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Selective syntheses of homoleptic Ir(III) complexes
bearing di-CF3-functionalized benzoimidazol-
2-ylidenes for generation of blue phosphorescence†

Jie Yan, ‡a Yi Pan, ‡a I-Che Peng,‡b Wen-Yi Hung, *b Bingjie Hu,a Guowei Ni,a

Shek-Man Yiu,a Yun Chi *a,c and Kai Chung Lau *a

Homoleptic Ir(III) based carbene complexes are known to be the most promising emitters of future blue

OLED devices. To provide the proof-of-concept, we designed a series of functional di-CF3-functionalized

benzo[d]imidazol-3-ium pro-chelates, which could afford single product emitters after proper modifi-

cation. For benzoimidazol-2-ylidene with an N-methyl substituent, selective formation of the product

can be achieved by introduction of t-butylphenyl for the phenyl group, as shown by shifting the product

from mixed m-Ir(dfp)3 and f-Ir(dfp)3 to the single isomer f-Ir(dfpb)3. Alternatively, for di-N-aryl substi-

tuted carbene chelates, the steric encumbrance imposed between the ortho-CF3 group and the adjacent

N-aryl substituent redirects the cyclometalation to the other N-aryl substituent, leading to the formation

of one single product, e.g., f-Ir(tBpp)3 and f-Ir(ptBp)3. Moreover, the doped OLED based on f-Ir(tBpp)3
delivered true-blue emission centered at 457 nm and a maximum EQE of 15.6%. Furthermore, upon

addition of terminal emitters ν-DABNA and t-DABNA, the respective hyper-OLEDs exhibited narrowband

blue emission with a maximum EQE of 18.9% at 474 nm and 18.1% at 462 nm, respectively. These high-

lighted the potential of these Ir(III) emitters in the fabrication of blue OLEDs.

Introduction

Fluorination or incorporation of the perfluoroalkyl group to
various functional materials has become an important meth-
odology to enhance the performance of soft optoelectronic
devices such as organic field-effect transistors (OFETs), light
emitting transistors (OLETs) and light emitting diodes
(OLEDs).1–5 The specific features of such a fluorinated entity,
i.e., the trifluoromethyl (CF3) group, are related to its high elec-
tron withdrawing character, together with enhanced hydropho-
bicity, lipophobicity and volatility. It is also known that the

CF3 group can lower the π-orbital energies of organic func-
tional entities and materials.6,7 The lowered energy levels
facilitate electron injection, thus giving balanced carrier trans-
portation and, hence, improved device efficiencies.8–10 With
this in mind, we decided to introduce the CF3 group to Ir(III)
based phosphors bearing functional imidazolylidene cyclome-
talates, with an attempt to further improve their photo- and
electro-luminescence characteristics.

Similar manipulation has been documented in Ir(III)
carbene complexes such as m-Ir(tfp_tz)3

11–13 and its
analogues.14,15 Furthermore, Zysman-Colman and co-workers
have also reported mer-arranged, homoleptic and blue Ir(III)
phosphors comprising 1-methyl-3-(4-(trifluoromethyl)phenyl)-
imidazol-2-ylidene chelates, cf., m-Ir(tfpmi)3 and its ana-
logue.16 Next, they switched to similar Ir(III) complexes con-
taining a sterically demanding benzyl (or 2,4,6-trimethyl-
benzyl) appendage on carbene chelates, cf., m-Ir(tfpi_Bn)3.

17

One representative OLED device showed deep-blue electrolu-
minescence with a peak maximum (λmax) of 429 nm and CIE
color coordinates of (0.16, 0.08), illustrating excellent perform-
ance for those with CF3 substituted N-phenyl cyclometalating
carbene chelates. However, their photoluminescence radiative
rate constant (kr) is in the region of ∼105 s−1, suggesting the
dominant ligand-centered ππ* transition characteristics in the
excited state. These photophysical properties are inferior to
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their Ir(III) based benzoimidazol-2-ylidene counterparts with
an improved metal-to-ligand charge transfer (MLCT) character,
which exhibited a much faster kr of ∼106 s−1.18 This opens up
one possible research direction for improving both the photo-
chemical and physical properties by increasing the MLCT con-
tribution in the excited states of relevant Ir(III) carbene
complexes.18–20

Accordingly, these desired properties can be achieved by
expanding π-conjugation on the imidazol-2-ylidene (carbene)
fragment and incorporating electron deficient entities at the
same time.18 One practical approach involved the replacement
of the parent imidazolylidene with the benzo[d]imidazol-2-
ylidene fragment,21,22 followed by further conversion to
imidazo[4,5-b]pyridin-2-ylidene,23,24 imidazo[4,5-b]pyrazin-2-
ylidene,25–27 and even the purin-8-ylidene entity,28,29 by
addition of electro-negative nitrogen atom(s) at the designated
skeletal position(s). Unlike the previously mentioned chelates
and Ir(III) derivatives as shown in Scheme 1, these newly
employed electron deficient carbene cyclometalates tended to
afford two configurational isomers, e.g., m- and f-isomers
under all conditions. Importantly, they showed structureless
emission with a relatively fast radiative rate constant in solu-
tion at RT, confirming the dominant MLCT character in the
excited state manifold.30,31

Herein, we report the design and preparation of such Ir(III)
emitters bearing 4,6-bis(trifluoromethyl)-benzo[d]imidazol-2-
ylidene cyclometalates. Their molecular structures are depicted

in Scheme 2, in which m-/f-Ir(dfp)3, f-Ir(dfpb)3, f-Ir(tBpp)3 and
f-Ir(ptBp)3 are associated with (i) either a phenyl or p-t-butyl-
phenyl cyclometalating unit and (ii) a methyl, phenyl or p-t-
butylphenyl peripheral appendage. To these designs, the tri-
fluoromethyl (CF3) group is expected to be inert to environ-
mental perturbation and, thus, may demonstrate an increased
chemical stability toward those offered by skeletal nitrogen
atoms, which is known to be basic due to the possession of a
lone pair of electrons. Not to mention that its ortho-CF3 group
can provide critical steric encumbrance to allow the selective
formation of a certain favorable geometrical isomer, i.e.,
achieving selective synthesis of one isomer out of four statisti-
cally distributed products. Hence, tedious separation of
isomers was no longer required, which is particularly impor-
tant for the scale-up operation and marking an essential mile-
stone in syntheses. Moreover, this site-selectivity is of utter-
most importance to the widespread employment of di-aryl sub-
stituted benzoimidazol-2-ylidene and its analogues,32–34 as
they are deemed superior to their mono-N-aryl counterparts in
serving as blue OLED emitters. However, the introduction of
either 2,6- or 3,5-dialkylaryl substituents gave only decompo-
sition, while using a 4-substituted aryl group afforded a
mixture of up to four isomers,35–37 confirming the success of
the current strategy. Finally, fabrication of OLED devices was
executed using three Ir(III) emitters f-Ir(dfp)3, f-Ir(tBpp)3 and f-
Ir(ptBp)3. These emitters can serve as both the sole dopant
and Förster Resonance Energy Transfer (FRET) sensitizer to

Scheme 1 Drawings of homoleptic Ir(III) carbene complexes bearing CF3 substituted N-phenyl cyclometalates.

Scheme 2 Structural drawings of Ir(III) complexes bearing dual CF3 substituted benzoimidazol-2-ylidene, confirming the selective cyclometalation
of the N-aryl substituent.
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both the terminal emitters ν-DABNA and t-DABNA, in achiev-
ing narrow band true blue emission, as demanded by emer-
ging industrial applications.

Results and discussion
Preparation and characterization

The functional 1-aryl-1H-benzo[d]imidazole with dual trifluoro-
methyl (CF3) substituents was best synthesized using a multi-
step protocol as depicted in Scheme 3. First, the key starting
material 2-bromo-3,5-bis(trifluoromethyl)aniline (A) was pre-
pared by bromination of commercially available 3,5-bis(tri-
fluoromethyl)aniline using N-bromosuccinimide in CH2Cl2 at
∼5 °C. After that, it was treated with a stoichiometric amount
of triethyl orthoformate in the presence of glacial acetic acid
as a catalyst at 120 °C, followed by the addition of aniline or 4-
t-butylaniline at 140 °C. This two-step operation procedure is
aimed at in situ preparation of functional ethyl
N-arylformimidate as an intermediate,38 which is expected to
undergo further coupling with aniline to afford asymmetric
N,N′-diarylformamidines with a 2-bromo-3,5-bis(trifluoro-
methyl)phenyl substituent.39 After that, a copper-catalyzed
intramolecular C–N bond coupling was executed to obtain the
imidazole derivatives B1 and B2 in moderate yields,40 follow-
ing which N-alkylation with methyl trifluoromethanesulfonate
has successfully afforded the anticipated 3-methyl-1-aryl-5,7-
bis(trifluoromethyl)-1H-benzo[d]imidazol-3-ium pro-chelates
C1 and C2 in high yields. Concurrently, according to the litera-
ture,41 the reaction of B1 and B2 with diaryliodonium salt in
DMF and with Cu(OAc)2 as the catalyst afforded the respective
di-N-aryl substituted pro-chelates C3 and C4 in high yields.

Isolation of these carbene pro-chelates made the prepa-
ration of all homoleptic Ir(III) carbene complexes an easy task.
The iridium reagent [IrCl3(tht)3]

42 was selected as the metal
source due to its enhanced solubility in nonpolar aromatic sol-
vents which is essential for the employment of sodium acetate
as a catalyst.43 Accordingly, treatment of pro-chelate C1 with
IrCl3(tht)3 and sodium acetate in refluxing t-butylbenzene (bp
= 169 °C) afforded a mixture of both m- and f-isomers, namely
m-Ir(dfp)3 and f-Ir(dfp)3. In sharp contrast, treatment of
respective pro-chelate C2 with IrCl3(tht)3 afforded only the

symmetric derivative f-Ir(dfpb)3 in refluxing t-butylbenzene.
This could be attributed to the facile m- to f-isomerization
process and greater thermodynamic stability for the f-isomer
according to the literature.44 Similarly, extensive heating of C3
and C4 with IrCl3(tht)3 in a higher boiling solvent 1,2,4-tri-
chlorobenzene (bp = 214 °C) also afforded a single product f-Ir
(tBpp)3 and f-Ir(ptBp)3, respectively. The gross arrangement of
chelates can be further confirmed by 1H and 19F NMR spec-
troscopy, which revealed a single set and three distinctive sets
of resonance signals for the f- and m-isomers, respectively.
Their structural drawings are depicted in Scheme 2 for scru-
tiny. For f-Ir(ptBp)3, its structural assignment is confirmed by
the observation of a total of four sets of doublet of doublets at
δ 7.53 (dd, J = 8.4, 2.4 Hz), 7.36 (dd, J = 8.4, 2.4 Hz), 6.68 (dd, J
= 8.0, 2.0 Hz) and 6.54 (dd, J = 8.0, 2.0 Hz) at room tempera-
ture, and the distinctive JHH coupling constants of 8.4 and 2.4
Hz, 8.0 and 2.0 Hz were assigned for the ABXY spin coupling
pattern, due to the hindered rotation of these t-butylphenyl
appendages. Notably, in addition to the formation of solely the
f-isomers for both f-Ir(tBpp)3 and f-Ir(ptBp)3, the pro-chelates
C3 and C4 possess two distinctive aryl groups which, in prin-
ciple, have equal probability of undergoing metal cyclometala-
tion in affording isomeric products. However, only the aryl
group that is far away from the ortho-substituted CF3 group
underwent selective cyclometalation, leaving the adjacent aryl
group as a free appendage, as shown in f-Ir(tBpp)3 and f-Ir
(ptBp)3. This enhanced selectivity is most probably caused by
the steric encumbrance exerted between the CF3 group at the
7-position and the adjacent 1-aryl group of the benzo[d]imida-
zol-2-ylidene entity, which is best explained by the X-ray struc-
tural data of m-Ir(dfp)3 (vide infra). Furthermore, the reversible
C–H activation and cyclometalation of aryl appendages is also
responsible for the selective formation of a single product in
the presence of sodium acetate at elevated temperature.45,46

A single crystal X-ray diffraction study on m-Ir(dfp)3 and f-Ir
(tBpp)3 was executed to confirm the coordination arrangement
of chelates. Fig. 1 depicts a distorted octahedral structure of m-
Ir(dfp)3, as expected for the mer-configuration. Six Ir–C distances
were found to be different, among which all Ir–C(carbene) dis-
tances (Ir–C7 = 2.006(3), Ir–C23 = 2.047(3) and Ir–C39 = 2.021(3)
Å) are notably shorter than the corresponding Ir–C(aryl) distances
(Ir–C1 = 2.076(3), Ir–C17 = 2.112(3), and Ir–C33 = 2.104(3) Å).

Scheme 3 Synthetic protocols to the functional benzo[d]imidazol-3-ium pro-chelates: (i) NBS, DCM, 0 °C; (ii) triethyl orthoformate, glacial acetic
acid, 120 °C; (iii) arylamine, 140 °C; (iv) DBU, CuI, DMSO, 150 °C; (v) CF3SO3Me, toluene, RT; (vi) diaryliodonium salt, Cu(OAc)2·H2O, DMF, 110 °C.
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Particularly, the unique Ir–C1 vector, that is uniquely located
trans to the Ir–C(carbene) vector, is the shortest among all Ir–C(aryl)

vectors, showing the reduced trans-effect of carbene in reference
to the aryl entities. Concurrently, the Ir–C23 distance of the
same carbene chelate is also longer than the other two, trans-
arranged Ir–C(carbene) fragments, showing the relatively strength-
ened trans-effect exerted by its opposite phenyl cyclometalate.
Furthermore, the distances of this trans-arranged C(aryl)–Ir–
C(carbene) vector of m-Ir(dfp)3 are comparable to the respective
C(aryl)–Ir–C(carbene) distances observed in f-coordinated f-Ir
(tBpp)3, i.e., with Ir–C19 = 2.0903(19) and Ir–C13 = 2.0428(17) Å,
as depicted in Fig. 2. These results confirmed the variation of

Ir–C distances in response to their local coordinative
environment.

Notably, there existed a large angular distortion between
the imidazolylidene entity and phenyl cyclometalate of each
individual carbene chelates of m-Ir(dfp)3, which is obviously
caused by the steric hindrance exerted by the CF3 group at the
7-position and adjacent 1-phenyl cyclometalate. The averaged
torsional angle is calculated to be around 23°, which is
notably larger than the 14° distortion observed in f-Ir(tBpp)3,
and the 7-position is occupied by a smaller hydrogen atom
instead. Hence, this angular distortion will be a major driving
force in giving the structural selectivity as observed in Ir(III)
complexes f-Ir(tBpp)3 and f-Ir(ptBp)3. Furthermore, the closest
contacts between the CF3 group and the ortho C–H entity of
the adjacent phenyl cyclometalate in m-Ir(dfp)3 were found to
be in the range of 2.306–2.355 Å, which are shorter than the
sum of the van der Waals radii of hydrogen (1.2 Å) and fluo-
rine (1.47 Å) and validated the repulsive interaction.

Photophysical measurement

Fig. 3 depicts the UV-Vis absorption and emission spectra of
the studied Ir(III) complexes in toluene and degassed toluene,
and the respective numerical data are summarized in Table 1.
Generally speaking, all Ir(III) complexes exhibit multiple high
energy bands beyond 320 nm, which can be assigned to
ligand-centered ππ* and/or ligand-to-ligand charge transfer
(LLCT) transitions.47 Notably, f-isomers show an additional,
strong absorption band centered at ∼370 nm, and the pattern
has been observed for many f-arranged Ir(III) carbene com-
plexes documented in the literature, while m-Ir(dfp)3 exhibits a
much weaker absorption band within this region; however, its
peak onset was further extended to a longer wavelength of
∼440 nm. This was not observed for their f-counterpart, mani-
festing a relatively lower energy MLCT transition character.

For photoluminescence, f-Ir(dfb)3 and f-Ir(dfpb)3 exhibit
true blue emission with a peak maximum located at 462 and
472 nm, and this difference in peak wavelength is obviously
induced by the t-butyl substituent in the phenyl

Fig. 1 Structure drawing of m-Ir(dfp)3 with thermal ellipsoids shown at
the 30% probability level. Selected bond length (Å): Ir–C1 = 2.076(3), Ir–
C7 = 2.006(3), Ir–C17 = 2.112(3), Ir–C23 = 2.047(3), Ir–C33 = 2.104(3),
and Ir–C39 = 2.021(3). Selected bond angle (°): C1–Ir–C23 = 169.91(10),
C7–Ir–C39 = 166.42(10), and C17–Ir–C33 = 177.97(11).

Fig. 2 Structure drawing of f-Ir(tBpp)3 with thermal ellipsoids shown at
the 30% probability level. Selected bond length (Å): Ir–C13 = 2.0428(17)
and Ir–C19 = 2.0903(19). Selected bond angles (°): C13–Ir–C19’ =
168.52(8).

Fig. 3 Absorption and emission spectra of the studied Ir(III) carbene
complexes in degassed toluene at RT.

Research Article Inorganic Chemistry Frontiers
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cyclometalates.27,28 The same trend was observed by compari-
son between f-Ir(tBpp)3 (444 nm) and f-Ir(ptBp)3 (435 nm) as
the former possesses a t-butyl substituent at the cyclometalat-
ing sites. Interestingly, these two complexes with di-N-aryl sub-
stituted chelates display both a more blue-shifted emission
peak wavelength and a narrowed emission band with a FWHM
of <60 nm, showing the reduced influence from solvation.
Moreover, the observed peak wavelength between f-Ir(dfp)3 and
f-Ir(ptBp)3 is related to both the dislocated CF3 groups on the
benzoimidazol-2-ylidene chelate and the replacement of
N-methyl with an N-aryl appendage. In fact, our DFT data are
also in agreement with this hypothesis (vide infra). Most
importantly, complexes with facial configurations exhibit a
high quantum yield of 60.3–78.9% and a short radiative life-
time between 1.24 μs and 1.45 μs under the same measure-
ment conditions, confirming their potential in fabricating
efficient OLED devices. In contrast, as the only mer-derivative
of this family, m-Ir(dfp)3 exhibits broader and red-shifted emis-
sion and a lower photoluminescence quantum yield (PLQY) of
11.1%, which can be rationalized by much enhanced sol-
vation.24 Furthermore, the emission of all studied Ir(III) com-
plexes with a concentration of 2 wt% doped in PMMA was
measured and is summarized in Fig. S1† and Table 2. The
emission peak in PMMA of m-Ir(dfp)3 is blue shifted by 42 nm
compared to that recorded in toluene, confirming the
reduction of solvation. In contrast, all f-complexes showed red-
shifted emission and no notable change in bandwidth at the
same time, confirming their good photophysical properties in
both the solution and thin film states.

Electrochemical and thermal characterization

Cyclic voltammetry was measured in acetonitrile solution at
RT (Fig. S2†). As expected, oxidation mainly occurred at the Ir
(III) metal center, with the oxidation onset potentials of
f-isomers occurring in the region of 0.52–0.64 V (vs. Fc/Fc+),
while that of m-Ir(dfp)3 exhibited a cathodic shift to 0.30 V,
which was consistent with its red shifted emission spectrum.
Complexes m-Ir(dfp)3, f-Ir(dfp)3 and f-Ir(dfpb)3 show irrevers-
ible oxidation processes with the anodic onset potentials at
0.30, 0.64, and 0.58 V, respectively, while complexes f-Ir(tBpp)3
and f-Ir(ptBp)3 showed quasi-reversible oxidation peaks with
the anodic onset potentials at 0.52 and 0.64 V, respectively. It
seems that the pendent N-aryl group had also improved the
reversibility to the oxidized complexes. Alternatively, all these
Ir(III) complexes presented irreversible reduction peaks span-
ning from −2.44 to −2.33 V. Thermogravimetric data were then
recorded and are given in Fig. S3 and Table S1.† As can be
seen, f-Ir(tBpp)3 appeared to exhibit the lowest decomposition
temperature (Td) of 292 °C, while others displayed excellent
thermal stability with a Td well above 345 °C. Interestingly, all
these emitters can be purified by vacuum sublimation with the
operational temperature being ∼60 °C lower than their Td,
indicating that the CF3 group has greatly improved their vola-
tility and enables the fabrication of OLED devices via more
convenient vacuum deposition processes.

Theoretical investigation

The lowest singlet (S1) and triplet (T1) excited states for the
studied Ir(III) complexes were investigated by TD-DFT
calculations48,49 to gain an understanding of the nature of the
absorption/emission bands and the effect of chelate modifi-
cation on their photophysical properties. The details of com-
putational methods are described in the ESI.†

The vertical excitation energies of the S0 → S1 transition
were calculated to be 438, 389, 395, 401 and 394 nm for m-Ir
(dfp)3, f-Ir(dfp)3, f-Ir(dfpb)3, f-Ir(tBpp)3 and f-Ir(ptBp)3, respect-
ively (Table 3), which are correlated with their experimental
lowest-energy absorption tails around 400 nm (Fig. 3). The cal-
culated vertical excitation energies for the S0 → T1 transition,
which is usually used to represent the T1 → S0 emission in the
equilibrium structure of S0, were 451, 419, 424, 431 and
416 nm for m-Ir(dfp)3, f-Ir(dfp)3, f-Ir(dfpb)3, f-Ir(tBpp)3 and f-Ir
(ptBp)3, respectively (Table 3). These values are comparable to

Table 1 Photophysical data of the studied Ir(III) carbene complexes in toluene

Abs λmax/nm; ε (104 M−1 cm−1)a Em λmax
b (nm) FWHMc (nm eV−1) Φb,d (%) τobs

b (μs) τrad (μs) kr (10
5 s−1) knr (10

5 s−1)

m-Ir(dfp)3 327 (4.22), 381 (0.55) 541 149/0.59 11.1 0.18 1.64 6.1 48.5
f-Ir(dfp)3 314 (3.28), 362 (2.31) 462 84/0.46 64.3 0.85 1.33 7.5 4.2
f-Ir(dfpb)3 316 (2.79), 369 (1.78) 472 83/0.47 62.0 0.9 1.45 6.8 4.2
f-Ir(tBpp)3 318 (2.61), 372 (1.21) 444 60/0.36 78.9 0.98 1.24 8.1 2.2
f-Ir(ptBp)3 314 (2.85), 372 (1.13) 435 55/0.35 60.7 0.85 1.40 7.1 4.6

a Those were recorded in toluene at a concentration of 10−5 M at RT. b Those were recorded in degassed toluene at a concentration of 10−5 M at
RT. c Full width at half maximum. dCoumarin 153 (C153) in ethanol (Q.Y. = 58% and λmax = 530 nm) and Coumarin 102 (C102) in methanol (Q.Y.
= 80% and λmax = 480 nm) were employed as standards.

Table 2 Photophysical data of the studied Ir(III) carbene complexes as
solid-state thin films at RT

Em λmax
a

(nm)
Φa,b

(%)
τobs

a,b

(μs)
τrad

a,b

(μs)
FWHMc

(nm eV−1)

m-Ir(dfp)3 499 41 0.68 1.66 112/0.54
f-Ir(dfp)3 466 59 1.14 1.94 86/0.48
f-Ir(dfpb)3 474 [468] 68 [78] 1.20 [1.53] 1.77 [1.96] 88/0.47
f-Ir(tBpp)3 452 [461] 80 [85] 1.08 [1.30] 1.35 [1.53] 62/0.37
f-Ir(ptBp)3 438 [449] 65 [78] 0.94 [1.33] 1.45 [1.86] 52/0.33

a PL spectrum, quantum yield and lifetime were recorded in the doped
PMMA thin film at RT (2 wt%) using an integration sphere. bData in
square brackets were measured in the co-doped PPT host (20 wt%).
c Full width at half maximum.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2024 Inorg. Chem. Front., 2024, 11, 2413–2426 | 2417

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 5

:0
1:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi00454j


the experimental phosphorescence (λPLmax = 541, 462, 472, 444
and 435 nm in toluene; λmax = 499, 466, 474, 452 and 438 nm
in the doped PMMA thin film, respectively; see Fig. 3, Tables 1
and 2) with a MAD (mean absolute deviation) of about ≈0.25
eV (≈5.7 kcal mol−1) in toluene. Moreover, the calculated adia-
batic emission energy (565, 456, 459, 441 and 424 nm, Table 4)
is much closer to the experimental wavelengths in toluene
with a smaller MAD (0.06 eV or 1.4 kcal mol−1).

To further understand the emission properties of the
studied Ir(III) complexes, the natural transition orbital (NTO)
analysis50 to express the S0 → T1 transition as a single pair of
orbitals was applied. The predominant NTO pairs found for
the S0 → T1 transition are present in Fig. 4. For all the four

facial Ir(III) complexes, namely f-Ir(dfp)3, f-Ir(dfpb)3, f-Ir(tBpp)3
and f-Ir(ptBp)3, the occupied NTOs are delocalized at both the
Ir(III) metal center and cyclometalating carbene chelates (in π
orbitals); while the virtual NTOs are mainly localized at the
carbene donor fragments (in π* orbitals). Only for the meridio-
nal complex (m-Ir(dfp)3), the occupied NTO is delocalized at
the Ir(III) metal center and carbene chelates whereas the virtual
NTO is localized at the N-aryl cyclometalates. It indicates that
for m-Ir(dfp)3, the overlaps between the occupied and virtual
NTOs are greatly reduced and lead to a diminished ligand-cen-
tered (LC) character in the S0 → T1 transition.

Although the NTO analysis makes use of the dominant
molecular orbital pairs, the contribution of the NTO pairs is
unable to reveal the full properties of S0 → T1 excitation. In
fact, no obvious difference is found between the NTO analysis
and TD-DFT results, for example, the calculated eigenvalues of
the NTOs for the S0 → T1 transition of f-Ir(dfp)3 is 0.824
(Fig. 4), representing that 82.4% of S0 → T1 excitation is con-
tributed by the “HOMO → LUMO” transition, and the results
are similar to the TD-DFT value of 77.6% (Table 3).

The inter-fragment charge transfer (IFCT) method, available
from the Multiwfn software package,51 was employed to quan-
tify the contributions of relevant molecular orbitals (MOs) to
the selected electronic transition. This manipulation is to
provide a better picture of the S0 → T1 transition, and the per-
centage of MLCT, intra-ligand charge transfer (ILCT), ligand-
centered (LC), ligand-to-metal charge transfer (LMCT) and
metal-centered (MC) dd contributions are depicted in Table 4.
Based on the IFCT analysis, the effect of ligand modification
on kr is summarized as follows: (i) m-Ir(dfp)3 has the highest
percentage of MCLT (35.8%), LMCT (4.9%) and MC (3.1%)
among all studied Ir(III) complexes. It also features the lowest
percentage of LC (18.4%), which is consistent with the lowest
orbital overlaps between the occupied and virtual NTOs of m-Ir
(dfp)3 (Fig. 4). (ii) When the meridional m-Ir(dfp)3 is changed
to its facial isomer f-Ir(dfp)3 (Scheme 2), the MLCT character
(30.7%) is reduced by 5.1%, the LMCT and MC characters are

Table 3 Calculated EHOMO, HOMO–LUMO (H–L) gap, vertical excitation energy (λ) and oscillator strength (f ) of the lowest singlet (S1) and triplet
(T1) excited states, main orbital transition contributions of the S0 → S1/T1 excitation processes, and assignment of S0 → T1 excitation transition at
their geometries optimized for the ground state (S0)

EHOMO
a

(eV)
H–L gapa

(eV) Excitation
λb

[nm eV−1] fb
MO contribution
(>20%)b

Assignmentc

Sum
contributiondMLCT ILCT LC LMCT MC

m-Ir(dfp)3 −5.45 3.44 S0 → T1 451/2.75 0 HOMO → LUMO (72.3%) 35.8% 37.9% 18.4% 4.9% 3.1% 87.2%
S0 → S1 438/2.83 0.0010 HOMO → LUMO (84.7%)

f-Ir(dfp)3 −5.67 3.80 S0 → T1 419/2.96 0 HOMO → LUMO (77.6%) 30.7% 38.0% 26.0% 3.6% 1.7% 90.9%
S0 → S1 389/3.18 0.0182 HOMO → LUMO (86.5%)

f-Ir(dfpb)3 −5.57 3.70 S0 → T1 424/2.92 0 HOMO → LUMO (77.7%) 30.0% 38.8% 25.7% 3.8% 1.7% 90.7%
S0 → S1 395/3.14 0.0927 HOMO → LUMO+1 (91.8%)

f-Ir(tBpp)3 −5.50 3.67 S0 → T1 431/2.98 0 HOMO → LUMO (79.0%) 28.1% 45.1% 22.6% 3.0% 1.2% 92.8%
S0 → S1 401/3.10 0.0053 HOMO → LUMO (94.0%)

f-Ir(ptBp)3 −5.58 3.77 S0 → T1 416/2.98 0 HOMO → LUMO (81.0%) 32.6% 36.5% 25.3% 3.7% 1.9% 90.7%
S0 → S1 394/3.14 0.0552 HOMO → LUMO+1 (95.9%)

a The EHOMO and H–L gap are computed at optimized S0 structures at the B3LYP-D3(BJ)/def2-SVP level with the polarizable continuum model
(PCM) for toluene. b The results were calculated using TD-DFT using the B3LYP functional with PCM for toluene (cf., ESI†). c The percentages of
all S0 → T1 excitation character were calculated using the IFCT(Hirshfeld) method. d The sum contribution is MLCT + ILCT + LC − LMCT.

Table 4 Calculated adiabatic and vertical T1 → S0 transition energy,
radiative lifetime (τrad), and radiative rate (kr) of m-Ir(dfp)3, f-Ir(dfp)3, f-Ir
(dfpb)3, f-Ir(tBpp)3, and f-Ir(ptBp)3

Emission
(T1 → S0)

λa

[nm eV−1] λb [nm eV−1] τrad
c (μs) kr

c (μs−1)

m-Ir(dfp)3 565/2.20 447/2.77
(822/1.51)

0.23/0.38
(1.55/1.94)

4.30/2.64
(0.65/0.52)

f-Ir(dfp)3 456/2.72 407/3.05
(830/1.50)

1.02/1.35
(6.18/6.87)

0.98/0.74
(0.16/0.15)

f-Ir(dfpb)3 459/2.70 417/2.97
(772/1.61)

0.84/1.11
(5.89/5.99)

1.20/0.90
(0.17/0.16)

f-Ir(tBpp)3 441/2.81 428/2.90
(520/2.38)

0.44/0.45
(1.37/1.52)

2.27/2.24
(0.73/0.66)

f-Ir(ptBp)3 424/2.92 415/2.99
(489/2.54)

1.11/1.23
(1.09/1.16)

0.90/0.82
(0.91/0.86)

a The adiabatic emission energy was obtained from the difference
between the optimized structures of S0 and T1 states using the B3LYP
functional with a polarizable continuum model (PCM) for toluene (cf.
ESI†). b The vertical emission energy between S0 and T1 states was
obtained using the SOC-TDDFT method in ORCA at optimized struc-
tures of S0 (in normal font) and T1 (in italic and bold fonts in parenth-
eses). c The τrad and kr are calculated by the arithmetic average/
Boltzmann average (at 298 K) of the SOC substates of T1, at the opti-
mized structures of S0 (in normal font) and T1 (in italic and bold fonts
in parentheses).

Research Article Inorganic Chemistry Frontiers

2418 | Inorg. Chem. Front., 2024, 11, 2413–2426 This journal is © the Partner Organisations 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 5

:0
1:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi00454j


also slightly reduced whereas the LC character is greatly
increased from 26.0% to 33.6%. The increased LC character
also manifests on the orbital overlaps of NTO analysis on f-Ir
(dfp)3 (Fig. 4). (iii) Replacing the N-phenyl cyclometalate of
carbene chelate with the 4-(t-butyl)phenyl group of f-Ir(dfpb)3
does not impose any significant effect on the MLCT, ILCT, LC
and LMCT character. This suggests that both f-Ir(dfpb)3 and f-
Ir(dfp)3 should have similar photophysical properties. (iv)
Upon changing the dual CF3 substituents (from the 1,3-posi-
tion to the 2,4-position) and changing the N-methyl appen-
dages to phenyl groups (Scheme 2, from f-Ir(dfpb)3 to f-Ir
(tBpp)3), the ILCT character is greatly increased to 45.1%,
being the highest ILCT percentage observed among all com-
plexes. The modification of chelates in this step may reduce
the steric hindrance and result in more effective ILCT charac-
ter of f-Ir(tBpp)3. The LMCT character (3.0%) of f-Ir(tBpp)3 is
also the smallest one among all complexes. (v) Alternately, sim-
ultaneous replacement of both the 4-(t-butyl)phenyl cyclometa-
late and the N-phenyl appendage on f-Ir(tBpp)3 with the
phenyl cyclometalate and 4-(t-butyl)phenyl appendage gives f-
Ir(ptBp)3 (Scheme 2). The ILCT character of f-Ir(ptBp)3
becomes lower (36.5%), but its MLCT and LC characters are
increased slightly. The percentages of MLCT (32.6%), ILCT
(36.5%) and LC (25.3%) characters of f-Ir(ptBp)3 are akin to
those of f-Ir(dfp)3 and f-Ir(dfpb)3.

The IFCT method suggests that the S0 → T1 excitation exhi-
bits a dominant mixture of MLCT, ILCT and LC characters for
all the four facial Ir(III) complexes. For the solely meridional
complex (m-Ir(dfp)3), the S0 → T1 excitation mainly consists of
mixed MLCT and ILCT character, with a relatively smaller LC
character. The respective sum contribution (Table 3) of “MLCT
+ ILCT + LC–LMCT” of 87.2%, 90.9%, 90.7%, 92.8% and
90.7% for m-Ir(dfp)3, f-Ir(dfp)3, f-Ir(dfpb)3, f-Ir(tBpp)3 and f-Ir
(ptBp)3 correlates excellently with the respective measured kr

values (in μs−1, Table 1) of 0.61, 0.75, 0.68, 0.81 and 0.71 from
experimental measurements. Based on the IFCT method, it
appears that the meridional complex (m-Ir(dfp)3, 87.2%) has
the smallest radiative decay rate while the facial complex of f-Ir
(tBpp)3 has the fastest radiative decay rate (92.8%).

Following the IFCT prediction, we perform calculations to
investigate the theoretical τrad and kr. The emission energy cal-
culated for the optimized structure (T1) might have a physical
meaning, since phosphorescence is a long-lived process such
that it may give the emitting species enough time to relax from
the triplet manifold to a lower energy geometry. However, it
has been pointed out that although a lot of calculations using
the optimized structure (T1) can give good prediction to the
experimental τrad, many other works of τrad using the ground
state geometry (S0) also present a better correlation with the
experimental data.52–54 As the “actual” emitting species sit
between the ground state (S0) and excited state (T1) levels,

55,56

we here apply the spin–orbit coupling (SOC)-TDDFT method
on both the optimized S0 and T1 structures for the estimation
of τrad and kr.

The calculated emission energies, τrad and kr at both opti-
mized S0 and T1 geometries, are summarized in Table 4, and
the results obtained using the arithmetic average or
Boltzmann average of the SOC substates are similar. Here, we
focus on the arithmetic average results. (i) For the T1 → S0
emission of m-Ir(dfp)3, the calculated τrad is 0.23 μs (at the S0
structure) and 1.55 μs (at the T1 structure). In comparison with
the experimental τrad (1.64 μs, Table 1), the true emitting inter-
mediate of m-Ir(dfp)3 is suggested to be closer to the T1 struc-
ture. (ii) Unlike the emission of m-Ir(dfp)3, the experimental
τrad (1.33 μs) of its facial isomer f-Ir(dfp)3 is closer to the calcu-
lated τrad of 1.02 μs (in the S0 geometry), suggesting that the
true emitting intermediate of f-Ir(dfp)3 is near to the S0 struc-
ture. (iii) A similar conclusion can also be drawn for f-Ir

Fig. 4 Natural transition orbital (NTO) pairs expressing the S0 → T1 excitation of the studied Ir(III) complexes at their geometries optimized for the
ground state, with the contribution of dominant molecular orbitals (MOs) to NTOs provided.
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(dfpb)3, in which the true emitting intermediate is near to the
S0 structure. The calculated τrad of 0.84 μs (in the S0 structure)
is much closer to the experimental τrad (1.45 μs) than the calcu-
lated τrad (5.89 μs) based on the T1 structure. (iv) For f-Ir
(tBpp)3, the experimental τrad of 1.24 μs deviates from the cal-
culated τrad of 0.44 μs (in the S0 structure) and 1.37 μs (in the
T1 structure) by +0.80 and −0.13 μs, respectively. We suggested
that the actual emitting intermediate of f-Ir(tBpp)3 resembles
both S0 and T1 structures. (v) The calculated τrad values of
1.11 μs (in the S0 geometry) and 1.09 μs (in the T1 geometry) of
f-Ir(ptBp)3 are almost the same, hinting that its emitting inter-
mediate resembles both the S0 and T1 structures. It is worth
noting here that the uncertainty (∼1.7 μs) of τrad for other Ir(III)
complexes predicted with the SOC-TDDFT method is relatively
large.57 From the above analysis, we conclude that the phos-
phorescence process of all the four facial Ir(III) complexes
likely occurred near the S0 structure while that of the meridio-
nal complex (m-Ir(dfp)3) is initiated in the T1 structure.

Device performance

To examine the electroluminescence (EL) characteristics, we
chose f-Ir(dfpb)3, f-Ir(tBpp)3 and f-Ir(ptBp)3 as sensitizers for
constructing both phosphorescent and hyper-OLED devices.
Phosphorescent OLEDs are known to offer the full utilization
of all excitons generated during operation, while hyper-OLEDs
exhibit another capacity to further improve efficiency by trans-
ferring energy from sensitizers to fluorescent emitters.58–62

The adjustable emission energy, enhanced spin–orbit coup-
ling, and a greater MLCT fraction designate these Ir(III)
carbene emitters as promising candidates for realizing
effective FRET.37,63–68 The respective phosphorescent and
hyper-OLEDs were constructed using the device structure:
indium tin oxide (ITO)/4 wt% rhenium oxide (ReO3): N,N-dicar-
bazolyl-3,5-benzene (mCP) (60 nm)/mCP (15 nm)/EML
(20 nm)/tris-[3-(3-pyridyl)mesityl]borane (3TPYMB) (50 nm)/
lithium 8-hydroxyquinolinolate (Liq) (0.5 nm)/Al (100 nm).
This configuration, previously detailed in our earlier study, is
illustrated in Fig. 5a.69 The hole-transport layer (HTL) and elec-
tron-transport layer (ETL) consisted of mCP and 3TPYMB,
respectively. Thin layers of 4 wt% ReO3 doped mCP and Liq
were also applied to enhance the carrier and charge injection
from the respective electrodes.70 The emissive layer (EML) con-
tained 20 wt% Ir(III) metal phosphors (f-Ir(dfpb)3, f-Ir(tBpp)3
and f-Ir(ptBp)3) and additional 1 wt% terminal emitters (ν-
DABNA and t-DABNA) for hyper-OLEDs incorporated into the
host material, 2,8-bis(diphenylphosphoryl)dibenzo[b,d]thio-
phene (PPT).71,72 Their EL characteristics are presented in
Fig. 5 (and Fig. S4 and S5 of the ESI†), together with the perti-
nent parameters that are consolidated in Table 5.

To confirm our device design, the EL characteristics were
explored without the addition of an MR-TADF terminal
emitter. These devices displayed a progressive hypsochromic
shift from sky blue to blue with peak maxima at 481, 457, and
453 nm for f-Ir(dfpb)3, f-Ir(tBpp)3 and f-Ir(ptBp)3, respectively.

Fig. 5 (a) The energy diagram of all OLED and hyper-OLED devices fabricated in this study, (b) current density–voltage–luminance (J–V–L) charac-
teristics of devices fabricated using f-Ir(tBpp)3 as a dopant, and devices with Ir(tBpp)3 as a sensitizer, together with ν-DABNA and t-DABNA as term-
inal emitters, and (c) respective EQE and PE diagrams as a function of luminance, and (d) EL spectra.
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They were also accompanied by a decrease of full width at half
maximum (FWHM) from 81 nm, 58 nm and to 51 nm, aligning
well with their photoluminescence (PL) spectra (Table 1). In
comparison to the devices with f-Ir(dfpb)3 and f-Ir(tBpp)3, the
third device with f-Ir(ptBp)3 demonstrated slightly superior
chromaticity coordinates CIEx,y of 0.15 and 0.10 for deep-blue
emission. On the other hand, the device based on f-Ir(tBpp)3
demonstrated the highest efficiency, displaying a maximum
external quantum efficiency (EQEmax) of 15.6%, a maximum
current efficiency (CEmax) of 19.2 cd A−1, and a maximum
power efficiency (PEmax) of 14.5 lm W−1. Conversely, relatively
inferior efficiencies, i.e., EQEmax, CEmax, and PEmax values of
10.6%, 20.4 cd A−1, and 12.0 lm W−1 and 12.9%, 11.5 cd A−1,
and 8.6 lm W−1 were observed for f-Ir(dfpb)3 and f-Ir(ptBp)3,
respectively. The efficiencies seemed to follow the photo-
luminescence quantum yield (ΦPL) recorded in toluene solu-
tion (Table 1) and both the PMMA polymer matrix and PPT
host material (Table 2), while f-Ir(tBpp)3 exhibits a faster radia-
tive lifetime among the three studied Ir(III) complexes.

With the objective of achieving deep-blue hyper-OLEDs, a
low concentration of MR-TADF terminal emitters (ν-DABNA
and t-DABNA) was next incorporated into the EML. Fig. 5a
illustrates that all Ir(III) dopants possess a fitted energy level
arrangement with respect to that of ν-DABNA and t-DABNA.
Consequently, the sensitizers could suppress electron trapping
in the EML. The concentration is optimized to 1 wt% to
prevent undesired concentration quenching. As depicted in
Table 5, as well as other literature precedents,71–75 the incor-
poration of both ν-DABNA and t-DABNA has given substantial
enhancements in efficiencies and reduction in FWHM.
Moreover, the PLQYs of the blended thin film of ν-DABNA and
t-DABNA with the same blending ratios of Ir(III) phosphors and
the PPT host are provided in Table S2 of the ESI.† The high
EQEmax values of devices are in accordance with the results of
the high PLQYs of blend-films. Notably, the EL performance of
the f-Ir(tBpp)3 sensitized device is generally better than those
of f-Ir(dfpb)3 and f-Ir(ptBp)3 based devices. The deep blue
hyper-OLED devices with f-Ir(tBpp)3 have achieved remarkable
EQEmax values of 18.9% and 18.1% for terminal emitters ν-
DABNA and t-DABNA, representing a substantial increase of
EQEmax with reference to that of the parent device (15.6%).
Hence, these hyper-OLEDs also exhibited lower turn-on vol-

tages and higher maximum EQE and EQE at a brightness of
1000 cd m−2 in comparison to the pure MR-TADF devices
recorded using ν-DABNA under identical device architecture.69

Furthermore, the EL spectrum also exhibited a large reduction
in FWHM from 58 nm for the parent device to 19 nm and
29 nm for terminal emitters ν-DABNA and t-DABNA,
respectively.

Conclusion

In this work, we demonstrated the conceptual strategy of
designing asymmetric carbene chelates for obtaining single Ir
(III) carbene emitters through intra-chelate steric interactions.
First, upon replacement of the phenyl substituent in carbene
pro-chelate C1 with a 4-t-butylphenyl substituent as shown in
C2, the distribution of products changed from a mixed
product (i.e., both m-Ir(dfp)3 and f-Ir(dfp)3) to a single isomer,
i.e., f-Ir(dfpb). This selectivity is probably attributed to the elec-
tron donating t-butyl group, which can increase the electron
density at the Ir(III) metal center and, in turn, facilitate mer-to-
fac isomerization under the applied synthetic conditions. On
the other hand, this isomerization is not governed by the
steric effect among three t-butyl groups, because this fac-orien-
tation should exert a greater steric interaction than the mer-
counterpart. Moreover, upon switching the carbene pro-che-
lates from C1 and C2 to C3 and C4, both with dual N-aryl sub-
stituents, it is expected that both N-aryl groups can undergo
competitive C–H activation and cyclometalation with the Ir(III)
metal center affording four isomeric products as shown in our
previous studies.35–37 However, the ortho-substituted CF3
group of C3 and C4 provides a second steric encumbrance,
leading to the selective formation of only one product, namely
f-Ir(tBpp)3 and f-Ir(ptBp)3, independent of the employed
t-butylphenyl and phenyl appendages. Apparently, the
imposed steric effect has forced this N-aryl group to rotate,
which then reduced its chance to react with the Ir(III) metal
center leading to direct cyclometalation. This selectivity is
important for the possible mass production of relevant Ir(III)
complexes if they are required in the future.

Moreover, all isolated fac-isomers exhibited high PLQYs
and narrowed FWHMs. Among them, f-Ir(tBpp)3 with aryl
appendages showed narrow photoluminescence with FWHM =
60 nm and a high PLQY approaching 80%. The fabricated

Table 5 Characteristics of OLED devices using phosphorescent dopants and corresponding hyper-OLEDs with terminal emitters ν-DABNA and
t-DABNA

Sensitizer
1 wt%
T-emitter

Von
[V]

EQE/CE/PE at max.
[%/cd A−1/lm W−1]

EQE/CE/PE at 103 cd
m−2 [%/cd A−1/lm W−1/V]

λmax
[nm]

FWHM
[nm] CIE [x,y]

f-Ir(dfpb)3 None 4.5 10.6/20.4/12.0 5.7/10.9/3.4/10.0 481 81 0.17, 0.29
v-DABNA 4.7 14.3/17.7/10.3 7.2/8.9/2.7/10.5 475 21 0.12, 0.19
t-DABNA 4.7 14.3/14.2/9.2 4.5/4.5/1.4/10.1 466 30 0.13, 0.12

f-Ir(tBpp)3 None 3.9 15.6/19.2/14.5 9.6/11.7/4.2/8.8 457 58 0.15, 0.16
v-DABNA 3.9 18.9/20.1/14.4 11.6/12.4/4.4/9.0 474 19 0.12, 0.15
t-DABNA 3.8 18.1/15.7/11.7 9.7/8.4/3.1/8.6 462 29 0.14, 0.10

f-Ir(ptBp)3 None 3.9 12.9/11.5/8.6 6.5/5.8/2.1/8.7 453 57 0.15, 0.10
v-DABNA 3.9 16.3/15.1/11.3 9.4/8.7/3.3/8.4 473 20 0.12, 0.13
t-DABNA 3.9 14.1/11.9/8.1 5.19/4.39/1.31/9.5 461 33 0.14, 0.10
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OLED device using f-Ir(tBpp)3 as an emitter delivered a
maximum EQE of 15.6% with CIE(x,y) coordinates of (0.15,
0.16). Furthermore, these Ir(III) complexes can also serve as
sensitizers to convey their energy to the MR-TADF terminal
emitters ν-DABNA and t-DABNA to achieve a maximum EQE of
18.9% and 18.1% with CIE(x,y) coordinates of (0.12, 0.15) and
(0.14, 0.10), respectively. The findings elaborated a unique
strategy for the advancement of OLED technologies in displays
and lighting luminaries. Further research in this direction
holds great promise in unlocking energy-efficient and high-
performance OLEDs.

Experimental section
General information and materials

Commercially available reagents were used without further
purification. 1H and 19F NMR spectra were obtained with an
NMR 400 MHz instrument (Bruker AVANCE III, BBO probe).
Mass spectra were recorded on an Applied Biosystems 4800
Plus MALDI TOF/TOF analyzer using 2,5-dihydroxybenzoic
acid as the matrix substance. TGA measurements were per-
formed on a TA Instruments TGAQ50, at a heating rate of
10 °C min−1 under a nitrogen atmosphere.

Photophysical measurements

UV-Vis spectra were recorded with a UV-Visible NIR spectro-
photometer system (HITACHI UH4150). The steady-state emis-
sion spectra were recorded with a spectrofluorometer
(Fluormax-4) and the lifetime decay spectra were recorded with
a photon-counting system (Edinburgh FLS980). All solution
samples were degassed using at least three freeze–pump–thaw
cycles. Photoluminescence quantum yields in solution were
calculated using the standard sample which has a known
quantum yield, while quantum yields in PMMA thin film were
measured using an integrated sphere. Lifetimes were obtained
using an Edinburgh FLS980 time-correlated single photon
counting (TCSPC) system with an EPL-375 diode laser as the
excitation source.

Electrochemistry

Cyclic voltammetry was measured with an electrochemical
analyzer (CHI660) equipped with a three-electrode system
(glassy carbon: working electrode, platinum wire: auxiliary
electrode, and Ag/AgCl: reference electrode). Nitrogen-purged
acetonitrile was used as a solvent and NBu4PF6 (0.1 M) was
used as a supporting electrolyte. The potentials were refer-
enced externally to the ferrocenium/ferrocene (Fc+/Fc) couple.

Synthesis of mer-tris(1-methyl-3-phenyl-4,6-bis(trifluoro-
methyl)benzo[d]imidazol-2-ylidene-C,C2′) iridium(III) (m-Ir
(dfp)3) and fac-tris(1-methyl-3-phenyl-4,6-bis(trifluoromethyl)
benzo[d]imidazol-2-ylidene-C,C2′)iridium(III) (f-Ir(dfp)3). A
mixture of C1 (1.63 g, 3.3 mmol), IrCl3(tht)3 (0.56 g,
1.0 mmol), sodium acetate (1.64 g, 20 mmol), and degassed
t-butylbenzene (50 mL) was heated at reflux overnight under
N2. After that, the solvent was removed under vacuum. The

residue was dissolved in CH2Cl2 (100 mL), washed with brine,
dried over anhydrous Na2SO4 and then evaporated to dryness.
The crude product was purified by column chromatography
using petroleum ether/ethyl acetate (4/1, v/v) as an eluent (Rf
for m-Ir(dfp)3 = 0.5 and f-Ir(dfp)3 = 0.3) to give pale yellow (m-Ir
(dfp)3) and colorless (f-Ir(dfp)3) solids. Yield: 554 mg (45.3%,
m-Ir(dfp)3), 349 mg (28.6%, f-Ir(dfp)3).

Selected spectroscopic data for m-Ir(dfp)3. HRMS (ESI, 193Ir):
m/z 1223.1620 [M + H+], calcd for C48H28F18IrN6: 1223.1717;

1H
NMR (400 MHz, acetone-d6) δ 8.20 (s, 2H), 8.13 (s, 1H), 8.03 (s,
1H), 7.97 (s, 1H), 7.94 (s, 1H), 7.64 (d, J = 8.1 Hz, 1H),
7.61–7.53 (m, 2H), 6.95–6.79 (m, 5H), 6.62 (m, 4H), 3.72 (s,
3H), 3.70 (s, 3H), 3.57 (s, 3H); 19F NMR (376 MHz, acetone-d6)
δ −53.00 (s, 3F), −53.07 (s, 3F), −53.21 (s, 3F), −61.71 (s, 3F),
−61.73 (s, 3F), −61.74 (s, 3F). Anal. calcd for C48H27F18IrN6: C,
47.18; H, 2.23; N, 6.88. Found: C, 47.20; H, 2.58; N, 6.79.

Selected crystal data for m-Ir(dfp)3. CCDC deposition
number: 2110266.† C48H27F18IrN6; M = 1221.95; monoclinic;
space group = P21/n; a = 9.3558(2) Å, b = 34.9470(8) Å, c =
14.2098(3) Å; β = 91.9000(10)°; V = 4643.44(18) Å3; Z = 4; ρcalcd =
1.748 g cm−3; F(000) = 2384.0, crystal size = 0.36 × 0.14 ×
0.03 mm3; λ(Mo-Kα) = 0.71073 Å; T = 223 (2) K; µ =
2.990 mm−1; 43 608 reflections collected, 9485 independent
reflections (Rint = 0.0363), max. and min. transmission = 0.605
and 0.745, data/restraints/parameters = 9485/186/697, GOF =
1.021, final R1[I > 2σ(I)] = 0.0241 and wR2(all data) = 0.0501.

Selected spectroscopic data for f-Ir(dfp)3. HRMS (ESI, 193Ir):
m/z 1223.1585 [M + H+], calcd for C48H28F18IrN6: 1223.1717;

1H
NMR (400 MHz, acetone-d6) δ 8.15 (s, 3H), 8.00 (s, 3H), 7.64 (d,
J = 8.0 Hz, 3H), 6.97–6.90 (m, 3H), 6.62–6.61 (m, 6H), 3.62 (s,
9H); 19F NMR (376 MHz, acetone-d6) δ −53.08 (s, 9F), −61.74
(s, 9F). Anal. calcd for C48H27F18IrN6: C, 47.18; H, 2.23; N, 6.88.
Found: C, 47.25; H, 2.26; N, 6.91.

Synthesis of fac-tris(1-(4-(t-butyl)phenyl)-3-methyl-5,7-bis(tri-
fluoromethyl)benzo[d]imidazolin-2-ylidene-C,C2′)iridium(III) (f-
Ir(dfpb)3). This complex was prepared from chelate C2 using a
procedure in accordance with that reported for C1 and
IrCl3(tht)3, giving a single product of f-Ir(dfpb)3 as white
powder. Yield: 495 mg (35.6%).

Selected spectroscopic data for f-Ir(dfpb)3. HRMS (ESI, 193Ir):
m/z 1391.3503 [M + H+], calcd for C60H52F18IrN6: 1391.3595;

1H
NMR (400 MHz, acetone-d6) δ 8.13 (s, 3H), 7.98 (s, 3H), 7.57 (d,
J = 8.5 Hz, 3H), 6.99 (dd, J = 8.5, 2.3 Hz, 3H), 6.48 (d, J = 2.3
Hz, 3H), 3.57 (s, 9H), 1.01 (s, 27H); 19F NMR (376 MHz,
acetone-d6) δ −52.74 (s, 9F), −61.71 (s, 9F). Anal. calcd for
C60H51F18IrN6: C, 51.83; H, 3.70; N, 6.04. Found: C, 51.78; H,
3.69; N, 5.93.

Synthesis of fac-tris(1-(4-(t-butyl)phenyl)-3-phenyl-4,6-bis(tri-
fluoromethyl)benzo[d]imidazolin-2-ylidene-C,C2′)iridium(III) (f-
Ir(tBpp)3). A mixture of C3 (394 mg, 0.64 mmol), IrCl3(tht)3
(110 mg, 0.2 mmol), sodium acetate (164 mg, 2 mmol), and
degassed 1,2,4-trichlorobenzene (10 mL) was heated at reflux
overnight under N2. After that, the solvent was removed under
vacuum. The residue was dissolved in CH2Cl2 (30 mL), washed
with brine, dried over anhydrous Na2SO4 and, evaporated to
dryness. The crude product was purified by column chromato-
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graphy using hexane/ethyl acetate (9/1, v/v) as an eluent to give
a single product of f-Ir(tBpp)3 as white powder. Yield: 217 mg
(69%).

Selected spectroscopic data for f-Ir(tBpp)3. HRMS (ESI, 193Ir):
m/z 1577.3892 [M + H+], calcd for C75H58F18IrN6: 1577.4065;

1H
NMR (400 MHz, CDCl3) δ 8.46 (s, 3H), 7.79 (d, J = 8.0 Hz, 3H),
7.71 (s, 3H), 7.62 (d, J = 8.4 Hz, 3H), 7.19 (td, J = 7.6, 1.2 Hz,
3H), 7.10 (dd, J = 8.4, 2.4 Hz, 3H), 6.59 (td, J = 8.0, 1.6 Hz, 3H),
6.49 (tt, J = 7.6, 1.2 Hz, 3H), 6.42 (d, J = 2.4 Hz, 3H), 6.08 (dt, J
= 8.0, 1.6 Hz, 3H), 0.98 (s, 27H); 19F NMR (376 MHz, CDCl3) δ
−56.25 (s, 9F), −61.03 (s, 9F). Anal. calcd for C75H57F18IrN6: C,
57.14; H, 3.64; N, 5.33. Found: C, 57.07; H, 3.60; N, 5.37.

Selected crystal data for f-Ir(tBpp)3. CCDC deposition
number: 2242122.† C75H57F18IrN6; M = 1576.46; trigonal;
space group = P3̄; a = 16.3890(5) Å, b = 16.3890(5) Å, c =
17.8634(5) Å; γ = 120°; V = 4155.3(3) Å3; Z = 2; ρcalcd = 1.260 g
cm−3; F(000) = 1576.0, crystal size = 0.29 × 0.14 × 0.04 mm3;
λ(Cu–Kα) = 1.54178 Å; T = 213 (2) K; µ = 3.811 mm−1; 74 392
reflections collected, 5712 independent reflections (Rint =
0.0498), max. and min. transmission = 0.754 and 0.520, data/
restraints/parameters = 5712/901/424, GOF = 1.068, final R1[I >
2σ(I)] = 0.0239 and wR2(all data) = 0.0651.

Synthesis of fac-tris(1-phenyl-3-(4-(t-butyl)phenyl)-4,6-bis(tri-
fluoromethyl)benzo[d]imidazolin-2-ylidene-C,C2′)iridium(III) (f-
Ir(ptBp)3). This complex was prepared from C4 and IrCl3(tht)3
using a procedure in accordance with that reported for f-Ir
(tBpp)3, giving a single product of f-Ir(ptBp)3 as white powder.
Yield: 150 mg (47%).

Selected spectroscopic data for f-Ir(ptBp)3. HRMS (ESI, 193Ir):
m/z 1577.3932 [M + H+], calcd for C75H58F18IrN6: 1577.4065;

1H
NMR (400 MHz, CDCl3) δ 8.57 (s, 3H), 7.80 (dd, J = 8.0, 1.2 Hz,
3H), 7.66 (s, 3H), 7.53 (dd, J = 8.4, 2.4 Hz, 3H), 7.36 (dd, J = 8.4,
2.4 Hz, 3H), 7.17 (td, J = 8.0, 1.6 Hz, 3H), 6.71 (td, J = 8.0, 1.2
Hz, 3H), 6.68 (dd, J = 8.0, 2.0 Hz, 3H), 6.54 (dd, J = 8.0, 2.0 Hz,
3H), 5.84 (dd, J = 8.0, 1.6 Hz, 3H), 0.84 (s, 27H).; 19F NMR
(376 MHz, CDCl3) δ −56.09 (s, 9F), −61.18 (s, 9F). Anal. calcd
for C75H57F18IrN6: C, 57.14; H, 3.64; N, 5.33. Found: C, 57.16;
H, 3.66; N, 5.29.
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