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Blue phosphorescent material with both high efficiency and long durability is a
long-standing challenge in the field of organic light-emitting devices (OLEDs). This
work describes an anomalously blue phosphorescent OLED featuring the phenyl-
pyrimidine cyclometalated iridium emitter, which has nearly unitary emission
quantum yield, strong horizontal emitting dipole orientation, and short excited-
state lifetime to ensure high electroluminescence efficiency and a long device
operation lifetime of Tso > 2,200 hr.
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SUMMARY

Simply replacing pyridine in cyclometalating ligands in Firpic with pyrimidine af-
fords the complex MS 2, which has a slight red-shifted emission but shorter
excited-state lifetime and the capability to form a highly efficient blue phospho-
rescent organic light-emitting device (OLED) with long operation lifetime (Tso >
2,200 hr). Further replacement of the picolinate-based ancillary ligand of MS 2
with strong-field CF3-containing pyridine-azole ancillary ligands leads to bluer
emitters (MS 17 and MS 19) with nearly unitary photoluminescence quantum
yield and preferential horizontal emitting dipole orientations (with horizontal
dipole ratios of 75%-77%) beneficial for OLED optical out-coupling. OLEDs us-
ing MS 17 and MS 19 as emitters gave bluer emission and very high external
quantum efficiency exceeding 31% yet with comparably short device lifetimes
as Flrpic-based devices. Theoretical analysis indicates that the distinct stability
of the MS 2-based device might be attributed to its relatively large energy dif-
ference between 3MC (metal center d-d transition) and 3MLCT states.

INTRODUCTION

Organic light-emitting diodes (OLEDs) have emerged as an important next-genera-
tion display and lighting technology.’™ One of the key factors for achieving highly
efficient OLEDs is to effectively harvest electrically generated excitons. Because of
the strong spin-orbit coupling effect, metal-centered phosphorescent emitters allow
both singlet and triplet excitons to be utilized for electroluminescence (EL),>°
providing the capability for 100% internal quantum efficiency.””'® Among various
metal-containing phosphors, cyclometalated iridium(lll) complexes are considered
to be one of the most promising triplet emitters because of their versatile color
tunability as well as high photoluminescence quantum yield (PLQY).""""” Efficient
and stable red and green Ir-based phosphorescent materials have been successfully
introduced into commercial OLED displays. Yet, practical applications of blue-emit-
ting Ir(Ill) complexes still lag behind, mostly because of stability issues. Up to this
stage, the development of Ir-based blue phosphorescent materials with superior ef-

ficiency and stability remains a challenge."’

En route to true-blue Ir-based phosphorescent materials, increased emitting-state
energy is inevitable, which could eventually arise in the proximity of the metal-
centered d-d state and result in either quenching of emission or ligand dissocia-
tion."®"” These processes can be avoided by utilizing chelates with larger ligand
field strengths, i.e., ligands capable of forming stronger metal-ligand coordination
to destabilize the metal-centered d-d excited states.' In the development of
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The Bigger Picture

Blue problem! Vivid displays and
pseudo-natural lighting adopting
OLED technology have started to
benefit our daily life. Earlier
OLEDs using fluorescent emitters
yielded only 25% emissive singlet
but 75% non-emissive and wasted
triplet excitons. With the invention
of phosphorescent iridium
complexes, both singlet and
triplet excitons can be effectively
harvested for emission with the
aid of spin-orbit coupling,
yielding much more efficient
electroluminescence and
triggering commercialization of
OLED technology. Currently, red
and green devices in active-matrix
OLED displays have Ir-based
phosphorescent emitters. For
further improvement of OLED
display efficiency, stable Ir-based
blue materials are essential. This
"blue problem” is a long
unresolved challenge. This work
presents a good example of a
high-efficiency and long-lasting Ir-
based blue emitter, which could
open a new window for possible
solutions to the long-standing
"blue problem” in OLEDs.
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Scheme 1. Structures for the Complexes Flrpic, MS 2, MS 17, and MS 19

blue-emitting Ir(lll) complexes,m'28 immense credit must be given to Adachi et al.;'®

the pyridine-containing sky blue emitter Firpic, bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium(lII) developed by them remains an ubiquitous and bench-
marking prototype. However, as a benchmark blue phosphor for high-performance
phosphorescent OLEDs (PhOLEDs), Firpic has certain shortcomings that are com-
mon to many reported blue phosphorescent emitters. These include unsatisfactory
CIE color coordinates for full-color displays, significant efficiency roll-off at higher
brightness, and short device operating lifetimes,””~** the improvement of which re-
mains essential and critical for OLED applications. In this work, we explore the
potential of replacing difluorophenyl-pyridine (dfppy), which is commonly used as
the cyclometalating ligand for blue-emitting Ir complexes (e.g., Flrpic), with the di-
azine-containing ligand, difluorophenyl-pyrimidine (dfppm), affording compound
MS 2 (Scheme 1). Phosphorescent Ir complexes with dfppm as the cyclometalating
ligand, including MS 2, had been reported previously.?”*" Unfortunately, with
rather preliminary characterizations and inferior EL efficiencies in previous reports,
the potential of such Ir complexes was substantially underestimated, and they failed
to arouse sufficient attention and interest. Our studies elaborated here revitalize this
class of Ir complexes as excellent phosphorescent emitters in OLEDs. Yet, according
to our own studies and previous reports,””~*' diazine-containing cyclometalating li-
gands tend to cause red-shifted emission in comparison with their pyridine-based
counterparts. To offset this effect and to obtain bluer emission, strong-field ancillary
CF3-containing pyridine-azole ligands, such as 2-(3-(trifluoromethyl)-1H-pyrazol-
5—y|)pyridine32 and 2-(3,5-bis(trifluoromethyl)-1 H—pyrrol—Z—yl)pyridine,33 are further
adopted to afford the compounds MS 17 and MS 19 (Scheme 1), respectively, giving
more blue-shifted emission than with Flrpic. Comprehensive and comparative (cf.
Flrpic) studies were conducted for these Ir complexes in terms of structural, physical,
photophysical, and EL properties. All titled Ir complexes are efficient blue emitters
with nearly unitary PLQYs and preferential horizontal emitting dipole orientations
(with horizontal dipole ratios of 75%-77%). Among these complexes, blue OLED
based on MS 2 displays an outstandingly long operation lifetime (Tsq > 2,200 hr),
and the bluest emission and high external quantum efficiency (EQE) exceeding
31% can be attained from the OLED based on MS 17.

RESULTS AND DISCUSSION

Although MS 2 is a reported complex, previous characterization and understanding
of its properties, including physical and electroluminescent properties, were surpris-
ingly preliminary. The physical properties of MS 2 are thus carefully re-examined
here. From the absorption edge (Figure 1A) at 470 nm for MS 2, the corresponding
optical energy gap (Eg) was estimated to be 2.64 eV, which is slightly smaller than
that (2.67 eV) of Firpic. MS 2 exhibits a slightly red-shifted (~5 nm) emission peak
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Figure 1. Photophysical Characteristics of Firpic, MS 2, MS 17, and MS 19
(A) Absorption and PL spectra of the four Ir complexes in toluene at room temperature (107> M).
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(B) Photo showing PL of Flrpic, MS 2, MS 17, and MS 19 (from left to right) in solution (in toluene under irradiation by a UV lamp at 365 nm).

(C) Transient PL decay curves of the four Ir complexes in toluene solution.
Also see Figure S1.

wavelength (versus Flrpic). The transient photoluminescence (PL) of MS 2 shows a
shorter phosphorescence lifetime (0.82 pus) than that (1.06 ps) of Firpic, in agreement
with the higher PLQY (0.88) of MS 2 than that (0.85) of FIrpic observed in toluene so-
lution. For practical utilization, the PL of MS 2 doped (by 8 wt %) in a large triplet-en-
ergy host 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole-3-carbonitrile (mCPCN)**
was also characterized (see Supplemental Information for the PL spectra in the
mCPCN host). The emission spectrum is similar to that in solution, yet with a slightly
higher (and nearly unitary) PLQY of 0.95 than that (0.93) of Firpic (Table 1).

With physical properties and emission quantum yield promising for use as the emit-
ting dopant in OLEDs, MS 2 was subjected to EL study with the following device ar-
chitecture (type I): indium tin oxide (ITO)/MoQO3 (1 nm)/1,1-bis[(di-4-tolylamino)
phenyllcyclohexane (TAPC; 40 nm)/N,N-dicarbazolyl-3,5-benzene (mCP; 10 nm)/
mCPCN doped with 8 wt % of Ir complex (20 nm)/tris-[3-(3-pyridyl)mesityl]borane )
3TPYMB; 50 nm)/LiF (1 nm)/Al (150 nm). Here, ITO and Al were used as the anode
and cathode, respectively. TAPC and mCP were used as the hole-transport layers.**
3TPYMB was used as the electron-transport layer.* The bipolar mCPCN host doped
with the efficient blue-emitting iridium dopants was used as the blue-emitting layer.
MoO3 and LiF were used as the hole and electron-injection layers.***’ The high
triplet energies of TAPC and 3TPYMB allow effective confinement of the generated
triplet excitons within the emitting layer.*® More details of device fabrication and
characterization can be found in the Supplemental Experimental Procedures and
Figure S2. Figure 2 depicts the EL characteristics of type | FIrpic and MS 2 devices,
and Table 2 summarizes the data. As in PL, relative to Flrpic, the MS 2 device shows a
slightly red-shifted 1931 CIE coordinate, whereas the benchmark Flrpic shows
(0.160, 0.355) (Figure 2A). With the same device architecture, the devices based
on both Flrpic and MS 2 show very high maximum EL efficiency of up to (30.6%,
73.4 cd-A7", 67.8 Im-W™") and (30.1%, 79.4 cd-A™", 69.3 Im-W™"), respectively,
with relatively low turn-on voltage of ~2.5-2.8 V and low operation voltage (e.g.,
~3.5V fora brightness of 100 cd+-m~2). Although MS 2 and Flirpic could give similarly
high peak EQEs, they exhibit quite different efficiency roll-off behaviors. The MS 2
device retains a high EQE of >25% at the very high brightness of 8,000 cd m~2.
Meanwhile, the efficiency roll-off is more significant for the Flrpic device, for which
the EQE drops to 17.2% at brightness of 8,000 cd-m~2. This result motivated us
to further examine the device stability. The MoOj3 hole-injection layer of the type |
device was replaced with 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile
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Table 1. Physical and Photophysical Properties of the Iridium Complexes

Complex  Azps (M) ES (V) Al (nm)  ¢p” (%) T (ns)  dfim (%) @ (%) Ty (CC)  Ee (V)  Eeq’(V) HOMO/
(e [L mol~" em™"))* LUMOS (eV)
Flrpic 455, 380 (4,500) 2.67 470 85 1.1 93 76 377 0.90 —-2.6 —5.50/-2.83
320 (14,300) 496 —-2.2
255 (42,100) 498 -
MS 2 456,386 (4,200) 2.64 475 88 0.8 95 77 339 1.10 —2.4 —5.70/-3.06
323 (12,500) 499 —2.1
265 (43,100) 505 -
MS 17 451,380 (4,500) 2.70 462 88 0.6 98 76 321 1.12 2.4 —5.75/-3.05
325 (17,600) 488 —-2.1
270 (46,900) 475 _
MS 19 452,375 (4,700) 2.69 463 86 3.3 97 75 264 1.13 —2.4 —5.76/—3.08
333 (14,900) 499 -2.1
280 (44,300) 470 -

®UV-visible absorption peak and shoulder wavelengths A5, molar extinction coefficient e, the optical energy gap Eg determined from the absorption onset, PL
peak and shoulder wavelengths Api, PL quantum yield ¢p., and excited-state lifetime T measured in dilute (degassed) toluene solution (107> M) at room
temperature.

BPL quantum yield g and horizontal dipole ratio ©®) measured in the mCPCN-doped film at room temperature.

°5% weight-loss temperatures T4 in TGA.

9The oxidation potential E,, and reduction potentials E,.q measured in acetonitrile.

°*HOMO levels calculated from oxidation potentials and LUMO levels obtained by HOMO-Eg.

(HATCN)® to give a type Il device for the investigation of device lifetime. The EL char-
acteristics of the type Il device incorporating Flrpic and MS 2 emitters are shown in
Figure 3, and their EL performance parameters are summarized in Table 2. Although
type Il devices show slightly lower EL efficiencies than type | devices, they gave bet-
ter operation durability. Figure 4 shows the relative decay of EL brightness as a func-
tion of the device operating time under a constant current driving (with a similar
driving current density of 1.2-1.5 mA cm ™) for type Il devices. With a similar initial
brightness of 330-350 cd+m 2, the device half-lifetimes (Tso, the time for the device
brightness to decrease to 50% of its initial brightness) are 2.9 and 2,203 hr for type II
Flrpic and MS 2 devices, respectively. Clearly, the MS 2-based device exhibits surpris-
ingly long device operation lifetimes and durability, nearly three orders of magnitude
longer than the typical benchmarking blue emitter Flrpic. The operation lifetime of
>2,200 hr (at a brightness of 330-350 cd m~?) is believed to be one of the best results
for blue phosphorescent OLEDs (see Table 3 for comparison).>”*'~** Such an opera-
tion lifetime is generally one to two orders of magnitude longer than most of the life-
times previously reported for blue phosphorescent OLEDs, as seen in Table 3. More-
over, the EQE of the long-lifetime device described here is also significantly higher
than blue-emitting devices with reported lifetimes (Table 3).3741-45 T4 date, the only
comparable device lifetime results are perhaps those reported by Zhang et al.** How-
ever, their device stability data were obtained from rather complicated graded doping
and tandem device structures with lower EQEs. In comparison, our current work dem-
onstrates a simple single-emitting unit, uniform doping device structure with both long
lifespan and higher EL efficiencies. The results here thus suggest an intrinsic stability of
the MS 2 complex and potentially even longer device lifetimes when adopting more
robust and advanced device structures.

Despite its promising device efficiency and lifetime, the slightly red-shifted emission

and thus poorer color purity of MS 2 could overshadow its practical application for
display technology. Previous studies had manifested the fact that the N,N chelates
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Figure 2. EL Characteristics of Type | Devices

EL spectra (A), current density-voltage-brightness (I-V-L) characteristics (B), and external quantum efficiency and power efficiency characteristics (C).
Inset of (A) shows 1931 CIE (x, y) coordinates of various devices. 1931 CIE coordinates for Flrpic, MS 2, MS 17, and MS 19 devices are (0.160, 0.355),
(0.154, 0.377), (0.145, 0.316), and (0.150, 0.301), respectively. Also see Figure S2.

such as 2-pyridyl-C-linked azolates are beneficial for attaining true-blue phosphors
as a result of the increased ligand-centered m-m* energy gaps.”’ Other groups
have also demonstrated different design strategies and color tunability for blue
phosphorescent Ir complexes, rendering decent device efficiencies.*>? For
instance, several studies have indicated that the emission properties of blue-emit-
ting Ir complexes are harnessed not only by the cyclometalating ligands but also
by the ancillary ligands.>*? With the aim of obtaining bluer emission, we thus adop-
ted strong-field ancillary CF3-containing pyridine-azole ligands, such as 2-(3-(tri-
fluoromethyl)-1H-pyrazol-5-yl)pyridine®* and 2-(3,5-bis(trifluoromethyl)-1H-pyrrol-
2—y|)pyrio|ine,33 to make the compounds MS 17 and MS 19 (Scheme 1), respectively.
Incorporation of these ligands also gives us the chance to explore the impact of
different ancillary ligands on the device stability. The syntheses and characteriza-
tions of these complexes are reported in Scheme S1. In addition to MS 2, the molec-
ular structures of MS 17 and MS 19 have been resolved by single-crystal X-ray diffrac-
tion (XRD) analyses, as shown in Scheme 2 (also see Table ST and Figure S3 for more
details of the single-crystal XRD analyses). The complexes crystallize as distorted oc-
tahedrons where the ancillary ligands are found to display slightly longer Ir-N bonds
than those of the cyclometalating ligands, i.e., Ir1-N1 (2.137(10) A) versus Ir1-N2
(2.008(9) A), Ir1-N4 (2.040(9) A) in MS 2; Ir1-N2 (2.097(40) A), Ir-N3 (2.154(32) A)
versus Ir1-N4 (2.037(34) A), Ir1-Né (2.024(35) A) in MS 17 and Ir1-N1
(2.132(43) A), Ir11-N2 (2.133(49) A) versus Ir1-N5 (2.043(40) A), Ir1-N3 (2.029(43) A)
in MS 19. The result indicates that the anionic cyclometalated ligands have a stron-
ger interaction with the Ir ion than the ancillary ligands. The dfppm cyclometalating
ligands adopt a mutually eclipsed conformation with the N5 and N3 atoms being
trans to each other. However, the overall structural arrangements in complexes
MS 2, MS 17, and MS 19 resemble previously reported examples.®®“! The bite an-
gles for the five-membered chelate rings of the cyclometalating ligands are found to
be small and similar to Firpic (80.7(160)°, 81.5(185)°), i.e., 80.4(424)°, 80.5(436)° in
MS 2; 80.4(138)°, 80.2(134)° in MS 17; and 80.3(202)°, 80.6(187)° in MS 19. Thus,
these iridium complexes are expected to have similar ligand field states.

The thermal durability of pyrimidine-based Ir complexes (MS 2, MS 17, and MS 19)
was investigated by thermogravimetric analysis (TGA) at a heating rate of 10°C per
minute under an inert atmosphere. As summarized in Table 1, the 5% weight loss
temperatures (Tg) were 339°C, 321°C, and 264°C for MS 2, MS 17, and MS 19,
respectively (T4 of Flrpic, 377°C). The results indicate that these Ir complexes
possess sufficient thermal stability for preparing thin films by high-vacuum thermal

Chem 3, 461-476, September 14, 2017 465



Chem

Table 2. Electroluminescence Characteristics of Type | and Type Il OLEDs

Device EQE (%) np (MW7) Ne(cd A7)
max 100 1,000 8,000 max 100 1,000 8,000 max 100
cdm2 cdm? cdm? cdm? cdm? cdm? cdm2
Type | Flrpic  30.6 304 27.5 17.2 67.8 59.6 40.7 16.4 734 721
MS 2 30.1  29.9 29.1 25.6 69.3 65.4 48.3 28.7 79.4 791
MS 17 31.2 31.1 30 25.3 68.9 58.2 42.5 24.9 70.9 70.4
MS19 313 311 29.7 19.7 514 514 31.2 13.3 56.4 56.4
Type Il Flrpic 243 24 22.7 17.9 447 37.4 25.7 12.8 50.6 50.1
MS 2 25 24.7 23.5 20.4 42.6 33.8 22.9 13.9 54.3 53.8
MS 17 247 242 22.6 171 43.8 32.6 22.2 12 46.5 457
MS 19 25 24.5 23 16.7 42.9 345 24.6 13.2 49.2 483

deposition. Tys (5% weight loss) is dependent on different structural features of
ancillary ligands, among which MS 2 shows the highest temperature.

The electrochemical property of these Ir complexes was probed by cyclic voltamme-
try (Figure S4), and the data are summarized in Table 1. As the highest occupied mo-
lecular orbitals (HOMOs) of these complexes reside on the d orbitals of iridium and
the 7 orbitals of the cyclometalating ligand, the well-resolved reversible oxidation
peaks at 0.90 V, 1.10 V, 1.12 V, and 1.13 V for Flrpic, MS 2, MS 17, and MS 19,
respectively, can be ascribed to oxidation of the iridium(Ill) metal center to iridiu-
m(IV) with a contribution from the cyclometalating ligands.®?“* Oxidation peaks shift
positively by >200 mV in comparison with those of Firpic, mainly as a result of the
stronger electron-withdrawing nature of the pyrimidine moiety than of the pyridine
moiety. Quasi-reversible reduction peaks were observed for all the complexes. With
the lowest unoccupied molecular orbitals (LUMOs) mainly on the * orbitals of the
cyclometalated ligands, the reduction occurs primarily on the pyridine rings for
Flrpic, whereas it occurs mainly on the pyrimidine rings for the studied complexes.
Thus, the first reduction potential of MS 2, MS 17, and MS 19 is ~100 mV lower than
that of Flrpic. Replacing pyridine with pyrimidine in cyclometalating ligands (e.g.,
Flrpic to MS 2) induces a slight decrease in the reduction potential. Further varying
the ancillary ligand (from MS 2 to MS 17 and MS 19) does not bring any significant
changes in reduction behavior. Based on the cyclic voltammetry (CV) results, the
calculated HOMO/LUMO energy levels of Flrpic, MS 2, MS 17, and MS 19 are sum-
marized in Table 1.

Figure 5 shows the distributions of the HOMO and LUMO on optimized molecular
geometries for compounds MS 2, MS 17, and MS 19, obtained with the time-depen-
dent density function (TD-DFT) calculation; other computational details can be
found in Tables S2 and S3-S5. The calculation predicts various geometric parame-
ters, such as the Ir-ligand bond lengths and angles and the bite angles of the
chelated rings, consistent with those obtained from XRD-resolved molecular struc-
tures. The calculation also confirms that the I-C bonds are shorter than the I—N
bonds, agreeing well with the XRD-resolved structures and confirming that cyclome-
talating ligands bind more strongly to the metal center through the negatively
charged carbon atom (versus the neutral nitrogen atom) (see Supplemental Informa-
tion for details). As seen in Figure 5, HOMOs of MS 2, MS 17, and MS 19 are mainly
localized on the phenyl rings of the two cyclometalating ligands and the Ir center,
although the contribution of the ancillary ligand to the HOMO is greater in MS 19.
Meanwhile, the LUMOs have a * character delocalized on the phenyl and mostly
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Figure 3. EL Characteristics of Type Il Devices
(A) Current-density-voltage-brightness (I-V-L) characteristics.
(B) External quantum-efficiency and power-efficiency characteristics.

on the pyrimidine moieties of the two dfppm cyclometalating ligands, along with a
minor contribution from the ancillary ligand. Theoretical calculations predict rather
similar shifts in HOMO and LUMO energy levels (—5.89/—-2.07, —6.07/—2.24,
—6.13/-2.21,and —6.19/—2.26 eV for FIrpic, MS 2, MS 17, and MS 19, respectively),
in agreement with the results obtained from CV.

The UV-visible spectra of these Ir complexes recorded in dilute toluene solutions
show an intense band at ca. 260 nm and another band at ca. 320 nm, together
with weaker bands from 350 to 450 nm (Figure 1). According to the calculations
for various vertical excitation energies for these Ir complexes (see Figures S5 and
S6), intense bands around 260 and 320 nm can be attributed to ligand-centered
(LC) Y(me-7c*) transitions on the cyclometalated ligands as well as the ancillary ligands,
whereas weaker bands at 350-450 nm have charge-transfer character related to
electronic transitions from the metal center to the ligands (spin-allowed 'MLCT),
mixed with an intraligand/interligand charge-transfer transition ('ILCT/'LLCT). The
extremely weak bands around 450 nm are attributed to an admixture of the spin-
forbidden *MLCT and "MLCT transitions because of strong spin-orbit coupling of
the heavy iridium atom.®* The molar extinction coefficients (¢) were in the range
10,000-45,000 M~" cm™" for the ligand-centered 7-m* bands and in the range of
4,000-5,000 M~" em~" for the MLCT bands, as expected for iridium complexes.é’5
Ir complexes with azole-based ancillary ligands (MS 17 and MS 19) generally show
slightly higher molar extinction coefficients than complexes with picolinate-based
ancillary ligands (Flrpic and MS 2). From the absorption edges at 463 and 464 nm
for MS17 and MS 19, respectively, the corresponding optical energy gaps (Eg)
were estimated to be 2.70 and 2.69 eV for MS17 and MS19, respectively, which
are slightly larger than that of MS 2 (2.64 eV).

All four Ir complexes exhibit intense blue phosphorescence maximized at
460-475 nm with high PLQYs (¢p,) in degassed toluene solution (Table 1). Replace-
ment of the pyridine-based cyclometalating ligand with the pyrimidine-based cyclo-
metalating ligand, but keeping the same picolinate-based ancillary ligand (i.e., from
Flrpic to MS 2), results in a slight red shift (~5 nm) in emission peak wavelength
(versus Flrpic). Further replacing the picolinate-based ancillary ligand with the
azole-type ancillary ligand (i.e., MS 17 and MS 19), the stronger ligand field blue
shifts the emission by ~12-14 nm (cf. Flrpic). These spectral shifts with varying
different cyclometalating and ancillary ligands are consistent with the calculated
trend for the Franck-Condon emission energies through the A-SCF method at the
relaxed Ty geometry (see Supplemental Information). The transient PL characteris-
tics of the four Ir complexes in Figure 1 all show well-behaved mono-exponential
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decay characteristics; extracted decay time constants and excited-state lifetimes
7 are summarized in Table 1. Interestingly, MS 2 and MS 17 show shorter phospho-
rescence lifetimes (0.82 and 0.61 ps, respectively) than Flrpic (1.06 ps). The excited-
state lifetimes of 0.6-0.8 ps are generally relatively short among efficient phospho-
rescent emitters and are beneficial for the OLED operation. In contrast, MS 19
possesses a significantly longer excited-state lifetime of 3.31 ps than the other three.
Because these four Ir complexes possess similarly high PLQYs, such results indicate
more effective (and faster) T4 to Sg radiative relaxation in MS 2 and MS 17 (versus
Flrpic) and less effective T; to Sq radiative relaxation in MS 19.

All these complexes show clear vibronic progression in their PL spectra. Previous
literature on phosphorescent metal complexes suggest that emission dominated
by metal-centered states are usually broad and featureless, whereas vibronic pro-
gressions often accompany emission associated with ligand-centered states.®>™®’
Thus, the observation of vibronic structure in PL indicates that the emissive excited
states have 3LC m-* character in addition to the *MLCT character.®®’? PL spectra of
these Ir complexes (MS 2, MS 17, MS 19) show slight hypsochromic shift and spectral
broadening when increasing the polarity of the solvent (see Figure S7), suggesting
certain charge-transfer character (e.g., MLCT/3ILCT/3LLCT) of the emitting states.
Indeed, such characteristics are well supported by the spin-density localization for
the triplet (T1) states of these Ir complexes determined by Mulliken spin-density anal-
ysis. From the unpaired electron spin density shown in Table Sé and Figure 5, it is
evident that the emission in Ir complexes MS 2 and MS 17 can be assigned as the
metal-to-ligand charge-transfer transition (MLCT) and the intraligand charge-trans-
fer transition ((ILCT) in the dfppm ligands. However, in the case of M§19, the emis-
sion is composed of mixed *MLCT/3ILCT/3LLCT transitions because the unpaired
electron spin density has a significant contribution from both the cyclometalating
and ancillary ligands. The analysis carried out here is in good agreement with previ-
ous reports.”"’? The 3LLCT possesses charge-transfer character and hence is rela-
tively forbidden in transition in relation to that of 3ILCT(rw7c*). This leads to a signif-
icant difference between the excited-state lifetime of MS 19 and those of MS 2
and MS 17; the Ty — S, radiative lifetime of MS 19 is much longer than that of
MS 2 or MS 17.

The PLof MS 17 and MS 19 doped (by 8 wt %) in mCPCN was also characterized (Fig-
ure S1). They show emission spectra similar to those in solutions yet with slightly
higher (and nearly unitary) PLQYs for MS 17 (0.98) and MS 19 (0.97) than for Flrpic
(0.93)and MS 2(0.95) (Table 1). Furthermore, it has been recently reported that emit-
ters with preferential horizontal (i.e., anisotropic) transition dipole orientation would
benefit the optical out-coupling and improve the EQE of OLEDs.”*"*3 Considering
the distinct asymmetric structures of these Ir(lll) complexes, we characterized their
emitting dipole orientations (in mMCPCN host) by angle- and polarization-resolved
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Table 3. Comparison of Reported Device Lifetimes for Blue Phosphorescent OLEDs

Host/Dopant Peak EQE (%) CIE L, (cd  Lifetime® Reference
m?)  (hr)
mCPCN/MS 2 25 (54.3 cd 0.16,0.38 327  Tso=2,203 this work®
AT
CTPO/ (35.7cdA™") 020,038 1,000 Tso=5.2 Zhuang et al.”’

mCBP/Ir(dfppy)a(pic-OH) 6.1 0.15,0.35 400 Tso=343 Yietal®
mCBP/Flrpic 5.1 0.15,0.36 400 Ts0=20.1 Yietal.*
BSB-CzSi/[Ir(mpmi)2(pypz)] 12.5 0.14, 0.26 720 Tso = 2.5 Hsieh et al.*’!
mCBP/Ir(dmp)s 8.5 0.16,0.31 1,000 Tsp=510  Zhangetal.*’
mCBP/Ir(dmp); (graded 9.5 0.16,0.31 1,000 Tgo=213 Zhang et al.#?
doping)
mCBP/Ir(dmp)3 (tandem 18 0.15,0.29 1,000 Tgo=616  Zhangetal.*
device/graded doping)
mCBP/Ir(dbi); 14 0.19,0.44 500 T,o=180  Seoetal.*
BCzDBT/Ir(dbi)s 24.8 0.19,0.41 1,000 Tso=140  Yangand
Lee™
DBF-DMS/fac-Ir(iprpmi)s ~ 19.9 0.17,0.40 1,000 Tso=122.6 Zhangetal.”

?Initial brightness for the device stability test.

bT50, T70, and Tgo represent the device lifetimes as the device brightness drops to 50%, 70%, and 80%,
respectively, of the initial brightness Lo. For a fair comparison, the listed values are all experimentally
measured values and not values estimated from extrapolation of experimental data via certain models.
“Type Il device data. Type | devices give higher efficiencies (i.e., 30.1%, 79.4 cd A™").

PL (see Supplemental Experimental Procedures for details).”*®* Measured p-polar-
ized PL intensities (at the PL peak wavelength) as a function of the emission angle for
the four Ir complexes doped in mCPCN are shown in Figure 6. The measured curves
are compared with simulated curves with different horizontal dipole ratios @ (e.g.,
®), = 100% for fully horizontal dipoles and @ = 67% for the isotropic dipole orien-
tation) to extract ®) values of different compounds in emitting layers. MS 2, MS 17,
and MS 19 all show preferential horizontal emitting dipole orientation with @ values
of 77%,76%, and 75%, respectively (Table 1). These values are similar to ®; (76%) of
FIrpic obtained here and in previous reports,®*#*#? presumably because of their
similar molecular structures and electronic transition mechanism among these phos-
phorescent complexes.®”*"%% Consequently, with high (nearly unitary) PLQYs in
combination with preferential horizontal dipole orientation in a thin-film host,
MS 2, MS 17, and MS 19 are promising for high-efficiency blue-emitting OLEDs.

The EL characteristics of type | devices incorporating MS 17 and MS 19 in the emit-
ting layer are shown in Figures 2A-2C, and their EL performance parameters are
summarized in Table 2. The EL spectra match well with the corresponding PL spectra
of emitters in both solutions and doped films, indicating effective energy transfer
from the host to the dopant.” The devices in general exhibit a relatively low turn-
on voltage of ~2.5-2.8 V and low operation voltage (e.g., ~3.5 V for a brightness
of 100 cd+m~2). With the same device architecture, the devices based on MS 17
and MS 19 show higher EL efficiencies (up to 31.2% [70.9 cd-A7T, 68.9 Im-W™ ]
and 31.3% [56.4 cd-A™', 51.4 Im-W'], respectively) than Flrpic (30.6%
[73.4 cd-A™", 67.8 Im*W ")) and MS 2 (30.1% [79.4 cd-A™", 69.3 Im-W™']). With
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Scheme 2. X-Ray Structures of MS 2, MS 17, and MS 19

The thermal ellipsoids are drawn at 50% probability, and the hydrogen atoms are omitted for clarity. Also see Table S1 and Figure S3.

similar maximal external quantum efficiencies, the variation of current efficiencies
and power efficiencies among different emitters is mainly a result of their different
EL colors (spectra). Importantly, EQEs of >31% from these devices are among the
highest reported for blue phosphorescent OLEDs in conventional planar OLED
structures that don’t use any internal or external optical out-coupling schemes.®*
Such high EQEs are attributed to the high PLQYs of these emitters and their prefer-
ential horizontal dipole orientations.

Although these Ir(lll) complexes could give similarly high peak EQEs, they exhibit
quite different efficiency roll-off behaviors. MS 2 and MS 17 devices retain high
EQEs of 29%-30% at the high brightness of 1,000 cd m~2 and >25% even at the
very high brightness of 8,000 cd m™2. Meanwhile, the efficiency roll-off is more sig-
nificant for Flrpic and MS 19 devices, for which EQEs drop to 17.2% and 19.7%,
respectively, at the high brightness of 8,000 cd-m~2. Such a trend in the efficiency
roll-off appears to correlate well with their excited-state lifetimes 1 (as listed in
Table 1); MS 2 and MS 17 possess shorter excited-state lifetimes 7 (0.6-0.8 ps)
than Flrpic and MS 19 (1-3.3 ps). A smaller 7 indicates faster relaxation of emitting
triplet excited states, beneficial for reducing the triplet exciton population at higher
brightness/currents and thus for reducing associated quenching mechanisms (e.g.,
triplet-triplet annihilation, etc.).®> The results and observations here thus suggest
that the development of high-performance phosphorescent emitters should care-
fully consider 7 values that are as short as possible, in addition to requiring high
PLQYs and high horizontal dipole ratios.

The EL characteristics of type Il devices incorporating MS 17 and MS 19 are shown
in Figure 3, and their EL performance parameters are summarized in Table 2.
Although type Il devices show slightly lower EL efficiencies (with EQEs of up to
24.3%-25.8%) than type | devices, they generally give better operation durability.
The device half-lifetimes Tsg are 3.2 and 0.7 hr for type [ MS17 and MS19 devices,
respectively, which are comparable with that of the Firpic-based device. Clearly,
among the four blue-emitting Ir(lll) complexes, MS 2 exhibits the longest and
most promising device operation lifetime and durability, nearly three orders of
magnitude longer than the typical benchmarking blue emitter Firpic as well as
bluer emitters MS 17 and MS 19. That the operation lifetime of the MS 2 device
outperforms that of other complexes, even with the same device structure, sug-
gests its intrinsically better stability under the EL process in comparison with other
complexes.
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Figure 5. Theoretical Analysis of Molecular Orbitals

Spatial distributions of HOMOs and LUMOs for the optimized ground-state geometry of MS 2,
MS 17, and MS 19 and spin-density distribution calculated for the Ty emitting excited state of MS 2,
MS 17, and MS 19.

For rationalization, one of the lifetime-determining factors is ascribed to the ligand
detachment in device operation. Upon pushing the Ir-based phosphorescent mate-
rials toward blue, it is inevitable that the emitting state energy increases toward the
proximity of the metal-centered d,-d,« state. Upon excitation, if the d-d state can be
reached via thermal population, the metal-ligand bond becomes weakened, result-
ing in possible dissociation. We then carried out the computational approach to es-
timate the energy gap between metal center d—d transition, i.e., the *MC state, and
the emitting state (T4, SMLCT) for these Ir complexes. The result shown in Figure S8
indicates that the relative energy between 3MC (metal center d-d transition) and
SMLCT states is rather small (<5 kcal mol~") for MS 17 and MS 19. In sharp contrast,
the *MLCT-*MC energy gap for MS 2 and Flrpic is calculated to be ~15 and 12 kcal
mol~", respectively. Because the calculated *MC state energy is about the same for
both MS 2 and Flrpic, the difference in the energy gap lies in the lower *MLCT state
for MS 2 because of its lower LUMO energy by inserting an additional nitrogen atom.
As a result, under device operation, thermal activation from *MLCT to 3MC states for
Flrpic is more facile than for MS 2, resulting in population of the *MC state that pro-
cesses repulsive potential energy surface and hence the accessible channel for
decomposition. The result rationalizes, in part, the superior stability of MS 2 (cf.
Firpic) in terms of device stability.

Conclusion

In summary, we have revitalized research on phosphorescent Ir(lll) complexes containing
diazine-difluorophenyl-pyrimidine as the cyclometalating ligands, the potential of which
has been largely underestimated because of their low EL efficiencies in previous prelim-
inary studies. In this study, we conducted a comprehensive exploration on blue phos-
phorescent Ir(lll) complexes with dfppy as the cyclometalating ligand and picolinate
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Figure 6. The Polarization of Photoluminescence

Measured (symbols) p-polarized PL intensity (at PL peak wavelength) of different emitting layers as
a function of the emission angle: (A) mCPCN:8 wt % Flrpic, (B) mCPCN:8 wt % MS 2, (C) mCPCN:8
wt % MS 17, and (D) mCPCN:8 wt % MS 19. The measured curves are compared with simulated
curves (lines) with different horizontal dipole ratios @ (e.g., ® = 100% for fully horizontal dipoles
and @ = 67% for the isotropic dipole orientation) for extraction of the horizontal emitting dipole
ratios of different emitting layers.

or CFs-substituted pyridine-azole as the ancillary ligand by benchmarking with the
widely studied blue emitter Flrpic. Although simply replacing dfppy cyclometalating li-
gands in Flrpic (affording the compound MS 2) results in a slightly red-shifted emission,
further replacing the picolinate-based ancillary ligand with strong-field CF3-containing
pyridine-azole ancillary ligands (affording compounds MS 17 and MS 19) offsets this
red shift and leads to bluer emitters (versus Flrpic). As a result, these Ir(lll) complexes
yield omnibearing blue phosphorescent emitters with high PLQYs, preferential horizon-
tal emitting dipole orientations, short excited lifetimes, high EL efficiencies (EQE > 31%),
low efficiency roll-off, and promising device operation durability (Tsg ~ 2,203 hr for MS 2)
ready for practical application.

EXPERIMENTAL PROCEDURES

Synthesis

The syntheses of title Ir complexes were followed reported procedure (also see
Scheme S1). For the detail synthetic procedures and characterizations, please see
the Supplemental Experimental Procedures.

Determination of Emitting Dipole Orientation

To determine the emitting dipole orientation in a molecular emitting film, angle-
resolved and polarization-resolved PL measurements were performed. The sample
consisted of a glass substrate with a 20-nm-thick mCPCN film doped with emitters.
The sample was attached to a fused silica half cylinder prism by index matching
liquid. The excitation of the samples was performed with the 325-nm line of a contin-
uous-wave He:Cd laser with a fixed excitation angle of 45°. The emission angle was
changed using a rotating stage. The spectra were measured with a fiberoptic
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spectrometer and a polarizing filter to distinguish p- and s-polarized light. The
angle-dependent p-polarized emission intensity at the peak wavelength of the PL
spectrum of the emitting layer was detected. The emitting dipole orientation (the
horizontal dipole ratio ®)) was then determined by comparing the measured
angle-dependent p-polarized emission intensity with those calculated assuming
different horizontal dipole ratios (®)).
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