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ABSTRACT: The application of a chiral auxiliary ligand to control the diastereoselectivity in the synthesis of a cyclometalated 

iridium(III) complex is presented. The diastereomeric iridium(III) complexes 1a and 1b are reported in which a phenoxyoxazoline 

auxiliary ligand incorporates a chiral center functionalized with a pendant pentafluorophenyl group. The diastereomers were readily 

separated and their structural, electrochemical and photophysical properties are discussed. Solution-state NMR data and X-ray crys-

tal structures establish that the pentafluorophenyl group engages in intramolecular π–π interactions. The X-ray analysis reveals that 

the two diastereomers display very different modes of intramolecular stacking. The variable temperature 
19

F NMR data indicate that 

rotation of the pendant pentafluorophenyl rings in 1b and 1a is a temperature dependent process, and that there is a smaller energy 

barrier to rotation in 1b compared to 1a. This correlates with variable temperature photoluminescence data which show that upon 

heating the integrated emission intensity is reduced substantially more for 1b than for 1a, which is ascribed to the enhanced rotation 

in 1b providing a more easily populated non-radiative pathway compared to 1a. These experimental data are supported by computa-

tional calculations. Phosphorescent organic light emitting devices (PhOLEDs) using 1a as the dopant complex give blue-green 

emission with a high maximum external quantum efficiency (EQEmax) of 25.8% (at ca. 270 cd m
−2

) and with a low efficiency roll-

off to 24.9% at 1000 cd m
−2

. Our results extend the scope of ligand design for cyclometalated iridium complexes which possess 

interesting structural and emission properties.

INTRODUCTION 

Iridium(III) complexes have been widely studied in applica-

tions1,2 such as photocatalysis,3 biological labelling,4 sensing5 and 

as emitters in highly efficient phosphorescent organic light-

emissive devices (PhOLEDs)6–12 They possess a range of advan-

tageous properties such as high luminescence quantum efficiency 

(Φ), microsecond-scale phosphorescence lifetime (η) and good 

electrochemical stability, while their metal-ligand based photo-

chemistry has enabled their emission colour to be tuned across the 

entire visible spectrum through appropriate synthetic modifica-

tion.13–15 

Notably, highly phosphorescent heteroleptic complexes have 

received significant interest because they can be synthesized un-

der milder conditions than fac-homoleptic complexes, allowing a 

wider scope for structural variation.16–19 They typically feature 

two cyclometalating C^N chelates, which function as lumino-

phores, alongside a 3rd auxiliary ligand that is not directly in-

volved in the excited state (ancillary), but instead can influence 

emission color and orbital mixing through tuning the energy of 

the Ir d orbitals.20–26 

An interesting way to alter this classic system is through the in-

corporation of phenoxyazole-based ligands as the 3rd chelate, 

which provides unusual complexes where the auxiliary ligands 

feature significant frontier orbital contribution. Several highly 

emissive derivatives have been reported by our group and others, 

including application in efficient PhOLEDs.27–30 Particularly, we 

have established that synthetic modification of such auxiliary 

ligands can be used to control emission color through tuning ei-

ther the frontier orbital energies or the emission bandwidth.28,29  

Non-covalent interactions are another promising tool for alter-

ing the photophysical properties of luminophores.31,32 Their in-

corporation can offer synthetic control while avoiding the difficul-

ties associated with the construction of covalent bonds. For exam-

ple, in a sky-blue bis[2-(4,6-difluorophenyl)pyridinato-

C2,N](picolinato)iridium(III) (FIrpic)-based system, comparison 

of hydroxy and methoxy-substituted derivatives unequivocally 

established that intramolecular hydrogen bonding decreased the 

non-radiative decay rate (knr) by an order of magnitude, and in-

creased PhOLED operating time by over 50%.31  

Intramolecular π–π stacking has been incorporated into a few 

specific iridium complexes33–38 and has been shown to improve 

the operational stability of light-emitting electrochemical cells 

(LEECs).33 Also, intramolecular π–π interactions can rigidify 

complexes, thereby enhancing their photoluminescence quantum 

yields (PLQYs) 35,38 when perfluoroaryl groups are included to 

augment stacking.39–41 However, it is difficult to determine the 

exact consequences of intramolecular stacking, as its presence/ 

absence inevitably alters secondary electronic and/or steric fac-

tors.39,42–44  

In this study we intended to circumvent this issue by studying 

the new diastereomeric complexes 1a and 1b (Figure 1). Their 

phenoxyoxazoline auxiliary ligands (6 – Figure 2) incorporate a 

chiral center functionalized with a pendant pentafluorophenyl 

group. As 1a and 1b are diastereomeric, they are expected to have 

near-identical electronic properties. However, the pentafluoro-

phenyl ring was expected to display different stacking modes in 

1a and 1b.30,45 Consequently, it was anticipated that any signifi-

cant differences in the photophysical properties of 1a and 1b 

would be specifically related to the nature of their intramolecular 

π–π interactions.  



 

 

Figure 1. Structures of diastereomeric complexes 1a and 1b with 

their 3D configurations. The colored rings engage in intramolecu-

lar π–π interactions.   

 

The diastereomers 1a and 1b were separated and their structur-

al, electrochemical and photophysical properties are reported. 

Experimental data are supported by a density functional theory 

(DFT) study. Particularly, variable temperature (VT) 19F NMR 

and photoluminescence (PL) measurements provide insights into 

the influence of the intramolecular π–π interactions on the solu-

tion photophysical properties of 1a and 1b. Vacuum-processed 

PhOLEDs doped with 1a as the emitter demonstrate notably good 

performance for a perfluoroaryl-functionalized Ir complex. 

RESULTS AND DISCUSSION 

Synthesis 

Monari, Bandini, Ceroni and coworkers previously demonstrated 

that chiral phenoxyoxazoline auxiliary ligands functionalized with 

pendant phenyl rings afford highly emissive Ir complexes for 

which the diastereomers were separated.30 Weak intramolecular 

π–π interactions were observed between cyclometalating pyridyl 

and pendant phenyl moieties in the ΛS, ΔR diastereomers (stereo-

chemistry analogous to 1a) by X-ray crystallography, with cen-

troid–centroid distances of 3.65–4.31 Å. Inspired by this work, we 

devised the chiral auxiliary ligand 6 with a pendant pentafluoro-

phenyl group to enhance intramolecular π–π interactions39–41. 2-

(2,4-Difluorophenyl)pyridine (dfppy) cyclometalating ligands 

were selected because they afforded higher PLQYs than 2-

(phenyl)pyridine (ppy) in previous work.30 Also, when imple-

mented alongside the CF3 group on the phenoxy moiety of the 

auxiliary ligand, they would allow the study of intramolecular π–π 

interactions in a system with a higher emission energy than 

Ir(ppy)3.
29 

The synthetic scheme for the ligand 6 and complexes 1a and 1b 

is shown in Figure 2. The racemic aminoethanol derivative 4 was 

synthesized via the dihydroxylation of pentafluorostyrene (2) 

followed by the Ritter rearrangement of 3.46 Subsequent ZnCl2-

catalyzed condensation with the commercial benzonitrile deriva-

tive 5 afforded racemic 6 in 41% yield. Reaction of 6 with the 

racemic dimeric complex [Ir(dfppy)2μ–Cl]2 resulted in near-

quantitative conversion to the diastereomers 1a and 1b, which are 

each formed as a racemic pair of enantiomers. Anhydrous di-

glyme was selected as solvent to avoid any nucleophilic aromatic 

substitution side reactions on the perfluoroaryl ring of 6.  

The diastereomers 1a and 1b were easily separated via column 

chromatography and isolated in yields of 66% and 30%, respec-

tively. Analysis of the crude evaporated reaction mixture by 1H 

NMR (Figure 3) indicates a similar diastereomeric ratio i.e. 2:1 in 

favor of 1a; as does a trace of the UV detector output from the 

preparative flash chromatography system used to separate 1a and 

1b (Figure S19). D2-1,1,2,2-tetrachloroethane was used as the 

NMR solvent in this study due its high boiling point which ena-

bled the VT NMR study reported below. The diastereoselectivity 

is reproducible. Importantly, no discernible diastereoselectivity 

was reported for non-perfluorinated analogues,30 indicating that 

perfluorination of the pendant ring on 6 is responsible for the 

diastereoselectivity encountered during the synthesis of 1a and 

1b. We propose that this is due to more favorable intramolecular 

π–π interactions in 1a than 1b (see X-ray diffraction and VT 

NMR data below), as perfluorination is known to enhance π–π 

stacking38–41 and Ar–H and Ar–F groups exert very similar steric 

effects.47 Such a combination of diastereoselectivity and clean 

diastereomer separation is noteworthy. The separation of diastere-

omeric monoiridium complexes is often challenging48 and has 

previously required HPLC separation.49 Previously reported sepa-

rations have often focused on statistical distributions of isomers 

for which no diastereoselectivity was observed.30,50 The only 

completely diastereoselective synthesis of a diastereomeric mo-

noiridium complex that we are aware of affords complexes with 

poor photophysical performance due to their proline auxiliary 

ligands (PLQY < 10%).32 

The complexes show good thermal stability with decomposi-

tion temperatures (Td corresponding to 5% weight loss) of ca. 320 

°C by thermal gravimetric analysis (TGA) (Figures S25 and S26).  

 

 

Figure 2. Syntheses of the chiral auxiliary ligand 6 and the dia-

stereomeric complexes 1a and 1b.  

Intramolecular π–π interactions 

X-ray crystallography 



 

The molecular structures of 1a and 1b were studied by single 

crystal X-ray diffraction. Important parameters are summarized in 

Table 1 and the structures are shown in Figure 4.  

The crystals are racemic for both diastereomers, while the crys-

tal of 1a contains two crystallographically non-equivalent mole-

cules (Figure S29). Both complexes 1a and 1b have distorted 

octahedral coordination about their Ir centers as expected, with 

the N atoms of the cyclometalating ligands occupying positions 

axial to the plane of the phenoxyoxazoline ligand coordination, 

and trans to each other. The phenoxyoxazoline ligand 6 coordi-

nates via a 6-membered N^O chelate as expected.28 

The structure of the ΔR/ ΛS diastereomer 1a features slipped 

face-to-face intramolecular π–π interactions (vector D in Figure 4) 

between the pendant pentafluorophenyl group (ring A) and the 

pyridyl component of a cyclometalating ligand (ring B) (Figure 

1). This is analogous to ΔR/ ΛS non-fluorinated analogues,30 alt-

hough the stacking in 1a is closer (D = 3.30 Å vs. 3.57 Å) due to 

perfluorination of the pendant aryl group, as intended. 

 

 

 

 

Figure 3. Aromatic regions of the 1H NMR spectra of crude 1 and the resolved diastereomers 1a and 1b in D2-1,1,2,2-tetrachloroethane to 

highlight the ca. 2:1 diastereomeric ratio; * = residual D1,H1-1,1,2,2-tetrachloroethane in the NMR solvent; # = CH2Cl2, chemical shifts are 

in ppm. 
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Figure 4. (Top) Two depictions of the X-ray crystal structure of ΔR-1a. The left OLEX251 perspective plot highlights intramolecular π–π 

interactions. The central structure is drawn in the same projection as this plot to clarify the differing stereochemistry of the diastereomers.  

The right perspective plot is projected along the auxiliary ligand Ir–N–O coordination plane. Cyclometalating ligands are drawn in green 

and blue while the auxiliary ligand is drawn in red. (Bottom) Similar diagrams for ΔS-1b. Thermal ellipsoids are drawn at the 50% proba-

bility level and H atoms are omitted for clarity. Vector D identifies intramolecular π–π interactions (see Table 1 and discussion in the text).  

Close intramolecular stacking (D = 3.33 Å) is also observed for 

the diastereomer 1b (Figure 4, bottom). However, unlike 1a, it is 

between the pendant pentafluorophenyl group (ring A) and one of 

the cyclometalating phenyl moieties (ring B). The face-to-face 

overlap is greater (less slipped) for 1b than for 1a. However, the 

stacking in 1b is not as close and is less parallel (1a Θ = 5.0/ 6.7°, 

D = 3.30 Å, 1b Θ = 7.8°, D = 3.33 Å – see Table 1). The stacking 

in both 1a and 1b is facilitated by distortion of the auxiliary lig-

and from its coordination plane to increase the intramolecular π–π 

overlap. For 1a, the plane of the phenoxy ring is bent from the 

auxiliary ligand’s Ir–N–O coordination plane by 24.2/ 25.0°, 

whereas for 1b a larger distortion of 33.8° is required to facilitate 

stacking. These distortions are much greater than for literature 

analogues that do not feature perfluoroaryl rings (5.8–15.6°).29,30 

Such notable distortions to enhance stacking in 1a and 1b (partic-

ularly 1b) highlight the effectiveness of perfluorination for pro-

moting π–π interactions.  

To summarize, the intramolecular π–π stacking appears to be 

marginally weaker in 1b than for 1a while also requiring a greater 

structural distortion of the ancillary ligand to facilitate it. This 

indicates that the intramolecular π–π interactions are more favora-

ble in 1a, which is reinforced by the diastereoselectivity of the 

complex formation and the VT NMR data below. 

Table 1. Selected geometrical parameters (bond distances in Å). 

 1aa  1b 

Space group P21/n I41/a 

Stereochemistry ΔR/ ΛS ΔS/ ΛR 

Bonds to cyclometalating ligands 

Ir–C (trans-O) 1.99(1)/ 2.00(1) 1.994(3) 

Ir–C (trans-N) 2.01(1)/ 2.00(1) 1.999(3) 

Ir–N, stacked 2.026(9)/ 2.02(1) 2.028(2) 

Ir–N, non-stacked 2.06(1)/ 2.04(1) 2.049(2) 

Bonds to auxiliary ligand 

Ir–O 2.117(8)/ 2.134(7) 2.137(2) 

Ir–N 2.140(8)/ 2.14(1) 2.165(2) 

Deviation of phenoxy plane 

from Ir–N1–O1 coordination 

plane, ° 

25.0/ 24.2 33.8 

Intramolecular stacking (π–π) 

Θ, °b 5.0/ 6.7 7.8 

D, Åc 3.30 3.33 

a Contains two crystallographically non-equivalent molecules. b 

Interplanar angle between pendant pentafluorophenyl ring A of 

the ancillary ligand and ring B of the cyclometalating ligand (pyr-

idine for 1a, phenyl for 1b - see Figure 4); c distance between the 

plane of ring B and the centroid of ring A. 

 

Variable temperature 19F NMR spectroscopy 

The intramolecular π–π interactions in 1a and 1b were also stud-

ied in solution by VT 19F NMR spectroscopy (Figure 5) to com-

pliment the single crystal X-ray data.  

At 25 °C (Figure 5, top left) both diastereomers exhibit five 19F 

environments between ca. −140 and −160 ppm of equal integra-

tion, which are assigned to the pentafluorophenyl groups. The 

presence of five distinct environments (in contrast to the free lig-

and 6 for which there are three environments – Figure S15) is 

ascribed to a breakdown in molecular symmetry, and indicates 

that the intramolecular π–π interactions in both 1a and 1b are 

strong enough to restrict rotation of the pendant pentafluoro-

phenyl units in solution.38 No such restriction of rotation is ob-

served in the 1H NMR spectra of the non-perfluorinated analogues 

reported by Monari, Bandini and Ceroni, indicating that the in-

tramolecular π–π interactions in our perfluorinated derivatives are 

stronger.30  

Meta 19F–19F coupling appears to be absent from the spectra, as 

previously reported for other heavily fluorinated aromatics.38,52–56 

Consequently, both diastereomers 1a and 1b display well-

resolved triplets corresponding to the pentafluorophenyl 4 posi-

tions at room temperature. However, whereas the signals corre-

sponding to the 2, 3, 4 and 5 positions are sharp for 1a, they are 

broader and less well defined for 1b. This suggests that rotation of 

the pentafluorophenyl group at room temperature is more restrict-

ed (i.e. exchange is slower) for 1a and this was further investigat-

ed using VT 19F NMR spectroscopy. 

Upon heating, no significant change is observed in the shape of 

the triplets corresponding to the 4 positions across the entire tem-

perature range for both 1a and 1b. This is expected as the 4 posi-

tions are para to the freely rotating C–C bond. 

For 1a the signals corresponding to the 2 and 6 positions slight-

ly broaden upon heating to 100 °C, resolving into doublets (Fig-

ure 5, bottom left). They also move towards one another, although 

at 100 °C they are still far from their coalescence point – their 

frequency difference (  ) is ca. 330 Hz at 25 °C, which decreases 

to ca. 250 Hz at 100 °C. Similarly, the signals corresponding to 

the 3 and 5 positions slightly broaden upon heating, while    

decreases from ca. 550 Hz at 25 °C to ca. 460 Hz at 100 °C. The-

se changes indicate that the rate at which the pendant pentafluoro-

phenyl ring rotates increases with temperature. However, as none 

of the signals is close to coalescing at 100 °C, it is concluded that 

exchange is slow across the entire studied temperature range and a 

significant energetic barrier exists for rotation of the pendant pen-

tafluorophenyl ring of 1a.  

The VT NMR data for 1b (Figure 5, right) contrast with those 

obtained for 1a, as the rate of exchange for 1b increases more 

drastically with temperature. The signals corresponding to the 2 

and 6 positions (   at 25 °C = ca. 740 Hz) and the 3 and 5 posi-

tions (   at 25 °C = ca. 835 Hz) coalescence at ca. 85 °C and ca. 

95 °C, respectively. This is because upon heating the pentafluoro-

phenyl ring of 1b starts to rotate sufficiently fast that the 2 and 6 

positions become indistinguishable on the NMR timescale (milli-

second-scale in this case – see SI discussion). The same applies to 

the 3 and 5 positions. As coalescence is observed for 1b, the free 

energy barrier to exchange (ΔG‡) can be tentatively estimated at 

70 kJ mol−1 (see SI).57 This value is comparable to the room tem-

perature     values of ca. 80 kJ mol−1 reported by Cozzi and 



 

Siegel et al. for rotation of intramolecularly-stacked perfluoroaryl 

rings in diarylnaphthalenes.40,41 

Importantly, coalescence is observed for 1b, but not 1a. From 

this it is clear that intramolecular π–π interactions are more effec-

tive at restricting rotation of the pentafluorophenyl ring in 1a. 

This is in agreement with the more favorable stacking observed in 

1a by X-ray diffraction above.  

 

 

Figure 5. (Top left) Expansions of the pentafluorophenyl regions of the 19F NMR spectra of 1a and 1b at room temperature. (Bottom left) 

VT 19F NMR spectra for 1a recorded between 25 and 100 °C. (Right) VT 19F NMR spectra for 1b recorded between 25 and 100 °C. All 

spectra were recorded in D2-1,1,2,2-tetrachloroethane; temperatures are ± 5 °C; chemical shifts are in ppm. 

 

Electrochemical and photophysical properties 

The oxidation and reduction potentials for 1a and 1b were ob-

tained via cyclic voltammetry (CV). The key data are listed in 

Table 2, and the voltammograms are shown in Figure S20. 

 

Table 2. Electrochemical data for complexes 1a and 1b refer-

enced to E1/2 FcH/ FcH+ = 0.00 V. 

aAll reductions are electrochemically irreversible; bHOMO levels 

calculated from CV potentials by HOMO = –4.8 + (–E1/2
ox), using 

ferrocene as the standard; cLUMO levels calculated from CV 

potentials by LUMO = –4.8 + (–Ered
onset), using ferrocene as the 

standard; dEstimated electrochemical HOMO–LUMO gap. 

Both diastereomers 1a and 1b display electrochemically re-

versible oxidations. The variation between their oxidation poten-

tials is minimal (30 mV), as expected for diastereomers.38,58,59 The 

oxidations were determined to be chemically reversible over 10 

cycles for both 1a and 1b (Figure S21). 

The estimated reduction potentials for 1a and 1b are typical for 

ppy-based cyclometalated heteroleptic Ir complexes (i.e. within 

ca. 2.2–2.8 V).60 While their irreversiblity adds error to their ac-

curate determination, it is clear from the voltammograms that the 

reduction potentials of 1a and 1b are similar (within 20 mV), as 

expected. Because of their similar redox potentials, the electro-

chemical band gaps (Eg) for 1a and 1b are practically identical. 

The absorption and emission spectra for 1a and 1b are shown in 

Figure 6 and the key data are listed in Table 3. The absorption 

spectra for both diastereomers are very similar and display pro-

files and extinction coefficients typical of cyclometalated Ir com-

plexes.60,61 The bands below 300 nm are ascribed to spin-allowed 

ligand-centered (LC) 1π–π* transitions, while the longer wave-

length bands which extend to 490 nm are assigned to both singlet 

and triplet metal-to-ligand charge transfer states (1MLCT and 
3MLCT).61 Complex 
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Figure 6. Absorption and PL spectra of 1a and 1b; λex = 355 nm. 

The PL properties of 1a and 1b in degassed 2-MeTHF solution at 

20 °C are identical within experimental error. They each display 

broad profiles with subtle vibronic features, indicative of emission 

from admixed 3LC/ 3MLCT states,62 with full width half maxima 

(FWHM) of ca. 80 nm. The PLQYs of 1a and 1b are ca. 50% and 

their phosphorescence lifetimes are around 1.5 μs. These data are 

within the range reported for Ir(III) complexes with 2-

phenoxyazole auxiliary ligands, including non-perfluorinated 

analogues of 1a and 1b, and are typical of heteroleptic phospho-

rescent iridium complexes.16,26,60 1a and 1b display the same 77 K 

emission spectra in 2-MeTHF, with estimated Huang-Rhys factors 

and triplet energies (ET) of 0.6 (1 s.f.) and 2.70 eV, respectively. 

This similarity in the photophysical properties between 1a and 1b 

is important information for future work, demonstrating that dia-

stereomeric mixtures of monoiridium complexes can be studied 

without concern that the diastereomers are behaving differently.

 

Table 3. Photophysical properties of complexes 1a and 1b. 

sh = Shoulder. aSolution photoluminescence measurements were recorded in degassed 2-MeTHF solutions at ca. 20 °C with an excitation 

wavelength of 355 nm with quinine sulfate in 0.5 M H2SO4 as standard (Φ = 0.546);16 under the same experimental conditions a value of 

73 ± 5% was obtained for FIrpic; bMeasured at 77 K using an excitation wavelength of 355 nm; cMeasured in an integrating sphere under 

air using an excitation wavelength of 355 nm; dWavelength at 10% intensity on the blue edge of the spectrum obtained at 77 K; eEstimated 

using ET = hc/ λ10% em.   = 1/     +   . 

When doped into poly(methyl methacrylate) (PMMA) both 1a 

and 1b feature longer   values of ca. 1.7 μs. The PLQYs are 

slightly increased to 60/ 67 ± 10%, although within experimental 

error they are similar to the solution values. This can mainly be 

attributed to decreases in    , due to the more rigid PMMA ma-

trix, although there is also a small increase in the radiative rate 

constant (  ) for both complexes. Despite very similar lifetimes 

and PLQYs in PMMA, a noteworthy difference is observed be-

tween the spectral profiles of 1a and 1b. Doping either complex 

into PMMA leads to PL spectra that are blue-shifted (by 2 nm for 

1a and 8 nm for 1b) and narrower (FWHM 1a = ca. 70 nm, 1b = 

65 nm) than in 2-MeTHF solution. These effects are more pro-

 DCM solution 2-MeTHF solutiona 

Complex 
λabs /nm 

 (ε × 103 / M–1cm–1) 

λmax em /nm 

[CIExy] 

PLQY /% (± 

5%) 
  /μs     /× 105 s–1      /× 105 s–1 

1a 

251 (39), 270sh (33), 

291sh (22), 332 (8.7), 
383 (6.5), 439sh (1.3), 

464 (0.5), 490 (0.1) 

487 [0.23, 
0.49] 

51 1.56 3.27 3.14 

1b 

252 (41), 269sh (36), 
290sh (23), 332 (9.0), 

384 (6.3), 438sh (1.4), 

465 (0.5), 490 (0.1) 

487 [0.24, 

0.49] 
50 1.54 3.25 3.25 

 2-MeTHF glassb Doped into PMMA 1% wt.c 

Complex 

λmax em /nm 

(λ10% em  /nm)d 

[ET /eV]e 

  /μs 
λmax em /nm 

[CIExy] 

PLQY /% (± 

10%) 
  /μs     /× 105 s–1      /× 105 s–1 

1a 468 (459) [2.70] 2.79 
485 [0.18, 

0.46] 
67 1.72 3.90 1.92 

1b 469 (459) [2.70] 2.49 
479 [0.17, 

0.42] 
60 1.73 3.47 2.31 
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nounced for 1b, and may be related either to the higher rigidity of 

PMMA in comparison to 2-MeTHF, or its polarity.  

While 1a and 1b display similar PL properties at room tem-

perature and 77 K, the VT NMR data above suggest that they may 

display different photophysical properties at elevated tempera-

tures, prompting a high temperature PL study. The PL spectra of 

1a and 1b in xylenes upon cycling the temperature between 30 

and 100 °C are shown in Figure 7.  

Upon heating from 30→100 °C the emission intensities for 

both complexes decrease. The decrease in intensity is not due to 

decomposition or ingress of oxygen as the initial spectral intensi-

ties are retained upon cooling back to 30 °C. The normalized 

spectral profiles do not change for either diastereomer (shown for 

1b in Figure S22), suggesting that PL originates from the same 

state at both temperatures. A decrease in the emission intensities 

of 1a and 1b upon heating implies the existence of a temperature 

dependent non-radiative pathway which becomes more accessible 

at higher temperatures. For cyclometalated iridium complexes this 

has been ascribed to the thermal population of low-lying metal 

centered (MC) states.62,63  

The integrated emission intensity for 1a drops to 44% of its ini-

tial intensity upon heating to 100 °C, whereas it drops to 18% for 

1b. Both complexes have the same solution PL λmax, PLQY and 

phosphorescence lifetime, display identical ET and have the same 

coordination environment about their Ir centers. Therefore, the 

energy gaps between the MC and emitting states for 1a and 1b are 

expected to be very similar, meaning that non-radiative deactiva-

tion via thermally accessible MC states alone cannot explain such 

a significant difference in the temperature dependence of their PL 

properties. The VT 19F NMR data above indicate that there is a 

smaller energy barrier to rotation of the C6F5 ring in 1b. There-

fore, such rotation can be expected to constitute a more easily 

populated non-radiative pathway for 1b than 1a, which leads to a 

more substantial decrease in emission intensity upon heating for 

1b and explains the observed differences in the high temperature 

PL data. 

 

 

 

Figure 7. Variable temperature PL spectra of 1a and 1b recorded 

in degassed xylenes. The spectra are normalized to the initial 

emission intensity at 30 °C. Temperatures are ± 5 °C; λex = 405 

nm. The numbers refer to the order in which the spectra were run.  
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Figure 8. Molecular orbital compositions for 1a and 1b. Contributions are percentages. Ph = phenyl, Py = pyridyl, Phen = phenoxy, Oxa = 

oxazoline. 

 

Computational study 

Electronic structure calculations were carried out on 1a and 1b to 

explore their molecular orbitals and to support their electrochemi-

cal and photophysical properties. The optimized S0 geometries 

were calculated at the B3LYP/LANL2DZ:6–31G* level. They are 

in good agreement with the X-ray crystallographic data above - 

intramolecular π–π interactions are observed for both diastere-

omers and the auxiliary ligand of 1b is more distorted. Complex 

1a is less stable than 1b by 2.3 kJ mol–1, suggesting that 1a is the 

kinetic product, although it could not be isomerized to 1b photo-

chemically.  

Molecular orbital plots for the highest occupied molecular or-

bitals (HOMO) and lowest unoccupied molecular orbitals 

(LUMO) of 1a and 1b are shown in Figure 8. Further plots and 

tabulated contributions for the HOMO−1 – LUMO+2 orbitals are 

given in Figure S23 and Table S1.  

The HOMO−1 – LUMO+2 compositions are near-identical for 

both complexes. The HOMOs are primarily localized on the phe-

noxy moieties of the auxiliary ligands (55%) and the Ir atoms 

(25%), with small contributions from the cyclometalating phenyl 

groups (ca. 10%). This suggests that the CF3 and oxazoline-

functionalized phenoxy moiety is more electron rich than a cy-

clometalated dfppy ring. The LUMOs are almost exclusively lo-

calized on the cyclometallating ligands with ca. 70% and 25% 

contributions from the pyridyl and phenyl moieties, respectively. 

Therefore, the FMO contributions for 1a and 1b are in good 

agreement with previous complexes that feature a phenoxyoxa-

zole auxiliary ligand.29 It should be noted that there is no LUMO 

contribution from the pendant pentafluorophenyl groups for either 

1a or 1b. 

Time dependent density functional theory (TD-DFT) was also 

employed to simulate the absorption spectra of 1a and 1b and to 

investigate the character of their lowest energy excited states 

(Figure S24, Table S2). The simulated absorption spectra for both 

complexes broadly agree with the experimental data, while the 

predicted lowest energy triplet states of both 1a and 1b are mainly 

localized as expected from analysis of their frontier molecular 

orbitals (HOMO and LUMO) (a more detailed discussion is in-

cluded in the SI). Both DFT and TD-DFT data suggest that any 

contributions from the pentafluorophenyl groups to the excited 

states of 1a and 1b are small, rendering them ancillary. 

 
Figure 9. PhOLED data (8 wt%) for 1a. a) EL spectrum at a luminance of 100 cd m-2 (inset) Energy level diagram for the device (eV). b) 

External quantum efficiency and power efficiency curves vs. voltage. c) Luminance and current density curves vs. voltage. 
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Table 4. Device data for 1a. 

wt% Von
 

[V]a 

Lmax  

/cd m-2 

EQE /%b PE /lm  

W-1 b 

CIExy
c 

3.5 4.7 9190 23.6, 23.5, 

19.1 

34.0, 28.5, 

15.3 

0.17, 0.46 

8 4.3 31480 25.8, 25.3, 
24.9 

42.3, 33.6, 
24.8 

0.17, 0.48 

15 4.0 21870 24.3, 23.7, 

23.1 

41.9, 31.2, 

22.0 

0.18, 0.50 

Lmax  = maximum luminance. aApplied voltage required to reach a 

luminance of 1 cd m-2; bThe efficiencies listed are the maximum 

values and the values at 100 and 1000 cd m-2, respectively; 
cRecorded at 1000 cd m-2. 

 

PhOLEDs 

To evaluate the major diastereomer 1a as an emitter in PhOLEDs, 

devices were fabricated in the following configuration: ITO/ 

TAPC (30 nm)/ mCP (10 nm)/ PPF: 1a (30 nm)/ B3pympm (30 

nm)/ LiF/ Al. The devices were fabricated by thermal evaporation 

onto a cleaned glass substrate precoated with conductive transpar-

ent indium tin oxide (ITO), where 4,4′-cyclohexylidenebis[N,N-

bis(4-methylphenyl)benzenamine] (TAPC) served as hole-

transporting layer, 1,3-bis-(carbazol-9-yl)benzene (mCP) as an 

electron/exciton-blocking layer (EBL) between TAPC and the 

emissive layer, 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-

methylpyrimidine (B3pympm) as an electron-transporting layer 

and 2,8-bis(diphenylphosphoryl)dibenzofuran (PPF) is the host. 

Devices were fabricated with doping levels of 1a of 3.5, 8 and 15 

wt%. The device data are summarized in Table 4. Data are plotted 

for the best performing device (8 wt%) in Figure 9; the compara-

ble data for the 3.5 and 15 wt% devices are presented in Figures 

S27 and S28. Generally, the most commonly used and suitable 

concentration of an Ir complex for doping PhOLEDs is 5-10 

wt%.6-12 Indeed our results in this manuscript confirmed this, as 

the devices employing 8 wt% showed the highest performance. 

Here, other devices adopting lower (3.5 wt%) and higher (15 

wt%) concentrations of 1a were also fabricated to investigate the 

dependence of the doping concentration on the EL performance, 

as discussed below.  

The electroluminescence (EL) spectrum of the 8 wt% device at 

100 cd m−2 is consistent with the PL spectrum recorded for 1a in 

PMMA, although the EL spectrum is narrower (by 15 nm). The 

device displays a turn on voltage of 4.3 V. It also features a high 

maximum external quantum efficiency (EQEmax) of 25.8% (at ca. 

270 cd m−2) with a low efficiency roll-off to 24.9% at 1000 cd 

m−2, which is better than previously reported data for other hetero-

leptic complexes functionalized with phenoxyoxazole/ thiazole 

auxiliary ligands.28,29 However, the maximum brightness and 

luminance efficiency are lower than compared to the previous 

derivatives. The overall EL performance for the 3.5 wt% device is 

poorer than for the 8 wt% devices (Table 4). This is presumably 

because of the low content of the dopant molecules, which means 

that almost all holes and/or electrons must inject into the emissive 

layer from the host molecules. For this to occur, the large energy 

barriers between the charge transport layers and emissive layer 

due to the rather wide HOMO−LUMO gap of the host must be 

overcome, resulting in a high buildup of charge carriers at the 

corresponding interfaces. The decreased performance of the 15 

wt% device is likely due to an increased probability of triplet-

triplet annihilation. 

 Notably, the maximum EQE,  power efficiency (PE) and lumi-

nance efficiency (Lmax) values for 8 wt% 1a are either notably 

better than, or highly competitive with those obtained by Shan, 

Xie and Su et al. for a device doped with a different pentafluoro-

phenyl-functionalized heteroleptic Ir complex (max EQE = 

10.7%, max PE = 27.6 lm W−1, Lmax = 32710 cd m−2 ).64 At 10,000 

cd m−2 an EQE of > 15% is maintained for the device doped with 

8 wt% 1a, compared with ca. 10% reported by Shan, Xie and Su 

et al at this brightness. These new data provide a further example 

for which multi-fluorination of an Ir(III) phosphor does not man-

date poor PhOLED performance. This is in contrast to what would 

be expected considering that only four aromatic fluorine atoms are 

known to adversely effect the PhOLED performance of FIrpic, 

and 1a incorporates and additional five Ar–F groups (nine in to-

tal).65–67 This is likely related to the ancillary nature of the addi-

tional aromatic fluorine atoms on the pentafluorophenyl substitu-

ent in 1a, which is also the case for the example presented by 

Shan, Xie and Su  and coworkers.64 Literature precedent from 

work on emitters for light emitting electrochemical cells  suggests 

that the intramolecular π−π interactions in 1a may also play a 

significant role in the good device performance.33 

 

Conclusions 

In conclusion, the new diastereomeric Ir complexes 1a and 1b 

were obtained in a 2:1 ratio. They were easily separated and their 

structural, electrochemical and photophysical properties were 

studied in detail.  

In both diastereomers the pendant pentafluorophenyl ring on 

the chiral auxiliary ligand engages in close (D = ca. 3.3 Å) intra-

molecular π–π stacking with a cyclometalating ligand on the pe-

riphery of the complexes. The intramolecular π–π stacking was 

studied in the solid state by single crystal X-ray diffraction and in 

solution by VT 19F NMR. The interactions are stronger in 1a, 

leading to the observed diastereoselectivity. The different intra-

molecular π−π interactions in 1a and 1b have little influence on 

their photophysical properties at room temperature. This is likely 

because the interactions occur on the periphery of an already 

highly emissive Ir complex core. However, upon heating to high 

temperatures the weaker intramolecular π–π interactions in 1b 

provide a more efficient thermally activated pathway to quench 

phosphorescence through rotation of the pentafluorophenyl ring. 

Overall the photophysical differences between 1a and 1b are 

small. Nevertheless, the separation and study of diastereomeric 

Ir(III) phosphors in detail is still relatively rare, and further en-

hances the understanding of the effects of stereochemistry on the 

photophysical properties of Ir(III) complexes. 

This study also enriches the literature on phosphorescent Ir 

complexes, especially related to the effects of intramolecular π−π 

interactions and ancillary aromatic fluorine atoms on structural 

and photophysical properties. This is evident from PhOLED re-

sults: A vacuum-processed PhOLED doped with 1a as the emis-

sive dopant gave a high EQEmax and low efficiency roll-off (EQE 

24.9% at 1000 cd m-2) for a complex with such a highly fluorinat-

ed aryl substituent. This is likely related to the ancillary nature of 

the pentafluorophenyl group, which is predicted by DFT/ TD-

DFT for both 1a and 1b. Future work should address the signifi-

cance of ancillary fluorine atoms on the stability of Ir complexes, 

as this may provide new insights into designing highly fluorinated 

Ir(III) complexes that improve upon complexes such as FIrpic, for 

which the non-ancillary fluorine atoms are known to be a source 

of instability.65,68 

EXPERIMENTAL SECTION 

General 
1
H, 

13
C and 

19
F NMR spectra were recorded on Bruker Avance 

400 MHz, Varian Mercury 400 MHz, Varian Inova 500 MHz or 

Varian VNMRS 600 MHz spectrometers.  All spectra were ref-

erenced against the residual solvent signal and peak shifts are 

reported in ppm. Electrospray ionization (ESI) mass spectra were 



 

recorded on a Waters Ltd. TQD spectrometer. Elemental anal-

yses were obtained on an Exeter Analytical Inc. CE-440 ele-

mental analyser. Thermal analysis was run under a helium at-

mosphere at a rate of 10 °C min
−1 

using a Perkin-Elmer Pyris 1 

instrument. Melting points were determined in open ended capil-

laries using a Stuart Scientific SMP3 melting point apparatus at a 

ramp rate of 3 °C min
−1 

and are uncorrected. Reactions requiring 

an inert atmosphere were carried out under argon which was first 

passed through a phosphorus pentoxide column. For reaction 

monitoring analytical thin layer chromatography (TLC) was 

carried out on silica gel (Merck, silica gel 60, F254) or alumina 

(Merck, neutral alumina 60 type E, F254) plates and visualized 

using UV light (254, 315, 365 nm). GCMS data were recorded 

on a Thermo-Finnigan Trace GCMS. Flash chromatography was 

carried out using either glass columns or a Biotage® Isolera 

One
TM

 automated flash chromatography machine on 60 micron 

silica gel purchased from Fluorochem Ltd. All commercial 

chemicals were of ≥ 95% purity and were used as received with-

out further purification. All solvents used were of analytical 

reagent grade or higher. Anhydrous solvents were dried through 

a HPLC column on an Innovative Technology Inc. solvent puri-

fication system or obtained commercially.  

Calculations 

All calculations were carried out with the Gaussian 09 

package.
69

 All optimized S0 geometries of the iridium complexes 

were carried out using B3LYP
70,71

 with the pseudopotential 

(LANL2DZ)
72–74

 for iridium and 6–31G* basis set for all other 

atoms.
75,76

All S0 geometries were true minima based on no imag-

inary frequencies found. Electronic structure calculations were 

also carried out on the optimized geometries at 

B3LYP/LANL2DZ:6–31G*. The MO diagrams and orbital con-

tributions were generated with the aid of Gabedit
77

 and Gauss-

Sum
78

 packages, respectively. 

X-ray crystallography 

X-ray diffraction experiments were carried out on a Bruker 3-

circle D8 Venture diffractometer with a PHOTON 100 CMOS 

area detector, using Mo-Kα radiation from an Incoatec IμS mi-

crosource with focussing mirrors (λ=0.71073 Å) and a Cry-

ostream open-flow N2 gas cryostat. The structures were solved 

by direct methods (SHELXS
79

) and refined by full-matrix least 

squares using SHELXL
80

 programs on OLEX2 platform.
51

  

Crystal data: 1a, C38H18F12IrN3O2, M=968.75, monoclinic, space 

group P21/n (#14), a=11.2459(6), b=15.8876(9), c=36.256(2) Å, 

β=96.748(1)°, V=6433.0(6) Å
3
, Z=8, Dx=2.000 g cm

-3
, μ=4.26 

mm
-1

, T=120 K, 78522 data with 2θ≤50.7° (11783 unique, 

Rint=0.085), R1=0.071 on 8751 data with I>2ζ(I), wR2=0.150 on 

all data, CCDC-1850087. 1b: tetragonal, space group I41/a 

(#88), a=19.2978(8), c=34.5207(15) Å, V=12855.7(12) Å
3
, Z= 

16, Dx=2.002 g cm
-3

, μ=4.27 mm
-1

, T=120 K, 110471 data with 

2θ≤58° (8529 unique, Rint=0.070), R1=0.025 on 6701 data with 

I>2ζ(I), wR2=0.049 on all data, CCDC-1850088. 

Electrochemistry 

Cyclic voltammetry data were recorded using a BAS CV50W 

electrochemical analyzer fitted with a three-electrode system 

consisting of a glassy carbon disk (Ø = 1.8 mm) as the working 

electrode, a Pt wire as an auxiliary electrode and a Pt wire as a 

quasireference electrode. Experiments were conducted in dry 

THF solution with n-Bu4NPF6 (0.1 M) as the supporting electro-

lyte at a scan rate of 100 mV s
-1

. All potentials were referenced 

internally to ferrocene. 

Photophysics 

The absorption spectra were measured on either a Unicam UV2-

100 spectrometer operated with the Unicam Vision software or a 

Thermo Scientific Evolution 220 spectrometer with the Thermo 

Scientific Insight software in quartz cuvettes with a path length 

of 10 mm. The pure solvent (DCM) was used for the baseline 

correction. The extinction coefficients were calculated using the 

Beer-Lambert Law, A = εcl. They were measured using a titra-

tion method, whereby a stock solution of known concentration 

was incrementally added using a calibrated glass pipette to a 

cuvette of pure solvent. A minimum of 1 mg of sample was 

weighed out for the stock solutions, and the measurements were 

carried out in triplicate to minimise weighing and dilution-error. 
photoluminescence spectra were recorded on a Horiba Jobin 

Yvon SPEX Fluorolog 3-22 spectrofluorometer in quartz cu-

vettes with a path length of 10 mm. All solutions were degassed 

via multiple freeze-pump-thaw cycles using a turbomolecular 

pump before acquisition of any spectra. For quantum yield 

measurements the absorption values for the samples were deter-

mined on a Unicam UV2-100 spectrometer operated with the 

Unicam Vision software in quartz cuvettes with a path length of 

20 mm. The PLQYs of all samples were determined in triplicate 

by the comparative method relative to a literature standard fol-

lowing the literature procedure.
81

 PMMA films were prepared 

according to a literature procedure.
38

 The quantum yields of complex-

es doped into PMMA were recorded on a Horiba Jobin Yvon SPEX 

Fluorolog 3 using a calibrated Quanta-Φ integrating sphere and were 

calculated according to the literature method.
81

 Solid state PLQY data 

were obtained in triplicate from three samples that were prepared in 

parallel: the calculated standard error values were ≤10%. Lifetime 

measurements were recorded using an N2 laser (337 nm, 10 μJ, 10 

Hz) as an excitation source in a custom spectrometer which produced 

a 1 kHz train of pulses of 20 ns duration. The luminescence was col-

lected at 90° and focused onto the entrance slit of a monochromator 

(Bethan TM 300V). The emission was detected by a photon counting 

PMT and the arrival times of photons at the detector determined using 

a multichannel scaler.  The data were transferred to a PC and analyzed 

using non-linear regression. The decay data were fitted to exponential 

functions. Low temperature emission spectra and lifetime data were 

measured in a DN1704 optical cryostat (Oxford Instruments) with an 

ITC601 temperature controller (Oxford Instruments). For high tem-

perature PL measurements, samples were degassed via multiple 

freeze-pump-thaw cycles in an NMR tube fitted with a Young’s tap. 

The sample was heated in a silicone oil bath. A 405 nm laser was 

focussed on the sample perpendicular to the detector of an Ocean 

Optics Maya Pro spectrometer. 

PhOLED fabrication and measurements 

Prior to the fabrication of the devices, patterned indium tin oxide 

(ITO)-coated glass substrates (20 Ω/square) were first cleaned in 

detergent solutions, followed by de-ionized water, acetone, and iso-

propanol ultrasonic baths. Then, the ITO substrates were treated using 

a Plasma Cleaner (PDC-32G-2, 100 W) with the oxygen ambient for 

5 min to increase the work function. The OLEDs were fabricated by 

thermal evaporation at the pressure of ca. 3.5 x 10
4

 Pa. All organic 

materials were purified by sublimation and were continuously depos-

ited onto the substrate at the rate of 0.3 Å s
–1

, then a very thin layer of 

LiF (0.5 nm) was deposited at the rate of 0.2 Å s
–1

 and the Al elec-

trode (cathode) was deposited at the rate of 3.0~4.0 Å s
–1

, where the 

active area of the diode segments was 2 × 2.5 mm
2
. The EL spectra 

and CIE coordinates of the devices were measured using a PR650 

spectrometer. The current density-voltage-luminance curves of the 

devices were measured using a Keithley 2400 source meter. EQEs 

were calculated from the J−V−L characteristics and EL spectra. All 

characterizations were carried out under ambient conditions at room 

temperature. 

 

Synthesis 

Compounds 3 and 4
46

 and [Ir(dfppy)2μ–Cl]2
82

 were synthesized ac-

cording to literature procedures. 

rac-4-(Pentafluorophenyl)-2-(2-

hydroxy-5-

trifluoromethylphenyl)oxazoline (6).   

rac-2-Amino-2-



 

(pentafluorophenyl)ethanol (4) (1.21 g, 5.33 mmol, 1.21 eq.) and 2-

hydroxy-5-trifluoromethylbenzonitrile (5) (829 mg, 4.40 mmol, 1.00 

eq.) were combined in dry toluene (12 mL). A solution of ZnCl2 in 

THF was added (0.7 M, 0.31 mL, 0.22 mmol, 5 mol%) and the result-

ing mixture was heated to reflux for 20 h. The reaction mixture was 

cooled to room temperature and evaporated under reduced pressure. 

The residue was purified by flash chromatography on silica gel (elu-

ent: gradient 1:0–1:3 n-hexane/ DCM with ca. 0.5% NEt3 as additive) 

to afford rac-4-(pentafluorophenyl)-2-(2-hydroxy-5-

trifluoromethylphenyl)oxazoline (7) as a white powder (730 mg, 1.80 

mmol, 41%). M.pt. 117–119 °C;
 1

H NMR (700 MHz, CDCl3) δ (ppm) 

= 11.91 (s, 1HOH), 8.02 (d, J = 2.3 Hz, 1HB5), 7.64 (dd, J = 8.8, 2.3 

Hz, 1HB3), 7.09 (d, J = 8.8 Hz, 1HB2), 5.83 (dd, J = 10.7, 7.6 Hz, 

1HA4), 4.81 (dd, J = 10.7, 8.8 Hz, 1HA5), 4.51 (dd, J = 8.2, 7.6 Hz, 

1HA5); 
13

C NMR (101 MHz, CDCl3) δ (ppm) = 166.5 (CA2), 161.3 

(CB1), 146.0 – 136.0 (Cring C), 130.7 (CB3), 126.2 (CB5), 123.9 (q, J = 

270 Hz, CCF3), 121.4 (q, J = 32.3 Hz, CB4), 117.6 (CB2), 109.9 (CB6), 

71.2 (CA5), 58.93 (CA4); 
19

F{
1
H} NMR (376 MHz, CDCl3) δ (ppm) = -

61.7 (d, J = 1.1 Hz, 3FCF3), -143.3 – -143.5 (m, 2FC2), -153.1 (ddt, J = 

23.1, 21.0, 2.2 Hz, 1FC4), -160.9 – -161.1 (m, 2FC3); HRMS (ESI): m/z 

398.0459 [MH
+
]. Calcd. for C16H8F8NO2

+
: 398.0422. Due to exten-

sive coupling to 
19

F nuclei, the 
13

C signals for ring C are stated as a 

range.  

Complexes 1a and 1b.  [Ir(dfppy)2µ–Cl]2 (315 mg, 0.26 mmol, 1.00 

eq.), rac-4-(pentafluorophenyl)-2-(2-hydroxy-5-

trifluoromethylphenyl)oxazoline (6) (211 mg, 0.53 mmol, 2.05 eq.) 

and K2CO3 (90 mg, 0.65 mmol, 2.50 eq.) were combined in dry di-

glyme (10 mL) under argon and heated in a 140 °C heating mantle 

overnight under argon. The reaction mixture was cooled to room 

temperature and the solvent evaporated under reduced pressure. Re-

peated co-evaporation with toluene to remove final traces of diglyme 

was beneficial for obtaining facile separation of 1a and 1b. The resi-

due was purified by flash chromatography on silica gel (eluent: gradi-

ent 1:9–4:6 DCM sat. K2CO3/ n-hexane v/v) to elute 1a. Increasing 

the solvent polarity to 6:4 DCM sat. K2CO3/ n-hexane v/v eluted 1b. 

Each diastereomer was further purified through dissolving it in mini-

mal DCM (ca. 10 mL), adding n-hexane (30 mL), and reducing the 

solvent volume to ca. 15 mL to induce precipitation. After cooling in 

a freezer for ca. 1 h the precipitates were isolated via filtration and 

washed with ice cold pentane before being dried under high vacuum. 

1a. Isolated as a yellow microcrystalline powder (331 mg, 0.34 mmol, 

66%). 
1
H NMR (600 MHz, d2-1,1,2,2-TCE) δ (ppm) = 8.76 (dt, J = 

5.5, 1.3 Hz, 1HA6), 

8.36 (dt, J = 5.5, 1.6 

Hz, 1HB6), 8.26 (d, J 

= 8.5 Hz, 1HB3), 8.08 

(dd, J = 2.7, 1.0 Hz, 

1HF5), 7.89 (d, J = 

8.4 Hz, 1HA3), 7.82 

(td, J = 8.5, 1.6 Hz, 

1HB4), 7.76 (ddd, J = 

8.4, 7.6, 1.3 Hz, 

1HA4), 7.39 (dd, J = 

9.2, 2.7 Hz, 1HF3), 

7.25 – 7.21 (m, 2HA5, 

B5), 6.74 (d, J = 9.2 

Hz, 1HF2), 6.45 – 

6.39 (m, 2HC4, D4), 

5.80 (dd, J = 8.6, 2.3 

Hz, 1HC6), 5.51 (dd, 

J = 10.5, 5.7 Hz, 

1HE4), 5.27 (dd, J = 

8.8, 2.4 Hz, 1HD6), 

4.86 (dd, J = 10.5, 

9.4 Hz, 1HE5), 4.29 

(dd, J = 9.4, 5.7 Hz, 1HE5); 
19

F{
1
H} NMR (376 MHz, d2-1,1,2,2-TCE) 

δ (ppm) = -60.34 (s, 3FCF3), -107.03 (d, J = 10.5 Hz, 1Fdfppy), -107.63 

(d, J = 9.9 Hz, 1Fdfppy), -109.80 (d, J = 10.0 Hz, 1Fdfppy), -110.36 (dd, 

J = 10.5, 2.8 Hz, 1Fdfppy), -141.73 (dd, J = 22.6, 7.5 Hz, 1FG2/ G6), -

142.44 (dd, J = 22.2, 7.7 Hz, 1FG2/ G6), -152.55 (t, J = 21.0 Hz, 1FG4), -

159.59 (td, J = 21.0, 7.5 Hz, 1FG3/ G5), -160.76 (td, J = 21.0, 7.5 Hz, 

1FG3/ G5); 
13

C NMR (151 MHz, d2-1,1,2,2-TCE) δ (ppm) = 171.4 

(CF1), 165.5 (d, J = 9 Hz, CB2), 164.4 (d, J = 263 Hz, CD5), 165.0 – 

160.0 (CRing G), 164.2 (d, J = 258 Hz, CC5), 164.1 (d, J = 7 Hz, CA2), 

163.82 (CF6), 161.6 (t, J = 273 Hz, CC3), 161.6 (t, J = 273 Hz, CD3), 

155.5 (d, J = 6.0 Hz, CD1), 150.5 (d, J = 7.1 Hz, CC1), 148.7 (CA6), 

147.56 (CB6), 138.30 (CB5), 137.9 (CA4), 130.1 (CF3), 128.8 (CF5), 

128.4 (CD2), 128.3 (CC2), 125.8 (CF2), 123.4 (d, J = 20.4 Hz, CB3), 

122.6 (CB5), 122.2 (CA5), 121.9 (d, J = 19.5 Hz, CA3), 115.0 (d, J = 

14.7 Hz, CC6), 114.9 (CCF3), 113.5 (CE2), 113.3 (d, J = 15.9 Hz, CD6), 

108.7 (CF4), 98.1 (t, J = 26.5 Hz, CD4), 97.4 (t, J = 26.9 Hz, CC4), 72.4 

(CE5), 61.3 (CE4); HRMS (ESI): m/z 968.0905 [MH
+
]. Calcd. for 

C38H19F12IrN3O2
+
: 968.0892; Anal. Calcd. for C38H18F12IrN3O2: C, 

47.11; H, 1.87; N, 4.34. Found:  C, 46.98; H, 1.97; N, 4.26. Due to 

extensive coupling to 
19

F nuclei, the 
13

C signals for ring G are stated 

as a range. Crystals for X-ray analysis were grown by slow diffusion 

of n-hexane into a DCM solution of 1a. 

1b. Isolated as an amorphous yellow powder (151 mg, 0.16 mmol, 

30%). 
1
H NMR (600 

MHz, d2-1,1,2,2-

TCE) δ (ppm) = 

8.96 (ddd, J = 5.8, 

1.6, 0.7 Hz, 1HA6), 

8.52 (dt, J = 5.6, 1.3 

Hz, 1HB6), 8.36 (d, J 

= 8.5 Hz, 1HA3), 

8.16 (d, J = 7.4 Hz, 

1HB3), 7.98 – 7.93 

(m, 2HA4, F5), 7.73 

(td, J = 7.4, 1.3 Hz, 

1HB4), 7.35 – 7.29 

(m, 2HA5, F3), 7.04 

(ddd, J = 7.4, 5.6, 

1.4 Hz, 1HB5), 6.56 

(d, J = 9.0 Hz, 

1HF2), 6.41 (ddd, J = 

12.0, 9.2, 2.4 Hz, 

1HC4), 6.32 (ddd, J = 

12.0, 9.3, 2.4 Hz, 

1HD4), 5.47 (dd, J = 

8.7, 2.4 Hz, 1HC6), 

5.19 (dd, J = 8.6, 2.4 Hz, 1HD6), 4.63 – 4.54 (m, 2HE4, E5), 4.36 – 4.29 

(m, 1HE5); 
19

F{
1
H} NMR (376 MHz, d2-1,1,2,2-TCE) δ (ppm) = -

60.36 (s, 3FCF3), -107.94 (d, J = 9.7 Hz, 1Fdfppy), -108.78 (d, J = 10.2 

Hz, 1Fdfppy), -109.21 (d, J = 10.3 Hz, 1Fdfppy), -109.98 (d, J = 9.8 Hz, 

1Fdfppy), -140.59 (d, J = 22.5 Hz, 1FG2/ G6), -142.17 (d, J = 22.5 Hz, 

1FG2/ G6), -152.11 (t, J = 20.9 Hz, 1FG4), -159.31 (t, J = 19.5 Hz, 1FG3/ 

G5), -161.08 (t, J = 22.1 Hz, 1FG3/ G5); 
13

C NMR (151 MHz, d2-1,1,2,2-

TCE) δ (ppm) =  172.50 (CF1), 165.0 – 160.0 (CRing G), 164.9 (CA2), 

164.7 (CB2), 164.2 (CF6), 162.4 (d, J = 259 Hz, CD5), 162.3 (d, J = 249 

Hz, CC5), 161.2 (d, J = 261 Hz, CD3), 160.6 Hz (d, J = 259 Hz, CC3), 

154.2 (d, J = 6.2 Hz, CC1), 151.4 (d, J = 7.5 Hz, CD1), 149.6 (CB6), 

149.0 (CA6), 138.8 (CA4), 138.3 (CB4), 130.4 (CF3), 128.6 (CC2), 128.4 

(CD2), 128.0 (CF5), 124.9 (CF2), 122.9 (CB3), 122.8 (CA3), 122.5 (CA5), 

121.8 (CB5), 115.3 (CCF3), 114.0 (d, J = 15.7 Hz, CD6), 113.5 (d, J = 

16.5 Hz, CC6), 113.1 (CE2), 110.7 (CF4), 97.9 (t, J = 25.9 Hz, CC4), 

96.8 (t, J = 27.9 Hz, CD4), 71.5 (CE5), 59.7 (CE4); HRMS (ESI): m/z 

968.0919 [MH
+
]. Calcd. for C38H19F12IrN3O2

+
: 968.0892; Anal. 

Calcd. for C38H18F12IrN3O2: C, 47.11; H, 1.87; N, 4.34; Anal. Calcd. 

for C38H18F12IrN3O2∙0.6CH2Cl2: C, 45.46; H, 1.90; N, 4.12; Found:  

C, 45.30; H, 1.84; N, 4.11. Due to extensive coupling to 
19

F nuclei, 

the 
13

C signals for ring G are stated as a range. Crystals for X-ray 

analysis were grown by slow diffusion of n-hexane into a DCM solu-

tion of 1a. 
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Two diastereomeric cyclometalated iridium complexes 1a and 1b were synthesised and easily separated. 

Different intramolecular π–π interactions between a pendant perfluoroaryl group and a cyclometalating 

ligand in the complexes leads to diastereoselectivity and influences their photophysical properties. DFT/ 

TD-DFT calculations indicate that the pentafluorophenyl groups are ancillary, which may contribute to 

good PhOLED performance of 1a (EQEmax 25.8%) and low efficiency roll-off (24.9% at 1000 cd m
−2

). 
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 Reproducible diastereoselectivity due to intramolecular π–π interactions 

 High EQE PhOLEDs for a highly fluorinated Ir complex (25% at 270 cd m−2) 
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Copies of NMR Spectra of Novel Compounds 

 

Figure S1. 
1
H NMR (600 MHz) spectrum of 1a in 1,1,2,2-TCE-d2 
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Figure S2. 
13

C NMR (151 MHz) spectrum of 1a in 1,1,2,2-TCE-d2 
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Figure S3. 
19

F{
1
H} NMR (376 MHz) spectrum of 1a in 1,1,2,2-TCE-d2 
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Figure S4. 
1
H−

1
H COSY NMR spectrum of 1a in 1,1,2,2-TCE-d2 
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Figure S5. 
1
H−

13
C HSQC NMR spectrum of 1a in 1,1,2,2-TCE-d2 
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Figure S6. 
1
H−

13
C HMBC NMR spectrum of 1a in 1,1,2,2-TCE-d2 
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Figure S7. 
1
H NMR spectrum (600 Hz) of 1b in 1,1,2,2-TCE-d2 
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Figure S8. 
13

C NMR spectrum (151 Hz) of 1b in 1,1,2,2-TCE-d2 
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Figure S9. 
19

F{
1
H} NMR spectrum (376 Hz) of 1b in 1,1,2,2-TCE-d2 
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Figure S10. 
1
H−

1
H COSY NMR spectrum of 1b in 1,1,2,2-TCE-d2 
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Figure S11. 
1
H−

13
C HSQC NMR spectrum of 1b in 1,1,2,2-TCE-d2 
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Figure S12. 
1
H−

13
C HMBC NMR spectrum of 1b in 1,1,2,2-TCE-d2 
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Figure S13. 
1
H NMR spectrum (700 MHz) of 6 in CDCl3  
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Figure S14. 
13

C NMR spectrum (176 MHz) of 6 in CDCl3 



S16 

 

 

Figure S15. 
19

F NMR spectrum (376 MHz) of 6 in CDCl3 
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Figure S16
1
H−

1
H COSY NMR spectrum of 6 in CDCl3 
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Figure S17
1
H−

13
C HSQC NMR spectrum of 6 in CDCl3 
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Figure S18. 
1
H−

13
C HMBC NMR spectrum of 6 in CDCl3 
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UV Detector Trace 

 

 

Figure S19. Trace of the UV detector output from a Biotage
©

 Isolera flash chromatography 

system to highlight the diastereomeric ratio of 1a and 1b (2:1). The shoulder on band 1a is an 

artefact due to imperfect column loading, which is confirmed by 
1
H NMR upon combining 

fractions. 
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VT 
19

F NMR 

As some signals coalescence within the solvent temperature window for 1b, it is possible to use 

an approximate method to estimate the rate constants of exchange (𝑘𝑐𝑜𝑎𝑙) at the coalescence 

temperatures (𝑇𝑐𝑜𝑎𝑙) using Equation S1,
1
 where 𝛿𝑣𝑟.𝑡. is the difference in frequency between the 

two exchanging environments at room temperature. 

𝑘𝑐𝑜𝑎𝑙 =  𝛿𝑣𝑟.𝑡.

𝜋

√2
=  2.22𝛿𝑣𝑟.𝑡.                                                                      (𝑆1) 

According to equation S1, for a given coalescence temperature the rate of exchange (rate of 

pentafluorophenyl rotation in this case) is proportional to 𝛿𝑣𝑟.𝑡.. This makes it even more 

significant that the signals for 1b coalesce at below 100 °C while the signals for 1a do not, as the 

𝛿𝑣𝑟.𝑡. values for 1b are significantly larger than for 1a (740 Hz vs. 330 Hz for the 2 and 6 

positions, and 835 Hz vs. 550 Hz for the 3 and 5 positions).  

For the signals corresponding to the 2 and 6 positions of 1b, 𝑇𝑐𝑜𝑎𝑙 = ca. 85 °C and 𝛿𝑣 = 740 Hz. 

For the signals corresponding to the 3 and 5 positions 𝑇𝑐𝑜𝑎𝑙 = ca. 95 °C, while 𝛿𝑣 = 835 Hz. 

Using these values, the approximate rates of exchange at 85 °C and 95 °C for 1b are calculated 

to be 1600 s
−1

 and 1900 s
−1

 (2 s.f.), respectively.  

Using the same parameters, it is possible to apply the Eyring equation (Equations S2 and S3) to 

estimate the free energy barrier (∆𝐺‡) for exchange at the coalescence temperatures.
1
 

∆𝐺‡ =  𝑅𝑇 [23.76 − ln(𝑘
𝑇⁄ )]                                                                  (𝑆2) 

∆𝐺‡ =  𝑅𝑇𝑐𝑜𝑎𝑙 [22.96 + ln (
𝑇𝑐𝑜𝑎𝑙

𝛿𝑣𝑟.𝑡.
⁄ )]                                                                  (𝑆3) 

Using Equation S3, a ∆𝐺‡ value of 70 kJ mol
−1 

(1 s.f.) is estimated for 1b from the data obtained 

at either coalescence temperature. It should be emphasized that this obtained value for the energy 

barrier is temperature dependent due to the entropy term (∆𝑆‡) in Equation S4,
1
 which may limit 

its usefulness outside the coalescence temperatures.  

∆𝐺‡ =  ∆𝐻‡ − 𝑇∆𝑆‡                                                                            (𝑆4) 

Nevertheless, as the rotation of the pendant pentafluorophenyl ring in 1b is an intramolecular 

process, and the complex is rather rigid, ∆𝑆‡ may be small. Therefore, while further detailed 

investigation is required to accurately determine the energy barrier at room temperature, 70 kJ 

mol
−1

 may be a useful rough figure. It is noted that this value is comparable to the room 

temperature ∆𝐺‡ values reported by Cozzi and Siegel et al. for rotation of intramolecularly-

stacked perfluoroaryl rings in diarylnaphthalenes, which are approximately 80 kJ mol
−1 

(20 kcal 

mol
−1

).
2,3

 

In summary, the intramolecular π–π interactions between the pendant pentafluoroaryl rings and 

cyclometalating ligands in 1a and 1b are strong enough to restrict rotation of the pendant ring in 

solution. This can be observed through a breakdown in the symmetry of their 
19

F NMR spectra. 

From the room temperature and variable temperature NMR data for both systems, it can be 
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concluded that the barrier to rotation in 1a is significantly greater than for 1b. This is ascribed to 

stronger intramolecular π–π interactions, in agreement with the XRD data. As some signals 

coalescence at below 100 °C for 1b, a value of 70 kJ mol
−1 

could be roughly estimated for ∆𝐺‡, 

which is comparable to previously reported literature values. 

A more accurate value could be achieved through carrying out a complete line shape analysis 

which involves comparing the line shapes of the spectra at varying temperatures with simulated 

spectra. However, this can require a large expenditure of time and effort.
1
 In the case of 1a and 

1b, it is qualitatively clear that the energy barrier to rotation of the perfluoroaryl ring is 

significantly larger for 1a, which is attributed to more favorable intramolecular π–π interactions. 

Therefore, the detailed experiments that would be required to determine accurate physical 

parameters would not provide a hugely significant improvement to our understanding of this 

system. 

Electrochemistry 
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Figure S20. Cyclic voltammograms in 0.1 M n-Bu4NPF6/ THF showing the oxidation and 

reduction processes for complexes 1a and 1b. 
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Figure S21. Cyclic voltammograms in 0.1 M n-Bu4NPF6/ THF showing the oxidation processes 

for complexes 1a and 1b over 10 consecutive scans. The potential axis is arbitrary due to the 

absence of internal ferrocene. The oxidation potentials slightly drift due to the use of a 

quasireference electrode. 
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Photophysics 
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Figure S22. Normalized emission spectra for 1b recorded in degassed xylenes at 20 °C and 100 

°C. Temperatures are ± 5°C. 
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DFT 

 

Figure S23. Molecular orbital compositions for 1a and 1b. The orbital contributions are 

percentages and the orbital energies were calculated at B3LYP/LANL2DZ:6–31G*. Phen = 

ancillary ligand phenoxy group; Oxa = auxiliary ligand oxazole group; Ph = cyclometalating 

ligand phenyl groups; Py = cyclometalating ligand pyridyl groups; C6F5 = pendant 

pentafluorophenyl. 
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Table S1. Orbital contributions for complexes 1a and 1b. 

 

 

 

 

 

 

 

a
Phenyl moieties of the cyclometallating ligands; 

b
Pyridyl moieties of the 

cyclometallating ligands; 
c
Pendant pentafluorophenyl group of the ancillary ligand 

 

TD-DFT 

The lowest energy singlet and triplet states were also investigated at the S0 geometries for 1a and 

1b. The data for the three lowest energy triplet and singlet excited states for each complex are 

tabulated in Table S2. The dominant transitions contributing to each state (≥ ca. 20%) are included. The 

transitions to the lowest energy singlet states (S0 → S1) for each complex primarily consist of 

HOMO → LUMO transitions, while the transitions to the second and third singlet states (S0 → 

S2 and S0 → S3) also involve the LUMO+1 and HOMO−1 orbitals. This is in good agreement 

with the data for literature analogues.
3
  

For each of the complexes 1a and 1b, there are three triplet states within ca. 20 nm of each other, 

while the two lowest energy triplet states are within ca. 10 nm. From consideration of the lowest 

2/ 3 triplet states of the complexes it is evident that their emissive states are likely to be broadly 

delocalized, with mixed LC (on both the cyclometalating and auxiliary ligands), MLCT (metal 

→ cyclometalating ligand/ auxiliary ligand) and ILCT (auxiliary ligand → cyclometalating 

ligand) character. For 1a the transition to the lowest energy triplet state (S0 → T1) is primarily of 

HOMO → LUMO+2 character, while the second triplet state (S0 → T2) involves both HOMO−1 

→ LUMO and HOMO → LUMO transitions. For 1b the same transitions are involved, although 

the ordering of the states is inverted (Table S2). The small variation observed in the spectral 

profiles of 1a and 1b, most prominent in PMMA, may be related to this. However, as the 

experimentally determined photophysical parameters for 1a and 1b (λmax, ET, PLQY and 𝜏) are 

very similar, it is likely that their emission originates from analogous states. Therefore, the 

inversion of the character of the S0 → T1 and S0 → T2 transitions in the TD-DFT may not be 

significant. 

 

 

Complex Orbital Ir Ph
a 

Py
b 

Phenoxy     Oxazoline
 

C6F5
c 

1a 

LUMO+2 1% 0% 3% 42% 35% 19% 

LUMO+1 4% 21% 73% 1% 0% 0% 

LUMO 4% 25% 69% 0% 1% 1% 

HOMO 25% 11% 3% 55% 5% 0% 

HOMO-1 36% 35% 6% 21% 2% 0% 

1b 

LUMO+2 1% 1% 2% 42% 36% 18% 

LUMO+1 4% 23% 71% 1% 1% 0% 

LUMO 4% 24% 70% 0% 1% 1% 

HOMO 25% 12% 3% 55% 5% 0% 

HOMO-1 36% 33% 6% 23% 2% 0% 
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Figure S24. Simulated and experimental absorption spectra for complexes 1a and 1b.  

Experimental data were obtained in aerated DCM. 

 

 

 

 

250 300 350 400 450 500 550
0.0

0.2

0.4

0.6

0.8

1.0
 Calculated data

 Experimental data

Wavelength (nm)

N
o

rm
a

lis
e

d
 a

b
s
o

rp
ti
o

n

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

O
s
c
illa

to
r s

tre
n

g
th

1a

250 300 350 400 450 500 550
0.0

0.2

0.4

0.6

0.8

1.0
 Calculated data

 Experimental data

Wavelength (nm)

N
o

rm
a

lis
e

d
 a

b
s
o

rp
ti
o

n

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

O
s
c
illa

to
r s

tre
n

g
th

1b



S28 

 

Table S2. Summary of the TD-DFT data for complexes 1a and 1b. 

Transition 
1a 1b 

Main orbital contribution λ/ nm (ƒ) Main orbital contribution λ/ nm (ƒ)  

S0 → T1 HOMO → LUMO+2 463 HOMO-1-→ LUMO, HOMO→ 

LUMO 

460 

S0 → T2 HOMO-1-→ LUMO, 

HOMO→ LUMO 

456 HOMO-→ LUMO+2 449 

S0 → T3 HOMO-1-→ LUMO+1 442 HOMO-1-→ LUMO+1 440 

S0 → S1 HOMO→ LUMO 423 

(0.011) 

HOMO→ LUMO 425 

(0.012) 

S0 → S2 HOMO-→ LUMO+1 404 

(0.022) 

HOMO-1-→ LUMO, HOMO-→ 

LUMO+1 

400 

(0.018) 

S0 → S3 HOMO-1-→ LUMO 395 

(0.005) 

HOMO-→ LUMO+1, HOMO-1-

→ LUMO 

397 

(0.004) 

   
a
ƒ = oscillator strength. It is only included for singlet transitions as it is zero for all triplet 

transitions. All listed orbital contributions are ≥ 20%. 
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TGA 

 

Figure S25. TGA trace for 1a. 
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Figure S26. TGA trace for 1b.
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PhOLEDs 

 

Figure S27. PhOLED device data (3.5 wt%) for 1a. (left) EL spectrum at a luminance of 100 cd m
-2

. (middle) External quantum 

efficiency and power efficiency curves vs. voltage. (right) Luminance and current density curves vs. voltage. 

 

Figure S28. PhOLED device data (15 wt%) for 1a. (left) EL spectrum at a luminance of 100 cd m
-2

. (middle) External quantum 

efficiency and power efficiency curves vs. voltage. (right) Luminance and current density curves vs. voltage. 
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X-ray Crystal Structures 

 

Figure S29. Two independent molecules in the structure of 1a and their overlay (H atoms omitted). 
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