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The photo-excitation and relaxation of a new cyclometalated complex, Ir(ppy)2fppy, is investigated through the

measurement of absorption and photoluminescence spectra. Comparison of Ir(ppy)2fppy with Ir(ppy)3 reveals

that the lowest energy excited state of Ir(ppy)2fppy is localised on the aldehyde-substituted ligand, thus giving

the complex its characteristic orange emission (lmax # 600 nm). OLEDs containing Ir(ppy)2fppy doped into

poly(vinylcarbazole) (PVK) exhibit the same characteristic emission as found in solution, implying efficient

energy transfer between the PVK and the iridium complex. Our results provide the potential for the synthesis

of iridium complexes with different emission wavelengths through the modification of only one ligand.

Introduction

Organic light-emitting diodes (OLEDs) have attracted a great
deal of interest due to their potential applications in flat panel
displays.1,2 Much effort has been focussed on increasing the
efficiency of these OLEDs by improving the materials and
device structures. The operation of OLEDs is based on the
injection of opposite charges, which combine to form either
singlet or triplet excitons. Singlet excitons can decay radia-
tively, whilst in most materials triplet excitons decay non-
radiatively. The formation of triplet excitons therefore places a
serious restriction on the efficiency of OLEDs. A simple
argument based on spin statistics suggests that only 25% of the
excitons formed are in the singlet state, and this has been
confirmed experimentally in the case of OLEDs made from
molecular materials.3,4 Therefore the study of materials which
are capable of generating emission from predominantly triplet
excitons is potentially very useful. Such electrophosphores-
cence has been demonstrated by the inclusion of dyes based on
an organometallic complex.5–9 One of the most promising
results in terms of efficiency and brightness has been obtained
in OLEDs doped with fac-tris(2-phenylpyridine)iridium(III),
Ir(ppy)3 1. These devices exhibited a peak external quantum
yield of 13.7%, which led to an estimated internal quantum
yield of 40%,10 a value which is similar to the photolumines-
cence (PL) quantum yield observed in degassed toluene.11

Recent devices containing tertiary butyl substituted 2-phenyl-
pyridines doped into poly[2-(6-cyano-6-methyl)heptyloxy-1,4-
phenylene], CNPPP, were found to show higher quantum
efficiencies than that of the Ir(ppy)3 doped devices.12 More
importantly, the addition of the butyl group on the 2-phenyl-
pyridine ligand was found to significantly suppress the decay of
the device efficiency at high current density.
In this paper we explore how the emission wavelength of

iridium complexes can be tuned, and report the photophysics of
a new cyclometalated iridium complex. Ir(ppy)3 is an efficient
green emitter, but for display applications red and blue are
also required. It is important to understand how the ligands
affect the properties of these materials, and one approach is to
replace all the phenylpyridine ligands with entirely different
ligands.13,14 In order to tune the emission towards the red we
studied a material which differs from Ir(ppy)3 by the addition
of a formyl group on just one of the ligands. This gave the new

iridium complex fac-bis(2-phenylpyridyl)-2-(4’-formylphenyl)-
pyridyliridium(III), Ir(ppy)2fppy 2, illustrated in Fig. 1. Our
results show that modification of just one ligand provides a
powerful way of tuning the properties of these materials. We
also show that the emission wavelength of this new iridium
complex is sensitive to the polarity of its surroundings.

Dilute solution state work

The absorption spectra of dilute solutions of Ir(ppy)3 and
Ir(ppy)2fppy in dichloromethane are shown in Fig. 2. There are
two main features visible in both spectra. The strong
absorption bands at ca. 245 nm and 285 nm are assigned to
ligand centred p*Bp transitions on the 2-phenylpyridine
ligands, whilst the broad absorption bands at lower energy
are typical of spin-allowed metal to ligand charge-transfer
(MLCT) transitions.13,14

In general the absorption spectrum of 2 is similar to that of
1 except that the MLCT transition is lower in intensity, extends
to longer wavelengths and exhibits less fine structure.
Ir(ppy)2fppy also exhibits less fine structure in the MLCT
region than Ir(ppy)3. The similarity between their absorption
spectra indicates that they have similar electronic excitation
configurations. Fig. 3 shows the PL excitation and emission
spectra of 1 and 2 in aerated dichloromethane solution.

Fig. 1 Structures of 1, Ir(ppy)3, and 2, Ir(ppy)2fppy.
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For both solutions the emission intensity was found to
increase upon degassing but with unchanged spectral profile.
This is indicative of oxygen quenching of the relatively long
lived triplet MLCT states. The PL excitation spectra are similar
to the corresponding absorption spectra.
In order to learn more about the nature of the excited state,

the effect of solvent on the emission was studied and the results
are shown in Table 1 and Fig. 4. The peak of the emission
spectrum of 2 shifts from 580 nm in toluene to y615 nm in
acetonitrile and other polar solvents. In contrast, the emission
spectrum of 1 shows no discernible shift upon changing the
solvent polarity.
We attribute the solvatochromism of 2 and Ir(fppy)3 3 to the

greater delocalisation of charge in the excited 3MLCT state.
The formyl group acts as an electron acceptor and hence
stabilises the negative charge that can be considered to reside
on the ligand. The degree of stabilisation, and hence the extent
of the red shift, depends upon the polarity of the environment.
This observation of solvatochromism is also important for
understanding the differences observed between the solution
and film spectra (see below).
Previous investigations of Ru(bpy)3

21 (bpy ~ 2,2’-bipyr-
idine) using various absorption,15,16 electroabsorption17 and

Raman techniques18 indicated that the lowest MLCT state
was localised on a single ligand. Time-resolved studies of the
formation of the triplet MLCT excited state with transient
absorption pump-probe spectroscopy showed the initial delo-
calisation of the excited state over all three ligands, followed by
the charge localising onto a single ligand.19 In the cyclometa-
lated iridium complexes the excitation processes can be both
ligand-centred and MLCT in nature. Following excitation the
emissive 3MLCT state is formed, and by analogy with the
Ru(bpy)3

21 complexes, it is proposed that this is localised on
a single ligand. In the Ir(ppy)3 complex this can be any one of
the three identical 2-phenylpyridine ligands. However, in the
case of 2, the presence of the carbonyl moiety on the 2-(4’-
formylphenyl)pyridine ligand lowers its energy in comparison
with the 2-phenylpyridine ligand. Hence, it is upon this ligand
that the final excitation resides. Subsequent emission from the
complex is characterised by the substituted ligand. Lumines-
cence measurements of fac-tris[2-(4’-formylphenyl)-pyridyl]-
iridium(III), Ir(fppy)3 3, show similar solvatochromism to the
singly substituted complex 2, although in all solvents the
emission from 3 is blue shifted by ca. 15–25 nm compared with
2, as is shown in Table 1.

Thin-film studies

The photoluminescence spectra of spin-coated poly(vinylcarb-
azole) (PVK) and poly(methyl methacrylate) (PMMA) films
containing 0.5–5% wt./wt. of the complex 2 show similar
emission spectra to those observed from toluene solutions
following excitation at 350 nm, Fig. 5.
The emission spectra observed from the PVK films show

none of the characteristic PVK fluorescence, indicating there to
be efficient energy transfer from the host to guest, and sug-
gesting that iridium complexes could be used as phosphorescent

Fig. 3 (a) PL excitation [lem(1a)~ 517 nm, lem(2a)~ 612 nm] and (b)
emission spectra of 1 and 2 in aerated dichloromethane, lex ~ 350 nm.
Spectrum 1a is offset for clarity.

Fig. 4 Emission spectra of Ir(ppy)3 and Ir(ppy)2fppy in aerated
solvents at 298 K, lex ~ 350 nm. Spectra are numbered as follows:
(1) Ir(ppy)3 in dichloromethane, (2) Ir(ppy)2fppy in toluene, (3)
Ir(ppy)2fppy in dichloromethane, (4) Ir(ppy)2fppy in acetonitrile and
(5) Ir(ppy)2fppy in ethanol.

Fig. 5 (a) PL spectra of a 5% w/w Ir(ppy)2fppy doped PVK film, offset
for clarity, and (b) an aerated solution of Ir(ppy)2fppy in toluene at
298 K, lex ~ 350 nm.

Fig. 2 Absorption spectra of 1 (offset for clarity) and 2 in aerated
dichloromethane at 298 K.

Table 1 Emission maxima of Ir(ppy)3, Ir(ppy)2fppy and Ir(fppy)3 in
aerated solvents at 298 K, lex ~ 350 nm

Complex Solvent lmax/nm

Ir(ppy)3 Dichloromethane 517
Ir(ppy)2fppy Toluene 580
Ir(ppy)2fppy Dichloromethane 612
Ir(ppy)2fppy Acetonitrile 616
Ir(ppy)2fppy Ethanol 619
Ir(fppy)3 Toluene 565
Ir(fppy)3 Dichloromethane 586
Ir(fppy)3 Acetonitrile 596
Ir(fppy)3 Ethanol 605
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dopants in polymer films. There is a small difference in peak
position between the toluene solution and PVK and PMMA
films, which we attribute to differences in the polarity of the
medium surrounding the iridium complex. Following low-
energy pulsed excitation (0.1 mJ cm22) PMMA films con-
taining low concentrations of the complex showed single
exponential decays with a lifetime of t ~ 1.35¡ 0.1 ms (lem ~
580 nm). As the pulse energies and/or concentrations were
increased the observed decays became progressively non-single
exponential, showing evidence of short-lived components,
possibly arising from increased excited state–excited state
quenching processes. These could not be fitted adequately to a
sum of two exponentials, nor to a second order decay. PVK
films doped with Ir(ppy)2fppy also showed more complex
behaviour, indicating an energy transfer process which occurs
by several pathways.

OLED studies

Single layer OLEDs consisting of Ir(ppy)2fppy doped into PVK
were made with indium tin oxide (ITO) and aluminium
contacts. Light emission was observed and it can be seen in
Fig. 6 that the spectra obtained by PL (in aerated toluene) and
electroluminescence (EL) spectra are identical.
The current–voltage–light output characteristics are shown

in Fig. 7. Luminance as high as 300 cd m22 at 34 V was
obtained and the peak quantum efficiency was found to be
0.02% using aluminium as the cathode. The low efficiency and
high operating voltage are due to the very large barrier to
electron injection from aluminium into PVK.
The imbalance of charge injection can be seen in Fig. 7,

where charge injection begins at 8 V, but 21 V is required to
obtain light emission. High efficiency would not be expected for
the simple device structure we have studied; the important
point is that we have demonstrated tuning of the emission, and
also the possibility of using a new iridium complex as a
phosphorescent dopant in polymer OLEDs.

The photoluminescence quantum yield (PLQY) can be a
useful guide to the maximum conceivable efficiency for
materials for OLEDs. We have measured this for Ir(ppy)3
and Ir(ppy)2fppy doped into PVK (6% wt.) using an integrating
sphere with CCD detection.20,21 For Ir(ppy)3 we obtain a value
of 35 ¡ 3%, which is similar to that in toluene solution.12 For
Ir(ppy)2fppy we obtain 60¡ 3% which is very encouraging and
suggests that it may perform even better than Ir(ppy)3 in
optimised devices. An attractive method for fabricating full
colour displays would be to spin-cast a high-quality blue-
emitting polymer film and then use screen printing,22 micro-
contact printing23 or hybrid inkjet printing24 to deposit green
Ir(ppy)3 and orange Ir(ppy)2fppy. In addition, it is worth
noting that we can develop different emission colours by
modifying these phenylpyridine–iridium complexes.

Conclusions

We have synthesised and characterised a new phosphorescent
iridium(III) complex, Ir(ppy)2fppy 2, which shows a strong
orange emission in the region of 600 nm. Our results show that
a small modification of one ligand is sufficient to cause a
substantial change in the emission spectrum, and a large
increase in the photoluminescence quantum yield. Our
approach provides a powerful way of tuning the properties
of iridium complexes, which are a very important class of
materials for OLEDs. The lifetime, effect of oxygen and
solvatochromism show that a triplet MLCT is responsible for
the light emission. We have shown that this complex can be
used successfully as a phosphorescent dopant in polymer
OLEDs, and we expect that it would be suitable for use in
OLEDs made via evaporation.

Experimental

Complexes 1, 2 and 3 were synthesised using a procedure
adapted from the literature.25 The synthesis of bis-(2-phenyl-
pyridyl)-2-(4’-formylphenyl)pyridineiridium(III), Ir(ppy)2(fppy)
2 was carried out as follows: [Ir(ppy)2Cl]2 (214 mg, 0.2 mmol),
4-(2’-pyridyl)benzaldehyde (0.366 g, 2 mmol, Aldrich, 97%),
AgCF3SO3 (0.109 g, 0.4 mmol, Lancaster, 98%) and diglyme
(2 ml) were placed in a reaction vessel and degassed. The
reaction mixture was heated at 110 uC whilst under conti-
nuous stirring for 24 h. The resulting dark orange–red solution
was cooled to room temperature and water was added. The
suspension was filtered and the residue dissolved in dichlor-
omethane. This solution was then chromatographed using
SiO2–dichloromethane, where the product was found in the
middle fractions. The pure product was isolated as a red solid,
in 27% yield (73 mg).

1H-NMR (300 MHz). dH (CD2Cl2): 9.64 (1H, s), 8.01(1H, d),
7.92 (2H, d), 7.78 (1H, d), 7.67 (6H, m), 7.53 (2H, q), 7.36 (1H,
dd), 7.22 (1H, d), 7.02 (1H, m), 6.84 (7H, m), 6.65 (1H, dd).
MS. (EI1) 683 (M)1, 655 (M–CO)1, 605 (M–C5H4N)1, 529

(M–C11H8N)1, 499 (M–C12H9NO)1 and (HR-EI1) 683.1538
(M)1 (C34H24N3IrO ~ 683.1548).
Absorption spectra were recorded on a ATI–Unicam UV-2

spectrophotometer. The photoluminescence spectra were
recorded on a PerkinElmer LS-50B and were corrected for
the spectral response of the machine. OLEDs were fabricated
on ITO substrates, which were cleaned by sonication in acetone
and isopropanol, air dried and coated with a PEDOT hole-
injecting layer. Ir(ppy)2fppy doped into PVK was spin-coated
on top of the ITO layer, with a typical layer thickness of 100 nm
and capped with aluminium cathodes. Device testing was
performed in a vacuum using a source measure unit for dc
operation. The EL spectra were measured using a CCD
spectrophotometer.

Fig. 6 (a) EL spectra of Ir(ppy)2fppy doped into PVK with 6 wt.%,
offset for clarity, and (b) PL spectra of Ir(ppy)2fppy in aerated toluene.

Fig. 7 Current versus voltage for ITO/PEDOT/PVK: Ir(ppy)2fppy
6% wt/wt/Al. Inset: EL brightness versus current.
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