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Two new rhenium(I) complexes chelated by a substituted 2,20-bipyridine with general formula
Re(CO)3LCl, where L¼ 6 -(200-methoxyphenyl)-2,20-bipyridine (L1) and 6 -(400-diphenylamino-
phenyl)-2,20-bipyridine (L2), are synthesized and characterized by IR, NMR, and elemental
analysis. Structure of 1 was determined by single-crystal X-ray crystallography, revealing that
rhenium is six-coordinate octahedral. The electrochemical, photophysical, and thermal
properties of the two rhenium(I) complexes were investigated. Electroluminescent devices
were fabricated by doping 1 in polymer blend host of poly(vinylcarbazole) and 2-tert-
butylphenyl-5-biphenyl-1,3,4-oxadiazole using simple solution spin-coating technique. The
device exhibits a maximum current efficiency of 2.97 cdA�1 and peak brightness in excess of
2390 cdm�2.

Keywords: Bipyridine; Rhenium complex; Phosphorescent; Electroluminescence

1. Introduction

Employment of heavy metal complexes as emitters in organic light-emitting diodes
(OLEDs) has become important since the original works of Thompson et al. [1].
OLEDs based on phosphorescent materials show remarkable enhancement in their
electroluminescent (EL) performance and exhibit higher internal quantum efficiency of
up to 100% in principle. Iridium(III) [2], platinum(II) [3], and ruthenium(II) [4]
complexes have been exploited in OLEDs. Recent research demonstrates that
rhenium(I) complexes also serve as electrophosphorescent emitters for OLEDs with
features of high room temperature phosphorescence quantum yield, relatively short
excited state lifetime and photochemical stability [5–7]. Rhenium(I) complexes with
different ligands have been reported and applied as emitters in OLEDs [5–8]. For
example, Li et al. [5a] reported efficient devices based on (2,9-dimethyl-1,10-
phenanthroline)Re(CO)3Cl doped into 4,40-N,N0-dicarbazole-biphenyl (CBP) with a
current efficiency of 7.15 cdA�1. Recently, the group of Li and Chu [6b] reported more
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efficient OLEDs based on (2,9-dimethyl-4,7diphenyl-1,10-phenanthroline)Re(CO)3Br

with a maximum EL efficiency and luminance of 21.8 cdA�1 and 8315 cdm�2,
respectively. Utilizing the vacuum-deposition method, OLEDs based on rhenium(I)

complexes show high efficiency and luminance. However, the sublimation process has

critical drawbacks including considerable loss of the expensive materials during

evaporation, complex manufacturing process, and high manufacturing costs. Therefore,
solution processed OLEDs attract attention as potential candidates for large area flat

panel displays, owing to their simple processing route and low manufacturing cost.

Rhenium(I) complex-based devices made by a solution process are less reported and

show relatively low efficiency and luminescence [9]. Hence, we hope to synthesize
soluble rhenium(I) complexes and further fabricate efficient phosphorescent devices by

the spin-casting solution process. We consider that the introduction of bulky group on

the six-position of 2,20-bipyridine can decrease molecular stacking of a rhenium

complex and restrain triplet–triplet annihilation. Therefore, in this article, we report the
syntheses, electrochemical, photophysical, and thermal properties, as well as EL

behaviors of new rhenium(I) complexes with substituted 2,20-bipyridine ligands.

2. Experimental

2.1. General procedures

All reactions were performed using standard Schlenk techniques in an atmosphere of
high-purity nitrogen. Toluene was dried by refluxing over sodiumbenzophenone and

distilled under nitrogen prior to use. Solvents used in luminescence and electrochemical

studies were anhydrous and spectroscopic grade. Dimethylformamide (DMF),

tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), dichloromethane (CH2Cl2),
tetrabutylammonium tetrafluoroborate (Bu4NBF4), poly(vinylcarbazole) (PVK),

2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole (PBD), 1,3,5-tri(1-phenyl-1H-benzo[d]i-

midazol-2-yl)phenyl (TPBI), poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)

(PEDOT : PSS), 2,20-bipyridine, Re(CO)5Cl, and
nBuLi were purchased from Aldrich

and used as received. NMR spectra were measured on a Varian Mercury-300

spectrometer. Fourier transform infrared spectroscopy (FT-IR) spectra were acquired

using a Magna 560 FT-IR spectrophotometer. Elemental analyses were performed on a

Perkin-Elmer 2400 analyzer. UV-Vis absorption spectra were recorded on a UV-3100
spectrophotometer (Shimadzu) and fluorescence measurements were carried out on an

RF-5301PC spectrophotometer (Shimadzu). Time-resolved fluorescence measurements

were performed by the time-correlated single photon counting (TCSPC) system under

right-angle sample geometry. A 379 nm picosecond diode laser (Edinburgh Instruments
EPL375, repetition rate 20MHz) was used to excite the sample. The emission was

detected by a photomultiplier tube (Hamamatsu H5783p) and a TCSPC board

(Becker&Hickel SPC-130). The instrument response function (IRF) is 220 ps.

Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer thermal
analyzer in air. The samples were dried under vacuum at 60�C before being heated to

600�C at a heating rate of 10�Cmin�1. Electrochemical measurements were performed

with a BAS 100W bioanalytical system using a platinum disc (’¼ 3mm) as the working

Rhenium(I) substituted bipyridine 1267
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electrode, a platinum wire as the auxiliary electrode, and a porous glass wick Ag/Agþ as
the reference electrode with ferrocenium–ferrocene (Fcþ/Fc) as the internal standard.

2.2. Preparation

2.2.1. 6 -(200-methoxyphenyl)-2,20-bipyridinerhenium chlorotricarbonyl (1). Re(CO)5Cl
(100mg, 0.27mmol) and L1 (73.4mg, 0.28mmol) were refluxed in 20mL of toluene for
8 h. After the mixture cooled to room temperature, the solvent was removed in a water
bath under reduced pressure. The resulting yellow solid was purified by silica gel
column chromatography with ethyl acetate and CH2Cl2. Yield: 0.123 g (80%).
1H NMR (300MHz, DMSO-d6, 293K): � 3.76 (s, 3H, OCH3), 7.10–7.27 (m, 3H),
7.54 (t, 1H), 7.66 (d, 1H), 7.73 (t, 1H), 8.32 (m, 2H), 8.77 (m, 2H), 9.02 (d, 1H) ppm.
Anal. Calcd for C20H14ClN2O4Re (568.00): C, 42.29; H, 2.48; N, 4.93. Found: C, 42.52;
H, 2.56; N, 4.85. IR (KBr): � 1880, 1910, 2018 cm�1.

2.2.2. 6 -(400-diphenylaminophenyl)-2,20-bipyridinenerhenium chlorotricarbonyl (2). The
procedure for the synthesis of 2 is similar to that for 1, except that ligand L1 is replaced
with L2. Yield: 0.123 g (85%). 1H NMR (300MHz, DMSO-d6, 293K): � 7.10–7.14 (m,
2H), 7.19 (d, 5H), 7.44 (t, 5H), 7.53–7.58 (m, 2H), 7.82 (t, 1H), 7.88 (d, 1H), 8.38–8.42
(m, 2H), 8.79 (d, 1H), 8.83 (d, 1H), 9.11 (d, 1H) ppm. Anal. Calcd for
C31H21ClN3O3Re (705.18): C, 52.80; H, 3.00; N, 5.96. Found: C, 52.94; H, 2.86; N,
5.85. IR (KBr): � 1870, 1922, 2024 cm�1.

2.3. X-ray crystallography

Single crystals of 1 suitable for X-ray structural analysis were obtained from CH2Cl2.
Diffraction data were collected at 293K on a Rigaku R-AXIS RAPID IP diffractom-
eter equipped with graphite-monochromated Mo-Ka radiation (�¼ 0.71073 Å). Details
of the crystal data, data collections, and structure refinements are summarized in
table 1. The structure was solved by direct methods [10] and refined by full-matrix least-
squares on F2. All non-hydrogen atoms were refined anisotropically and the hydrogen
atoms were included in idealized positions. All calculations were performed using the
SHELXTL [11] crystallographic software package.

3. Results and discussion

3.1. Synthesis and characterization of compounds

The ligands L1 and L2 were prepared according to a known procedure [12]. Both were
characterized by 1H NMR spectroscopy along with elemental analyses. Reaction of
Re(CO)5Cl with one equivalent of L1 or L2 in toluene at reflux afforded the
corresponding complexes 1 and 2 in high yields (480%) as yellow solids (figure 1). Two
complexes were characterized by 1HNMR spectroscopy, FT-IR, and satisfactory
analytic results were obtained. The 1H NMR spectra of 1 and 2 show that resonances of

1268 H. Xia et al.
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the protons on pyridine rings shift to low field compared to the corresponding signals in
their free ligands, indicating formation of the coordination bonds between the ligand
and rhenium(I) [13]. FT-IR spectra of both complexes show three stretching bands from
1869 to 2021 cm�1, consistent with three carbonyl groups at the Re(CO)3 metal
fragment. Complex 1 is moderately soluble in DMSO, CH2Cl2, DMF, and THF, but
insoluble in saturated hydrocarbons. Compared with 1, 2 has less solubility in organic
solvents.

3.2. Structure of 1

The molecular structure of 1 was determined by X-ray crystallographic analysis.
Crystals of 1 suitable for X-ray crystal structure determination were grown from

Table 1. Crystal data and structure refinement details for 1.

Empirical formula C20H14ClN2O4Re
Molecular mass 567.98
Temperature (K) 293(2)

Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions (Å, �)
a 13.560(3)
b 10.609(2)
c 13.914(3)
� 90
� 92.71(3)
� 90
Volume (Å3), Z 1999.5(7), 4
Calculated density (g cm�3) 1.887
F(000) 1088
Crystal size (mm3) 0.24� 0.16� 0.13
� range for data collection (�) 3.01–27.48
Limiting indices –17� h� 17;

–13� k� 13;
–18� l� 16

Data/restraints/parameters 4572/0/254
Goodness-of-fit on F2 1.017
Final R indices [I4 2	(I)] F1

a¼ 0.0332, wF1
b ¼ 0.0722

R indices (all data) F1
a¼ 0.0434, wF1

b ¼ 0.0773

aR1¼
P
jjFoj � jFcjj/

P
jFoj;

bwR2¼ [
P

[w(F 2
o � F 2

c )
2]/
P

[w(F 2
o )

2]]1/2.

Figure 1. Synthetic procedure of rhenium complexes.

Rhenium(I) substituted bipyridine 1269
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CH2Cl2 at room temperature. The ORTEP drawing of the molecular structure of 1 is
shown in figure 2. Selected bond lengths and angles for the complex are given in table 2.
The X-ray analysis reveals that 1 adopts distorted octahedral geometry with the metal
center chelated by L1 via two nitrogen atoms and the three carbonyls are facial. The
distances of C(1), C(2), and C(3) to Re(1) are 1.900(6), 1.874(5), and 1.888(5) Å,
respectively. These values are consistent with bond lengths found in other distorted
octahedral Re(I) complexes [14]. The average Re–N bond distance is 2.187 Å, larger
than values previously reported for similar octahedral Re(I) complexes [6c, 15]. The
bond angles between adjacent CO’s are 86.1(2)–90.1(2)�, but the N(1)–Re–N(2) bite
angle is 74.91(15)�. The dihedral angle between the two pyridyl rings is 7.3�, and the
dihedral angle between the aromatic ring and the adjacent pyridyl ring is 69.0�.

Figure 2. ORTEP drawing of 1 with displacement ellipsoids at the 30% probability level. Hydrogen atoms
have been omitted for clarity.

Table 2. Selected bond lengths (Å) and angles (�) for 1.

Re(1)–C(1) 1.900(6) C(3)–Re(1)–N(2) 95.84(19)
Re(1)–C(2) 1.874(5) C(1)–Re(1)–N(2) 177.61(18)
Re(1)–C(3) 1.888(5) C(2)–Re(1)–N(1) 96.8(2)
Re(1)–N(1) 2.210(4) C(3)–Re(1)–N(1) 168.69(17)
Re(1)–N(2) 2.164(4) C(1)–Re(1)–N(1) 103.04(19)
O(1)–C(1) 1.147(6) N(2)–Re(1)–N(1) 74.91(15)
O(2)–C(2) 1.166(6) C(2)–Re(1)–Cl(1) 177.81(19)
O(3)–C(3) 1.151(6) C(1)–Re(1)–Cl(1) 93.78(17)
C(2)–Re(1)–C(3) 90.1(2) N(1)–Re(1)–Cl(1) 81.76(10)
C(2)–Re(1)–C(1) 88.1(2) N(2)–Re(1)–Cl(1) 84.74(11)
C(3)–Re(1)–C(1) 86.1(2) C(3)–Re(1)–Cl(1) 91.05(15)

1270 H. Xia et al.
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The dihedral angles in 1 are slightly different to the values for group 12 complexes with

the same ligand [12].
Different supramolecular interactions, such as 
–
 stacking interactions, weak

hydrogen-bonding, and CH� � �
 interactions, play a very important role in construction

of multi-dimensional supramolecular architectures. In 1, the methoxy group donates a

hydrogen bond to the carbonyl oxygen of an adjacent molecule with H� � �O distance of

2.99(8) Å; the C–H� � �O angle is 131(4)� (see table S1). Chloride bound to the metal

center in an adjacent molecule interacts with hydrogen of the pyridyl in the next

molecule, forming a weak hydrogen bond; the H� � �Cl distance is 2.74(0) Å and the

C–H� � �Cl angle is 144(4)�. The two hydrogen bonds in 1 organize the metal complexes

into 1-D chains parallel to the a-axis (figure S1). The chains are bound together into

2-D sheets in the ac-plane by weak CH� � �
 and 
–
 stacking interactions between type

A molecules in one chain and type B molecules in an adjacent chain (figure S1). The

distances of the CH� � �
 and 
–
 interactions are 3.24 Å and 3.63 Å, respectively.

3.3. Physical properties

The photophysical properties of 1 and 2 are listed in table 3. The absorption spectra in

dilute CH2Cl2, shown in figure 3(a), display a strong absorption at 290 nm and a broad

absorption at 380 nm. The absorption at high energy is primarily due to 
–
* transition

of the pyridine, and the lower energy absorption is typically from the spin-allowed

metal (d
) to ligand (
*) charge transfer (MLCT) [16]. Complexes 1 and 2 show similar

emission bands and the emission peaks are 570 nm in CH2Cl2 solution. In the solid

state, the emission maxima of complexes blue shift to 550 nm compared with their

corresponding emission maxima in solution, and the emission bands are derived from

the 3MLCT exited state (figure 3b). The excited state lifetimes of complexes were

determined by exponential decay curve-filling analysis in CH2Cl2 (table 3 and figure 4).

The short excited state lifetime may provide the opportunity to use them for highly

efficient OLEDs.

Table 3. Photophysical, electrochemical, thermal, and IR data for 1 and 2.

Complex

�abs
a

(nm) "� 103

(mol L�1)�1 cm�1
�em

b

(nm)
�ex

c

(nm)
�em

d

(nm)
Lifetime
(ns)

Eox
onset

e

(v)
Ered
onset

e

(v)
Ered f

(v)
Tdg

(�C)
IR

(cm�1) CO

1 283 (17.1)
363 (3.9)

574 356
430

550 13.48 0.99 –1.57 –1.52 299 1880,
1910,
2018

2 296 (16.8)
384 (3.1)

573 379
421

547 18.23 0.64
0.99

–1.56 –1.51 308 1870,
1922,
2024

aMaximum absorption wavelength, measured in CH2Cl2.
bMaximum emission wavelength, measured in CH2Cl2.
cMaximum excitation wavelength, measured in the solid state.
dMaximum emission wavelength, measured in the solid state.
eEstimated by CV using a platinum disc as the working electrode, platinum wire as auxiliary electrode, Ag/Agþ as reference
electrode with ferrocene as the internal standard, Bu4NBF4 as supporting electrolyte in CH3CN.
fThese data were estimated according to the following formula: DE¼ 1240/�absonset ¼Eox

onset �Ered.
gThermal decomposition temperature.

Rhenium(I) substituted bipyridine 1271
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Figure 3. (a) Absorption and emission spectra of 1 and 2 in CH2Cl2; (b) the excitation and emission spectra
of 1 and 2 in the solid state.

Figure 4. Photoluminescence lifetime decay measurements of 1 and 2 in CH2Cl2.

1272 H. Xia et al.
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TGA was performed to investigate their thermal stability. The complexes show high
thermal decomposition temperatures (300�C and 308�C), which demonstrate their good
thermal stability. The TGA traces exhibit two thermal decomposition processes (figure
S2). In the first, 1 and 2 lose �35% and �50% weight, respectively, attributed to loss of
the carbonyl and chloride and partial decomposition of the ligands, while the second
weight loss is loss of their ligands. The good thermal stability of new rhenium(I)
complexes is important for application in OLEDs.

Both complexes show a reduction reaction with reduction potential of �1.52V to
�1.51V in CH3CN, assigned to the redox couple of pyridine [17]. For 1, an oxidation
with potential about þ0.99V was observed, associated with the ReI/ReII redox couple.
In contrast to 1, two oxidation reactions were observed for 2. The first oxidation at
potential around þ0.64V could be ascribed to oxidation of the triphenylamine in its
ligand [18], while the second oxidation reaction with potential about þ0.99V should be
for the ReI/ReII redox couple (figure 5).

3.4. EL properties

Polymer-based, light-emitting diodes with 1 as a dopant were fabricated by spin casting
and their EL performances were investigated. There are few reports on EL devices using
solution processable rhenium(I) complexes as the emission layer and their EL
performances are not predictable [9]. The solid state structural analysis of 1 showed
that the discrete molecules interact strongly with each other via secondary interactions.

Figure 5. CV curves of 1 (a) and 2 (b) measured in CH3CN at 0.1 v s�1 scan rate.

Rhenium(I) substituted bipyridine 1273
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However, if these molecules become dispersed when 1 is incorporated in a polymer host,
then the performance of the device will be increased. The polymer blend PVK–PBD
(40%) was selected as the host, which emission band overlaps the absorption bands of
1. PVK is a good hole-transporting material while PBD is an electron-transporting
material. Employment of the PVK–PBD mixture host would enhance balance of
carriers in light-emitting layer and thus enhance the emitting efficiency of devices [19].
Indium-tin-oxide (ITO) glass and aluminum were used as the anode and cathode,
respectively. Poly(3,4-ethylenedioxythiophene) : poly(styrene sulfonate) (PEDOT : PSS)
and LiF were used as materials for facilitating the hole and electron injection from the
two electrodes, and 2,20,200-(1,3,5-benzenetriyl)tris[1-phenyl-benzimidazole] (TPBI) was
chosen as an electron-transporting material. The structure of the devices is as follows:
ITO/PEDOT : PSS (40 nm)/PVK : PBD (40wt%): X wt% 1 (80 nm)/TPBI (40 nm)/LiF
(0.7 nm)/Al (100 nm)(X = 0.25, 1.0, 2.0). Complex 1 was doped into the host PVK–
PBD at 0.25–2.0wt% as the light-emitting layer. The thickness of the doped light-
emitting layer is about 80 nm. The TPBI layer and the electrode layers were deposited
by a resistive heating method.

The performance parameters of OLEDs based on 0.25, 1.0 and 2.0wt% 1 in PVK–
PBD blends of the devices are listed in table 4. The 1.0wt% doping concentration is most
suitable for obtaining high EL efficiency. The current density (J) and luminance (L)
versus applied voltage (V) characteristics of the device based on 1 with different doping
concentration are shown in figure 6(a). For the 1.0wt% of 1 doped device, the turn-on
voltage is 6.8V (at brightness of 1 cdm�2). This device has a luminance of 720 cdm�2 at
10V and current density of 38.46mA cm�2, and the luminance reaches near 3050 cdm�2

at 13V and current density of 230.57mA cm�2. The value of maximum brightness
observed for the EL device based on 1 are higher than the 960 cdm�2 previously reported
for a device based on [Re2(�-Cl)2(CO)6(�-diazine)] incorporated into PVK polymer with
a device structure of ITO/PEDOT : PSS/PVK:Re2(�-Cl)2(CO)6(�-diazine)/TPBI/Ba/Al
[9b] and higher than 730 cdm�2 for a rhenium(I) complex with 2,20-bipyridine doped in
host material of polycarbonate (PC) and the device configuration of ITO/PVK :Re:
PC/Al [9c]. Figure 6(b) shows the luminous efficiency (LE) as a function of the current
density (J) of the device made from PVK–PBDwith 0.25, 1.0, and 2.0wt% 1. Efficiencies
of the devices increase as the current densities increase at first and decrease after reaching
the maximum value. The LEmax is from 2.38, 2.97, and 2.33 cdA�1 for 0.25–2% doping
concentration of 1, respectively. For larger doping concentration (43%) the device
efficiency decreases significantly (not shown here). The value of maximum current
efficiency observed for the EL devices studied in this article exhibit little enhancement
with respect to [Re2(�-Cl)2(CO)6(�-1,2-diazine)], which the best previously reported

Table 4. Summary of the performance of OLEDs based on 1.

Concentration (wt%) �1
a (cdA�1) �2

b (cdA�1) Bmax
c (cdm�2) �3

d (lmW�1)

0.5 2.38 1.66 3050 1.18
1.0 2.97 2.40 2392 1.29
2.0 2.33 1.91 2228 1.03

aMaximum efficiency.
bEfficiency at 1000 cdm�2.
cMaximum brightness.
dMaximum power efficiency.
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value (2.1 cdA�1) [9d]. When the luminance reaches to 1000 cdm�2, the 1.0wt% of 1
doped device still exhibits a maximum current efficiency of 2.4 cdA�1. The slow decrease
in current efficiency with increasing current density has been attributed to saturation of
the phosphorescence sites under these conditions not being severe due to the short triplet
lifetime of the light-emitting material [5b]. Nevertheless, the performances of these
devices are greatly improved in comparison with the previously reported results from
OLEDs fabricated by solution processable rhenium(I) complexes [8].

4. Conclusion

Two new rhenium(I) complexes with substituted 2,20-bipyridine ligands have been
synthesized. Crystal structure analysis revealed that the coordination geometry of
rhenium can be described as distorted octahedral defined by one chloride, facial
arrangement of three carbonyls, and the diimine. The rhenium(I) complexes exhibit
bright yellow luminescence with relatively short triplet lifetime in solution. High-
efficiency, polymer-based electrophosphorescent light-emitting devices have been

Figure 6. (a) Current density–brightness–voltage curves and (b) current efficiency–current density curves of
devices based on 1 with different concentrations.
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fabricated using 1 as dopant and PVK–PBD as host. The device exhibits a maximum
current efficiency of 2.97 cdA�1 and peak brightness in excess of 2390 cdm�2. These
performances are best reported for devices by spin-casting technology employing
solution rhenium(I) complex as emission layer.

Supplementary material

CCDC 841690 contains the supplementary crystallographic data for 1. These data can
be obtained free of charge at http://www.ccdc.cam.ac.uk (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: þ 44-
1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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