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a b s t r a c t

By introducing two carrier-transporting moieties (oxadiazole and carbazole) into two diimine ligands
(2-(2-pyridine)-benzimidazole and 2,2′-dipyridylamine), respectively, four novel ligands (L1–L4) and
their corresponding rhenium(I) complexes (1–4) have been synthesized and characterized by elemental
analysis, 1H NMR and IR spectra. Their photophysical properties, thermal analysis, along with the X-ray
crystal structure analysis of L4 and corresponding complex 4 are also described. In absorption spectra, the
2-(2-pyridine)-benzimidazole containing complexes 1, 2 show the intraligand charge-transfer (� → �*
(L)) bands and metal-to-ligand charge-transfer d�(Re) → �* MLCT bands, while the 2,2′-dipyridylamine
arrier-transporting moieties
xadiazole
arbazole
iimine ligands
henium(I) complexes

containing complexes 3, 4 only show the � → �* bands. In the excitation spectra, all the complexes show
strong MLCT bands. After excitation of � → �* or MLCT bands, all the four Re(I) complexes exhibit broad
bands around 550–560 nm due to the Re(I)-based 3MLCT emission. The two complexes 1 (with oxadiazole
moiety) and 2 (with carbazole moiety) show the photoluminescence quantum efficiency of 2.0% and 7.5%
in solid state, respectively, indicating that the carbazole unit is the better chromophore to enhance the
luminescence efficiency of diimine Re(I) complexes than the oxadiazole moiety.
. Introduction

Since Forrest et al. [1] reported that electrophosphorescent
aterials could harvest both singlet and triplet excitons and

ndowed organic light-emitting devices (OLEDs) with a potential
nternal quantum efficiency of 100%, the electrophosphorescence
f heavy metal complexes has been studied extensively [2,3]. Due
o the distinguished qualities that Re(I) complexes possess such as
hotophysical, photochemical, excited state redox properties and
ith the aim of further exploring novel phosphorescent materials,
ore and more researchers pay considerable attention to this field

3–14].
However, most of the previously reported phosphorescent Re(I)

omplexes used in the OLEDs have the disadvantage of the satura-
ion of emission sites causes the triplet–triplet annihilation, which

eads to low efficiency at high current density [15–17]. There are
wo strategies available to manipulate original Re(I) complexes and
o overcome the shortcoming mentioned above: (i) the synthe-
is of novel diimine ligands with different ligand-field are applied

∗ Corresponding author. Tel.: +86 25 83596775; fax: +86 25 83314502.
E-mail address: yxzheng@nju.edu.cn (Y.-X. Zheng).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.02.010
© 2010 Elsevier B.V. All rights reserved.

in molecular design [3,16,18,19] to adjust the molecular orbital
energy levels in the Re(I) complexes which are related to the pho-
tochemical, photophysical and electrochemical events, because the
spectroscopic and redox behavior of the Re(I) complexes are ligand
dependent and can be tuned by varying the identity of their chelate
ligands and (ii) the addition of functional groups with electro-
donating or -accepting properties into diimine ligands [17,20–25] is
efficient in improving the capability of OLEDs using the Re(I) com-
plexes as the light-emitting layer and avoiding the triplet–triplet
annihilation because of the steric hindrance effect.

In this article, according to these two methods, we designed four
novel Re(I) complexes employing 2-(2-pyridine)-benzimidazole
and 2,2′-dipyridylamine as the original diimine ligands and
involving oxadiazole and carbazole moieties which own supe-
rior carrier-transporting ability. So, four ligands of 1-(4-5′-
phenyl-1,3,4-oxadiazolylphenyl)-2-pyridinylbenzoimidazole (L1),
1-(4-carbazolylphenyl)-2-pyridinylbenzimidazole (L2), N-(4-5′-
phenyl-1,3,4-oxadiazolyl-phenyl)-2,2′-dipyridylamine (L3), N-(4-

′
carbazolylphenyl)-2,2 -dipyridylamine (L4) and their correspond-
ing Re(I) complexes (1–4) have been synthesized successfully. In
order to investigate the potential application in the OLEDs of the
complexes, their optical and thermal stability are measured and
discussed.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:yxzheng@nju.edu.cn
dx.doi.org/10.1016/j.jphotochem.2010.02.010
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. Experimental

.1. Materials and instruments

Carbazole was purchased from Yuan Hang Reagent Company
China). 1,4-Dibromobenzene, 2-(4-bromophenyl)-5-phenyl-
,3,4-oxadiazole, benzoyl hydrazine, 2-(2-pyridyl)benzimidazole
Pybm), 2,2′-dipyridylamine (Dpya), 1,3-dimethyl-3,4,5,6-
erahydro-2(1H)-pyrimidinone (DMPU) and rhenium
entacarbonyl chloride were brought from Acros, Aldrich and
lfa Companies. The IR spectra were taken on a Vector22 Bruker
pectrophotometer (400–4000 cm−1) with KBr pellets. NMR spec-
ra were measured on a Bruker AM 500 spectrometer. Mass spectra
ere determined with an Autoflex IITM instrument for MALDI-

OF-MS or on a Varian MAT 311A instrument for ESI-MS. Elemental
nalyses for C, H, and N were performed on a PerkinElmer 240C
nalyzer. Absorption spectra were measured on a UV-3100 spec-
rophotometer. Photoluminescence measurements were carried
ut on Hitachi F4600 luminescence spectrophotometer equipped
ith a xenon arc lamp. The photoluminescence lifetime was
easured with an Edinburgh Instruments FLS920P fluorescence

pectrometer and obtained from time-resolved luminescence
xperiments at the MLCT excitation and maximal emission wave-
engths. The quantum yield was determined using an integrating
phere (150 mm diameter, BaSO4 coating) from Edinburgh Instru-
ents according to the reported procedure [26]. The spectra were

orrected for variations in the output of the excitation source
nd for variations in the detector response. The quantum yield
an be defined as the integrated intensity of the luminescence
ignal divided by the integrated intensity of the absorption signal.
nly the intense emission bands of the Re(I) complexes around
50 nm was measured by the integrating sphere being excited at
he MLCT bands, but this intensity value was corrected by taking
nto account the relative intensity of the other transitions (as
etermined from the steady-state luminescence spectrum). In this
ay, an intensity value that corresponds to the total luminescence

utput was obtained. The absorption intensity was calculated by
ubtracting the integrated intensity of the light source with the
ample in the integrating sphere from the integrated intensity of
he light source with a blank sample in the integrating sphere.

The crystals of L4 and 4 suitable for single-crystal X-ray analy-
is were obtained by slow evaporation of dichloromethane-hexane
olution. The data were collected on a Bruker Smart Apex CCD
iffractometer equipped with graphitemonochromated Mo K�
� = 0.71073 Å) radiation using a ω–2� scan mode at 293 K. The
ighly redundant data sets were reduced using SAINT and absorp-
ion corrections were applied using SADABS supplied by Bruker.
he structures were solved by direct methods and refined by
ull-matrix least-squares methods on F2 using SHELXTL-97. Ther-

ogravimetrical and differential thermal analysis (TGA–DTA) was
erformed in N2 atmosphere with a flow rate of 100 mL/min on a
imultaneous SDT 2960 thermal analyzer from 20 to 750 ◦C, with a
amp rate of 10 ◦C/min.

.2. Synthesis

The chemical structures of the materials used in this work
nd the synthetic routes were depicted in Scheme 1. The
igand precursors 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole
a) and 1-carbazolyl-4-bromobenzene (b) were synthesized as
escribed in literature [27,28]. The four ligands of 1-(4-5′-

henyl-1,3,4-oxadiazolylphenyl)-2-pyridinylbenzoimidazole (L1),
-(4-carbazolyl-phenyl)-2-pyridinylbenzimidazole (L2), N-(4-5′-
henyl-1,3,4-oxadiazolyl-phenyl)-2,2′-dipyridylamine (L3), N-(4-
arbazolylphenyl)-2,2′-dipyridylamine (L4) and the corresponding
e(I) complexes of 1–4 were prepared according to modified proce-
biology A: Chemistry 211 (2010) 135–142

dure [27,29]. Complexes Re(CO)3Cl(Pybm) (5) and Re(CO)3Cl(Dpya)
(6) were also prepared as reference materials by the same method.

Synthesis of 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole (a): 4-
Bromobenzoyl chloride (21.95 g, 0.1 mol) was added dropwise to a
solution of benzoyl hydrazine (13.62 g, 0.1 mol) and triethylamine
(10.10 g, 0.1 mol) in chloroform (150 mL) at room temperature (RT).
The resulting mixture was stirred for 1 h and then filtered. The col-
lected solid was washed with water and ethanol to give the product
N′-benzoyl-4-bromobenzohydrazide (30.32 g, yield 95%). A mix-
ture of N′-benzoyl-4-bromobenzo-hydrazide (20.00 g) and POCl3
(250 mL) in a 500 mL flask was refluxed under nitrogen for 5 h. The
excessive POCl3 was then distilled out, and the residue was poured
into water. The crude solid state product was collected by filtration
and purified by recrystallization from chloroform/hexane to give a
as white needlelike crystals (16.04 g, yield: 85%). M.p.: 164–168 ◦C.
IR (KBr, cm−1): 3060, 1600, 1546, 1474, 1073, 728, 689. 1H NMR
(CDCl3, 500 MHz): ı 8.159 (d, 2H, J = 7 Hz), 8.040 (d, 2H, J = 9 Hz),
7.710 (d, 2H, J = 8.5 Hz), 7.570 (m, 3H). MS (ESI): m/z 301.08 [M]+.
Anal. Calcd. for C14H9N2OBr: C, 55.84; H, 3.01; N, 9.30. Found: C,
55.87; H, 3.11; N, 9.27.

Synthesis of 1-carbazolyl-4-bromobenzene (b): Similar methods
(see Scheme 1) are used to prepare b, L1, L2, L3 and L4. A mix-
ture of carbazole (16.72 g, 0.1 mol), 1,4-dibromobenzene (23.59 g,
0.1 mol), CuI (1.90 g, 0.01 mol), 18-Crown-6 (0.88 g, 0.0033 mol),
K2CO3 (27.67 g, 0.2 mol) and DMPU (3 mL) was put into reactor,
then keep it heating at 170 ◦C for 13 h under nitrogen. After cooling
to room temperature, the mixture was quenched with 1N HCl, the
precipitate was filtered and washed with NH3·H2O and water. The
brown solid was purified with column chromatography using hex-
ane as eluant (10.95 g, yield: 34%). M.p.: 152–154 ◦C. IR (KBr, cm−1):
3056, 1496, 1452, 1230, 751. 1H NMR (CDCl3, 500 MHz): ı 8.175
(d, 2H, J = 7 Hz), 7.757 (d, 2H, J = 8.5 Hz), 7.495 (d, 2H, J = 8.5 Hz),
7.431 (t, 2H, J = 7 Hz), 7.411 (d, 2H, J = 9 Hz), 7.342 (t, 2H, J = 7.5 Hz).
MS (MALDI-TOF): m/z 321.035 [M]+. Anal. Calcd. for C18H12NBr: C,
67.10; H, 3.75; N, 4.35. Found: C, 66.93; H, 3.71; N, 4.31.

Synthesis of 1-(4-5′-phenyl-1,3,4-oxadiazolylphenyl)-2-
pyridinylbenzoimidazole (L1): The procedure is similar to that
of compound b with the materials of a (3.01 g, 0.01 mol) and Pybm
(1.95 g, 0.01 mol) at the temperature of 230 ◦C (2.50 g, yield: 60%).
M.p.: 186–189 ◦C. IR (KBr, cm−1): 3050, 1606, 1500, 1442, 1385,
773, 755, 741, 708, 691. 1H NMR (CDCl3, 500 MHz): ı 8.380 (d,
3H, J = 7.5 Hz), 8.200 (d, 2H, J = 7.5 Hz), 7.987 (t, 1H, J = 7.5 Hz),
7.603–7.577 (m, 7H), 7.525 (t, 2H, J = 7.5 Hz), 7.405 (t, 1H, J = 6 Hz),
7.321(d, 1H, J = 8.5 Hz). MS (MALDI-TOF): m/z 416.232 [M]+. Anal.
Calcd. for C26H17N5O: C, 75.17; H, 4.12; N, 16.86. Found: C, 75.11;
H, 4.21; N, 16.81.

Synthesis of 1-(4-carbazolylphenyl)-2-pyridinylbenzimidazole
(L2): The procedure is similar to that of compound b with the
materials of b (3.22 g, 0.01 mol) and Pybm (1.95 g, 0.01 mol) at the
temperature of 230 ◦C (2.93 g, yield: 67%). M.p.: 225–228 ◦C. IR
(KBr, cm−1): 3044, 1728, 1593, 1514, 1446, 740. 1H NMR (CDCl3,
500 MHz): ı 8.489 (d, 2H, J = 4.5 Hz), 8.203 (d, 2H, J = 7.5 Hz), 8.074
(d, 1H, J = 8 Hz), 7.906 (t, 1H, J = 7.5 Hz), 7.762 (d, 2H, J = 8.5 Hz),
7.614 (d, 2H, J = 9 Hz), 7.550 (d, 2H, J = 7.5 Hz), 7.502 (t, 3H, J = 7 Hz),
7.472 (m, 2H), 7.357 (t, 3H, J = 7 Hz). MS (MALDI-TOF): m/z 437.130
[M]+. Anal. Calcd. for C30H20N4: C, 82.55; H, 4.62; N, 12.84. Found:
C, 82.54; H, 4.69; N, 12.83.

Synthesis of N-(4-5′-phenyl-1,3,4-oxadiazolylphenyl)-2,2′-
dipyridylamine (L3): The procedure is similar to that of compound
b with the materials of a (3.01 g, 0.01 mol) and Dpya (1.71 g,
0.01 mol) at the temperature of 180 ◦C (2.31 g, yield: 59%). M.p.:

136–140 ◦C. IR (KBr, cm−1): 2994, 1588, 1496, 1467, 1332, 772,
740, 708, 685. 1H NMR (CDCl3, 500 MHz): ı 8.573 (m, 2H), 8.217
(d, 2H, J = 8.5 Hz), 8.149 (d, 2H, J = 8 Hz), 7.755 (t, 2H, J = 7.5 Hz),
7.578 (m, 3H), 7.392 (d, 2H, J = 8.5 Hz), 7.158 (m, 2H), 7.021 (d,
2H, J = 8 Hz). MS (MALDI-TOF): m/z 392.169 [M]+. Anal. Calcd. for
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24H17N5O: C, 73.64; H, 4.38; N, 17.89. Found: C, 73.67; H, 4.31; N,
7.97.

Synthesis of N-(4-carbazolylphenyl)-2,2′-dipyridylamine (L4): The
rocedure is similar to that of compound b with the materials of
(3.22 g, 0.01 mol) and Dpya (1.71 g, 0.01 mol) at the temperature

f 180 ◦C (3.71 g, yield: 90%). M.p.: >290 ◦C. IR (KBr, cm−1): 3040,
582, 1512, 1458, 1442, 1320, 754. 1H NMR (CDCl3, 500 MHz): ı
.595 (m, 2H), 8.174 (d, 2H, J = 7.5 Hz), 7.753 (m, 2H), 7.695 (d, 2H,
= 7 Hz), 7.564 (d, 2H, J = 8 Hz), 7.487 (m, 4H), 7.323 (t, 2H, J = 7 Hz),
.122 (m, 2H), 7.063 (d, 2H, J = 8 Hz). MS (MALDI-TOF): m/z 412.234
M]+. Anal. Calcd. for C28H20N4: C, 81.53; H, 4.89; N, 13.58. Found:
, 81.44; H, 4.83; N, 13.57.

Synthesis of 1: L1 (0.21 g, 0.5 mmol) and Re(CO)5Cl (0.18 g,

.5 mmol) were refluxed in 30 mL of anhydrous toluene for 6 h.
fter the mixture was cooled to RT, the solvent was distilled
ut. The resulting yellow solid was purified by silica gel column
hromatography with dichloromethane and hexane (v/v = 2:1, 5%
n volume Et3N was added) to get 1 (0.25 g, yield: 70%). M.p.:

Scheme 1. Synthetic routes for a, b, L1–L4 and 1–6. (i) Et3N, CHCl3, RT; (ii) POCl3, reflu
biology A: Chemistry 211 (2010) 135–142 137

230–232 ◦C. IR (KBr, cm−1): 2924, 2020, 1904, 1880, 754. 1H NMR
(CDCl3, 500 MHz): ı 9.206 (d, 1H, J = 5 Hz), 8.608 (d, 1H, J = 8 Hz),
8.535 (d, 1H, J = 9 Hz), 8.226 (t, 3H, J = 9.5 Hz), 7.808 (m, 3H), 7.638
(m, 4H), 7.559 (m, 2H), 7.215 (d, 1H, J = 8.5 Hz), 7.175 (d, 1H,
J = 8.5 Hz). MS (MALDI-TOF): m/z 686.162 [M−Cl]+. Anal. Calcd. for
C29H17N5O4ClRe: C, 48.30; H, 2.38; N, 9.71. Found: C, 48.27; H, 2.37;
N, 9.72.

Synthesis of 2: The procedure is similar to that of 1 (0.26 g, yield:
70%). M.p.: >300 ◦C. IR (KBr, cm−1): 2017, 1905 (b), 750. 1H NMR
(CDCl3, 500 MHz): ı 9.227 (d, 1H, J = 6 Hz), 8.235 (t, 3H, J = 7 Hz),
8.046 (t, 2H, J = 7.5 Hz), 7.879 (m, 3H), 7.652 (m, 3H), 7.576 (m, 4H),
7.430 (t, 2H, J = 7.5 Hz), 7.322 (m, 2H). MS (MALDI-TOF): m/z 717.67
[M−Cl]+. Anal. Calcd. for C33H20N4O3ClRe: C, 53.40; H, 2.72; N, 7.55.

Found: C, 53.27; H, 2.87; N, 7.54.

Synthesis of 3: The procedure is similar to that of 1 (0.28 g, yield:
79%). M.p.: 218–220 ◦C. IR (KBr, cm−1): 2020, 1896 (b), 1433, 779,
732, 714. 1H NMR (CDCl3, 500 MHz): ı 9.104 (d, 2H, J = 7 Hz), 8.245
(d, 2H, J = 9 Hz), 8.152 (d, 2H, J = 8.5 Hz), 7.994 (t, 2H, J = 8 Hz), 7.597

x; (iii) CuI, 18-Crown-6, K2CO3, DMPU, in reactor; (iv) Re(CO)5Cl, toluene, reflux.
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Table 1
Crystallographic data for L4 and 4.

L4 4

Formula C28H20N4 C31H20ClN4O3Re
FW 412.49 718.16
T (K) 291(2) 291(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Orthorhombic Triclinic
Space group Fdd2 P-1
a (Å) 15.309(3) 10.5233(16)
b (Å) 14.380(3) 14.873(2)
c (Å) 19.508(5) 17.719(3)
˛ (◦) 90.00 87.012(2)
ˇ (◦) 90.00 88.711(2)
� (◦) 90.00 79.754(2)
V (Å3) 4294.6(17) 2725.1(7)
Z 1 4
�calcd (g/cm3) 1.276 1.750
� (Mo K�) (mm−1) 0.077 4.598
F (0 0 0) 1728 1400
Range of transm factors (◦) 2.1–20.4 1.85–25.00
Reflns collected 5184 13908
Unique 1813 9487
Data/restraints/params 1813/1/148 9487/0/721
GOF on F2 0.912 0.780
Ra

1, wRb
2 [I > 2�(I)] 0.0528, 0.1200 0.0526, 0.0979

ing the excitation spectra of free ligands with their corresponding
complexes, it is worthy to note that the excitation spectra of
the complexes gain red shift. The emission spectra of complexes
centralize at around 550–560 nm upon being excited with the

Table 2
Selected bond lengths (Å) and angles (◦) for L4 and 4.

L4a 4

C(4)–N(3) 1.331(6) Re(1)–C(29) 1.87(1)
C(5)–N(3) 1.329(6) Re(1)–C(30) 1.88(1)
C(5)–N(1) 1.406(6) Re(1)–C(31) 1.89(1)
C(6)–N(1) 1.429(9) Re(1)–N(3) 2.157(8)
C(9)–N(2) 1.437(8) Re(1)–N(4) 2.163(8)
C(10)–N(2) 1.385(5) Re(1)–Cl(1) 2.485(3)
N(3)–C(4)–C(3) 123.2(5) C(29)–Re(1)–C(30) 89.7(4)
N(3)–C(5)–C(1) 121.6(5) C(29)–Re(1)–C(31) 88.7(5)
N(3)–C(5)–N(1) 116.7(4) C(30)–Re(1)–C(31) 86.0(5)
C(1)–C(5)–N(1) 121.7(5) C(29)–Re(1)–N(3) 94.5(4)
C(7)–C(6)–N(1) 120.6(3) C(30)–Re(1)–N(3) 174.8(4)
C(8)–C(9)–N(2) 119.4(3) C(31)–Re(1)–N(3) 97.0(4)
N(2)–C(10)–C(15) 129.2(4) C(29)–Re(1)–N(4) 92.3(4)
N(2)–C(10)–C(11) 109.2(4) C(30)–Re(1)–N(4) 96.0(4)
C(5)–N(1)–C(5A) 118.9(6) C(31)–Re(1)–N(4) 177.8(4)
C(5)–N(1)–C(6) 120.6(3) N(3)–Re(1)–N(4) 80.9(3)
C(10)–N(2)–C(10A) 108.4(5) C(29)–Re(1)–Cl(1) 177.8(3)
C(10)–N(2)–C(9) 125.8(3) C(30)–Re(1)–Cl(1) 90.9(3)
C(5)–N(3)–C(4) 118.0(4) C(31)–Re(1)–Cl(1) 93.5(3)

N(3)–Re(1)–Cl(1) 84.7(2)
38 J. Wu et al. / Journal of Photochemistry and

m, 6H), 7.405 (m, 5H). MS (MALDI-TOF): m/z 662.125 [M−Cl]+.
nal. Calcd. for C27H17N5O4ClRe: C, 46.52; H, 2.46; N, 10.05. Found:
, 46.47; H, 2.46; N, 10.01.

Synthesis of 4: The procedure is similar to that of 1 (0.23 g, yield:
3%). M.p.: >290 ◦C. IR (KBr, cm−1): 2018, 1909, 1889, 749. 1H NMR
CDCl3, 500 MHz): ı 9.048 (m, 2H), 8.209 (d, 2H, J = 7.5 Hz), 7.896 (m,
H), 7.852 (d, 2H, J = 8.5 Hz), 7.800 (d, 2H, J = 8.5 Hz), 7.530–7.441 (m,
H), 7.369 (t, 3H, J = 7 Hz). MS (MALDI-TOF): m/z 683.132 [M−Cl]+.
nal. Calcd. for C31H20N4O3ClRe: C, 51.84; H, 2.81; N, 7.80. Found:
, 51.81; H, 2.84; N, 7.87.

. Results and discussion

.1. Crystallography

The crystallographic data for the L4 and 4 support the struc-
ures of these compounds. The crystal data are presented in Table 1
nd selected bond distances and angles for the compounds are
isted in Table 2. With respect to the L4 (Fig. 1), the length of the
(9)–N(2) bond connecting carbazole group and the benzene ring is
.437(8) Å. The C(10)–N(2)–C(9) bond angle is 125.8(3)◦. The bond
(6)–N(1) between the benzene ring and Dpya is 1.429(9) Å. The
(5)–N(1)–C(6) bond angle is 120.6(3)◦. Carbazole group and the
enzene ring are not coplanar with a dihedral angle of 49.19◦.

An ORTEP diagram of 4 is also shown in Fig. 1. The coordination
eometry at the Re atom is a distorted octahedron with the three
arbonyl ligands arranged in a facial fashion. The distances of C(29),
(30) and C(31) to Re(1) are 1.88(1) Å averagely and the average
e–N bond length is 2.160(8) Å. All the bond distance data are in
greement with analogous Re(I) diimine complexes [16,30]. The
–Re–C bond angels are in the range of 86.0(5)–89.7(4)◦, which is
lose to 90◦, the O–C–Re bond angels are close to 180◦ indicating
hat CO ligands are linearly coordinated, while the N–Re–N bond
ngle is 80.9(3)◦, which is much less than 90◦, this is possibly due
o the steric requirement of the bidentate coordination of the L4
igand.

.2. Photophysical properties

The UV–vis absorption spectra of the L1–L4 and corresponding
e(I) complexes 1–4 are exhibited in Fig. 2. For all of the Re(I) com-
lexes, the dominant absorption bands in the 230–350 nm region
re assigned to the intraligand charge-transfer (� → �* (L)) tran-
ition by comparing with their corresponding free ligands, this
ule is common in most Re(I) complexes [31]. We can see the
bsorptions at longer wavelength for 1 and 2 extend to visible
egion from 350 to 500 nm with weaker intensities. The metal-
o-ligand charge-transfer d� (Re) → �* (N–N) MLCT is tentatively
ccounted for these bands [32,10,33]. By comparing the bands of
he four Re(I) complexes, we can also find that the charge-transfer
� (Re) → �* (N–N) bands of 1 and 2 are more evident than the

ater two complexes. For comparison, the UV–vis absorption spec-
ra of two complexes 5 and 6 without functional moieties are also
resented in Fig. 2. From Fig. 2a we can find that after adding car-
azole/oxidazole moiety to Pybm, the higher-energy absorption
eaks of derived Re-complexes shifted to longer wavelength. This
henomenon can be explained as follows: the structure of Pybm

s rigid, the conjugated plate of derived ligands was enlarged, and
he energy of LUMO becomes lower. While the structure of Dpya is
exible, the additional moieties have no evident influence on the

onjugated plate, so the corresponding absorption peaks of 3, 4 and
have no remarkable change (Fig. 2b).

Fig. 3 and Table 3 show photoluminescence properties of the
1–L4 and 1–4 in solid state under ambient conditions. From
ig. 3a it can be found that the major excitation bands of lig-
Ra
1, wRb

2 (all data) 0.1054, 0.1563 0.1009, 0.1105
CCDC No. 736721 729550

Ra
1 = 	||Fo|| − ||Fc ||/	Fo|. wRb

2 = [	w(F2
o − F2

c )
2
/	w(F2

o )]
1/2

.

ands are similar in shape, belonging to the � → �* transitions of
carrier-transporting moieties and Pybm/Dpya. The excitation spec-
tra of all the complexes (Fig. 3b) measured by monitoring the
respective emission �max are also similar in shape to each other.
The bands are centered at around 468 nm with weaker shoul-
ders which are assigned to MLCT transitions as depicted above.
However, the excitation spectrum of 4 is unusual. The stronger
band sites at shorter wavelength about 400 nm, in opposite, the
intensity of longer wavelength excitation is weaker. By compar-
N(4)–Re(1)–Cl(1) 85.4(2)
O(1)–C(29)–Re(1) 173.6(10)
O(2)–C(30)–Re(1) 176.7(11)
O(3)–C(31)–Re(1) 175.4(11)

a Symmetry code: 7/4 + x, 9/4 − y, 3/4 + z.
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Fig. 1. ORTEP view of L4 (symmetry code: 7/4 + x, 9/4 − y, 3/4 + z) and 4 with the atom-numbering scheme. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at
the 30% probability level.

1–6 in

m
e
p
a
t
t
r
t
c
(
n
l

T
T

Fig. 2. UV–vis absorption of L1–L4 and

aximum excitation peaks are characteristic of Re(I)-based MLCT
mission frequently found in Re(CO)3ClL (L = polypyridine) com-
lexes [32]. It also exhibits that the emission spectra of 1 and 2
re more intense than the later two complexes, this could be due
o more rigid structure of Pybm type complexes compared with
hat of Dypa ones. Ward et al. [34] reported that the coordination
ing of the ligand with Re(I) also can affect the luminescence. In
he Dypa type complexes, coordination of the ligand at the Re(I)

entre takes place with formation of a 6-membered chelate ring
see above), as opposed to a 5-membered one for Pybm type lumi-
escent Re(I) complexes [35–39]. This is likely to result in a lower

igand-field strength for the present cases. As a consequence, lower-

able 3
he photoluminescence data of Re(I) complexes at room temperature in solid state.

Complex Excitation Emission

�, nm �max, nma,b

1 373, 441, 494 565
2 370, 442, 490 562
3 380, 406, 438 432, 514, 547
4 400 426, 547, 595

a Emission maxima from not corrected spectra.
b Excited by the highest excitation peak.
c Obtained from time-resolved luminescence experiments at the MLCT excitation and m
d Be detected at the excitation wavelength is 468 nm, and the emission is monitored at
e Not detected.
CH2Cl2 solution at room temperature.

lying, thermally accessible d–d MC levels could provide an efficient
non-radiative path for disposal of the excitation energy in the Re(I)
complexes reported here. This behavior is well known for deriva-
tives of [Ru(bipy)3]2+ in which the ligand-field strength around the
metal is reduced by steric distortions [40–43] and has recently been
demonstrated for a range of Re(I)-tricarbonyl-diimine complexes
[44] although it should be noted that a range of other non-radiative
decay pathways are in principle available [44,45].
The supposed nature of the emitting states is also supported
by the corresponding radiative decays which lie in the microsec-
ond timescale domain typical for MLCT and IL transitions. The
luminescence decay curves of all the complexes were obtained

Lifetime (�s)d


 (%)c �1 �2

2.0 1.48 (52.45%) 13.13 (47.55%)
7.5 1.67 (47.49%) 10.62 (52.51%)
e 1.48 (51.00%) 12.15 (49.00%)
e 1.46 (53.18%) 13.91 (46.82%)

aximal emission wavelengths.
their MLCT emission peaks around 550 nm in solid state.
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ig. 3. (a) Excitation and emission spectra of L1–L4 in solid state; (b) excitation a
onditions.

rom time-resolved luminescence experiments at the MLCT exci-
ation and maximal emission wavelengths. As indicated in Fig. 4
nd Table 3, the decay curves of all complexes measured in solid

tate are composed of two exponential decays with lifetimes of
.32–1.67 �s (∼50%) and 10.62–14.84 �s (∼50%) [46–48]. The Re(I)
arbonyl complexes that show multiexponential decay kinetics are
nown, confirming the existence of two light-emission excited

ig. 4. Photoluminescence lifetime decay measurement of 1–4 in solid state at room tem
heir MLCT emission peaks around 550 nm.
ission spectra of 1–4 in solid state. All the spectra were measured under ambient

states with comparable energies [46–48]. The long-lived compo-
nent is thus assigned to the emission from the �–�* state and
the shorter-lived component is assigned to the emission from the

MLCT state. In general, if there is potential surface crossing from
the higher ligand �–�* state to the lower MLCT state, one can
expect, on the basis of the energy gap law, a shorter decay life-
time of the �–�* state than the lower MLCT state [46–48]. We

perature. The excitation wavelength is 468 nm, and the emission is monitored at
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electrophosphorescence devices based on rhenium complexes, Appl. Phys. Lett.
83 (2003) 4716–4718.
Fig. 5. TGA traces for the 1–4.

urther probed the photophysical properties of 1 and 2 by mea-
uring their photoluminescence quantum efficiency in solid state
sing an integrating sphere (150 mm diameter, BaSO4 coating)
rom Edinburgh Instruments according to the reported procedure
26], the data are 2.0% and 7.5%, respectively. The data are agree
ith the luminescence intensity sequence in Fig. 3 indicating the

arbazole unit is the better chromophore to enhance the lumines-
ence efficiency of diimine Re(I) complexes than oxadiazole moiety
n our cases. This function of carbazole unit has been reported in
iterature [49,50].

.3. Thermal analysis

In order to investigate the stable characteristics of all the four
e(I) complexes, TGA was performed on them in a N2 atmosphere,
nd the traces are presented in Fig. 5. Complex 1 began to lose
eight when the temperature reached at 322 ◦C, the loss of the

hlorine anion and carbonyl groups can account for this. 2, 3 and 4
how the similar thermal characteristics as 1 in a N2 atmosphere:
hey began to decompose for the same reason at 374, 302 and
56 ◦C, respectively. 3 shows another weight loss at 149 ◦C possibly
ue to that the sample is not dry enough, it lost water at this tem-
erature. The weight loss at the temperature higher than 400 ◦C is
robably caused by the unassisted thermolysis of ligands or simply

ts sublimation.

. Conclusion

We have synthesized four novel ligands and their corresponding
e(I) complexes with oxadiazole or carbazole moiety successfully.
ll the Re(I) complexes exhibit better photoluminescent properties

n solid state than those without functional moieties. It also exhibits
hat the emission spectra of 1 and 2 are more intense than 3 and 4,
his could be due to more rigid structure of Pybm type complexes
ompared with that of Dypa ones. Besides that, the carbazole con-
aining complex 2 shows higher quantum efficiency (7.5%) in solid
tate than the oxadiazole containing complex 1 (2.0%) indicating

he carbazole unit is the better chromophore to enhance the lumi-
escence properties of diimine Re(I) complexes than oxadiazole
oiety.
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