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Peripheral engineering of Ir(in) emitters with
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Ir(n) based carbene complexes are highly sought after in the field of organic light-emitting diodes (OLEDs), as
they are expected to solve the thorny issue of efficient and durable blue phosphors. Hence, three tris-
bidentate Ir(i) based carbene complexes, namely, f-ct4a—c, were synthesized and fully characterized by both
spectroscopic and structural methods, presenting a bulky 2,6-dimethylphenyl substituent on the imidazol4,5-
blpyrazin-2-ylidene fragment, and a distinctive N-aryl (ie., either phenyl or 4-t-butylphenyl) appendage and
cyclometalating group. These complexes exhibited sky-blue emission with a peak max. located between 473
and 482 nm and a photoluminescent quantum yield (PLQY) of 50-68% recorded in degassed toluene, and
furthermore, a much-improved PLQY of 71-87% upon doping in the 2,8-bis(diphenylphosphoryl)-
dibenzolb,dlthiophene (PPT) host matrix. Remarkably, the f-ct4b based OLED device and respective hyper-
OLED device exhibited blue Commission Internationale de L'Eclairage CIE,, coordinates of (0.19,0.47) and
(0.11,0.44), and max. external quantum efficiencies (EQEs) of 17.4% and 21.5%, respectively, demonstrating
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Introduction

Over the past two decades, phosphorescent organic light emit-
ting diodes (PhOLEDs) have been extensively investigated for
future use in flat panel displays and lighting applications due
to their capability in harvesting 100% excitons generated dur-
ing electrical excitation." This process is competitive with that
of thermally activated delayed fluorescence (TADF) emitters, in
which their small energy gap between singlet and triplet excited
states (AEsy) allowed effective utilization of all excitons,> but is
significantly better than that of fluorescent emitters, in which
only 25% of the electrical generated singlet excitons can be
utilized according to the spin statistics.’
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their potential in future OLED applications.

Next, tuning their emission to standard RGB colour is also of
particular importance for OLED applications. Many Ir(u) com-
plexes have already shown red and green electroluminescence
with satisfactory long term stability, but not for the blue ones.”
This is attributed to their high excitation energy for blue
emission that could severely limit its emission efficiency and
stability. Specifically, in contrast to the typical red and green
phosphors with relatively short radiative lifetime of ~1 ps and
below, the inherent long radiative lifetime of blue phosphors,
i.e., »1 ps, which is a result of the diminished metal-to-ligand
charge transfer (MLCT) contribution in the excited state mani-
folds and reduced spin-orbit coupling, has caused significant
efficiency roll-off, exciton-exciton and exciton-polaron annihi-
lation for devices at a higher driving current density.” Further-
more, it is well understood that the parasitic annihilation
processes between excited states could lead to the hot excited
states with energy well above the ground-state, i.e., >6 eV,
causing unavoidable chemical deterioration for the blue phos-
phors upon excitation.® Therefore, efficient blue phosphors
with both greater long term stability and shortened radiative
lifetime are urgently needed for better device efficiency wanted
in future commercial applications.”

There are many intrinsic factors that could affect the funda-
mentals of blue phosphors.® However, homoleptic Ir(m) carbene
complexes were known to be the best possible candidates due to
their highly destabilized metal centred (MC) dd excited states,’

This journal is © The Royal Society of Chemistry 2023
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which is attributed to their six Ir-C bonding vectors; i.e., the
strongest metal-chelate bonding known to all transition-metal
complexes. Ultimately, this molecular design improved their
intrinsic stability and emission efficiency at the same time.
These properties are far superior to those of their predecessor,
namely: FIrpic, in which its intrinsic instability and dominant nr*
transition character in the excited state have seriously hampered
the overall performances and long-term durability of the fabricated
OLED devices.'® Moreover, the notably destabilized lowest unoc-
cupied molecular orbital (LUMO) of the Ir(m) carbene complexes
afforded high energy emission in the near UV region, as shown in
m.fIr(pmi);'" and m.fIr(pmb)s."> Subsequently, shifting emission
to the true-blue region has been achieved by insertion of skeletal N
atoms adjacent to the carbene entities as shown in m-Ir(tbpbp);
and analogues,” fIr(pmp)s,"* £Ir(pmpz);,"® £1tBu and f2tBu,'® D
and derivatives,'” fIr(tpz)s,"* Ir3 and Ir4,'® and £Ir(cb);."® Selective
drawings are depicted in Scheme 1, among which many
imidazo[4,5-b]pyrazin-2-ylidene based derivatives have already
been utilized in the fabrication of efficient and relatively durable
blue emissive OLED devices, particularly those with functional N-
aryl appendages such as fIr(cb); and analogues.

Herein, our approach is to modify the existing blue emissive
Ir(m) carbene complexes with adequate performances, ie.,
homoleptic complexes such as £Ir(cb); and analogues,'® as well
as a similar set of Ir(m) complexes bearing ¢-butyl substituted
imidazo[4,5-b]pyrazin-2-ylidene chelates, ie., fetla-d,*° and
tuned their physical and photophysical properties to suit the
possible requirements demanded by the PhOLED devices of the
future. We have selected the 2,6-dimethylphenyl fragment as
the designated functional group in replacement for the ¢-butyl
substituent on the carbene fragments, as the imposed steric
encumbrance of similar substituents is expected to suppress the
dopant-host interaction and further boost the OLED device
efficiency as shown in the literature.” Moreover, the same steric
encumbrance prevented electronic delocalization between the
2,6-dimethylphenyl group and carbene core structure; thereby,

/
N/ N
€ o
N N
Ir Ir
3 3
f-Ir(pmi); f-Ir(pmb);
“, £
N= / Z—’-—
t N N
B“Aﬁ;z?il \—zfii
N N
Ir Ir
R 3 3
f-1tBu, R=H f-Ir(cb);
f-2tBu, R = Bu!

View Article Online

Journal of Materials Chemistry C

it offered a slightly reduced bandgap demanded for genuine
blue emission. As depicted in this article, the studied phosphors
revealed excellent performance with EQE > 20% and relatively
suppressed efficiency roll-off, confirming the usefulness of this
synthetic approach and investigation.

Results and discussion
Syntheses of chelate and metal emitters

The 2,6-dimethylphenyl functionalized imidazo[4,5-b]pyraz-3-ium
pro-chelate was synthesized using experimental protocols as
depicted in Scheme 2. We started from commercially available
pyrazin-2-amine, from which the addition of N-bromosuccinimide
afforded 5-bromopyrazin-2-amine in high yield.”> Next, the 2,6-
dimethylphenyl substituent was introduced by Suzuki cross
coupling, and the second bromination afforded the desired
3-bromo-5-(2,6-dimethylphenyl)pyrazin-2-amine. Next, it was
transformed into the imidazole intermediate using a three-
steps-in-one approach:* ie., (i) treatment with triethyl ortho-
formate to afford an ethyl N-arylformimidate,** and (ii) direct
condensation with 4-ter¢-butlyaniline in giving asymmetric N,N'-
diarylformamidine,* (iii) followed by copper-catalyzed intra-
molecular C-N bond formation to yield the demanded 1-(4-(¢-
butyl)phenyl)-6-(2,6-dimethylphenyl)-1H-imidazo[4,5-b]pyrazine.*®
Finally, this chelate synthesis was completed by (iv) N-arylation
with diphenyliodonium triflate in the presence of a Cu(OAc),
catalyst,”” affording asymmetric, di-N-aryl substituted imidazo-
[4,5-b]pyraz-3-ium pro-chelate in high yield.

Next, we employed this pro-chelate, iridium reagent
[IrCl5(tht);] and sodium acetate as the catalyst to prepare the
required Ir(m) based carbene complexes.”® Accordingly, heating
of the trios in refluxing o-dichlorobenzene (bp = 180 °C)
afforded a mixture of three fac- isomers, namely: a yellow
f-ctda, a yellow f-ctdb, and a light-yellow f-ctdc in an approx.
ratio of 1:5: 3, respectively. Analogous reactions conducted in
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Scheme 1 Representative drawings of near UV and blue emissive Ir(i) complexes reported in the literature.
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Scheme 3 Schematic molecular drawings of the studied Ir(i) complexes.

refluxing 1,2,4-trichlorobenzene (bp = 213 °C) afforded the
same mixture of fct4a, fctdb and fct4c, but in a slightly
different ratio of 1:10:5. A schematic drawing of these Ir(m)
based carbene complexes is depicted in Scheme 3. In addition,
heating purified samples of f-ct4b and fct4c in the presence of
both p-toluenesulfonic acid and sodium acetate at 213 °C for
48 hours also afforded a similar distribution of isomeric
products, with no obvious decomposition. This result is greatly
different from the control experiments with heating in the
presence of either no sodium acetate catalyst or, alternatively,
sodium acetate but without the added sulfonic acid, both of
which afforded no isomerization after prolonged heating in
refluxing 1,2,4-trichlorobenzene. Hence, the detected isomeriza-
tion could be initiated by protonation of the unique cyclometa-
lating aryl group, forming a mono-dentate carbene entity with
two free aryl pendants, followed by reversible generation of
respective Ir-C bonding at one of the aryl pendants during
heating.* A recent report on homoleptic Ir(u1) complexes bearing
metalated N-heterocyclic carbenes may also provide clues to the
possible intermediates and pathway of isomerization processes.*

Structural characterization

These Ir(ur) complexes were characterized by single crystal X-ray
diffraction studies and their structural drawings are depicted in
Fig. 1-3. Notably, all Ir(m) complexes exhibited a quasi-
octahedral arrangement with trans-arranged Cicarbene)~I-Cary)
bonding angles of 166.48-175.89°. Moreover, all Ir-Cicarbene)
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Fig. 1 Structure of f-ct4a with thermal ellipsoids shown at the 30%
probability level. Selected bond lengths (A): Ir—=C11 = 2.038(4), Ir-C40 =
2.031(4), Ir-C69 = 2.048(4), Ir-C17 = 2.093(4), Ir-C46 = 2.102(4), Ir—
C75 = 2.095(4). Selected bond angles (°): C11-Ir-C46 = 168.38(14), C40—-
Ir-C75 = 166.48(15), C69-1r1-C17 = 169.49(14), C11-1r-C17 = 78.49(15),
C40-1r-C46 = 78.77(15), C69-Ir—C75 = 78.45(14). Hydrogen atoms were
omitted for clarity.

distances (2.018-2.048 A) are notably shorter than Ir-Cpay
distances (2.080-2.110 A), indicating a much stronger Ir-C
bonding interaction for the formers. The variations of Ir-C
distances between carbene and aryl carbon atoms are

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structure of f-ct4b with thermal ellipsoids shown at the 30%
probability level. Selected bond lengths (A): Ir-C11 = 2.026(5), Ir-C40 =
2.022(5), Ir-C69 = 2.018(5), Ir-C17 = 2.097(5), Ir-C46 = 2.094(5), Ir-
C59 = 2.087(5). Selected bond angles (°): C11-Ir-C46 = 167.39(19), C40-
Ir-C59 = 166.8(2), C69-Ir1-C17 = 172.0(2), C11-Ir-C17 = 78.38(19), C40-
Ir-C46 = 78.2(2), C59-Ir-C69 = 78.5(2). Hydrogen atoms were omitted
for clarity.

Fig. 3 Structure of f-ct4c with thermal ellipsoids shown at the 30%
probability level. Selected bond lengths (A): Ir-C11 = 2.024(3), Ir-C40 =
2.021(4), Ir=C69 = 2.023(4), Ir-C1 = 2.084(4), Ir-C30 = 2.080(4), Ir-C75 =
2.110(3). Selected bond angles (°): C11-Ir—-C75 = 175.89(14), C40-Ir-C1 =
170.68(14), C69-1r1-C30 = 166.89(13), C1-Ir-C11 = 78.57(14), C30-Ir-
C40 = 78.63(14), C69-Ir-C75 = 77.89(14). Hydrogen atoms were omitted
for clarity.

consistent with the generalized structural features of facially
coordinated Ir(m) carbene complexes reported in the litera-
ture.">'®** Interestingly, the average Ir-Ccarpene) distance of
fctda (2.039 A) was relatively longer than that of fectab and
Fetde (2.022 A and 2.023 A), while there is a small decrease in
the average Ir-C,yy1) distance of fetde (2.091 A) vs. that of fetdb
and fct4a (2.093 A and 2.097 A), respectively. Although this
variation fell within the estimated standard deviations, the
change in Ir-C bond distances may reflect the differences in

This journal is © The Royal Society of Chemistry 2023
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thermal stability and product distribution observed for this
series of Ir(m) metal complexes.

Photophysical characterization

As depicted in Fig. 4, the UV-Vis absorption and photolumines-
cent spectra of studied Ir(m) carbene complexes were recorded in
toluene and degassed toluene solution, respectively. A strong
absorption band with a peak wavelength at ~400 nm was
observed for all of them. These peaks also exhibited an absorp-
tion extinction coefficient of over 2.6 x 10* M~ " em ™" and with
the peak onset extended beyond 440 nm, showing that the
pattern is consistent with the facial coordinative arrangement.**
Next, the photoluminescence was recorded at RT, showing that
their structureless profile is consistent with the dominant MLCT
contribution. Notably, their emission peak position follows the
descending order of 482 nm (fct4a) > 478 nm (fctdb) > 473 nm
(fct4c), which agrees with the reduced number of p-t-butylphenyl
cyclometalate units attached to the Ir(in) metal centre. Hence, this
observation is due to the reduction of electron density at the Ir(u)
metal center that, in turn, provided an enlarged optical energy
gap for fct4c in reference to both fect4a and fctdb. Most
importantly, all these Ir(m) complexes exhibited good PLQYs
and relatively short radiative lifetimes between 1508 ns and
2813 ns under the measurement conditions. These photophysical
properties, together with a total of three ¢-butyl substituents and
three 2,6-dimethylphenyl groups residing around three carbene
chelates, offered additional advantages such as higher rigidity
and reduced intermolecular stacking interaction needed for
achieving superior OLED performances.>'*

Electrochemistry

The electrochemical data and corresponding HOMO energy
levels of f-ct4a, f-ct4b and fctdc were investigated using cyclic
voltammetry (CV). As depicted in Table S1 and Fig. S1 (ESIt), all
complexes presented reversible oxidation and irreversible
reduction waves. The oxidation potentials mainly occurred at
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Fig. 4 UV-Vis absorption and photoluminescence spectra of all studied
tris-bidentate Ir() complexes in toluene at RT.
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the Ir(m) metal atom and underwent a progressive anodic shift
from 0.57 V, to 0.60 V and then to 0.67 V vs. Fc'/Fc for f-ctda, f-ctdb
and fctdce, respectively. This result agrees with the reduction of
the total number of p-t-butylphenyl cyclometalate(s) connected to
the central Ir(m) metal atom. Therefore, f-ctdc is the Ir(m) complex
with the most positive oxidation potential according to our
delineation. Meanwhile, the optical energy gaps (2.80-2.94 eV)
of these Ir(ur) complexes were calculated using the emission onset
obtained from solution photoluminescence, while their LUMO
energy levels were subsequently calculated from the difference of
HOMO and optical energy gap recorded.

Thermal stability

Thermal gravimetric data were recorded and are given in Table
S1 and Fig. S2 (ESIt), from which it can be observed that all
complexes display excellent thermal stability, among which
f-ctdc appeared to possess the highest decomposition tempera-
ture (Tq4) at 451 °C. Although f-ct4b exhibits a high T4 of 399 °C,
it cannot be purified by vacuum sublimation, as some degree of
thermal decomposition occurred starting at ~370 °C and 8.6 x
10~° Torr. On the other hand, f-ct4a and fct4c presented much
improved volatility during sublimation in comparison to that of
JS-ctdb. This result affirmed the positional effect of the periph-
eral groups of chelates on the stability and volatility. However,
decomposition of f-ct4b disappeared during the fabrication of
OLED devices. This could be due to the lowered system pres-
sure in the deposition chamber, which eliminated the necessity
in raising the temperature for achieving fast sublimation.

Theoretical investigation

The lowest energy singlet (S;) and triplet (T;) excited states of
fctda, fctdb and fctde were investigated using the time-
dependent density functional theory (TD-DFT) method,** with
the aim of understanding the effect of chelate modification on
their photophysical properties and making appropriate assign-
ments. Computational details can be found in the Experi-
mental section of the ESL.{

The vertical excitation energies of the S, — S; transition
were calculated to be 423, 428 and 428 nm for f-ct4a, f-ct4b and
Jfetde, respectively (Table 2), which are correlated with their
experimental lowest-energy absorption tails around 400 nm
(Fig. 4). The respective excitation energies for the S, —» T,
transition, which is usually used to represent the T; — S,
emission at the equilibrium structure of S,, were 459, 457 and
459 nm for fctda, fctdb and fctde, respectively (Table 2),
corresponding well to the experimental phosphorescence
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(P“/max at 482, 478 and 473 nm; see Fig. 4 and Table 1). The
MAD (mean absolute deviation) between the calculated vertical
energies of the S, — T; transition and the experimental
emission wavelengths is about 0.11 eV (2.5 kcal mol'). More-
over, the calculated adiabatic emission energy (468, 464 and
469 nm, Table 3) is far better than the vertical values, and the
MAD is as small as 0.06 eV (or 1.4 kcal mol™).

Furthermore, natural transition orbital (NTOs)** analyses
were executed to express the S, — T transition as a single pair
of orbitals. The predominant NTO pairs found for the S, — T,
transition are presented in Fig. 5. As can be seen, the occupied
NTOs are delocalized over both the Ir(m) atom and carbene
cyclometalates (in © orbitals); while the virtual NTOs are mainly
localized over the carbene coordinative fragments (in n* orbi-
tals). Although the NTO analysis is based on the dominant
molecular orbital pairs, the contribution of the NTO pairs may
not reveal the full properties of S, — T, excitation. For example,
the calculated eigenvalues for S, — T; NTOs of fct4a is 0.747
(Fig. 5), implying that 74.7% of S, — T; excitation is contrib-
uted by the “HOMO — LUMO” transition. There is no obvious
difference in the results obtained from NTO analysis from
those (70.8%) obtained in the original TD-DFT calculation
(Table 2).

The inter-fragment charge transfer (IFCT) method, which is
available from the Multiwfn software package,® was also
employed to quantify the contributions of relevant molecular
orbitals (MOs) to the selected electronic transition. This manip-
ulation is aimed to provide a better picture of the So — Ty
excitation process, and the percentage of MLCT, ILCT, ligand-
centered (LC), ligand-to-metal charge transfer (LMCT) and
metal-centered (MC) contributions is depicted in Table 2. The
variation of k; vs. ligand rearrangement may be understood as:
reducing the number of p-t-butylphenyl cyclometalate units
attached to the metal centre (Ir) would slightly increase the
MLCT characters from 25.8% (f-ct4a) to 27.2% (f-ct4b) and to
27.2% (f-ctdc), but greatly reduce the ILCT characters from
47.2% to 32.7% and to 22.7%, respectively. The higher percen-
tage (47.2%) and effective ILCT contribution may be correlated
with the 3-fold symmetry of the p-t-butylphenyl cyclometalate
ligands in f-ct4a. With the increment in the LC characters
(23.4% to 35.9% and to 45.4%, from fctda to fctdb and
fectac), the IFCT method clearly suggests that the S, — T
excitation of all Ir(m) complexes involved mixed MLCT, ILCT
and LC transitions. The combined contribution (Table 2) of
“MLCT + ILCT + LC-LMCT” of 95.4%, 94.6% and 93.9% for
f-ctda, fctdb and fctde correlates well with the measured k;

Table 1 Photophysical data of the studied Ir(i) complexes at RT
abs Amay” (nm) em Jmay (Nm)  FWHM? (nm)  PLQY (%)°  Tobs™ (0S)  Traa™ (08) ke (10° 8717 kye (10° s71)°
fetaa 312 (3.8), 360 (3.6), 399 (3.2) 482 65 50 754 1508 6.6 6.6
Fetab 354 (3.1), 400 (2.6) 478 65 66 1270 1924 5.2 2.7
fetde 320 (3.1), 346 (3.3), 401 (2.6) 473 63 68 1913 2813 3.5 1.7

“ Those were recorded at a conc. of 10> M in toluene at RT; extinction coefficient (&) is given in parentheses with a unit of 10* M~* cm ™. ? Full
width at half maximum. ¢ Coumarin 102 (C102) in methanol (PLQY = 87% and Amax = 480 nm) was employed as the standard. ¢ Observed lifetimes
were obtained from transient PL measurement. ® t;aq = Tobs/PLQY, &k = PLQY/7obs and kny = (1 — PLQY)/Tobs.
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Fig. 5 Natural transition orbital (NTO) pairs expressing the So — T; excitation of the studied Ir() complexes at their geometrical optimized for the
ground state, with the contribution of dominant molecular orbitals (MOs) to NTOs provided.

Table 2 Calculated Erjomo, HOMO-LUMO (H-L) gap, vertical excitation energy (1) and oscillator strength (f) of the lowest singlet (S;) and triplet (Ty)
excited states, main transition contributions of Sg — S;/T; processes, and assignment of So — T, excitation processes at their geometry optimized ground

state (Sp)
Assignment®
Exomo” H-L gap” P MO contribution MLCT ILCT LC LMCT MC Sum
(eV) (eV) Excitation [nm eV f? (>20%)° (%) (%) (%) (%) (%) contribution? (%)
Sfetda —5.41 3.48 So - Ty 459/2.70 0 HOMO — LUMO (70.8%) 25.8 47.2 234 1.0 2.9 95.4
So = S1 423/2.93 0.0782 HOMO — LUMO (89.4%)
Sfectab —5.45 3.48 So = Ty 457/2.71 0 HOMO — LUMO (72.4%) 27.2 32.7 359 1.2 2.9 94.6
So » S;  428/2.90  0.0449 HOMO — LUMO (89.4%)
fectde —5.43 3.50 So = T4 459/2.70 0 HOMO — LUMO (76.2%) 27.2 22.7 454 14 3.4 93.9
So =S4 428/2.90 0.0780 HOMO — LUMO (81.1%)

“ The Enomo and H-L gap are computed at optimized S, structures at the B3LYP-D3(B])/def2-SVP level with the polarizable continuum model
(PCM) for modelling the toluene solvent. ” The results were calculated by TD-DFT using the B3LYP functional with PCM for toluene (cf,, the ESI).
¢ The percentage of all characters of S, — T, excitation was calculated using the IFCT (Hirshfeld) method. ¢ The sum contribution is: MLCT + ILCT +

LC — LMCT.

values (in ps™*, Table 1) of 0.66 (fct4a), 0.52 (f-ct4b) and 0.35
(f-ct4c) obtained from solution.

Following the IFCT prediction, we performed theoretical
calculations of the emission radiative lifetime (t.,4) and rate
(k;). If the phosphorescence is considered as a long-lived
process, the triplet manifold of the studied complexes is
expected to have sufficient time to relax into a lower-energy
geometry. Thus, the emission energy calculated at the opti-
mized structure (T;) should provide physical insight into the
emission properties of Ir(m) complexes. However, it has been
pointed out that, although some literature precedents using the

This journal is © The Royal Society of Chemistry 2023

optimized structure (T;) can give good prediction to the experi-
mental 7,,4, other works of 7,,4 using the ground state geometry
(So) also give a better correlation to the experimental data.>> As
the “actual” emitting structure is an intermediate between the
ground state (S,) and excited state (T,),*® we here apply the
spin-orbit coupling (SOC)-TDDFT method to predict 1,,4 and &;
using both the optimized S, and T, geometries.

Table 3 depicts the calculated emission energies, together
with 7,,4 and &, using both the optimized S, and T; geometries.
For all these complexes, calculations based on both the arith-
metic average and Boltzmann average of the SOC substates gave
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Table 3 Calculated adiabatic and vertical emission energy of the Ty — Sg transition, emission radiative lifetime (t,,4), and radiative rate (k,) in f-ct4a, f-

ct4b, and f-ct4c

Emission (T; — So) 2% [nm ev ] /P [nm ev] Traa® (1S) kS (us™h)

fetda 468/2.65 466/2.66 (540/2.29) 0.99/1.01 (2.66/2.96) 1.02/0.99 (0.38/0.34)
Fetab 464/2.67 464/2.67 (562/2.21) 0.81/0.92 (1.84/2.10) 1.23/1.09 (0.54/0.48)
Fetae 469/2.64 465/2.66 (556/2.23) 2.79/3.24 (3.25/3.57) 0.36/0.31 (0.31/0.28)

“ The adiabatic emission energy obtained from the difference between the optimized structures of T; and S, states using the B3LYP functional with
the polarizable continuum model (PCM) in toluene for modelling (cf,, the ESI).  The vertical emission energy between T, and S, states using the
SOC-TDDFT method in ORCA at optimized structures of S, (in normal font) and T, (in italic and bold font in parentheses). ¢ The t.,q and k, are
calculated by the arithmetic average/Boltzmann average (at 298 K) of the three SOC substates of Ty, at optimized structures of S, (in normal font)

and T, (in italic and bold font in parentheses).

similar results. Thus, only the arithmetic averages are dis-
cussed here. For the T; — S, emission of fctd4a, the 7,4 is
predicted to be 0.99 ps (at the S, geometry) and 2.66 ps (at the
T; geometry). The deviations from experimental 7,4 (1.508 ps,
Table 1) to the 1,,4 obtained at the S, and T; geometries are
recorded to be +0.51 and —1.15 ps, respectively. It appears that
the true emitting intermediate of f~ct4a is closer to the S,. For
the fctab, the experimental T4 (1.924 ps) is closer to the
calculated value of 1.84 ps (at the T; geometry) than the value
of 0.81 ps (at the S, geometry), hinting that the true emitting
intermediate of f~ct4b lies in the vicinity to the T, geometry. For
the f-ct4c, as there is no obvious difference between the
calculated values of 2.79 us (at the S, geometry) and 3.25 ps
(at the T, geometry) and the experimental t,,q4 data (2.813 ps),
thus the emitting intermediate of f-ct4c is predicted to resem-
ble both the S, and T; geometries. It is worth noting here, the
uncertainty (~ 1.7 ps) of 1,,4 for other Ir(ur) complexes predicted
with the SOC-TDDFT method is relatively large.>” From the
above analysis, it is suggested that the phosphorescence pro-
cess of fct4a with a relatively short 7,4 happened near the S,
structure, while fct4b and f-ct4c with much longer lifetimes
may emit near the T; structure.

Electroluminescence

According to their photophysical data, Ir(m) metal phosphors f
ct4a, f-ct4b and f-ct4c show very promising emission properties
and, hence, they are selected for the fabrication of OLED
devices. These PhOLED devices were constructed using the
following configuration: indium tin oxide (ITO)/4 wt% ReOz:mCP
(60 nm)/mCP (15 nm)/PPT:20 wt% f-ct4a, f-ctdb, or f-ctdc (20 nm)/
PPT/BPhen (40 nm)/Liq (0.5 nm)/Al (100 nm). In this configu-
ration, ITO served as the anode, while Al acted as the cathode. To
facilitate the hole and electron injection layer, 4 wt% rhenium
oxide (ReOj3) doped in N,N-dicarbazolyl-3,5-benzene (mCP) and 8-
hydroxyquinolinolatolithium (Liq) were employed as the hole-
injecting and electron-injecting materials, respectively. Addition-
ally, mCP and 4,7-diphenyl-1,10-phenanthroline (BPhen) were
employed as the hole- and electron-transporting layers, respec-
tively. The 2,8-bis(diphenylphosphoryl)dibenzo[b,d]thiophene
(PPT) exhibited a higher triplet energy (Er = 2.9 eV) in reference
to that of Ir(m) phosphors or relevant blue emissive TADF
emitters. Hence, PPT was employed as both the host and hole-
blocking layer,*® which is expected to facilitate the effective

12276 | J. Mater. Chem. C, 2023, 11, 12270-12279

confinement of triplet excitons within the emissive layer (EML)
(Fig. S3, ESIt).

The performance characteristics of these OLED devices are
presented in Fig. 6 and Table 4. Notably, the f-ct4b-based device
exhibited the most favorable performance among all examined
OLED devices, achieving a luminance (L) of 25982 cd m > at 18 V
(182 mA cm ?), with a peak emission at 498 nm and CIE
coordinates of (0.19, 0.47). Additionally, this device demonstrated
a maximum external quantum efficiency (EQE.), current
efficiency (CEn.), and power efficiency (PEn.) of 17.4%,
45.0 ¢d A™', and 21.9 Im W', respectively. In comparison,
devices containing 20 wt% of fct4a and fctdc in PPT displayed
lower maximum efficiencies (EQEnmax of 14.7% and 14.1%,
respectively). The host-dopant energy transfer was further inves-
tigated through steady-state and transient photoluminescence
(PL) measurements of PPT films doped with 20 wt% of f-ct4a,
fetab, and fctdce (Fig. S4, ESIT). Moreover, the device perfor-
mances seem to follow the trend of both the emission lifetimes
(r) and PLQY (®py) of emitters dispersed in the host material, i.e.
the higher the device performances, the higher the PLQY and the
shorter the observed lifetime t. The PLQY values of 76%, 81%
and 71% as well as the exponential lifetimes t of 2.20 ps, 2.02 ps
and 2.97 ps were recorded for the associated doped thin films,
respectively, which is consistent with the overall performances of
PhOLED devices.

Furthermore, Forster Resonance Energy Transfer (FRET) was
known to be one practical method in enhancing the perfor-
mances of phosphorescent OLED devices.*® Encouraged by the
recent successes in the fabrication of highly efficient hyper-OLED
devices,*® we employed these newly developed Ir(m) based car-
bene emitters as phosphorescent sensitizers to further explore
their potential for such application. As expected, adequate device
efficiencies were expected if there existed fast FRET from sensi-
tizers to the terminal emitters. Particularly, MR-TADF terminal
emitters are the preferred choice for giving narrowband blue
emission.”" With this in mind, we examined hyper-OLEDs by
incorporating f-ctda, f-ctdb, and fctdc as sensitizers along with
1-2 wt% of DtBuCzB** as a blue terminal emitter (Fig. 6 and
Table 4). When 1 wt% of DtBuCzB was doped into the device with
fctab as the sensitizer, its performance improved significantly,
resulting in the best EQE .y Of 21.5%, CEpq Of 45.1 cd A" and
PEpa Of 23.7 Im W™, accompanied by a narrowband electro-
luminescence (EL) profile (CIE = 0.11, 0.44), which is identical to
the typical emission profile exhibited by DtBuCzB. However,

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Performances of OLED devices fabricated using f-ct4a, f-ct4b and f-ct4c as both the dopant and sensitizer. (a), (d) and (g) J-V-L characteristics.
(b), (e) and (h) EQE and PE as a function of luminance. (c), (f) and (i) EL spectra of the respective devices.

Table 4 Phosphorescent and hyper-OLEDs using f-ct4a, f-ct4b and f-ct4c as the dopant and sensitizer plus DtBuCzB as the terminal emitter

LjJ at 18 VP EQE/CE/PE at max. EQE/CE/PE at 10° cd m 2
DtBuCzB [wt%] Von [V] [cd m™?/mA cm 2] [%/cd A"Y/Im W '] [%/cd A~Y/lm W '/V] Jmax ¢ [nm] FWHM [nm] CIE [x,y]
fectda 0 5.9 20340/202 14.7/35.6/15.4 9.0/21.6/5.5/12.3 490 66 0.18,0.44
1 5.6 22 028/256 15.3/30.5/14/3 8.5/16.9/4.4/12.2 489 32 0.12,0.41
2 5.6 20605/219 15.0/29.9/13.2 9.2/18.4/4.7/12.2 489 31 0.11,0.42
Sfctab 0 5.0 25982/182 17.4/45.0/21.9 13.1/33.9/9.43/11.3 498 71 0.19,0.47
1 5.0 30674/216 21.5/45.1/23.7 14.7/30.8/8.73/11.1 490 31 0.11,0.44
2 5.0 30153/217 20.8/43.4/22.4 14.2/29.8/8.51/11.0 490 31 0.11,0.44
Sfectac 0 5.7 15728/182 14.1/34.0/14.6 8.7/21.0/5.2/12.7 489 69 0.17,0.43
1 5.3 28793/326 17.5/33.7/15.8 11.3/21.8/5.8/11.9 489 30 0.11,0.40
2 5.3 22486/220 17.0/34.6/16.0 10.6/21.7/5.6/12.2 490 30 0.11,0.44

 Turn-on voltage at 0.1 cd m~2. ? Luminance with the driving current density recorded at 18 V. © Ay EL emission peak maximum.

when the doping concentration was increased to 2 wt%, the
EQE .« Was found to slightly decrease to 20.8%, which could be
attributed to the unwanted Dexter energy transfer and concen-
tration quenching. In contrast, the other hyper-OLED devices
utilizing fct4a and fctde as sensitizers, in combination with
1 wt% DtBuCzB, exhibited lower EQE,,« of 15.3% and 17.5%,
respectively.

Hence, our current findings underscore the crucial role of
Ir(m) carbene phosphors in controlling the performance of both
phosphorescent OLED and hyper-OLED devices. This is parti-
cularly important as all studied Ir(u) emitters possess identical
core structures, except for the relative disposition of peripheral
substituents on surrounding chelates. The optimization of device
configurations and the selection of appropriate sensitizer-dopant
combinations are pivotal in achieving high-efficiency OLEDs with
desirable emission properties. These insights contribute to the

This journal is © The Royal Society of Chemistry 2023

ongoing efforts in advancing OLED technology and pave the way
for the development of future display and lighting applications.

Conclusion

In this study, a family of three Ir(m) based tris-bidentate
carbene cyclometalates were systemically investigated, in which
sky-blue emissions with good PLQYs of 50-68% were recorded in
degassed toluene. Upon immobilization in the PPT host, both the
rotational and vibrational quenching of f-ctla-c were suppressed,
whose PLQYs were effectively ameliorated to 71-87%, affirming
the structural design by incorporation of a 2,6-dimethylphenyl
substituted 1H-imidazo[4,5-b]pyrazin-2-ylidene entity. Interest-
ingly, in comparison to the general properties of Ir(u) complexes
bearing parent 6-(¢-butyl)-1H-imidazo[4,5-b]pyrazin-2-ylidene>
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and 6-(trifluoromethyl)-2H-imidazo[4,5-b]pyridin-2-ylidene entities,**
we noted (i) a reduction in volatility, (ii) an improvement in thermal
stability, (iii) a red shifting in emission peak wavelength in reference
to the parent emitters fctla-d, and (iv) an increase in the radiative
lifetime for fetla-c as measured in both solution and doped thin
film states. These changes are all associated with the inherent
properties of the dimethylphenyl substituent; namely, possession
of a higher molecular weight, greater steric encumbrance, higher
proportion of ligand-centered mn* transition characteristics at the
excited states, and an intermediate electronic effect in comparison
to that of #butyl and CF; substituents, respectively.

Additionally, among three OLED devices bearing distinctive
phosphors, fctdb based Ph OLED devices exhibited CIE,,
coordinates of 0.19,0.47, an EQE,.x of 17.4% and a high
luminance of 25982 cd m™> at 18 V. It served as the champion
of these emitters. Moreover, the corresponding hyper-OLED
device with fct4b as the sensitizer and DtBuCzB as the terminal
emitter exhibited narrowband blue emission with CIE,, coordi-
nates of 0.11,0.44, an EQE,,,x up to 21.5%, and an impressive
luminance of 30674 cd m ™2 at 18 V. These results showed the
high capability of bulky peripheral substituents around carbene
cyclometalates (both #-butyl and 2,6-dimethylphenyl) in the
improvement of the final characteristics of OLED devices, which
sheds light on the future designs of efficient blue phosphors
and respective OLED devices.
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