ and Cd2þ ions, no significant change on the absorption
and luminescence spectra of complex 2 can be observed even
with up to 10 equiv of ions, indicating that there is no preference
for coordination toward either ion (Figure 7). However, upon
addition of 1 equiv of Hg2þ, a blue shift (from 342 to 336 nm)
and a red shift (from 528 to 570 nm) on the absorption and
luminescent spectra, respectively, were observed, as shown in
Figure 7. In fact, the addition of 1 equiv of Hg2þ to the solution of
complex 2 generated the maximum shift in absorption and
luminescence, which is consistent with the Job Plot (1:1, see
Supporting Information, Figure S10). The above titrated spectra
are quite similar to those of complex 1 (see Supporting Informa-
tion, Figures S11 and S12), indicating that the imidazolate unit in

Figure 7. (a) Absorption spectra of complex 2 at a concentration of 5�
10�5 M (black line) and in the presence of Zn2þ (red line), Cd2þ (green
line), and Hg2þ (blue line). (b) The emission spectra of complex 2 at a
concentration of 5 � 10�5 M (black line) and in the presence of Zn2þ

(red line), Cd2þ (green line), and Hg2þ (blue line). Excitation wave-
length was used at 380 nm.

Figure 8. (a) Absorption spectra of complex 2 at a concentration of 5�
10�5M (black line), in the presence of 1 equiv of Hg2þ (blue line), and 1
equiv of [2.2.2]-cryptand added to the above solution (pink line).
(b) The emission spectra of complex 2 at a concentration of 5 �
10�5M (black line), in the presence of 1 equiv of Hg2þ (blue line), and 1
equiv of [2.2.2]-cryptand added to the above solution (pink line).
Excitation wavelength was used at 380 nm.
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the 2 3Hg
2þ adduct of 2 is very similar to the imidazole unit in 1.

A clear isosbestic point at 343 nm for the spectral trace was
observed upon titration with up to 10 equiv of Hg2þ, and
surprisingly an isoemissive point was also found at 524 nm
(see Supporting Information, Figures S12�S14). A standard
curve-fitting method was utilized for the A335 versus Hg(ClO4)2
plot to evaluate the binding constants for the 1:1 adduct
(2 3Hg

2þ), and the binding constant was calculated to be
3,190 ( 60 M�1.18 Although the structural characterization
regarding 2 3Hg

2þ is so far unsuccessful, its ESI mass data show
the existence of the parent peak, providing some evidence for
adduct formation (see Supporting Information, Figure S15). In
fact, theHg(NO3)2 has been used to examine the anion effect, and
the results did show that there is no significant effect of the anions
on this sensing event, that is, 566 nm forHg(NO3)2 versus 570 nm
for Hg(ClO4)2 (see Supporting Information, Figure S16).
The [2.2.2]-cryptand ligand was used to examine the reversi-

bility of chelation of complex 2 with the Hg2þ ion.19 When 1
equiv of [2.2.2]-cryptand was added to the titrated solution, the
absorption and luminescent spectra were restored to the original
spectra of complex 2 alone, as shown in Figure 8. Therefore,
these experimental data confirm the reversible binding of com-
plex 2 with the Hg2þ ion.
Finally, competing ion experiments have been also carried out,

and the spectral trace is shown in Figure 9. When 50 equiv of
Zn2þ or Cd2þ ions were added to a solution of complex 2, no
significant change to the absorption and luminescent spectra was

observed. However, addition of 1 equiv of Hg2þ to the above
solution generated absorption and luminescent spectra almost
identical to the spectra of 2 with only Hg2þ. Thus, the selective
sensing event of complex 2 toward Hg2þ among group 12 metal
ions was demonstrated. We reasoned that Hg2þ is softer than
those of Zn2þ and Cd2þ, and thus it is not unreasonable to
show higher binding affinity toward the soft 2-(20-pyridyl)-
benzimidazolate ligand. That is, this can be mostly ascribed to
the favorable soft�soft interaction.

’CONCLUSIONS

The mononuclear Re(I) complex of 2-(20-pyridyl)benzi-
midazole (1) has been synthesized and characterized by X-ray
diffraction, and it exhibits interesting pH-dependent spectro-
scopic and luminescent properties. Indeed, this intriguing beha-
vior is ascribed to the imidazole unit in complex 1, which can be
further deprotonated to form the imidazolate to give complex 2.
Addition of 1 equiv of AuPPh3(NO3) or half an equivalent of
dppm(Au(NO3))2 to complex 2 led to the formation of hetero-
nuclear complexes 3 or 4, respectively, with the imidazolate unit
acting as a multinuclear bridging ligand. Notably, although the
deprotonated methylene group coordinating to the metal ion
is not unusual, the Re2Au4 aggregate in combination with
μ3-bridging 2-(20-pyridyl)benzimidazolate in complex 4 is a rare
example. Finally, complex 2 has been used to examine the Hg2þ-
recognition among group 12 metal ions, and its reversibility and
selectivity toward Hg2þ have been demonstrated.
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