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Several bipyridylrhenium(I) surfactant complexes, fac-[Re-
(CO)3(bpy)(L)]PF6 [bpy = 2,2�-bipyridine, L = trans-4-dodecy-
loxy-4�-stilbazole (L1), trans-4-octadecyloxy-4�-stilbazole
(L2), 4-(4�-dodecyloxyphenylethynyl)pyridine (L3)] were
synthesized and characterised. The X-ray crystal structure of
fac-[Re(CO)3(bpy)(L1)]PF6 has been determined. The com-
plexes exhibited intense photo-luminescence which has
been ascribed to the dπ(Re) � π*(bpy) metal-to-ligand
charge transfer (MLCT) triplet emission. The complexes

Introduction

Efficient electroluminescence (EL) from organic films at
low voltages was first reported in 1987.[1] Since then, a vari-
ety of EL materials have been synthesised,[1,2] and various
techniques for device fabrication have been optimised.[2f,3]

Recent works on the fabrication of thin-film devices for or-
ganic light-emitting diodes (OLEDs) have mainly concen-
trated on the use of vacuum deposition,[1,3b,4] spin coat-
ing,[5] self-assembly[3g,6,7a] and Langmuir�Blodgett (LB)
techniques.[7,8] The LB film technique is interesting in that
it is possible to prepare organic functional ultra-thin films
with controlled thickness of a molecular size and well-de-
fined molecular orientation.[9] In some circumstances LB
films may produce films of higher quality than the general
vacuum deposited or spin-coat films and may have poten-
tial applications in molecular electronic devices.[9,10]

Employment of transition metal complexes as the emiss-
ive layer in OLEDs has become one of the important sub-
jects in recent years,[5,11] since many of them have excellent
photoluminescence properties and potential advantages of
achieving a maximum internal quantum efficiency of
100%.[2f] The formation efficiency of the triplet state will be
triple that of the singlet state in the non-geminate pair elec-
tron combination (as in ELs), thus an improvement in the
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were found to form stable Langmuir−Blodgett (LB) films with
relatively high collapse pressures. The organic light-emitting
diodes (OLEDs) fabricated by employing the LB films of vari-
ous complexes as the emitting layer exhibited electrolumin-
escence (EL) behavior. The luminances of the EL devices
were found to vary as a function of the number of LB film
layers, hydrocarbon chain length and the deposition types.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

EL yield should be predicted by using triplet state materials
as the emitting layer, which makes them promising candi-
dates for OLEDs, and a number of related studies have been
reported.[5,11,12] Amongst the transition metal complexes
studied, those of the bipyridylruthenium() systems, which
show 3MLCT emission, have been extensively studied.[5a,5b]

Other relatively less studied systems involving 3MLCT
emissive states include the well-known tricarbonyl(diimi-
ne)rhenium() complexes.[13�15]

In order to explore the potential applications of metal-
based ultra-thin films in the design and construction of mo-
lecular electronic devices and to better understand the
mechanism of ELs displayed by transition metal complexes
in LB films, it is important to design, fabricate, and study
OLEDs using LB films of metal complexes as the emissive
layer. However, little attention has been devoted to this
area.[8] Herein we report the synthesis of luminescent bipyr-
idylrhenium() complexes with long hydrocarbon chain-con-
taining pyridine ligands, fac-[Re(CO)3(bpy)(L)]PF6 [bpy �
2,2�-bipyridine, L � trans-4-dodecyloxy-4�-stilbazole (L1),
trans-4-octadecyl-4�-stilbazole (L2), 4-(4�-dodecyloxyphen-
ylethynyl) pyridine (L3); Scheme 1]. The successful prep-
aration of stable LB films of these complexes renders their
employment as the emitting layer for OLED fabrication
possible and such devices have been found to exhibit elec-
troluminescence, typical of the 3MLCT emission of diim-
inerhenium() complexes. The influence of various factors
on the OLEDs performance involving LB films of the com-
plexes has also been described.
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Scheme 1. Structures of ligands and corresponding surfactant ReI

diimine complexes

Results and Discussion

Synthesis and Characterization

The ligands L1,[16] L2,[16] L3[17] and the corresponding
rhenium() complexes 1, 2, 3[14e,18] were prepared according
to literature methods, and their structures are shown in
Scheme 1. The purity and composition of the rhenium()
complexes were confirmed by 1H NMR, IR spectroscopy,
positive-ion FAB-MS and elemental analyses. The structure
of 1 was determined by X-ray crystallography. The obser-
vation of three strong bands between 1900 and 2100 cm�1

in the infrared spectra for all rhenium() complexes con-
firms that the tricarbonyl ReI moiety is in the facial ar-
rangement.[19]

X-ray Crystal Structure

The perspective drawing of the complex cation of 1 with
atomic numbering is shown in Figure 1, and selected bond
lengths and angles are given in Table 1. The coordination
geometry at the Re atom is distorted octahedral with the
three carbonyl ligands arranged in a facial fashion. The

Figure 1. Perspective drawing of the complex cation of 1 with atomic numbering scheme; hydrogen atoms were omitted for clarity; the
thermal ellipsoids are shown at the 50% probability level
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N(1)�Re�N(2) angle of 75° is a result of the steric require-
ment of the bidentate diimine ligand. The C(19)�C(20)
bond length of 1.342(8) Å and the bond angles of
C(16)�C(19)�C(20) at 121.3(6)° and C(19)�C(20)�C(21)
at 126.5(6)° are typical of the sp2 hybridization of the styryl
group. All other bond lengths and bond angles are unre-
markable and are similar to those found for other related
ReI polypyridyl complexes.[14,19,20] The hydrophobic ali-
phatic chain is running along an axis that is almost perpen-
dicular to the plane containing the Re atom and the bipyri-
dine unit, which leads to the good LB film forming capa-
bility of the complexes.

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

Distances

Re(1)�N(1) 2.171(5) Re(1)�C(1) 1.919(7)
Re(1)�N(3) 2.230(4) Re(1)�C(3) 1.930(8)
Re(1)�C(2) 1.941(8) O(2)�C(2) 1.143(8)
O(1)�C(1) 1.148(7) C(19)�C(20) 1.342(8)
O(3)�C(3) 1.145(7) C(20)�C(21) 1.463(8)
Re(1)�N(2) 2.173(5)

Angles

N(1)�Re(1)�N(2) 75.0(2) N(1)�Re(1)�C(2) 99.4(2)
N(1)�Re(1)�C(1) 95.1(2) N(2)�Re(1)�N(3) 82.9(2)
N(1)�Re(1)�C(3) 173.8(2) N(2)�Re(1)�C(2) 174.4(2)
N(2)�Re(1)�C(1) 93.9(3) N(3)�Re(1)�C(1) 176.6(3)
N(2)�Re(1)�C(3) 98.8(3) N(3)�Re(1)�C(3) 93.4(2)
N(3)�Re(1)�C(2) 96.3(2) C(1)�Re(1)�C(3) 86.1(3)
C(1)�Re(1)�C(2) 87.0(3) C(16)�C(19)�C(20) 121.3(6)
C(2)�Re(1)�C(3) 86.7(3) C(19)�C(20)�C(21) 126.5(6)
N(1)�Re(1)�N(3) 85.0(2) C(20)�C(21)�C(22) 124.6(5)

Surface Pressure�Area (π�A) Isotherms and LB Film
Deposition

The π�A isotherms of the ReI complexes which spread
from chloroform solutions onto ultrapure water at room
temperature were recorded, and are shown in Figure 2. The
curves show one well-defined condensed region.
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Figure 2. Surface pressure-area (π�A) isotherms of 1 (���), 2
(···) and 3 (---)

The molecular areas for these ReI complexes are obtained
by the extrapolation of the condensed region to zero surface
pressure. The data are summarized in Table 2. It is worth
noting that these complexes have similar π�A isotherms
with fairly high collapse pressures as a result of the simi-
larity in their structures.

Table 2. LB film-forming properties for complexes 1�3

Complex Molecular Collapse pressure Transfer
area (Å)2 (mN m�1) ratio

1 61.5 48 0.65�1
2 60.5 49 0.80�1
3 62 48 0.65�1

The almost identical molecular areas of 61 Å2 for these
ReI complexes match fairly well with the calculated value
of 55 Å2 based on the crystal structure of 1. This indicates
the formation of a close-packed stable monolayer at the air-
water interface, probably with the long alkyl chain vertically
oriented with respect to the water surface, resulting in al-
most no change in the area per molecule upon increasing
the chain length of the hydrocarbon. Despite 1 and 3 only
containing 12 -CH2- units, their LB film-forming properties
are good and similar to those of 2 which has an alkyl chain

Figure 3. Compression-expanding isotherms for 1
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of 18 -CH2- units. The formation of stable LB films with
relatively short hydrocarbon chains may be advantageous
in that it may minimize the resistance of the LB films in
the construction of the OLED devices. The compression-
expanding cycle isotherms of 1 are shown in Figure 3. No
obvious hysteresis was observed, further confirming the
good monolayer forming properties of the complexes.

UV/Vis Absorption Spectroscopy

The electronic absorption spectra of 1�3 in dichloro-
methane and in LB films show a high-energy absorption
band at ca. 248 nm and a low-energy absorption band at
ca. 364�370 nm. The high-energy absorption band is tenta-
tively assigned as a π � π* intra-ligand transition (IL) of
bipyridine. With reference to previous spectroscopic studies
of the related cationic diiminerhenium() complexes,
[Re(CO)3(diimine)(pyridine)]�,[13,14] which also exhibit a
low-energy absorption band in a similar region, the low-
energy absorption is ascribed to the dπ(Re) � π*(bpy) me-
tal-to-ligand charge transfer (MLCT) transition. However,
the extinction coefficients of these low-energy absorption
bands in the order of 104 dm3 mol�1 cm�1 in complexes
1�3 are much larger than those for typical MLCT tran-
sitions (approx. 103 dm3 mol�1 cm�1). In view of the similar
absorption energies and extinction coefficients of the free
ligands L1, L2 and L3, the low-energy absorption band of
1�3 is accordingly assigned as an admixture of π � π*
IL transitions of L1, L2 and L3 and dπ(Re) � π*(bpy)
MLCT transitions.

Photoluminescence Properties

Complexes 1�3 exhibit intense greenish yellow lumin-
escence in solution, solid state and as an LB film. The emis-
sion data for the complexes are summarized in Table 3. In
general, the emission spectra of the complexes in dichloro-
methane and in an LB film at room temperature show
broad emission bands at ca. 527�548 nm. On the basis of
the previous spectroscopic assignments on the related cat-
ionic diiminerhenium() complexes, [Re(CO)3(diimine)-
(pyridine)]�,[13,14] the emission origin is assigned to be de-
rived from the 3MLCT excited state. The emission energies
of the complexes in glass at 77 K were found to be blue-
shifted with respect to those in solution and in LB films,
and are attributed to the phenomenon of luminescence rigi-
dochromism.[21] The emission spectra of 1 in dichlorometh-
ane and in LB films at room temperature and in EtOH/
MeOH (4:1 v/v) glass at 77 K are shown in Figure 4. It is
noteworthy that the luminescence quantum yield (Φlum) of
3 in fluid solution is larger than those of 1 and 2 by one
order of magnitude. The lower luminescence quantum yield
observed in 1 and 2 is probably due to the presence of the
energy-accepting trans-styryl group, which would provide
an additional non-radiative decay pathway for the quench-
ing of the 3MLCT excited state via an intramolecular en-
ergy transfer process, rendering the lower luminescence
quantum yield. Similar observation has also been reported
in the related azo- or styryl-containing rhenium() com-
plexes.[15g]
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Table 3. Photophysical and EL data for complex 1�3

Com- Medium (T/K) Absorption λmax/nm (ε � 10�4/dm3 mol�1cm�1) Emission λem/nm Luminescence EL
plexes (τo/µs) quantum yield Luminance

(Φlum � 103) (cd/cm2)[a]

1 CH2Cl2 (298), 248 (3.38), 282 (2.12), 310 (1.83), 322 (1.80), 370 (3.91) 539 (0.66) 6.9 6
LB film (298), 324, 368 527
Glass[b] (77) 499

2 CH2Cl2 (298), 248 (3.57), 282 (2.22), 312 (1.92), 320 (2.09), 370 (3.92) 540 (0.70) 5.7 1
LB film (298), 324, 366 530
Glass[b] (77) 492

3 CH2Cl2 (298), 248 (3.29), 280 (2.12), 311 (1.98), 322 (2.56), 364 (4.44) 548 (0.93) 78.0 �1
LB film (298), 324, 354 546
Glass[b] (77) 491, 528, 555

[a] ITO/LB film (25-layer)/Al. [b] EtOH/MeOH (4:1, v/v).

Figure 4. Normalized emission spectra of 1 (---) in EtOH/MeOH
(4:1 v/v) glass at 77 K; (���) in 25-layer LB film; (···) in CH2Cl2

Electroluminescence Properties

The rhenium() surfactant complexes were deposited as
Y-type LB films and were used as the emissive layer in sin-
gle-layer OLED devices (ITO/LB film/Al; Scheme 2). An
LB film thickness of at least 10 monolayers was required to
prevent the possibility of a short circuit between the ITO
and the aluminium electrode. Upon being forward biased

Scheme 2. Configuration of EL cells

Figure 5. EL (�) and PL (···) spectra of 1 in 25-layer LB films
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with ITO at positive polarity in a continuous DC mode, the
EL devices with a 25-layer LB film of 1�3 exhibit yellow
electroluminescence (EL) with turn-on voltages of ca. 10 V.
The close resemblance of the EL and PL spectra suggests
that the EL of these rhenium() surfactant complexes in-
volves the same excited state as PL, i.e. the triplet MLCT
state or exciton. Upon forward bias, holes injected from
ITO and electrons from Al migrate in the LB films and EL
is generated upon recombination form excitons. The EL
and PL spectra of 1 in a 25-layer LB film are shown in Fig-
ure 5.

The EL intensity was found to vary as a function of the
number of monolayers in the LB films and the relationship
between the LB film layer number and the luminance of the
EL devices of 1 is summarized in Table 4. The EL intensity
increases with increasing layer numbers in the range of
10�20 layers, reaching a maximum at ca. 20�30 layers and
then decrease upon further increase in the layer numbers of
30�40 and beyond. The EL behavior was hardly detectable
for the device with an 80-layer LB film. Upon increasing
the number of LB film layers, two opposite effects govern-
ing EL intensity come into effect. One is an increase in the
concentration of charge carriers (both hole and electron)
generated by applying DC voltage and hence an increase in
the recombination probability, leading to the intensification
of EL luminance. The other is an increase in the energy loss
for the charge carriers passing through the LB layers, due
to the larger resistance across the LB film, resulting in the
diminishing of the EL intensity. For devices with 20 layers
or less, it is likely that the first effect plays a more important
role with such a short distance and the EL intensity is there-
fore increased. When the number of layers increases further
(� 30 layers), the charge carrier concentration reaches a
saturation level. On the other hand, fewer charge carriers
can pass through the LB layers as a result of the energy loss
from the long distance transporting process. Eventually, the

Table 4. Layer number-luminance relations of the EL devices of 1

Layer number 10 20 30 40 80
Luminance (cd/cm2) �1 5 6 3 �1
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EL intensity drops for a device with greater than 30 LB film
layers. A similar phenomenon has been reported for the EL
device using LB films of bis[N-hexadecyl-8-hydroxy-2-
quinoline carboxamide]cadmium as the emitting layer.[8e,22]

Optimum EL efficiency of the present EL device is obtained
for the LB film in the range of 20�30 layers. It is interesting
to find that complex 1, with the shorter hydrocarbon chain,
shows a higher EL intensity than 2 by a factor greater than
four for the same number of LB film layers. This may be
attributed to the larger energy loss for the charge carriers
transporting the LB film layers with higher resistance in the
longer hydrocarbon chain of 2.

On the other hand, the EL intensity is found to depend
on the deposition types of the LB films. For example, an
EL device constructed of a 25-layer LB film of complex 1
in the Y-type shows an approximately 180-fold increase in
EL intensity relative to that of the same device in the Z-
deposition type. It is likely that the head-to-head arrange-
ment in LB films of rhenium() complexes may facilitate the
charge transport processes, giving rise to better EL per-
formance (Scheme 3).[23]

Scheme 3. Scheme of devices with different deposition types: (a)
device in Y-type LB film; (b) device in Z-type LB film

In view of the poor stability of these single-layer devices,
a double-layer configuration of ITO/PVK/LB film/Al was
employed in order to improve the stability of the EL device.
By taking advantage of the LB deposition technique which
can control the deposition range, a device using the LB film
of 1 was fabricated to cover only half of the area of the
ITO glass. One half of the device is the ITO/PVK/Al (sin-
gle-layer structure) and the other half is the ITO/PVK/1(LB
film)/Al (double-layer structure). When the device was sub-
jected to a forward bias using a DC power supply, the two
halves of the device simultaneously emitted two different
colors, a characteristic yellow EL coming from the ITO/
PVK/1(LB film)/Al and a purple EL from the ITO/PVK/
Al, typical of EL arising from PVK. In the double-layer
device, PVK itself did not give rise to EL but rather acted
as the hole transporting layer. The relatively even distri-
bution of luminance indicates that uniform assemblies are
formed by LB deposition on ITO/PVK. An improved per-
formance was observed in the double-layer device. Rela-
tively stable characteristic emission of the ReI complex un-
der the driving voltage of 7 V was observed and a maximum
luminance of 9 cd/cm2 at 18 V was achieved from the ITO/
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Figure 6. Current-voltage characteristics for the devices of [ITO/
PVK/LB film/Al] for 1

PVK/1(LB film)/Al device with a 25-layer LB film of 1. The
forward bias current could be obtained when the ITO elec-
trode was positively biased and aluminium electrode nega-
tively biased. The current increased when the forward bias
voltage increased and the reverse current remained small
when the ITO electrode was applied, a negative bias voltage
and the Al electrode a positive bias. Figure 6 shows the cur-
rent-voltage characteristics of the double-layer EL device
of 1.

It is interesting to note that the luminance of the single
layer device ITO/PVK/Al was 0.8 cd/m2 when a driving
voltage of 18 V was applied. Double-layer devices prepared
other than using the LB technique of spin-coating of the
rhenium complexes were also fabricated. The luminance of
ITO/PVK:1/Al, ITO/PVK:2/Al and ITO/PVK:3/Al are 16,
0.7 and 0.3 cm/m2, respectively, when the voltage applied is
18 V, similar to that obtained from LB deposition of the
complexes.

Conclusions

Three ReI bipyridyl surfactant complexes with hydro-
carbon chain lengths of 12 and 18 were synthesised. Yellow
luminescence was observed upon visible light excitation and
attributed to 3MLCT emission. All of them exhibit stable
air-water interface behavior and are capable of forming
stable multi-layer LB films on ITO substrates in an electro-
luminescence (EL) device. The LB films of these complexes
were found to show EL behaviors with emission energies
similar to those of the photo-luminescence. A decrease in
the hydrocarbon chain length of the ligands in the com-
plexes increases the EL intensity. The thickness and the de-
position types of the LB films are shown to affect the lum-
inance of the EL devices.

Experimental Section

Materials and Synthesis: 1-Bromododecane (97%, Lancaster), 1-
bromooctadecane (98%, Lancaster) and Re(CO)5Cl (98%, Strem)
were used as received. Piperidine (99%, Acros) was distilled over
CaH2. All other solvents for synthesis were of analytical grade and
were used without further purification. The ligands L1,[16] L2,[16]
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L3[17] and the corresponding rhenium() complexes[14e,18] were pre-
pared according to literature methods.

The ReI complexes were prepared by reaction of [Re(bpy)-
(CO)3(CH3CN)]OTf with the corresponding ligand L in THF solu-
tion.[14]

fac-[Re(CO)3(bpy)(L1)]PF6 (1): Yellow crystalline solid. Yield: 85%.
Mp: 155 °C. 1H NMR (300 MHz, CDCl3, relative to Me4Si): δ �

9.06 (d, J � 5.3 Hz, 2 H, 6,6�-H of bpy), 8.59 (d, J � 8.1 Hz, 2 H,
3,3�-H of bpy), 8.30 (t, J � 7.9 Hz, 2 H, 4,4�-H of bpy), 7.93 (d,
J � 5.6 Hz, 2 H, pyridyl H ortho to N), 7.72 (d, J � 6.5 Hz, 2 H,
5,5�-H of bpy), 7.42 (d, J � 8.2 Hz, 2 H, aryl H of L1), 7.31 (d,
J � 5.9 Hz, 2 H, pyridyl H meta to N), 7.27 (d, J � 15.9 Hz, 1 H,
�CH�CH�), 6.86 (d, J � 8.1 Hz, 2 H, aryl H of L1), 6.71 (d,
J � 16.1 Hz, 1 H, �CH�CH�), 3.96 (t, J � 6.4 Hz, 2 H,
�OCH2�), 1.77 (m, 2 H, �CH2�), 1.44 (m, 2 H, �CH2�), 1.26
[m, 16 H, �(CH2)8�], 0.87 (t, J � 6.2 Hz, 3 H, �CH3) ppm. UV/
Vis [CH2Cl2 λ/nm (ε � 10�4/dm3mol�1cm�1)]: 248 (3.38), 282
(2.12), 310 (1.83), 322 (1.80), 370 (3.91). UV/Vis (LB film, λ/nm):
324, 368. IR (Nujol): 2028 cm�1 (s) ν(CO), 1927 (s) ν(CO), 1918
(s) ν(CO). Positive FAB-MS: m/z � 792 [M�], 427 [M � L1]�.
C38H43F6N3O4PRe (936.9): calcd. C 48.72, H 4.59, N 4.49; found
C 48.40, H 4.42, N 4.25.

fac-[Re(CO)3(bpy)(L2)]PF6 (2): Yellow crystalline solid. Yield: 84%.
Mp: 142 °C. 1H NMR (300 MHz, CDCl3): δ � 9.07 (d, J � 5.4 Hz,
2 H, 6,6�-H of bpy), 8.54 (d, J � 8.2 Hz, 2 H, 3,3�-H of bpy), 8.27
(d, J � 7.9 Hz, 2 H, 4,4�-H of bpy), 7.95 (d, J � 6.7 Hz, 2 H,
pyridyl H ortho to N), 7.73 (m, 2 H, 5,5�-H of bpy), 7.41 (d, J �

8.8 Hz, 2 H, phenyl H of L2), 7.31 (d, J � 6.7 Hz, 2 H, pyridyl H
meta to N), 7.25 (d, J � 16 Hz, 1 H, vinyl H of L2), 6.85 (d, J �

8.8 Hz, 2 H, phenyl H of L2), 6.70 (d, J � 16 Hz, 1 H, vinyl H of
L2), 3.95 (t, J � 6.5 Hz, 2 H, �OCH2�), 1.77 (m, 2 H, �CH2�),
1.43 (m, 2 H, �CH2�), 1.25 [m, 28 H, �(CH2)14�], 0.87 (t, J �

6.4 Hz, 3 H, �CH3) ppm. UV/Vis [CH2Cl2, λ/nm (ε � 10�4/
dm3mol�1cm�1)]: 248 (3.57), 282 (2.22), 312 (1.92), 320 (2.09), 370
(3.92). UV/Vis (LB film, λ/nm): 366. IR (Nujol): 2028 cm�1 (s)
ν(CO), 1929 (s) ν(CO), 1919 (s) ν(CO). Positive FAB-MS: m/z �

877 [M]�, 427 [M � L2]�. C44H55F6N3O4PRe (1021.1): calcd. C
51.76, H 5.39, N 4.12; found C 51.50, H 5.35, N 3.83.

fac-[Re(CO)3(bpy)(L3)]PF6 (3): Yellow-orange crystalline solid.
Yield: 81%. 1H NMR (300 MHz, CDCl3): δ � 9.05 (d, J � 4.6 Hz,
2 H, 6,6�-H of bpy), 8.61 (d, J � 8.2 Hz, 2 H, 3,3�-H of bpy), 8.32
(m, 2 H, 4,4�-H of bpy), 8.02 (d, J � 6.7 Hz, 2 H, pyridyl H ortho
to N), 7.73 (m, 2 H, 5,5�-H of bpy), 7.42 (d, J � 8.8 Hz, 2 H,
phenyl H of L3), 7.33 (d, J � 6.7 Hz, 2 H, pyridyl H meta to N),
6.85 (d, J � 8.9 Hz, 2 H, phenyl H of L3), 3.96 (t, J � 6.5 Hz, 2
H, �OCH2�), 1.77 (m, 2 H, �CH2�), 1.44 (m, 2 H, �CH2�),
1.25 [m, 16 H, �(CH2)8�], 0.87 (t, J � 6.6 Hz, 3 H, �CH3) ppm.
UV/Vis [CH2Cl2, λ/nm (ε � 10�4/dm3mol�1cm�1)]: 248 (3.29), 280
(2.12), 311 (1.98), 322 (2.56), 364 (4.44). UV/Vis (LB film, λ/nm):
354. IR (Nujol): 2034 cm�1 (s) ν(CO), 1942 (s) ν(CO), 1909 (s)
ν(CO), 2185(v), 2219 (m) ν(C�C). Positive FAB-MS: m/z � 790
[M]�, 427 [M � L3]�. C38H41F6N3O4PRe (934.9): calcd. C 48.82,
H 4.39, N 4.49; found C 48.96, H 4.34, N 4.48.

Instrumentation and Physical Characterization: The UV/Vis spectra
were obtained on a Hewlett�Packard 8452A diode array spectro-
photometer, IR spectra as Nujol mulls on a Bio-Rad FTS-7 spec-
trophotometer. 1H NMR spectra were recorded on a Bruker DPX-
300 NMR spectrometer with chemical shifts reported relative to
tetramethylsilane. Positive-ion fast-atom bombardment (FAB)
mass spectra were recorded on a Finnigan MAT95 mass spec-
trometer. Elemental analyses were performed on a Carlo Erba 1106
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elemental analyzer at the Institute of Chemistry, Chinese Academy
of Sciences. Steady-state excitation and emission spectra were ob-
tained on a Spex Fluorolog-2 111 spectrofluorometer with or with-
out Corning filters. Low-temperature (77 K) spectra were recorded
using an optical Dewar sample holder. The OLED devices were
driven at room temperature in air with a DC power supply. The EL
spectra were collected on an Oriel Instruments intensified charge-
coupled device (ICCD) detector (Model DH520) and were ana-
lyzed using the InstaSpec V software. The emission signal was col-
lected by an optical fiber and dispersed onto the CCD detector
with an Oriel MultiSpec 115 imaging spectrogragh (Model 77480).
The system was operated at �15 °C by the single-stage system in
order to reduce the dark current signal. The luminance of the
OLED devices was measured with a Minolta LS-110 luminance
meter. The current-voltage (I�V) characteristics were studied by a
Keithley 2400 autoranging sourcemeter.

X-ray Crystal Structure Determination: Crystals of 1 were obtained
by slow diffusion of diethyl ether vapour into a chloroform solution
of the complex. A yellow needle-shaped crystal of dimensions of
0.35 � 0.25 � 0.15 mm was used for data collection at 28 °C on a
Rigaku AFC7R diffractometer with graphite monochromated Mo-
Kα radiation (λ � 0.71073 Å). The space group was uniquely deter-
mined based on systematic absences and the structure was solved
by direct methods (SIR92)[24a] and expanded by Fourier method
and refinement by full-matrix least-squares using the software
package TeXsan[24b] on a Silicon Graphics Indy computer. One
crystallographic asymmetric unit consists of one formula unit. The
F atoms were disordered and were placed at 12 positions with F(1)
to F(12) having occupation numbers 0.87, 0.82, 0.52, 0.35, 0.64,
0.43, 0.44, 0.37, 0.49, 0.37, 0.44 and 0.26 respectively. In the least-
squares refinement, 47 non-H atoms were refined anisotropically,
the 12 disordered F atoms were refined isotropically, and 41 H
atoms at calculated positions with thermal parameters equal to 1.3
times that of the attached C atoms were not refined. Crystal and
structure determination data of 1 are collected in Table 5. CCDC-

Table 5. Crystal and structure determination data for 1

Formula [C38H41N3O4Re]PF6

Mr (g·mol�1) 934.93
Crystal system Monoclinic
Space group P21/a (No.14)
T, (K) 301
Dc (g cm�3) 1.564
V (Å3) 3969(1)
Z 4
a (Å) 20.922(3)
b (Å) 9.104(2)
c (Å) 23.302(4)
α (deg) 90
β (deg) 116.573(2)
γ (deg) 90
F(000) 1864
Collection range 2θ max � 52° (0 � h � 25;

0 � k � 11; �28 � l � 25)
Reflections collected 8553
Independent reflections 8321
Parameters 472
Goodness-of-fit 1.96
Final R indices R1 � 0.034, wR2 � 0.045[a]

Largest difference 1.04/�0.66
peak/hole [e·Å�3]

[a] w � 4 Fo
2/σ2(Fo)2, where σ 2(Fo)2 � [σ2(I) � (0.024 Fo

2)2] for
5066 reflections with I � 3σ(I).
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208904 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html or from CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.)
�44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

LB Film Preparation and OLED Device Fabrication: Indium tin
oxide (ITO) glass slides with a sheet resistance of about 30 Ω/�
were used as the positive electrode of the OLEDs. The cleaning
procedure included sonication in detergent for 30 min and acetone
for 30 min, rinsing in de-ionized water and isopropyl alcohol, boil-
ing in CHCl3, treatment by UV-ozone exposure, and repeated rins-
ing with copious amounts of ultrapure water.[25] The cleaned ITO-
coated glass slides present good hydrophilic properties. The quartz
substrates were cleaned by well-known standard procedures.[15j]

The complexes in chloroform with concentrations of 1.00 mg cm�3

were spread onto a pure water sub-phase with a conductivity of 18
MΩ cm (pH, 5.6, 20 °C) using a Nima model-622 computer-con-
trolled trough. After a 15 min. period to allow for the evaporation
of chloroform, surface pressure-area (π�A) isotherms were re-
corded at a barrier compression speed of 150 cm2 min�1. The
monolayers formed under a constant surface pressure of 25 mN
m�1 were transferred onto hydrophilically treated substrates after
maintaining the pressure constant at the transfer pressure for
10 min for stabilization, at a dipping speed of 15 mm min�1. The
transfer ratios of these complex films were between 0.6 and 1 (see
Table 2). After the LB films were deposited, aluminium was de-
posited at 10�5 Torr to a thickness of 150 nm onto the LB film
surface with a deposition rate of 1.0 nm s�1. The devices ITO/[Re(-
CO)3(bpy)(L)]PF6/Al were obtained. The emitting area was 20
mm2. For ITO/PVK/[Re(CO)3(bpy)(L)]PF6/Al, the [poly(9-vinyl-
carbazole) (PVK) layer was inserted between the LB films and the
ITO electrode by spin casting solutions of PVK in CHCl3 (5 mg/
mL) onto the treated ITO-coated glass with a spin speed of
2400 rpm. The PVK surface is regarded as hydrophobic. The first
monolayer was transferred onto a hydrophobic PVK surface on the
down path. In the fabrication of double-layer devices using the
spin-coating technique, the emissive layer was spin-coated onto
ITO glass from a 1,1,2,2,-tetrachloroethane solution of the respect-
ive complex and PVK (10 mg:5 mg in 1 mL C2H2Cl4) followed by
deposition of aluminium by vacuum evaporation. The other pro-
cedures are the same as described above.
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