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a b s t r a c t 

Iridium complexes bearing 2-phenylimidazo[4,5- f ]-[1,10]-phenanthroline with different substituents (- 

CH 3 , -CH(CH 3 ) 2 , -OCH 3 , -C 6 H 5 ) were synthesized and characterized. The effects of different substituents 

and solvents on the photoluminescence properties of the complexes with [Cl] and [PF 6 ] counter anions 

have been investigated. The synthesized complexes show high photoluminescence quantum yield due to 

the extension of the π-electron conjugation of 2-phenylimidazo[4,5- f ][1,10]-phenanthroline ligands. The 

results indicate that the choice of counter anions ([Cl] and [PF 6 ]) has an important influence on the 

quantum yield of the complexes. In toluene, the compound 4 with phenyl substituent exhibits excimer 

emission with increasing solution concentrations in the presence of [Cl] counter anion. The linear corre- 

lation was observed between the redox potentials of the complexes and Hammett Substituent Constants. 

The linear correlation can allow the prediction of the effects of substituents on electrochemical studies. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

In recent years, phosphorescent metal complexes such as ruthe- 

ium, iridium or platinum have attracted interest due to their po- 

ential applications in optoelectronic devices [1] , chemoreceptors 

2] , biosensors [3] . Among these complexes, iridium complexes are 

he most popular in organic light emitting diodes (OLEDs) due to 

olor tunability, shorter radiative lifetime and high quantum yields 

4,5] . The high quantum yields of iridium complexes are related 

o mixing the singlet and the triplet excited states by strong spin- 

rbit coupling [6,7] . The photochemical, photophysical and electro- 

hemical properties of iridium complexes can be tuned by vary- 

ng the ligands [6] . The design of ancillary ligands can affect the 

uantum yield, excited state dynamics, HOMO and LUMO energy 

evels which are important to improve the efficiency of OLED de- 

ices [8,9] . 2-phenylimidazo[4,5- f ][1,10]-phenanthroline derivatives 

s ancillary ligands can be good candidates for the iridium com- 

lexes due to rigid structure and their extended conjugation [10] . 

he rigid conjugated ligands in iridium complexes can lead to ef- 

cient spin-orbit coupling which can decrease nonradiative transi- 

ions. This may result an increase in the quantum yields of irid- 

um complexes [11,12] . The counterions of the complexes can also 

ave an important effect on photophysical properties. The choice 
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f counter anions can influence intermolecular interaction, molec- 

lar aggregation and concentration quenching process for the com- 

lexes [13,14] . 

In this work, iridium complexes bearing 2-phenylimidazo[4,5- 

 ]-[1,10]-phenanthroline with different substituents (-CH 3 , - 

H(CH 3 ) 2 , -OCH 3 , -C 6 H 5 ) and 2-(3-fluorophenyl)-4-methylpyridine 

ere synthesized. Our aim in synthesis of the complexes is to 

ncrease the quantum yield of the molecules by using conjugated 

igands. The complexes exhibit high quantum yield in the pres- 

nce of 2-phenylimidazo[4,5- f ][1,10]-phenanthroline derivatives 

s ancillary ligands. The effect of [Cl] and [PF 6 ] counter anions 

n electrochemical and photophysical properties of the com- 

lexes have been investigated. The thermal, electrochemical and 

hotophysical properties of the synthesized complexes can be 

ppropriate for OLED applications. 

. Experimental section 

.1. Materials 

Iridium(III) trichloride hydrate, 3-fluoro phenylboronic acid, 

-bromo-4-methylpyridine, 1,10-phenanthroline, tetrabutylammo- 

ium hexafluorophosphate (TBAPF 6 ), tetrakis(triphenylphosphine) 

alladium(0) were provided from Aldrich. 4-methoxybenzaldehyde 

nd potassium hexafluorophosphate was obtained from Alfa 

esar. 4-isopropylbenzaldehyde, 4-biphenylcarboxaldehyde, p- 

https://doi.org/10.1016/j.molstruc.2020.129415
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129415&domain=pdf
mailto:cigdemsahin82@gmail.com
https://doi.org/10.1016/j.molstruc.2020.129415


C. Sahin and M. Sahin Journal of Molecular Structure 1226 (2021) 129415 

Scheme 1. Synthetic route of the compounds (1–8). 
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Fig. 1. TGA curves of the compounds (1–4). 
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olualdehyde were obtained from Acros. 1,10-phenanthroline- 

,6-dione [15] , 2-(3-fluorophenyl)-4-methylpyridine (FMeppy) 

16] and [(FMeppy) 2 Ir( μ-Cl)] 2 [17] were prepared according to the 

iterature. All reactions were performed using standard Schlenk 

echniques under argon atmosphere. 

.2. Measurements 

The absorption and photoluminescence (PL) measurements 

ere performed using Shimadzu UV-1601 UV-Vis spectrophotome- 

er and Perkin Elmer LS55 fluorescence spectrometer, respectively. 

ass spectra were obtained using Bruker Microflex LT MALDI-TOF 

S. ATR-FTIR spectra were performed using Perkin Elmer Spec- 

rum Two FT-IR Spectrometer with a diamond ATR. NMR spectra 

ere obtained using Varian VNMRJ 400 NMR instrument. Tetram- 

thylsilane (TMS) was used as reference material for the reported 

hemical shifts. The thermal data of the complexes were ob- 

ained by Netzsch STA 449F5 instrument. Electrochemical data 

ere recorded on CH Instrument 660 B Model Electrochemical 

orkstation. 

.3. Synthesis and characterization 

.3.1. Synthesis of ligands 

2-(4-methylphenyl)-1H-imidazo-[4,5- f ]-[1,10]-phenanthroline 

L 1 ) [18] , 2-(4-isopropyl phenyl)-1H-imidazo-[4,5- f ]-[1,10]- 

henanthroline (L 2 ), 2-(4-methoxyphenyl)-1H-imidazo-[4,5- 

 ]-[1,10]-phenanthroline (L 3 ) [19,20] , 2-([1,1 ′ -biphenyl]-4-yl)- 

H-imidazo-[4,5- f ]-[1,10]-phenanthroline (L 4 ) [21] were pre- 

ared according to the literature procedures starting from p- 

olualdehyde, isopropylbenzaldehyde, 4-methoxybenzaldehyde, 4- 

iphenylcarboxaldehyde, respectively. A mixture of aldehyde (0.12 
2 
mol), 1,10-phenanthroline-5,6-dione (0.12 mmol), ammonium 

cetate (2.38 mmol) and glacial acetic acid (4.5 mL) was refluxed 

or 5 h under argon atmosphere. After the mixture was cooled 

o room temperature, the solution was neutralized with aqueous 

mmonia solution. The resulting solid was filtered and washed 

ith ethanol. The dried product was obtained as a yellow powder. 

2-(4-methylphenyl)-1H-imidazo-[4,5- f ]-[1,10]-phenanthroline 

L 1 ): 57% yield. FTIR (ATR, cm 

−1 ): 3346, 3021-3041, 2881-2921, 

606, 1551. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 8.82 (s, 4H), 8.14 

d, 2H), 7.42 (s, 2H), 7.20 (d, 2H), 2.30 (s, 3H). 13 C NMR (DMSO- d ,
6 
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Fig. 2. UV-Vis absorption spectra of 3 × 10 −6 M solution of the compounds (1–8) in chlorobenzene. 

Fig. 3. PL spectra of 3 × 10 −6 M solution of the compounds (1-8) in different solvents (CH 2 Cl 2 , chlorobenzene, toluene). 

3 
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Fig. 4. PL spectra of 3 × 10 −7 M, 5 × 10 −7 M, 8 × 10 −7 M, 1 × 10 −6 M, 3 × 10 −6 M solutions of the compounds (1 and 4) in different solvents (dichloromethane, 

chlorobenzene, toluene). 

Fig. 5. The excitation spectra of of 3 × 10 −7 M, 5 × 10 −7 M, 8 × 10 −7 M, 1 × 10 −6 M, 3 × 10 −6 M solutions of the compounds (1 and 4) in toluene. 

4 



C. Sahin and M. Sahin Journal of Molecular Structure 1226 (2021) 129415 

Fig. 6. Cyclic voltammograms of the compounds (1–8) measured with scan rate is 100 mV s −1 in acetonitrile solution. 

1

1

(

1

(  

1

1

M

(

1  

1  

3  

δ
5

p

1

(  

1

1

3

2

m

m

e

t

w

c

T

[

p

3

7

1

(  

(

6  

1

1

1

2

3

7  

8  

7  

6  

2  

M

1

1

M

3

7  

8  

7  

6  

2

p

1

1

1

[

3

7  

8  

7

6

1

p

00.57 MHz) δ ppm: 151.3, 148.2, 143.8, 139.9, 130.0, 127.6, 126.7, 

23.8, 21.4. MALDI-TOF MS (m/z): 311.430 [M + H] + . 
2-(4-isopropylphenyl)-1H-imidazo-[4,5- f ]-[1,10]-phenanthroline 

L 2 ): 64% yield. FTIR (ATR, cm 

−1 ): 3380, 3030-3060, 2930-2965, 

605, 1543. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 9.03 (d, 2H), 8.95 

d, 2H), 8.24 (d, 2H), 7.21 (d, 2H), 7.03 (d, 1H), 6.95 (d, 1H), 2.51 (d,

H), 1.65 (d, 6H). 13 C NMR (DMSO- d 6 , 100.57 MHz) δ ppm: 152.1, 

48.3, 142.9, 139.5, 131.1, 127.3, 126.4, 123.5, 30.2, 22.8. MALDI-TOF 

S (m/z): 339.372 [M + H] + . 
2-(4-methoxyphenyl)-1H-imidazo-[4,5- f ]-[1,10]-phenanthroline 

L 3 ): 52% yield. FTIR (ATR, cm 

−1 ): 3375, 3040-3065, 2890-2910, 

603, 1576. 1 H NMR (CDCl 3 , 400 MHz) δppm: 9.9 (d 1H), 9.01 (d,

H), 8.17 (s, 1H), 8.04 (s, 1H), 7.85 (d, 2H), 7,52 (d, 1H), 7.02 (d,

H), 6.95 (s, 1H), 3.90 (t, 3H). 13 C NMR (DMSO- d 6 , 100.57 MHz)

ppm: 160.9, 151.3, 148.2, 143.7, 131.7, 130.1, 128.9, 123.9, 114.9, 

5.8. MALDI-TOF MS (m/z): 327.189 [M + H] + . 
2-([1,1 ′ -biphenyl]-4-yl)-1H-imidazo-[4,5- f ]-[1,10]- 

henanthroline (L 4 ): 60% yield. FTIR (ATR, cm 

−1 ): 3372, 3050-3080, 

605, 1548. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 8.82 (s, 2H), 8.76 

d, 2H) 8.26 (d,2H) 7.55 (t, 3H), 7.35 (m, 6H). 13 C NMR (DMSO- d 6 ,

00.57 MHz) δ ppm: 150.9, 148.3, 146.3, 143.87, 139.63, 130.6, 

30.2, 129.6, 129.5, 129.4, 127.3, 127.1, 123.8. MALDI-TOF MS (m/z): 

73.504 [M + H] + . 

.3.2. Synthesis of iridium complexes (1-4) 

The corresponding compounds (1-4) were prepared using a 

odified literature procedure [22] . [(FMeppy) 2 Ir( μ-Cl)] 2 (0.022 

mol) and phenanthroline ligand (0.047 mmol) were refluxed in 

thanol (7 mL) for 24 h under argon atmosphere. After the mix- 

ure was cooled to room temperature, the product precipitated 

ith diethyl ether. The solid was collected by filtration and pre- 

ipitated again from dichloromethane/diethyl ether for purification. 

he product was obtained as yellow solid. 

Starting from L 1, L 2, L 3 , L 4 ligands, [Ir(FMeppy) 2 L 1 ][Cl], 

Ir(FMeppy) 2 L 2 ][Cl], [Ir(FMeppy) 2 L 3 ][Cl], [Ir(FMeppy) 2 L 4 ][Cl] were 

repared, respectively ( Scheme 1 ). 

[Ir(FMeppy) 2 L 1 ][Cl] (1): 58% yield. FTIR (ATR, cm 

−1 ): 3403, 

037, 2958, 2921, 1621, 1548, 1480, 1456, 1380, 1267, 1121, 820, 

39. 1 H NMR (CDCl , 400 MHz) δ ppm: 10.56 (s, 1H), 9.32 (d, 
3 

5 
H), 8.63 (d, 2H) 8.21 (d, 1H), 8.10 (d, 1H), 7.76 (d, 2H), 7.67 

d, 1H), 7.61 (d, 1H), 7.43 (dt, 1H) 7.35 (d, 2H), 7.15 (d, 1H), 7.11

d, 1H), 7.07 (d, 1H), 6.77 (td, 2H), 6.67 (dd, 2H), 6.56 (d, 1H), 

.28 (dt, 2H), 2.48 (d, 3H), 2.42 (d, 6H). 13 C NMR (DMSO- d 6 ,

00.57 MHz) δ ppm: 167.47, 165.62, 158.92, 151.09, 148.86, 146.01, 

44.50, 140.85, 132.42, 132.09, 132.05, 130.24, 129.06, 127.65, 

27.04, 125.70, 124.65, 121.66, 117.56, 117.37, 111.88, 101.67, 21.46, 

1.01. MALDI-TOF MS (m/z): 874.872 [M-Cl] + . 
[Ir(FMeppy) 2 L 2 ][Cl] (2): 56% yield. FTIR (ATR, cm 

−1 ): 3375, 

046, 2960, 2923, 1621, 1548, 1479, 1442, 1362, 1263, 1176, 811, 

48. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 10.56 (s, 1H), 9.28 (s, 1H),

.64 (d, 2H), 8.23 (d, 1H), 8.13 (m, 1H), 7.76 (m, 2H), 7.67 (d, 1H),

.61 (d, 1H), 7.43 (dd, 3H), 7.16 (d, 1H), 7.11 (d, 1H), 7.07 (d, 1H),

.77 (td, 2H), 6.66 (m, 2H), 6.55 (s, 1H), 6.29 (d, 2H), 2.97 (m, 1H),

.48 (d, 3H), 2.42 (d, 3H), 1.29 (d, 6H). 13 C NMR (DMSO- d 6 , 100.57

Hz) δ ppm: 167.23, 166.23, 165.62, 158.96, 153.48, 151.07, 148.67, 

45.54, 144.50, 144.24, 142.36, 140.88, 132.00, 130.22, 129.00, 

27.02, 125.69, 124.64, 121.64, 117.56, 112.00, 103.07, 33.2, 22.10. 

ALDI-TOF MS (m/z): 904.838 [M + 1-Cl] + . 
[Ir(FMeppy) 2 L 3 ][Cl] (3): 69% yield. FTIR (ATR, cm 

−1 ): 3389, 

045, 2948, 2910, 1615, 1547, 1479, 1440, 1362, 1249, 1177, 819, 

43. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 10.52 (s, 1H), 9.30 (d, 2H),

.69 (m, 2H), 8.09 (m, 2H), 7.77 (d, 2H), 7.68 (d, 1H), 7.61 (d, 1H),

.44 (m, 2H), 7.16 (d, 1H), 7.07 (m, 2H), 6.77 (m, 2H), 6.69 (d, 1H),

.65 (d, 1H), 6.59 (m, 1H), 6.31 (t, 1H), 6.25 (m, 1H), 3.87 (dd, 3H),

.50 (dd, 3H), 2.43 (dd, 3H). 13 C NMR (DMSO- d 6 , 100.57 MHz) δ
pm: 167.67, 166.25, 165.63, 161.56, 161.47, 161.28, 158.91, 151.31, 

51.09, 148.86, 145.56, 144.25, 139.52, 132.69, 132.43, 129.70, 

28.75, 127.49, 127.31, 125.70, 125.24, 124.64, 123.91, 121.67, 117.37, 

15.07, 110.00, 104.83, 55.89, 21.02. MALDI-TOF MS (m/z): 890.958 

M-Cl] + . 
[Ir(FMeppy) 2 L 4 ][Cl] (4): 69% yield. FTIR (ATR, cm 

−1 ): 3368, 

034, 2963, 2908, 1619, 1546, 1476, 1441, 1362, 1260, 1176, 806, 

94. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 10.58 (s, 1H), 9.25 (s, 1H),

.79 (d, 2H), 8.22 (d, 1H), 8.11 (d, 1H), 7.73 (dd, 4H), 7.65 (m, 4H),

.46 (t, 3H), 7.38(d, 1H), 7.21 (s, 1H), 7.11 (d, 2H), 6.78 (td, 2H), 

.72 (m, 1H), 6.66 (t, 1H), 6.58 (m, 1H), 6.32 (t, 1H), 6.25 (m, 

H), 2.48 (s, 3H), 2.43 (s, 3H). 13 C NMR (DMSO- d 6 , 100.57 MHz) δ
pm: 165.63, 162.57, 161.27, 158.96, 152.39, 151.09, 148.89, 145.63, 
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Fig. 7. The correlation between σ p and emission maxima of the compounds (1–4). 
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44.61, 144.46, 144.22, 142.33, 141.15, 139.49, 132.49, 129.56, 

29.12, 128.70, 128.56, 128.26, 127.84, 127.65, 127.47, 127.17, 125.66, 

24.65, 123.82, 119.00, 105.23, 103.03, 21.02. MALDI-TOF MS (m/z): 

37.863 [M-Cl] + . 

.3.3. Synthesis of iridium complexes (5-8) 

The corresponding compounds (5-8) were prepared us- 

ng procedure described in the literature with slight mod- 

fications [23] . [(FMeppy) 2 Ir( μ-Cl)] 2 (0.022 mmol) and corre- 

ponding phenanthroline ligand (0.047 mmol) were refluxed in 

ichloromethane/methanol (6 mL, 2:1, v/v) for 12 h under ar- 

on atmosphere. After the mixture was cooled to room temper- 

ture, KPF 6 (12 mmol) was added and stirred for 3 hours. The 

btained solid was collected by filtration and precipitated again 

rom dichloromethane/diethyl ether for purification. The product 

as obtained as yellow solid. 

Starting from L 1, L 2, L 3 , L 4 ligands, [Ir(FMeppy) 2 L 1 ][PF 6 ], 

Ir(FMeppy) 2 L 2 ][PF 6 ], [Ir(FMeppy) 2 L 3 ][PF 6 ], [Ir(FMeppy) 2 L 4 ][PF 6 ] 

ere prepared, respectively ( Scheme 1 ). 
6 
[Ir(FMeppy) 2 L 1 ][PF 6 ] (5): 61% yield. FTIR (ATR, cm 

−1 ): 3368, 

050, 2948, 2888, 1621, 1550, 1483, 1438, 1360, 1276, 1176, 812, 

53. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 9.93 (s, 1H), 9.23 (d, 1H),

.42 (d, 2H) 8.17 (dd, 1H), 8.10 (dd, 1H), 7.77 (d, 2H), 7.67 (d, 

H), 7.61 (d, 1H), 7.44 (dd, 1H) 7.34 (d, 2H), 7.18 (d, 1H), 7.13 (d,

H), 7.09 (d, 1H), 6.77 (td, 2H), 6.67 (dd, 2H), 6.62 (d, 1H), 6.30 

m, 2H), 2.48 (d, 3H), 2.41 (d, 6H). 13 C NMR (DMSO- d 6 , 100.57

Hz) δ ppm: 175.62, 167.45, 166.21, 165.64, 158.91, 153.47, 151.07, 

48.85, 145.54, 144.22, 140.86, 132.72, 132.04, 130.22, 129.05, 

27.03, 125.67, 124.63, 121.64, 120.92 117.20, 111.84, 105.06, 102.83, 

1.44, 20.87. 19 F NMR (CDCl 3 ) δ ppm: -71.84 (d, 6F, PF 6 ), -121.15 

dq, 2F). MALDI-TOF MS (m/z): 874.947 [M-PF 6 ] 
+ . 

[Ir(FMeppy) 2 L 2 ][PF 6 ] (6): 59% yield. FTIR (ATR, cm 

−1 ): 3358, 

063, 2977, 2951, 1624, 1548, 1478, 1439, 1362, 1275, 1179, 817, 

54. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 9.90 (s, 1H), 9.26 (s, 

H), 8.43 (d, 2H), 8.17 (d, 1H), 8.10 (d, 1H), 7.77 (m, 2H), 7.67 

d, 1H), 7.61 (d, 1H), 7.43 (td, 3H), 7.17 (d, 1H), 7.10 (d, 1H), 

.06 (d, 1H), 6.78 (td, 2H), 6.68 (m, 3H), 6.29 (m, 2H), 2.99 (m, 

H), 2.49 (d, 3H), 2.43 (d, 3H), 1.30 (d, 6H). 13 C NMR (DMSO- d 6 ,

00.57 MHz) δ ppm: 175.64, 167.47, 166.23, 165.62, 155.27, 151.07, 
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48.86, 146.22, 145.54, 144.50, 142.36, 140.88, 132.72, 132.00, 

30.21, 129.01, 127.03, 125.67, 124.65, 121.85, 121.64, 117.56, 112.00, 

09.35, 103.07, 33.6, 23.7. 19 F NMR (CDCl 3 ) δ ppm: -71.83 (d, 6F, 

F 6 ), -121.12 (dq, 2F). MALDI-TOF MS (m/z): 904.527 [M + 1-PF 6 ] 
+ . 

[Ir(FMeppy) 2 L 3 ][PF 6 ] (7): 63% yield. FTIR (ATR, cm 

−1 ): 3372, 

0 6 6, 2950, 2895, 1615, 1551, 1480, 1439, 1363, 1256, 1179, 812, 

55. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 9.77 (s, 1H), 9.27 (d, 1H),

.44 (m, 2H), 8.14 (m, 2H), 7.76 (m, 2H), 7.67 (d, 1H), 7.61 (d, 

H), 7.44 (m, 3H), 7.11 (d, 1H), 7.06 (dd, 2H), 6.78 (td, 2H), 6.70 

m, 2H), 6.62 (d, 1H), 6.29 (m, 2H), 3.88 (d, 3H), 2.49 (d, 3H),

.43 (d, 3H). 13 C NMR (DMSO- d 6 , 100.57 MHz) δ ppm: 179.70, 

6 8.4 9, 165.62, 163.40, 161.53, 161.11, 158.91, 151.08, 149.01, 148.74, 

48.20, 145.56, 144.38, 142.99, 132.98, 132.48, 132.28, 128.75, 

27.59, 127.31, 125.70, 124.63, 122.24, 121.86, 121.11, 117.56, 117.36, 

15.07, 111.81, 109.90, 55.80, 20.90. 19 F NMR (CDCl 3 ) δ ppm: -71.80 

d, 6F, PF 6 ), -121.44 (dq, 2F). MALDI-TOF MS (m/z): 890.563 [M- 

F 6 ] 
+ . 

[Ir(FMeppy) 2 L 4 ][PF 6 ] (8): 67% yield. FTIR (ATR, cm 

−1 ): 3363, 

058, 2965, 2907, 1622, 1548, 1477, 1443, 1361, 1265, 1176, 815, 

54. 1 H NMR (CDCl 3 , 400 MHz) δ ppm: 9.44 (s, 2H), 8.43 (m, 

H), 8.23 (dd, 1H), 8.13 (dd, 1H), 7.73 (m, 4H), 7.60 (dd, 4H), 

.45 (td, 3H), 7.39 (d, 1H), 7.21 (d, 1H), 7.12 (m, 2H), 6.79 (td, 

H), 6.73 (m, 1H), 6.66 (t, 1H), 6.59 (td, 1H), 6.32 (dd, 1H), 6.26

dd, 1H), 2.49 (d, 3H), 2.43 (d, 3H). 13 C NMR (DMSO- d 6 , 100.57

Hz) δ ppm: 179.30, 166.25, 165.63, 159.08, 151.09, 148.89, 145.63, 

44.61, 144.45, 144.20, 142.31, 141.22, 139.49, 132.42, 129.56, 

29.11, 128.69, 128.55, 127.83, 127.66, 127.45, 127.17, 125.68, 124.65, 

21.67, 117.59, 105.19, 102.91, 20.90. 19 F NMR (CDCl 3 ) δ ppm: -71.89 

d, 6F, PF 6 ), -121.60 (dq, 2F). MALDI-TOF MS (m/z): 937.458 [M- 

F 6 ] 
+ . 

. Results and discussion 

.1. Structural characterization 

The 1 H NMR spectrum of L 1 ligand shows proton signal as sin- 

lets at 2.29 ppm which is attributed to the –CH 3 substituent on 

he phenyl ring. The signals at 2.51 ppm and 1.65 ppm are as- 

igned to –CH and methyl groups in L 2 ligand, respectively. Char- 

cteristic proton signal of methoxy substituent of L 3 is observed at 

.76 ppm. In addition, the NH proton of imidazole ring is not ob- 

erved in the 1 H NMR spectra of phenanthroline ligands. It can be 

ttributed to fast exchange of a proton between the two N atoms 

f the imidazole ring in solution [20] . The iridium complexes were 

haracterized by 1 H NMR, 13 C NMR and mass spectroscopies. In 

he 1 H NMR spectra of the compounds (1-3 and 5-7), the inte- 

rated intensities of aromatic signals exhibit 22 protons (27 pro- 

ons for compounds 4 and 8) in the range of 9.30-6.30 ppm which 

an which can prove the presence of two 2-phenylpyridine and 

ne phenanthroline ligand (Figure S1). In the aliphatic region, the 

wo peaks at 2.48 and 2.42 ppm are associated with the –CH 3 sub- 

tituent of the 2-phenylpyridine of iridium compounds. The peaks 

t 7.76 ppm and 6.30 ppm may be associated with the coordi- 

ation of the NC-type of 2-phenylpyridine as bidentate [24] . The 

eaks of proton adjacent to N atoms of phenanthroline ligand are 

hifted from 8.82 ppm to 8.64 ppm upon coordination to iridium. 

he peak at around 10.56 ppm was observed due to the NH pro- 

on of imidazole ring in complexes. It was reported that the NN- 

ype phenanthroline ligands as bidentate can coordinate to iridium 

n [Ir(C ̂ N) 2 (N ̂ N)] type complex [11,25] . The proton signals of 1H-

midazo-[4,5- f ]-[1,10]-phenanthroline ligands of complexes at 7.61, 

.43, 7.11, 7.07 ppm are good agreement with the reported the re- 

ated classes of iridium complexes containing 2-phenylpyridine and 

henanthroline ligands as bidentate [11,25] . In the 13 C NMR spectra 

f the compounds, the peaks at around 145.9 ppm and 150.9 ppm 

re attributed to the cyclometalation carbon of 2-phenylpyridine 
7 
ound to iridium atom [26] and the carbon atom adjacent to N 

tom of 2-phenylpyridine [24] , respectively. The carbon signal of 

henanthroline ligand at 151 ppm is shifted to 166 ppm with the 

oordination of ligand to iridium (Figure S2). The 19 F NMR spectra 

f the compounds (5-8) were obtained to confirm the presence of 

PF 6 ] counterion. The doublet peaks at -71.83 ppm were observed 

n the presence of [PF 6 ] anion for compounds (5-8) [27] . The FTIR

pectra of molecules show the characteristic peaks for the imida- 

ole N–H stretch around 3375 cm 

−1 . The mass spectra of the com- 

lexes show the parent molecular ion [M-Cl] + for complexes 1-4 

nd [M-PF 6 ] 
+ for complexes 5-8 (Figure S1). 

Thermal behaviors of the compounds (1-4) were investigated 

sing thermal gravimetric analysis (TGA) at a heating rate of 

0 °C/min under nitrogen atmosphere. The mass loss of the iridium 

ompounds is given in Table S1. The synthesized complexes (1-3) 

how high thermal stability. The decomposition temperatures are 

18 °C, 346 °C and 312 °C for complexes 1, 2 and 3, respectively. The

igh thermal stability can be attributed to the 2-phenylpyridine 

igands containing polar F atoms which can induce intermolecular 

nteraction [28] . 

The TGA curve of compound 1 ( Fig. 1 ) shows two decom- 

osition steps in the temperature range 30-900 °C. The first de- 

omposition step of compound 1 occurs between 30 °C and 507 °C 

ith 31.49% mass loss which is attributed to the elimination of 

-methylphenyl group of L 1 ligand and two pyridine rings with 

ethyl units. In the second step, the mass loss of 24.77% is 

bserved between 507 °C and 900 °C due to the removal of the 

H-imidazo-[4,5- f ]-[1,10]-phenanthroline. After this decomposition 

tep, the residue with the mass 43.74% may be assigned to two 

uoro units, two phenyl groups of 2-phenylpyridine ligands and 

ridium [1,29] . The thermal decompositions of compounds 2 and 

 occur at two steps. Firstly, the imidazole moiety and substituted 

henyl group of corresponding ligand and two methyl units of 2- 

henylpyridine ligands undergo decomposition in the temperature 

ange 30 °C and 507 °C. After this decomposition step, the mass loss 

s around 24.00% corresponding to the elimination of the two flu- 

ro units and phenanthroline part of corresponding ligand. The 

esidue with 55% may be associated with two 2-phenylpyridine lig- 

nds and iridium. The thermal decomposition steps of compound 

 are shown in Table S1. Compound 4 shows lower decomposition 

emperature (221 °C) than other compounds (1-3) in the presence 

f the phenyl group on L 4 ligand [6] . The obtained results show 

hat the thermal decompositions of synthesized compounds are fa- 

orable for OLED applications [10] . 

.2. Absorption and photoluminescence studies 

The absorption spectra of 3 ×10 −6 M solution of the compounds 

1-8) in chlorobenzene are shown in Fig. 2 and corresponding data 

re summarized in Table 1 . The absorption bands of compounds 

1-8) around 312 nm are assigned to the spin-allowed 

1 π→ π ∗

ransitions of both 2-phenylpyridine and phenanthroline ligands. 

he lower energy absorption bands of the complexes at 426 nm 

re associated with mixing singlet and triplet metal ligand charge 

ransfer ( 1 MLCT and 

3 MLCT) transitions and 

3 π→ π ∗ transitions 

hich are caused by the spin-orbit coupling of iridium metal cen- 

er [10] . 

The photoluminescence properties of the compounds with [Cl] 

ounterion (1-4) were investigated in different solvents (toluene, 

hlorobenzene, dichloromethane) at room temperature. The com- 

ounds 1, 2 and 4 exhibit similar PL spectra which give green 

mission bands around 545 nm in chlorobenzene and around 551 

m in dichloromethane ( Fig. 3 ). However, the spectrum of com- 

ound 3 exhibits red shift compared to other compounds (1, 2 and 

) due to the electron donor characteristic of the -OCH group [30] . 
3 
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Table 1 

Absorption and emission data of the compounds (3 × 10 −6 M) in different solvents (Toluene, chlorobenzene, CH 2 Cl 2 ). 

Complex Toluene Chlorobenzene CH 2 Cl 2 
σ p λabs 

mx (nm) λem 
mx (nm) λabs 

mx (nm) λabs 
mx (nm) λabs 

mx (nm) λabs 
mx (nm) �PL 

1 -0.17 310, 356, 422 543 312, 360, 426 545 284, 332, 414 550 0.67 

2 -0.15 310, 362, 423 543 309, 361, 426 545 284, 334, 414 551 0.70 

3 -0.27 313, 366, 424 541 314, 364, 426 559 292, 339, 420 559 0.21 

4 -0.01 317, 367, 427 542, 600 314, 362, 426 547 294, 342, 419 552 0.75 

5 -0.17 283, 343, 426 545 301, 362, 428 549 272, 331, 415 570 0.74 

6 -0.15 285, 342, 426 545 301, 362, 428 549 272, 331, 415 571 0.77 

7 -0.27 283, 341, 429 546 302, 367, 430 559 271, 333, 423 595 0.45 

8 -0.01 285, 343, 428 543 307, 354, 428 546 272, 332, 421 566 0.83 

σ p values were obtained from [43] . 
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In toluene, the compound 4 with phenyl substituent exhibits 

nteresting emission behavior which gives two emission bands at 

42 nm and 600 nm, although it was expected that compound 4 

ay show broad single band like other compounds (1, 2, 3). It was 

bserved that the intensity ratio between the emission bands 542 

m and 600 nm increases from 0.80 to 1.11 ( Fig. 4 ) and the exci-

ation bands are broadened with the increasing the concentrations 

f solutions of compound 4 from 3 ×10 −7 to 3 ×10 −6 M ( Fig. 5 ) [6] .

his can be attributed to the excimer emission of the molecules 

hich can be caused by increasing intermolecular interactions in 

oluene as nonpolar solvent [31,32] . In toluene, the compound 4 

olecules can easily contact each other by the reduction of the 

nteractions between the complex and solvent molecules [32] . So, 

he π- π interactions of phenyl group in compound 4 may increase 

nd result the formation of excimer. Among the compounds con- 

aining phenyl substituents, the compound 8 with [PF 6 ] counte- 

ion exhibits broad single band and denotes no excimer formation 

n contrast to the compound 4 with [Cl] counterion. It is known 

rom literature [33] that the anion size of PF 6 
− is larger than Cl −. 

he larger size of PF 6 
− may decrease intermolecular interactions in 

oluene which may prevent the formation of excimer. Furthermore, 

t was observed that the emission maxima of the compounds are 

lightly red-shifted with increasing polarity of solvents (toluene < 

hlorobenzene < dichloromethane) ( Table 1 ) [34] . 

The PL quantum yields of the compounds (1-8) were calcu- 

ated according to the literature [34] and fac-Ir(bpy) 3 was used as 

he reference material ( �PL = 0.4 in toluene) [35] . The PL quan- 

um yields of the compounds with [Cl] counterion (1-4) were 

ound between 0.21 and 0.75 ( Table 1 ). The PL quantum yields 

f the synthesized compounds are slightly higher than the related 

lasses of iridium complexes containing mixtures of bipyridine and 

henanthroline ligands [30,36,37] . This can be related to the exten- 

ion of the π-electron conjugation of 2-phenylimidazo[4,5- f ][1,10]- 

henanthroline ligands which may result an increase in PL quan- 

um yields. The high quantum yields of the compounds are im- 

ortant to increase the performance OLED devices. With the aim 

o obtain higher quantum yield in iridium complexes, the effect of 

Cl] and [PF 6 ] counter anions on PL quantum yield have been in- 

estigated. Increased PL quantum yield was observed in the pres- 

nce of [PF 6 ] counter anion compared to the compounds with [Cl] 

ounterion ( Table 1 ). The larger size of [PF 6 ] counter anion may de-

rease intermolecular interactions and self-quenching which may 

esult an increase in quantum yield of compounds [13] . 

.3. Electrochemical data 

The electrochemical measurements were performed using Ag 

ire reference electrode, Pt wire counter electrode, glassy carbon 

orking electrode in acetonitrile with 0.1 M TBAPF 6 . The cyclic 

oltammograms of the compounds (1-8) are shown in Fig. 6 and 

he data are given in Table 2 . The cyclic voltammograms of the 

ompounds exhibit two oxidation and two reduction peaks. The 
8 
xidation peaks at around 1.22 V and 1.50 V can be associ- 

ted with the metal-centered Ir(III)/Ir(IV) oxidation couple and the 

henyl fragment of 2-phenylpyridine, respectively [36,38] . The re- 

uction peaks are observed at around -1.19 V and -1.47 V are 

ue to the pyridine fragment of 2-phenylpyridine and phenanthro- 

ine ligands, respectively. The oxidation potentials of compounds 

 and 8 containing phenyl group on 2-phenylimidazo[4,5-f]-[1,10]- 

henanthroline are slightly shifted to anodic area when compared 

o the other compounds (1-3 and 5-7). It is attributed to the de- 

ocalization of π electrons around the ring. When compare to the 

lectrochemical data of the compounds containing [Cl] counterion 

1-4), a similar trend was observed with the compounds containing 

PF 6 ] counterion (5-8). This indicates that the counter anions (Cl −

nd PF 6 
−) do not have a significant effect on the electrochemical 

roperties of compounds. 

The first oxidation and the first reduction potentials were used 

or the determination the HOMO and LUMO energy levels of the 

ompounds using ferrocene as an internal standard (0.46 V vs. 

g/Ag + ) [39] . The energy levels of the compounds (1-8) are in 

he range of 5.60 to 5.52 eV for HOMO levels and 3.16 to 3.13 

V for LUMO levels. The HOMO and LUMO energy levels of the 

ompounds suggest that these molecules can be used as dopant 

n host materials, e.g. poly(N-vinyl carbazole) (PVK), 4,4’-bis(9- 

arbazolyl)biphenyl (CBP), N,N’-Dicarbazolyl-3,5-benzene (mCP) for 

LED applications [40-42] . 

.4. Correlation of the photophysical and electrochemical properties 

ith Hammett substituent constants 

The photophysical and electrochemical properties of the iridium 

omplexes were correlated with the Hammett constants. The pho- 

oluminescence maxima of the compounds with [Cl] counterion (1- 

) were plotted against the Hammett Substituent Constants ( σ p ) 

43] in Fig. 7 . The poor correlation was observed between pho- 

oluminescence maxima and the Hammett constants of the sub- 

tituents with a low regression coefficient ( R 2 = 0.3721 in CH 2 Cl 2 ,

 

2 = 0.4189 in chlorobenzene, R 2 = 0.1057 in toluene). However, 

f the data point of compound 3 containing methoxy substituent 

re not used for the account, the linear correlations can be ob- 

erved for photoluminescence maxima with regression coefficients 

 

2 = 0.8421 in CH 2 Cl 2 , R 2 = 0.9868 in chlorobenzene, R 2 = 0.9868

n toluene ( Fig. 7 ). This can be related to the strong interaction

ethoxy substituent containing unshared electron pairs with ben- 

ene ring by resonance effect. This interaction can result enhanced 

he dipole moment of the complex which causes deviation from 

he linear correlation [44] . Similar trends were observed in the cor- 

elation of photophysical properties with the Hammett constants 

or the compounds with [PF 6 ] counterion (5-8) (Fig. S3). 

The oxidation and reduction potentials of the compounds as a 

unction of Hammett Substituent Constants ( σp ) [43] were plotted 

n Fig. 8 . The good linear correlation between the oxidation and 

eduction potentials of the compounds with [Cl] counterion (1-4) 
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Table 2 

The electrochemical data of the compounds (1–8) in acetonitrile. 

Complex σ p E ox1 (V) E ox2 (V) E red1 (V) E red2 (V) HOMO (eV) LUMO (eV) Band gap (E g ) (eV) 

1 -0.17 1.22 1.50 -1.19 -1.47 -5.56 -3.15 2.41 

2 -0.15 1.22 1.51 -1.19 -1.47 -5.56 -3.15 2.41 

3 -0.27 1.20 1.50 -1.20 -1.47 -5.54 -3.14 2.40 

4 -0.01 1.26 1.53 -1.18 -1.48 -5.60 -3.16 2.44 

5 -0.17 1.20 1.54 -1.20 -1.46 -5.54 -3.14 2.40 

6 -0.15 1.20 1.53 -1.20 -1.46 -5.54 -3.14 2.40 

7 -0.27 1.18 1.54 -1.21 -1.46 -5.52 -3.13 2.39 

8 -0.01 1.23 1.54 -1.19 -1.45 -5.57 -3.15 2.42 

σ p values were obtained from [43] . 

Fig. 8. The correlation of σ p with the E ox and E red of the compounds (1–8). 
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nd Hammett Substituent Constants ( σp ) was observed with re- 

ression coefficients R ² = 0,9792 and R ² = 0,9826 (R ² = 0,9932 and 

 ² = 0,9826 for the compounds with [PF 6 ] counterion (5-8)), re- 

pectively. Hammett correlations can be used to predict substituent 

ffect on electrochemical properties of compounds. 

. Conclusion 

In summary, we reported the synthesis of iridium complexes 

ontaining 2-phenylimidazo[4,5-f]-[1,10]-phenanthroline with dif- 

erent substituents (-CH 3 , -CH(CH 3 ) 2 , -OCH 3 , -C 6 H 5 ) and the in-

estigation of thermal, photophysical and electrochemical prop- 

rties of the complexes. The synthesized complexes show ther- 

al stability and high quantum yield in the presence of 2- 

henylimidazo[4,5-f][1,10]-phenanthroline derivatives due to the 

xtension of the π-electron conjugation. The effects of [Cl] and 

PF 6 ] counter anions on PL quantum yield have been investigated. 

n increase in PL quantum yield of compounds was observed in 

he presence of [PF 6 ] counterion. The emission maxima of the 

ompounds are red-shifted with increasing polarity of solvents and 

he formation of excimer is observed in the presence of phenyl 

ubstituent for compound 4 with [Cl] counterion in toluene. HOMO 

nd LUMO energy levels of the compounds are calculated in the 

ange of 5.60 to 5.52 eV and 3.16 to 3.13 eV, respectively. These 

esults suggest that these molecules are promising candidates as 

opant in OLED applications. 
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