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12 ABSTRACT: There is growing interest in the bis-tridentate
13 Ir(III) emitters as they are expected to display both improved
14 emission efficiency and improved photostability. Herein, we
15 turned to the new emitters m2h-1−3 and m6h-1−3, bearing a
16 pincer carbene ancillary and a chromophoric chelate derived
17 from judiciously selected phenyl-pyrimidine-pyrazole entities
18 (pzm2hF)H2 and (pzm6hF)H2, which differ in terms of the
19 location of phenyl and pyrazole substituents on the central
20 pyrimidine. Density functional theory calculations revealed a
21 notable change in the spin density distribution from the
22 pyrimidine-pyrazolate entity in m2h to the pyrimidine-phenyl
23 fragment in m6h. As a consequence, the m6h emitters
24 exhibited both shortened emission lifetimes and improved
25 stabilities during extensive photolysis in solution, while corresponding organic light-emitting diodes (OLEDs) doped with
26 green-emitting m6h-1 and sky-blue-emitting m6h-2 and m6h-3 exhibited external quantum efficiencies of 17.6, 15.9, and
27 17.6%, respectively, superior to those of all of their m2h counterparts at a practical luminance of 103 cd/m2. This finding
28 suggests a new methodology for fine-tuning the electronic transition that is important to high-performance and durable
29 phosphorescent OLEDs.

30 ■ INTRODUCTION

31 Transition metal complexes have been widely studied in the
32 context of efficient phosphors for organic light-emitting diodes
33 (OLEDs),1−8 which have already earned a pivotal position for
34 both flat panel display and lighting applications. To further
35 upgrade these next-generation technologies, it is essential to
36 acquire durable and efficient materials (either transition metal-
37 based phosphors or pure organic materials showing thermally
38 activated delay fluorescence) that are capable of exhibiting
39 efficient luminescence across the whole visible spectra,
40 particularly in the blue region.9−14 Among them, both green-
41 and red-emitting phosphors have already passed stringent
42 industrial assessments, because of their relatively decreased
43 emission energies, and widely utilized for commercial
44 applications. In sharp contrast, the development of blue-
45 emitting phosphors lags behind because the greater emission
46 energy for blue-emitting phosphors, along with their long
47 triplet excited state lifetime, would induce notable sample
48 decomposition during prolonged operation.15−18 Moreover, an

49increase of the emitting excited state energy, which is needed
50to achieve blue emission, also reduces the energy separation
51between this emitting excited state and the upper-lying metal-
52centered (MC) dd states. These quenching states are capable
53of fostering a fast nonradiative decay, giving an unsatisfactory
54efficiency.19−21 Notably, one method for blocking this
55nonradiative process is to employ metal phosphors with a
56bis-tridentate architecture,22−24 for which the imposed higher
57rigidity and multiple metal−chelate coordination bonding are
58expected to offer higher ligand-field strength and, hence, a
59much destabilized MC dd excited state and more efficient blue
60emission.
61 s1Scheme 1 depicts the structural drawings of three typical
62sky-blue- and/or blue-emitting bis-tridentate Ir(III) phos-
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63 phors.25,26 On one hand, all molecules share a common NHC
64 carbene pincer chelate, which provides the strengthened ligand
65 field for destabilizing the MC dd excited state needed for a
66 higher emission efficiency. On the other hand, they exhibit a
67 variety of chromophoric chelates bearing a central pyridyl unit
68 that dominates the LUMOs of metal complexes. Therefore,
69 replacement of this pyridyl entity with other heteroarene units,
70 such as pyrimidine, is expected to bring forth a remarkable
71 change in both chemical and photophysical properties.
72 In sharp contrast to N-heterocycles such as pyridine,
73 pyrimidines are known for their strong electron accepting
74 ability,27 and hence, they are widely used as electron acceptors
75 to construct thermally activated delayed fluorescence (TADF)
76 emitters, with emission ranging from blue to green, a very high
77 external quantum efficiency (EQE), and a slower efficiency
78 roll-off at a high luminance.28−34 Moreover, pyrimidine-
79 containing organic materials have also been employed as
80 components for electron transport material (ETM) to
81 minimize driving voltages by increasing electron mobility and
82 electron injection between the electron-transporting layer
83 (ETL) and the emission layer (EML) of OLED devices.35−38

84 Pyrimidine has also been employed in the construction of
85 transition metal-based phosphors. In a detailed study, Jiang,
86 Liao, and co-workers designed and examined orange-emitting
87 Ir(III) complexes with pyrimidine cyclometalates and obtained
88 a maximum EQE of 28.2% for their emission efficiencies and
89 horizontal transition dipole moments.39 In developing better
90 blue emitters, Shama et al. disclosed an anomalous
91 phosphorescent OLED with a long operation lifetime, also
92 featuring phenyl pyrimidinato cyclometalate Ir(III) complexes
93 as dopant emittera.40 Additional red-shifting of emission was
94 achieved by functionalization of the 2-arylpyrimidine cyclo-
95 metalate with an electron deficient 5-fluoro-substituted
96 pyrimidine41,42 or with a fused thieno[2,3-d]pyrimidine.43

97 Upon using these Ir(III) complexes as dopant emitters, all
98 OLED devices maintain adequately high EQEs. Moreover,
99 changing from a 2-phenylpyrimidine to a 4,6-diphenylpyr-
100 imidine cyclometalate allows the fabrication of solution-
101 processed OLEDs with high brightness, increased stability,
102 and good efficiency.44−46 All of these results suggest a key step
103 forward in OLED performance through the introduction of
104 pyrimidine in molecular design.
105 Encouraged by these findings, we were prompted to
106 investigate the structure−property relationships of bis-
107 tridentate Ir(III) complexes having pyrimidine functionality

s2 108 at the dianionic chromophoric chelate (cf. Scheme 2). Again,
109 the higher electronegativity as well as the coordination
110 orientation of N atoms on pyrimidine within these Ir(III)
111 emitters is expected to impose a large difference on their
112 inherent photophysical properties, such as emission color,

113efficiency, radiative lifetime, and stability upon excitation.
114These factors are of particular interest to the future design of
115durable and highly efficient phosphors for commercial OLED
116applications.

117■ RESULTS AND DISCUSSION

118Design and Syntheses. Preparation of the bis-tridentate
119Ir(III) requires two distinctive chelates, i.e., both monoanionic
120di-imidazolylidene pincer and dianionic chromophoric che-
121lates. First, the dihexafluorophosphate salts of 1,3-bis(3-
122methylimidazolium-1-yl)-5-tert-butylbenzene [(mimb)H3·

123(PF 6 ) 2 ] , 1 , 3 - b i s ( 3 -me t h y l im i d a z o l i um - 1 - y l ) - 5 -
124(trifluoromethyl)benzene [(mimf)H3·(PF6)2], and 1,3-bis(3-
125isopropylimidazolium-1-yl)-5-(trifluoromethyl)benzene
126[(pimf)H3·(PF6)2] were synthesized from 1,3-dibromo-5-tert-
127butylbenzene [or 1,3-dibromo-5-(trifluoromethyl)benzene] by
128addition of imidazole, followed by alkylation with methyl
129iodide (or isopropyl iodide) and anion metathesis according to
130 s3literature procedures.47 Scheme 3 depicts the structural
131drawings of these pincer chelates.
132On the other hand, procedures giving the dianionic
133chromophoric chelates, i.e., (pzytBphF)H2, (pzm2hF)H2, and
134 s4(pzm6hF)H2, are presented in Scheme 4, for which full
135experimental details are provided in the Supporting Informa-
136tion. Briefly, the parent 2-phenyl-6-pyrazolylpyridine chelate
137(pzytBphF)H2 was prepared by coupling of 1-[4-(tert-butyl)-6-

Scheme 1. Sky-Blue- and Blue-Emitting Bis-Tridentate Ir(III) Phosphors SB-tB, Px-5, and Cz-2

Scheme 2. Structural Drawings of Bis-Tridentate Ir(III)
Metal Complexes m2h-1−3 and m6h-1−3 Bearing a
Pyrimidinyl Functionality
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138 chloropyridin-2-yl]ethan-1-one and 4-fluorophenylboronic
139 acid to afford 1-[4-(tert-butyl)-6-(4-fluorophenyl)pyridin-2-
140 yl]ethan-1-one. Then, Claisen condensation involving this
141 intermediate and ethyl trifluoroacetate followed by hydrazine
142 cyclization led to formation of (pzytBphF)H2 in high yield. For

143chelates with a pyrimidine skeletal framework, their key
144intermediates, namely, 1-[6-(tert-butyl)-2-(4-fluorophenyl)-
145pyrimidin-4-yl]ethan-1-one and 1-[4-(tert-butyl)-6-(4-
146fluorophenyl)pyrimidin-2-yl]ethan-1-one, were obtained from
147commercially available 2-chloropyrimidine and 2,4,6-trichlor-
148opyrimidine, respectively, via two distinctive multistep
149procedures. Next, they were treated with ethyl trifluoroacetate
150and with hydrazine using similar synthetic procedures to give
151two distinctive pyrimidine chelates, (pzm2hF)H2 and
152(pzm6hF)H2, respectively. Importantly, we have deliberately
153introduced a 4-substituted tert-butyl pyrimidinyl unit for all
154chelate designs. This modification is intended to control the
155regioselective coordination. Otherwise, the central pyrimidine
156fragment can use either N atom to initiate coordination, giving
157smaller synthetic yields or even dimetallic complexes with
158unexpected stoichiometries and photophysical properties.48−51

159With these chelates in hand, all bis-tridentate Ir(III)
160complexes SB-tB, m2h-1−3, and m6h-1−3 were synthesized
161using a one-pot synthetic approach, i.e., equal molar ratio of
162both chelates and IrCl3·3H2O, together with excess K2CO3 in
163refluxing propionic acid; their structural drawings are depicted
164in Scheme 1. These Ir(III) complexes were purified using
165column chromatography, recrystallization, and sublimation.
166Mass spectrometry, elementary analyses, and both 1H and 19F
167nuclear magnetic resonance (NMR) analyses were conducted,
168for which the NMR assignments were determined by
169comparison with those of free chelates and previously reported
170Ir(III) metal complexes. Single-crystal X-ray analyses of Ir(III)
171complexes m2h-1 and m6h-1 were also examined. Their
172structural drawings are presented in Figures S1 and S2,
173exhibiting a slightly distorted pyrimidine fragment, and nearly
174planar architecture for both of the tridentate chelates expected
175for the bis-tridentate Ir(III) metal architecture.
176Photophysical Data. Ultraviolet−visible (UV−vis) ab-
177sorption spectra of all Ir(III) complexes SB-tB, m2h-1−3, and
178m6h-1−3 were recorded in a CH2Cl2 solution at room
179temperature (RT), and their numerical data are summarized in
180 t1f1Table 1. Figure 1 depicts the UV−vis absorption spectra of the
181first five Ir(III) complexes (SB-tB, m2h-1, m2h-2, m6h-1, and
182m6h-2), all with methyl-substituted imidazolylidene fragments.
183Ir(III) complexes m2h-3 and m6h-3 are isopropyl-substituted
184analogues of methyl complexes m2h-2 and m6h-2, respec-
185tively, and hence, they are expected to exhibit similar spectral
186characters (cf. Figure S3) and are ignored for the sake of
187clarity. It is worth mentioning that all studied Ir(III) complexes
188show a similar absorption pattern in the <350 nm spectral
189region, which is attributed to the ligand-centered ππ*

190excitations, among which the lowest-energy peak maximum

Scheme 3. Structural Drawings of Dicarbene Chelates
Employed in This Study

Scheme 4. Synthetic Routes to Chelates (pzytBphF)H2,
(pzm2hF)H2, and (pzm6hF)H2

a

aConditions: (i) 4-fluorophenylbronic acid, Pd(PPh3)2Cl2, K2CO3,
dioxane/H2O, 90 °C; (ii) NaOEt, ethyl trifluoroacetate, THF, reflux;
(iii) N2H4·H2O, p-TsOH, EtOH, reflux; (iv) pyruvic acid, K2S2O8,
AgNO3, CH2Cl2/H2O, reflux; (v) pivalic acid, (NH4)2S2O8, AgNO3,
H2SO4, H2O, reflux; (vi) ButMgBr, CuI, THF, room temperature;
(vii) tributyl(1-ethoxyvinyl)tin, Pd(PPh3)2Cl2, DMF, 90 °C.

Table 1. Photophysical and Relevant Data of the Studied Ir(III) Metal Complexes

absorbance λmax (nm)
(ε × 10−3) emission λmax (nm)a

Φ

(%)a
τobs
(μs)

Φ

(%)b
τobs
(μs)b Eox

1/2 (V)
c Ered1/2 (V)

Td
(°C)d

SB-tB 279 (35), 329 (29), 3824 473, 504, 540(sh), 583(sh) 100 3.78 89 2.96 0.43 [0.08] −2.71 [irr] 393.6

m2h-1 293 (29), 329 (20), 416 (2) 506 92 2.59 86 1.72 0.48 [0.06] −2.74 [0.13] 397.2

m2h-2 291 (37), 326 (22), 394 (4) 462(sh), 489, 523(sh) 94 4.43 65 3.33 0.75 [0.08] −2.71 [irr] 412.5

m2h-3 292 (38), 326 (22), 395 (4) 465(sh), 491 100 3.89 62 3.26 0.59 [0.09] −2.66 [0.11] 379.2

m6h-1 290 (29), 329 (16), 391 (4) 515 96 0.93 100 1.08 0.37 [0.06] −2.51 [0.11] 417.5

m6h-2 289 (25), 327 (13), 391 (3) 473, 498(sh) 97 1.52 76 1.28 0.67 [0.05] −2.40 [0.11] 412.5

m6h-3 290 (31), 325 (15), 389 (3) 477, 498(sh) 100 1.53 81 1.33 0.62 [0.09] −2.22 [0.12] 373.7

aPhotophysical data were recorded in CH2Cl2 at a concentration of 10
−5 M at RT. bRecorded at 8 wt % doped in a DEPEO thin film. cE1/2 refers to

(Epa + Epc)/2, where Epa and Epc are the anodic and cathodic potentials, respectively, referenced to the redox couple (Fc/Fc+ = −4.8 eV), while the
corresponding values of ΔEp = Epa − Epc are given in square brackets. dWith a 5% weight loss.
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191 appeared at ∼327 nm. Hence, changing the central pyridinyl
192 unit to an isomeric pyrimidine has imposed indistinguishable
193 variation on absorption bands. On the other hand, the less
194 intense absorption beyond 425 nm is assigned to a mixed
195 transition that contains both triplet ligand-centered ππ* and
196 metal-to-ligand charge transfer (MLCT) transitions. As
197 depicted in Figure S4, Ir(III) complexes m2h-1 and m6h-1
198 display an intense red-shifted absorption band in this region, in
199 comparison to that of m2h-2 and m6h-2. These are clearly
200 attributed to the electron-donating effect of the 4-tert-
201 butylphenyl group on the mimb chelate, which lowers their
202 MLCT transition energy via an increase in electron density at
203 the central Ir(III) metal atom.
204 On the contrary, Ir(III) complexes SB-tB, m2h-1, m2h-2,
205 m6h-1, and m6h-2 exhibit very distinctive emission profiles.
206 First, the parent complex SB-tB exhibits a structured emission
207 with three peak maxima located at 473, 504, and 540 nm. Its
208 unitary emission efficiency (Φ = 100%) and short lifetime (τobs
209 = 3.78 μs) are consistent with phosphorescence enhanced by
210 the rigidified bis-tridentate architecture. Upon replacement of
211 the pyridinyl unit of SB-tB with both isomeric pyrimidinyl
212 units in m2h-1 and m6h-1, the emission band underwent a
213 notable red-shift, together with a change in the emission profile
214 to structureless and a decrease in the observed emission
215 lifetime from 3.78 μs to 2.59 μs and 0.93 μs, respectively. This
216 observation confirms the dominating MLCT character and,
217 more importantly, a further decrease in the MLCT onset
218 energy for m6h-1 with the pzm6hF chelate in reference to
219 m2h-1 bearing the pzm2hF chelate.
220 Furthermore, substituting the electron-withdrawing CF3

221 group at the pincer chelate causes a blue-shift and changes
222 the emission profile back to structured, as observed for both
223 m2h-2 and m6h-2 with Φ values of 94 and 97% and τobs values
224 of 4.43 and 1.52 μs, respectively. Notably, a small red-shift in
225 the emission onset energy exists for m6h-2 compared to m2h-
226 2. This trend was also found between m6h-1 and m2h-1,
227 implying a generalized decrease in emission energy for the
228 pzm6hF versus pzm2hF chelates. Finally, complex m6h-2 with a
229 lowered emission onset exhibits a more dominate 0−0
230 transition band, while its counterpart m2h-2 with a higher
231 onset energy showed a reduced 0−0 transition intensity in
232 comparison to the 0−1 transition intensity. This observation
233 highlights a distinctive excited state character between these

234isomeric pyrimidinyl complexes and will be investigated in
235subsequent theoretical investigations.
236Electrochemistry. Electrochemical data are measured
237using cyclic voltammetry, for which all data are presented in
238Table 1 and Figure S5. In general, all Ir(III) complexes showed
239reversible oxidation potentials, which are primarily associated
240with a central Ir(III) metal atom, among which SB-tB, m2h-1,
241and m6h-1 bearing the pzytBphF, pzm2hF, and pzm6hF

242chromophoric chelated and identical mimb ancillary showed
243oxidation potentials of 0.43, 0.48, and 0.37 V, respectively.
244This trend implicates their general trend of electron donating
245character, i.e., pzm6hF > pzytBphF > pzm2hF, which seems to be
246independent to the number of N atoms involved in these
247chelates. Furthermore, similar variation of oxidation potentials
248is confirmed between Ir(III) complexes m2h-2 and m6h-2, for
249which m6h-2 with the pzm6hF chelate also showed an
250oxidation potential at 0.67 V less positive than that of m2h-
2512 (0.75 V) bearing the pzm2hF chelate and an identical mimf
252ancillary, but the trend turns less obvious between m2h-3 and
253m6h-3 bearing the pimf ancillary, which may be attributed to
254the stronger electron donating effect of the isopropyl group to
255the central Ir(III) cation while it bears the pzm2hF chelate.
256Overall, this means that the electron density at the Ir(III)
257metal atom increases in the following order: m2h-1 < SB-tB <
258m6h-1 and m2h-2 < m6h-2; i.e., pzm2hF and pzm6hF chelates
259induce the lowest and greatest electron density at the Ir(III)
260metal center. Moreover, those with an identical pzm2hF or
261pzm6hF chromophoric chelate showed systematic increases in
262their oxidation potentials, i.e., 0.48 V (m2h-1) < 0.59 V (m2h-
2633) < 0.75 V (m2h-2), and 0.37 V (m6h-1) < 0.62 V (m6h-3)
264< 0.67 V (m6h-2), which are in accord with the relative
265electron donor character of pincer ancillaries, e.g., mimb >
266pimf > mimf, toward the Ir(III) metal center.
267On the contrary, those with the pzm6hF chelate consistently
268showed reduction potentials that were lower than the
269potentials of those bearing the pzm2hF chelate and an identical
270pincer ancillary (e.g., −2.74 and −2.53 V for m2h-1 and m6h-
2711, −2.71 and −2.40 V for m2h-2 and m6h-2, and −2.66 and
272−2.22 V for m2h-3 and m6h-3, respectively) as well as
273reduction in the electrochemical gap, i.e., the difference
274between their redox potentials, confirming the detected red-
275shifting in emission for Ir(III) complexes m6h-1, m6h-2, and
276m6h-3 in comparison to that of their isomeric counterparts
277m2h-1, m2h-2, and m2h-3, respectively.
278Photostability. All these pyrimidine-based Ir(III) com-
279plexes display high Td values obtained from thermogravimetric
280analysis (TGA) (cf. Table 1 and Figure S6). In an attempt to
281test their stability under more stringent conditions, we perform
282the photodegradation study under irradiation with a xenon
283discharging lamp at 620 W/m2 and at a constant temperature
284 f2of 35 °C. Figure 2 presents the plots of emission intensity of
285the studied Ir(III) complexes in degassed toluene versus
286irradiation time. It is believed that the recorded emission
287intensity should be proportional to the remaining concen-
288tration of the analyte after photolysis. Hence, the rate constants
289(k) for the photoinduced decomposition reaction can be
290obtained using the integrated first-order rate law:Ä

ÇÅÅÅÅÅÅÅÅÅÅ
É
ÖÑÑÑÑÑÑÑÑÑÑA

A
ktln

t

0

= −

291The corresponding rate constants were next estimated to be
2922.6 × 10−3 h−1 for [Ir(ppy)3], 3.7 × 10−3 h−1 for SB-tB, and

Figure 1. UV−vis absorption and normalized emission spectra of
Ir(III) metal complexes recorded in a CH2Cl2 solution at RT.
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293 4.6, 4.9, and 5.5 × 10−3 h−1 for m2h-1, m2h-2, and m2h-3,
294 respectively, as well as 1.7, 2.0, and 2.2 × 10−3 h−1 for m6h-1,
295 m6h-2, and m6h-3, respectively. From these data, we conclude
296 that the members of the m6h series are slightly more
297 photostable than the reference [Ir(ppy)3] and SB-tB
298 complexes. Unfortunately, the m2h series of emitters showed
299 faster decomposition rate constants, which are approximately 2
300 times faster than that of their m6h counterparts. Because all
301 studied pyrimidine-based emitters possess nearly identical
302 emission quantum yields, the faster decomposition observed
303 for m2h emitters should be attributed to the longer emission
304 lifetime observed (2.59−4.43 μs) versus those of the m6h
305 series of emitters (0.93−1.52 μs). This observation is also in
306 good agreement with a recent report that the shortened

307exciton lifetime in the S1 state is a key factor for realization of
308efficient blue-emitting TADF OLEDs.52

309Theoretical Investigation. We performed density func-
310tional theory (DFT) calculations on selected bis-tridentate
311phosphors to gain further insights into their emissive
312properties. First, we aimed to disentangle the different emissive
313characteristics between the m2h and m6h series. Thus,
314complexes of the m2h series (1 and 2) and of the m6h series
315(1 and 2) were selected for the theoretical study. The
316geometries of the lowest triplet excited states, i.e., T1, were
317optimized with UB3LYP, and the phosphorescence emission
318maxima were simulated on the basis of ΔSCF-B3LYP
319calculations at the T1 minima (see the computational details
320in the Experimental Section). The computed emission maxima
321are 522, 473, 495, and 490 nm for m2h-1, m2h-2, m6h-1, and
322m6h-2, respectively, which correlate fairly well with the
323experimental evidence. The spin density (SD) distributions
324at the T1 minima along with the SD at the Ir(III) atom are
325 f3shown in Figure 3. Notably, the spin density plots evidence the
326greater participation of the pyrimidine-pyrazolate unit for
327m2h-1 and m2h-2 and the pyrimidine-phenyl unit for m6h-1
328and m6h-2, which provide hints about the notable difference
329in both the emission lifetime and photostability observed
330earlier. The altered photophysical data of the m6h series in
331comparison to those of the m2h series are reminiscent of the
332higher emission quantum yields observed in the facially
333coordinated Ir(III) metal complexes versus those of their
334meridional counterparts.53−56

335Moreover, according to the SD at the Ir(III) metal atom, the
336MLCT character of T1 increases in the following order: m2h-2
337(0.21) < m6h-2 (0.23) < m6h-1 (0.27) < m2h-1 (0.42). The
338values in parentheses stand for the SD at the Ir(III) atoms. The
339SD plots at T1 also evidence strong mixing between MLCT
340and ligand-based [i.e., ligand-centered (LC) and/or ligand-to-
341ligand charge transfer (LLCT)] excited states. For m2h-2 (and
342m6h-2), the T1 state is of mixed 3MLCT/3LC(pzm2(6)hF)
343character. Conversely, in the case of m2h-1 and m6h-1, their

Figure 2. Photodegradation responses of Ir(III) emitters and
reference fac-[Ir(ppy)3], for which all samples were dissolved in
deaerated toluene (concentration of 5 × 10−5 M), placed in an argon-
filled PL cuvette, and subjected to simulated solar irradiation at 620
W/m2 at a constant temperature of 35 °C.

Figure 3. Spin density (SD) distributions at the T1 minima of (a) m2h-1, (b) m2h-2, (c) m6h-1, and (d) m6h-2. The SD at the Ir atom is also
highlighted.
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Figure 4. (a) Structural drawings of the OLED materials employed in this study. (b) Energy level diagram of the OLED devices.

Figure 5. EL characteristics of OLEDs with fabricated emitters: (a) normalized EL spectra, (b) current density−voltage (J−V) characteristics, (c)
current density−luminance (J−L) characteristics, (d) external quantum efficiency vs luminance, (e) luminance efficiency vs luminance, and (f)
power efficiency vs luminance for devices A1, B1, A2, B2, A3, and B3.
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344 T1 states also exhibit certain LLCT character, which is more
345 pronounced in the case of m2h-1 (see the residual SD in their
346 mimb-based chelates in panels a and b of Figure 3). Certainly,
347 the substitution with an electron-donating tert-butyl group at
348 the mimb-based chelate in m2h-1 and m6h-1 leads to (i) the
349 co-participation of this ligand in the emission and (ii) an
350 increase in the MLCT character of their T1 states. These are
351 the ultimate reasons that lead to red-shifted structureless
352 emissions for m2h-1 and m6h-1. Conversely, for m2h-2 and
353 m6h-2 and because of their increased 3LC, their emission
354 bands are more structured. Comparison of the m6h and m2h
355 series with the previously reported SB-tB complex (see its
356 computed SD distribution in Figure S7) reveals, first, the
357 reduced MLCT character of its T1 state [because the SD at the
358 Ir(III) amounts to only 0.10] and, second, a larger involvement
359 of the pyrimidine-pyrazolate unit in the emission process. The
360 lower MLCT character of the T1 state of SB-tB leads to longer
361 excited state lifetimes as compared to those obtained for the
362 m6h and m2h series. Because of their reduced lifetimes, the
363 use of the latter complexes might be beneficial for diminishing
364 efficiency roll-off effects and/or degradation processes.
365 Electroluminescence. The electroluminescence (EL)
366 devices were investigated by doping the studied Ir(III)
367 emitters into several selected host materials. In addition, the
368 device with SB-tB was also prepared for comparison.
369 Considering their emission colors ranging from sky-blue to
370 green, the host materials with a triplet energy bandgap higher
371 than 2.8 eV should be suitable for offering effective exothermic
372 host−guest energy transfer. Furthermore, double emitting
373 layers (DEMLs) were employed to control the exciton
374 formation zone, offering adequate carrier recombination as
375 well as convenient adjustment of carrier balance.57,58 In
376 general, the DEMLs are constructed using two hosts with
377 opposite carrier transport capabilities (i.e., electron and hole),
378 aiming to provide better carrier balance and to improve carrier
379 recombination.57,58 However, most carriers would recombine
380 at the corresponding EML interface and increase the exciton
381 concentration in a narrow space, giving an increased level of
382 triplet−triplet annihilation (TTA).59,60 Therefore, we em-
383 ployed a pair of host materials with good hole transport ability

384and bipolar property, aiming to mitigate the TTA phenomen-
385on.61,62 Herein, 4,4′,4″-tris(carbazol-9-yl)triphenylamine
386(TCTA) was adopted as the first EML with good hole
387transport ability, while the bipolar 2,6-bis[3-(9H-carbazol-9-
388yl)phenyl]pyridine (26DCzPPy) was employed as the second
389EML.63−66 The hole mobility of TCTA was estimated to be
39010−4 cm2 V−1 s−1, whereas 26DCzPPy possesses similar hole
391and electron mobilities of 10−5 cm2 V−1 s−1.63−66 In addition, a
392w i d e t r i p l e t - e n e r g y - b a nd g a p ma t e r i a l , b i s [ 2 -
393(diphenylphosphino)phenyl]ether oxide (DPEPO),67,68 was
394chosen as a thin exciton-confining layer (ECL) located
395between the EML and electron transport layer (ETL),
396facilitating exciton confinement as well as carrier adjust-
397ment.69,70 Because of the poor electron mobility of DPEPO, a
398thin layer of DPEPO (2 nm) was employed to alleviate its
399negative impact on electron transport. Moreover, 1,1-bis[(di-4-
400tolylamino)phenyl]cyclohexane (TAPC) and 1,3,5-tri[(3-
401pyridyl)phen-3-yl]benzene (TmPyPB) were adopted as the
402hole transport layer (HTL) and the ETL, because of their high
403transport capabilities of 1 × 10−2 and 1 × 10−3 cm2 V−1 s−1 and
404high triplet gaps (ET) of 2.87 and 2.78 eV, respectively.71−74

405Their layer thicknesses and dopant concentrations were also
406carefully regulated to enhance carrier balance and radiation
407output. As a result, the optimal performance was obtained with
408a doping concentration of 8 wt %. Consequently, the device
409architecture was finalized as ITO (120 nm)/TAPC (70 nm)/
410TCTA and 8 wt % emitters (10 nm)/26DCzPPy and 8 wt %
411emitters (15 nm)/DPEPO (2 nm)/TmPyPB (50 nm)/LiF
412(0.8 nm)/Al (150 nm), for which LiF and aluminum were
413used as the electron injection layer and reflective cathode,
414 f4respectively. Panels a and b of Figure 4 show the chemical
415structure of the employed materials and energy level diagram,
416respectively.
417The EL of the fabricated devices and the numerical data are
418 f5t2summarized in Figure 5 and Table 2. It is notable that the first
419EML with a better hole-transporting TCTA host facilitated
420carrier recombination near the TCTA/26DCzPPy interface. In
421addition, the bipolar 26DCzPPy host would cause the exciton
422to be evenly distributed over the second EML, and the ECL
423with DPEPO with the higher triplet gap was needed to limit

Table 2. EL Characteristics of Studied OLEDs with the Ir(III) Emitter at a Concentration of 8 wt %

R, SB-tB A1, m2h-1 A2, m2h-2 A3, m2h-3 B1, m6h-1 B2, m6h-2 B3, m6h-3

EQE (%)

maximum efficiency 15.6 17.6 16.2 14.5 18.2 16.7 18.7

recorded at 102 cd/m2 15.5 17.6 16.1 14.5 18.2 16.6 18.7

measured at 103 cd/m2 14.1 16.7 14.3 13.3 17.6 15.9 17.6

LE (cd/A)

maximum efficiency 39.8 49.5 35.7 33.6 56.4 41.8 46.6

recorded at 102 cd/m2 39.5 49.5 35.3 33.6 56.4 41.5 46.5

measured at 103 cd/m2 35.8 47.0 31.4 30.9 54.6 39.7 43.9

PE (lm/W)

maximum efficiency 30.6 39.8 28.7 27.4 48.7 34.9 39.7

recorded at 102 cd/m2 20.0 30.8 20.9 21.8 43.4 28.3 29.5

measured at 103 cd/m2 13.3 19.5 13.1 13.1 29.8 19.0 18.2

Von
a (V) 3.5 3.4 3.5 3.3 3.3 3.6 3.4

maximum luminance (cd/m2) [V] 22705 [13.8] 28219 [16.6] 8924 [14.2] 11378 [16.0] 39528 [14.8] 18224 [14.8] 19531 [17.6]

λmax
b (nm) 476 503 494 496 507 481 481

CIE 1931 coordinates

recorded at 102 cd/m2 (0.23, 0.46) (0.26, 0.50) (0.18, 0.36) (0.21, 0.39) (0.28, 0.58) (0.21, 0.45) (0.21, 0.44)

measured at 103 cd/m2 (0.22, 0.46) (0.25, 0.50) (0.18, 0.36) (0.20, 0.38) (0.27, 0.58) (0.21, 0.44) (0.20, 0.43)
aTurn-on voltage measured at 1 cd/m2. bMeasured at 103 cd/m2.
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424 exciton diffusion. Figure 5a depicts the normalized EL spectra
425 of these devices measured at a luminance of 103 cd/m2. As
426 indicated, all EL spectra exhibited solely the emitters’ emission,
427 demonstrating adequate exciton confinement.67,68 Further-
428 more, no host emission was observed in the EL spectra,
429 indicating the effective host−guest energy transfer at the
430 employed doping concentration.75 As shown in Figure 5b, the
431 current density−voltage (J−V) curves revealed that devices B1
432 and B2 with emitters m6h-1 and m6h-2 possessed current
433 densities relatively higher than those of devices A1 and A2 with
434 the m2h-1 and m2h-2 counterparts, but device B3 with m6h-3
435 exhibited a current density slightly lower than that of device A2
436 with m2h-3. These outcomes illustrated the combined effect of
437 both the pyrimidinyl unit and carbene pincer ancillary on
438 carrier transport. Moreover, both series of devices A and B
439 exhibited current density that was superior to that of device R
440 with SB-tB, which may result from the higher electron mobility
441 of the pyrimidine unit.
442 On the other hand, as shown in Figure 5c, the respective
443 maximum luminances of devices B1−B3 were recorded as
444 39528, 18224, and 19531 cd/m2, respectively, which were
445 much higher than those of devices A1−A3, which had
446 maximum luminances of 28219, 8924, and 11378 cd/m2,
447 respectively. This is because human eyes respond more
448 strongly to the green emission, and hence, green-emitting
449 devices A1 and B1 produced luminances much higher than
450 those of the sky-blue- and blue-emitting devices.76

451 Panels d−f of Figure 5 show the EQE, luminance efficiency
452 (LE), and power efficiency (PE) versus luminance, indicating
453 higher efficiencies for the m6h-based devices in response to
454 their m2h counterparts. The peak EQE, LE, and PE of green-
455 emitting device A1 with m2h-1 were recorded as 17.6% (49.5
456 cd/A and 39.8 lm/W), while device B1 with m6h-1 exhibited
457 higher peak efficiencies of 18.2% (56.4 cd/A and 48.7 lm/W).
458 In addition, the peak efficiencies of devices A2, A3, B2, and B3
459 with blue emitters m2h-2, m2h-3, m6h-2, and m6h-3 reached
460 16.2% (35.7 cd/A and 28.7 lm/W), 14.5% (33.6 cd/A and
461 27.4 lm/W), 16.7% (41.8 cd/A and 34.9 lm/W), and 18.7%
462 (46.6 cd/A and 39.7 lm/W), respectively. These data were
463 relatively better than those of device R (cf. maximum EQE, LE,
464 and PE values of 15.6% (39.8 cd/A and 30.6 lm/W), indicating
465 the practical advantage of these bis-tridentate molecules with
466 pyrimidine units. Again, the higher PLQY of the m6h-based
467 emitters and the better carrier balance achieved in all devices B
468 have had a significant influence on the obtained EL efficiencies.
469 Hence, green-emitting m2h-1 and m6h-1 maintained forward
470 efficiencies of 17.6% (16.7%) and 18.2% (17.6%) at a practical
471 brightness of 102 cd/m2 (103 cd/m2). Furthermore, slightly
472 lowered peak (or maximum) EQEs of 15.5% (14.1%), 16.1%
473 (14.3%), 16.6% (15.9%), 14.5% (13.3%), and 18.7% (17.6%)
474 were obtained for the corresponding blue-emitting OLED
475 devices R, A2, B2, A3, and B3, respectively, at a practical
476 luminance of 102 cd/m2 (103 cd/m2). As a result, the efficiency
477 decay at 103 cd/m2 from their peak value was estimated to be
478 11, 5−12, and 3−6% for devices R, A1−A3, and B1−B3,
479 respectively. In addition, the estimated declines in EQE by
480 one-half were obtained at current densities (J1/2) of 49.5, 52.3,
481 30.5, 34.9, 82.8, 71.1, and 47.9 mA/cm2 for reference device R
482 and tested devices A1−A3 and B1−B3, respectively.77,78

483 Clearly, the efficiency roll-off observed in these devices was
484 insignificant, confirming that the adopted double EMLs have
485 effectively regulated the exciton distribution. Therefore, the
486 enlarged exciton formation zone in the double EMLs has

487diluted the triplet exciton concentration in space and then
488mitigated both TTA and polaron quenching.79,80 On closer
489inspection of these results, all devices B with m6h-based
490emitters exhibited less obvious efficiency roll-off compared to
491that of devices A with m2h-based emitters, due to the shorter
492emission lifetimes. Overall, the superior performance of devices
493B demonstrated the high potential of these m6h-based Ir(III)
494emitters in all potential OLED applications.

495■ CONCLUSION

496In summary, we synthesized two series of bis-tridentate Ir(III)
497emitters, m2h-1−3 and m6h-1−3, bearing a pair of pincer
498carbene ancillary and two distinctive phenyl-pyrimidine-
499pyrazole chromophoric chelates, i.e., (pzm2hF)H2 and
500(pzm6hF)H2, in which their phenyl and pyrazole substituents
501are located at two opposite sides of the central pyrimidine
502fragment. First, pyrimidine was selected because of its
503enhanced electron accepting character in comparison to that
504of pyridine and its better capacitance in giving enhanced
505MLCT transition character at the excited states and improved
506efficiencies for the as-fabricated OLED devices. Second, there
507is a notable change in the spin density distribution from the
508pyrimidine-pyrazolate entity in m2h to the pyrimidine-phenyl
509fragment in m6h, as revealed by DFT calculations. These
510results are in good agreement with the observed photophysical
511data, in which all m6h emitters exhibited both shortened
512emission lifetimes in solution and as doped thin films, and with
513improved stability under extended UV−vis photolysis. The
514OLEDs doped with green-emitting m6h-1 and sky-blue-
515emitting m6h-2 and m6h-3 exhibited maximum EQEs of
51617.6, 15.9, and 17.6%, respectively, which are all superior to
517those of their m2h counterparts with maximum EQEs of 16.7,
51814.3, and 13.3%, respectively, at a luminance of 103 cd/m2.
519This finding suggests a new method for fine-tuning the
520electronic transition process that is critical for attaining highly
521efficient and durable phosphorescent OLEDs.

522■ EXPERIMENTAL SECTION

523General Information and Materials. All reactions were
524conducted under a N2 atmosphere, and solvents were dried and
525distilled prior to use. Commercially available reagents were used
526without further purification. 1H and 19F NMR spectra were measured
527with Varian Mercury-400 and Varian Mercury-500 instruments.
528Elemental analysis was performed on a Heraeus CHN-O rapid
529elementary analyzer. Mass spectra were recorded on a JEOL model
530JMS-T200GC AccuTOF GCx instrument operating in electron
531impact (EI) or field desorption (FD) mode. Cyclic voltammetry
532was performed using a model CHI621A electrochemical analyzer. The
533potentials are measured with a Ag/Ag+ reference electrode together
534with a Pt electrode with 0.1 M NBu4PF6 in CH2Cl2 or a gold working
535electrode with 0.1 M NBu4PF6 in THF. The reported data are
536referenced to the ferrocenium/ferrocene (Fc+/Fc) couple.
537Synthesis of pzm2phF and pzm6phF Chelates. Two related
538pyrimidine-based chelates, i.e., 4-(tert-butyl)-2-(4-fluorophenyl)-6-[3-
539(trifluoromethyl)-1H-pyrazol-5-yl]pyrimidine (pzm2hFH2) and 4-
540(tert-butyl)-6-(4-fluorophenyl)-2-[5-(trifluoromethyl)-1H-pyrazol-3-
541yl]pyrimidine (pzm6hFH2) substituted pyrimidine, are synthesized
542using synthetic procedures depicted in the Supporting Information.
543General Procedure for the Bis-Tridentate Ir(III) Complexes.
544As a general procedure, a mixture of [(mimb)H3·(PF6)2] (176 mg, 0.3
545mmol), (pzm2hF)H2 (L2, 108 mg, 0.3 mmol), IrCl3·3H2O (105 mg,
5460.3 mmol), and K2CO3 (829 mg, 6.0 mmol) was dissolved in
547propionic acid (30 mL) and refluxed under nitrogen for 12 h. After
548the mixture had cooled to RT, the solvent was removed in vacuo. The
549residue was extracted into ethyl acetate (50 mL), washed with brine
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550 (30 mL) three times, dried over anhydrous Na2SO4, and
551 concentrated. The crude product was purified by column chromatog-
552 raphy eluting with a mixture of ethyl acetate and hexane (1:3 to 1:1)
553 to give a light-yellow solid of m2h-1 (yield of 89 mg, 0.11 mmol,
554 35%). Ir(III) derivatives m2h-2, m2h-3, m6h-1, and m6h-3 were
555 obtained in 28−33% yields, while SB-tB was obtained from a mixture
556 of [(mimb)H3·(PF6)2], (pzy

tBphF)H2, and IrCl3·3H2O under similar
557 conditions.
558 Selected Spectral Data of SB-tB. 1H NMR (400 MHz, DMSO-d6,
559 25 °C): δ 8.13 (d, J = 1.6 Hz, 2H), 7.97 (s, 2H), 7.92 (dd, J = 8.4 Hz,
560 J = 6.0 Hz, 1H), 7.59 (s, 2H), 7.22 (s, 1H), 6.99 (d, J = 1.6 Hz, 2H),
561 6.48 (td, J = 8.4 Hz, J = 2.4 Hz, 1H), 5.19 (dd, J = 9.6 Hz, J = 2.4 Hz,
562 1H), 2.66 (s, 6H), 1.49 (s, 9H), 1.47 (s, 9H). 19F−{1H} NMR (376
563 MHz, DMSO-d6, 25 °C): δ −58.04 (s, 3F), −112.34 (s, 1F). MS
564 (LRFD): [M + H]+ 847.3. Anal. Calcd for C37H36F4IrN7: C, 52.47; H,
565 4.28; N, 11.58. Found: C, 52.23; H, 4.07; N, 11.44.
566 Selected Spectral Data of m2h-1. 1H NMR (500 MHz, DMSO-
567 d6, 80 °C): δ 8.06 (d, J = 2.0 Hz, 2H), 7.99−7.96 (m, 2H), 7.58 (s,
568 2H), 7.39 (s, 1H), 6.96 (d, J = 2.0 Hz, 2H), 6.56 (td, J = 8.8 Hz, J =
569 2.7 Hz, 1H), 5.31 (dd, J = 9.6 Hz, J = 2.7 Hz, 1H), 2.67 (s, 6H), 1.52
570 (s, 9H), 1.51 (s, 9H). 19F−{1H} NMR (470 MHz, DMSO-d6, 80 °C):
571 δ −58.38 (s, 3F), −109.72 (s, 1F). MS (LRFD): [M + H]+ 848.2.
572 Anal. Calcd for C36H35F7IrN8: C, 50.99; H, 4.16; N, 13.22. Found: C,
573 50.39; H, 4.50; N, 12.90.
574 Selected Crystal Data of m2h-1. C72H72F8Ir2N16O; M = 1713.85;
575 monoclinic; space group P21/c; a = 12.9918(5) Å, b = 24.4505(9) Å, c
576 = 22.1009(9) Å; β = 91.4855(11)°; V = 7018.1(5) Å3; Z = 4; ρCalcd =
577 1.622 Mg m−3; F(000) = 3400; crystal size of 0.312 mm × 0.177 mm
578 × 0.165 mm; λ(Mo Kα) = 0.71073 Å; T = 150(2) K; μ = 3.866
579 mm−1; 45928 reflections collected, 16093 independent reflections
580 (Rint = 0.0339), maximum and minimum transmission of 0.7456 and
581 0.6495, respectively; data/restraints/parameters = 16093/6/930;
582 GOF = 1.049; final R1 [I > 2σ(I)] = 0.0254 and wR2 (all data) =
583 0.0552; CIF data deposited as CCDC entry 187240.
584 Selected Spectral Data of m2h-2. 1H NMR (500 MHz, DMSO-
585 d6, 80 °C): δ 8.22 (d, J = 2.1 Hz, 2H), 8.02−7.99 (m, 2H), 7.92 (s,
586 2H), 7.42 (s, 1H), 7.05 (d, J = 2.1 Hz, 2H), 6.60 (td, J = 8.9 Hz, J =
587 2.5 Hz, 1H), 5.23 (dd, J = 9.6 Hz, J = 2.5 Hz, 1H), 2.73 (s, 6H), 1.53
588 (s, 9H). 19F−{1H} NMR (470 MHz, DMSO-d6, 80 °C): δ −58.24 (s,
589 3F), −58.52 (s, 3F), −109.31 (s, 1F). MS (LRFD): [M + H]+ 860.3.
590 Anal. Calcd for C33H26F7IrN8: C, 46.10; H, 3.05; N, 13.03. Found: C,
591 45.83; H, 3.45; N, 12.70.
592 Selected Spectral Data of m2h-3. 1H NMR (500 MHz, DMSO-
593 d6, 80 °C): δ 8.29 (d, J = 2.1 Hz, 2H), 8.02 (s, 1H), 7.99 (dd, J = 8.5
594 Hz, J = 6.5 Hz, 1H), 7.93 (s, 2H), 7.40 (s, 1H), 7.26 (d, J = 2.1 Hz,
595 2H), 6.58 (td, J = 8.5 Hz, J = 2.6 Hz, 1H), 5.24 (dd, J = 9.6 Hz, J =
596 2.6 Hz, 1H), 3.07 (sept, J = 6.8 Hz, 2H), 1.54 (s, 9H), 0.68 (d, J = 6.8
597 Hz, 6H), 0.65 (d, J = 6.8 Hz, 6H). 19F−{1H} NMR (470 MHz,
598 DMSO-d6, 80 °C): δ −58.25 (s, 3F), −58.66 (s, 3F), −109.22 (s, 1F).
599 MS (LRFD): [M + H]+ 916.1. Anal. Calcd for C37H34F7IrN8: C,
600 48.52; H, 3.74; N, 12.23. Found: C, 48.29; H, 4.07; N, 12.38.
601 Selected Spectral Data of m6h-1. 1H NMR (500 MHz, DMSO-
602 d6, 80 °C): δ 8.10−8.07 (m, 3H), 7.97 (s, 1H), 7.59 (s, 2H), 7.04 (s,
603 1H), 6.97 (d, J = 2.0 Hz, 2H), 6.63 (td, J = 8.8 Hz, J = 2.7 Hz, 1H),
604 5.33 (dd, J = 9.6 Hz, J = 2.7 Hz, 1H), 2.68 (s, 6H), 1.52 (s, 18H).
605

19F−{1H} NMR (470 MHz, DMSO-d6, 80 °C): δ −58.32 (s, 3F),
606 −109.10 (s, 1F). MS (LRFD): [M + H]+ 848.1. Anal. Calcd for
607 C36H35F7IrN8: C, 50.99; H, 4.16; N, 13.22. Found: C, 50.99; H, 4.00;
608 N, 13.28.
609 Selected Crystal Data of m6h-1. C36H35F4IrN8; M = 1183.95;
610 monoclinic; space group P21/n; a = 12.3992(4) Å, b = 17.0920(5) Å,
611 c = 17.1949(5) Å; β = 109.5160(8)°; V = 3434.71(18) Å3; Z = 4;
612 ρCalcd = 1.640 Mg m−3; F(000) = 1680; crystal size of 0.154 mm ×

613 0.141 mm × 0.075 mm; λ(Mo Kα) = 0.71073 Å; T = 150(2) K; μ =
614 3.012 mm−1; 27121 reflections collected, 7879 independent
615 reflections (Rint = 0.0314), maximum and minimum transmission of
616 0.7456 and 0.6321, respectively; data/restraints/parameters = 7879/
617 34/471; GOF = 1.082; final R1 [I > 2σ(I)] = 0.0243 and wR2 (all
618 data) = 0.0542; CIF data deposited as CCDC entry 187239.

619Selected Spectral Data of m6h-2. 1H NMR (500 MHz, DMSO-
620d6, 80 °C): δ 8.23 (d, J = 2.0 Hz, 2H), 8.16 (dd, J = 8.7 Hz, J = 6.0
621Hz, 1H), 8.01 (s, 1H), 7.93 (s, 2H), 7.05 (d, J = 2.0 Hz, 3H), 6.61
622(td, J = 8.7 Hz, J = 2.6 Hz, 1H), 5.25 (dd, J = 9.6 Hz, J = 2.6 Hz, 1H),
6232.74 (s, 6H), 1.52 (s, 9H). 19F−{1H} NMR (470 MHz, DMSO-d6, 80
624°C): δ −58.25 (s, 3F), −58.45 (s, 3F), −108.70 (s, 1F). MS (LRFD):
625[M + H]+ 860.1. Anal. Calcd for C33H26F7IrN8: C, 46.10; H, 3.05; N,
62613.03. Found: C, 46.35; H, 2.97; N, 13.18.
627Selected Spectral Data of m6h-3. 1H NMR (500 MHz, DMSO-
628d6, 80 °C): δ 8.30 (d, J = 2.1 Hz, 2H), 8.12 (dd, J = 9.0 Hz, J = 7.5
629Hz, 1H), 8.01 (s, 1H), 7.93 (s, 2H), 7.26 (d, J = 2.1 Hz, 2H), 7.04 (s,
6301H), 6.60 (td, J = 9.0 Hz, J = 3.0 Hz, 1H), 5.27 (dd, J = 10.0 Hz, J =
6313.0 Hz, 1H), 3.07 (sept, J = 6.8 Hz, 2H), 1.54 (s, 9H), 0.69 (d, J = 6.8
632Hz, 6H), 0.67 (d, J = 6.8 Hz, 6H). 19F−{1H} NMR (470 MHz,
633DMSO-d6, 80 °C): δ −58.25 (s, 3F), −58.58 (s, 3F), −108.58 (s, 1F).
634MS (LRFD): [M + H]+ 916.1. Anal. Calcd for C37H34F7IrN8: C,
63548.52; H, 3.74; N, 12.23. Found: C, 48.86; H, 3.69; N, 12.28.
636OLED Fabrication. Organic materials and the indium tin oxide
637(ITO)-coated glass were purchased from Lumtec and Shine Materials
638Technology. All organic materials were subjected to temperature
639gradient sublimation. The ITO substrate was washed with deionized
640water and acetone in sequence, followed by treatment with UV
641radiation and ozone for 5 min. The organic and metal layers were
642deposited onto the ITO-coated glass substrate by thermal
643evaporation, and device fabrication was completed in a single cycle
644without breaking the vacuum. A shadow mask was used to define the
645active area (2 mm × 2 mm) of the device. Current density−voltage−
646luminance characterization was performed using two Keithley 2401
647current source-measure units equipped with a calibrated Si photo-
648diode. The electroluminescence spectra were recorded using an
649Ocean Optics spectrometer.
650Computational Details. All calculations were performed with
651DFT. The geometries of the singlet ground state and of the lowest
652triplet ES (T1) were optimized using the B3LYP hybrid exchange-
653correlation functional81,82 in combination with the 6-31G(d) atomic
654basis set for all atoms but the metal centers. Relativistic effects were
655included for Ir atoms by using the ecp-mwb-60 pseudopotentials.83

656The nature of the stationary points was confirmed by computing the
657Hessian at the same level of theory. The phosphorescence emission
658maxima were modeled on the basis of SCF-B3LYP calculations at the
659T1 optimized geometries. The latter calculations were performed
660within the PCM framework (CH2Cl2 was used as a solvent).84 All
661calculations were performed with the Gaussian09 program package.85
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