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Bis-cyclometalated iridium(III) complexes [Ir(F2ppy)2ZN] (FZN), [Ir(F2CNppy)2ZN] (FCZN),
[Ir(DMAF2ppy)2ZN] (FDZN) and [Ir(MeOF2ppy)2ZN] (MeOFZN) (F2ppy =
4′,6′-difluoro-2-phenylpyridinate, F2CNppy = 5′-cyano-4′,6′-difluoro-2-phenylpyridinate,
DMAF2ppy = 4′,6′-difluoro-4-dimethylamino-2-phenylpyridinate, MeOF2ppy =
4′,6′-difluoro-4-methyl-2-phenylpyridinate and ZN = 3,5-dimethylpyrazole-N-carboxamide) emitting in
the sky blue region were synthesized. We studied the effect of the ancillary ligand ZN and the
substituents on the cyclometalating ligands on the crystal structures, photophysical and electrochemical
properties and the frontier orbitals. Density functional theory (DFT) calculation results indicate that in
FCZN and FDZN the cyclometalating ligands show negligible participation in the HOMO, the
ancillary ligand ZN being the main participant along with the Ir(III) d-orbitals. MeOFZN exhibits the
maximum photoluminescence quantum efficiency and radiative emission rates along with the dominant
low frequency metal–ligand vibrations and maximum reorganization energy in the excited state. All the
substituted complexes show more polar characteristics than FZN, FCZN possessing the highest dipole
moment among the complexes. The performances of the solution-synthesised organic light emitting
devices (OLEDs) of FZN, FCZN and FDZN doped in a blend of mCP (m-bis(N-carbazolylbenzene))
and polystyrene are studied.

Introduction

The metal-to-ligand charge transfer (MLCT) excited states of
transition metal complexes have been of great interest to explore
the factors that determine and control the excited state photo-
physical and electrochemical properties for their applications as
sensitizers in photochemical and photophysical processes,1 biolog-
ical labeling agents2 and triplet emitters in organic light emitting
devices (OLEDs).3 The dynamics of the excited-state decay and its
relation to the electronic effect of the various nonchromophoric
and chromophoric ligands in a number of Os(II) and Ru(II)
complexes have been investigated.4 The studies demonstrate that
the substituents at the chromophoric and nonchromophoric lig-
ands influence redox potentials, absorption and emission energies,
photoluminescence efficiencies and lifetimes.

The natures of the excited states of the Ir(III) complexes5,6 in this
line are extensively studied7,8 and indicate that both the cyclomet-
alating (analogous to the chromophoric ligands in ref. 4) and
ancillary ligands (analogous to the nonchromophoric ligands in
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ref. 4) are important in influencing the electronic structures of the
Ir(III) complex. Pyrazole derivatives have been studied as both the
cyclometalating and the ancillary ligands in the Ir(III) complexes
emitting in the blue region2,7d,f –i,9,10 and have been found to influ-
ence the redox and photophysical properties to a greater extent
when they are used as the cyclometalating ligands.7f ,g,i Nonethe-
less, the ancillary ligands such as pyrazole-derivatized borates,10

pyridyl pyrazolates7g also bring in systematic physical property
changes. In this study we have coordinated a carboxamide-
derivatized pyrazole (3,5-dimethylpyrazole-1-carboxamide) with
Ir(III) in four bis-cyclometalated Ir(III) complexes as shown in
Chart 1 and the crystal structures, frontier orbitals, photo-
physical and electrochemical properties of the complexes are
investigated.

We examined a number of frontier molecular orbitals and
the first eight singlet and eight triplet vertical transitions of
these complexes using the DFT method. DFT calculations
clearly show the participation of the 3,5-dimethylcarboxamide
ligand in the charge transfer process, through the d-orbitals
of the Ir(III) atom. Contrary to reports of the participation of
the cyclometalating ligands in the highest occupied molecular
orbital (HOMO),7d,f ,g,8,9a,10,11 the present study finds that, in
FCZN and FDZN, the cyclometalating F2CNppy (5′-cyano-
4′,6′-difluoro-2-phenylpyridinate) and DMAF2ppy (4′,6′-difluoro-
4-dimethylamino-2-phenylpyridinate) ligands do not contribute
to the HOMO. The room and low temperature emission spectra
are interpreted to find out the metal participation in the MLCT
nature of their electronic transition. The complexes were doped in
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Chart 1

the host mCP (m-bis(N-carbazolylbenzene))12 in the polystyrene
blend and the electroluminescence properties were studied.

Results and discussion

Synthesis

The starting materials, [Ir(F2ppy)2Cl]2, [Ir(F2CNppy)2Cl]2,
[Ir(DMAF2ppy)2Cl]2 and [Ir(MeOF2ppy)2Cl]2 (F2ppy = 4′,6′-
difluoro-2-phenylpyridinate, MeOF2ppy = 4′,6′-difluoro-4-
methyl-2-phenylpyridinate) were synthesized from IrCl3·3H2O
(Acros Chemicals), and the cyclometalating ligands based on the
literature procedure.13 The deprotonation of the ancillary ligand
was indeed achieved at room temperature without the aid of any
base. The synthetic procedure of the FZN, FCZN, FDZN and
MeOFZN complexes are given in the ESI.†

Crystal structure and DFT calculations

Single-crystals of the complexes were grown by the slow layer
diffusion of diethyl ether or hexane into the methylene chloride
solution. Since most crystals lose their structural solvents of
crystallization within a few minutes of exposure to air, they
were coated with oil, and the intensity data were collected with
Mo Ka radiation (k = 0.71073 Å) on a Bruker SMART CCD
equipped with a graphite crystal, incident-beam monochromator.
All crystallographic data were corrected for the Lorentz and po-
larization effects, and semi-empirical absorption corrections based
on equivalent reflections were applied. The crystal structures were
solved by direct methods and refined by full-matrix least-squares
calculations with the SHELXTL-PLUS program package (Ver.
5.1). All the non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were added to their geometrically ideal positions.
The disordered solvent molecule was treated using the SQUEEZE
program in the case of FCZN for better structure refinement.
The ORTEP diagrams and crystal packing of the neighboring
molecules of the FZN and FCZN complexes are presented in Fig. 1
and the crystallographic and structure refinement in Table 1.

DFT calculations have been carried out to find the global
minimum geometry and excitation energies by using the B3LYP
functional with the LANL2DZ basis set for the Ir atom and
6-31G(d) basis set for the ligand atoms.14 All calculations were
performed by Gaussian 98 program.15 The overall calculated
geometrical parameters are in quite good agreement with those
of crystal structures (Table 2). In the complexes, the Ir(III) center
is octahedrally coordinated to two cyclometalating ligands and
the ancillary ligand 3,5-dimethylpyrazole-N-carboxamide. In the
complexes the Ir–N1 bond length is longer than that of Ir–N3,

Fig. 1 ORTEP diagrams of the complexes with 50% probability with atom
labeling (hydrogen atoms are omitted for clarity): (a) FZN; (b) FCZN.
Closest molecules showing packing effects, the dotted lines indicate the
weak intermolecular non-bonding contacts: (c) FZN; (d) FCZN.

implying a stronger bond formation between the metal center and
the carboxamide group than the pyrazole nitrogen. The crystal
packing of the FZN complex exhibits p–p interactions16 between
the neighboring molecules as has been observed by the distance
of 4.13 Å between the aromatic planes in the FZN complex.

The highest occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOs) of FZN, FCZN,
MeOFZN and FDZN from DFT calculations are shown in Fig. 2.
In FZN, the HOMO represents a mixture of the d-orbitals
of the Ir(III) atom, phenyl rings of both the cyclometalating
ligands and the carboxamide portion of the 3,5-dimethylpyrazole
carboxamide7d,f ,g,8,9a,11 while the LUMO is predominantly the
cyclometalating ligand in character and spreads entirely over
the two F2ppy ligands. Both the HOMO and the LUMO
demonstrate p-symmetry. In FZN, S1 (404 nm) and S2 (396 nm)
transitions (see ESI†) have low oscillator strengths and correspond
to the absorption features around 418–440 nm with the extinction
coefficients of 260–500 mol−1 cm−1. These transitions are suggested
to have less singlet character and could be mixed with the triplet
transitions of T3 and T4 at the calculated values of 405 and
401 nm, respectively. The broad band in the 385–370 nm in the
absorption spectra of FZN is ascribed to the transitions S3 and S4.
The calculated T1 and T2 at 446 and 438 nm agree well with the
experimental absorption peaks at 455 and 428 nm, respectively.

This journal is © The Royal Society of Chemistry 2008 Dalton Trans., 2008, 4732–4741 | 4733
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Table 1 Crystallographic data and structure refinement of FZN and FCZN

FZN FCZN

Empirical formula C28H20F4IrN5O C30H18F4IrN7O
Formula weight 710.69 760.71
Temperature/K 293(2) 293(2)
Wavelength/Å 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21/n C2/c
Unit cell dimensions:

a/Å 11.572(2) 21.982(11)
b/Å 9.523(2) 30.270(15)
cÅ 22.409(5) 14.317(7)
a/◦ 90 90
b/◦ 96.012(4) 127.848(7)
c /◦ 90 90

Volume/Å3 2455.9(9) 7523(7)
Z 4 8
Density (calculated)/Mg m−3 1.922 1.343
Absorption coefficient/mm−1 5.500 3.598
F(000) 1376 2944
Crystal size/mm 0.38 × 0.25 × 0.15 0.25 × 0.15 × 0.03
Theta range for data collection/◦ 1.83 to 28.28 1.35 to 25.00
Indices −14 ≤ h ≤ 15 −25 ≤ h ≤ 26

−12 ≤ k ≤ 11 −35 ≤ k ≤ 35
−28 ≤ l ≤ 29 −16 ≤ l ≤ 17

Reflections collected 14 916 17 507
Independent reflections [R(int)] 5851 [0.0215] 6487 [0.0855]
Completeness to theta 28.28◦, 96.0% 25.00◦, 97.7%
Absorption correction Semi-empirical from equivalents None
Max. and min. transmission 0.4925 and 0.2290 0.8997 and 0.4666
Refinement method Full-matrix least-squares on F 2 Full-matrix least-squares on F 2

Data/restraints/parameters 5851/0/354 6487/0/390
Goodness-of-fit on F 2 1.054 1.087
Final R indices [I > 2r(I)] R1 = 0.0225, wR2 = 0.0499 R1 = 0.0883, wR2 = 0.2241
R indices (all data) R1 = 0.0280, wR2 = 0.0517 R1 = 0.1294, wR2 = 0.2401
Largest diff. peak and hole/e Å−3 1.561 and −0.757 2.223 and −3.387

Table 2 Selected bond length and angles from the experimental and
theoretical results

Bond distance/Å Bond angle/◦

Calc. Exptl Calc. Exptl

FZN
Ir–N4 2.074 2.048(2) C13–Ir–C24 89.5 90.56(11)
Ir–C13 2.030 2.016(3) C13–Ir–N1 100.6 100.73(10)
Ir–N5 2.068 2.039(2) C24–Ir–N3 96.0 93.84(11)
Ir–C24 2.011 2.005(3) C13–Ir–N3 172.9 173.68(10)
Ir–N1 2.223 2.142(2) N1–Ir–N3 74.2 75.38(9)
Ir–N3 2.154 2.104(2) C13–Ir–N4 80.0 80.25(11)

C13–Ir–N5 96.8 94.24(10)
C24–Ir–N4 96.1 95.91(11)
C24–Ir–N5 80.3 80.43(11)

FCZN
Ir–N4 2.075 2.050(13) C17–Ir–C29 89.4 85.0(6)
Ir–C17 2.027 1.979(16) C17–Ir–N1 100.5 102.6(6)
Ir–N6 2.070 2.060(13) C29–Ir–N3 96.0 96.2(5)
Ir–C29 2.008 1.986(14) C29–Ir–N1 101.2 171.4(5)
Ir–N1 2.214 2.148(12) N1–Ir–N3 74.4 76.5(5)
Ir–N3 2.149 2.071(14) C17–Ir–N4 80.1 79.3(6)

C17–Ir–N6 96.9 96.4(6)
C29—Ir–N4 96.3 95.8(5)
C29–Ir–N6 80.4 80.6(5)

Calculated T5 transition at 383 nm coincides with S3 transition
and also has the same orbital parentage (H − 1 → L). Since this

transition corresponds to the onset of the absorption band at 390–
370 nm region, and has significant molar extinction coefficient
of 1300 mol−1 cm−1, it can have the attributes of strongly mixed
singlet and triplet MLCT character. The T6 transition at 378 nm
has contributions from the processes (H − 3 → L + 1) and (H →
L + 1), where H − 3 is centered on the cyclometalating ligand
and the HOMO is contributed to by the ligands and Ir(III)
d-orbitals, and L + 1 is a purely ligand centered orbital; it clearly
indicates that the band in the 390–370 nm region includes a pure
cyclometalating ligand based p–p* transition along with the singlet
and triplet MLCT transitions.

MeOFZN shows similar orbital contributions to the HOMO as
FZN, whereas in FCZN and FDZN we notice almost negligible
participation of the cyclometalating ligands in the HOMO. The
Ir(III) d-orbitals and carboxamide group of the ZN ligand only
participate in HOMO. Such differences in the orbital parentage
of the HOMO of FCZN and FDZN from FZN and MeOFZN
indicate the strong impact of the substituents on the orbitals
participating in the electronic transitions. The absorption spectra
of the complexes are in good agreement with the calculated
transitions. The calculated dipole moments of the complexes FZN,
FCZN, MeOFZN and FDZN are 3.39, 9.68, 4.38 and 3.0 D,
respectively. The FCZN complex has the highest dipole moment
value which is ascribed to the high electron withdrawing nature
of the cyano group. A similar increase of the dipole moment
is observed in the fac-Ir(5-Phppy)3 (7.49 D) compared to the
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Fig. 2 HOMO and LUMO of FZN, FCZN, FDZN and MeOFZN. Assignments: H = HOMO, L = LUMO.

fac-Ir(ppy)3 (6.53 D), when the electron withdrawing phenyl group
is substituted at the 5-position of the phenyl ring (5-Phppy = 2-
(5-phenyl)phenylpyridinate, ppy = 2-phenylpyridinate).17

Electrochemical properties

The electrochemical redox potentials (Table 3) were monitored by
cyclic voltammetry and square wave voltammetry (SWV).18 The
cyclic voltammograms of these complexes show quasi-reversible
oxidation processes (see ESI†). The ipa/ipc values of FZN, FCZN,
MeOFZN, and FDZN under the 100 mV s−1 scan were 0.7, 0.5,
0.8 and 0.9, respectively.19 The E1/2(oxd) values of the complexes
FZN, FCZN, MeOFZN, and FDZN were determined using SWV
(Fig. 3a) relative to a ferrocene/ferrocenium redox potential and
found to be 0.77, 1.04, 0.67 and 0.48 V, respectively.

The oxidation potentials follow the increasing order of FCZN >

FZN > MeOFZN > FDZN. This can be attributed to the more

electron-withdrawing effect of the CN group in the phenyl ring
decreasing the electron density at the ortho-metalating carbon
atom and consequently the Ir(III) center. Thus the HOMO
electrons in FCZN become hard to remove compared to FZN. On
the other hand, the electron donating methoxy and dimethylamino
groups increase the electron densities of the pyridyl rings of
MeOFZN and FDZN; this increases the electron density at the
metal center upon coordination. It becomes easier to remove the
electron from the HOMO of MeOFZN and FDZN than FZN. The
higher anodic shift of the oxidation potential of FDZN compared
to MeOFZN can be attributed to the more electron donating
effect of the dimethylamino group than the methoxy group. A
valid point may arise at this instant: how would the HOMO of
FDZN and FCZN be affected by the substituents in the respective
cyclometalating ligands, when these ligands do not contribute to
the HOMO as found by the DFT calculations? However, the DFT
calculations show that the H − 1 orbitals in these two complexes

Table 3 Thermal, photophysical and electrochemical properties of the complexes

FZN FCZN FDZN MeOFZN

A/nm (e/dm3 mol−1 cm−1)a 293(12 174), 329(5428),
360(3798), 380(3316),
428(932), 456(356)

292(15 834), 328(6263),
356(3618) 378(2562),
417(524), 446(334)

290(13 937), 317(9354),
345(7324), 375(4679),
438(593)

291(8514), 320(4813),
356(3798), 377(2870),
451(222)

1MLCTa/eV 3.26 (380 nm) 3.28 (378 nm) 3.30 (375 nm) 3.29 (377 nm)
PLsoln

a/nm 484 485 475 477
PLsoln

b/nm 474 465 474 469
PLPMMA film

f/nm 474 467, 483 479 470, 485
sPMMA film/ls 1.20 1.50 1.18 1.28
φPL (%) 21 40 28 70
K r × 10−5 1.75 2.66 2.37 5.46
Knr × 10−5 6.58 4.00 8.47 2.34
E1/2(oxd)c/V 0.77 1.04 0.48 0.65
HOMOd/eV 6.07 6.34 5.78 5.95
E1/2(red)c/V −2.55 −2.32 −2.87 −2.75
LUMOd/eV 2.75 2.98 2.43 2.55
LUMOe/eV 2.81 3.06 2.48 2.63
DE1/2

c/eV 3.32 (363 nm) 3.36 (369 nm) 3.35 (370 nm) 3.40 (364 nm)

a Obtained from 2-Me-THF solution. PL = photoluminescence. b Obtained from methylene chloride solution. c Measured by square wave voltammetry
(SWV) method. d Calculated from electrochemical experimental values. e Calculated from the HOMO obtained from the electrochemical experimental
values and 1MLCT absorption energies. f PMMA = polymethylmethacrylate.

This journal is © The Royal Society of Chemistry 2008 Dalton Trans., 2008, 4732–4741 | 4735

Pu
bl

is
he

d 
on

 1
5 

Ju
ly

 2
00

8.
 D

ow
nl

oa
de

d 
by

 S
eo

ul
 N

at
io

na
l U

ni
ve

rs
ity

 o
n 

11
/1

0/
20

21
 1

0:
45

:2
3 

A
M

. 
View Article Online

https://doi.org/10.1039/b719205c


Fig. 3 (a) Square wave voltammograms of the complexes in the oxidation
region. (b) Square wave voltammograms of the complexes in the reduction
region. Ferrocenium/ferrocene reduction peak is marked with asterisk.
(c) Comparative plot of oxidation and reduction potentials.

have contributions from the cyclometalating ligands, there being
a difference of 0.1 eV between HOMO and H − 1. This implies
that the H and H − 1 can be mixed depending upon which of
the cyclometalating ligands can influence the HOMO energies.
We have also observed a similar anodic shift of the oxidation
potential in a dimethyl-substituted cyclometalated Ir(III) complex
compared to an unsubstituted complex.8

The differential pulsed reduction voltammograms of the com-
plexes are shown in Fig. 3b. The first reduction potentials of FZN,
FCZN, MeOFZN, and FDZN were observed at −2.55, −2.32,

−2.75 and −2.87 V, respectively.20 The second reduction processes
were detected at −3.04, −2.65 and −3.10 V for FZN, FCZN,
and MeOFZN, respectively. The second reduction peak of FDZN
could not be obtained in the limit of the potential window of
the experimental conditions. The two reduction processes take
place at the two cyclometalated ligands consistent with related
cyclometalated Ir(III) complexes.21,22 The cathodic shifts in the
reduction potentials follow the sequence of FCZN < FZN <

MeOFZN < FDZN, which is the reverse order of the anodic shifts
of the oxidation potentials of the complexes. Since the oxidation
and reduction potentials are related to the HOMO and LUMO
levels, it is evident that both the HOMO and the LUMO are
raised in energy in the order FDZN > MeOFZN > FZN >

FCZN. Interestingly, even if the substituents with very strong
inductive effects are incorporated in the cyclometalating ligands,
the electrochemical gaps of these complexes remain almost the
same (3.32–3.41 V) and are consistent with the similar 1MLCT
absorption peaks around 375–380 nm in their absorption spectra.
Both the reduction potentials (−2.32 to −2.87 V) and oxidation
potentials (0.48 to 1.04 V) demonstrate similar ranges conclusive
of the fact that both the HOMO and LUMO of these complexes
are equally affected by the substituents on the cyclometalating
ligands. Fig. 3c shows the parallel variations in the E1/2(red) and
E1/2(oxd) values.

Photophysical properties

The absorption and emission spectra of the complexes are sum-
marized in Table 3 and shown in Fig. 4. The bands below 300 nm
correspond to the p–p* transitions of aromatic ligands,4b,21,23

as evidenced by their high extinction coefficients of the order
105 dm3 mol−1 cm−1. The spectral region of 385 to 325 nm
demonstrates three clear bands (e = 6400–1600 dm3 mol−1 cm−1)
in all of the cases. These bands can be attributed to the admixture
of the metal-to-ligand charge transfer and ligand based p–p*
transitions. The bands around 375 nm can be ascribed to the
1MLCT transitions (e = 4580–2760 dm3 mol−1 cm−1).4 The lowest
energy absorption bands at 456 nm (e = 356 dm3 mol−1 cm−1) and
446 nm (e = 334 dm3 mol−1 cm−1), with diminished intensities
in the absorption spectra of FZN and FCZN, are assigned
as forbidden triplet (T1) transitions.24,25,26 Similar features are
reported for the complexes using tetrapyrazolylborate.7d FDZN
and MeOFZN do not demonstrate sharp absorption features in
the longer wavelength region (Fig. 5b), instead broad bands are
observed around 438 nm (e = 593 dm3 mol−1 cm−1) and 451 nm
(e = 222 dm3 mol−1 cm−1) in FDZN and MeOFZN, respectively.

The 1MLCT absorption peaks at 380 nm (3.26 eV) (e =
3316 dm3 mol−1 cm−1), 378 nm (3.28 eV) (e = 2562 dm3 mol−1 cm−1),
375 nm (3.30 eV) (e = 4679 dm3 mol−1 cm−1) and 377 nm
(3.29 eV) (e = 2870 dm3 mol−1 cm−1) for FZN, FCZN, FDZN,
and MeOFZN are in good agreement with their observed electro-
chemical gaps (DE1/2) of 3.32, 3.36, 3.35 and 3.40 eV, respectively.
The difference between the DE1/2 and 1MLCT energies of FZN,
FCZN, FDZN, and MeOFZN are 0.06, 0.08, 0.05 and 0.10 eV,
respectively. MeOFZN shows the highest difference between the
DE1/2 and 1MLCT values indicating that the reorganization energy
upon excitation is highest in this complex implying less metal
participation in the charge transfer state compared to the other
complexes.

4736 | Dalton Trans., 2008, 4732–4741 This journal is © The Royal Society of Chemistry 2008
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Fig. 4 (a) Absorption spectra, (b) absorption spectra in the 3MLCT region, (c) emission spectra at room temperature, and (d) emission spectra of the
complexes at 77 K in 2-Me-THF.

All of these complexes are highly emissive both in the solution
and solid state at room temperature and demonstrate single
emission peaks in the range of 485–475 nm in 2-Me-THF solution
(Fig. 4c). The peak emissions are blue shifted in methylene chloride
solution and PMMA doped films indicating a solvatochromic
effect in these complexes. Broadening of the emission spectra
toward the blue region is observed in the substituted complexes.
The full width at half maximum (FWHM) of the PL spectra of
FZN, FCZN, FDZN, and MeOFZN are 2556, 2847, 2823 and
2979 cm−1, respectively, indicating that the substitutions increase
the vibrational distortions and higher reorganizational energies
of the excited state. However, the peak emission energies are almost
the same (2.56–2.61 eV) in all of these complexes (Table 3), con-
trary to the emissions observed from the corresponding picolinate
derivatives Ir(DMF2ppy)2(pic) (550 nm, 2.25 eV), Ir(F2ppy)2(pic)
(470 nm, 2.63 eV) and Ir(F2CNppy)2(pic) (452 nm, 2.74 eV).27

This indicates that in a similar series of cyclometalating ligands
the photophysical properties of the iridium complexes may not
follow the same sequence when the ancillary ligand is changed.

The emission spectra at 77 K (Fig. 4d, Table 4) demonstrate
vibrational progressions in all the complexes. The peak emissions
(Eem(0–0)) are blue shifted by 17, 25, 19 and 25 nm for FZN,
FCZN, FDZN, and MeOFZN, respectively, compared to their
room temperature peak emissions that can be attributed to the
rigidochromic effect associated with the complexes having greater
MLCT character of the emitting states. Even if both FCZN and
FZN show similar room temperature emission peaks, the high
dipole moment of FCZN could be the reason for more structural
distortion in the excited state resulting in a higher difference of
the room temperature and 77 K emission (25 nm, 1121 cm−1)

Table 4 Excited state properties of the complexesa

FZN FCZN FDZN MeOFZN

Eem(0–0)/cm−1 467 460 456 452
Dm1/2/cm−1 687 855 870 1122
�xM/cm−1 1293 1163 1268 892
SM 0.64 0.72 0.75 0.89

a Eem(0–0) was obtained from the peak emission wavelength in 2-
methyltetrahydrofuran at 77 K. Dm1/2 is the full width at half maximum
for the (0–0) band and was obtained by the gaussian decomposition. �xM

was obtained from the energy difference of the first two emission peaks at
77 K. The Huang–Rhys factor, SM was estimated from the peak heights of
the first two peaks of the emission spectra at 77 K.

compared to a difference of 17 nm (752 cm−1) in FZN. The 77 K
emission attributes of MeOFZN show a less resolved vibrational
progression, which could be due to the increase in the low-
frequency vibrations (∼400 cm−1) associated with the change in
metal–ligand bond length in the excited state compared to the
high frequency ligand based vibrations.6c The FCZN and FDZN
also show less resolution of the vibrational progressions than the
parent FZN complex.

The FWHM values of the resolved highest energy vibronic
bands of FZN, FCZN, FDZN, and MeOFZN are 687, 855, 870
and 1122 cm−1, respectively, implying again that the reorganiza-
tional energy of MeOFZN is highest in the excited state. The
�xM values of these complexes lie in the range of 892–1293 cm−1

indicating that the dominant vibrational mode associated with
the excited distortion can be ascribed to the aromatic in-plane
and out-of-plane ring stretching and bending vibrations.28–35 The

This journal is © The Royal Society of Chemistry 2008 Dalton Trans., 2008, 4732–4741 | 4737
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Fig. 5 Comparative plot of (a) absorption energy versus DE1/2 and (b)
E(red)/E(oxd) versus kem.

SM values (Huang–Rhys factors) of FZN, FCZN, FDZN, and
MeOFZN are 0.64, 0.72, 0.75 and 0.89, respectively and are found
to increase with the increase in the emission energies. The larger
the SM value, the stronger the coupling between the dominant
ligand-localized vibrations in the excited and ground states.6c,36

The increase in the SM values with the increase in the emission
energies is an indication of the decrease in the MLCT character
of the excited state in the sequence of FZN > FCZN > FDZN >

MeOFZN and more localization of the triplet state.37

The transient phosphorescence lifetimes (s) of the FZN, FCZN,
FDZN, and MeOFZN complexes are 1.20, 1.50, 1.18 and 1.28 ls,
respectively, as measured from 6% doped PMMA films. The
photoluminescence (PL) quantum efficiencies of the complexes
in the doped PMMA films are found to be 20, 40, 28 and 70%
for FZN, FCZN, FDZN, and MeOFZN, respectively (Table 2).
All the substituents enhance the quantum efficiency of the parent
FZN complex. High quantum efficiencies of the cyclometalated
Ir(III) complexes of 2-(4′,6-difluorophenyl)-4-methoxypyridine are
reported by Chen et al.38 The kr and the knr values of the complexes
follow the order of MeOFZN (5.46 × 105 s−1) > FCZN (2.66 ×
105 s−1) > FDZN (2.37 × 105 s−1) > FZN (1.75 × 105 s−1) and
MeOFZN (2.34 × 105 s−1) < FCZN (4.00 × 105 s−1) < FZN
(6.58 × 105 s−1) < FDZN (8.47 × 105 s−1), respectively. Among the
four complexes, only MeOFZN is found to have higher K r than
Knr. K r and Knr depend on the electronic nature of the transitions:

K r through the electronic dipole moment integral and Knr through
a vibrationally-induced electronic coupling integral. The knr values
of the complexes can be correlated to the nature of the substituents
on the cyclometalating ligands.6a,8 The pattern of the acceptor
vibrations, which determine the non-radiative decay are different
in the parent and substituted complexes. Among the substituted
complexes, FDZN has the highest knr values and lowest quantum
efficiencies due to the distortional vibrations of the dimethyl
amino group causing a great deal of nonradiative depopulation
of the excited state.8 However, we can presume that the methoxy
substituent increases the coupling between the ground and excited
states resulting in the increased kr values compared to the other
complexes.

Electrochemical and photophysical properties

The variations in the 1MLCT and 3MLCT absorption and peak
emission energies of several Ir(III),6 Os(II)4 and Ru(II)4 complexes
exhibit similar patterns of acceptor parallel to the variations in
E1/2(oxd). A similar pattern of acceptor vibrations can not be
expected in the present series of four compounds because of
the electron-donating nature of the dimethylamino and methoxy
groups and the electron-accepting nature of the cyano group, and
their consequent effects on ring distortions, the electronic dipole
moment, the vibrational parameters, and the r- and p-donation
of the cyclometalating ligands. Comparative plots of 1MLCT and
3MLCT absorption energies versus DE1/2 and E(red)/E(oxd) versus
the peak emission energies are given in Fig. 5a and 5b, respectively.
Little change in the 1MLCT and 3MLCT energies with the DE1/2

values is observed, contrary to the linear increase in the absorption
and emission energies with DE1/2 of the previously reported Ir(III),
Ru(II) and Os(II)6d complexes.

Electroluminescence

Multilayer organic light emitting devices are fabricated by
doping FZN, FCZN, and FDZN (5 wt%) in a blend of PS
(polystyrene; used as a binder39) and mCP with the configuration
of ITO/PEDOT-PSS (50 nm)/PS-mCP-dopant (20 : 74 : 6, 40
nm)/BAlq (40 nm)/LiF (0.9 nm)/Al (200 nm) (ITO = indium
tin oxide, PEDOT-PSS = poly(3,4-ethylenedioxythiophene)–
poly(styrenesulfonate)). The electroluminescence (EL) charac-
teristics are summarized in Table 5. The EL spectra, external
quantum efficiencies and I-V-L characteristics are demonstrated in
Fig. 6 and 7, respectively. The shape of the EL spectra is different
from the PL spectra in solution and film. The CIE coordinates are
also shifted from the sky blue region to the greenish blue region.
But in FDZN, the CIE coordinates are shifted to the more blue
region. We attribute such spectral changes to the effect of the
matrix on the excited state of the polar Ir(III) complexes.8

Table 5 Electroluminescence properties

FZN FCZN FDZN

kEL/nm 475, 501 465, 491 460
(x, y) (0.22, 0.41) (0.20, 0.37) (0.24, 0.32)
Turn-on V/V 4.6 5.2 8.6
Max. lum./cd m−2 10 191 9905 1019
Maximum gex (%) 2.4 3.7 1.2
Maximum gL/cd A−1 5.5 7.8 2.3

4738 | Dalton Trans., 2008, 4732–4741 This journal is © The Royal Society of Chemistry 2008
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Fig. 6 (a) Energy levels of the materials used in the device fabrication.
(b) EL spectra obtained from the devices at 10 mA.

The device configuration and energy levels of the materials
used in the device are shown in Fig. 6a. The HOMO levels of
the Ir(III) complexes are determined from the SWV method. The
LUMO and 3MLCT levels of the complex are calculated from the
HOMO, 1MLCT optical absorption, and emission energies. The
dopants have a deeper HOMO than that of the host except FDZN
(5.78 eV), which is very close to the host HOMO (5.8 eV). This
could allow the injection of the holes from mCP into the dopant
FDZN, whereas it becomes increasingly difficult for hole injection
from mCP to FZN (HOMO = 6.07 eV) and FCZN (HOMO =
6.34 eV). Again, a difference is observed in these three dopants as
regards to the ease of electron injection from the host as well as
the electron transporting material BAlq. The LUMO of FDZN,
mCP and BAlq are 2.48, 2.3, and 2.8 eV respectively. Hence the
electron injection from both mCP and BAlq to FDZN is easy. The
LUMO of FZN (2.81 eV) is close to the LUMO of BAlq; hence
electrons can be injected directly into FZN at the interface. But
the electron transfer from mCP to FZN is not easy as there is a
barrier of 0.5 eV. The electron transfer from mCP to FCZN is

also difficult due to a gap of 0.8 eV, though electron transfer from
BAlq is still possible. Thus FDZN is the most suitable dopant and
should yield good device efficiency as the excitons from the host
can be transferred into it along with the direct exciton formation
on the dopant. At the other extreme, it is difficult to transfer the
excitons from the host to the dopant FCZN due to energy level
mismatch; rather excitons can be formed directly on FCZN due
to electron trapping and the consequent recombination with a
hole from the matrix. Moreover, FCZN possesses a high dipole
moment of 9.68 D; this can lead to a local electric field, which
can induce the charges, thus facilitating charge injection into the
dopant. FZN offers an intermediate case where both the exciton
formation on the dopant and transfer into the dopant from the
host is possible.

As the result shows (Fig. 7) the FCZN device demonstrates a
better performance than FZN, with a maximum external quantum
efficiency (gex) of 3.7%, luminance efficiency (gL) of 7.8 cd A−1 at
0.08 mA cm−2 and 8.8 V, a maximum brightness of 9916 cd m−2 and
5.2 V turn-on voltage. The gex, gL, maximum brightness and turn-
on voltage of FZN are 2.4%, 5.5 cd A−1 at 9.2 V and 0.12 mA cm−2,
10 200 cd m−2 and 5.6 V, respectively. Much lower gex of 1.2% and
gL of 2.3 cd A−1 were observed for the FDZN device. The low
EL efficiency of FDZN could arise due to the following reasons.
From the energy level point of view it is likely that the holes stay
on mCP, or at least go back and forth from the FDZN HOMO
to the mCP HOMO, and exciton formation happens on mCP.
75% of the total mCP excitons are triplet excitons, which are
transferred to FDZN in a delayed process or decay nonradiatively.
Moreover, the distortional vibrations of the dimethylamino group
causes a great deal of nonradiative depopulation of the excited
state.8 This is in agreement with the currently reported low
efficiency of the device containing cyclometalated Ir(III) complexes
of dimethylamino substituted 2,4-difluorophenyl pyridine ligand
as the triplet emitter.8 The higher PL quantum efficiency (40%)
of FCZN and the direct exciton formation on FCZN as described
in the previous paragraph could be the possible reason for the
higher EL efficiency of the FCZN-based devices. The FZN device
demonstrates higher current density than the FCZN device. This
could be due to the charge trapping by FCZN. Since the triplet
energies of the dopants (2.56 eV for FZN, 2.61 eV for FDZN,
2.55 eV for FCZN) are lower than that of the host (2.9 eV), the
triplet exciton transfer from the host to the dopant is exothermic
and can be considered as an efficient process. But a small difference
of ∼0.3 eV between the host and dopant triplet energies could lead
to an endothermic backward triplet transfer from the dopant to
the host.

Conclusion

The different cyclometalating ligands alter the 3MLCT energies
keeping the 1MLCT energy almost similar. The stabilization
and destabilization of the HOMO and LUMO are specifically
controlled by the electron accepting and donating substituents.
The photoluminescence quantum efficiency and radiative emission
rate are greatest and the nonradiative emission rate is lowest
for MeOFZN. The complexes manifest rigidochromic effect
with maximum reorganization energy in MeOFZN. SM value of
MeOFZN also exhibits the dominance of the low frequency metal–
ligand vibrations over the high frequency ligand-based vibrations.

This journal is © The Royal Society of Chemistry 2008 Dalton Trans., 2008, 4732–4741 | 4739
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Fig. 7 (a) External quantum efficiencies of the EL devices plotted against current density. (b) Luminous efficiencies of the EL devices plotted against
current density. (c) Plot of current density versus voltage. (d) Brightness versus voltage.

The metal participation in the charge transfer state of FDZN is
the highest among all the complexes. The substitutions increase
the polar characteristics of the complexes, FCZN possessing the
highest dipole moment among all the complexes. DFT results
indicate the dominant participation of the pyrazole carboxamide
ligand in the charge transfer process, particularly in FCZN and
FDZN. The solution-synthesised OLED of FCZN doped in a
blend of MCP and polystyrene showed an efficiency of 7.8 cd A−1

with emission in the sky blue region.
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