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Abstract

:

A new bis cyclometallated Ir(III) phosphor, [Ir(ppy)2L]PF6 (ppy = 2-phenylpyridine, L = 4,4′-bis(4-fluorophenyl)-6,6′-dimethyl-2,2′-bipyridine was prepared and structurally characterized in the solid state (X-ray diffraction) and solution (1 and 2D NMR spectroscopy). The compound exhibited yellow photoluminescence (λem = 562 nm). The quantum yield Φ was solvent-dependent (5% in acetonitrile and 19% in dichloromethane solutions, respectively).
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1. Introduction


In recent years, iridium-based phosphors have received much attention because of their potential use in a vast range of applications including bioimaging [1,2,3], photoredox catalysis [4,5], sensing [6,7] and optoelectronic devices [8,9,10,11].



The most studied class of these compounds unambiguously belongs to tris and bis cyclometalled Ir(III) complexes of type Ir(C^N)3 (homoleptic) and Ir(C^N)2(L^X) (heteroleptic), respectively. In this formulation, C^N stands for the cyclometallating anionic chelating ligand, where L^X is the ancillary ligand (anionic or neutral). These are emitted from either 3MLCT or, more frequently, a mixed 3MLCT-3LC state [5,8,9]. An interesting subcategory of heteroleptic bis cyclometallated Ir(III) complexes contains ppy (the anion of 2-phenylpyridine) and a diimine type (N^N) ancilliary ligand. The major advantage [Ir(C^N)2 (N^N)]+ compounds have to offer is that cyclometallating and especially the ancillary ligands, can be independently modified to fine-tune the emission energy [12,13,14,15,16].



Rubén D. Costa et al. [16] synthesized a series of [Ir(ppy)2(N^N)][PF6] complexes, successively adding methyl and phenyl groups to the 6- and 4-positions of 2.2′-bipyridine (bpy) in the archetypal complex [Ir(ppy)2(bpy)][PF6] (used as reference). A blue shift of the emission maximum was observed for all complexes compared to the reference. More importantly, the photoluminescence quantum yield reached its maximum value (Φ = 0.54) when both methyl and phenyl substituents were present (N^N = 6,6′-dimethyl-4,4′-diphenyl-2,2′-bipyridine). The impressive quantum efficiency was ascribed to self-quenching reduction due to the addition of bulky groups at the periphery of the complex.



Prompted by these results, we decided to prepare, characterize and investigate the photophysical properties of a similar complex, Bis(2-phenylpyridinato,-C2′,N)[4,4′-bis(4-fluorophenyl)-6,6′-dimethyl-2,2′-bipyridine] iridium(III) hexafluorophosphate [Ir(ppy)2L]PF6 (1). The only change made on the N^N ligand compared to the studied one 6,6′-dimethyl-4,4′-diphenyl-2,2′-bipyridine was the insertion of strong electron-withdrawing fluorine at the 4-position of the phenyl ring. Our goal was to reveal the effect of this substitution on the emission energy and quantum efficiency.




2. Results and Discussion


2.1. NMR Spectroscopy in Solution


The 1H-NMR spectrum of 1 was recorded in acetone-d6 and is depicted in Figure 1. It consists of a set of well-separated sharp signals, indicative of the complex symmetry and integrity in the solution. 1H assignments, as well as complexation-induced changes (Δδ) in chemical shifts, are listed in Table 1. It should be noted that the ppy/L column values correspond to 1H chemical shifts in the complex [Ir(ppy)2(CH3CN)2]PF6 (which was synthesized using the method reported in [17]) and the studied diimine. From the data cited in Table 1, it is evident that both ligands interact strongly with the metal center [18,19]. Interestingly, the presence of the ancillary ligand induces further changes to proton chemical shifts of the already metal bound ppy in Ir(ppy)2 moiety.




2.2. Photophysical Properties


2.2.1. Electronic Absorption Spectroscopy


The UV-Vis spectrum (Figure 2) of 1 (c = 1.1 × 10−5 M) has been acquired in acetonitrile (298K). According to the absorption studies of similar systems [5,8,9,12,14,15,16,20], the high energy band was assigned the 1LLCT transitions (π→π*) while the shoulders at 330 and near 400 nm were attributed to spin-allowed metal-to-ligand charge-transfer (1MLCT). Finally, the weak absorption tail observed at λ > 450 nm was assigned to spin-forbidden 3MLCT transitions [21,22,23].




2.2.2. Emission Spectrum


The photoluminescence spectrum of compound (1) was registered in deaerated (Ar) CH3CN solution (1.1 × 10−5 M) at room temperature (Figure 3). The observed band, centered at λem = 562 nm (yellow emitter), appeared broad and unstructured, as typically expected for emissions from 3MLCT or mixed 3MLCT/3LLCT excited states [16,20,21,22,23]. The emission wavelength of 562 nm is very close to the value (λem =559 nm) recorded for the reference complex [Ir(ppy)2(N^N)][PF6] (N^N= 6,6′-dimethyl-4,4′-diphenyl-2,2′-bipyridine) [16]. Surprisingly the photoluminescence quantum yield of our compound was found to be very low (Φ = 5%) compared to the reference’s one (Φ = 54%). It seems that fluorine substitution at the 4-position of the phenyl ring had almost no effect on the HOMO-LUMO gap but strongly promoted the loss of the excitation energy via non-radiative pathways. One possible explanation for this differentiation might be the different nature of the mixed 3MLCT/3LLCT emissive state (i.e., more 3LLCT character in complex 1). It is reported that excited 3LLCT states are more photochemically active and prone to distortion, leading to deactivated interactions with polar solvents [24]. Nevertheless, the Φ value of 1 increased considerably in deaerated CH2Cl2 (Φ = 19%).





2.3. Description of the Structure (X-ray)


The X-ray crystal structure of complex 1 was obtained from single crystals grown by the slow vapor diffusion of diethyl ether into a concentrated solution of the complex in dichloromethane. We formulated 1 as [Ir(ppy)2L]PF6⋅(solvent), where ppy is the anion of phenylpyridine and L is 4,4′-bis(4-fluorophenyl)-6,6′-dimethyl-2,2′-bipyridine, and crystallized in the monoclinic space group P21/c. Its asymmetric unit consists of a cation [Ir(ppy)2L]+ and the counter anion PF6−. The electron density attributable to the solvated molecules could not be modeled and was removed. Selected bond distances (Å) and angles (o) for the coordination sphere of Ir(III) in the cation are presented in Table 2, while the structure of the cation is depicted in Figure 4.



Despite the bad quality crystal, the structural determination of 1 confirmed the gross structural features of the complex.



The geometry around Ir(III) is octahedral with distortions expected in tris-chelate metal complexes, while the bond lengths and angles of the cation in 1 match well with those previously reported for similar complexes. The approximately octahedral geometry is confirmed with the two pyridine rings of the cyclometallated ppy ligands-oriented trans to each other and the two phenyl rings in cis orientation. [16,25,26] The Ir-N bond distances to the substituted bipyridyl ligand [mean value 2.23 Å] lie on the upper limit of the literature values, probably due to the strong electron-withdrawing properties of the fluorine atoms. [16,26,27] The bite angles of the chelated ligands are comparable with the literature values of the N(1)-Ir(1)-N(2) angle (≈77°), which are systematically smaller than those of the cyclometallated ppy ligands (≈81°). The stronger interaction of the cyclometallated ligands with iridium(III), compared to that of the substituted bipyridyl, was confirmed by the differences in Ir–N bond lengths (mean values: Ir-Nppy, 2.025; Ir-Nbipyridyl, 2.23 Å).



While the coordination domains of the ppy ligands can be considered planar (the dihedral angles between the pyridine and phenyl rings are correspondingly 6.5 and 5.2° for ppy E and F), the bipyridyl ligand is severely twisted. The dihedral angle between pyridine rings A and B is 28.2°; additionally, the phenyl substituents are also twisted with respect to the pyridine ring to which they are bonded, making least-squares planes angles of 22.1° for rings A, C and 42.6° for rings B, D.



The methyl groups of 4,4′-bis(4-fluorophenyl)-6,6′-dimethyl-2,2′-bipyridine embrace the coordination core and interact with relatively strong intramolecular C-H ⋅⋅⋅ π interactions with the phenyl rings of the ppy ligands (related distances: C(46) ⋅⋅⋅ centroid E, 3.24; H(46B) ⋅⋅⋅ centroid E, 2.66; C(6) ⋅⋅⋅ centroid F, 3.35; H(6B) ⋅⋅⋅ centroid F, 2.35 Å).





3. Materials and Methods


3.1. Materials


All solvents were of an analytical grade and were used without further purification. N-acetonyl pyridinium chloride, AgPF6 and NH4OAc were purchased from Aldrich. IrCl3xH2O, diacetyl, 2-bromo-1-p-methyl-ethanone, 4-fluorobenzaldehyde and piperidine were purchased from Alfa Aesar. The ligand L = 4,4′-bis(4-fluorophenyl)-6,6′-dimethyl-2,2′-bipyridine and the complex [Ir(ppy)2(CH3CN)2][PF6] were prepared according to reported procedures [17,28].




3.2. Methods


The high-resolution electrospray ionization mass spectrum (HR-ESI-MS) (Figure S1) of the compound was obtained on a Thermo Scientific, LTQ Orbitrap XL™ system. C, H and N elemental analysis was performed on a Perkin-Elmer 2400 Series II analyzer. 1D (1H) and 2D (TOCSY, NOESY, HSQC, HMBC) spectra (Figures S2–S5) were acquired on Bruker Avance spectrometer operating at 500.13 MHz and processed using Topspin 4.07 (Bruker Biospin GmbH, Ettlingen, Germany). The emission study was carried out using a Jasco FP-8300 fluorometer equipped with a xenon lamp source and an integrated sphere for solid samples. The relative photoluminescence quantum yield was calculated using the equation Qs = Qr(Ar/As)(Es/Er)(ns/nr)2. ‘A’ stands for the absorbance of the solution, ‘E’ for the integrated fluorescence intensity of the emitted light, ‘n’ is the refractive index of the solvent, while the subscripts ‘r’ and ‘s’ correspond to the reference and the sample, respectively. An air equilibrated aqueous solution of [Ru(bpy)3]Cl2 was employed as reference (Qr = 0.04) [29]




3.3. Crystal Structure Determination


A suitable needle-like yellow crystal of compound 1, with approximate dimensions 0.30 × 0.025 × 0.02 mm3, was glued to a thin glass fiber with a cyanoacrylate (super glue) adhesive and placed on the goniometer head. Diffraction data were collected on a Bruker D8 Quest Eco diffractometer, equipped with a Photon II detector and a TRIUMPH (curved graphite) monochromator utilizing Mo Ka radiation (λ = 0.71073 Å) and using the APEX 3 software package [30]. A total of 800 frames were collected with φ and ω scans. The collected frames were integrated with the Bruker SAINT software using a wide-frame algorithm. The integration of the data using a monoclinic unit cell yielded a total of 58631 reflections with a maximum θ angle of 25.00° (0.84 Å resolution), of which 7473 were independent (completeness = 98.5%, Rint = 16.30%, Rsig = 9.30%) and 4739 (63.41%) were greater than 2σ(F2). The final cell constants of a = 16.295(8), b = 12.504(5), c = 21.712(9) Å, β = 103.013(16) °, V = 4310(3) Å3, were based upon the refinement of the XYZ-centroids of 8599 reflections above 20 σ(I) with 4.810 ° < 2θ < 45.616 °. Data were corrected for absorption effects using the Multi-Scan method (SADABS) [31]. The ratio of the minimum to the maximum apparent transmission was 0.609. The P21/c space group was assigned, and the structure was solved using the Bruker SHELXT Software Package and refined by full-matrix least-squares techniques on F2 (SHELXL 2018/3) [32] via the ShelXle interface [33]. Further experimental crystallographic details for 1: Data/restraints/parameters, 7473/6/543; (Δ/σ)max = 0.002; (Δρ)max/(Δρ)min = 1.616/–1.356 eÅ–3; Goodness of Fit, 1.094; R indices [I > 2σ(I)], Robs = 0.0905, wRobs = 0.2514; R indices [all data], Rall = 0.1317, wRall = 0.2727. The non-H atoms were treated anisotropically, while organic H atoms were placed in calculated, ideal positions and refined by riding on their respective carbon atoms. PLATON [34] was used for geometric calculations, and X-Seed [35] for molecular graphics.



Data were collected from a few different crystals, but their quality did not allow the collection of a better data set. The crystals were opaque and appeared to lose their solvency. Some residual electron densities, assigned to solvent molecules, could not be modeled and were treated with the SQUEEZE routine implemented in PLATON. To confirm the assignment of the coordinated C and N atoms of the phenylpyridine molecules, several models were used in the refinement, spanning from simple C/N to N/C swap to different ppy molecules with partial occupancies coordinated in different positions. In all cases, the R values were increased, or several atoms came up with a non-positive definite.



Full details on the structure can be found in the CIF file deposited with CCDC. CCDC 2245354 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (accessed on 28 February 2023).




3.4. Synthesis


Synthesis of [Ir(ppy)2L]PF6 (1)


In a two-neck 100 mL round-bottom flask, 20 mL of 1,2 dichloroethane (Ar-degassed), 20 mg of [Ir(ppy)2(CH3CN)2][PF6] (0.027 mmol) and 12.3 mg of L (0.033 mmol) were added. The solution was refluxed for 24 h under N2. The solvent was removed under reduced pressure, and the crude product was washed with acetonitrile (2–3 mL, in portions) to extract the desired complex. The washings were combined, followed by the slow addition of diethyl ether. A yellow solid was precipitated, collected and dried under a vacuum. Yield: 75% (m = 18 mg). C46H34N4PF8Ir: calc.% C, 54.27; H, 3.37; N, 5.50. Found C, 54.29; H, 3.40; N, 5.45. 1H NMR (500 MHz, acetone-d6) δ (ppm) L: 9.07 (d, J = 1.6 Hz, 2H); 8.07 (m, 4H); 7.87 (d, J = 1.7 Hz, 2H); 7.35 (m, 4H). ppy: 8.26 (m, 4H); 8.01 (m, 2H); 7.83 (m, 2H); 7.24 (m, 2H); 6.96 (m, 2H); 6.78 (td, J = 7.6, 1.3 Hz, 2H); 6.19 (d, J = 7,7 Hz, 2H). 13C NMR (500 MHz, acetone-d6) δ (ppm) L: 26.1 (CH3); 116.2 (C5″/C3″); 120.4 (C3/C3′); 125.6 (C5/C5′); 129.9 (C6″C2″); 132.1 (C4/C4″); 158.9 (C2); 162.1 (C1″); 163.9 (C6). ppy: 119.8 (C3); 122.0 (C5′); 123.3 (C5); 124.8 (C6′); 129.7 (C4′); 131.5 (C3′); 138.6 (C4); 143.6 (C2′); 148 (C1′); 150.3 (C6); 167.5 (C2). HR ESI MS: cal. m/z = 873.2375, found m/z = 873.2361 for C46H34F2N4Ir+. UV-Vis (dichloromethane): λmax (nm), ε (M−1 cm−1) 269 (36363); 327 (17272); 386 (4727); 480 (954).






4. Conclusions


Overall, we synthesized and structurally characterized (NMR, X-ray diffraction) the novel cyclometallated Ir(III) complex Bis(2-phenylpyridinato,-C2′,N)[4,4′-bis(4-fluorophenyl)-6,6′-dimethyl-2,2′-bipyridine] iridium(III) hexafluorophosphate. The compound is a yellow emitter (λ = 562 nm), exhibiting a photoluminescence quantum yield ranging from Φ = 5% (CH3CN) to Φ = 19% (CH2Cl2). The fluorine substituents at the 4-position of the phenyl rings do not affect the emission maximum. On the contrary, the quantum yield was significantly reduced.
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Figure 1. The 1HNMR spectrum of [Ir(ppy)2L][PF6] in acetone-d6 at 500 MHz at 298K. 
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Figure 2. The UV-Vis spectrum of [Ir(ppy)2L]PF6 (1) in acetonitrile. 
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Figure 3. The photoluminescence spectrum of [Ir(ppy)2L]PF6 in acetonitrile (λexc = 350 nm). 
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Figure 4. A “ball and stick” diagram of the cation in compound 1 with a partial labelling scheme. Ring labels are also included for discussion in the text. 
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Table 1. The 1H NMR data (δ, ppm) of ppy/L and the complex 1 ([Ir(ppy)2L)][PF6]).
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	H
	ppy, L
	[Ir(ppy)2L)][PF6]
	Δδ = δcom − δppy/L





	H3′ ppy
	6.10
	6.19
	+0.09



	H4′ ppy
	6.76
	6.78
	+0.02



	H5′ ppy
	6.90
	6.96
	+0.06



	H6′ ppy
	7.75
	7.83
	+0.08



	H3 ppy
	8.26
	8.26
	0



	H4 ppy
	8.16
	8.01
	−0.14



	H5 ppy
	7.53
	7.24
	−0.29



	H6 ppy
	9.23
	8.25
	−0.98



	H5/H5′ bpy
	7.61
	7.87
	+0.26



	H3/H3′ bpy
	8.62
	9.07
	+0.45



	H2″/H6″ bpy
	7.92
	8.07
	+0.15



	H3″/H5″ bpy
	7.35
	7.35
	0



	CH3
	2.68
	2.04
	−0.64
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Table 2. Selected structural characteristics of compound 1.
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Bond Distances (Å)

	

	




	
Ir(1)-N(1)

	
2.219(14)

	
Ir(1)-N(4)

	
2.032(15)




	
Ir(1)-N(2)

	
2.247(13)

	
Ir(1)-C(25)

	
2.018(19)




	
Ir(1)-N(3)

	
2.019(13)

	
Ir(1)-C(47)

	
1.936(15)




	
Bond Angles (o)

	

	




	
C(47)-Ir(1)-C(25)

	
83.5(7)

	
N(3)-Ir(1)-N(1)

	
98.3(5)




	
C(47)-Ir(1)-N(3)

	
80.6(6)

	
N(4)-Ir(1)-N(1)

	
85.1(5)




	
C(25)-Ir(1)-N(3)

	
94.3(7)

	
C(47)-Ir(1)-N(2)

	
100.2(6)




	
C(47)-Ir(1)-N(4)

	
96.1(6)

	
C(25)-Ir(1)-N(2)

	
174.8(6)




	
C(25)-Ir(1)-N(4)

	
81.3(7)

	
N(3)-Ir(1)-N(2)

	
90.0(5)




	
N(3)-Ir(1)-N(4)

	
174.8(6)

	
N(4)-Ir(1)-N(2)

	
94.6(5)




	
C(47)-Ir(1)-N(1)

	
177.0(6)

	
N(1)-Ir(1)-N(2)

	
76.9(5)




	
C(25)-Ir(1)-N(1)

	
99.4(6)
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