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Pure near-infrared (NIR) phosphorescent materials with emission peak larger than 700 nm are of great
significance for the development of optoelectronics and biomedicine. We have designed and synthe-
sized two new B-embedded pure near-infrared (NIR)-emitting iridium complexes (Ir(Bpiq),acac and
Ir(Bpiq),dpm) with peaks greater than 720nm. More importantly, they exhibit very narrow phospho-
rescent emission with full width at half maximum (FWHM) of only about 50 nm (0.12 eV), resulting in a
high NIR content (>90%) in their spectrum. In view of better optical property and solubility, the complex
Ir(Bpiq),dpm was used as the emitting layer of a solution-processed OLED device, and achieved good
maximum external quantum efficiency (EQE) (2.8%) peaking at 728 nm. This research provides an im-
portant strategy for the design of narrowband NIR-emitting phosphorescent iridium complexes and their
optoelectronic applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Near-infrared (NIR) (A > 700nm) luminescent materials have
received more and more attention in recent years due to their
widely applications in organic light emitting diodes (OLEDs), opti-
cal communication, night-vision technologies and bioimaging, etc.
[1-5]. It is worth emphasizing that the heavy metal complexes
can be used as a class of excellent room temperature phospho-
rescent materials [6-19], especially the metal iridium complexes
are more promising because of their advantages of stable octa-
hedral coordination structure, high exciton utilization, adjustable
excitation and emission wavelengths, and suitable phosphores-
cent lifetime. However, the innovative development of long-wave
high-efficiency near-infrared iridium complex luminescent materi-
als still faces great challenge. On the one hand, it is difficult to
achieve luminescence with peak wavelength greater than 720 nm
through ligand engineering, and on the other hand, it is also dif-
ficult to realize efficient and narrowband near-infrared phospho-
rescence due to the limitation of the band-gap law. At present,
for CAN ligand-based cyclometalated iridium complexes, expanding
the 7 conjugation of the ligands is an effective strategy to lower
the excitation energy and achieve long-wave emission. For exam-
ple, for the classical green complex Ir(ppy),acac (Aem=520nm)
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(Scheme 1, top) [20], by replacing the pyridine unit in its CAN
ligand with the isoquinoline unit, the emission wavelength of the
newly obtained complex Ir(piq),acac is redshifted to 622 nm with
a redshift of 106 nm [21]. On this basis, the benzene ring unit in
the ligand is replaced by the electron-rich benzothiophene unit,
and the emission wavelength can be further regulated to 710 nm
[22]. Nevertheless, these previously reported NIR iridium com-
plexes tend to exhibit broadband emissions with large full width
at half maximum (FWHM > 70 nm), and result in a significant vis-
ible light component in the spectrum, which is not conducive to
prepare high-performance night vision devices. Therefore, it is of
great significance to obtain pure NIR luminescent materials with
narrow band emission.

Notably, boron-containing 7 -conjugated polycyclic units have
been widely used in pure organic thermal activation-delayed flu-
orescence (TADF) materials in recent years because of their spe-
cial electronic effects and high rigidity, and often can obtain
very narrow band emission due to multiple-resonance (MR) effect
[23-32]. Moreover, such boron-containing units can also induce
a significant spectral redshift effect in metal complex systems
[33-35]. For instance, by replacing the benzene ring in the CAN lig-
and with a B-embedded dioxygen-bridge unit, the iridium complex
can change its emission color from green (Aem =516 nm) to deep-
red (Aem =638 nm) (Scheme 1, top), and also has a narrow band
emission (FWHM =54 nm) [33]. In addition, previous studies have
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Scheme 1. The structures of (bottom) the NIR-emitting iridium complexes
(Ir(Bpiq),acac and Ir(Bpiq),dpm) and (top) previously reported reference complexes
(Ir(piq);acac, Ir(ppy)acac and Ir(Bppy),acac).

shown that the introduction of different S-diketone ancillary lig-
ands can also fine-tune the luminescence of NIR-emitting iridium
complexes [22].

To solve the above problems, we have designed two novel
pure NIR phosphorescent iridium(Ill) complexes (Ir(Bpiq)acac
and Ir(Bpiq),dpm) (Scheme 1, bottom), in which the CAN
ligand (Bpiq) contains both the B-embedded dioxygen-bridge
unit and the isoquinoline unit, and the J-diketone ancil-
lary ligands are acetylacetone (acac) and 2,2,6,6-tetramethyl-3,5-
heptanedione (dpm), respectively. It is found that both com-
plexes exhibit effective near-infrared light with peaks greater
than 720nm and narrow full width at half maximum in
toluene (Ir(Bpiq),acac: Aem=722nm, FWHM=51nm (0.121eV),
Ir(Bpiq),dpm: Aem =728 nm, FWHM =50nm (0.116eV)). In view
of better photophysical property and solubility, the NIR-emitting
complex Ir(Bpiq),dpm was used as the emitting layer of a solution-
processed OLED device, and achieved a good maximum external
quantum efficiency (EQE) (2.8%) peaking at 728 nm.

The synthetic route of the above B-embedded NIR-emitting
complexes is shown in Fig. S1 (Supporting information). First,
B-embedded CAN ligand (Bpiq) can be obtained by the Suzuki
coupling reaction using B-embedded dioxygen-bridge unit-based
boron ester and 2-chloroisoquinoline. Second, the Bpiq ligand re-
acts with iridium trichloride to form an iridium chloride bridge in-
termediate, which then reacts with the auxiliary ligand (acac or
dpm) in an alkaline environment to obtain the final product. Next,
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Fig. 1. (a) Absorption and (b) photoluminescence spectra of the NIR-emitting irid-
ium complexes (Ir(Bpiq);acac and Ir(Bpiq),dpm) and the model iridium complex
(Ir(Bppy),acac) in toluene solution (1x10~> mol/L) with an excitation wavelength of
370 nm.

the structure of both new iridium(Ill) complexes was completely
identified by 'H NMR, 13C NMR, mass spectrometry and elemental
analysis..

The photophysical properties of the B-embedded NIR-emitting
iridium complexes (Ir(Bpiq),acac and Ir(Bpiq),dpm) and the model
iridium complex (Ir(Bppy),acac) were investigated by spectroscopy
(Fig. 1, Table 1, Figs. S2-S4 in Supporting information). Accord-
ing to UV-vis absorption spectra (Fig. 1a and Fig. S2), the strong
ligand-centered 7w — r* (LC) absorption bands of three complexes
is mainly located between 280nm and 400nm. For both irid-
ium complexes Ir(Bpiq);acac and Ir(Bpiq),dpm, the lower en-
ergy absorption bands, including metal-to-ligand charge trans-
fer (MLCT) and intraligand charge transfer (ILCT), are mainly lo-
cated in the 450-700nm range and show a significant redshift
compared to the model complex Ir(Bppy),acac (Fig. 1a), indi-
cating that the introduction of isoquinoline unit can greatly re-
duce the excited state energy level. Moreover, due to the fine-
tuning of the auxiliary ligand, the absorption band of com-
plex Ir(Bpiq),dpm is also slightly redshifted compared to that
of complex Ir(Bpiq),acac (Fig. 1a). In addition, strong near in-
frared emissions are observed for both complexes (Ir(Bpiq),acac:
Aem =722 nm, Ir(Bpiq),dpm: Aem=728nm) in the photolumines-
cence spectra of toluene solution (Fig. 1b and Table 1). Com-
pared to the model complex (Ir(Bppy),acac: Aem =638 nm), their
emission peaks show a redshift of nearly 90nm. In particular,

Table 1

Photophysical properties of the NIR-emitting iridium complexes (Ir(Bpiq),acac and Ir(Bpiq),dpm).
Compound PL 2P (nm) FWHM? (nm)/(eV) NIR%® Eqppe*d (V) Eg 9 (eV) HOMO/LUMOY (eV) Dy 7P (ps)
Ir(Bpiq),acac 722[718 51/0.121 92 0.09/0.76 1.65 -4.89/-3.24 0.35 2.2
Ir(Bpiq),dpm 728724 50/0.116 95 0.03/0.75 1.64 -4.83/-3.19 0.33 2.1

2 Recorded in toluene (1x10~°> mol/L) at 298 K with an excitation wavelength of 370 nm. ®p is referred to absolute quantum yields of phosphorescence determined by

employing an integrating sphere.
b recorded in PS films (1 wt%) (excitation wavelength 370 nm).
¢ Percentage of the NIR component (>690nm) in the total spectrum.

4 The HOMO (eV) = —(Eonset™ +4.8)eV, Eg = 1240/A, A is absorption wavelength threshold. LUMO (eV) = Eg + HOMO.
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Fig. 2. HOMO and LUMO spatial distribution and energy levels of the NIR-emitting
iridium complexes (Ir(Bpiq),acac and Ir(Bpiq),dpm) and the model iridium complex
(Ir(Bppy)zacac).

the two NIR emitters (Ir(Bpiq),acac: FWHM=51nm (0.121eV),
Ir(Bpiq),dpm: FWHM =50nm (0.116eV)) exhibit narrower phos-
phorescence emission than the model complex (FWHM =54nm
(0.161 eV)) (Fig. 1b and Table 1), resulting in a high NIR content in
their spectrum (NIR% : 92% for Ir(Bpiq),acac, 95% for Ir(Bpiq),dpm)
(Table 1). Furthermore, their polystyrene (PS) film (1 wt%) also
display effective NIR phosphorescence emission (Ir(Bpiq)acac:
Aem =718 nm, @p =35%, Ir(Bpiq),dpm: Aem =724nm, Pp =33%)
(Fig. S3a and Table 1). Additionally, the excited state lifetime
of the two complexes (Ir(Bpiq)yacac: 7=2.2 ps, Ir(Bpiq),dpm:
T=2.1 ps) is significantly lower than that of the model complex
(Ir(Bpiq),dpm: T =6.0 ps) (Fig. S3b and Table 1). In general, the ra-
diative rate constants (k) of the two complexes are high and iden-
tical (Table S2 in Supporting information). Additionally, the UV-vis
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and PL spectra of Ir(Bpiq),acac and Ir(Bpiq),dpm in different sol-
vents showed that the two complexes had a weak solvation effect
and the maximum redshift distance is 10 nm (Fig. S4). The Mataga-
Lippert plots diagram shows a piecewise linear relationship (Fig.
S4e), which is different from the linear relationship of most D-
A organic molecules, possibly due to the weak multiple CT states
(MLCT and ILCT).

In addition, reversible oxidation behaviors of two complexes
are observed in the cyclic voltammetry (CV) (Fig. S5 in Sup-
porting information and Table 1). They all exhibit two oxida-
tion potential peaks (0.02 and 0.76V for Ir(Bpiq),acac, 0.09 and
0.78 V for Ir(Bpiq),dpm), which are attributed to the B-embedded
m-conjugation unit and the metal iridium center. As a result,
the highest occupied molecular orbital (HOMO) energy levels
of Ir(Bpiq),acac and Ir(Bpiq),dpm are deduced to be 4.82 and
4.89eV, respectively, while the lowest unoccupied molecular or-
bital (LUMO) energy levels are 3.17 and 3.25 eV, respectively. Ther-
mogravimetric analysis (TGA) shows that two compounds have
good thermal stability with high decom-position temperatures
(248 °C for Ir(Bpiq),acac, 240 °C for Ir(Bpiq),dpm) (Fig. S6 in Sup-
porting information).

To elucidate the excited state and optical properties of the NIR-
emitting iridium complexes (Ir(Bpiq),acac and Ir(Bpiq),dpm) and
the model iridium complex (Ir(Bppy),acac), including the func-
tions of the B-embedded CAN ligand and auxiliary ligand, quan-
tum chemical calculations were performed at the B3LYP/6-31G(d)
level (Fig. 2, Figs. S7-S9 and Table S3 in Supporting information).
The lowest singlet (Sq) and triplet (T;) excited states of above
three complexes are both dominated by the HOMO — LUMO tran-
sition (Table S3). Their HOMOs are mainly distributed on the irid-
ium center, phenyl ring and two oxygen atoms of the B-embedded
dioxygen-bridge unit, and a little on the oxygen atoms of the aux-
iliary ligand (Fig. 2 and Fig. S9), while their LUMOs are mainly
located at the isoquinoline unit, phenyl ring and boron atom of
the C/N ligand and part of the metal iridium center. As a result,
their excited state transitions mainly come from MLCT and ILCT
(Table S3). In addition, calculate T; energy and band gap (Eg) of
the NIR-emitting iridium complexes (Ir(Bpiq),acac: Er=1.359eV,
Eg=2.44eV) and (Ir(Bpiq),dpm: Er =1.356 eV, E; =2.45eV) are sig-
nificantly lower than those of the model complex (Ir(Bppy),acac:

a
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Fig. 3. (a) Configuration of the OLED with dopant Ir(Bpiq),dpm. (b) EL spectra, (c) current density-voltage-luminance (J—V-L) characteristics and (d) external quantum

efficiency (EQE) versus current density relationship for devices of Ir(Bpiq),dpm.
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Er=1.602eV, E; =2.80eV) (Fig. 2), which explains the fact that the
emission wavelength of the NIR-emitting complexes in the experi-
ment is obviously redshifted relative to that of the model complex.
Furthermore, the calculated UV spectra are consistent with their
experimental UV spectra (Fig. S8).

Additionally, both the calculated dipole moments of the
ground state and the excited state indicate that the polarity of
Ir(Bpiq),acac (4.1554 D for Sy, 3.8422 D for Ty) and Ir(Bppy),acac
(41232 D for Sy, 3.8408 D for Tq) is similar (Figs. S7 and S9), but
both are significantly greater than that of Ir(Bpiq),dpm (3.7604 D
for Sg, 3.4313 D for T;), suggesting that the changes in auxiliary
ligand has a large effect on the polarity of the iridium complex.

In view of better optical property and solubility of the NIR-
emitting iridium complex Ir(Bpiq),dpm than Ir(Bpiq),acac, we
choose it as the emitter for solution-processed OLED and eval-
uate its electroluminescence properties (Fig. 3, Table S4, Figs.
S10 and S11 in Supporting information). Fig. 3a displays a sim-
ple device architecture of the dopant (Ir(Bpiq),dpm) as follows:
ITO/PEDOT:PSS (35nm)/mCP (49%):m-MTDATA (49%):Ir com-
plex (2%) (40nm)/DPEPO (10 nm)/TmPyPB (50 nm)/Liq (1nm)/Al
(100nm), in which ITO is indium-tin oxide, PEDOT is poly(3,4-
ethylenedioxythiophene), PSS is poly(styrenesulfonate), mCP
is 1,3-bis(N-carbazolyl)benzene, m-MTDATA is 4,4’,4"-tris[(3-
methylphenyl)phenylamino]triphenylamine, DPEPO is bis[2-
(diphenylphosphino)phenyl]ether oxide, TmPyPB is 1,3,5-tris(3-
pyridyl-3-phenyl)benzene, Liq is (8-quinolinolato)lithium. Both
mCP and m-MTDATA are used as the mixed host materials be-
cause of the balanced carrier transport. PEDOT:PSS is the hole
transport material. DPEPO and TmPyPB are electron transport
materials. The optimized device at a doping concentration of 5
wt% shows an efficient narrowband NIR emission peak at 728 nm
generated only by Ir(Bpiq),dpm (Fig. S10 and Table S4), indicating
good energy transfer from hosts to the dopant. Notably, it also
exhibits a good maximum external quantum efficiencies (EQE)
(2.8%), which is comparable to previously reported results for
other iridium-containing NIR devices with emission wavelengths
less than 720 nm [29].

In summary, two novel B-embedded pure NIR-emitting
(>720nm) iridium complexes have been designed and synthe-
sized. They exhibit very narrow phosphorescent emission with
FWHM of only about 50nm (0.12eV), resulting in a high NIR
content (>90%) in their spectrum. Considering better photophys-
ical property and solubility, the complex Ir(Bpiq),dpm was used
as the emitting layer of a solution-processed OLED device, and
achieved good maximum EQE (2.8%) peaking at 728nm. This
research provides an important strategy for the design of narrow-
band NIR-emitting phosphorescent iridium complexes and their
optoelectronic applications.
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