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In this work, we describe a series of six neutral Chugaev-type chelating dicarbene iridium complexes 

with different cyclometalating ligands. The effects of different cyclometalating ligands on the emission 

properties of dicarbene iridium complexes are evaluated. The triazole- and NHC-derived cyclometalating 

ligands combine with the strong σ–donating Chugaev-type dicarbene ligand, resulting in phosphores- 

cence that is blue-shifted compared to previously described analogues. The complexes are synthesized 

by the nucleophilic addition of hydrazine to cationic bis-isocyanide iridium complexes, characterized by 
1 H, 13 C{ 1 H}, and 19 F NMR spectroscopy as well as high-resolution mass spectrometry. Four of the six 

molecular structures of the dicarbene complexes were determined by X-ray crystallography. Electrochem- 

ical properties of the compounds were evaluated by cyclic voltammetry analysis, which provides evi- 

dence that the HOMO and LUMO energies are dependent on the cyclometalating ligands employed. All 

the Chugaev-type iridium complexes exhibit blue to blue-green phosphorescence in solution at 77 K and 

all but one in poly(methyl methacrylate) (PMMA) thin films at room temperature. Although the quantum 

yields for all the complexes are modest, we succeeded in blue-shifting the emission wavelength of these 

dicarbene-type iridium complexes. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Cyclometalated iridium complexes are one of the most success- 

ul classes of organometallic compounds in various applications [1–

] , especially in organic light-emitting diodes (OLEDs) [5–8] . Due 

o the large spin-orbit coupling engendered by the heavy iridium 

enter, these compounds generally exhibit high quantum yields for 

heir color-tunable phosphorescence [ 9 , 10 ]. To be a good candi- 

ate for a dopant in the emissive layer of an organic light-emitting 

iode (OLED), the iridium complex should have high photolumi- 

escence quantum yield at ambient temperature and ideally be 

harge-neutral to facilitate vacuum deposition fabrication methods 

11] . Phosphorescence colors for these neutral iridium complexes 

ange from red to blue [12–14] , with blue being the most chal- 

enging to generate due to its requirement of a high HOMO–LUMO 

nergy gap to achieve high-energy photoluminescence. Due to the 

arge energy gap and destabilization of the LUMO energy, dissocia- 

ive metal-centered ligand-field states ( 3 MC) become more accessi- 

le, which introduces a nonradiative decay pathway that limits the 

fficiency and stability of blue emitters. 
∗ Corresponding author at: University of Houston, United States. 

E-mail address: tteets@uh.edu (T.S. Teets) . 
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For charge-neutral iridium complexes, there are two major 

tructural classes: homoleptic complexes with the general formula 

Ir(C ̂ Y) 3 ] (C ̂ Y = cyclometalating ligand), usually the facial ( fac )

somer [ 15 , 16 ], and heteroleptic [Ir(C ̂ Y) 2 (LX)] complexes [ 17 , 18 ],

here (LX) is a monoanionic chelating ancillary ligand. To achieve 

igh-energy phosphorescence, the cyclometalating ligands (C ̂ Y) 

ust be carefully selected, since the emission for these iridium 

omplexes is often controlled by the structure of the cyclometa- 

ating ligand [19] . A good choice of cyclometalating ligands would 

e those that destabilize the LUMO and stabilize the HOMO to 

reate a large energy gap. Aryl-triazoles and N-heterocyclic car- 

enes (NHCs) meet these criteria and have been used in blue- 

hosphorescent iridium complexes [20–22] . The HOMO of these 

omplexes is associated with the metal center and the aryl ring, 

hile the LUMO is mainly localized on the triazolyl or imida- 

olyl heterocycle. Electron-withdrawing groups on the aryl ring 

nd electron-donating substituents on the N -heterocycle can fur- 

her increase the HOMO–LUMO gap. In this study, two classes 

f aryl-triazole-based cyclometalating ligands (with 1,2,3-triazole 

r 1,2,4-triazole heterocycles) are used along with NHC-based cy- 

lometalating ligands to engender blue phosphorescence. 

Aside from the careful design of the C ̂ Y ligand, the selection of 

n appropriate ancillary ligand is also crucial to fine-tune the pho- 

oluminescence properties of heteroleptic iridium complexes [23] . 

https://doi.org/10.1016/j.jorganchem.2022.122561
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2022.122561&domain=pdf
mailto:tteets@uh.edu
https://doi.org/10.1016/j.jorganchem.2022.122561
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Scheme 1. Synthesis of “Chugaev-type” dicarbene complexes. 
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n heteroleptic complexes, the ancillary ligand not only can some- 

imes influence the emission wavelength, but also can have a large 

mpact on redox properties and excited-state dynamics. “Chugaev- 

ype” chelating acyclic diaminocarbenes (ADCs), studied for over 

00 years as the oldest carbene ligand class, [24–27] are attractive 

or blue-phosphorescent iridium complexes because of their strong 

-donating character and high stability. Previously, our group re- 

orted a straightforward method to install these dicarbene ligands 

nto bis-cyclometalated iridium complexes, resulting in good pho- 

oluminescence properties, especially for sky-blue emitters immo- 

ilized in PMMA film [ 28 , 29 ]. We have also installed other types of

onodentate or cyclometalated ADC ligands onto platinum [ 30 , 31 ] 

r iridium [ 19 , 32 ] complexes, which are particularly effective for 

upporting efficient deep-blue phosphorescence. 

These previous studies have motivated us to explore Chugaev 

icarbenes as supporting ligands for compounds with phosphores- 

ence deeper in the blue region, and those effort s are described 

ere. The compounds in this study feature triazole- and NHC-based 

yclometalating ligands known to result in pure blue to deep blue 

hosphorescence. We introduce a series of six compounds all with 

ifferent C ̂ Y ligands, produced by the reaction of cationic bis- 

socyanide iridium precursors with hydrazine. This efficient ligand- 

entered functionalization strategy gives access to these complexes 

n excellent yields. A detailed description of the electrochemical 

nd photophysical properties reveals the electronic influence of the 

hugaev carbene on these compounds. Despite the judicious choice 

f cyclometalating ligands, the compounds all luminesce in a sim- 

lar sky-blue to blue-green region of the spectrum, which we at- 

ribute to a low-lying charge-transfer excited state involving the 

hugaev dicarbene. 

. Results and discussion 

.1. Synthesis 

Scheme 1 outlines the synthetic method for these carbene com- 

lexes, following a procedure previously reported by our group 
2 
28] . The six new compounds differ with respect to their cyclomet- 

lating ligands (C ̂ Y), which come from the aryl-triazole or aryl- 

HC families with structures and abbreviations also summarized 

n Scheme 1 . Preparation of the precursor bis-isocyanide com- 

lexes 1a, 1b , and 1d has been previously described [33] , whereas 

recursors 1c, 1e , and 1f were synthesized following the same 

oute and characterized by 1 H and 19 F NMR spectroscopy (Fig. 

1–S6 of the Supplementary material). The bis-cyclometalated bis- 

socyanide iridium complex was dissolved in minimum CH 2 Cl 2 
nd mixed with a large excess of hydrazine monohydrate ( > 200 

quiv). The reaction mixture was stirred overnight at ambient tem- 

erature and atmosphere. Biphasic extraction and recrystallization 

ere sufficient to purify all complexes, which were isolated in 

ood to excellent yields ranging from 56–92%. The identity and 

urity of the neutral “Chugaev-type” carbene complexes were as- 

ertained through high-resolution ESI-MS, and 1 H, 19 F, and 13 C{ 1 H} 

MR spectroscopy (Fig. S7–S20 of the Supplementary material). All 

xperimental values for HRMS-ESI match within < 0.01% error of 

he theoretical values. 1 H NMR spectra of 2a –2f show two broad 

–H signals in a 1:2 ratio. The downfield N–H peak near δ = 10 

pm can be assigned to the backbone N–H, known to be more 

cidic than the exterior N–H bonds. The other N–H peak in the 

ange of δ 6.65–6.40 ppm corresponds to the exterior N–H protons, 

hich are located outside the chelate ring. The NMR spectra of all 

ix “Chugaev-type” carbene complexes are consistent with C 2 sym- 

etry, which suggests rapid tautomerization of the asymmetric di- 

arbene backbone in room temperature solutions. The thermal sta- 

ilities of complexes 2c and 2e were qualitatively evaluated (Fig. 

22–S23 of the Supplementary material) as representative exam- 

les of this class of iridium complexes. The compounds were dis- 

olved in CDCl 3 at millimolar concentrations and initially held at 

oom temperature before heating to 60 °C. No decomposition was 

bserved for up to 48 h at room temperature, and only a small 

mount of degradation was observed after 48–96 h at 60 °C, with 

he majority of the compound remaining intact. As such, we can 

onclude that these "Chugaev-type" dicarbene iridium complexes 

re not prone to thermal decomposition. 
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Fig. 1. Molecular structure of 1f , determined by single-crystal X-ray diffraction. One 

of the two crystallographically independent molecules is shown. Thermal ellipsoids 

are shown at the 50% probability level. Hydrogen atoms, counterions, and solvent 

molecules were omitted for clarity. 
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Table 1 

Summary of electrochemical data for complexes 2a –2f and previously reported di- 

carbene complexes. All potentials are reported relative to Fc + /Fc and represent peak 
anodic ( E ox ) or cathodic ( E red ) potentials. 

E ox / V E red / V 

Ir(F 2 ppy) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) 

a 0.98, 1.19, 1.46 −2.47, −2.78 

Ir(bt) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) 

a 0.86, 1.02, 1.47 −2.31, −2.45, −2.64 

2a 0.33, 1.16, 1.32 −2.74 

2b 0.32, 1.10, 1.29 −2.66 

2c 0.17, 0.68, 0.84, 1.23 −2.76 

2d 0.20, 0.90, 1.06, 1.49 −2.79 

2e 0.18, 0.76, 0.95 −2.77 

2f 0.20, 0.88, 1.01 −2.85 

a Chugaev complexes from our previous reports are included for easy 

comparison[28,29] (F 2 ppy = 2-(2,4-difluorophenyl)pyridine and bt = 2- 

phenylbenzothiazole). 
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.2. Crystal structures 

The molecular structure of one of the new bis-isocyanide pre- 

ursor complexes, 1f , was determined by X-ray crystallography and 

s shown in Fig. 1 . Like many other related structures from our 

roup, the two isocyanide ligands are arranged in a cis orientation, 

ith nearly linear C ≡N–C bond angles that indicate only a small 

egree of π-backbonding from the iridium(III) center. Refinement 

ata for 1f is summarized in Table S1 of the Supplementary mate- 

ial. 

The molecular structures of four of six “Chugaev-type” dicar- 

ene iridium complexes were confirmed by x-ray crystallography, 

ith three ( 2a, 2b , and 2d ) shown in Fig. 2 . The structure of 2c did

ot refine as well due to non-merohedral twinning, but the molec- 

lar structure was confirmed and is displayed in Fig. S21. The crys- 

allographic data and refinement parameters for these compounds 

re reported in Tables S1–S3. The coordination geometry around 

he iridium center in each Chugaev carbene complex is distorted 

ctahedral, completed by two C ̂ Y ligands and one “Chugaev-type”

icarbene ancillary ligand. As is typical in bis-cyclometalated irid- 

um complexes [ 34 , 35 ], the triazole rings in 2b and imidazole rings

n 2d of the cyclometalating ligands occupy a trans arrangement. 

owever, complex 2a formed a co-crystal where the asymmet- 

ic contains two independent molecules: one has the C ̂ Y triazole 

eterocycles arranged in the usual trans disposition ( trans - 2a ), the 

ther with a cis arrangement of the C ̂ Y heterocycles ( cis - 2a ). We

elieve that the cis isomer either represents a very minor impu- 

ity in the crystallized sample or that isomerization occurred dur- 

ng crystallization, as the bulk isolated sample of 2a shows only a 

ingle product in the 1 H and 19 F NMR spectra, with a pattern of 

eaks consistent with the approximate C 2 symmetry of the trans 

somer (Fig. S7 and S8). In the chelating bis-ADC ancillary ligand 

tructure of all complexes, the backbone N–H hydrogen atom is lo- 

alized in the solid state to afford C 1 molecular symmetry, indicat- 

ng that unlike in solution at room temperature, the N–H proton 

oes not tautomerize at 123 K in the solid state. Bond distances 

n the bis-ADC ligands are within 0.02 Å of those structures our 

roup has previously reported [ 28 , 29 ], and bond angles are within

 °. The Ir–C carbene bond lengths range from 1.992(7) Å to 2.0 6 6(7)
˚ . For all three complexes, the dicarbene bite angles (C–Ir–C) span 

 narrow range of 75.94(10)–76.9(3) °, and the N–C –N bond 
carbene 

3 
ngles range from 116.3(2) ° to 118.4(6) ° and indicate formal sp 2 hy- 

ridization of the carbene carbon atoms. 

.3. Electrochemistry 

Cyclic voltammograms of complexes 2a –2f are plotted in Fig. 3 

nd redox potentials are summarized in Table 1 , with the corre- 

ponding first oxidation peak shown in inset graphs. Similar to 

reviously reported analogous iridium complexes [ 28 , 29 ], all com- 

ounds show irreversible redox peaks. Cathodic scans are shown 

s red traces in Fig. 3 and all complexes show one irreversible re- 

uction peak. For all six complexes, this reduction occurs at −2.66 

o −2.85 V, meaning they are much more difficult to reduce com- 

ared to their respective bis-isocyanide precursor [33] and that the 

UMO is destabilized when two isocyanide ligands are converted 

nto a Chugaev dicarbene ligand. Substituents on the cyclometalat- 

ng ligand exert subtle effects on the reduction potentials, which 

hould be cautiously interpreted since they are all irreversible 

aves. When comparing complexes 2a and 2b , which both have 

riazole-based cyclometalating ligands, changing the substituent on 

he phenyl ring of the ptz ligand to a more electron-withdrawing 

F 3 group shifts the reduction peak by 80 mV to a more positive 

otential (from −2.74 to −2.66 V). However, the opposite trend 

as observed by comparing the pairs 2c/2d and 2e / 2f . In complex 

c , the reduction potential is −2.76 V, while in complex 2d , which 

as an additional electron-withdrawing CF 3 group on each C ̂ Y lig- 

nd, the reduction potential shifts negatively to −2.79 V. Similarly, 

he reduction potential occurs at −2.77 V in complex 2e and ca- 

hodically shifts to −2.85 V in complex 2f , where there are two 

uorine substituents on the phenyl ring of each ptrbz ligand. 

The effect of changing the triazole-based cyclometalating ligand 

o an imidazole-based ligand can be observed by comparing com- 

lex 2b , which has the CF 3 ptz ligand, and complex 2d , which has

he CF 3 pmi ligand. Both have a CF 3 group para to the C–Ir bond. 

eplacing the triazole with an imidazolyl moiety cathodically shifts 

he reduction potential by 130 mV, from −2.66 V in complex 2b 

o −2.79 V in complex 2d . The reduction potential of 2a (1,2,4- 

riazole) is −2.74 V, with 2f (1,2,3-triazole) about 110 mV more 

egative, suggesting that the triazole isomer present in the C ̂ Y lig- 

nd also has a significant effect on the LUMO energy level. 

Anodic scans are shown as black traces in Fig. 3 and at least 

hree irreversible oxidation peaks are observed for all complexes. 

xidation peaks for all complexes range from 0.17 to 1.49 V. Previ- 

usly reported carbene complexes have more positive first oxida- 

ion peaks (at least 0.86 V), suggesting that the carbene and tria- 

ole complexes 2a −2f are relatively easier to oxidize compared to 

revious analogues with pyridine or benzothiazole-based C ̂ Y lig- 

nds [ 28 , 29 ]. By comparing the first oxidation peak potentials in

he pairs 2a / 2b, 2c / 2d , and 2e / 2f , there is no significant shift when
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Fig. 2. Molecular structures of 2a , 2b , and 2d , determined by single-crystal X-ray diffraction. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms 

bonded to carbon and solvent molecules were omitted for clarity. 

Fig. 3. Cyclic voltammograms of complexes 2a –2f , recorded in acetonitrile with 0.1 M TBAPF 6 electrolyte. The arrows indicate the scan direction. Insets show an anodic 

sweep scanning only past the first oxidation wave, which remains irreversible in each case. 

4 
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Fig. 4. UV–vis absorption spectra of complexes 2a –2f , recorded in CH 2 Cl 2 at room 

temperature. Spectra were recorded over a range of ca. 10 −6 to 10 −5 M, and a Beer’s 

Law plot was used to determine molar absorptivity values. 
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lectron-withdrawing groups have been added to the cyclometalat- 

ng ligand, which signifies that electron-withdrawing substituents 

n the aryl ring do not greatly influence the oxidation peak poten- 

ial and the majority of the HOMO does not lie on this ring. All six

omplexes have large HOMO–LUMO gaps of at least 3.05 eV, es- 

imated from the separation of the first anodic and first cathodic 

eaks, a requisite feature for blue phosphorescence. 

.4. Photophysical properties 

UV-vis absorption spectra for the complexes 2a –2f were 

ecorded in CH 2 Cl 2 solutions at room temperature, shown in Fig. 4 . 

n general, electron-withdrawing groups on the cyclometalating 

igands have minimal impacts on the UV-vis absorption, although 

he profile in fluorinated F 2 ptrbz complex 2f is notably red-shifted 

rom that of the unsubstituted analogue 2e . Nevertheless, all com- 
ig. 5. Overlaid photoluminescence emission spectra of complexes 2a –2f . Photoluminesce

ine) and in CH 2 Cl 2 /toluene glass (ca. 10 
−6 to 10 −5 M) at 77 K (red solid line). 

5 
lexes in this study absorb only in the UV region, with similar mo- 

ar absorptivity values for the respective bands. The intense bands 

n the region of 230–320 nm are assigned to spin-allowed π–π ∗

ransitions localized on the cyclometalating and Chugaev dicarbene 

igands. All six complexes display weaker, overlapping shoulders 

ailing off near the start of the visible region ( ∼400 nm), which 

re attributed to both spin-allowed and spin-forbidden metal-to- 

igand charge transfer (MLCT) transitions 

Photoluminescence spectra were recorded both in solution and 

n transparent PMMA films doped with 2 wt% of the respective 

omplex. The data are collected in Fig. 5 . These dicarbene com- 

lexes do not emit in CH 2 Cl 2 solution at room temperature, and 

omplex 2a also does not exhibit photoluminescence in PMMA thin 

lm at room temperature. Photoluminescence spectra in 2 wt% 

MMA thin film at room temperature are shown as blue dashed 

ines, and in CH 2 Cl 2 /toluene glass at 77 K as red lines ( Fig. 5 ),

ith the data summarized in Table 2 . The emission wavelengths 

n 2a, 2b, and 2d have a sizable red shift relative to their precur- 

or bis-isocyanide complexes [33] . In addition, less clear vibronic 

tructure is observed in the low-temperature emission spectra of 

a –2f compared to bis-isocyanide complexes [ 33 , 35 , 36 ], suggest-

ng more charge-transfer character in the excited state of dicarbene 

omplexes. Slight rigidochromic blue shifts were observed for com- 

lexes 2c –2f when recorded at 77 K in solvent glass (862 cm 
−1 ,

095 cm 
−1 , 1329 cm 

−1 , and 800 cm 
−1 , respectively), which further 

vinces significant charge-transfer character in the emissive excited 

tate. Adding electron-withdrawing groups to 1,2,4-triazole-based 

yclometalating ligands results in a small blue shift ( 2a vs. 2b ), as 

xpected, corresponding to the larger HOMO −LUMO gap in the CV 

 Fig. 3 ). In the pair of 2c / 2d , the additional CF 3 group on the pmi

igand does not have a large impact on the emission spectrum, 

hich is consistent with the minimal change in redox potentials 

aused by this substitution. However, the emission wavelength did 

ot change much in the case of the substituted ptrbz complexes 

 2e and 2f ), despite the fluorinated analogue ( 2f , C ̂ Y = F ptrbz)
nce spectra are shown in 2 wt% PMMA thin film at room temperature (blue dashed 
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Table 2 

Summary of photophysical data for complexes 2a –2f . 

UV-vis Absorption Photoluminescence 

λ / nm 77 K PMMA, RT 

( ε × 10 –3 / M 
–1 cm 

–1 ) λ / nm λ / nm �PL 

2a 276 (35), 350 (13) 440(sh), 469, 500 a a 

2b 285 (30), 355 (12) 427(sh), 463, 488(sh) 428(sh), 457, 490(sh) 0.034 

2c 284 (44), 351 (8.6) 422 (sh), 448 466(br) 0.15 

2d 279 (40), 352 (6.5) 447 470(br) 0.082 

2e 278 (21), 354 (3.7) 415(sh), 445(sh), 475, 503(sh) 469(sh), 507 0.027 

2f 297 (33), 359 (11) 423(sh), 448(sh), 478, 507 (sh) 497 0.029 

a This compound is not luminescent at room temperature in PMMA thin film. 
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aving a larger electrochemical HOMO −LUMO gap. Acknowledg- 

ng that the electrochemical gaps may not be truly indicative of 

OMO–LUMO separations on account of the irreversible nature of 

he redox couples, this observation also suggests that the phos- 

horescent triplet state of these compounds is not a pure HOMO–

UMO transition. 

Photoluminescence quantum yields of 2a −2f are modest in 

MMA films, significantly lower than the bis-isocyanide precursor 

omplexes where such comparisons are available. [33] Our tenta- 

ive explanation is that the conjugated dicarbene serves as a chro- 

ophore and introduces a new low-lying excited state which is 

eakly luminescent. As discussed above, the emission spectra of 

a –2f are all very similar to one another, with subtler dependence 

n the cyclometalating ligands than we would normally expect 

or this subset of triazole- and NHC-derived C ̂ Y ligands. In most 

ases, particularly for NHC-based complexes 2c and 2d , the spectra 

re significantly red-shifted from those of other bis-cyclometalated 

ridium complexes with the same C ̂ Y ligands, [ 19 , 33 ] indicating

he Chugaev ligand that is common to 2a –2f could be involved in 

he luminescent excited state. Whatever the precise origin of these 

bservations, they suggest that Chugaev dicarbenes are not ideally 

uited to be supporting ligands for deep blue-phosphorescent cy- 

lometalated iridium complexes, since they have the effects of both 

hifting the luminescence out of the deep blue region and resulting 

n modest quantum yields. 

. Conclusions 

To summarize, six charge-neutral dicarbene-supported cy- 

lometalated iridium complexes were generated by chelative inser- 

ion of hydrazine into cis-oriented aryl isocyanides on the cationic 

recursor complexes. This ligand-centered functionalization pro- 

uces an acyclic diaminocarbene ancillary ligand, with the target 

omplexes isolated in good yield. Four of these “Chugaev-type”

omplexes have triazole-based cyclometalating ligands (F 2 ptz, 

F 3 ptz, ptrbz, and F 2 ptrbz), and the rest employ imidazolyl-based 

 ̂ Y ligands (pmi and CF 3 pmi). None of the complexes exhibit 

hosphorescence in solution at room temperature, and all are 

egligibly to modestly luminescent when immobilized in PMMA 

lms. For complexes that were found to be emissive in PMMA 

hin film, photoluminescence quantum yields are lower and emis- 

ion maxima are red-shifted compared to their corresponding bis- 

socyanide complexes, albeit in a similar spectral range or slightly 

lue-shifted relative to other iridium dicarbene complexes our 

roup has reported. This shows that using cyclometalating ligands 

ith a triazole or NHC moiety can blue-shift the photolumines- 

ence relative to pyridyl-based analogues, although not to as large 

s an extent as is normally possible with these classes of cy- 

lometalating ligands. This work generalizes the synthesis of bis- 

yclometalated iridium complexes with Chugaev dicarbenes and 

hows that the dicarbene has significant effects on the phospho- 

escence, although not always beneficial. Because of their modu- 
6

ar synthesis, stability, and electronic characteristics Chugaev dicar- 

enes are an intriguing class of supporting ligands for luminescent 

rganometallic complexes, although this work suggests they may 

ot be well-suited for applications in deep-blue phosphorescence. 

. Experimental section 

.1. Materials 

Reactions were performed in ambient conditions. Solvents 

or photophysical measurements and electrochemical measure- 

ents were obtained from a Grubbs Solvent Purification Sys- 

em and degassed with argon. Commercially available start- 

ng materials and reagents were used without further purifica- 

ion. Tetrabutylammonium hexafluorophosphate, used as a sup- 

orting electrolyte for cyclic voltammetry experiments, was re- 

rystallized from hot ethanol, and ferrocene, used as an in- 

ernal standard for cyclic voltammetry experiments, was puri- 

ed by sublimation. The iridium dimers of the general for- 

ula [Ir(C ̂ Y) 2 ( μ-Cl)] 2 (C ̂ Y = cyclometalating ligand) were pre-

ared by following literature procedures. [37] The precursors 

Ir(C ̂ Y) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ], where C ̂ Y = F 2 ptz ( 1a ), CF 3 ptz ( 1b ), or

F 3 pmi ( 1d ) and CNAr 4-CF3 = 4-trifluoromethylphenyl isocyanide, 

ere synthesized according to our previous report [33] . The other 

hree [Ir(C ̂ Y) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] precursors were prepared using 

n identical synthetic procedure, which is detailed below. 

.2. Physical methods 

1 H, 19 F and 13 C{ 1 H} NMR spectra were recorded at room tem- 

erature using a JEOL ECA-400, ECA-500, or ECA-600 NMR spec- 

rometer. The ESI-MS experiments were carried out at The Univer- 

ity of Texas at Austin’s Mass Spectrometry Facility using an Agi- 

ent 6530 Q-TOF mass spectrometer and operated in positive ion- 

zation mode, with a capillary voltage of 3.5 kV. UV −vis absorp- 

ion spectra were measured in dichloromethane solutions in 1 cm 

uartz cuvettes sealed with a screw cap and septum, using an Ag- 

lent Cary 8454 UV −vis spectrophotometer. Steady-state emission 

pectra were measured using a Horiba FluoroMax-4 spectrofluo- 

ometer with appropriate long-pass filters to exclude stray exci- 

ation light from detection. To exclude air, samples for emission 

pectra were prepared in a nitrogen-filled glovebox using dry, de- 

xygenated solvents, and thin-film PMMA samples were kept un- 

er nitrogen until immediately before measurement. Samples for 

ow-temperature emission were contained in a quartz EPR tube 

ith a high-vacuum valve and cooled in liquid nitrogen using a 

nger Dewar. The absolute quantum yields of complexes doped 

nto poly(methyl methacrylate) (PMMA) thin films were recorded 

sing a Spectralon-coated integrating sphere integrated with a 

oriba FluoroMax-4 spectrofluorometer. Cyclic voltammetry (CV) 

easurements were performed with a CH Instruments 602E poten- 

iostat using a three-electrode system in a nitrogen-filled glovebox. 
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 3 mm diameter glassy-carbon electrode, Pt wire, and silver wire 

ere used as working electrode, counter electrode, and pseudoref- 

rence electrode, respectively. Measurements were carried out in 

cetonitrile solution with 0.1 M TBAPF 6 as a supporting electrolyte 

t a scan rate of 0.1 V/s. Ferrocene was used as an internal stan-

ard, and potentials were referenced to the ferrocene/ferrocenium 

ouple. 

.3. PMMA film fabrication 

A solution of PMMA (98 mg, 35 kDa) in dichloromethane (1.0 

L) was prepared at room temperature in a nitrogen-filled glove- 

ox. Then, the respective iridium complex (2 mg, 2 wt %) was 

dded to the solution and stirred until giving a homogeneous solu- 

ion. The resulting solution was then drop-coated on a quartz sub- 

trate and dried at room temperature overnight. 

.4. X-ray crystallography details 

Single crystals of 1f, 2a, 2b, 2c , and 2d were grown by layering

H 2 Cl 2 or CHCl 3 solutions with hexane or diethyl ether. Crystals 

ere mounted on a Bruker Apex II three-circle diffractometer using 

oK α radiation ( λ = 0.71073 Å). The data were collected at 123(2) 

 and processed and refined within the APEXII software. Structures 

ere solved by using intrinsic phasing in SHELXT and refined by 

tandard difference Fourier techniques in the SHELXL program. All 

on-hydrogen atoms were refined with anisotropic displacement 

arameters. Hydrogen atoms bonded to carbon were fixed in cal- 

ulated positions using the standard riding model and were refined 

sotropically. Hydrogen atoms bonded to nitrogen were located in 

he difference map and refined isotropically, restraining the N–H 

nternuclear distance to 0.88 Å and the hydrogen displacement pa- 

ameter to 1.2 × that of the nitrogen atom it is bonded to. In all

tructures except 2c , disorder was observed in one or more loca- 

ions of the main moiety, counterions, or solvent molecules. These 

nclude positional disorder of solvent molecules or alkyl groups 

nd rotational disorders of PF 6 
− counterions or CF 3 groups. All 

isordered parts were restrained with distance restraints (SADI in 

HELX) and rigid-bond restraints (SIMU and DELU in SHELX). The 

rystal of 2c was observed to be a non-merohedral twin and was 

efined against two unit cell domains. The twinning was not com- 

letely resolved, leading to some significant level A and level B 

heckCIF errors after refinement. As a result, the structural met- 

ics (bond distances and bond lengths) in 2c are not very reli- 

ble, but the final refined model does conclusively confirm the pro- 

osed molecular structure. Most of these high-level checkCIF errors 

riginate from anomalously long or short refined bond distances, 

s well as one atom with a distorted ellipsoid and one solvent- 

ccessible void space in the structure. In addition, the structure 

f 2d returned one level B checkCIF error, originating from high 

esidual electron density (3.24 electrons) near the disordered di- 

thyl ether solvent molecule. Most of the electron density was sat- 

sfactorily modeled and the residual electron density did not have 

 significant impact on the refinement of the rest of the model. As 

uch, we left the diethyl ether solvent as a two-part disorder in 

he final model and did not attempt to treat it as a more complex 

isorder or use the PLATON SQUEEZE function. All crystallographic 

etails are summarized in Tables S1 −S3. 

.5. Synthesis 

.5.1. Preparation of [Ir(C ̂ Y) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] complexes 1c, 1e, and 

f 

The Ir dimer [Ir(C ̂ Y) 2 ( μ-Cl)] 2 was dissolved in CH 2 Cl 2 and

ombined with 2 equiv of AgPF 6 . Then 4 equiv of 4- 

rifluoromethylphenyl isocyanide (CNAr 4-CF3 ) was added to the 
7 
eaction mixture and stirred at room temperature overnight. The 

ompleted reaction mixture was filtered through Celite to remove 

gCl. The filtrate volume was reduced, and diethyl ether was 

dded to precipitate the product. The solid was dried under vac- 

um. The resulting crude product was purified by recrystallization 

rom CH 2 Cl 2 /hexane or CHCl 3 /diethyl ether to give a white solid. 

.5.1.1. [Ir(pmi) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] (1c). Prepared by the general 

rocedure, using [Ir(pmi) 2 (μ-Cl)] 2 (1.0 g, 0.92 mmol). The product 

as crystallized from CH 2 Cl 2 /hexane to give a white solid (1.3 g, 

1%). 1 H NMR (400 MHz, CD 3 CN) δ: 7.81 (s, 2H, pmi H ), 7.73 (d,

 = 8.3 Hz, 4H, Ar H ), 7.45 (d, J = 9.4 Hz, 6H, Ar H ), 7.31 (d, J = 7.8

z, 2H, Ar H ), 6.96 (t, J = 7.6 Hz, 2H, Ar H ), 6.69 (t, J = 7.4 Hz, 2H,

r H ), 6.39 (d, J = 7.2 Hz, 2H, Ar H ), 4.10 (s, 6H, NC H 3 ). 
19 F NMR

376 MHz, CD 3 CN) δ: −63.40 (s, 6F, C F 3 ), −72.73 (d, J = 706.5 Hz,

F, P F 6 ). 

.5.1.2. [Ir(ptrbz) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] (1e). Prepared by the general 

rocedure, using [Ir(ptrbz) 2 (μ-Cl)] 2 (1.0 g, 0.72 mmol). The prod- 

ct was crystallized from CHCl 3 /diethyl ether to give a white solid 

1.3 g, 79%). 1 H NMR (500 MHz, CDCl 3 ) δ: 7.89 (s, 2H, ptrbz H ), 7.65

d, J = 8.3 Hz, 4H, Ar H ), 7.47 (m, 14H, Ar H ), 7.36 (d, J = 7.5 Hz, 2H,

r H ), 6.90 (t, J = 7.5 Hz, 2H, Ar H ), 6.79 (t, J = 7.5 Hz, 2H, Ar H ), 6.06

d, J = 7.5 Hz, 2H, Ar H ), 5.77 (m, 4H, NC H 2 Ar). 
19 F NMR (470 MHz,

DCl 3 ) δ: −62.84 (s, 6F, C F 3 ), −72.64 (d, J = 712.8 Hz, 6F, P F 6 ).

RMS-ESI ( m/z ): [M −PF 6 ] 
+ calcd for C 46 H 32 F 12 IrN 8 , 1003.2283;

ound, 1003.2287 

.5.1.3. [Ir(F 2 ptrbz) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] (1f). Prepared by the general 

rocedure, using [Ir(F 2 ptrbz) 2 (μ-Cl)] 2 (1.0 g, 0.65 mmol). The prod- 

ct was crystallized from CHCl 3 /diethyl ether to give a white solid 

1.0 g, 63%). 1 H NMR (500 MHz, CDCl 3 ) δ: 7.92 (s, 2H, F 2 ptrbz H ),

.69 (d, J = 8.4 Hz, 4H, Ar H ), 7.62 (d, J = 8.3 Hz, 4H, Ar H ), 7.47 (d,

 = 10.7 Hz, 10H, Ar H ), 6.47 (t, J = 8.8 Hz, 2H, F 2 ptrbz H ), 5.86 (m,

H, NC H 2 Ar), 5.57 (d, J = 8.0 Hz, 2H, F 2 ptrbz H ). 19 F NMR (470 MHz,

DCl 3 ) δ: −62.91 (s, 6F, C F 3 ), −72.64 (d, J = 712.7 Hz, 6F, P F 6 ),

107.48 (q, J = 8.4 Hz, Ar F ), −110.41 (t, J = 8.9 Hz, Ar F ). HRMS-

SI ( m/z ): [M −PF 6 ] 
+ calcd for C 46 H 28 F 16 PIrN 8 , 1075.1907; found,

075.1915 

.5.2. Preparation of Ir(C ̂ Y) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) Complexes 2a-2f 

Carbene complexes were synthesized following a procedure 

dapted from reported literature on related compounds[28,29]. The 

ridium bis-isocyanide complex [Ir(C ̂ Y) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] ( 1a −1f )

as dissolved in minimum CH 2 Cl 2 then combined with excess hy- 

razine monohydrate and stirred at room temperature overnight. 

he completed reaction mixture was washed with deionized water. 

he aqueous layer was decanted and discarded, and the organic 

ayer was dried with MgSO 4 . The solution volume was reduced, 

nd hexane or diethyl ether was added to induce precipitation. The 

olid was dried under vacuum. The resulting crude product was 

urified either by precipitation or recrystallization. 

.5.2.1. Ir(F 2 ptz) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) (2a). Prepared by the general

rocedure, using [Ir(F 2 ptz) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] ( 1a , 102 mg, 0.089 

mol) and N 2 H 4 ·H 2 O (1.0 mL, 21 mmol). The resulting product 

as precipitated from hexane to give a white powder. Yield: 87 

g, 92%. 1 H NMR (400 MHz, CD 3 CN) δ: 10.24 (s, 1H, N H ), 7.36 (d,

 = 8.4 Hz, 4H, Ar H ), 7.19 (d, J = 8.0 Hz, 4H, Ar H ), 6.60–6.54 (m,

H, Ar H ), 6.41 (s, 2H, N H ), 6.10 (dd, J = 8.0, 2.1 Hz, 2H, Ar H ), 4.28

s, 3H, NC H 3 ), 4.26 (s, 3H, NC H 3 ), 2.70–2.50 (m, 4H, CC H 2 CH 2 CH 3 ),

.65 (td, J = 14.9, 7.5 Hz, 4H, CCH 2 C H 2 CH 3 ), 0.79 (t, J = 7.3 Hz,

H, CCH 2 CH 2 C H 3 ). 
19 F NMR (376 MHz, CD 2 Cl 2 ) δ: −62.13 (s, 6F,

rC F 3 ), −102.94 (dd, J = 20.4, 8.2 Hz, 2F, Ar F ), −107.81 (q, J = 8.7

z, 2F, Ar F ). HRMS-ESI ( m/z ): [M + H] + calcd for C 40 H 35 F 10 IrN 10 ,

039.2594; found, 1039.2604. 
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.5.2.2. Ir(CF 3 ptz) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) (2b). Prepared by the general

rotocol, using [Ir(CF 3 ptz) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] ( 1b , 50 mg, 0.041

mol) and N 2 H 4 ·H 2 O (1.0 mL, 21 mmol). The product was puri-

ed by precipitation to form a yellow powder, which was dried 

n vacuo. Yield: 36 mg, 79%. 1 H NMR (400 MHz, CD 3 CN) δ: 9.95
s, 1H, N H ), 7.85 (s, 2H, Ar H ), 7.46 (d, J = 7.2 Hz, 4H, Ar H ), 7.22

d, J = 8.1 Hz, 4H, Ar H ), 7.15 (d, J = 7.8 Hz, 2H, Ar H ), 6.80 (d,

 = 7.8 Hz, 2H, Ar H ), 6.40 (s, 2H, N H ), 4.25 (s, 6H, NC H 3 ), 2.71–2.52

m, 4H, CC H 2 CH 2 CH 3 ), 1.66 (m, J = 14.7, 7.3 Hz, 4H, CCH 2 C H 2 CH 3 ),

.80 (s, 6H, CCH 2 CH 2 C H 3 ). 
19 F NMR (376 MHz, CD 3 CN) δ: −62.14

s, 12F, ArC F 3 ). HRMS-ESI ( m/z ): [M + H] + calcd for C 42 H 37 F 12 IrN 10 ,

103.2719; found, 1103.2721. 

.5.2.3. Ir(pmi) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) (2c). Prepared by the general 

rotocol, using [Ir(pmi) 2 (CNAr 
4-CF3 ) 2 ] [PF 6 ] ( 1c , 100 mg, 0.10

mol) and N 2 H 4 ·H 2 O (1.0 mL, 21 mmol). The product was puri-

ed by precipitation to form a white powder, which was dried in 

acuo. Yield: 55 mg, 62%. 1 H NMR (600 MHz, CD 2 Cl 2 ) δ: 9.87 (s,
H, N H ), 7.47 (d, J = 1.9 Hz, 2H, Ar H ), 7.35 (d, J = 8.5 Hz, 4H,

r H ), 7.17 (d, J = 7.7 Hz, 2H, Ar H ), 7.11 (d, J = 8.4 Hz, 4H, Ar H ),

.99 – 6.91 (m, 4H, Ar H ), 6.78 (d, J = 6.1 Hz, 2H, Ar H ), 6.74 (t,

 = 7.0 Hz, 2H, Ar H ), 6.58 (s, 2H, N H ), 3.69 (s, 6H, NC H 3 ). 
13 C{ 1 H}

MR (126 MHz, CD 2 Cl 2 ) δ: 171.5, 148.71, 147.2, 143.7, 138.0, 126.3, 
25.6, 123.4, 121.4, 121.3, 119.0, 114.7, 111.0, 36.8. 19 F NMR (565 

Hz, CD 2 Cl 2 ) δ: −62.03 (s, 6F, ArC F 3 ). HRMS-ESI ( m/z ): [M + H] + 

alcd for C 36 H 29 F 6 IrN 8 , 881.2123; found, 881.2106. 

.5.2.4. Ir(CF 3 pmi) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) (2d). Prepared by the general

rotocol, using [Ir(CF 3 pmi) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] ( 1d , 33 mg, 0.029

mol) and N 2 H 4 ·H 2 O (1.0 mL, 21 mmol). The crude product was

urified by precipitation from hexane to afford a light brown solid. 

ield: 26 mg, 89%. 1 H NMR (600 MHz, CD 2 Cl 2 ) δ: 9.65 (s, 1H, N H ),

.56 (s, 2H, Ar H ), 7.46 (d, J = 7.6 Hz, 4H, Ar H ), 7.39 (s, 2H, Ar H ),

.19 (d, J = 8.2 Hz, 4H, Ar H ), 7.05 (s, 2H, Ar H ), 6.99 (d, J = 6.9 Hz,

H, Ar H ), 6.91 (d, J = 7.6 Hz, 2H, Ar H ), 6.40 (s, 2H, N H ), 3.75 (s, 6H,

C H 3 ). 
19 F NMR (565 MHz, CD 2 Cl 2 ) δ: −61.77 (s, 6F, ArC F 3 ), −62.06

s, 6F, ArC F 3 ). HRMS-ESI ( m/z ): [M + H] + calcd for C 38 H 27 F 12 IrN 8 ,

017.1875; found, 1017.1874. 

.5.2.5. Ir(ptrbz) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) (2e). Prepared by the general 

rotocol, using [Ir(ptrbz) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] ( 1e , 145 mg, 0.13 

mol) and N 2 H 4 ·H 2 O (1.0 mL, 21 mmol). The crude product was

urified by precipitation from hexane to afford a white solid. Yield: 

01 mg, 77%. 1 H NMR (500 MHz, CD 2 Cl 2 ) δ: 9.85 (s, 1H, N H ), 7.59

s, 2H, ptrbz H ), 7.52 – 7.25 (m, 16H, Ar H ), 7.19 (d, J = 8.3 Hz,

H, Ar H ), 6.88 (pent, J = 7.0 Hz, 4H, Ar H ), 6.78 (s, 2H, N H ), 6.55

d, J = 6.9 Hz, 2H, Ar H ), 5.62 (d, J = 14.8 Hz, 2H, NC H 2 Ar), 5.47

d, J = 14.8 Hz, 2H, NC H 2 Ar). 
13 C{ 1 H} NMR (126 MHz, CD 2 Cl 2 ) δ:

66.7, 159.5, 136.3, 134.1, 132.2, 129.2, 129.1, 128.5, 128.4, 126.2, 

21.8, 121.4, 117.7, 55.6. 19 F NMR (470 MHz, CD 2 Cl 2 ) δ: −61.87 

s, 6F, ArC F 3 ). HRMS-ESI ( m/z ): [M + H] + calcd for C 46 H 35 F 6 IrN 10 ,

035.2658; found, 1035.2674 

.2.5.6. Ir(F 2 ptrbz) 2 (C 2 H 3 N 4 (Ar 
4-CF3 ) 2 ) (2f). Prepared by the general

rotocol, using [Ir(F 2 ptrbz) 2 (CNAr 
4-CF3 ) 2 ][PF 6 ] ( 1f , 200 mg, 0.16

mol) and N 2 H 4 ·H 2 O (1.0 mL, 21 mmol). The crude product was

urified by precipitation from hexane to afford a light yellow solid. 

ield: 98 mg, 56%. 1 H NMR (600 MHz, CD 2 Cl 2 ) δ: 9.84 (s, 1H,
 H ), 7.72 (s, 2H, F 2 ptrbz H ), 7.50 – 7.30 (m, 15H, Ar H ), 7.24 (d,

 = 8.3 Hz, 4H, Ar H ), 6.65 (s, 2H, N H ), 6.43 (t, J = 10.7 Hz, 2H,

 2 ptrbz H ), 6.01 (d, J = 10.1 Hz, 2H, F 2 ptrbz H ), 5.66 (d, J = 14.8 Hz,

H, NC H 2 Ar), 5.53 (d, J = 14.8 Hz, 2H, NC H 2 Ar). 
19 F NMR (565 MHz,

D 2 Cl 2 ) δ: −61.99 (s, 6F, ArC F 3 ), −110.73 (s, 2F, F 2 ptrbz), −113.30

s, 2F, F 2 ptrbz). HRMS-ESI ( m/z ): [M + H] + calcd for C 46 H 31 F 10 IrN 10 ,

107.2278; found, 1107.2275. 
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