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Abstract The synthesis, structure and photophysical prop-
erties of series of new luminescent cyclometalated Iridium
(II) complexes are reported. The cyclometalated ligand
used here is 2-aryl imidazole and the auxiliary ligand is
acetyl acetone (acac). The crystal structure of the complex
(dmdpi),Ir(acac) (5) show that the Iridium(IIl) ion resides
in a distorted octahedral environment. All complexes
exhibit bright photoluminescence (PL) at room temperature
and (fpdmdmpi),lr(acac) 4 has a high solution PL quantum
efficiency of 0.56. The role played by electron releasing and
electron withdrawing substituents of the 2-arylimidazole
ligands towards the stability of HOMO and how the
substituent influences the luminescent behaviour are dis-
cussed. Furthermore those substituents have effect on the
contribution to mixing between 3(rt-7t*) and *(MLCT) for the
lowest excited states.

Keywords Mixed LC and MLCT excited states - Spin-orbit
coupling - Colour tuning - DFT calculation - HOMO-LUMO
orbitals - Transphobia

Introduction

Organometallic complexes possessing a heavy transition-
metal element are crucial for the fabrication of phospho-
rescent organic light-emitting devices (OLEDs) [1-7]. The
strong spin-orbit coupling effectively promotes intersystem
crossing as well as enhances the subsequent emissive decay
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from the triplet excited state to the ground state, facilitating
strong phosphorescence by harvesting both singlet and
triplet excitons. Because an internal quantum efficiency as
high as 100% can theoretically be achieved, these heavy-
metal containing emitters are superior to their fluorescent
counterparts in OLED applications [1, 8]. Iridium-based
emitters are considered to be the seminal generation of
phosphorescence emitters due to their high stability, high
photoluminescence (PL) efficiency and relatively short
excited state lifetime. A major effort in the research of
phosphorescent materials is the designing new cyclometa-
lated ligands or auxiliary ligands to tune the emission
colour of the resulting complexes [9—11]. The research
group by Thompson et al., have synthesized and reported a
neutral emissive cyclometalated Iridium (IIT) [12, 13] and
platinum(II) [14] complexes and used them in the fabrication
of OLEDs as a phosphorescent dopant successively. A series
of Iridium (III) complexes with fluorinated 2-arylpyridines
have been synthesized and characterized and showed that the
emissive colours of the materials can be finely tuned by
systematic control of the nature and position of the substituent
of the ligands [15]. Furthermore a series of Iridium(III)
complexes with substituted 2-phenylbenzothiozoles as the
cyclometalated ligands have also synthesized and character-
ized and showed that the electroluminescent (EL) efficiency
and emissive colours of OLEDs based on these Iridium(III)
complexes could be finely tuned by suitable modification of
the substituent on ligands [16]. The classification into ligand
centered (LC) T-T* and metal to ligand charge-transfer
(MLCT) transitions is normally made on the basis of
luminescence lifetimes and band shapes, whereas the active
ligand in mixed-ligand complexes is identified by electro-
chemical measurements. Quite often room-temperature solu-
tion spectra are sufficient for such a classification, but in
some cases, especially when the LC and MLCT excited
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states lie close to each other, solid-state spectroscopic
methods at cryogenic temperatures have to be applied. These
research activities inspired us to initiate a systematic study
[17-20] on the luminescent behaviour of new cyclometalated
novel Iridium (IIT) complexes by both experimentally and
also theoretically and we have exploited that the substantial
mixing between these states of lowest excited LC and MLCT
states in the title compound and that there is.

Experimental
Materials and Methods

Iridium(IIT) trichloride trihydrate (IrCl;-3H,0, Sigma-
Aldrich Ltd.), 2-ethoxyethanol (H;C,OC,H,OH, S.D. fine)
and all the other reagents used without further purification.

Optical Measurements and Compositions Analysis

The ultraviolet-visible (UV-vis) spectra of the phosphorescent
Ir(IIT) complexes were measured in an UV-vis spectropho-
tometer (Perkin Elmer Lambda 35) and corrected for
background absorption due to solvent. Photoluminescence
(PL) spectra were recorded on a (Perkin Elmer LS55)
fluorescence spectrometer. The solid-state emission spectra
were recorded on fluoromax 2 (ISA SPEX) xenon-Arc lamp
as a source. NMR spectra were recorded on a Bruker
400 MHz NMR spectrometer. MS spectra (EI and FAB) were
recorded on a Varian Saturn 2200 GCMS spectrometer. Cyclic
voltammetry (CV) analyses were performed by using CHI
630A potentiostap electrochemical analyzer. Measurements
of oxidation and reduction were undertaken using 0.1 M tetra
(n-butyl)ammonium-hexafluorophosphate as the supporting
electrolyte, at scan rate of 0.1 Vs '. The potentials were
measured against an Ag/Ag” (AgCl) reference electrode
using ferrocene/ferrocenium (CP,Fe/CP,Fe") as the internal
standard. The onset potentials were determined from the
intersection of two tangents drawn at the rising current and
background current of the cyclic voltammogram.

General Procedure for the Synthesis of Ligands

The various substituted 2-arylimidazole ligands were
prepared from an unusual four components assembling of
Butan-2,3-dione, ammonium acetate, substituted aryl amine
and an substituted arylaldehyde as shown in Scheme 1 [21].

1. 4,5-dimethyl-2-phenyl-1-p-tolyl-1H-imidazole (dmpti)

Yield: 48%. "H NMR (400 MHz, CDCl5): & 2.42 (s, 3H),
2.31 (s, 3H), 2.02 (s, 3H), 7.02—7.36 (aromatic protons). >C
NMR (100 MHz, CDCly): & 9.57, 12.76, 21.19, 12545,
127.54, 127.63, 127.97, 128.01, 130.11, 130.92, 133.41,
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135.34, 138.37, 145.15. Anal. calcd. for C1gH gN»: C, 82.41;
H, 6.92; N, 10.68. Found: C, 82.12; H, 6.02; N, 10.08. MS:
m/z 262.15, calcd. 262.00.

2. 2-(4-fluorophenyl)-4,5-dimethyl-1-p-tolyl-1H-imidazole
(fpdmti)

Yield: 40%. '"H NMR (400 MHz, CDCl5): & 2.01 (s, 3H),
2.29 (s, 3H), 2.43 (s, 3H), 6.87—7.34 (aromatic protons). >C
NMR (100 MHz, CDCls): & 9.53, 12.69, 21.18, 114.92,
115.10, 125.44, 127.16, 129.89, 130.20, 133.35, 135.13,
138.57, 144.28, 161.26, 163.23. Anal. calcd. for C;gH,;;N,F:
C, 77.12; H,6.11; N, 9.99. Found: C, 76.24; H, 5.98; N, 8.99.
MS: m/z 280.00, calcd. 280.14.

3. 4,5-dimethyl-1-(3,5-dimethylphenyl)-2-phenyl-1H-im-
idazole (dmdmppi)

Yield: 45%. "H NMR (400 MHz, CDCly): & 1.98 (s, 3H),
2.27 (s, 3H), 2.29 (s, 6H), 6.77-7.36 (aromatic protons). >C
NMR (100 MHz, CDCly): & 9.65, 12.77, 21.27, 125.54,
125.59, 127.59, 127.97, 128.03, 130.02, 130.07, 133.53,
137.88, 139.33, 144.98. Anal. calcd. for CoH,oN>: C, 82.57;
H, 7.29; N, 10.14. Found: C, 82.01; H, 6.89; N, 9.12. MS:
m/z 276.00, calcd. 276.16.

4. 2-(4-fluorophenyl)-4,5-dimethyl-1-(3,5-dimethylphenyl)-
1H-imidazole (fpdmdmpi)

Yield: 45%. "H NMR (400 MHz, CDCl5): & 1.99 (s, 3H),
2.27 (s, 3H), 2.31 (s, 6H), 6.77-7.34 (aromatic protons).">C
NMR (100 MHz, CDCls): & 9.5, 12.69, 21.15, 114.81—
163.41(aromatic carbons). Anal. calcd. for C;oH;oN,F: C,
77.52; H, 6.51; N, 9.52. Found: C, 77.01; H, 6.02; N, 9.21.
MS: 294.00, calcd. 294.15.

General Procedure for the Synthesis of Iridium Complexes
(1-4)

The 2-aryl imidazole based cyclometalated iridium com-
plexes 1-4 were readily synthesized from IrCl;-3H,0O and
the 2-aryl imidazole ligands to give the corresponding
dimeric species via the Nonoyama route [22] followed by
the treatment with acetylacetone in the presence of K,COj3
as shown in Scheme 1. These complexes are purified by
column chromatography using hexane-ethyl acetate as the
eluent.

1. Iridium(IlT)bis(4,5-dimethyl-1-(p-methylphenyl)-2-phenyl-
1H-imidazolato-N,C2”)(acetyl acetonate) (Ir(dmpti),
(acac)), 1

Yield: 55%. 'H NMR (400 MHz, CDCLy): 5 1.26 (s,2H),
1.54 (s, 3H), 1.76 (s, 3H), 2.00 (s, 3H), 2.17 (s,3H), 2.20 (s,
3H), 2.49 (s,6H), 5.27 (s, 1H). 6.13 (dd,1H, J=1.0,9.5 Hz),
6.36 (dd,1H, J=4.2,10.53 Hz), 6.48 (dd,2H, J=1.12,7.6 Hz),
6.52 (dd2H, J=132,7.08 Hz), 7.00 (s,1H), 7.24 (dd,1H,
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J=3.00, 7.00 Hz), 7.31 (d,1H, J=2.5 Hz), 7.33 (d,3H,
J=2.5 Hz), 7.34 (dd,3H, J=5.5, 7.5 Hz), 7.52 (s,1H). "*C
NMR (100 MHz, CDCly): & 9.34, 14.10, 15.16, 21.37,
22.68,27.09, 29.69, 119.94, 127.97, 129.50, 130.58, 133.86,
182.10. Anal. calcd. for C41H4,IrN,4O,: C, 60.50; H, 5.08; N,
6.88. Found: C, 59.86; H, 4.35; N, 6.01. MS: m/z 814.00,
calcd. 814.29.

2. Iridium(IT)bis(4,5-dimethyl-1-(p-methylphenyl)-2-fluo-
rophenyl-1H-imidazolato-N,C2’)(acetyl acetonate) (Ir
(fpdmti),(acac)), 2

Yield: 62%. "H NMR (400 MHz, CDCl5): & 1.26 (s,3H),
1.56 (s, 3H), 1.78 (s, 3H), 1.99 (s, 6H), 2.18 (s, 3H), 2.49
(s, 6H), 5.30 (s,1H), 6.08 (s,1H), 6.10 (d,2H, J=2.00 Hz),
7.26 (s,2H); —7.36 (m,8H). '*C NMR (100 MHz, CDCl5): 5
9.29, 10.41, 21.39, 27.15, 28.34, 29.71 101.02, 102.10,
120.26, 122.50, 122.92, 128.11, 130.59, 133.35, 182.60,
184.25,. Anal. calcd. for C4;H30IrN4O5: C, 57.93; H, 4.62;
N, 6.59. Found: C, 56.89; H, 4.72; N, 5.01. MS: m/z
850.00, calcd. 850.27.

3. Iridium(IT)bis(4,5-dimethyl-1-(3,5-di-methylphenyl)-
2-phenyl-1H-imidazolato-N,C2’)(acetyl acetonate) (Ir
(dmdmppi),(acac)), 3

Yield: 62%. 'H NMR (400 MHz, CDCLy): & 1.65
(s, 6H), 1.79 (s, 6H), 2.04 (s, 6H), 2.23(s, 6H), 2.39 (s,
6H), 2.43 (s, 6H),5.30 (s,1H), 6.17 (d,2H, J=7.5 Hz), 6.40
(d,2H, J=7.23 Hz), 6.51(d,2H, J=7.00 Hz), 6.57 (d,4H,
J=7.50 Hz), 6.99 (s,2H), 7.09 (s,2H), 7.19 (s,2H). 13C NMR
(100 MHz, CDCls): & 9.35, 10.47, 21.18, 28.27, 119.42,
121.70, 123.16, 125.91, 126.54, 130.97, 132.38, 134.09,
136.52, 137.29, 139.59, 144.70, 156.78, 183.99. Anal. calcd.
for C43HysIrtN4O,: C, 61.33; H 5.39; N, 6.65. Found: C,
61.00; H, 4.72; N, 5.01. MS: m/z 842.00, calcd 842.32.

4. Iridium(Il)bis(4,5-dimethyl-1-(3,5-di-methylphenyl)-2-
fluorophenyl-1H-imidazolato-N,C2’)(acetyl acetonate)
(Ir(fpdmdmpi),(acac)), 4

Yield: 62%. '"H NMR (400 MHz, CDCl3): & 1.82 (s,
6H), 2.04 (s, 6H), 2.21 (s, 6H), 2.41 (s, 6H), 2.43 (s,
6H),5.33 (s,1H), 6.13(t, 6H, J=4.75 Hz), 7.00(s,1H), 7.06
(s, 2H), 7.20 (s,1H) ."”>*C NMR (100 MHz, CDCl5): & 9.33,
10.36, 21.19, 28.33, 100.85, 106.25, 106.43, 120.01,
122.84, 123.30, 125.83, 131.16, 132.12, 133.38, 136.24,
139.73, 148.11, 156.03, 160.39, 162.37, 184.19. Anal.
calcd. for C43H43IrN4O,: C, 58.82; H 4.94; N, 6.38. Found:
C, 58.80; H, 4.72; N, 5.01. MS: m/z 878.00, calcd 878.30.
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Theoretical Calculations

All calculations were performed using density functional
theory (DFT) as implemented in the Gaussian 03 program
[23]. The geometry optimization was carried out by B3LYP
level using LANL2Z basis set [24].

Results and Discussion
Photophysical Properties

In order for these iridium (III) complexes to be useful as
phosphors EL devices, strong spin-orbit coupling must be
present to efficiently mix the singlet and triplet excited
states. Clear evidences for mixing of the singlet and triplet
excited states are seen in both the absorption (Fig. 1) and
emission spectra (Fig. 2) of these complexes. Absorption
and emission spectra were measured in various solvents at
298 K for complexes 1-4 and the pertinent data are
summarized in Table 1. All the absorption spectra of these
complexes display intense multiple absorption bands
appearing in ultraviolet part of the spectrum between 250
and 425 nm. The measured energies and extinction
coefficients are comparable to the free 2-aryl imidazole
ligands. Hereby, these features are assigned to the spin-
allowed intra ligand 7t-7t* transition of the imidazole
ligands. Both singlet MLCT (‘MLCT) and triplet MLCT
(*MLCT) bands are typically observed for these complexes
in all solvents. For example, [Ir(dmpti),(acac)] (1), shows
weak and broad absorption bands in the wavelength region
328 and 380 nm in dichloromethane at 298 K. According to
the previous papers [12, 25], these weak bands located at
long wavelengths have been assigned to the MLCT
transitions of Iridium complexes. Thus, the broad absorp-
tion shoulders at 328 and 383 nm observed for (Ir
(dmpti),(acac)] (1), are likely to be ascribed to the 'MLCT
[d m(Ir)—m (ligand)] and *MLCT [d 7(Ir)—7r*(ligand)],
respectively. The intensity of the *"MLCT transition is close
to that of "MLCT, suggesting that the "MLCT transition is
strongly allowed by an effective mixing of singlet-triplet
with higher lying spin-allowed transitions on the cyclo-
metalated ligands [12]. This mixing is facilitated by the
strong spin-orbit coupling of the iridium centre. In analogy,
the weak absorption bands of [Ir(fpdmti), (acac)] (2), at
337 and 376 nm are assumed to the '"MLCT and *MLCT
transitions, respectively. The broad and weak absorption
band of [Ir(dmdmppi),(acac)](3) in the range of 355 and
415 nm appear to be the "MLCT and *MLCT transition and
for[Ir(fpdmdmpi),(acac)] (4) the weak absorption bands are
at 376 and 408 nm. The similarity of the *MLCT energies
for these complexes is unsurprising, since these complexes
have similar *MLCT states involving the same fragment of
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Fig. 1 The UV-vis absorption spectra of the complexes 1-4 in
CH,Cl,

the 2-arylimidazole ligand. All these complexes show
similar structural features in their emission spectra (Table 1),
with emission maximum 505, 507,510 and 514 nm respec-
tively, in dichloromethane whereas in comparison with the
complexes 1 and 3, the emission spectra of 2 and 4 are
broad. The emission spectra of complexes 1 and 2 are
slightly blue-shifted in comparison with that of complexes
3 and 4. [Ir(dmpti),(acac)] (1) is blue shifted (5 nm) in
comparison with that of Ir(dmdmppi),(acac) (3). Similarly,
complex 2 is blue-shifted (7 nm) in comparison with that of
4, which is the result of the introduction of electron
withdrawing fluorine substituent into the phenyl ring
attached to C(2) carbon of the imidazole ring in complexes
2 and 4. The photophysical studies of these complexes
demonstrate that the electron releasing substituent increases
the absorption and emission energies of complexes by
stabilizing the HOMO, leaving the LUMO largely un-
changed. Besides increasing the emission energy, the lower
HOMO energies increase the energy separation between the
"MLCT and >LC states, which in turn modified the excited
state properties of the iridium complexes.

The frontier orbital components are obtained from the
DEFT calculations. The atomic orbital contributions for each
complex, expressed in percentage, are given in Table 2.
Percentage contributions were calculated from Eq. 1, where
n is the atomic orbital coefficient and ¥'n? is the sum of the
squares of all atomic orbital coefficients in a specific
molecular orbital [26].

{nz / an] x 100 = %contribution (1)

Each complex is divided into three parts namely, the metal
iridium, 2-arylimidazole ligand and auxiliary ligand acetyla-
cetone. The percentage contribution of each part is the sum of
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Fig. 2 a The photoluminescence emission spectra of the complexes 1 and 3 in CH,Cl, and b the photoluminescence emission spectra of the

complexes 2 and 4 in CH,Cl,

the atomic orbital coefficient square (Table 2). In general, for
these complexes, their occupied orbitals (HOMO-1 and
HOMO) compositions primarily localize on the ligand,
admix with some contributions from the auxiliary ligand to
metal iridium. In the case of fluoro substituted complexes 2
and 4, the contributions of metal iridium and auxiliary ligand
to the HOMO are decreasing. Besides, the two unoccupied
orbitals (LUMO and LUMO+1) composition in each
complex essentially localized on the ligand (over 95%)

Solvatochromism of the Complexes 14

The absorption peaks of the complexes 1-4 are almost
same in different solvents (Table 1). This suggests that the
polarity of the solvent has very little influence on the
ground state energy level of the complexes. However
variation in the emission peak of the complexes 1-6 was
observed in different solvents. The representative spectra of
complex [Ir(dmpti),(acac)] 1 is shown in Fig. 3. The
emission peak of complexes 1-4 are around 430 nm in
n-hexane (non-polar), 512 nm in ethanol (polar protic
solvent), 505 nm in CH,Cl, (medium polarity) and 528 nm
in acetonitrile (a strongly polar aprotoic solvent). The peak
shift may be due to the stronger interaction between the
solvents and the excited state molecules. The excited state
of all iridium complexes are more stabilized in polar
solvents than in non-polar solvents which leads to red shift
of emission with increasing solvent polarity [27] (Fig. 4).
The photo luminescent peak of solid state (representative
spectrum of complex 1 is shown in Fig. 3) of all complexes
are almost similar to that of emission in non-polar solvent
(n-hexane) which shows that there is very little or no
influence of molecular interaction on the excited state of
iridium complexes in the solid state [27].

Mixing of Excited States (LC and MLCT)

Phosphorescence of mononuclear metal complexes origi-
nates from the ligand-centered excited state, metal-centered
excited state and MLCT excited state. For the cyclo-
metalated iridium (III) complexes, the wave function of
the excited triplet state @, responsible for the phosphores-
cence is expressed as,

(I)T = a<I>T(7r — ﬂ'*) + b@T(MLCT) (2)
where ‘a’ and ‘b’ are the normalized co-efficients,
(r-mt*) and &1 (MLCT) are the wave function of *(7r-7%)
and *(MLCT) excited states, respectively. For these
iridium complexes, the wave function of the triplet state
(®1) responsible for the phosphorescence and Eq. 2
implies that the excited triplet state of these iridium
complexes are mixture of ®t (m-1*) and &t (MLCT)
[28]. The triplet state is attributed to dominantly *7r-7r*
excited state when a > b and dominantly *MLCT excited
state when b > a.

According to the previous report [12] phosphorescence
spectra from the ligand-centered ‘7-7t* state display
vibronic progressions while those from *MLCT sate are
broad and featureless. The phosphorescence spectra of
these complexes (1-4) obtained at 298 K show signifi-
cant broad shape and also vibronic fine structure. The
luminescence spectra of complexes 1 and 3 reveal that
broad shape of the luminescence spectra whereas the
vibration pattern of the photoluminescence spectra were
observed for the complexes 2 and 4. Complexes 1 and 3
have excited state with large contribution of *MLCT
whereas complexes 2 and 4 have excited state with large
contribution of *(rt-7t%).
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Table 1 Photoluminescence spectral data of various solvents and solid emission spectra of complexes 1-6

Solvent Absorption” (A, nm) (log ) Emission® (A, nm)
1 2 3 4 1 2 3 4
n-Hexane 251 (3.98) 257 (3.98) 260 (3.94) 275 (3.98) 431 440 502 504
329 (3.68) 330 (3.85) 325 (3.74) 328 (3.85)
385 (3.33) 378 (3.52) 382 (3.49) 371 (3.71)
- - 425 (3.35) 394 (3.32)
1,4-dioxan 290 (3.99) 277 (3.95) 272 (3.94) 276 (3.99) 444 445 455 458
330 (3.70) 293 (3.78) 320 (3.78) 313 (3.85)
385 (3.29) 326 (3.60) 373 (3.60) 374 (3.61)
- 378 (3.36) - -
Benzene 279 (3.91) 275 (3.91) 280 (3.95) 275 (3.92) 430 428 450 454
328 (3.64) 331 (3.84) 354 (3.88) 337 (3.74)
382 (3.37) 382 (3.56) 390 (3.70) 370 (3.50)
- 408 (3.35) 417 (3.50) 393 (3.23)
Chloroform 255 (3.91) 267 (3.98) 243 (3.98) 241 (3.94) 489 491 498 500
328 (3.71) 333 (3.76) 269 (3.85) 274 (3.78)
385 (3.44) 379 (3.44) 378 (3.69) 339 (3.51)
- - 411 (3.45) 381 (3.23)
Ethyl acetate 274 (3.91) 276 (3.96) 275 (3.91) 277 (3.98) 476 487 500 510
328 (3.71) 339 (3.76) 350 (3.78) 322 (3.94)
383 (3.44) 376 (3.53) 383 (3.62) 351 (3.78)
- - 416 (3.37) 396 (3.61)
Dichloromethane 276 (3.96) 270 (3.96) 230 (4.09) 256 (3.94) 505 507 510 514
328 (3.63) 337 (3.76) 274 (3.97) 330 (3.85)
383 (3.35) 376 (3.51) 355 (3.35) 376 (3.72)
- - 415 (3.06) 408 (3.51)
1-Butanol 256 (3.86) 263 (3.96) 224 (3.96) 281 (3.94) 510 515 518 520
329 (3.39) 327 (3.86) 267 (3.89) 346 (3.85)
382 (3.01) 382 (3.70) 336 (3.74) 390 (3.77)
- 398 (3.47) 398 (3.49) 406 (3.61)
Ethanol 256 (3.95) 263 (3.95) 275 (3.95) 273 (3.98) 512 518 520 525
332 (3.65) 285 (3.77) 350 (3.75) 336 (3.85)
385 (3.49) 330 (3.59) 387 (3.51) 380 (3.77)
- 376 (3.41) 410 (3.29) 403 (3.61)
Methanol 257 (3.91) 256 (3.96) 274 (3.90) 275 (3.98) 515 520 522 528
328 (3.65) 330 (3.83) 330 (3.78) 355 (3.88)
388 (3.47) 381 (3.59) 380 (3.67) 385 (3.72)
- - 404 (3.44) 402 (3.51)
Acetonitrile 260 (3.95) 266 (3.94) 276 (3.78) 273 (3.98) 528 539 540 552
331 (3.74) 314 (3.72) 345 (3.69) 332 (3.88)
382 (3.49) 378 (3.42) 386 (3.68) 386 (3.72)
- - 415 (3.47) 404 (3.61)
Solid emission spectra 431.7 441 501 503.8

2 UV-vis absorption measured in solution concentration=1x10"> M

b . . . . _
Photoluminescence measured in solution concentration=1x10"* M

In addition to *MLCT absorption bands with high
intensity, strong spin-orbit coupling in iridium (III) com-
plexes leads to efficient phosphorescence in these com-
plexes. The absolute PL quantum yields were measured by
comparing fluorescence intensities (integrated areas) of a
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standard sample (Coumarin 46) and the unknown sample
according to the following Eq. 3:

Dy = ‘I’std(

Iunk
Istd

I

AStd ) <nunk> ?
Aunk Nstd

3)
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Table 2 DFT calculated% composition of selected frontier orbitals of 1 and 2 expressed in component fragments

Complex Components HOMO-1 (eV) HOMO (eV) LUMO (eV) LUMO+1 (eV)

Ir(dmpti),(acac) (1) Ir 10.3 15.8 7.9 0.9
ligand 89.7 84.2 92.1 99.1

Ir(fpdmti)(acac) (2) Ir 59 12.6 7.1 5.0
ligand 94.1 87.4 92.9 95.0

where @y, is the fluorescence quantum yield of the ky =1/7— ®,/7 (5)

sample, ®yq is the fluorescence quantum yield of the 1

standard; I, and /4 are the integrated emission intensities 7 = (ke + kar) (6)

of the sample and the standard, respectively. Ak, and Aggq
are the absorbances of the sample and the standard at the
excitation wavelength, respectively. 7y, and 7y are the
indexes of refraction of the sample and standard solutions.
The main decay route of the excited state of these
complexes (1-4) and their radiative and non-radiative
decay (Table 3) are studied in detail (Fig. 5a). The radiative
(k) and non-radiative (k,,) rate constants are calculated by,

ki = ®p/z (4)

PL Normalized (a.u)

350 400 450
Wavelength (nm)
—~ — Solid emission spectra Dichloromethane
—— n-Hexane —— 1-Butanol
— Benzene Methanol
—— Chloroform Ethanol
Ethyl acetate —— Acetonitrile

Fig. 3 The solid state and the solvatochromic emission spectra of the
complex 1

where k, and k,, are the radiative and non-radiative
deactivation, T¢ is the life time of the S; excited state. The
low quantum yields could be explained by non-radiative
paths to the low-lying n-7t* states of the nitrogen atoms. All
these complexes (1-4) exhibit appreciable phosphorescence
quantum yields at room temperature under nitrogen
condition (Fig. 5b). These values appear to be high for
(fpdmdmpi),Ir(acac) (4) complex [29]. Moreover, radiative
lifetime of these complexes fall in the range of 1.4-2.3 ps.
Among these complexes, a significant feature of the highly
emitting (fpdmdmpi),Ir(acac) (4) has short triplet excited
state lifetime which is 1.4 us.

From the viewpoint of the relationship between maxi-
mum emission peak wavelength of photoluminescent
spectra and decay rate constants, two trends are evident
for the iridium complexes 1-4. The radiative rate constant
(k;) increases with increase in the red shift (Fig. 5c)
however the non-radiative decay rate constant (k,,) does
not show monotonous change i.e., nearly same for all
complexes [29].

Description of the Structure of Ir(dmdpi),(acac) (5)

In continuation of our previous work [20], the crystal
structure of the complex, Ir(dmdpi),(acac) 5 [20] is
represented with an ORTEP diagram in Fig. 6 and selected
bond lengths and bond angles are presented in Table 4. All
these complexes exhibits an octahedral geometry around
metal iridium and prefers cis-C,C and frans-N,N chelate
disposition instead of trans-C,C and trans-N,N chelate.
Electron rich phenyl rings normally exhibit very strong
influence and trans effect. Therefore, the trans-C,C
arrangement is expected to be thermodynamically higher
in energy and the kinetically more labile [30]. This well
known phenomenon has been referred to as “transphobia”
[31]. The Ir—C bonds of the complex 5, i.e. Ir—C,,=1.998 A
was found to be shorter than Ir—N bonds i.e., Ir-N,,=2.055
A. The Ir-O bond length [2.153A] is longer than the mean
Ir-O bond length (2.088A) reported [32-34] and these
observations reflect the frans influence of the phenyl

@ Springer



1592

J Fluoresc (2011) 21:1585-1597

540

520

500

480

460

440

420

400
25 35 45 55 65

Er(30)

550
540 @
530 S

520 *
510
500 * *
490
480
470
460
450 @
440

Aem (nm)

25 35 as 55 65
Et(30)

Fig. 4 Plot of A, versus E1(30)

groups. All other bond lengths and bond angles are
analogous to the similar type of complexes.

Electrochemistry

The electrochemical properties of the cyclometalated
iridium complexes were examined by cyclic voltammetry.
The redox potentials were measured relative to an internal
ferrocene reference (Cp,Fe/Cp,Fe =0.45 V versus SCE in
CH,Cl, solvent) [35, 36] are given in Table 5. As revealed
previously [37, 38] the reductions occur primarily on the
more electron accepting heterocyclic portion of the cyclo-
metalated 2-arylimidazole ligands LUMO contribution)
whereas the oxidation process is generally considered to
largely involve the Ir-phenyl centre (HOMO contribution).

A em (nm}

Aem (nm)

540
520
500
480
460
440
420

400

560

540

480

460 B

440

The energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) were calculated using the following Eqgs. 7 and
8 and the calculated values are given in Table 5.

Enomo = 4.4 + E(onset) (7)

Erumo = Enomo — 1239/ Aaps (8)

The iridium complexes show reversible oxidation be-
haviour and these complexes exhibit HOMO levels ranging
of 5.15-5.36 eV. The HOMO level of complexes 3 and 4
are higher than those reported for other iridium complexes
[5.2 eV for Ir(ppy)s(acac) and 5.16 eV for Ir(btp),(acac)]

Table 3 Photophysical
properties of iridium complexes

1-5

#UV-vis absorption measured in
CH,Cl, solution, concentration=
1x10~° M. ® Photoluminescence

Complex Quantum yield (y) Lifetime (us) 298 K ke (us™h ke (us™ 1)
Ir(dmpti),(acac) (1) 0.29 2.2 0.13 0.32
Ir(fpdmti),(acac) (2) 0.32 2.0 0.16 0.34
Ir(dmdmppi),(acac) (3) 0.42 1.6 0.26 0.36
Ir(fpdmdmpi),(acac) (4) 0.56 14 0.40 0.31
Ir(dmdpi),(acac) (5) [20] 0.08 2.3 0.03 0.40

measured in CH,Cl, solution,
concentration=1x10"* M
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Fig. 5 a Plot of A.,; versus Quantum yield. b Plot of of A.,,; versus k. ¢ Pathway of k; and k;,,

[38]. The LUMO energies were calculated based on the  maximum energy gap (Fig. 7). These results reveal that the
HOMO energies and the lowest-energy absorption edges of ~ mono-methyl substituted complexes 1 and 2 show emission
the UV-vis absorption spectra [20, 36]. The calculated  with the shorter wavelength [505 (1), 507 (2)] (minimum £,)
energy gap (£, = HOMO-LUMO) for complexes 1 and 2~ whereas dimethyl substituted complexes [Ir(dmdmppi)s(a-
are minimum whereas complexes (3) and (4) exhibit  cac) (3) and Ir(fpdmpi),(acac) (4)] (maximum Eg) exhibit

Fig. 6 ORTEP diagram for
complex (5)
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Table 4 Selected bond distances [A°] for (Ir(dmdpi),(acac) 5

Complex Atom (1)-Atom(2)  Distance [A°]  Average distance [A°]  Atom (1) — Atom(2) — Atom(3) (°) Bond angle (°)
Cl1-Ir1-C18 92.5 (93.1)
Ir(1)-N(1) 2.012 (2.053) C1-Ir1-N1 81.0 (82.6)
C18-Ir1-N1 93.5 (94.2)
Ir-N,,=2.055 (2.077) N3-Ir1-N1 171.0 (171)
Ir(1)-N(3) 2.089 (2.100) Cl1-Ir1-01 89.2 (90.1)
Cl-Ir1-01 86.1 (90.0)
N3-Ir1-O1 101.0 (103.2)
Ir(1)-C(1) 1.994 (2.000) Cl1-Ir1-02 176.8 (178.0)
C18-Ir1-02 90.7 (92.6)
Ir(dmdpi),(acac), 5 Ir-C,,=1.998 (2.004) N1-Ir1-02 176.8 (178.0)
Ir(1)-C(18) 2.002 (2.008) N3-Ir1-02 87.4 (89.2)
Ol1-Ir1-02 87.6 (89.5)
N1-C7-C6 117.4 (119.0)
Ir(1)-0O(1) 2.151 (2.162) N4-C24-C23 110.1 (114.2)
Ir-0,,=2.153 (2.161) C7-Ir1-N1 113.8 (115.6)
N1-C9-C17 120.1 (122.3)
Ir(1)-0(2) 2.154 (2.160) 02-C36-C38 113.3 (115.0)
O1-C35-C37 126.5 (127.8)

Values in the parenthesis are calculated theoretically

emission with maximum wavelength [510 (3) and 514 nm
(4)]. From the energy gap values it was concluded that all the
reported dopants are green emitters (Fig. 8). Substituent
effect of the d orbital (t,g) stabilization of iridium metal
through the carbon atom-iridium bonding and this identifies
with the inductive effect of the substituents. Therefore, the
HOMO stability and the emission energy gap are controlled
by the nature and number of substituents and its inductive
influence on the aromatic ring.

Effect of Substituent in the Phenyl Ring on HOMO

In the present study iridium complexes 1-4 have electron
releasing methyl substituents on the phenyl ring attached to
the nitrogen atom N(1) of the 2-arylimidazole ligand and
electron withdrawing substituent (i.e., fluorine) on the
phenyl ring attached to the carbon atom [C(2)] of the
imidazole ligand (2 and 4). It is obvious that the HOMO
level of complexes 1-4 is strongly affected by the number

of methyl substituent on the phenyl ring attached to the
nitrogen atom of the imidazole moiety (Table 5). Compar-
isons of HOMO values of the iridium complexes reveal that
the HOMO values are higher for complexes 3 and 4 than
complexes 1 and 2. This may be due to the additional
electronic effect exerted by substituent causes stabilization
of iridium complexes through the carbon atom-iridium
bonding. Therefore, the HOMO stability and the emission
energy gap are controlled by the number of substituents and
its inductive influence on the aromatic ring [29].

Theoretical Approaches
Mixing of Excited States (LC and MLCT)
Calculations were performed using density functional

theory (DFT) as implemented in the Gaussian-03 program
[23]. The geometry optimization was carried out by B3LYP

Table 5 Cyclic Voltametry data
of complexes 1-6

# Measurement was carried out in
CH,Cl, solution, concentration=

Complex E (onsery (V) HOMO (eV) LUMO? (eV) E, (eV)
Ir(dmpti),(acac) (1) 0.35 =5.15 —2.80 2.35
Ir(fpdmti),(acac) (2) 0.41 -5.21 -2.91 2.30
Ir(dmdmppi),(acac) (3) 0.49 -5.29 -3.09 2.22
Ir(fpdmdmpi),(acac) (4) 0.56 —5.36 -3.24 2.12
Ir(dmdpi),(acac) 5 0.20 —5.02 -2.52 2.50

1x107° M
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Fig. 7 HOMO-LUMO energy levels of the complexes 1-5

level using LANL2Z [24] basis set. The well known
iridium complex Ir(ppy); was used as a reference that had
SMLCT dominant lowest excited state [29] for which the
calculated Mulliken charge difference on iridium atom
between the ground state and the lowest triplet excited state
was 0.45. The calculated Mulliken charges are 0.34 for Ir
(fpdmti),(acac) (2) and 0.42 for Ir(dmpti),(acac) (1) and
this result strongly supports that *7r-rc* is dominant for
complex Ir(fpdmti),(acac) (2) owing to small reduction of
Mulliken charge on iridium when compared with Ir(ppy)s
and *MLCT is dominant for complex Ir(dmpti),(acac) (1)
[23] owing to close to the value of Ir(ppy)s.

HOMO-LUMO Orbitals of Ir(dmpti),(acac) (1)

The DFT calculations suggest that the highest occupied
molecular orbital (HOMO) of these complexes are mainly
localized on the phenyl rings of the 2-arylimidazole ligand
and iridium center. On the contrary, the lowest unoccupied
molecular orbital (LUMO) is localized on the imidazole

» | R 1

Ir (dmdmppi) ,(acac) Ir(fpdmdmpi),(acac)

Fig. 8 Solution color of the photoluminescence for complexes 3 and
4

ring. The orbital picture predicts that variation in the
electronic properties of the ligands should have an effect
on the energy of the excited state and thereby confirmed the
existence of remarkable photoinduced charge transfer
properties [39].

Colour Tuning Based on DFT Calculations

On the basis of DFT calculation [23], the HOMO is
localized the imidazole ring and iridium center and LUMO
is localized on the imidazole ring. Therefore it is decided to
substitute the electron withdrawing substituent (i.e., fluoro)
at para position of the phenyl ring attached to the carbon C
(2) of the imidazole ring to stabilize LUMO energy and
electron releasing substituent in the phenyl ring attached to
the nitrogen N(1) of the imidazole ring for color tuning.
From the emission peaks (Table 1) it was concluded that
increasing the number of methyl substituent on the
aldehydic part would cause a larger red shift in the emission
spectra and it turns out that this expectation correlates well
with the emission data [25].

Conclusions

We have synthesized a series of Ir(IIl) complex dopants
using various substituted imidazole ligands. These com-
plexes exhibit different quantum efficiencies in solution
depending upon the nature of substituents. The wavelength
can be tuned to greater extent depending upon the
substituents in the ligand. Some of the complexes discussed
here showed *MLCT predominant mixing states for their
lowest excited triplet states. But the degree of mixing
between *MLCT and *7-7t* states of the excited states
varied. The experimental reports are supported by DFT
calculation and effort towards the development of RGB
colour complexes using different substituents are currently
underway and investigation of device studies for these
Iridium complexes are also currently in progress.
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