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Iridium(III) Phosphors–Bearing Functional 9-Phenyl7,9-dihydro-8H-purin-8-ylidene Chelates and Blue
Hyperphosphorescent OLED Devices
Jibiao Jin, Zelin Zhu, Jie Yan, Xiuwen Zhou,* Chen Cao, Pi-Tai Chou,* Ye-Xin Zhang,*
Zhong Zheng, Chun-Sing Lee,* and Yun Chi*

Herein, a series of blue-emitting Ir(III) phosphors is reported based on the
cyclometalating N-heterocyclic carbenes (NHCs), in which the typical benzimidazolylidene entity is now replaced by a new 7,9-dihydro-8H-purin-8-ylidene unit.
The two extra-nitrogen atoms of benzimidazolylidene entity that are successfully
ﬁned turn the emission to the true-blue region. As the proof of concept, both
experimental measurement and theoretical calculation of these emitters are
conducted, revealing high photoluminescence quantum yields up to 92%, peak
maximum located in the region 420–490 nm, and radiative lifetime lower than
1 μs, depending on their stereochemical conﬁguration (i.e., meridional or facial),
together with distinctive phenyl cyclometalating appendage. Their photophysical
characteristics are among the best of carbene-based Ir(III) blue phosphors. Blue
phosphorescent organic light-emitting diode (OLED) using one representative
derivative m-2tBu as sole dopant emitter achieves a high external quantum
efﬁciency (EQE) up to 17.0%, and a small efﬁciency roll-off of 16% at
1000 cd m2. Furthermore, a true-blue hyperphosphorescent OLED with 25 wt%
of m-2tBu as sensitizer and 2 wt% of N7,N7,N13,N13,5,9,11,15-octaphenyl5,9,11,15-tetrahydro-5,9,11,15-tetraaza-19b,20b-diboradinaphtho[3,2,1de:1 0 ,2 0 ,3 0 -jk]pentacene-7,13-diamine (ν-DABNA) as emitter is also fabricated,
giving excellent performance with maximum EQE up to 22.0% and Commission
Internationale de l’Éclairage (CIE)xy coordinates of (0.120, 0.155).

1. Introduction
Organic light-emitting diodes (OLEDs)
have evolved to become one dominating
technology for the display panel and lighting industries. Their success is due to the
fast development of efﬁcient luminescent
materials[1] and associated device architectures,[2] for achieving nearly unitary
external quantum efﬁciency. Recent
studies have also shown that both the
transition-metal–based phosphors and
pure organic thermally activated delayed
ﬂuorescence (TADF) materials are promising emitters because of their excellent
luminescent properties, adequate thermal
and chemical stabilities, and versatile color
tunability. This is particularly true for both
the red and green emitters, as they are
already commercially viable; however,
severe issues still affect the blue emitters,
for example, both the device stability and
efﬁciency remain unacceptable.[3] This
triggered intensive studies among both the
industrial and academic sectors in searching for better and durable blue OLED devices, and this challenge may be solved by
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Scheme 1. Schematic drawings of homoleptic Ir(III) complexes [Ir(C^C)3].

employment of both the phosphorescent sensitizer and TADF
terminal emitters, to which the Förster resonance energy transfer
(FRET) from the assistant phosphor to terminal emitter may
eventually afforded the efﬁcient narrow bandwidth blue
electroluminescence.[4]
As to the assistant phosphor, earlier investigation on transitionmetal–based phosphors indicated that the heavy atom effect
of third-row transition-metal complexes can often induce a fast
spin-orbit coupling that, in turn, promote facile singlet-to-triplet
transition and efﬁcient phosphorescence with shortened
radiative lifetime.[5] We also believed that N-heterocyclic carbene
Ir(III) metal complexes constitute an optimal design for the
efﬁcient blue phosphors.[6] These carbene complexes can involve
either bidentate or tridentate pincer designs, to which their key
function is to increase the crystal ﬁeld strength of resulting metal
complexes and to mitigate the thermal population to their upper
lying metal-centered (MC) dd-excited states for achieving better
luminescence.[7] Particularly, the class of homoleptic, trisbidentate Ir(III) complexes Ir(C^C)3 possess the following practical advantages, namely 1) possession of the third-row transition

metal ion at 3þ oxidation state; 2) with six stronger Ir–C coordination bonding interactions; and 3) adoption of higher lying
LUMO orbital on the coordinative carbene fragments. Among
these intrinsic properties, the points (1) and (2) are especially
important for effective destabilization of MC dd-excited states
in giving improved emission efﬁciency, while point (3) is
essential for achieving the true blue and blue emission of enlarged
energy gap.
Remarkably, Thompson and co-workers reported fabrication
of ultraviolet (UV) light-emitting OLED devices using homoleptic
Ir(III) carbene complexes with N-phenyl, N-methyl-imidazol-2ylidene (pmi), and N-phenyl-N-methyl-benzimidazol-2-ylene
(pmb) chelates,[8] to which the structural drawings of associated
Ir(III) complexes were depicted in Scheme 1. One method in further redshifting emission is to replace N-phenyl cyclometalating
fragment with aromatic entities with greater π-conjugation.[9]
However, this modiﬁcation would unavoidably increase both
the ligand-centered ππ* contribution and radiative lifetime
at the excited states and, hence, is less desirable. In contrast,
true-blue Ir(III) carbene complexes can also be synthesized using
functional pyridylimidazol-2-ylene (pmp)[10] and pyrazinoimidazol2-ylene (pmpz, cb, and tpz) chelates,[11] among which the introduced nitrogen atom can effectively lower the LUMO energy level
and maintain a higher degree of metal-to-ligand charge transfer
(MLCT) characters. Notably, these homoleptic Ir(III) complexes
existed as both the facial (fac) and meridional (mer) isomers, with
fac-isomers always exhibited more blueshifted emission
wavelength versus mer-isomers. Hence, isomerization can also
be employed for further widening the photophysical landscape.
In related studies, several closely related carbene emitters were
reported for various mechanistic investigations, device optimizations, and color adjustments.[12]
In present study, we reported a new class of Ir(III) metal complexes bearing distinctive, functional 7,9-dihydro-8H-purin-8ylidene cyclometalates. Their molecular structures are depicted
in Scheme 2, namely Ir(III) complexes m-1tBu and m-2tBu
and t-1tBu and f-2tBu, each with 2-(tert-butyl)-7-methyl-9phenyl-7,9-dihydro-8H-purin-8-ylidene
and 2-(tert-butyl)-9(3-(tert-butyl)phenyl)-7-methyl-7,9-dihydro-8H-purin-8-ylidene
coordination entities. Photophysical studies were conducted,
showing the highest photoluminescence quantum yields

Scheme 2. Structural drawings for purin-8-ylidene-based Ir(III) metal complexes m- and f-1tBu and m- and f-2tBu.
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(PLQY) of 92% and fastest radiative lifetime of 1.0 μs
in degassed toluene solution at room temperature (RT).
Theoretical calculations were also performed to decipher their
associated changes in photophysical properties versus molecular structures. Finally, fabrication of blue OLEDs was conducted using two better emitters m-2tBu and f-2tBu, as the
solely dopant phosphor, and as triplet sensitizer to convey
the excitation energy through FRET to the boron–nitrogenbased TADF emitter N7,N7,N13,N13,5,9,11,15-octaphenyl-5,9,11,
15-tetrahydro-5,9,11,15-tetraaza-19b,20b-diboradinaphtho[3,2,1de:1 0 ,2 0 ,3 0 -jk]pentacene-7,13-diamine (ν-DABNA) in achieving
the true blue emission with narrowed emission bandwidth.[13]
These results were presented in the subsequent sections.

2. Result and Discussion
2.1. Preparation and Characterization
The demanded functional purinylidene chelates was synthesized
using a multistep protocol, c.f. Scheme 1. First, the key starting
material, 2-(tert-butyl)pyrimidin-4(3H)-one (L1), was prepared
from condensation of pivalamidine hydrochloride and the
in situ–generated sodium salt of ethyl formylacetate.[14]
Conversion of L1 to 2-(tert-butyl)-5-nitropyrimidin-4(3H)-one
(L2) and next to 2-(tert-butyl)-4-chloro-5-nitropyrimidine (L3)
was achieved by treatment KNO3 in concentrated sulfuric acid,
followed by chlorination using phosphorus oxychloride.[15]
Substitution of chloro group with aniline and 3-(tert-butyl)aniline
was conducted in reﬂuxing ethylene glycol, which gave formation
of 2-(tert-butyl)-5-nitro-N-phenylpyrimidin-4-amine (L4a) and
2-(tert-butyl)-N-(3-(tert-butyl)phenyl)-5-nitropyrimidin-4-amine
(L4b) in high yields. Reduction of nitro substituent was
executed using excessive SnCl2·2H2O in methanol solution
at RT,[16] giving isolation of 2-(tert-butyl)-N4-phenylpyrimidine4,5-diamine (L5a) and 2-(tert-butyl)-N4-(3-(tert-butyl)phenyl)
pyrimidine-4,5-diamine (L5b), after the routine workup.
After then, cyclization with formic acid afforded the respective
2-(tert-butyl)-9-phenyl-9H-purine (L6a) and 2-(tert-butyl)-9-

(3-(tert-butyl)phenyl)-9H-purine (L6b) in high yields, according
to a modiﬁed literature procedure.[17] Finally, addition of
methyl triﬂuoromethanesulfonate provided pro-chelates
2-(tert-butyl)-9-(3-(tert-butyl)phenyl)-7-methyl-9H-purin-7-ium
(1tBu) and 2-(tert-butyl)-9-(3-(tert-butyl)phenyl)-7-methyl-9Hpurin-7-ium (2tBu), and both can be employed for the
subsequent coordination reaction with iridium metal reagent
without further puriﬁcation (Scheme 3).
With these pro-chelates in hands, preparation of both meridional (m-) and facial ( f-) substituted Ir(III)-based carbene
complexes, that is, m-1tBu, f-1tBu, m-2tBu, and f-2tBu, were successfully achieved using respective pro-chelates 1tBuH2 and
2tBuH2 and iridium metal reagent IrCl3(tht)3 in tert-butylbenzene
solution at reﬂux, with addition of sodium acetate as promoter.
The combined yields of Ir(III) carbene complexes can go up to
as high as 80% and, after chromatographic separation, merisomers are found to be approximately two times in excess than
that of corresponding fac-counterparts. Moreover, in contrast to
the typical synthetic protocol that involved the in situ generation
of silver–carbene intermediate,[18] this modiﬁed reaction condition
required no such expensive silver salt and, hence, is very costeffective, together with another advantage of having improved
product yields. Finally, mer-to-fac isomerization can be effectively
conducted in a mixture of ethyl acetate and triﬂuoroacetic acid, to
which formation of excessive fac-substituted derivatives, that is,
both f-1tBu and f-2tBu, was isolated as main products.
All isolated Ir(III) metal complexes were characterized by
mass spectrometry and 1H nuclear magnetic resonance
(NMR) spectral analysis. It is expected that the mer- and fac-isomers possess three distinctive and identical chelates around the
Ir(III) metal atom; hence, the overall pattern and total number of
1
H NMR signals are of particular useful in providing the initial
structural information. Moreover, single-crystal X-ray structural
analysis on m-1tBu was also executed to provide conﬁrmation of
the identity of chelates and gross coordination arrangement of
these Ir(III) complexes. Furthermore, Ir(III) complex m-1tBu
existed as two crystallographically distinctive but structurally
identical molecules in the unit cells. Figure 1 depicted only

Scheme 3. Routes to the employed purinylidene pro-chelates; experimental conditions: (i) KNO3, H2SO4; (ii) POCl3, reﬂux, 3 h; (iii) (CH2OH)2,
reﬂux, 12 h; (iv) SnCl2·2H2O MeOH, 3 h; (v) 2H, 120  C, 12 h; and (vi) CF3SO3Me, toluene, room temperature (RT), 2 h.
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Figure 1. Structure drawing of m-1tBu with thermal ellipsoids shown at 30% probability level. Selected bond length (Å): Ir1–C32 ¼ 2.020(3),
Ir1–C48 ¼ 2.021(3), Ir1–C34 ¼ 2.092(3), Ir1–C2 ¼ 2.112(3), Ir1–C16 ¼ 2.125(3), and Ir1–C18 ¼ 2.128(3). Selected bond angle ( ):
C32–Ir1–C48 ¼ 176.45(12), C34–Ir1–C16 ¼ 168.42(13), and C2–Ir1–C18 ¼ 172.12(12).

one of these molecules, to which the Ir(III) atom resided at the
center of a slightly distorted octahedral arrangement, as shown
by three trans-C–Ir–C bond angles of 168.42(13), 172.12(12), and
176.45(12) . All six Ir–C distances were different, but the unique
carbenic trans-Ir–C distance (Ir1–C34 ¼ 2.092(3) Å) is found to
be notably shorter than the corresponding trans-Ir–C distance of
phenyl cyclometalates (Ir1–C16 ¼ 2.125(3) Å), which are in
accordance with the metric features of many homoleptic
Ir(III) carbene cyclometalates.[19] They can be also understood
in terms of the enhanced bonding interaction between the metal
dπ-orbital and empty π*-orbital of purinylidene fragments.
2.2. Photophysical and Electrochemical Measurement
Figure 2 depicted the UV-vis absorption of all studied trisbidentate Ir(III) complexes in toluene at RT. As can be seen,
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Figure 2. Ultraviolet (UV)-vis absorption and photoluminescence spectra
of all studied tris-bidentate Ir(III) complexes in toluene at room temperature (RT).
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the absorption bands with wavelengths below 340 nm are
attributed to the ligand centered as well as inter-ligand ππ*
transitions, among which the mer-isomers showed a much
larger extinction coefﬁcient in comparison to their faccounterparts. Alternatively, at the longer wavelength region,
the mer-isomers exhibited the relatively less intense and
more redshifted MLCT absorption peaks versus the respective
fac-isomers. This spectral pattern may be related to the asymmetric arrangement of all coordinated carbene chelates and seemed
to be universal to the relevant Ir(III) carbene complexes documented in literature.[11]
Next, their emission spectra were measured in degassed
toluene solution at RT. As depicted in Figure 2, both merisomers exhibited structureless emission proﬁle with onset at
410–420 nm and relatively more redshifted peak maximum
at 483 and 496 nm, respectively. Alternatively, the corresponding
fac-isomers showed a much blueshifted emission onset at
380–390 nm, peak maximum at 423 and 436 nm, and a
signiﬁcantly reduced full width at half maxima (FWHM) of 62
and 77 nm in comparison to the m-isomers with identical
carbene chelates (i.e., 100 nm). Moreover, those with
3-(tert-butyl)phenyl cyclometalate entities (i.e., both 2tBu derivatives) have showed more redshifted peak wavelength in comparison the parent 1tBu complexes with phenyl substituent, a result
of greater electron density at the Ir(III) metal center and more
notably MLCT transition character. In the meantime, the
PLQY spans the region 43–92%, to which the smallest and
the highest PLQY seem to coincide to those with the greatest
and smallest emission energy, that is, photoluminescent (PL)
λmax at 423 and 496 nm, respectively. Those with more redshifted
emission peak also exhibited shortened radiative lifetime, which
is in accordance with the greater MLCT contribution at the
excited state manifold. The abnormal large FWHM and redshifting in wavelengths of mer-isomers were probably due to the solvation effect imposed to the greater asymmetric molecules, that
is, mer-isomers, to which the degree of MLCT contribution is
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substituents at the phenyl cyclometalates (cf. 1tBu ! 2tBu) redshifts the emission energy (by 0.04–0.06 eV). Note the deviation
between calculated T1 energy and the experimental emission
wavelength is about 0.4 eV (9 kcal mol1). This deviation is
common for cyclometalated Ir(III) complexes, which is mainly
caused by the uncertainties of both the applied theoretical
levels and adopted geometrical structure of emission states.
Nevertheless, the trend of the energy gap obtained by the theoretical approach is consistent with that of experimental results
(Table 1).
The calculation results (cf. Table 2) indicate that the T1-excited
state is contributed dominantly (≥83%) by the HOMO to LUMO
transition for all four Ir(III) complexes. Therefore, the analysis of
the localization and orbital energy of frontier orbitals is helpful
for understanding the charge transfer characters of T1-excited
state and how the chelate modiﬁcation affects the energy of
T1-excited state and thus the emission energy. The HOMO for
all four complexes is mainly localized at the Ir(III) metal atom
and two (for m-isomers) or three (for f-isomers) of the phenyl
(or 3-tert-butylphenyl) fragments, while the LUMO is mainly
localized at two (for m-isomers) or three (for f-isomers) of
the 7,9-dihydro-8H-purin-8-ylidene fragments. Therefore, the
T1-excited state of both m-isomers shows a mixture of MLCT,
intra-ligand charge transfer (ILCT), and ligand-to-ligand charge
transfer (LLCT) characters; whereas that of both f-isomers shows
a mixture of MLCT and ILCT characters. The structural change
from m-isomers to f-isomers stabilized both the HOMO and
LUMO but more on the former and thus leading to a blueshifted
emission. The chelate modiﬁcation 1tBu ! 2tBu destabilized
both the HOMO and LUMO but more on the former and thus
leading to a redshifted emission.
The effect of ligand modiﬁcation on the radiative rate (kr) may
be understood from the analysis of the percentage of MLCT
transition in the T1 state and the localization of the pair of orbitals
dominating the T1-excited state. As discussed in our prior
research, the interplay of these two components mainly
determines the magnitude of radiative rate constant of the T1
state. On the one hand, more MLCT percentage involved in
the transition should give a greater radiative rate constant due
to the direct involvement of metal atom facilitating intersystem
crossing.[21] On the other hand, the increasing orbital overlap
(between the dominant pair of orbitals contributing to the T1
electronic transition) also results in an increased radiative rate
constant due to the increased transition dipole moment.[16]
The experimental results indicate that the m-isomers achieved
an greater radiative rate constant than that of the relevant

expected to be greater than that of the corresponding fac-isomers.
This hypothesis can be conﬁrmed using the photophysical
data in rigid poly(methyl methacrylate) (PMMA) matrix
(Table S1, Supporting Information), to which the mer-isomers
revealed a large blueshift in emission peak maximum of 23
and 26 nm versus the respective fac-isomers, which exhibited
the redshifted peak maximum of 2 and 4 nm, that is, in the opposite direction.
The electrochemical properties of these Ir(III) complexes were
analyzed using cyclic voltammetry (CV), to which their CV traces
and numeric data are depicted in Figure S4 and Table S2,
Supporting Information. All these studied complexes exhibit
reversible oxidation processes. From their onset potentials, the
highest occupied molecular orbital (HOMO) energy levels
of m-1tBu, f-1tBu, m-2tBu, and f-2tBu were measured to be
5.29, 5.51, 5.19, and 5.39 V, respectively. Hence, the
potentials of mer complexes were approximately 0.2 V lower than
their fac-counterparts. With the aid of their optical bandgaps,
the lowest unoccupied molecular orbital (LUMO) energy levels
are next estimated to be 2.27, 2.38, 2.25, and 2.28 V,
respectively. These experimental energy levels are well in line
with those predicted by the density functional theory (DFT)
calculations, vide infra. Also, their numerical values are
close to those of widely used hole- and electron-transporting
materials, indicating their high potential in fabrication of
OLED devices.
2.3. Theoretical Investigation
The lowest singlet (S1)- and triplet (T1)-excited states for the
studied Ir(III) complexes were investigated by time-dependent
(TD)-DFT calculations[20] to gain understanding of the nature
of the absorption/emission bands and the effect of chelate modiﬁcation on their photophysical properties. Details of computational methods were described in the experimental section.
The calculated energies of the S1 state were 400, 375, 409, and
386 nm for m-1tBu, f-1tBu, m-2tBu, and f-2tBu, respectively (cf.
Table 2), which are correlated to their experimental lowest-energy
absorption tails around 400 nm (cf. Figure 2). The calculated
energies of T1-excited state were 408, 396, 414, and 406 nm
for m-1tBu, f-1tBu, m-2tBu, and f-2tBu, respectively (cf.
Table 2), showing the same trend versus experimental phosphorescence (peaking at 483, 423, 496, and 436 nm, respectively).
This trend shows 1) structural change from a meridional
isomer to its facial isomer leads to a blueshifted emission
(by 0.05–0.09 eV); 2) whereas the addition of 3-tert-butylphenyl

Table 1. Photophysical data of the studied tris-bidentate Ir(III) carbene complexes at room temperature (RT).
abs λmax [ε  104 M1 cm1]a)

PL λmax [nm]a)

FWHM [cm1 nm1]b)

Φ[%]c)

τobs [μs]

τrad [μs]

kr [106 s1]

knr [106 s1]

m-1tBu

312 (9.92), 380 (1.00)

483

4110/100

75

0.77

1.0

1.0

0.3

f-1tBu

304 (5.46), 350 (3.31)

423

3290/62

43

0.52

1.2

0.83

1.1

m-2tBu

315 (7.95), 382 (0.92)

496

3990/101

92

0.89

0.97

1.0

0.1

f-2tBu

305 (4.55), 350 (2.78)

436

3350/77

62

0.66

1.1

0.91

0.59

a)
Those were recorded at a concentration of 105 M in toluene at RT. b)Full width at half maximum. c)Quinine sulfate (QS) in 0.1 M, sulfuric acid aqueous solution (Q.Y. ¼ 54%
and λmax ¼ 455 nm) was employed as standard.
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Table 2. The calculated excitation energy (λ), oscillator strength ( f ), and main orbital contributions of the lowest singlet (S1)- and triplet (T1)-excited
states, and the assignment of charge characters of the T1 state for the studied Ir(III) complexes at their geometries optimized for the ground state.

m-1tBu

f-1tBu

m-2tBu

f-2tBu

Statea)

λ [nm eV1]b)

fb)

Orbital contribution [>10%]b)

Assignment*c)

T1

408/3.04

0

HOMO ! LUMO (87%)

MLCT (27.6%), ILCT, LLCT

S1

400/3.10

0.0069

HOMO ! LUMO (96%)

T1

396/3.13

0

HOMO ! LUMO (81%)

S1

375/3.31

0.0699

HOMO ! LUMO þ 1 (92%)

T1

414/3.00

0

HOMO ! LUMO (87%)

S1

409/3.03

0.0083

HOMO ! LUMO (96%)

T1

406/3.05

0

HOMO ! LUMO (83%)

S1

386/3.21

0.0595

HOMO ! LUMO þ 1 (85%)

MLCT (21.3%), ILCT

MLCT (26.5%), ILCT, LLCT

MLCT (19.1%), ILCT

a)

HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital; MLCT: metal-to-ligand charge transfer; ILCT: intra-ligand charge transfer; LLCT:
ligand-to-ligand charge transfer. b)The results were calculated by TD-DFT using B3LYP functional with PCM for modeling the toluene solvent (see computational details in the
Supporting Information for more information). c)The percentage of MLCT character of T1 state was calculated from the change in the metal contribution in the dominant
electronic transition (cf. Figure 3) multiplied with its contribution weight.

f-isomers. This might be rationalized by the greater MLCT character in the T1 state of m-isomers (cf. Table 2), although there is
less orbital overlap between the HOMO and LUMO of m-isomers
(cf. Figure 3).
2.4. OLED Devices and Hyperphosphorescence
To investigate the electroluminescent (EL) properties of
N-heterocyclic carbene–based Ir(III) metal phosphors, m-2tBu
and f-2tBu were selected as the representative emitters to
fabricate OLEDs due to their relatively promising luminescent
properties as discussed earlier. The optimized device structure
is ITO/1,1-bis((di-4-tolylamino)phenyl)cyclohexane (TAPC)
(20 nm)/4,4 0 ,4 00 -tris(carbazol-9-yl)-triphenylamine
(TCTA)
(10 nm)/1,3-di(9H-carbazol-9-yl)benzene (mCP) (10 nm)/
PPF: 14 wt% Ir(III) complexes (20 nm)/tris(2,4,6-trimethyl-3(pyridin-3-yl)phenyl)borane (3TPYMB) (40 nm)/LiF (1 nm)/
Al, which is depicted in Figure 4a. In this device, TAPC

and 3TPYMB were used as hole- and electron-transporting
materials, respectively. TCTA and mCP) functioned as
electron- and exciton-blocking materials, respectively.
Lithium ﬂuoride (LiF) is electron-injection layer, and 2,8-bis
(diphenylphosphino oxide) dibenzofuran (PPF) service as host
material for the devices.
The EL characteristics and related data are shown in
Figure 4b–d and Table 3. The f-2tBu-based device delivered
true-blue emission with peaks at 440 nm and Commission
Internationale de l’Éclairage (CIE) coordinates of (0.157,
0.120). A fast efﬁciency roll-off is observed in this device
(EQE from 7.5 to 2.8% at the maximum and 1000 cd m2), which
should relate to exciton leakage from f-2tBu (triplet
energy, ET ¼ 3.1 eV) to mCP (ET ¼ 2.91 eV)[22] and 3TPYMB
(ET ¼ 2.95 eV).[23] EL emission of m-2tBu gave a peak maximum
at 486 nm, which has a hypsochromic shift of 14 nm compared to
its PL spectrum in toluene solution. This should be related to the
greater solvation effect that induced by the MLCT character in

Figure 3. Frontier molecular orbitals (highest occupied molecular orbital [HOMO] and lowest unoccupied molecular orbital [LUMO]) of the studied Ir(III)
complexes at their geometries optimized for the ground state. The orbital energy level and the contribution from Ir atom are also provided. Note the
HOMO to LUMO orbital transition contributes dominantly to the T1-excited state for all four complexes (cf. Table 2).
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Figure 4. a) Schematic device architecture of mer- and fac-2tBu-based organic light-emitting diodes (OLEDs). b) Electroluminescence spectra and
c) current density–voltage–luminance ( J–V–L) characteristics and d) plot of current density–luminance–external quantum efﬁciency (EQE).
Table 3. Electroluminescence data of the studied OLED devices.
CE [cd A1]b)

Von [V]

EL λmax [nm]

f-2tBu

3.6

440

m-2tBu

3.5

482

14 wt% m-2-tBu: 2 wt% ν-DABNA

3.5

472

22.4, 21.7, 15.9

19.6, 19.0, 15.6

0.122, 0.161

25 wt% m-2-tBu: 2 wt% ν-DABNA

3.5

472

23.49, 19.7, 16.2

22.0, 18.9, 14.9

0.120, 0.155

40 wt% m-2-tBu: 2 wt% ν-DABNA

3.5

472

22.89, 18.1, 7.8

21.7, 17.8, 6.9

0.122, 0.162

Samplea)

EQE [%]b)

CIExyc)

7.7, 6.4, 3.1

7.5, 6.1, 2.8

0.157, 0.120

35.2, 35.3,30.2

17.0, 16.9, 14.2

0.189, 0.316

a)

OLED: organic light-emitting diode; CIE: Commission Internationale de l’Éclairage; EL: electroluminescent; CE: current efﬁciency; EQE: external quantum efﬁciency.
maximum, data recorded at 100 and 1000 cd m2, respectively; c)@ 100 cd m2.

b)

solution and the rigid environment that restricted CT reorganization in PPF host matrix. Moreover, only the characteristic
emission bands of phosphors were observed in these OLED devices, indicating efﬁcient energy transfer from the host
material to phosphor. The current density–voltage–luminance
characteristics of these devices are depicted in Figure 4b.
Decent performance can be observed in m-2tBu-based device
with turn-on voltages of 3.5 V, maximum current efﬁciencies
of 35.2 cd m2, and maximum external quantum efﬁciency
(EQE) reached as high as 17.0%.
Moreover, there is a sudden jump of data points between 5
and 5.5 V of the current density–voltage–luminance ( J–V–L)
and current efﬁciency–EQE–luminance characteristics of the
device based on f-2tBu. This should relate to deep trapping effect
of holes caused by the large energy offset between HOMO of
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f-2tBu (5.39 eV) and the host (6.7 eV). When giving high enough
electrical pump, hole can easily be de-trapping and result in
higher current densities and luminance. These phenomenon
is often observed in deep-blue phosphorescent OLED using
n-type host materials (featuring with deep HOMO, e.g.,
>6.5 eV),[9c,24] and in red phosphorescent OLED with using
violet-emitting wide energy gap host.[25]
Hyperphosphorescent system can promote efﬁcient energy
transfer from the triplet-excited states of the sensitizer to the
singlet-excited states of the ﬂuorophore, giving signiﬁcantly
improved efﬁciency and operational lifetime of the fabricated
device.[26] Its working principle was ﬁrst proposed by Baldo
et. al.,[4a] and has been successfully applied in fabrication of a
few phosphor sensitized ﬂuorescent and TADF-based OLED
devices in recent days.[27] The energy transfer mechanism of
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Figure 5. a) Schematic mechanism of hyperphosphorescent OLEDs. b) Transient photoluminescent (PL) decay curves of the ﬁlms with different doping
contents of m-2tBu. c) Electroluminescent spectrum and d) current density–voltage–luminance (inset) and current efﬁciency–luminance–EQE curves of
OLED device.

the hyperphosphorescent OLEDs is schematically depicted in
Figure 5a. In this investigation, ν-DABNA was selected as the
terminal emitter for its high EQE, narrowed emission band,
and shortened ﬂuorescence lifetime as reported.[13,28] It is
expected that FRET from m-2tBu to ν-DABNA could give
efﬁcient harvest of triplet excitons for emission because of the
large overlap between the emission spectrum of m-2tBu and
the absorption spectrum of ν-DABNA and faster radiative
transition rate of m-2tBu. Moreover, the Dexter energy transfer
(DET) should be suppressed owing to the introduction of bulky
tert-butyl groups of m-2tBu in keeping the larger intermolecular
separation, and lowered doping concentration of ≤2 wt% for the
terminal emitter ν-DABNA. As shown in Figure 5b, the transient
decay lifetimes of ν-DABNA-based emission were notably
reduced from 2.2 to 0.62 μs without showing any broadened
emission bandwidth of the ν-DABNA-based emission, upon
increasing the doping concentration of m-2tBu from 14 up to
50 wt%; meanwhile, the contribution percentage of the fast
(prompt) decay component with a nearly constant lifetime of
72 ns for a range of concentration from 32% to 58%, indicating
the efﬁcient FRET from Ir(III) sensitizer m-2tBu to the terminal
emitter ν-DABNA.
It is expected that the decreases in the long emission lifetimes
from transient decay measurement would implicate a further
improvement in efﬁciency of doped OLED devices. Therefore,
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the phosphor m-2tBu was employed as assistant sensitizer in
fabrication of hyperphosphorescent OLED devices. Now, the
modiﬁed device architecture consists of ITO/TAPC (20 nm)/
TCTA (10 nm)/mCP (10 nm)/PPF: 1440 wt% m-2tBu:
ν-DABNA 2 wt% (20 nm)/3TPYMB (40 nm)/LiF (1 nm)/Al. As
can be seen from Figure 5c,d and S6, Suporting Information,
efﬁcient energy transfer from assistant dopant m-2tBu to
terminal emitter ν-DABNA was conﬁrmed by the EL spectrum,
whereas only the emission of ν-DABNA was observed with a
narrowed FWHM of 21 nm for all devices. At the assistant
dopant concentration of 25 wt%, both the efﬁcient energy
transfer process and excellent PL properties of ν-DABNA further
push up the OLED performance to a maximum EQE of 22.0%,
CIExy coordinates of (0.122, 0.155), and a reduced efﬁciency rolloff, with EQE ¼ 14.9% at 1000 cd m2, highlighting the validity
of hyperphosphorescence. Moreover, lowered device efﬁciencies
were next obtained upon further increasing the concentration of
assistant sensitizer to 40 wt%, which could be due to the triplet–
triplet annihilation and triplet–polaron quenching that typically
occurred at the higher doping concentration of phosphors.

3. Conclusion
A class of homoleptic Ir(III)–based blue emitters with cyclometalating 7,9-dihydro-8H-purin-8-ylidene chelates was successfully
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synthesized. It has been demonstrated that these carbene cyclometalate emitters possess both the mer- and fac- coordination
modes, and efﬁcient emission in the blue-to-purple spectral
region, respectively. Both class of emitters, particularly the
phosphor m-2tBu, can be utilized in fabrication of both the single
dopant blue phosphorescent OLED devices, and efﬁcient hyperphosphorescent OLED devices via efﬁcient FRET, among which
one representative device with assistant sensitizer m-2tBu at doping concentration of 25 wt% and terminal emitter ν-DABNA at
2 wt% had showed maximum EQE of 22.0% with satisfactory
CIExy chromaticity coordinates of (0.122, 0.155). Therefore, these
newly synthesized Ir(III) emitters provided one feasible solution
in improving the prospective of blue OLED devices, in particular
the blue hyperphosphorescenct OLED devices with narrow
emission bandwidth.

4. Experimental Section
General Information and Materials: All reactions were conducted under
N2 atmosphere. Commercially available reagents were used without
further puriﬁcation, and solvents were dried prior to use. 1H and 19F
NMR spectra were measured with Bruker Avance III HD 300 MHz
NMR or Bruker Avance III 400 MHz NMR instrument. Elemental analysis
was carried out on an Elemental Micro Carbon–Hydrogen–Nitrogen
Analyzer (Elementar VARIO Micro Cube). Mass spectra were recorded
on an Applied Biosystems 4800 Plus MALDI TOF/TOF Analyzer using
2,5-dihydroxybenzoic acid as the matrix substance.
Photophysical Measurements: UV-vis spectra were recorded on a
HITACHI UH-4150 spectrophotometer. The steady-state emission spectra
were measured with Edinburgh ﬂuorescence spectrometer (FLS) 920. Both
wavelength-dependent
excitation and emission responses of the ﬂuorimeter were calibrated. The
lifetime studies were performed by a time-correlated single-photon counting
system
(TCSPC)
with
a
femtosecond,
mode-locked
Ti-Sapphire laser that was tuned to 720 nm, followed by the secondharmonic generation (360 nm) via a barium borate (BBO) crystal. The excitation source was then changed into vertical polarization using a half-wave
plate. Finally, a linear polarizer was set as 54.7 deviated from the vertical
polarization plane in between the sample cell and photomultiplier tube
(PMT) detector to avoid any emission anisotropy. Spectral grade solvents
(Merck) were used as received. To determine the PLQY in solution, samples were degassed using at least three freeze–pump–thaw cycles. The
solution quantum yields were calculated using the standard sample, which
had a known quantum yield, according to the following equation.
Φ ¼ ΦR

I AR η2
IR A η2R

(1)

where Φ is the quantum yield, the subscript R refers to the reference
compound of known quantum yield, I is the integrated ﬂuorescence
intensity, and η is the refractive index of the solvent. A is the absorbance
at the excitation wavelength with the value of absorbance around 0.1. The
Φ value of studied complexes in PMMA thin ﬁlm was measured by an
integrated sphere.
Electrochemistry: CV was conducted on a CHI621A Electrochemical
Analyzer. Ag/Agþ (0.01 M AgNO3) electrode was employed as reference
electrode. The oxidation and reduction potentials were measured using
a glassy carbon working electrode with 0.1 M of NBu4PF6 in CH3CN,
respectively. The potentials were referenced externally to the ferrocenium/ferrocene (Fcþ/Fc) couple.
Preparation of tris(2-(tert-butyl)-7-methyl-9-phenyl-7,9-dihydro-8Hpurin-8-ylidene)iridium(III) (m-1tBu and f-1tBu):
A mixture of 1tBuH2 (1.0 g, 2.4 mmol), IrCl3(tht)3 (0.39 g, 0.7 mmol),
and sodium acetate (0.57 g, 6.9 mmol) in degassed tert-butylbenzene
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(15 mL) was reﬂuxed overnight under N2. After then, the solvent
was removed under vacuum. The residue was dissolved in 100 mL of
CH2Cl2, washed with water, dried over anhydrous Na2SO4, and then
evaporated to dryness. The reaction mixture was puriﬁed by column
chromatography using petroleum ether/ethyl acetate (4/1, v/v) as eluent
to give two isomeric products, namely m-1tBu (0.4 g, 59%) and f-1tBu
(0.16 g, 23%). Both complexes were further puriﬁed by vacuum sublimation. Single crystals of m-1tBu suitable for X-ray diffraction study were
obtained from a layered solution of CH2Cl2 and hexane at RT.
Selected spectroscopic data for m-1tBu: mass spectrometry (MS)
(matrix-assisted laser desorption/ionization-time of ﬂight (MALDI-TOF),
193
Ir): m/z 989.5334 [M þ H]þ; 1H NMR (400 MHz, acetone-d6) δ
8.94  8.67 (m, 6H), 7.17  6.97 (m, 4H), 6.93  6.84 (m, 1H),
6.76  6.56 (m, 4H), 3.51 (s, 3H), 3.50 (s, 3H), 3.34 (s, 3H), 1.53
(s, 9H), 1.52 (s, 9H), 1.51 (s, 9H).
Selected crystal data of m-1tBu: Cambridge Crystallographic Data
Centre (CCDC) deposition number: 2 122 409. C48H51IrN12;
M ¼ 988.20; monoclinic; space group ¼ P 21/c; a ¼ 27.660(5) Å,
b ¼ 14.723(2) Å, c ¼ 29.679(6) Å; β ¼ 106.049(8) ; V ¼ 11 615(4) Å3;
Z ¼ 8; ρcalcd ¼ 1.130 mg m3; F(000) ¼ 4000, crystal size ¼ 0.37  0.11
 0.03 mm3; λ(Mo–Kα) ¼ 0. 71 073 Å; T ¼ 243 K; μ ¼ 4.740 mm1;
223 695
reﬂections
collected,
23 507
independent
reﬂections (Rint ¼ 0.0987), maximum and min. transmission ¼ 0.501
and 0.745, data/restraints/parameters ¼ 23 507/834/1318, goodness-ofﬁt (GOF) ¼ 1.088, ﬁnal R1[I > 2σ(I)] ¼ 0.0388 and wR2(all data) ¼ 0.1076.
Selected spectroscopic data for f-1tBu: MS (MALDI-TOF, 193Ir):
m/z 989.5133 [M þ H]þ; 1H NMR (400 MHz, acetone-d6) δ 8.82
(d, J ¼ 7.4 Hz, 6H), 7.06 (t, J ¼ 7.6 Hz, 3H), 6.68 (t, J ¼ 7.3 Hz, 3H),
6.68 (t, J ¼ 7.3 Hz, 3H), 3.58 (s, 9H), 1.51 (s, 27H). 13C NMR
(101 MHz, CDCl3) δ 193.68, 172.24, 150.80, 146.63, 145.24, 136.35,
135.52, 125.98, 125.32, 122.13, 115.24, 39.72, 34.26, 30.08.
Preparation of tris(2-(tert-butyl)-9-(3-(tert-butyl)phenyl)-7-methyl-7,9dihydro-8H-purin-8-ylidene)iridium(III) (m-2tBu and f-2tBu):
These complexes were prepared similarly to that described for m-1tBu
and f-1tBu. After that, the reaction mixture was puriﬁed by column
chromatography using petroleum ether/ethyl acetate (4/1, v/v) as eluent
to give two isomeric products: m-2tBu (0.4 g, 57%) and f-2tBu
(0.2 g, 29%). Both complexes were further puriﬁed by temperature
gradient vacuum sublimation, followed by recrystallization.
Selected spectroscopic data for m-2tBu: MS (MALDI-TOF, 193Ir):
m/z 1157.7310 [M þ H]þ; 1H NMR (400 MHz, acetone-d6) δ
9.15  8.95 (m, 3H), 8.85 (d, J ¼ 5.8 Hz, 2H), 8.79 (s, 1H), 6.91
(d, J ¼ 7.6 Hz, 1H), 6.85  6.81 (m, 2H), 6.76 (d, J ¼ 7.6 Hz, 2H), 6.58
(d, J ¼ 7.7 Hz, 1H), 3.53 (s, 3H), 3.50 (s, 3H), 3.33 (s, 3H), 1.54
(s, 27H), 1.35 (s, 9H), 1.34 (s, 9H), 1.33 (s, 9H).
Selected spectroscopic data for f-2tBu: MS (MALDI-TOF, 193Ir): m/z
1157.7418 [M þ H]þ; 1H NMR (400 MHz, acetone-d6) δ 9.03 (s, 3H),
8.80 (s, 3H), 6.75 (d, J ¼ 7.8 Hz, 3H), 6.46 (d, J ¼ 7.7 Hz, 3H), 3.59
(s, 9H), 1.54 (s, 27H), 1.36 (s, 27H). 13C NMR (101 MHz, CDCl3) δ
194.00, 171.89, 150.70, 146.61, 144.96, 140.95, 135.24, 125.41, 122.97,
112.69, 39.65, 34.43, 34.30, 31.68, 30.07.
Isomerization of tris(2-(tert-butyl)-7-methyl-9-phenyl-7,9-dihydro-8Hpurin-8-ylidene)iridium(III):
To a 100 mL sealed tube, m-1tBu (0.5 g, 0.51 mmol), triﬂuoroacetic acid
(4.9 mL, 1M in H2O), and ethyl acetate (53 mL) were added. The tube was
then ﬁlled with N2 and heated at 70  C for 15 h. The reaction mixture was
cooled to RT and was quenched with 100 mL of water and extracted several
times with ethyl acetate. The solvent was removed and the residue was
puriﬁed by silica gel column chromatography using petroleum ether/ethyl
acetate (4/1, v/v) as eluent to give two isomeric products: m-1tBu
(0.15 g, 30%) and f-1tBu (0.35 g, 70%).
Isomerization of tris(2-(tert-butyl)-9-(3-(tert-butyl)phenyl)-7-methyl-7,9dihydro-8H-purin-8-ylidene) iridium(III):
To a 100 mL sealed tube, m-2tBu (0.5 g, 0.43 mmol), triﬂuoroacetic
acid (4.9 mL, 1M in H2O), and ethyl acetate (53 mL) were added. The tube
was then ﬁlled with N2 and heated at 70  C for 15 h. After cooled to RT, the
mixture was quenched with 100 mL of water and extracted several times
with ethyl acetate. The solvent was removed and the residue was
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puriﬁed by silica gel column chromatography using petroleum ether/ethyl
acetate (4/1, v/v) as eluent to give two isomeric products, namely m-2tBu
(0.20 g, 40%) and f-2tBu (0.30 g, 60%).
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