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Sublimable Cationic Iridium(lll) Complexes with
1,10-Phenanthroline Derivatives as Ancillary Ligands for
Highly Efficient and Polychromic Electroluminescence

Dongxin Ma, Chen Zhang, Yong Qiu, and Lian Duan*®

/Abstract: A novel series of four sublimable cationic iridi-
um(lll) complexes have been prepared with 1,10-phenan-
throline derivatives as ancillary ligands and the same nega-
tive counter-ion, tetrakis[3,5-bis(trifluoromethyl)phenyllbo-
rate, which has a large steric hindrance and widely dispersed
charges, thereby increasing the ionic radii, reducing the elec-
trostatic interaction, and thus improving the volatility. Their
structural, photophysical, electrochemical, and thermal prop-
erties have been fully characterized. Upon excitation, these

-

compounds show polychromic emission varying from green
to orange in solution, which are blue-shifted in the solid
state to different extents due to m-m conjugate effects in
the ancillary ligands and the resulting molecular aggrega-
tion. OLEDs fabricated by vacuum evaporation deposition
demonstrated desirable device performance with high effi-
ciency and brightness, exhibiting various electroluminescent
colors dependent upon doping concentration.

/

Introduction

Huge advances in the development of efficient luminescent
materials have been the driving force behind the use of organ-
ic light-emitting diodes (OLEDs) in full-color flat-panel display
technology and lighting sources.” Heavy-metal compounds,
such as ruthenium(I1), osmium(I1),"! iridium(lll),** and platin-
um(I)®” complexes, have received considerable attention as
superior phosphorescent emitters at room temperature owing
to the harvesting of electrogenerated singlet and triplet exci-
tons, with nearly 100% internal quantum efficiency having
been achieved. In particular, cyclometalated iridium(lll) com-
plexes are by far the most outstanding and versatile family of
triplet emitters for OLEDs, which in most cases are neutral.®'¥
In contrast, cationic iridium(lll) complexes have unique fea-
tures, such as facile molecular design and synthesis, excellent
redox stability, and highly efficient emission of virtually all
colors,"™'® and have emerged as potential phosphorescent
materials for OLEDs.!"”

In general, a cationic iridium(lll) complex always contains
1) a coordinated iridium(lll) cation with the iridium center sur-
rounded by two cyclometalating (CN) ligands and two mono-
dentate or one bidentate neutral chelating ligand and 2)a
negative counter-ion to maintain neutrality, for example, tetra-
fluoroborate (BF,7),"® hexafluorophosphate (PFs7),"'*" or or-
ganic anions.”>?¥ Efforts have focused on developing robust
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cationic iridium(lll) complexes with tunable luminescence by
the chemical modification or molecular design of ligands. Sub-
stituted 2-phenylpyridine"”'®2¥ or 1-phenylpyrazole®™?" are
the most popular CN ligands, and various neutral ancillary li-
gands have been exploited, such as bipyridine,?=" imid-
azole,®** pyrazole,**** triazole,***” and oxadiazole®® deriva-
tives, which have led to a huge variety of cationic iridium(lll)
complexes with a wide spectral range of emission from deep-
blue to near-infrared.

However, the previously reported cationic iridium(lll) com-
plexes have seldom been sublimable due to their ionic nature
and low vapor pressure, which has severely restricted their ap-
plication in state-of-the-art OLEDs fabricated by vacuum evap-
oration deposition. Very recently we demonstrated a feasible
strategy for achieving evaporable cationic iridium(lll) com-
plexes by introducing negative counter-ions with large steric
hindrance and widely dispersed charges, which improves the
volatility of the complexes and unlocks the potential of ionic
materials for use even in vapor-processed devices.®

In this work we employed 1,10-phenanthroline derivatives as
ancillary ligands and developed a novel series of four sublim-
able cationic iridium(lll) complexes with emission ranging from
green to orange. Their photophysical properties, electrochemi-
cal behavior, and thermal stability have been fully investigated.
Finally, we succeeded in the preparation of OLEDs by the
vacuum evaporation deposition of these complexes, achieving
highly efficient electroluminescence with a maximum current
efficiency of 16.32cdA™' and a brightness of over 27.1x
10* cdm™2 with polychromic emission dependent on doping
concentration. Our results show that the sublimable cationic
iridium(lll) complexes feature excellent photo- and electrolumi-
nescent properties with emission tunable over a wide-range of
colors, and thus are promising phosphorescent emitters for
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use in OLEDs and for creating a novel material system with po-
tential to improve device performance even beyond that re-
ported here.

Results and Discussion
Synthesis and structural characterization

We designed and synthesized four cationic iridium(lll) com-
plexes with 1,10-phenanthroline derivatives as ancillary ligands,
namely [Ir(ppy),(dmphen)][BArF,,] (1), [Ir(ppy),(dmbphen)]
[BArF,,] (2), [Ir(ppy).(phen)][BArF,,] (3), and [Ir(ppy).(bphen)]
[BArF,,] (4, Scheme 1; ppy =2-phenylpyridine, dmphen =2,9-di-
methyl-1,10-phenanthroline,  dmbphen =2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline (also named 2,9-dimethyl-batho-

1: Ry=Me R,=H
2: Ry=Me R,=Ph
3 Ry= Ry=H
4 Ry= R, = Ph

Scheme 1. Chemical structures of 1-4.

phenanthroline), phen=1,10-phenanthroline, and bphen=4,7-
diphenyl-1,10-phenanthroline (also named bathophenanthro-
line)). We employed [BArF,,]” (tetrakis[3,5-bis(trifluoromethyl)-
phenyllborate) as the negative counter-ion, which has a large
steric hindrance and widely dispersed charges that effectively
increase the ionic radii, reduce the electrostatic interaction,
and thus dramatically improve the volatility of 1-4.

Complexes 1-4 were synthesized according to the estab-
lished three-step procedure used for the preparation of cation-
ic iridium(lll) complexes (see Scheme S1 in the Supporting In-
formation). First, the commercially available metal source,
IrCl;:nH,0, was treated with an approximate 50% excess of the
ppy ligand to form the cyclometalated iridium(lll) dichloro-
bridged dimer, [Ir(ppy),Cll,, which was then treated with the
ancillary ligand (dmphen, dmbphen, phen, or bphen) to pro-
duce the corresponding cationic iridium(lll) mononuclear com-
plex in high yields as chloride salts. Subsequently, the chloride
ion (CI") was replaced by [BArF,,]~ through a very facile ion-ex-
change reaction at room temperature. Next, we purified the
crude products by column chromatography on silica gel (200-
300 mesh) with CH,Cl, as eluent, and fully characterized them
by 'H and 'F NMR spectroscopy, ESI mass spectrometry, and
elemental analysis (see the Experimental Section).

To further confirm the structural features, we grew single
crystals of 1 and 2 from acetone/methanol solution and deter-
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mined their structures by X-ray diffraction crystallography (see
Figure 1). In agreement with previous reports,”**"! the coordi-

Figure 1. Single-crystal structures of: a) 1, and b) 2. Thermal ellipsoids are
drawn at the 30% probability level. Solvent molecules and hydrogen atoms
have been omitted for clarity. The unlabeled atoms are carbon atoms.

nated iridium(lll) cations 1 and 2 show distorted octahedral ge-
ometries around the iridium center with the two cyclometalat-
ing ppy ligands adopting C,C-cis,N,N-trans configurations, and
the [BArF,,]~ counter-ion exhibits a regular tetrahedron geom-
etry around the boron atom. However, single crystals of 3 and
4 could not be obtained.

Physicochemical properties

The absorption spectra of 1-4 in acetonitrile solution are de-
picted in Figure 2. In the UV region, the intense absorption
bands between 230 and 330 nm correspond to spin-allowed
LC (ligand-centered) 'm-m* transitions from the ppy ligands.
The quite weak and inconspicuous absorption bands from
350 nm extending to 400 nm have mainly been attributed to
'MLCT (metal-to-ligand charge transfer), 'LLCT (ligand-to-ligand
charge transfer), 3MLCT, °LLCT, and LC *m—m* transitions. The
LLCT transitions have been ascribed to the promotion of elec-
trons from the phenyl groups of the ppy ligands to the phe-
nanthroline-type ancillary ligands. Owing to the strong spin-
orbit coupling induced by the heavy iridium atom, the spin-
forbidden *MLCT, 3LLCT, and LC *x—m* transitions also have
significant intensity.*2*¥

Upon excitation (1.,,=380 nm), complexes 1-4 show poly-
chromic photoluminescence (PL) varying from green to orange
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Figure 2. Absorption spectra of 1-4 in CH,CN solution. Inset shows the nor-
malized absorbance in the region 360-400 nm.

in solution. As shown in Table 1, the peak wavelengths of
1 and 2 are about 40 nm shorter than those of 3 and 4, re-
spectively, due to the introduction of the electron-donating
methyl groups into the phenanthroline-type ancillary ligands.
In comparison with 1 and 3, the PL spectra of 2 and 4, respec-
tively, are red-shifted by 10 nm, probably because of the intra-
molecular strong m-m conjugation between the pendant
phenyl groups and the phenanthroline-type ancillary ligands.
On the other hand, the pendant phenyl groups also cause in-
termolecular m-m conjugation effects and therefore greater
molecular aggregation in 2 and 4, thereby leading to lower
photoluminescence quantum yields (PLQYs) than observed for
1 and 3.

Figure 3 shows the PL spectra of 1-4 at different concentra-
tions in various solvents, namely acetonitrile (CH;CN), tetrahy-
drofuran (THF), and dichloromethane (CH,Cl,). The structure-
less and broad spectra of 1-4 indicate that their emissive excit-
ed states have much more 3MLCT or 3LLCT than LC *m—m*
character**! We can also see that the least polar solvent
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Figure 3. PL spectra of 1-4 at concentrations of: a) 107, and b) 10™°m in
CH,CN, THF, and CH,Cl,, respectively.

(CH,Cl,) causes a clear blue shift of the PL spectra, probably
because it is less effective at stabilizing the polar excited states
of these emitters. The peak wavelengths of 1 in 107>m CH,CN,
THF, and CH,Cl, solution are located at 547, 542, and 533 nm,
and are blue-shifted to 539, 536, and 528 nm in more dilute

Absorption Emission in different solvents

Jabs [NM(e [x 10 M~ cm "))

Table 1. Photophysical properties, electrochemical behavior and thermal stability of 1-4.

Ao [INM] (107 M)® g Inm] (103 M)® @ (7 [us))

Redox
Ered [V] (ELUMO) @

ATs,
[OC][Q]

Emission in solid states
Ao, Inm] @ (@ ps)®  Eo VI (Eriomo)™

576 (CH,Cl,) 580 (CH,Cl,)

1 269 (5.28) 539 (CH,CN) 547 (CH,CN) 034 (0.89) 522 (neat film) 034 (0.96)  0.94 (—574) —192(~2.88) 320
367 (0.56) 536 (THF) 542 (THF) 513 (PMMA)
528 (CH,Cl,) 533 (CH,Cl,)
2 254 (5.87) 553 (CH,CN) 559 (CH,CN) 028 (347) 539 (neat film) 033 (1.49) 094 (—574) —193(-2.87) 362
374 (0.97) 549 (THF) 555 (THF) 522 (PMMA)
539 (CH,CL,) 545 (CH,C,)
3 267 (5.79) 583 (CH,CN) 589 (CH,CN) 036 (0.69) 550 (neat film) 0.58 (0.91)  0.86 (—5.66) —1.86(—2.94) 356
369 (0.69) 581 (THF) 585 (THF) 537 (PMMA)
569 (CH,Cl,) 574 (CH,Cl,)
4 270 (5.98) 593 (CH,CN) 599 (CH,CN) 030 (0.82) 566 (neat film) 0.53 (0.88)  0.86 (—5.66) —1.85(—2.95) 356
369 (1.25) 588 (THF) 595 (THF) 550 (PMMA)

a flow of dry nitrogen gas at a heating rate of 10°Cmin~".

[a] In CH,CN solution (107> M), & denotes the molar extinction coefficient. [b] PL emission in different solvents at concentrations of 10~° or 10> wm. [c] In ni-
trogen-saturated CH,CN solution (10 °m); @ measured versus quinine hydrogen sulfate with @ eerence=0.545 in 1M H,SO, (10> m). [d] PL wavelength in
neat film or 5 wt% doped PMMA film, about 100 nm thick prepared by spin coating from 1,2-dichloroethane. [e] PLQYs measured in neat film. [f] In de-
gassed DMF solution, Eyoyo is the energy of the HOMO and E o is the energy of the LUMO. [g] The temperature of 5% weight reduction measured under
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solution (107> m), respectively, due to reduced molecular aggre-
gation. Analogous phenomena are also found in the PL spectra
of 2-4, as tabulated in Table 1.

As depicted in Figure4, in a 5wt% doped poly(methyl
methacrylate) (PMMA) film, 1-4 clearly show shorter PL wave-

——1 ——2 ——3 ——4
In PMMA
35
8
>
2
o
£ )
- In neat film
o
1 1 1
500 600 700

Wavelength (nm)

Figure 4. PL spectra of 1-4 in neat film and 5 wt% ' doped PMMA film.

lengths of 513, 522, 537, and 550 nm, respectively, owing to
the lower polarity of PMMA compared with the solvent mole-
cules. Compared with those in PMMA film, the PL spectra of
1-4 in neat film exhibit bathochromic shifts; this is because
the coordinated iridium(lll) cations and negative counter-ions
are separated in 5 wt% doped PMMA film, but in close proxim-
ity and bonded to each other in neat film leading to a distinct
molecular aggregation. Complex 1 shows green phosphores-
cence with a peak wavelength at 513 nm in 5wt% doped
PMMA film, which is red-shifted to 522 nm in neat film
(Table 1). Similarly, the peak wavelengths for 2-4 in PMMA film
are in the range 522-550 nm, and are bathochromically shifted
to 539-566 nm in neat film. Note that the PLQYs of 2 and 4
are a little smaller than those of 1 or 3 in neat film, respective-
ly, which also indicates stronger intermolecular -t conjuga-
tion effects, although overall the molecular aggregation and
concentration quenching are effectively reduced by the weak
intermolecular interaction resulting from the large steric hin-
drance of the [BArF,,]- counter-ion.*® Interestingly, the life-
times of 1, 3, and 4 are shorter than 1 ps both in nitrogen-sa-
turated CH5CN solution and in neat film, whereas the lifetimes
of 2 are quite long, that is, 3.47 us in CH;CN and 1.49 ps in
neat film. However, the underlying causes of this odd phenom-
enon are still unknown and need further investigation.

The electrochemistry of 1-4 was then probed by cyclic vol-
tammetry in nitrogen-saturated N,N-dimethylformamide solu-
tion (see Figure S1 in the Supporting Information). Complexes
1 and 2 show similar redox properties with an oxidation po-
tential of 0.94V and a reduction peak of around —1.92V. In
comparison, the oxidation potentials of 3 and 4 are a little
smaller (0.86 V), whereas their reduction potentials are higher
(ca. —1.85 V), which suggests a wider energy gap between
their highest-occupied molecular orbitals (HOMO) and lowest-
occupied molecular orbitals (LUMO).
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In addition, thermogravimetric analysis (TGA) under a flow
of dry nitrogen gas demonstrated the good thermal stability of
1-4 with 5% weight reduction temperatures over 320°C (see
Figure S2 in the Supporting Information). The structures of 1-4
determined in the pristine state and after vacuum sublimation
are quite similar (see the Experimental Section and Figures S3-
S10), thereby confirming their superior sublimability without
any observable decomposition, which is consistent with our
previous work and enables the fabrication of devices by
vacuum evaporation deposition.>?

Electroluminescence

To investigate the electroluminescent (EL) behavior of 1-4, we
fabricated and evaluated OLEDs with the following structure:
ITO/NPB (40 nm)/EML (20 nm)/TPBi (30 nm)/Mg:Ag (150 nm)/
Ag (50 nm). ITO represents indium tin oxide, NPB (N,N'-di-1-
naphthyl-N,N'-diphenylbenzidine) was used for hole injection,
the EML (emitting material layer) consists of a host matrix and
a single dopant, TPBi (1,3,5-tris(1-phenyl-1H-benzo[d]imidazol-
2-yl)benzene) was inserted as a hole-blocking layer, and
Mg:Ag/Ag served as the cathode. The molecular structures and
a schematic energy level diagram of the above OLED material
are shown in Figure 5.

First, we utilized a pyridine-containing bipolar host material,
26DCzPPy  (2,6-bis[3-(9H-carbazol-9-yl)phenyllpyridine), with
a triplet energy (E;) of 2.71 eV for the OLEDs based on 1 and
2" The energy alignments in Figure 5 indicate an efficient
exothermic energy transfer from the triplet state of 26DCzPPy
to the triplet state of 1 or 2 and an excellent triplet energy
confinement of the emitters. Figures S11 and S12 in the Sup-
porting Information show the current density and luminance
versus voltage (J-V and L-V) characteristics of the OLEDs
based on 1 and 2 with different doping ratios, respectively. We
found that both J and L decrease with increasing concentra-
tion of 1 or 2, due to the electron trapping of ionic materi-
als."” Through optimization, we attained green emission with
high brightness values of 12.4x10° and 10.3x10*cdm™ for
the OLEDs based on 1 and 2, respectively, whereas the maxi-
mum current efficiency (CE) is somewhat low (see Tables 2 and
3). To improve the efficiency of the OLEDs based on 2, we
elected another host material, DIC-TRZ (2,4-diphenyl-6-(12-phe-
nylindolo[2,3-a]carbazol-11-yl)-1,3,5-triazine), with thermally ac-
tivated delayed fluorescence (TADF) and an even higher E; of
3.0 eV, which can prevent the energy transfer of triplet excitons
from the emitters back to the host material more effectively."®
Finally, we obtained highly efficient OLEDs based on 2 with
a highest CE of 11.30cdA™' and a maximum luminance of
17.9%10° cdm™ for a doping ratio of 4 mol% (see Figure S13
in the Supporting Information).

Moreover, it is noteworthy that the OLEDs based on 1 and 2
show concentration-dependent polychromic EL spectra, as
shown in Figure 6a—c. As the doping concentration increases
from 4 to 20 mol%, the EL wavelengths of the OLEDs based
on 2 are red-shifted from 528 to 544 nm, that is, they have
a wide range of emission of 16 nm, whereas those of the
OLEDs based on 1 vary by only 6 nm. Analogous phenomena
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Figure 5. Molecular structures and schematic energy level diagram for the materials used in the fabrication of OLEDs.

Table 2. Performance summary of OLEDs based on 1.

EML composition Ap [nm]®@ Vv, V]! Max CE [cd A1 EQE [%]¥! Max L [10°* cdm~2]® Ag [nm]f? CIE (x,)
26DCzPPy 391 7.0 0.60 0.77 53 436 (0.16,0.10)
26DCzPPy: 4 mol% 1 508 6.7 332 1.17 10.0 512 (0.28,0.52)
26DCzPPy: 8 mol % 1 512 6.8 3.30 1.17 10.2 514 (0.28,0.52)
26DCzPPy: 12 mol% 1 514 8.2 3.41 1.20 1.1 514 (0.30,0.52)
26DCzPPy: 16 mol% 1 517 8.7 3.20 1.12 124 516 (0.31,0.53)
26DCzPPy: 20 mol % 1 518 8.8 3.13 1.09 12.2 518 (0.31,0.53)

[a] A, =PL wavelength of the corresponding EML. [b] V,,=turn-on voltage to reach a luminance of 1 cdm™2 [c] CE=current efficiency. [d] EQE = external

quantum efficiency. [e] L =luminance. [f] g =EL wavelength. [g] CIE=Commission Internationale de I'Elairage.

Table 3. Performance summary of OLEDs based on 2.

EML composition Ap [Inm]@ Vo VI®! Max CE [cd A~"] EQE [%] Max L [10* cdm~2 Ag [Inm]?® CIE (x,y)@
26DCzPPy 391 7.0 0.60 0.77 53 436 (0.16,0.10)
26DCzPPy: 4 mol% 2 528 79 3.25 1.15 9.7 528 (0.37,0.53)
26DCzPPy: 8 mol % 2 529 8.0 3.01 1.07 9.9 532 (0.37,0.53)
26DCzPPy: 12 mol% 2 533 8.8 2.74 0.97 9.5 534 (0.38,0.54)
26DCzPPy: 16 mol% 2 536 2.0 2.78 0.97 9.4 538 (0.38,0.54)
26DCzPPy: 20 mol % 2 538 9.7 2.74 0.89 10.3 544 (0.40,0.51)
DIC-TRZ 510 6.6 1.63 0.62 7.5 518 (0.33,0.49)
DIC-TRZ: 4 mol % 2 530 5.7 11.30 3.74 17.9 528 (0.37,0.56)
DIC-TRZ: 6 mol % 2 532 6.2 10.61 3.51 14.2 530 (0.38,0.56)
DIC-TRZ: 8 mol % 2 534 6.4 7.44 240 16.3 532 (0.38,0.56)
DIC-TRZ: 12 mol% 2 535 6.8 6.51 21 14.4 538 (0.38,0.56)
DIC-TRZ: 20 mol% 2 537 7.5 5.95 2.15 10.2 544 (0.40,0.51)
[a] Ap,=PL wavelength of the corresponding EML. [b] V,,=turn-on voltage to reach a luminance of 1 cdm™2 [c] CE=current efficiency. [d] EQE = external
quantum efficiency. [e] L=Iluminance. [f] ¢, =EL wavelength. [g] CIE=Commission Internationale de I'Elairage.

can also be observed in the PL spectra of the corresponding Similarly, the OLEDs based on 3 and 4 also exhibit EL spectra
EMLs. This effect probably arises because, compared with 1, dependent on their doping ratios in the DIC-TRZ host matrix
the m-m conjugation effects between the pendant phenyl (Tables4 and 5). As the concentration increases from 4 to
groups and 1,10-phenathroline in the ancillary dmbphen 20 mol%, the EL wavelengths of the OLEDs based on 3 vary
ligand of 2 cause stronger molecular aggregation. from 538 to 549 nm with an 11 nm bathochromic shift (Fig-
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Figure 6. PL and EL spectra of: a,b) OLEDs based on 1 and 2 with the 26DCzPPy host, and c-e) OLEDs based on 2-4 with the DIC-TRZ host.

Table 4. Performance summary of OLEDs based on 3.

EML composition Ao Inm]® V., V]®! Max CE [cd A1 EQE [%]9 Max L [10° cdm2® Jg [nm]? CIE (x,)@
DIC-TRZ 510 6.6 1.63 0.62 7.5 518 (0.33,0.49)
DIC-TRZ: 4 mol% 3 539 4.5 8.79 2.87 22.2 538 (0.38,0.56)
DIC-TRZ: 8 mol% 3 544 5.4 9.41 3.05 224 544 (0.39,0.54)
DIC-TRZ: 12 mol% 3 545 5.3 9.15 3.03 22.2 545 (0.39,0.53)
DIC-TRZ: 16 mol% 3 547 5.7 3.89 1.29 15.4 546 (0.39,0.55)
DIC-TRZ: 20 mol% 3 548 6.9 2.87 0.98 11.8 549 (0.40,0.53)

[a] Ap,=PL wavelength of the corresponding EML. [b] V,,,=turn-on voltage to reach the luminance of 1 cdm™2 [c] CE=current efficiency. [d] EQE = external
quantum efficiency. [e] L =luminance. [f] g =EL wavelength. [g] CIE=Commission Internationale de I'Elairage.

Table 5. Performance summary of OLEDs based on 4.

EML composition Ap [Nnm]® V., VI® Max CE [cd A~"]1 EQE [9%] Max L [10° cdm™2]® Ag Inm]® CIE (x,y)9
DIC-TRZ 510 6.6 1.63 0.62 7.5 518 (0.33,0.49)
DIC-TRZ: 4 mol% 4 538 5.0 16.32 5.10 >27.1 542 (0.39,0.56)
DIC-TRZ: 8 mol% 4 540 5.9 14.96 4.69 >27.1 544 (0.40,0.56)
DIC-TRZ: 12 mol% 4 549 6.0 7.44 241 15.6 547 (0.42,0.55)
DIC-TRZ: 16 mol% 4 559 8.9 3.90 1.30 8.3 552 (0.43,0.54)
DIC-TRZ: 20 mol% 4 561 9.3 5.49 1.93 9.5 558 (0.43,0.54)

[a] Ap,=PL wavelength of the corresponding EML. [b] V,,=turn-on voltage to reach a luminance of 1 cdm~2. [c] CE=current efficiency. [d] EQE = external
quantum efficiency. [e] L=Iluminance. [f] A¢, =EL wavelength. [g] CIE=Commission Internationale de I'Elairage.

ure 6d), whereas those of the OLEDs based on 4 show a larger
variation of 16 nm between 542 and 558 nm (Figure 6e). We
attained yellow-emitting devices of 3 with a maximum CE of
9.41cdA™' and a brightness of 22.4x10°cdm™ by doping
with 8 mol% of 3 (see Figure S14 in the Supporting Informa-
tion), whereas the OLEDs based on 4 show a better per-
formance with a CE of 16.32 cdA™' and a brightness in excess
of 27.1x10° cdm™ with 4 mol% doping of 4 (see Figure S15).
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Conclusions

A novel series of four sublimable cationic iridium(lll) complexes
1-4 with 1,10-phenanthroline derivatives as ancillary ligands
have been designed, synthesized, and fully characterized.
Highly efficient and polychromic vacuum-evaporated OLEDs
prepared from complexes 1-4 were fabricated and evaluated;
superior device performance was achieved for green to yellow

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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emission. Bathochromic shifts dependent on the doping con-
centration of these new phosphorescent materials were also
demonstrated and explained by the m-mt conjugation effects of
the 1,10-phenanthroline-type ancillary ligands and the result-
ing molecular aggregation. Our work provides new insight into
both the photo- and electroluminescent characterization of
cationic iridium(lll) complexes and reveals a new family of sub-
limable ionic phosphorescent materials with immense poten-
tial for state-of-the-art organic electronic devices in full-color
displays and solid-state lighting.

Experimental Section
Methods

Solvents were purchased from commercial sources and used as re-
ceived unless otherwise stated. ESI mass spectrometry was per-
formed with a Thermo Electron Corporation Finnigan LTQ. 'H NMR
and 'F NMR spectra were recorded with a JOEL JNM-ECA600 NMR
spectrometer. Single-crystal X-ray characterization was performed
on a Bruker SMART APEX charge-coupled device (CCD) diffractome-
ter equipped with graphite monochromatized MoKa. radiation. The
absorption and PL spectra were performed with a UV/Vis spectro-
photometer (Agilent 8453) and a fluorospectrophotometer (Jobin
Yvon, FluoroMax-3), respectively. The excited state lifetimes were
measured on a transient spectrofluorimeter (Edinburgh Instru-
ments, FLSP920) with time-correlated single-photon counting tech-
nique at the peak emitting wavelength. PLQYs in degassed CH;CN
solution (1x 107> m) were calculated with quinine sulfate (¢ =0.545
in 1m H,SO,) as the reference. PLQYs in neat films were measured
at the excitation wavelength of 400 nm by using a Quantaurus-QY
C11347-11. Cyclic voltammetry was performed on a Princeton Ap-
plied Research potentiostat/galvanostat model 283 voltammetric
analyzer in degassed N,N-dimethylformamide solution (1x1073m)
at a scan rate of 100 mVs ' with a platinum plate as the working
electrode, a silver wire as the pseudo-reference electrode and
a platinum wire as the counter electrode. The supporting electro-
lyte was tetrabutylammonium perchlorate (0.04 gmL™") and ferro-
cene was selected as the internal standard.

Synthesis and characterization

Synthesis and characterization of 1: The dichloro-bridged diiridi-
um complex [Ir(ppy),Cll, (0.9953 g, 0.928 mmol) and dmphen
ligand (0.4048 g, 1.863 mmol) were dissolved in 1,2-ethanediol
(60 mL). Then the mixture was heated at reflux at 150°C in
a Schlenk tube for 16 h under an argon atmosphere to form
a yellow solution. After cooling to room temperature, Na[BArF,,]
(1.8043 g, 2.036 mmol) was slowly added to the reaction mixture
under stirring. The product was then extracted with CH,Cl, and
dried under vacuum at 60 °C overnight. The crude product was pu-
rified by column chromatography on silica gel (200-300 mesh)
with CH,Cl, as the eluent, to yield a yellow powder (2.1852 g,
1.390 mmol). Yield: 75%. In the pristine state: 'H NMR (600 MHz,
[D¢]DMSO) 6=8.72 (d, J=8.3 Hz, 2H), 8.24 (d, J=8.2 Hz, 2H), 8.20
(s, 2H), 7.88 (dd, J=11.4, 4.2 Hz, 2H), 7.84 (d, J=7.6 Hz, 2H), 7.80
(d, J=83Hz, 2H), 7.70 (s, 4H), 7.61 (s, 8H), 7.58 (d, J=5.7 Hz, 2H),
6.99 (dd, J=9.7, 3.6 Hz, 2H), 6.92 (t, J/=7.5Hz, 2H), 6.76 (t, J=
7.5Hz, 2H), 6.04 (d, J=7.6 Hz, 2H), 2.03 ppm (s, 6H); ""F NMR
(600 MHz, [D;]DMSO): d=—61.55ppm (s, 24 F); MS (ESI): m/z:
caled for CygHyglrN,: 709.19 [M—BArF,,1*; found: 709.19; calcd for
C3,Hq,BF,,: 863.06 [M—Ir(ppy),(dmphen)]~; found: 863.07. After
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vacuum sublimation: '"H NMR (600 MHz, [D;]DMSO) 6=8.73 (d, J=
8.3 Hz, 2H), 8.24 (t, /=8.1 Hz, 2H), 8.21 (s, 2H), 7.88 (t, J/=7.8 Hz,
2H), 7.85 (d, J=7.8Hz, 2H), 7.80 (d, J=8.3 Hz, 2H), 7.68 (s, 4H),
7.62 (s, 8H), 7.59 (d, J=5.7 Hz, 2H), 7.00 (t, J=6.6 Hz, 2H), 6.93 (t,
J=7.5Hz, 2H), 6.77 (t, J=7.4Hz, 2H), 6.06 (d, /=7.6 Hz, 2H),
2.05 ppm (s, 6H); '’F NMR (600 MHz, [Dg]DMSO) 6 = —62.08 ppm (s,
24 F); MS (ESI): m/z: caled for CigHyelrN,: 709.19 [M—BArF,,]*;
found: 709.19; calcd for C;,H,,BF,,: 863.06 [M—Ir(ppy),(dmphen)]™;
found: 863.06; elemental analysis calcd (%) for CggHyoBF,4IrN,: C
51.95, H 2.56, N 3.56; found: C 51.89, H 2.60, N 3.56.

A single crystal of 1 was grown from an acetone/methanol mixed
solution and characterized by X-ray crystallography. Space group
P—1, a=13.5997(15), b=18.476(2), c=25.972(3) A, a=86.694(4),
B =87.006(4), y=73370(4)°, V=62380(12) A% Z=4, d,u=
1.674 gcm 3, R,=0.0479, wR,=0.0843 for 21163 observed reflec-
tions [I>20(/)] (CCDC 1477554).

Synthesis and characterization of 2: The synthesis route to 2 was
quite similar to that used for the synthesis of 1, except that
dmphen was replaced by dmbphen as the ancillary ligand. Yield:
78%. In the pristine state: 'H NMR (600 MHz, [DJDMSO0): 6 =8.28
(d, J=8.1 Hz, 2H), 8.03 (s, 2H), 7.93 (t, J/=7.3 Hz, 2H), 7.86 (d, J=
7.7 Hz, 2H), 7.84 (s, 2H), 7.75 (d, J=5.6 Hz, 2H), 7.69 (s, 4H), 7.62
(s, T0H), 7.61 (s, 8H), 7.08 (t, J=6.4 Hz, 2H), 6.93 (t, J=7.4 Hz, 2H),
6.78 (t, J=7.4Hz, 2H), 6.07 (d, J=7.6 Hz, 2H), 2.10 ppm (s, 6H);
F NMR (600 MHz, [D¢]DMSO): 0 =—61.57 ppm (s, 24 F); MS (ESI):
m/z: calcd for C,gHs6lrN,: 861.26 [M—BArF,,1*; found: 861.26; calcd
for Cg,H,,BF,,: 863.06 [M—Ir(ppy),(dmbphen)]™; found: 863.07.
After vacuum sublimation: '"H NMR (600 MHz, [D;]DMSQ): 6 =8.29
(d, J=82Hz, 2H), 8.04 (s, 2H), 7.94 (t, J/=7.8 Hz, 2H), 7.88 (d, J=
7.8 Hz, 2H), 7.85 (s, 2H), 7.77 (d, J=5.7 Hz, 2H), 7.70 (s, 4H), 7.63
(s, T0H), 7.60 (s, 8H), 7.10 (t, J=6.6 Hz, 2H), 6.94 (t, J=7.5 Hz, 2H),
6.79 (t, J=7.4Hz, 2H), 6.09 (d, J=7.7 Hz, 2H), 2.12 ppm (s, 6H);
F NMR (600 MHz, [Dg]DMSO): 6=—61.91 ppm (s, 24 F); MS (ESI):
m/z: calcd for CugHs6IrN,: 861.26 [M—BArF,,]"; found: 861.26; calcd
for C3,H,,BF,,: 863.06 [M—Ir(ppy),(dmbphen)]~; found: 863.06; ele-
mental analysis calcd (%) for CgoH,gBFoIrN,: C 55.73, H 2.81, N 3.25;
found: C 55.69, H 2.80, N 3.30.

A single crystal of 2 was grown from an acetone/methanol mixed
solution and characterized by X-ray crystallography. Space group
P1, a=14.162(3), b=14.191(3), c=18.008(4) A, 0 =107.27(3), B=
110.08(3), y=10028(3)°, V=3083.0(11)A% Z=2, dyu=
1.663 gcm >, R, =0.0583, wR,=0.1601 for 22333 observed reflec-
tions [/ >20(/)] (CCDC 1482351).

Synthesis and characterization of 3: The synthesis route of 3 was
quite similar to that used for the synthesis of 1, except that
dmphen was replaced by phen as the ancillary ligand. Yield: 77 %.
In the pristine state: '"H NMR (600 MHz, [DJDMSO): 6 =8.87 (d, J=
8.2 Hz, 2H), 8.35 (s, 2H), 8.23 (d, J=8.2 Hz, 2H), 8.18 (d, /=8.2 Hz,
2H), 8.02 (dd, J=8.1, 5.1 Hz, 2H), 7.93 (d, J=7.8 Hz, 2H), 7.84 (t,
J=7.8Hz, 2H), 7.65 (s, 4H), 7.59 (s, 8H), 7.43 (d, J=5.7 Hz, 2H),
7.03 (t, J=7.5Hz, 2H), 6.94 (dt, J=14.8, 7.0 Hz, 4H), 6.27 ppm (d,
J=7.5Hz, 2H); "F NMR (600 MHz, [DJDMSO): 6 =—61.62 ppm (s,
24 F); MS (ESI): m/z: caled for CyHyIrN,: 681.16 [M—BArF,]";
found: 681.16; calcd for Cy,H,,BF,,: 863.06 [M—Ir(ppy),(phen)]™;
found: 863.07. After vacuum sublimation: 'HNMR (600 MHz,
[Dg]DMSO): 6=8.90 (d, J=83 Hz, 2H), 839 (s, 2H), 8.26 (d, J=
8.2 Hz, 2H), 8.22 (d, /=4.9 Hz, 2H), 8.06 (dd, J=8.1, 5.1 Hz, 2H),
7.96 (d, J=7.8Hz, 2H), 7.87 (t, J/=7.8 Hz, 2H), 7.69 (s, 4H), 7.62 (s,
8H), 747 (d, J=5.7Hz, 2H), 7.06 (t, J=7.5Hz, 2H), 6.97 (dt, J=
15.0, 6.8 Hz, 4H), 6.31 ppm (d, J=7.5 Hz, 2H); '°F NMR (600 MHz,
[DgIDMSO): 6=-61.90 ppm (s, 24 F); MS (ESI): m/z: calcd for
C34H,4IrN,: 681.16 [M—BArF,,1"; found: 681.16; calcd for C;,H;,BF,,:
863.06 [M—Ir(ppy),(phen)]”; found: 863.06; elemental analysis
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calcd (%) for CgH36BF,4IrN,: C 51.34, H 2.35, N 3.63; found: C 51.37,
H 2.36, N 3.62.

Synthesis and characterization of 4: The synthesis route of 4 was
quite similar to that used for the synthesis of 1, except that
dmphen was replaced by bphen as the ancillary ligand. Yield: 80 %.
In the pristine state:'H NMR (600 MHz, [D]DMSO): 6=8.30 (t, J=
6.2 Hz, 4H), 8.22 (s, 4H), 8.06 (d, J=5.3 Hz, 2H), 7.98 (d, /=7.6 Hz,
2H), 7.94-7.90 (m, 2H), 7.72 (s, 4H), 7.69-7.63 (m, 8H), 7.62 (s, 8H),
7.61 (s, 2H), 7.10-7.05 (m, 4H), 6.97 (t, J=7.4 Hz, 2H), 6.31 ppm (d,
J=7.4Hz, 2H); F NMR (600 MHz, [D;DMSO) & =—61.77 ppm (s,
24 F); MS (ESI): m/z: caled for C,Hs,IrN,: 833.23 [M—BArF,]™;
found: 833.23; calcd for C;,H,,BF,,: 863.06 [M—Ir(ppy),(bphen)]~;
found: 863.06. After vacuum sublimation: 'HNMR (600 MHz,
[Dg]DMSO):0=8.31 (t, J=6.0Hz, 4H), 823 (s, 4H), 8.06 (d, J=
53 Hz, 2H), 7.98 (d, J/=7.8Hz, 2H), 7.92 (t, J/=7.8 Hz, 2H), 7.71-
7.58 (m, 22H), 7.08 (t, J=7.8Hz, 2H), 698 (t, J=7.4Hz 2H),
6.33 ppm (d, J=7.5Hz, 2H); "FNMR (600 MHz, [D;JDMSO) 6=
—61.91 ppm (s, 24 F); MS (ESI): m/z: calcd for C,qHs,IrN,: 833.23
[M—BArF,,]1*; found: 833.22; calcd for C5,H,,BF,,: 863.06 [M—Ir(p-
py),(bphen)]”; found: 863.06; elemental analysis calcd (%) for
CrgHauBFoIrN,: C 55.23, H 2.61, N 3.30; found: C 55.33, H 2.61, N
3.31.

CCDC CCDC 1477554 (1) and 1482351 (2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.
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Simply sublime! A novel series of sub- ol PL (ol Bl Luminescence
limable cationic iridium(lll) complexes EL (Open)
with 1,10-phenanthroline derivatives as
ancillary ligands and the same bulky EE-EE
negative counter-ion have been pre-

pared and used to fabricate highly effi- I , =3 Sublimable Cationic Iridium(lil)
cient polychromic OLEDs by vacuum 5,797-/!’—'. - Complexes with 1,10-Phenanthroline
evaporation deposition (see figure). This . . . . . Derivatives as Ancillary Ligands for

work provides a new and promising ma- e B%Dopm;:ﬁcemr;:j o Highly Efficient and Polychromic

terial system containing evaporable Electroluminescence

charged phosphorescent emitters for

use in organic electronics.
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