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Near-IR Emitting Iridium(III) Complexes with Heteroaromatic
p-Diketonate Ancillary Ligands for Efficient Solution-Processed
OLEDs: Structure—Property Correlations
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Abstract: Three NIR-emitting neutral Ir'"" complexes [Ir-
(ight),(dpm)] (1), [Ir(igbt),(1ta)] (2), and [Ir(iqbt),(dtdk)] (3)
based on the 1-(benzo[b]thiophen-2-yl)-isoquinolinate (iqtb)
were synthesized and characterized (dpm =2,2,6,6-tetra-
methyl-3,5-heptanedionate; tta=2-thienoyltrifluoroacetonate;
dtdk = 1,3-di(thiophen-2-yl)propane-1,3-dionate). The com-
pounds emit between L =680 and 850 nm with high lumines-
cence quantum yields (up to 16 %). By combining electro-
chemistry, photophysical measurements, and computational
modelling, the relationship between the structure, energy levels,
and properties were investigated. NIR-emitting, solution-
processed phosphorescent organic light-emitting devices
(PHOLEDs) were fabricated using the complexes. The devices
show remarkable external quantum efficiencies (above 3 %
with 1) with negligible efficiency roll-off values, exceeding the
highest reported values for solution-processible NIR emitters.

Driven by military,! civil, and telecommunications needs,
the development of near-IR-emissive materials (emitting at
wavelengths greater than 4 =700 nm) has emerged as a prom-
ising and challenging research field with potential application
in organic light emitting diodes (OLEDs), night-vision read-
able displays, and bio-imaging."-?

NIR emitters suitable for OLED application have been
developed either using pure organic molecules and/or poly-
mers or organometallic compounds.”! Late-transition-metal
complexes of the second and third row display high lumines-
cence quantum efficiencies (&) resulting from strong spin-
orbit coupling (a result of the heavy metal effect) and intrinsic
conformational rigidity. In addition, the ease of engineering
their electronic properties make these compounds of partic-
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ular relevance in NIR applications.[! Phosphorescent OLEDs
(PHOLED:s), in which both singlet and triplet excitons can be
harvested,! have shown record external quantum efficiencies
(EQE) of 9-14.5% in the 1 =650-800 nm range employing
Pt porphyrins or excimeric Pt compounds in sophisticated
device architectures.!! However, detrimental efficiency roll-
off at increasing current density was detected.””! This effect
is primarily ascribed to the facile aggregation of square-planar
systems and their intrinsic long phosphorescence lifetimes.
On the other hand, phosphorescent cyclometalated transi-
tion-metal complexes with octahedral geometries (contain-
ing, for example, Ir'" [52° Os" 1 or Re!l) have been also
been explored to limit the efficiency roll-off issues.

Cao et al. reported an iridium(III)-based solution-pro-
cessed optimized device with an emission maximum at 1=
690 nm and an EQE value over 5%."! Similarly, Tao et al.
demonstrated negligible efficiency roll-off in Ir'"'-based
devices, obtained by solution or vacuum methods, emitting
in the range 1 =700-800 nm with EQE values of about 2 % .

The most successful strategy to lower the emission energy
of cyclometalated complexes, based on the use of a chelating
ligand with NAC donor atoms,* is the careful expansion of
the 7 conjugation of the ligand system.!"'"*l For instance, a red
shift of over 100 nm can be achieved employing isoquinoline
and naphthyl groups instead of pyridine and phenyl rings.['* 1!
Additionally, introducing electron-rich heteroaromatic rings
(such as thiophene) also induces a significant bathochromic
shift in the emission.'®! Alternatively, significant electronic
perturbation can be achieved by modification of the ancillary
ligands."” The introduction of B-diketonate ancillary ligands
onto homoleptic tris-cyclometalated Ir'"™ complexes can
induce a slight red shift (10-15 nm) of the emission as in the
case of [Ir(thpy),(acac)] and [Ir(btpy),(acac)] compared to
fac-[Ir(thpy)s] and fac-[Ir(btpy)s], respectively (thpy=2-
thienylpyridine; btpy =benzothienylpyridine; acac=acetyl-
acetonate).['¥!

Tkawa et al. recently reported a homoleptic fac-[Ir(igbt);]
complex (igbt = 1-(benzo[b]thiophen-2-yl)-isoquinoline),
incorporating electron-rich benzothiophene moieties, which
emits at A=690 nm with good efficiency."” A solution-
processed OLED incorporating this complex was fabricated
with an EQE of 1.4 %"

We decided to investigate the family of [Ir(igbt),L]
complexes including three different [3-diketonate (L) ancil-
lary ligands with increasing conjugation. The three ancillary
ligands employed were 2,2,6,6-tetramethyl-3,5-heptanedione
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(Hdpm), 2-thienoyltrifluoroacetone (Htta) featuring one 50 o ' — 500 : '
thiophene group, and 1,3-di(thiophen-2-yl)propane-1,3- a) -2 'S a0

dione (Hdtdk) featuring two thiophene groups. These three 404 S

. _ . —_ £

ligands allowed control of the steric hindrance and solubility TE 4

of the complexes (critical for processing of the active layer of o ®

the devices) and have increased donor character because of S

the presence of the electron-rich thiophene groups. More- 5

over, the possibility of selective functionalization of the o

thiophene ring in the ttaand dtdkligands makes these <

derivatives even more attractive. With this simple strategy, ©

we synthesized three new NIR-emitting Ir'™ complexes which

were employed to prepare efficient PHOLEDs having

negligible efficiency roll-off values in unoptimized devices.

The new complexes, 1-3 (Figure 1) were prepared using
a two-step process (see Scheme S1.2 in the Supporting b
Information). The intermediate p-chloro-bridged dimer, )

[{(igbt),IrCl},], prepared by cyclometalation of IrCly-n H,O -
with the Higbt ligand,®™ was reacted with Hdpm in 2- 5
ethoxyethanol as solvent at 110°C in the presence of K,CO; §
to give 1 in 22% yield.”™ A slight modification of this £
procedure was needed for the synthesis of 2 and 3 which were E
obtained in 32% and 24% yield, respectively (see the 2
Supporting Information).”™ All complexes are soluble in
common organic solvents.

The UV/Vis/NIR absorption spectra of the three com- ' ' ' ' '
plexes in CH,Cl, at 298 K (Table 1 and Figure 2a) show G20 [y 758 BLU 830
strong absorption bands in the region below 4 =450 nm; this 4 (nm]
results from a complex spectroscopic admixture of m—m* and Figure 2. a) UV/Vis/NIR absorption and b) emission spectra in CH,Cl,
metal-to-ligand charge transfer (MLCT) transitions.?!) at 298 K of 1 (red), 2 (blue), and 3 (green). In (a), the spectrum of the

Complexes 2 and 3, compared to 1, show larger extinction Higbt Iigand is shown for comparison (black). Inset in (a): the ST,
coefficients (¢) in the range 4 =350-400 nm because of the absorption bands.
overlap of the original diketonate ligand (Hdtdk and Htta)
absorption bands.” In the region A=450-600nm the
absorption shape of 1, 2, and 3 is similar and undergoes bands to '*MLCT (d-m*) transitions resulting from the
a blue shift in the sequence 1, 3, 2. Since the ligands (igbt and  coordination of the Ir'™ center with the igbt ligand. Weak
diketonates) do not absorb in that region, we assign these  bands in the region of A>600nm (Figure2a, inset) are

assigned to ground-state excitation into the lowest triplet
state (S,—T,; Table 1 and see below for TDDFT analysis).'"!

O O CF, O 5 Complexes 1, 2, and 3 display a structured NIR phosphor-

SONGPA 4 S | Ve 3 S , P \ escence emission at A =710, 704, and 707 nm, respectively,

et o= Wt o= W o= recorded at 298 K in degassed CH,Cl, solution (Table 1 and
' J1l2 ' Al {2 ' Al = Figure 2b). As a result of the nonemissive character of the
Z dpm ligand and the high triplet energy (Er) of ligands dtdk
[Ir(igbt)z(dpm)] (1) ir(iabt)y(tta)] (2) [ir(igbt)z(dtdk)] (3) and tta (emission maxima at A=531nm and 502 nm)"®
Figure 1. Chemical structures of complexes 1-3. compared to Higbt (1 =580 nm; Figure S2.5), the emissions
Table 1: Photophysical properties of complexes 1-3.
Absorptiont® Emission 298 K& Emission 77 K4 Electrochemistry!

Jabs [NM] E o) Aem [nM] T [us] D, Kor Aem [NM] T [us] HOMO LUMO  EfC

(e[x10°Lmol em™]))  [eV] x10°s7"] [x10°s7] [eV] [eV] [eV]

1 545 (10.5)(MLCT) 2.27 710 1.40 0.16 6.0 694 2.04 —5.15 —2.71 2.44

687 (0.34) (So-T1) (2.29)"
2 528 (10.4) (MLCT) 2.35 704 072 007 097 13.0 691 2.03 —531  —296 235

681 (0.23) (Sp-T,) (2.07)
3 539 (8.2) (MLCT) 2.30 707 1.44 0.14 0.97 6.0 694 2.00 —5.19 —2.76 2.43

687 (0.21) (So-T1) (2.25)"
[a] N,-saturated CH,Cl, solutions (¢, =2 x 107> Lmol™") at 298 K. Absorption maxima at wavelengths greater than 1 =500 nm given. Rate constants k,
and k,, are calculated using the equations k,= @ /7 and k,,= (1—®,) /7, on the assumption that @,;c=1 (ISC=intersystem crossing). [b] Calcd. at
Aasmarcr [€] In @ 2-MeTHF frozen matrix at 77 K. [d] Calcd. from E° potentials. [e] Calcd. from onset criterion (Table S3).
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of 1-3 originate from a perturbed igbt-based state with *LC/
SMLCT character (LC = ligand-centered; see Figure 4 for the
DFT calculations and Section S4 in the Supporting Informa-
tion). Although the phosphorescence emission of complexes
1-3 shifts slightly to mirror the absorption behavior, the
excited-state dynamics of the complexes are clearly affected
by the diketonate structure. Complexes 1 and 3 show almost
identical luminescence quantum yields @ (0.16 and 0.14,
respectively) and lifetimes (1.40 ps and 1.44 ps), whereas
a two-fold decrease is detected for 2 (@, =0.07 and 7=
0.72 ps). Radiative rate constants (k,) are high and are
essentially identical for the three complexes (circa 1 x 10°s™!
in accordance with the large ¢ value of the S,—T, transition)
whereas the nonradiative rate (k,,) for 2 is two times larger
than those for 1 and 3. A minor rigidochromic blue shift is
detected at 77 K in a 2-MeTHF matrix (Figure S2.6; Table 1)
and the excited-state lifetimes increase up to about 2 ps for all
of the complexes. This evidence suggests the presence of
a competitive, thermally activated (TA), nonradiative deac-
tivation pathway in 2 that sidesteps the vibrational coupling
pathway to the ground state also present in 1 and 3.

To further investigate the nature of shift of the ""MLCT
bands and the different decay dynamics, we performed
electrochemical studies and determined the frontier orbital
energy levels. These data were further used in the choice of
OLED host materials. In the cyclic voltammograms, a rever-
sible oxidation wave is detected at +0.38 V, +0.54 V and
+0.43 V versus Fc'/Fc for 1, 2, and 3, respectively (Figure 3;
Figure S3.1), attributed to a predominantly metal-centered
process also involving the cyclometalated benzothiophene
moiety,™ as evidenced by the DFT calculations (Figure 4;
Figure S4.1).

The anodic shift in oxidation (HOMO level stabilization)
of 3 (0.05eV) compared to 1 may result from the larger -
backbonding from the It center to the dtdk ligand resulting
from the more extended conjugation of the diketonate ligand
itself.?" In comparison to 1, the stronger anodic shift of 2
(0.16 V) results from the combined effects of w-backbonding
(in analogy to 3) enhanced by the electron-withdrawing effect
of the CF; group on the tta moiety. No further oxidation is
detected for 1, whereas a second irreversible oxidation wave

30 -25 -20 -15 1.0 -05 0.0 05 1.0 15
E (V vs Fc'IFc)

Figure 3. Cyclic voltammograms of complexes 1-3 recorded versus
Fc*/Fc in DMF at 298 K under a N, atmosphere (scan rate =
100 mVs™).
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at 4092V for 3 and at +1.02V for 2 is assigned to
electrochemical processes on the thiophene unit of the
diketonate ligand.

Two reversible reduction waves are detected for 1 at
—2.12 Vand —2.43 V, and can be attributed to two subsequent
one-electron reduction processes localized on the isoquino-
line moiety.” Complexes 2 and 3 show three reduction waves.
The first one-electron reversible reduction wave is located at
—1.87 V for 2 and —2.07 V for 3, anodically shifted compared
to 1 by 0.25 V and 0.05 V, respectively. The next two, quasi-
reversible, reduction processes are detected below —2.3 V.
Thus, the electrochemical HOMO-LUMO gaps (E,") fol-
lows the order 2 <3 <1, contrary to the detected optical gap
(E,°" are ordered 1< 3<2).

In contrast, the same energy trends are found comparing
E,°"Tand E,"¢ gap values for 2 and 3 calculated between the
first oxidation and second reduction waves (Table S3.1),
suggesting that the first reduction process would involve
orbitals on the diketonate dtdk and tta ligands.”!

In agreement with this conclusion, DFT calculations show
a large LUMO density distribution on the diketonate ligand
in case 2 and 3 in contrast to the igbt-localized LUMO in
1 (Figure 4; Figure S4.1). Thus, the next two cathodic
reduction waves of 2 and 3 are attributed to igbt-localized
processes; compared to the analogous processes in 1, their
cathodic potentials shift (level destabilization) indicates
a partial electronic communication between the LUMO and
the adjacent LUMO + 1 and LUMO + 2 orbitals. Pictorially
we observe the LUMO + 1 density spreading onto the igbt
ligand but also onto the tta/dtdk ligands in 2 and 3.

Time-dependent DFT (TDDFT) calculations were per-
formed to further confirm the nature of the electronic
transitions described (simulated spectra are reported in
Figure S4.3 and Table S4.1 summarize the main transitions
and the orbital analyses).

The calculated lowest energy triplet transitions (S—T,) are
in the range A=724-718 nm following the experimental
trend. In 1, the lowest energy singlet transitions (1 =557
and 545 nm) share a HOMO-LUMO and HOMO-LUMO +

HOMO LUMO LUMO+1

R

Figure 4. DFT B3LYP/LACVP** frontier orbital counterplots (optimized
ground state) of 1 (top) and 2 (bottom) and triplet spin density of 2
(boxed) in the optimized triplet state.

Angew. Chem. 2016, 128, 27642768
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1 character. In agreement with the absorption trend, a hyp-
sochromic shift to 537 nm in 2 and to 543 nm in 3 is detected
and, in contrast to 1, these transitions arise from HOMO to
LUMO + 2 transitions.

Within this energetic framework, the nonradiative TA
path that quenches the emission of 2 could involve population
of a low-lying metal-ligand-to-ligand CT state of HOMO to
LUMO character which (according to the CV onset gap of
2.07 eV) sits only 0.25eV above the emissive *LC/MLCT
state (at 1.79 eV, equivalent to an emission peak at A=
691 nm).

Further confirmation arises from TDDFT calculations in
which, for both 2 and 3, a weak singlet transition from the
HOMO to the LUMO is found (occurring at A =586 nm and
572 nm, respectively), emphasizing the importance of the shift
of the LUMO onto the tta/dtdk ligands. Therefore the smaller
calculated singlet—triplet gap in 2 and 3 compared to 1 would
justify the higher quenching rate which is detected at least
in 2.

The novel soluble NIR emitters were tested in solution-
processed devices with a simple architecture of ITO/
PEDOT:PSS(50 nm)/PVK(65 % ):0XD7(30 % ):Ir complex-
(5%)(180 nm)/Ba(7 nm)/Al(100 nm)  (ITO =indium tin
oxide; PEDOT:PSS = poly(3.,4-ethylenedioxythiophene)
polystyrene  sulfonate;  OXD7 = 1,3-bis(5-(4-tert-butyl-
phenyl)-1,3,4-oxadiazol-2-yl)benzene; PVK = polyvinylcar-
bazole).””! Thanks to the suitable choice of PVK as host,
efficient emission in the spectral range A=680-900 nm is
detected for all the devices.

Electroluminescence (EL) spectra (Figure Sa) resemble
very well those recorded for the complexes in CH,Cl,
(Figure 2b), with emission maxima at A =714 nm for 1 and
3 and 1 =709 nm for 2 and negligible contribution from the
matrix. However, emission spectra (Figure S5.3) of the
devices reveal a weak PVK contribution at 1=420 nm,
suggesting that a charge-trapping mechanism is responsible
for the EL, facilitated by the position of the HOMO and
LUMO levels of the emitters with respect to the matrix
energy levels (Figure Sa, inset).

The PHOLED based on 1 shows a remarkable total EQE
(EQE™) of 3.07% at 1mAcm 2 For 3 and 2 the
efficiencies are 2.44% and 1.28%, respectively, mirroring
the @, trend in solution. The devices switch on at 13-15V
(Figure S5.1) and the EQE values remain indeed constant in
the radiance (L,) range 0.1-1 Wsr'm? (Table 2; Figure 5b).

Therefore, the device efficiency roll-off at high brightness,
ascribed to triplet-triplet annihilation or triplet—polaron
quenching,® is negligible for emitters 1 and 3 and only
moderate (about 10%) for 2, resulting from the short
radiative lifetimes and reduced aggregation of the complexes.
In complex 2, electron-trapping on the lower-energy LUMO
could lead to a decreased EQE value.

In conclusion, we prepared three cyclometalated Ir
complexes with different (-diketonate ancillary ligands
which demonstrate efficient NIR emission. Electrochemical
and photophysical studies, supported by DFT calculations,
allowed correlation of the structure—property effects as
a consequence of changing LUMO energies with modifica-
tion of the diketonate structure. Unoptimized devices were

111
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Figure 5. a) EL spectra and b) EQE versus radiance plots (bottom) for

PHOLEDs based on complexes 1-3. Inset in (a): Flat-band energy level
diagram for the devices.

Table 2: Characteristics of the devices based on 1-3.F

Awo’ 0] d [nm] Vo, V] EQE,"™ [%] L™ [Wsr'm
1 714 233 13 3.07 1.43
2 709 235 15 1.28 3.1
3 714 234 14 244 4.9

[a] Von is the turn-on voltage; d is the total thickness of the organic
layers.

fabricated to test the effect of changing the nature of the
ligand on the optoelectronic properties. The PHOLED based
on emitter 1 showed a remarkable EQE of 3.07 %, in a single
layer architecture and with negligible efficiency roll-off,
which is a key feature for technological applications. These
devices rank among the most efficient devices reported
employing a true NIR-emitting phosphorescent complex.
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