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a b s t r a c t 

Three cationic iridium (III) complexes, [(ppy) 2 Ir(4-FPhBIAN)]PF 6 ( Ir1 ), [(ppy) 2 Ir(3,4-F,FPhBIAN)]PF 6 ( Ir2 ), 

[(ppy) 2 Ir(4-CF 3 PhBIAN)]PF 6 ( Ir3 ) were synthesized from 2-phenylpyridine (Hppy) as cyclometalating lig- 

and and N,N 

′ -bis(aryl)acenaphthene as ancillary ligand. All the complexes were characterized by FT-IR, 
1 H, 13 C and 19 F NMR spectroscopies, and elemental analysis. The molecular structures of the complexes 

were determined by X-ray crystallography. These complexes were crystalized as greenish-black needles 

in the triclinic P1 space group for complexes Ir1 and Ir3 , while Ir2 was crystalized in the orthorhom- 

bic P2 1 2 1 2 1 space group. Electrochemical properties were studied by cyclic voltammetry analysis. All the 

complexes showed quasi-reversible oxidation and reduction peaks, and reversibility increased by scan 

rate. Electronic properties were studied by UV-visible spectroscopy, and intense absorption band below 

300 nm was obtained compared to intense absorption bands between 300 ~ 530 nm. Density functional 

theory (DFT) calculations were employed to get better understanding of electrochemical properties. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Late-transition-metal complexes have received much attentions 

ue to their catalytic, photophysical and electrochemical proper- 

ies. Nowadays, they are used in innumerable applications such 

s solid-state lighting applications [1-3] , photovoltaic devices [4] , 

iosensing and bioimaging [5] . Among the late-transition metal 

omplexes, Ir(III) complexes have attracted more interests as pho- 

oluminescence materials due to higher photoluminescent quan- 

um efficiency, longer lifetime, and high ability to tune the emis- 

ion color as compared to other transition metal complexes [6- 

] . Iridium(III) complexes exhibit high quantum yield as a result 

f mixed singlet and triplet exited states through strong spin- 

rbital coupling, leading to high phosphorescence efficiency. Pho- 

oluminescent iridium complexes usually contain cyclometalating 

igand (phenylpyridine, phenylpyrazole, bipyridine, etc.) and an- 

illary ligands (bipyridine-based, pyrazole-based, imidazole-based, 

tc.). These variety of ligands allow to design iridium complexes as 

onic [6] or neutral [9] species. Throughout last couple of decades 

yclometalated cationic iridium(III) complexes [6] have been exten- 
∗ Corresponding author. 
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ively studied, especially in the form of [Ir(C 

∧ N) 2 (N 

∧ N)] + (where 

 

∧ N is cyclometalating ligand in form of 2-phenylpyridine and N 

∧ N 

s diimine ancillary ligand). The sterically bulky and highly con- 

ugated diimine type of ligand, bis(arylimino)acenaphthene (Ar- 

IAN), have been intensively studied and used as catalytic active 

omplexes for olefin polymerization [ 10 , 11 ]. Photophysical prop- 

rties of Ir(III) complexes with Ar-BIAN ligands bearing electron- 

onating and electron-withdrawing groups on para- position of 

he phenyl rings were investigated by Zysman-Colman et al. [12] . 

hey reported the Ir(III) complexes containing para -methoxy sub- 

tituted Ar-BIAN ligands show the absorption energy up to 800 

m, which attracts interest to solar energy harvesting applications 

13] . They also reported the cationic Ir(III) and Pt(II) complexes 

ith different derivatives of the Ar-BIAN ligands [ 14 , 15 ]. However, 

here was no report on the Ir(III) complex bearing fluorine substi- 

uted Ar-BIAN ancillary ligands. The ligand bearing fluorine atoms 

nd trifluoromethyl groups have significant influences on the pho- 

ophysical properties such as emission color, photoluminescence 

uantum yield and etc. of the Ir(III) complexes [24] . According 

o existed color tuning strategies of iridium complexes, append- 

ng strong electron withdrawing groups to ancillary ligand leads 

o decrease of HOMO–LUMO band gap and consequently results to 

 shift of emission color toward lower energy region [6,17] . Ac- 

https://doi.org/10.1016/j.jorganchem.2021.122002
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ounting to all above-mentioned points, we designed three dif- 

erent fluorinated ancillary Ar-BIAN ligands to obtain light emis- 

ion in the lower energy region. The intention of this work was to 

tudy on the influence of fluorine atoms in terms of photophysical 

nd electrochemical properties of Ir(III) complexes. Herein, we re- 

orted the synthesis and characterization of three cationic iridium 

omplexes [(ppy) 2 Ir(4-FPh-BIAN)]PF 6 (complex Ir1 ), [(ppy) 2 Ir(3,4- 

,FPh-BIAN)]PF 6 (complex Ir2 ), and [(ppy) 2 Ir(4-CF 3 Ph-BIAN)]PF 6 
complex Ir3 ) employing 2-(phenyl)pyridine (ppy) as the cyclomet- 

lating ligand and corresponding (Ar-BIAN) ligands as the ancillary 

igands. The photophysical and electrochemical properties of these 

omplexes were investigated, and obtained results were corrobo- 

ated with theoretical DFT calculations. 

. Experimental section 

.1. Materials and methods 

Commercially available reagents were used as received. Reac- 

ions were carried out under nitrogen atmosphere using standard 

chlenk technique. Iridium dimer [(ppy) 2 Ir( μ-Cl)] 2 was prepared 

ccording to literature procedure [18] . 1 H and 

13 C NMR spectra 

ere recorded on Bruker Fourier 300 and Bruker Avance 400 MHz 

nstruments respectively, at ambient temperature using TMS as 

n internal standard. 19 F NMR spectra were logged on a Bruker 

scend 500 MHz instrument. Deuterated chloroform (CDCl 3 ) and 

euterated dichloromethane (CD 2 Cl 2 ) were used as a solvent of 

ecord. Chemical shifts are given in parts per million (ppm) and 

oupling constant ( J) values in Hz. C, H and N elemental anal- 

sis were performed on Flash EA 1112 microanalyzer. Infra-Red 

pectra were recorded on a Perkin Elmer System 20 0 0 FT-IR. UV- 

isible absorption spectra were recorded at room temperature us- 

ng Shimadzu UV-2600 double beam spectrophotometer. Cyclic 

oltammetry (CV) analysis of complexes ( Ir1-Ir3 ) was recorded on 

lectrochemical workstation CHI-660c. Sample solutions for cyclic 

oltammetry were prepared in CH 3 CN and degassed with CH 3 CN- 

aturated nitrogen bubbling for about 20 minutes prior to scan- 

ing. Tetra(n-butyl)ammoniumhexafluorophosphate [ n Bu 4 N]PF 6 0.1 

 in CH 3 CN was used as a supporting electrolyte. [ n Bu 4 N]PF 6 was

ecrystallized twice with C 2 H 5 OH and dried under reduced pres- 

ure prior to use. The Pt electrode, Pt wire, and Ag/AgCl elec- 

rode was used working, counter, and reference electrode, respec- 

ively. All the potentials were referred to the ferrocene/ferrocenium 

Fc/Fc + ) taken as internal standard. All the voltametric experiments 

ere started and finished at a potential of 0 V and performed to- 

ard clockwise direction [18] . 

.2. Synthesis of bis(arylimino)-acenaphthene (Ar-BIAN) ligands 

L1-L3) 

All the ligands were prepared according to the Schiff’s base re- 

ctions of acenaphthylene-1,2-dione (0.91 g, 5 mmol) with substi- 

uted anilines (11 mmol) in the presence of catalytic amount of 

 -toluene sulfonic acid in toluene. Reaction mixture was refluxed 

or 6 hours at 140 °C. Dean-Stark apparatus was used in order to 

emove secondary product (H 2 O) from the reaction environment. 

fter completion of the reaction, the mixture was cooled to room 

emperature, solvent was removed under vacuum and crude prod- 

ct was recrystallized twice with ethanol. 

N,N 

′ -bis(4-fluorophenyl)acenaphthene (4-FPh-BIAN) ( L1 ): Ob- 

ained as a yellow solid. Yield: 1.41 g, 76 %. 1 H NMR (300 MHz,

DCl 3 ) δ (ppm): 7.84 (d, J = 8.3 Hz, 2H), 7.35 (dd, J = 8.3, 7.2 Hz,

H), 7.18 – 7.09 (m, 4H), 7.09 – 7.00 (m, 4H), 6.90 (d, J = 7.2 Hz,

H). 13 C NMR (100 MHz, CDCl 3 ) δ (ppm): 161.90, 161.89, 161.45, 

59.04, 147.67, 147.64, 141.94, 131.39, 129.33, 128.41, 127.77, 123.95, 

19.87, 119.80, 116.48, 116.25. 19 F NMR (470 MHz, CDCl ) δ (ppm): 
3 

2 
119.19. FT-IR (cm 

−1 ): 3049 (w), 1658 (m), 1633 (m), 1590 (m), 

496 (s), 1487 (s), 1435 (m), 1419 (m), 1358 (m), 1273 (m), 1211 

s), 1203 (s), 1147 (m), 1090 (m), 1042 (m), 1008 (m), 925 (m), 827 

s), 792 (m), 780 (m), 745 (m), 732 (m), 720 (m). Anal. Calcd. For 

 24 H 14 F 2 N 2 (368.39): C, 78.25; H, 3.83; N, 7.60%. Found: C, 78.42;

, 3.78; N, 7.64%. 

N,N 

′ -bis(3,4-difluorophenyl)acenaphthene (3,4-F,FPh-BIAN) ( L2 ): 

btained as a grayish-yellow solid. Yield: 1.27 g, 63 %. 1 H NMR 

300 MHz, CDCl 3 ) δ (ppm): 8.06 (d, J = 8.3 Hz, 2H), 7.56 (dd, 

 = 8.3, 7.3 Hz, 2H), 7.42 – 7.30 (m, 2H), 7.15 – 6.99 (m, 4H), 6.98 –

.88 (m, 2H). 13 C NMR (100 MHz, CDCl 3 ) δ (ppm): 162.22, 162.21, 

52.32, 152.19, 149.84, 149.71, 148.99, 148.87, 147.97, 147.93, 147.89, 

47.86, 146.56, 146.43, 142.09, 131.47, 129.79, 127.93, 124.12, 118.32, 

18.31, 118.14, 118.13, 114.21, 114.18, 114.15, 114.12, 108.15, 107.95. 
9 F NMR (470 MHz, CDCl 3 ) δ (ppm): -135.45, -143.36. FT-IR (cm 

−1 ): 

054 (w), 1914 (w), 1670 (m), 1645 (m), 1599 (m), 1505 (w), 1489 

w), 1437 (w), 1412 (m), 1364 (w), 1321 (s), 1276 (m), 1244 (m), 

157 (m), 1125 (m), 1098 (s), 1062 (m), 1013 (m), 925 (m), 847 (m), 

43 (m), 830 (m), 783 (m). Anal. Calcd. For C 24 H 12 F 4 N 2 (404.37): C,

1.29; H, 2.99; N, 6.93%. Found: C, 71.46; H, 2.82; N, 6.91%. 

N,N 

′ -bis(4-(trifluoromethyl)phenyl)acenaphthene (4-CF 3 Ph-BIAN) 

 L3 ): Obtained as a yellow solid. Yield: 1.60 g, 68 %. 1 H NMR (300

Hz, CDCl 3 ) δ (ppm): 7.96 (d, J = 8.3 Hz, 1H), 7.75 (d, J = 8.3 Hz,

H), 7.44 (dd, J = 8.3, 7.3 Hz, 1H), 7.23 (d, J = 8.2 Hz, 2H), 6.86

d, J = 7.2 Hz, 1H). 13 C NMR (100 MHz, CDCl 3 ) δ (ppm): 161.45, 

54.62, 142.21, 131.50, 129.82, 128.13, 128.07, 127.06, 127.03, 

26.99, 126.95, 126.73, 125.86, 124.31, 123.16, 118.51. 19 F NMR (470 

Hz, CDCl 3 ) δ (ppm): -61.76. FT-IR (cm 

−1 ): 3054 (w), 1914 (w), 

671 (m), 1645 (m), 1599 (m), 1507 (w), 1489 (w), 1438 (w), 1412 

m), 1364 (w), 1321 (s), 1284 (m), 1276 (m), 1244 (m), 1157 (m), 

124 (m), 1097 (s), 1062 (s), 1022 (m), 1013 (m), 925 (m), 847 

m), 843 (m), 830 (s), 783 (m), 749 (m), 703 (m). Anal. Calcd. For 

 26 H 14 F 6 N 2 (468.40): C, 66.67; H, 3.01; N, 5.98%. Found: C, 66.37;

, 2.97; N, 6.05%. 

.3. General procedure for the synthesis of [(C ∧ N) 2 Ir(N 

∧ N)]PF 6 
omplexes 

The dichloro-bridged dimeric iridium complex [Ir(ppy) 2 (μ-Cl)] 2 
107.1 mg, 0.1 mmol) and bis(aryl)acenaphthylene-1,2-diimine ( L1- 

3 ) (0.21 mmol) were dissolved in the mixture of dry CH 2 Cl 2 
8 mL) and CH 3 OH (8 mL), then refluxed at 60 °C under in-

rt (N 2 ) atmosphere for 2 hours. Afterward, the reaction was 

ooled to room temperature. Solid ammonium hexafluorophos- 

hate (NH 4 PF 6 ) (65.2 mg, 0.4 mmol) was added to the reaction 

ixture under stirring for 1 h at ambient temperature. After evap- 

ration of the solvent under reduced pressure the crude product 

as dissolved in dichloromethane and then filtered off to remove 

he inorganic impurities. Filtrate was recrystallized with hexane. 

he desired product was obtained as green powder, which was fil- 

ered and dried under reduced pressure for 36 h at 80 °C. The com- 

lexes were recrystallized again in CH 2 Cl 2 /n-Hex by slow evapora- 

ion. 

Iridium(III) bis[2-phenylpyridinato-N, 2’ ]-N,N-bis(4- 

uorophenylimino)acenaphthene hexafluorophosphate ( Ir1 ): Ob- 

ained as a greenish-black solid. Yield: (184 mg, 91%). 1 H NMR 

300 MHz, CD 2 Cl 2 ) δ (ppm): 8.62 – 8.54 (m, 2H), 8.29 (d, J = 8.3

z, 2H), 7.98 – 7.89 (m, 2H), 7.81 (d, J = 8.2 Hz, 2H), 7.59 (t,

 = 7.9 Hz, 2H), 7.40 – 7.31 (m, 6H), 7.05 (s, 2H), 6.91 – 6.73 (m,

H), 6.27 – 6.01 (m, 4H). 13 C NMR (100 MHz, CD 2 Cl 2 ) δ (ppm): 

73.67, 167.97, 163.54, 161.07, 150.37, 148.18, 146.76, 143.43, 140.97, 

39.40, 132.22, 132.18, 131.82, 130.66, 129.47, 126.91, 124.89, 

24.73, 124.68, 124.36, 123.18, 122.04, 120.13, 116.87, 116.58. 19 F 

MR (470 MHz, CD 2 Cl 2 ) δ (ppm): -72.46, -73.97, -112.97. FT-IR 

cm 

−1 ): 3662 (w), 3581 (w), 3049 (w), 1976 (w), 1606 (m), 1586 

m), 1559 (m), 1496 (m), 1479 (m), 1417 (m), 1360 (w), 1319 (w), 
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289 (m), 1214 (m), 1156 (m), 1133 (m), 1098 (m), 1059 (m), 1033 

m), 1008 (m), 957 (m), 828 (s), 776 (m), 748 (s), 730 (m). Anal. 

alcd. For C 46 H 30 F 8 IrN 4 P (1013.95): C, 54.49; H, 2.98; N, 5.53%.

ound: C, 54.24; H, 2.94; N, 5.47%. 

Iridium(III) bis[2-phenylpyridinato-N, 2’ ]-N,N-bis(4- 

uorophenylimino)acenaphthene hexafluorophosphate ( Ir2 ): Obtained 

s a greenish-black solid. Yield: (155 mg, 74 %). 1 H NMR (300 

Hz, CD 2 Cl 2 ) δ (ppm): 8.55 (d, J = 6.6 Hz, 2H), 8.32 (dd, J = 8.3,

.8 Hz, 2H), 8.03 – 7.75 (m, 4H), 7.62 (td, J = 7.8, 2.0 Hz, 2H),

.41 (dt, J = 12.2, 5.2 Hz, 6H), 7.05 (s, 1H), 6.88 (td, J = 14.2, 7.3

z, 7H), 6.17 (m, 2H), 5.95 (m, 2H). 13 C NMR (100 MHz, CD 2 Cl 2 )

(ppm): 174.17, 156.56, 150.36, 147.16, 143.32, 140.96, 139.59, 

32.63, 132.23, 131.83, 130.86, 129.58, 126.60, 125.15, 124.76, 

24.64, 123.52, 120.17, 117.25, 116.73. . 19 F NMR (470 MHz, CD 2 Cl 2 ) 

(ppm): -72.47, -73.99, -134.90, -135.24, -137.01, -137.47. FT-IR 

cm 

−1 ): 3662 (w), 3586 (w), 3058 (w), 1978 (w), 1608 (m), 1583 

m), 1507 (m), 1477 (m), 1419 (m), 1292 (m), 1259 (m), 1210 (m), 

163 (m), 1134 (m), 1113 (m), 1059 (m), 1033 (m), 976 (m), 945 

w), 910 (w), 831 (s), 775 (s), 730 (s), 655 (m). Anal. Calcd. For 

 46 H 30 F 10 IrN 4 P (1051.95): C, 52.52; H, 2.87; N, 5.33%. Found: C,

2.71; H, 2.80; N, 5.45%. 

Iridium(III) bis[2-phenylpyridinato-N, 2’ ]-N,N-bis(4- 

trifluoromethyl)phenylimino) acenaphthene hexafluorophosphate 

 Ir3 ): Obtained as a greenish-black solid. Yield: (189 mg, 85 %). 
 H NMR (300 MHz, CD 2 Cl 2 ) δ (ppm): 8.63 (q, J = 3.4, 2.1 Hz,

H), 8.31 (d, J = 8.3 Hz, 2H), 7.96 (tt, J = 7.9, 1.8 Hz, 2H), 7.80

d, J = 8.4 Hz, 2H), 7.60 (t, J = 7.8 Hz, 2H), 7.49 – 7.27 (m, 10H),

.20 (t, J = 6.0 Hz, 2H), 6.78 (tt, J = 8.9, 6.5 Hz, 4H), 6.22 (d,

 = 8.3 Hz, 2H), 6.12 (dq, J = 6.5, 2.0 Hz, 2H). 13 C NMR (100 MHz,

D 2 Cl 2 ) δ (ppm): 173.93, 167.83, 150.60, 147.45, 147.30, 143.31, 

39.59, 132.62, 132.22, 131.72, 130.78, 130.44, 130.11, 129.61, 

28.04, 127.06, 126.77, 126.64, 125.34, 125.21, 124.64, 124.60, 

23.33, 123.13, 122.63, 120.62, 120.17. 19 F NMR (470 MHz, CD 2 Cl 2 ) 

(ppm): -62.88, -72.47, -73.98. FT-IR (cm 

−1 ): 3369 (w), 3047 (w), 

920 (w), 2850 (w), 1606 (m), 1584 (m), 1510 (w), 1479 (m), 1439 

m), 1415 (m), 1319 (m), 1251 (m), 1228 (m), 1166 (m), 1112 (m), 

013 (m), 961 (m), 826 (s), 778 (m), 750 (s), 729 (s). Anal. Calcd. 

or C 48 H 30 F 12 IrN 4 P (1113.97): C, 51.75; H, 2.71; N, 5.03% Found: C,

2.01; H, 2.95; N, 5.17%. 

.4. X-ray crystallographic studies 

Single-crystals of Ir1-Ir3 for the X-ray diffraction determination 

ere grown by layering hexane into saturated dichloromethane 

olution of the corresponding iridium complexes at room tem- 

erature. Crystal data were collected by using XtaLAB Synergy- 

 single-crystal diffractometer with mirror-monochromatic Cu-K α
adiation ( λ = 1.54184 Å) at 170 K. Cell parameters were obtained 

y the global refinement of the positions of all collected reflec- 

ions. The structures were solved by direct methods and refined 

y full-matrix least-squares on F 2 . Hydrogen atoms were placed in 

eometrically idealized positions and constrained to ride on their 

arent atoms with C–H distances. The structures were solved with 

he SHELXT [19 a ] structure solution programm integrated in Olex2 

19b] software, and refined with SHELXL refinement package with 

ast-squares minimization [20] . The free solvents present in the 

ingle crystal were removed by using the SQUEEZE option of the 

rystallographic program PLATON [21] . 

.5. Computational details 

Density functional theory (DFT) calculations were carried out 

ith the Gaussian 09 Revision E.01 [22] . program package. Becke’s 

hree-parameter B3LYP exchange-correlation functional was used, 

ogether with the 6-31G 

∗ basis set for C, H, N, F atoms and the

double- ζ ” quality LANL2DZ basis set for the Ir atom [23] . Ground 
3 
tate geometries were optimized without symmetry constraints. 

ll calculations were performed in the presence of the solvent 

CH 3 CN), by using the Solvation Model based on Density (SMD). 

olecular orbital diagrams were drawn by using Multiwfn soft- 

are [24] . 

. Result and discussion 

.1. Concept of ligand design and synthesis 

Generally, the ligands consisting fluorine atoms and trifluo- 

omethyl groups have significant effect on the photophysical prop- 

rties particularly emission wavelength, quantum yield, and full 

idth at half maximum (FWHM) etc., of the Ir(III) complexes [16] . 

or instance, the introduction of fluorine atoms could help to tune 

he emission colors by altering the energy levels of the HOMO and 

UMO. Besides, this kind of phosphors designed not only exhibit 

n excellent solubility in commonly used solvents with chemical 

tability but also show bright emissions in the blue region when 

lectron withdrawing groups introduced to the cyclometalating lig- 

nds [ 17 a ]. Keeping these points in mind and according to colour 

uning strategies of iridium complexes [17 b ], we designed fluori- 

ated ancillary Ar-BIAN ligands and their Ir(III) complexes herein 

o obtain emission in the lower energy region. Synthetic proce- 

ure for Ar-BIAN ligands and their corresponding iridium(III) com- 

lexes are depicted in Scheme 1 . Initially, desired Ar-BIAN ligands 

 L1-L3 ) were obtained in 63-76 % of yield via toluene-4-sulfonic 

cid catalyzed condensation of acenaphthenequinone with corre- 

ponding anilines in toluene, under nitrogen atmosphere. In order 

o increase the product yield, Dean-Stark apparatus was used to 

emove secondary product (H 2 O) from the reaction environment, 

aintaining temperature between 135 °C ~ 145 °C. L1 and L3 were 

solated as yellow solids while L2 was obtained as a greyish-yellow 

olid. Iridium dimer [(ppy) 2 Ir( μ-Cl)] 2 was prepared according to 

he reported procedure [18] . All the three cationic iridium com- 

lexes ( Ir1-Ir3 ) were synthesized with 74 ~ 91% of yield through 

cission of iridium precursor [(ppy) 2 Ir( μ-Cl)] 2 with corresponding 

r-BIAN ligands ( L1-L3 ) in equally mixed CH 2 Cl 2 and CH 3 OH sol-

ents. Two hour refluxing under nitrogen atmosphere was enough 

o fulfill the reaction. Iridium complexes were obtained as their 

exafluorophosphate salts [(ppy) 2 Ir(Ar-BIAN)] + PF 6 
− after the addi- 

ion of solid ammonium hexafluorophosphate (NH 4 PF 6 ) by stirring 

or one hour at ambient temperature. All the ancillary ligands and 

heir iridium complexes were determined by 1 H, 13 C and 

19 F NMR 

pectroscopies and elemental analysis. 

X-ray Structures. X-ray diffraction analysis was carried out for 

ll the complexes. Single-crystals were grown by layering hexane 

nto saturated dichloromethane solution for the corresponding irid- 

um complexes at room temperature. Summary of the crystal data 

nd refinement parameters are given in the experimental section 

 Table 1 ). 

All these complexes are crystalized as greenish-black needles. 

r1 and Ir3 are in the triclinic P1 space group while Ir2 is in 

he orthorhombic P2 1 2 1 2 1 space group. The difference in space 

roups may be due to the racemic mixture containing one solvate 

olecule (CH 2 Cl 2 ) in the asymmetric unit of Ir1 and Ir3 but not in

r2 . Their structures are depicted in Figures 1-3 . 

The geometry of all the complexes around the iridium cen- 

er can be described as disordered-octahedral. Nitrogen atoms of 

he two coordinated phenylpyridine (ppy) ligands are in a mutu- 

lly trans configuration. The average angles of N Ar-BIAN –Ir–N Ar-BIAN 

nd C ppy –Ir–N ppy are 76 ° and 80 ° respectively, and the average 

ond lengths of Ir–N ppy , Ir–C ppy and Ir–N Ar-BIAN are 2.05 Å, 2.01 
˚
 and 2.17 ̊A, respectively. The selected bond distance and angles 

re tabulated in Table 2 . The torsion of the aryl rings of ancillary

ppy) ligand leads to intramolecular π-stacking interaction with 
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Table 1 

Crystallographic data and refinement parameters for complexes Ir1 –Ir3 . 

Compound Ir1 Ir2 Ir3 

CCDC 2065559 2065560 2065561 

Empirical formula IrC 46 H 30 F 2 N 4 PF 6 IrC 46 H 28 F 4 N 4 PF 6 IrC 48 H 30 F 6 N 4 PF 6 
Formula weight 1013.95 1049.89 1113.97 

Temperature/K 170.01(10) 169.97(10) 169.98(10) 

Crystal system, Space group Triclinic, P-1 Orthorhombic, P2 1 2 1 2 1 Triclinic, P-1 

a/ ̊A, α/ ° 8.71390(10), 99.3090(10) 11.9994(2), 90 12.5303(3), 88.0180(10) 

b/ ̊A, β/ ° 20.7124(3), 99.2110(10) 13.0491(2), 90 14.3972(3), 82.347(2) 

c/ ̊A, γ / ° 23.5025(2), 96.7840(10) 29.8212(4), 90 25.7647(3), 89.430(2) 

Volume/ ̊A 3 4086.62(9) 4669.44(12) 4603.76(16) 

Z; ρcalc g/cm 

3 2; 1.717 4; 1.493 2; 1.668 

μ/mm 

-1 7.967 6.519 7.261 

F(000) 2076.0 2056.0 2268.0 

Crystal size/mm 

3 0.28 × 0.25 × 0.13 0.55 × 0.23 × 0.06 0.2 × 0.15 × 0.1 

Radiation Cu K α ( λ = 1.54184) Cu K α ( λ = 1.54184) Cu K α ( λ = 1.54184) 

2 
 range for data collection/ ° 4.372 to 151.012 7.394 to 150.864 6.142 to 151.216 

Index ranges -10 ≤ h ≤ 10, -25 ≤ k ≤ 25, -22 ≤ l ≤ 28 -14 ≤ h ≤ 14, -14 ≤ k ≤ 16, -32 ≤ l ≤ 36 -15 ≤ h ≤ 15, -17 ≤ k ≤ 18, -31 ≤ l ≤ 31 

Reflections collected 52846 18959 76428 

Independent reflections 16227 [R int = 0.0323, R sigma = 0.0311] 8721 [R int = 0.0501, R sigma = 0.0557] 18234 [R int = 0.0725, R sigma = 0.0569] 

Data/restraints/parameters 16227/0/1109 8721/0/560 18234/0/1216 

Goodness-of-fit on F 2 1.053 1.080 1.042 

Final R indexes [I > = 2 σ (I)] R 1 = 0.0292, wR 2 = 0.0713 R 1 = 0.0452, wR 2 = 0.1192 R 1 = 0.0486, wR 2 = 0.1246 

Final R indexes [all data] R 1 = 0.0342, wR 2 = 0.0745 R 1 = 0.0511, wR 2 = 0.1318 R 1 = 0.0599, wR 2 = 0.1323 

Largest diff. peak/hole / e Å −3 1.70/-1.03 2.31/-1.17 1.55/-2.18 

Table 2 

Selected bond lengths and angles. 

Complex Ir1 Ir2 Ir3 

bond lengths ( ̊A) 

Ir–C ppy 2.009(3), 2.023(3) 1.999(12), 2.045(10) 2.006(5), 2.010(5) 

Ir–N ppy 2.050(3), 2.051(3) 2.032(8), 2.035(8) 2.050(5), 2.057(5) 

Ir–N Ar-BIAN 2.172(3), 2.172(3) 2.165(8), 2.174(8) 2.163(4), 2.171(5) 

bond angles ( °) 
N ppy –Ir–C ppy 80.25(12), 80.30(13) 79.84(4), 80.64(4) 80.10(2), 80.30(2) 

N Ar-BIAN –Ir–N Ar-BIAN 75.91(10) 75.84(4) 75.62(16) 

N Ar-BIAN –Ir–C ppy 173.12(11), 175.68(11) 171.83(3), 173.04(4) 171.30(2), 172.91(17) 

N ppy –Ir–N ppy 174.64(10) 174.44(4) 174.96(18) 

Figure 1. Structure of Ir1 . Thermal ellipsoids are shown at 50% probability level. All 

the hydrogen atoms, counterion and solvent molecule are omitted for clarity. 

t

a

A  

a

o

Figure 2. Structure of Ir2 . Thermal ellipsoids are shown at 50% probability level. 

All the hydrogen atoms and counterion are omitted for clarity. 

3

c  

p

he phenyl ring of the cyclometalating (Ar-BIAN) ligands. The aver- 

ge distances between the centroid of these rings are 4.32 Å, 3.94 
˚
 and 4.21 Å for Ir1, Ir2 and Ir3 , respectively ( Figure 4 ). Addition-

lly, the intramolecular π-stacking makes aryl rings more orthog- 

nal to the acenaphthene core. 
4 
.2. Electrochemical properties 

Cyclic voltammetry (CV) analysis of the complexes ( Ir1 - Ir3) was 

arried out in CH 3 CN solution with 0.1 M [ n Bu 4 N]PF 6 as the sup-

orting electrolyte. The typical voltammetry cell was composed of 
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Table 3 

Electrochemical data and calculated HOMO and LUMO energies of complexes Ir1-Ir3 . 

Complex Experimental Calculated 

E ox 
1/2 (V) a E red 

1/2 (V) a �E 1/2 (V) b E HOMO (eV) c E HOMO (eV) d E LUMO (eV) d �E (eV) d 

Ir1 + 1.33 -0.59 2.00 -5.76 -5.52 -2.88 2.64 

Ir2 + 1.36 -0.49 1.94 -5.79 -5.54 -2.95 2.59 

Ir3 + 1.36 -0.47 1.92 -5.80 -5.55 -2.97 2.58 

a) E ox(red) 
1/2 = (E pa + E pc )/2 

b) �E 1/2 = �E redox = E ox 
pa – E red 

pc 
c) Experimentally obtained orbital energies calculated from E HOMO = [-e(E ox 

onset (vs. Ag/AgCl) - E 1/2 (Fc/Fc + vs. Ag/AgCl) )] - 4.8 

eV, where E 1/2 (Fc/Fc + vs. Ag/AgCl) is the redox potential of ferrocene in CH 3 CN solution, which was found to be 0.41 V [25] 
d) E HOMO , E LUMO and �E are HOMO, LUMO energies and energy gap obtained from DFT calculations. 

Figure 3. Structure of Ir3 . Thermal ellipsoids are shown at 50% probability level. 

All the hydrogen atoms, counterion and solvent molecule are omitted for clarity. 

Figure 4. Molecular packing diagram of Ir1 showing intramolecular π – π stack- 

ing interaction between Aryl and phenyl rings of ligands, distance between their 

centroids (red balls) in angstrom ( ̊A) and selected bond angles ( °). 
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t electrode as working electrode, Pt wire as counter electrode, 

nd Ag/AgCl electrode as the reference electrode. The ferrocene 

Fc/Fc + ) was used as an internal standard (0.41 V vs. Ag/AgCl) [25] .

he electrochemical data obtained at a scan rate of 50 mVs −1 are 

ummarized in Table 3 . The CV traces of all complexes are depicted 

n Figure 5 . 

The first oxidation waves (onset) of all the complexes are placed 

n positive potential region between + 1.37 and + 1.41 V. This oxida- 

ion waves display a bit narrower distribution than reported irid- 

um(III) analogues (E ox = + 1.22 ~ + 1.60 V) [12 a ], and take place

n higher potential than the platinum(II) complexes bearing Ar- 
5 
IAN ligands (E ox = + 0.85 ~ + 1.07 V) [15] . For the all cases, the

xidation process is quasi-reversible and peak-to-peak separation 

alues are between 88 ~ 100 mV. As with many cationic irid- 

um complexes [12 a,d , 13], the oxidation waves correspond to one- 

lectron Ir III /Ir IV couple and cyclometalating ppy fragments. The re- 

ersible nature of the oxidation is due to major contribution of 

he iridium 5d orbitals to the highest occupied molecular orbitals 

HOMO) compared to ppy ligands. The complexes exhibited better 

eversibility behavior at the higher scan rate. Figure 5 b represents 

V voltammogram for Ir3 with different scan rate. Meanwhile, in- 

reasing of the number of fluorine atoms in phenyl rings on the 

ncillary ligands (from Ir1 to Ir2 ) leads to slightly shift of oxida- 

ion waves toward more positive potentials from + 1.37 V to + 1.41 

. However, for Ir2 to Ir3, the oxidation onset remains unchanged, 

qually withdrawing contributions may exist between the para - 

F 3 in Ir3 , para and meta -F in Ir2 . 

All the three complexes showed quasi-reversible reduction 

aves in negative potential region from -0.41 V to -0.63 V with 

 peak-to-peak separation between 68 ~ 78 mV. These reduction 

aves are cathodically shifted compared to reported iridium(III) 

omplexes (-0.29 ~ -0.57 V) [12 a ]. These peaks show the impact 

f two fluorine atoms which are directly linked to the phenyl ring 

E red 
onset = -0.49 V for Ir2 ) which is nearly as same as influence of

he trifluoromethyl group with maximum reduction (E red 
onset = - 

.47 V for Ir3 ). However, in comparison with Ir1 , they are shifted 

o less negative potential region by introducing more electron 

ithdrawing groups on phenyl rings of the Ar-BIAN ligand in Ir2 

nd Ir3 . The reduction waves are correlated with the lowest un- 

ccupied molecular orbital (LUMO) ( Table 3 ). Thus, the great ef- 

ect induced by the withdrawing groups in the phenyl rings sug- 

ests that the ancillary Ar-BIAN ligands are involved in the LUMOs. 

OMO and LUMO orbital energies become more negative (stabi- 

izes) by increasing the influence of fluorine atoms on Ar-BIAN lig- 

nds ( Figure 5 ). As far as we know, the increasing of fluorine atoms

n the Ar-BIAN ligands causes to decrease both LUMO and HOMO 

nergies because of better stabilization of electrons, which become 

ore attracted to the phenyl fragment. However, energy of LUMO 

ecreases faster than HOMO, from Ir1 to Ir3 . The theoretical cal- 

ulations showed the similar influence of fluorine groups to the 

OMO and LUMO energy levels ( Figure 7 ). 

.3. Electronic absorption 

UV-visible spectra of Ir1 - Ir3 were recorded in four different sol- 

ents (CH 3 CN, EA, CH 2 Cl 2 and THF) at a concentration of 1 × 10 −5 

 at a 298 K (see supplementary data). Figure 6 depicts UV-vis 

bsorption curves in CH 2 Cl 2 solution. The absorption band maxima 

nd molar absorptivity data of complexes are collected in Table 4 . 

The absorption peaks of all three complexes are slightly red 

hifted compared to their analogues bearing electron donating 

roup on Ar-BIAN ligand. All the complexes displayed intense ab- 

orption band below 290 nm. This high intense band relates to 



S. Salohiddinov, A. Vignesh, Z. Li et al. Journal of Organometallic Chemistry 951 (2021) 122002 

Figure 5. ( a ) Cyclic voltammograms of redox processes of Ir1-Ir3 , and ( b ) voltammogram of Ir3 in different scan rate. The circles refer to starting point and arrow indicates 

clockwise scanning direction. 

Table 4 

Absorption data of Ir1-Ir3 . 

Complex λabs /nm ( ε/ × 10 4 M 

−1 cm 

−1 ) 

Ir1 254 (5.20), 304 (2.29), 334 (1.93), 412 (1.45), 471 (0.66), 500 (0.02) 

Ir2 264 (4.73), 307 (2.14), 354 (1.67), 412 (1.30), 486 (0.53), 500 (0.03) 

Ir3 268 (4.72), 307 (2.31), 334 (1.95), 414 (1.18), 487 (0.52), 500 (0.03) 

Electronic absorption band ( λabs ) and molar absorptivity ( ε) values in CH 2 Cl 2 at a con- 

centration of 1 × 10 −5 M at room temperature. 

Figure 6. UV-Vis absorption plot for Ir1 - Ir3 in CH 2 Cl 2 solution (1.0 × 10 −5 M), inset 

is the expansion of 350 ~ 550 nm region. 
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he spin-allowed π→ π ∗ ligand-centered ( 1 LC) transitions of the 

yclometalating ppy and the ancillary Ar-BIAN ligands [26] . The 

road and comparatively less intense absorptions were observed 

n 290 ~ 530 nm range. These low-energy transitions are assigned 

o the mixed spin-allowed ligand-to-ligand charge transfer ( 1 LLCT) 

nd metal-to-ligand charge transfer ( 1 MLCT) [ 12 a - c , 13 ]. Absorption 

urves of all three complexes ( Ir1-Ir3) are quite similar and does 

ot have significant difference. We believe that the influence of 

ubstituted atoms of Ar-BIAN ligands on absorption properties is 
6 
ot remarkable. The reason for that can be due to quasi-orthogonal 

rientation of phenyl groups on Ar-BIAN ligand with acenaphthene 

lane which results to low orbital overlapping with diimine part 

 27 a ]. For the all three complexes, luminescence analysis was car- 

ied out and there was no detectable emission observed. Excita- 

ion wavelengths Ex were chosen between 290 ~ 530 nm. Emis- 

ion spectra were recorded in Ex + 30 ~ 800 nm range. Samples 

ere prepared among 1 × 10 −4 ~ 1 × 10 −5 M concentration in 

our different solvents (CH 2 Cl 2 , CH 3 CN, THF, and EA). All the com- 

lexes ( Ir1-Ir3) are non-emissive, probably due to close lying non- 

missive dark state [ 27 b , c ]. 

.4. DFT calculations 

In order to gain deep insight into the electrochemical proper- 

ies of Ir1-Ir3 , DFT calculations were performed. Geometries of the 

omplexes were optimized by the B3LYP method. The iridium atom 

as treated with the LANL2DZ basis set, while the other atoms 

ere treated with the 6-31G 

∗ basis set. 

The optimized geometries and calculated isodensity surface for 

OMOs and LUMOs for all the complexes are in the ground state. 

he energy diagram from HOMO-4 to LUMO + 4 and isodensity sur- 

aces for HOMO and LUMO are depicted in Figure 7 . The HOMO of 

ridium complexes resides on the phenyl π-orbitals of the ppy lig- 

nds and t 2g orbitals of the iridium ion, while LUMO locates mostly 

n acenaphthene plane with small contribution of aryl parts, and 

UMO + 1 resides only on acenaphthene moiety including nitrogen 

toms. The less contribution of aryl rings of the ancillary ligand to 
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Figure 7. Energy level diagram from HOMO-4 to LUMO + 4 and isodensity surface plots for HOMO and LUMO (isovalue = 0.03) of complexes. 

Scheme 1. Synthesis of Ar-BIAN ligands and their cationic iridium(III) complexes. 
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he LUMOs is due to intramolecular π-stacking of the cyclomet- 

lating (ppy) and ancillary (Ar-BIAN) ligands. Experimentally ob- 

ained HOMO energies decrease from -5.76 eV, -5.79 eV, to -5.80 

V for Ir1, Ir2, and Ir3 , while theoretically calculated HOMO en- 

rgies are from -5.52 eV, -5.54 eV to -5.55 eV, respectively. These 

btained values represent good correlation of the experimental and 

heoretical results. The calculated LUMO energies are -2.88 eV, - 

.95 eV and -2.97 eV for Ir1 to Ir3 , respectively. The stabilization 

f LUMOs from Ir1 to Ir3 is the result of increasing the num- 

er of fluorine atoms on the phenyl ring of Ar-BIAN ligands. In- 

eed, the impact of fluorine atoms on LUMO energy level is quite 

ow because of the quasi-orthogonal orientation of aryl rings in 

he acenaphthene plane. However, they still have some contribu- 

ion in LUMO energy levels. Additionally, increasing the number of 

lectron-withdrawing atoms also leads to slightly stabilization of 

OMO energy level. The similar relationship also observed experi- 

entally by cyclic voltammetry analysis. The oxidation and reduc- 

ion peaks shifted toward more positive potential by increasing the 

umber of fluorine atoms indicating the stabilization of HOMO and 

UMO energy levels ( Table 3 ). 

. Conclusion 

In this work, three cationic Ir(III) complexes ( Ir1-Ir3 ) compris- 

ng fluorinated Ar-BIAN ancillary ligands were synthesized and 

haracterized. Molecular structures of all the complexes were de- 

ermined by the X-ray diffraction analysis. The nitrogen atoms in 
7 
py ligands were found in mutually trans configuration to each 

ther for the all three complexes. All the complexes showed oc- 

urrence of intramolecular π-stacking between phenyl part of ppy 

igand and aryl parts of Ar-BIAN ligand. However, obvious differ- 

nce was found between the mono-fluorinated structure and di- 

uorinated one. The cyclic voltammetry analysis exhibited that the 

ncreasing of fluorine atoms results in shifting of oxidation and re- 

uction peaks to more positive potential which means stabilization 

f HOMO and LUMO. The same relationship also obtained by DFT 

alculations. The increase of reversibility of the oxidation traces at 

igher scan rate shows major contribution of Ir(III) ion compared 

o ppy ligand, which can be seen from isodensity surface of HOMO. 

he UV-Vis. absorption curves of the complexes were almost simi- 

ar for the all three complexes and the effect of fluorine atoms on 

bsorptivity properties was quite low. 
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