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a b s t r a c t

We have prepared and characterized a series of substituted imidazole ligands namely dmmppi, dmmpfpi,
dmdmppi and dmdmpfpi. These compounds will readily undergo cyclometalation with iridium trichlo-
ride and form di-irrido and the six coordinated iridium(III) dopants of the substituted imidazole ligands.
They emit green colour both in solid and in solution phase. The peak emission wavelength of the dopants
vailable online 5 August 2009

eywords:
midazole ligand
ridium complex

(�max = 428–497 nm) can be finely tuned depending upon the electronic properties of the phenyl, fluoro-
phyenyl, methoxy phenyl and dimethoxyphenyl substituents as well as their positions in the imidazole
ring. These iridium complexes namely Ir(dmmppi)2(pic) 1a, Ir(dmmpfpi)2(pic) 1b, Ir(dmdmppi)2(pic) 1c
and Ir(dmdmpfpi)2(pic) 1d were characterized by 1H NMR, MS and elemental analysis. All these iridium

unusu
een li
bsorption spectrum
mission spectrum
yclic voltammetry

complexes 1a–1d show
These complexes emit gr

. Introduction

Organic electroluminescent materials have attracted consider-
ble interest among academic and industrial communities since
he seminal reports on molecular and polymeric organic light-
mitting diodes (OLEDs) by Tang et al. [1] and Burroughes et al.
2] respectively. In most OLEDs, triplet states constitute 75% of
lectrogenerated excited states. These triplet states are generally
on-emissive due to their long lifetime (commonly from millisec-
nds to minutes) as well as their spin-forbidden nature for radiative
elaxation to the ground states. Consequently, the maximum inter-
al quantum efficiency of OLEDs is normally limited to 25%. To
emove such constraint, efforts have been directed in using tran-
ition metal complexes, particularly 4d and 5d metals [3–5]. The
trong spin–orbit coupling caused by heavy metal ions in these
omplexes results in efficient intersystem crossing from the sin-
let to the triplet excited state. Mixing of the singlet and triplet
xcited states not only removes the spin-forbidden nature of the
adiative relaxation of the triplet state but also significantly short-
ns the triplet state lifetime. Triplet–triplet annihilation is more
ffectively suppressed because of the shorter lifetime of the triplet

xcited state. Therefore, higher phosphorescence efficiencies can
e achieved.

Numerous organometallic d6, d8 and d10 complexes are lumi-
escent in solution or solid state [6–23]. Among these Os(II)

∗ Corresponding author. Tel.: +91 4144 239523.
E-mail address: jtchalam2005@yahoo.co.in (J. Jayabharathi).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.07.027
al high HOMO levels (EHOMO = 5.21–5.41 eV) and high phosphorescence.
ght with exceedingly high efficiency.

© 2009 Elsevier B.V. All rights reserved.

[13], Cu(I) [14], cyclometalated Ir(III) [15–20] and Pt(II) com-
plexes [21–23] have been fabricated into light-emitting devices.
Cyclometalated iridium(III) complexes receive the most exten-
sive study partly due to their ease of preparation from iridium
precursors with the corresponding imines which are capable of
undergoing cyclometalation [24]. Most of the iridium complexes
used in these studies consist of cyclometalated imidazole deriva-
tives as ligands.

Synthesis [25] and photophysical properties of some substituted
imidazole based Ir(III) complexes were also reported [19,26,27].
In this paper, we report the synthesis, electrochemical and pho-
tophysical properties of the iridium complexes. These complexes
show unusual high HOMO levels and exhibit exceedingly high effi-
ciency even at relatively low dopant concentration.

2. Experimental

2.1. Materials and methods

All of the preparative work involving iridium(III) trichlo-
ride hydrate (IrCl3·3H2O, Sigma–Aldrich Ltd.), 2-ethoxyethanol
(H5C2OC2H4OH, S.D. Fine) and all other reagents were carried out
in an inert atmosphere and used without further purification.
2.2. Optical measurements and compositions analysis

The ultraviolet–visible (UV–vis) spectra of the phosphorescent
Ir(III) complexes were measured on an UV–vis spectrophotome-
ter (UV-1650 PC SHIMADZU) and corrected for background due to

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:jtchalam2005@yahoo.co.in
dx.doi.org/10.1016/j.jphotochem.2009.07.027
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2.3.3.
4,5-Dimethyl-1-(3′5′-dimethoxyphenyl)-2-phenyl-1H-imidazole
Scheme 1. Synthesis of ligands an

olvent absorption. Photoluminescence (PL) spectra were recorded
n a (Perkin Elmer LS55) fluorescence spectrometer. The solid-
tate emission spectra were recorded on fluoromax 2 (ISA SPEX)
enon-Arc lamp as a source. NMR spectra were recorded on
ruker 400 MHz. MS spectra (EI and FAB) were carried out by
sing a Varian Saturn 2200. Cyclic voltammetry (CV) analysis
as performed by using CHI 630A potentiostap electrochemical

nalyzer.

.3. General procedure for the synthesis of ligands

The various substituted imidazole ligands were prepared from
n unusual four components assembling of 1,2-dione, ammonia,
rylamine and an arylaldehyde as shown in Scheme 1 [28].
.3.1.
,5-Dimethyl-1-(4′-methoxyphenyl)-2-phenyl-1H-imidazole
dmmppi)

Yield: 50%. Anal. calcd. for C18H18N2O: C, 77.67; H, 6.52; N, 10.06.
ound: C, 77.14; H, 6.32; N, 9.87. 1H NMR (400 MHz, CDCl3): ı 2.29
um complexes (CN̂)2Ir(pic) 1a–1d.

(s, 3H), 2.02 (s, 3H), 3.85 (s, 3H), 6.91–7.10 (aromatic protons). MS:
m/z 278.2, calcd. 278.36.

2.3.2. 4,5-Dimethyl-1-(4′-methoxyphenyl)-2-(p-fluorophenyl)-
1H-imidazole
(dmmpfpi)

Yield: 40%. Anal. calcd. for C18H17N2OF: C, 72.95; H, 5.78; N, 9.45.
Found: C, 72.24; H, 5.36; N, 8.98. 1H NMR (400 MHz, CDCl3): ı 2.28
(s, 3H), 1.99 (s, 3H), 3.85 (s, 3H), 6.85–7.35 (aromatic protons). MS:
m/z 296.5, calcd. 296.35.
(dmdmppi)
Yield: 45%. Anal. calcd. for C19H20N2O2: C, 73.93; H, 6.54; N, 9.08.

Found: C, 73.23; H, 6.18; N, 8.79. 1H NMR (400 MHz, CDCl3): ı 2.29
(s, 3H), 2.05 (s, 3H), 3.73 (s, 6H), 6.32–7.43 (aromatic protons). MS:
m/z 308.3, calcd. 308.38.
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.3.4. 4,5-Dimethyl-1-(3′,5′-dimethoxyphenyl)-2-(p-
uorophenyl)-1H-imidazole
dmdmpfpi)

Yield: 45%. Anal. calcd. for C19H19N2O2F: C, 69.92; H, 5.87; N,
.58. Found: C, 69.12; H, 5.37; N, 8.24. 1H NMR (400 MHz, CDCl3): ı
.28 (s, 3H), 2.04 (s, 3H), 3.74 (s, 6H), 6.30–7.40 (aromatic protons).
S: m/z 326.3, calcd. 326.37.

.4. General procedure for the synthesis of iridium complexes
1a–1d)

The imidazole based cyclometalated iridium complexes 1a–d
ere readily synthesized from IrCl3·nH2O and the imidazole lig-

nds to give the corresponding dimeric species via the Nonoyama
oute [29] followed by the treatment with 2-picolinic acid in the
resence of K2CO3 as shown in Scheme 1.

.4.1. Iridium(III)bis(4,5-dimethyl-(4′-methoxyphenyl)-2-
henyl-1H-imidazolato-N,C2 ′)(picolinate) (Ir(dmmppi)2(pic)),
a

Yield: 62%. Anal. calcd. for C42H38IrN5O4: C, 58.05; H, 4.41; N,
.06. Found: C, 57.98; H, 4.36; N, 8.03. 1H NMR (400 MHz, CDCl3): ı
.58 (d, J = 5.0 Hz, 1H), 7.88 (dd, J = 6.0, 9.0 Hz, 2H), 7.59 (d, J = 7.5 Hz,
H), 7.34 (dd, J = 5.5 Hz, 9.0 2H), 6.03 (d, J = 2.0 Hz, 1H), 7.14 (t,
= 8.0 Hz, 2H), 6.87 (t, J = 9.0 Hz, 2H), 6.49 (m, 2H), 6.27 (m, 2H),
.05 (s, 1H), 3.89 (s, 6H), 2.05 (s, 6H), 1.92 (s, 6H). MS: m/z 868.6,
alcd. 869.0.

.4.2. Iridium(III)bis(4,5-dimethyl-1-(4′-methoxyphenyl)-2-(p-
uorophenyl)-1H-imidazolato-N,C2 ′)(picolinate)
Ir(dmmpfpi)2(pic)), 1b

Yield: 78%. Anal. calcd. for C42H36F2IrN5O4: C, 55.74; H, 4.01, N,
.74. Found: C, 55.34; H, 3.02; N, 7.36. 1H NMR (400 MHz, CDCl3): ı
.25 (d, 1H), 7.82 (t, J = 9.5 Hz, 1H), 7.84 (d, J = 6.5 Hz, 1H), 7.20 (dd,
= 4.0 Hz, 2H), 7.32 (dd, J = 3.0, 11.0 Hz, 2H), 7.05 (m, 1H), 7.02 (dd,
= 3.5, 7.0 Hz, 2H), 6.09 (dd, J = 3.0 Hz, 13 Hz, 2H), 3.89 (s, 6H), 1.82
s, 6H), 1.28 (s, 6H). MS: m/z 904.6, calcd. 904.98.

.4.3. Iridium(III)bis(4,5-dimethyl-1-(3′,5′-dimethoxyphenyl)-2-
henyl-1H-imidazolato-N,C2 ′)(picolinate) (Ir(dmdmppi)2(pic)),
c

Yield: 72%. Anal. calcd. for C44H42IrN5O6: C, 56.88; H, 4.56; N,
.54. Found: C, 56.01; H, 4.26; N, 7.01. 1H NMR (400 MHz, CDCl3):
8.27 (d, J = 7.2 Hz, 1H), 7.85 (d, J = 5.4 Hz, 1H), 7.81 (dd, J = 1.6 Hz,
H), 7.32 (m, 1H), 6.64 (t, J = 3.52 Hz, 2H), 6.68 (m, 1H), 6.55 (m, 1H),
.34 (d, J = 2.10 Hz, 4H), 3.76 (s, 12H), 2.07 (s, 6H), 1.97 (s, 6H). MS:
/z 928.6, calcd. 929.05.

.4.4. Iridium(III)bis(4,5-dimethyl-1-(3′,5′-dimethoxyphenyl)-2-
p-fluorophenyl)-1H-imidazolato-N,C2 ′)(picolinate)
Ir(dmdmpfpi)2(pic)), 1d

Yield: 67%. Anal. calcd. for C44H40F2IrN5O6: C, 54.76; H, 4.18; N,
.26. Found: C, 54.37; H, 4.03; N, 7.13. 1H NMR (400 MHz, CDCl3):
7.86 (m, 1H), 7.32 (m, 1H), 6.65 (dd, 1H), 6.39 (dd, 1H), 7.74 (m,
H), 7.07 (t, 4H), 6.63 (t, 2H), 6.33 (d, 4H), 3.79 (s, 12H), 2.56 (s, 6H),
.08 (s, 6H). MS: m/z 964.6, calcd. 965.03.

. Results and discussion

.1. Synthesis and characterization of (CN̂)2Ir(pic) complexes
The synthetic method used to prepare these complexes involves
wo steps. In the first step, IrCl3·3H2O was allowed to react with an
xcess of the cyclometalated ligand (2–5 times) to give a chloride-
ridged dinuclear complex, i.e., (CN̂)2Ir(�-Cl)2(CN̂)2. The NMR
pectra of these complexes are in consistent with the heterocyclic
Fig. 1. The UV–vis absorption spectra of the complexes 1a–1d in CH2Cl2.

ring, i.e., imidazole ring being in a trans position. The chloride-
bridged dinuclear complexes can be readily converted to emissive,
mononuclear complexes (CN̂)2Ir(pic) by replacing the two bridging
chlorides with bidentate 2-picolinic acid. These reactions result in
(CN̂)2Ir(pic) with a yield of 62–78%.

The iridium(III) ion is octahedrally coordinated by the three
chelating ligands. The coordination geometry of the (CN̂)2Ir(pic)
fragment in the mononuclear complex is the same as that for
the dinuclear complexes. The mononuclear complexes can be sub-
limed easily at reduced pressure. 1H NMR data for the ligands and
mononuclear complexes fall in the range of 8.58–1.27 ppm, respec-
tively.

3.2. Absorption spectra

Fig. 1 shows the absorption bands of 1a–1d as representative of
the series of complexes. It suggests that the bands can be classi-
fied into two types. The intense bands observed around 230 nm in
the ultraviolet part of the spectrum can be assigned to the allowed
ligand centered (�–�*) transitions [24] somewhat weaker bands
are observed in the lower part of energy (�max > 360 nm). The band
position, size and the extinction coefficients suggest that these
are MLCT transitions [24,30]. 1MLCT and 3MLCT transitions have
been resolved in the range of 270–400 nm as indicated in Table 1.
Absorption in the range of around 270–400 nm for all the com-
plexes corresponds to the transition of the 1MLCT state as evident
from its extinction coefficient of the order 103. The absorption like
long tail toward lower energy and higher wavelength around 360
is assigned to 3MLCT transitions and gains intensity by mixing with
the higher lying 1MLCT transitions through the spin–orbit coupling
of iridium(III) [30]. This mixing is strong enough in these complexes
that are formally spin forbidden. 3MLCT has an extinction coeffi-
cient that is almost equal to the spin allowed transition. The key
photophysical data are summarized in Table 1.

3.3. Quantum efficiency and lifetime

The PL quantum yields measured in dichloromethane, using
coumarin 47 in ethanol as a standard [31] for complexes 1a–1d
are 0.30, 0.15, 0.64 and 0.36, respectively according to Eq. (1)

(
Iunk

)(
Astd

)(
�unk

)2

�unk = �std Istd Aunk �std

(1)

where �unk, �std, Iunk, Istd, Aunk, �unk and �std are the fluores-
cent quantum yields, the integration of the emission intensities,
the absorbances at the excitation wavelength, and the refractive
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Table 1
Photophysical properties of iridium complexes 1a−1d.

Complex Absorptiona (�,
nm) (log ε)

Emissionb (�, nm) HOMO LUMOc �E (eV) Lifetime (�s) Quantum
yield

Ir(dmmppi)2(pic), 1a 232.0 (3.276) 433 5.31 1.91 3.40 1.63 0.20
279.0 (3.090)
359.0 (2.505)

Ir(dmmpfpi)2(pic), 1b 230.0 (3.477) 428 5.41 1.96 3.45 1.23 0.15
280.5 (3.301)
361 (2.230)

Ir(dmdmppi)2(pic), 1c 231.0 (3.155) 497 5.31 2.08 3.23 1.00 0.64
280.0 (3.025)
359.0 (2.230)

Ir(dmdmpfpi)2(pic), 1d 231.0 (3.555) 452 5.21 1.83 3.38 1.01 0.36
280.0 (3.456)
360.0 (2.653)

i
s

t
a
b
a
q
1

p

F
p

a UV–vis absorption measured in CH2Cl2 solution, concentration = 1 × 10−5 M.
b Photoluminescence measured in CH2Cl2 solution, concentration = 1 × 10−4 M.
c Measurement was carried out in CH2Cl2 solution, concentration = 1 × 10−3 M.

ndexes of the corresponding solutions for the samples and the
tandard, respectively.

The quantum yield for complexes 1a, 1c and 1d are closer to
he value of 0.40 for Ir(PPy)3. The photoluminescent lifetime for
ll these complexes were measured and these values are compara-
le to that of Ir(PPy)3 and strongly support that complexes 1a–1d
re the highly phosphorescent emitters. The relationship between

uantum yield and emission peak wavelength of all complexes
a–1d are shown in graph (Fig. 2a).

The phosphorescence lifetime � was measured for these com-
lexes 1a–1d in degassed CH2Cl2 solutions at room temperature

ig. 2. Quantum yield and decay rate constants of the complexes: (a) quantum yield vers
eak wavelength; (c) non-radiative decay rate constant versus emission peak wavelength
(Fig. 3). The radiative and non-radiative rate constants kr and knr

were calculated from the phosphorescence yield �p, and the phos-
phorescence lifetime � using the following equation:

�p = �ISC{kr/(kr + knr)} (2)

�ISC is the intersystem crossing. For iridium complexes �ISC is safely

assumed to be 1.0 because of the strong spin–orbit interaction
caused by heavy atom effects of iridium.

kr = �p

�
(3)

us emission on peak wavelength; (b) radiative decay rate constant versus emission
; (d) plot of ln(knr) versus emission energy gap.
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Table 2
Cyclic voltammetry data, radiative and non-radiative constants of 1a–1d.

Complex kr (�s−1) knr (�s−1) Eoxi
1/2

Ir(dmmppi)2(pic), 1a 0.18 0.43 0.51
Fig. 3. The lifetime spectra of the complexes 1a–1d in CH2Cl2.

nr = 1
�

− �p

�
(4)
Thus, the non-radiative rate constant is a sum of rates for sev-
ral processes that quench emission. One of these processes could
nvolve bond dissociation in the excited state. Among all the com-
lexes 1a have a high quantum yield and shows comparably higher

Fig. 4. The solid state and the solvatochromic e
Ir(dmmpfpi)2(pic), 1b 0.12 0.69 0.61
Ir(dmdmppi)2(pic), 1c 0.64 0.36 0.51
Ir(dmdmpfpi)2(pic), 1d 0.36 0.64 0.41

radiative constants and smaller non-radiative rate constant. Com-
plex 1b with lowest quantum yield and high non-radiative rate
constant implies that the non-radiative decay of these complexes
was several folds faster than radiative decay.

From the view point of the relationship between maximum
emission peak wavelength of photoluminescent spectrum and
decay rate constant in Table 2 (Fig. 2b and c) two trends are evident
for the iridium complexes 1a–1d. The radiative decay rate constant
(kr) increases for the complex 1c which has the maximum emission
peak shift. Additionally the non-radiative rate constants (knr) does
not show monotonous by the maximum emission shift [32]. The
plot ln(knr) versus the energy gap (�E, eV) for complexes 1a–1d are
given in Fig. 2d. The non-radiative rate constant (knr) values for the

fluoro substituted iridium complexes (1b and 1d) are higher than
non-fluoro iridium complexes (1a and 1c). The energy gap law pre-
dicts that the rate of non-radiative decay increase when the energy
gap separating the ground and excited state decreases. The rela-

mission spectra of the complexes 1a–1d.
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ion is based on the vibrational overlap between the ground state
nd the excited state, and knr is a function of a Franck–Condon
verlap integral. In the case of complexes having similar excited
tates and vibrational coupling, a simplified form of the energy gap
aw is obtained that predicts a linear relation between ln(knr) and
he energy gap [23]. This correlation suggests that the change of
on-radiative decay rate constant is owing to the energy gap of the
omplexes. The presence of 3′,5′-dimethoxyphenyl group on the
midazole moiety lead to red shift of the emission. Thus, the wave-
ength of the emission maxima for these four complexes follows
he order 1c > 1d > 1a > 1b.

.4. Ligand tuning of emission wavelength

All of these complexes (1a–1d) show strong luminescence both
n the solid state (Fig. 4) and in organic solutions (Fig. 5) from their
riplet state [24]. The maximum emission peak was found to be
ependent on the polarity of the solvent which suggests the MLCT
haracter of the emissions state. The presence of vibrational pro-
ression in the PL spectra and significant stokes shift assist us in
ssigning the 3(�–�*) states as the dominant emitting state at room
emperature in equilibrium with the other neighbouring states
33]. Typically on changing the substituents, we have observed a

arked effect on systematic shifting of the maximum emission
eak of iridium complexes as indicated by the solution photolu-
inescent spectra represented in Fig. 4 as summarized in Table 1.

omparison of the emission wavelength of the complexes 1a–1d
hows that complexes containing dimethoxy substituents 1c and
d shows longer emission shift than 1a and 1b. It may be due to the
lectronic nature of the substituents [33].

.5. Solvatochromism of the complexes 1a–1d

The absorption peaks of the complexes 1a–1d in different sol-
ents are almost the same. This suggests that the polarity of the
olvent has very little influence on the energy levels of 1a–1d
round state molecules in Table 3. However the emission peaks of
he complexes 1a–1d in different solvents show clear differences in
ig. 4. This emission of complexes 1a–1d peaks at around 420 nm
n n-hexane (non-polar) 440 nm in ethanol (polar protic solvent)
nd 435 nm in CH2Cl2 (medium polarity) and 480 nm CH3CN (a

trongly polar a protoic solvent). The peak shift can be attributed
o the stronger interaction between the solvents and the excited

olecules. The excited state of all iridium complexes are more sta-
ilized in polar solvents than in non-polar solvents. This leads to a
ed shift of emission with increasing solvent polarity [34]. The pho-

ig. 5. The photoluminescence emission spectra of the complexes 1a–1d in CH2Cl2.
Fig. 6. Cyclic voltammetry of the complexes 1a–1d in CH2Cl2.

toluminescent peaks of solid state of all complexes are close to that
of emission in non-polar solvent n-hexane. This means that there
is little or no influence of molecular interaction on the excited state
of iridium complexes in the solid state [34].

3.6. Redox chemistry

The electrochemical properties of these complexes were
examined by cyclic voltammetry (Fig. 6). The redox poten-
tial was measured relative to an internal ferrocene refer-
ence (Cp2Fe/Cp2Fe+ = 0.45 V versus SCE in CH2Cl2 solvent). The
HOMO/LUMO [35] energy has been calculated for all the complexes
based on the experimental redox potential value and the lowest
energy absorbance edges of the UV–visible absorption–emission
spectra wavelength (0–0) onset point. The energy level of the high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) is calculated using the following Eqs. (5)
and (6):

EHOMO = Eoxi
1/2 + 4.8 (5)

ELUMO = EHOMO − Eg (6)

where Eoxi = oxidation potential of complexes; Eg = hc /(0 −
1/2 �

0) onset point and 4.8 eV energy level of the ferrocene.
These iridium complexes show reversible oxidation behavior

with lower oxidation potentials relative to the pyridine based irid-
ium complexes. As a result, these complexes exhibit exceedingly

Fig. 7. Normalized UV–vis absorption and photoluminescence spectra of complexes
1a–1d in CH2Cl2.
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Table 3
Photoluminescence spectral data at various solvents and solid emission spectra of complexes 1a–1d.

Solvents Absorptiona (�, nm) (log ε) Emissionb (�, nm)

1a 1b 1c 1d 1a 1b 1c 1d

n-Hexane 230.0 (3.152) 231.0 (3.262) 230.0 (3.098) 229.0 (3.520) 415.0 408.0 475.0 437.0
276.0 (3.028) 278.0 (2.992) 279.0 (3.080) 279.0 (3.362)
358.0 (2.402) 359.0 (2.186) 359.0 (2.178) 358.0 (2.540)

Benzene 230.0 (3.180) 230.0 (3.466) 231.0 (3.106) 228.0 (3.486) 417.0 412.0 478.0 442.0
276.0 (3.033) 278.0 (2.986) 278.0 (3.026) 280.0 (3.368)
357.7 (2.308) 359.0 (2.165) 359.0 (2.162) 359.5 (2.538)

Chloroform 231.5 (3.105) 230.5 (3.292) 230.0 (3.112) 230.0 (3.492) 422.0 417.0 485.0 444.0
277.0 (3.198) 279.0 (2.802) 279.0 (3.030) 278.0 (3.408)
358.0 (2.502) 361.0 (2.158) 358.0 (2.172) 358.0 (2.610)

Ethyl acetate 230.5 (3.207) 232.0 (3.398) 229.5 (3.148) 231.0 (3.498) 427.0 423.0 492.0 450.0
278.0 (3.056) 277.0 (2.906) 280.0 (3.019) 280.0 (3.462)
359.0 (2.507) 361.0 (2.168) 359.0 (2.206) 359.0 (2.635)

Dichloromethane 232.0 (3.276) 230.0 (3.477) 231.0 (3.155) 231.0 (3.555) 433.0 428.0 497.0 452.0
279.0 (3.090) 280.5 (3.301) 280.0 (3.025) 280.0 (3.456)
359.0 (2.505) 361.0 (2.230) 359.0 (2.230) 360.0 (2.653)

1-Butanol 231.0 (3.108) 229.0 (3.452) 229.0 (3.162) 230.0 (3.560) 436.0 429.0 499.0 455.0
280.0 (3.080) 280.0 (3.356) 281.0 (2.997) 279.0 (3.476)
357.0 (2.310) 359.0 (2.754) 361.0 (2.242) 360.5 (2.692)

1-Propanol 231.0 (3.257) 231.0 (3.365) 229.0 (3.158) 232.0 (3.509) 437.0 431.0 502.0 446.0
279.0 (3.102) 281.5 (3.342) 280.0 (2.962) 277.0 (3.350)
357.0 (2.413) 362.0 (2.292) 360.0 (2.238) 360.0 (2.672)

Ethanol 232.0 (3.352) 230.0 (3.280) 227.0 (3.166) 228.0 (3.503) 439.0 432.0 503.0 459.0
277.0 (3.132) 281.0 (3.262) 281.0 (3.013) 281.0 (3.470)
356.0 (2.510) 362.0 (2.264) 360.0 (2.242) 361.0 (2.698)

Acetonitrile 230.0 (3.478) 231.0 (3.456) 228.0 (3.153) 229.0 (3.462) 440.0 434.0 505.0 460.0
278.0 (3.078) 279.0 (3.142) 281.0 (3.018) 280.0 (3.466)
357.0 (2.492) 361.0 (2.320) 358.0 (2.230) 359.0 (2.665)

Solid emission spectra 414.5 407.0 475.0 437.0

h
t
H
a
L
F
z
I
r
t

a UV–vis absorption measured in solution concentration = 1 × 10−5 M.
b Photoluminescence measured in solution concentration = 1 × 10−4 M.

igh HOMO levels of 5.21–5.41 eV calculated from the oxida-
ion potentials. The LUMO levels were calculated based on the
OMO levels and the lowest energy absorption edges of the UV–vis
bsorption–emission spectra [33] (Fig. 7). Both the HOMO and
UMO levels of these complexes are summarized in Table 1 and
ig. 8. Substitution of phenyl rings at 1 and 2 position of the imida-

ole ring increase the energy gap and emits at longer wavelength.
ntroduction of electron releasing substituents (–OMe) on phenyl
ing at 1 position of phenyl ring of the imidazole moiety and elec-
ron withdrawing substituent at 2 position of the phenyl ring of

Fig. 8. HOMO–LUMO energy levels.
Fig. 9. Solution colour of the photoluminescence for 1c and 1d.

the imidazole moiety increases the energy of the HOMO level and
decreases the energy of the LUMO level. As the number of electron
releasing substituents increased the quantum efficiency increases
and emits pure green colour 1c and 1d (Fig. 9). It is observed that the
phenyl substituted complexes 1a and 1c exhibit minimum energy
gap (HOMO–LUMO) whereas the fluorophenyl complexes 1b and

1d exhibit maximum energy gap. Complex 1c shows emission at
the maximum wavelength whereas complexes 1a and 1b exhibit
emission at wavelength lower than complex 1c that can be corre-
lated to the HOMO–LUMO energy gap of the complexes (Table 1).
Electroluminescent studies of these complexes are in progress.
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. Conclusion

In conclusion, we have successfully synthesized iridium com-
lexes containing substituted imidazole derivatives as ligands.
hese complexes exhibit very high HOMO levels compared to pyri-
ine based iridium complexes. In view of the variation of the

midazole ligands that can be synthesized from the method shown
n Scheme 1, these complexes are strongly phosphorescent at ambi-
nt condition and emits green colour. Further investigation on the
ffects on luminescent properties depending on tuning the sub-
tituent into various positions of the imidazole ligand is currently
n progress. Efforts towards the development of blue colour com-
lexes using different substituents are currently underway.
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