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A simple and efficient approach toward deep-red to
near-infrared-emitting iridium(i) complexes for organic
light-emitting diodes with external quantum efficiencies
of over 10%

A simple approach is developed to afford efficient

deep-red to near-infrared emitting iridium(i) phosphors

by introducing a strong electron-withdrawing cyano group
into a commercial red emitter Ir(pig).(acac) and the resulting
organic light-emitting diodes (OLEDs) exhibit high external
quantum efficiencies of over 10%.
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A simple and efficient approach toward deep-red to
near-infrared-emitting iridium(i) complexes for
organic light-emitting diodes with external
quantum efficiencies of over 10%7

P Dawei Wen,® Wenhai Wu,?

*bc

Zhao Chen, 2 £*® Hongyang Zhang,
Qingguang Zeng,? Shuming Chen*¢ and Wai-Yeung Wong

While the external quantum efficiency (EQE) of iridium(i) (Ir(i)) phosphor based near-infrared organic light-
emitting diodes (NIR OLEDs) has been limited to 5.7% to date, there is no significant EQE improvement for
these types of OLEDs due to the lack of efficient Ir() emitters. Here, a convenient approach within three
synthetic steps is developed to afford two novel and efficient deep-red to near-infrared (DR-NIR)
emitting phosphors (CNIr and TCNIr), in which a cyano group is added into a commercial red emitter
named Ir(pig),(acac) to significantly stabilize the lowest unoccupied molecular orbitals of the newly
designed Ir() complexes. They emit strong DR-NIR phosphorescence emissions at a wavelength of
around 700 nm, with relatively high absolute quantum efficiencies of around 45% for their doped films.
DR-NIR OLEDs made using CNIr and TCNIr exhibit high-efficiencies, affording peak EQEs of 10.62% and
9.59% with emission peak wavelengths of 690 and 706 nm, respectively. All these devices represent the
most efficient Ir(i)-based DR-NIR OLEDs with a similar color gamut. The simplified synthesis procedure
of the DR-NIR-emitting phosphors in conjunction with their excellent performance in OLEDs confirms
our efficient strategy to achieve the DR-NIR-emitting Ir(i1) phosphors.

Introduction

Due to their great potential for applications in photodynamic
therapy, signal processing, night-vision devices and informa-
tion-secured displays, near-infrared (NIR) light-emitting organic
materials and their devices have aroused growing interest
recently."™ Thermally activated delayed fluorescence (TADF)
organics®® and transition metal based phosphors,®™ which
convert both 25% singlet and 75% triplet excited states into light
emissions, are commonly used to achieve efficient NIR emitters.
It is a real challenge to attain NIR organic light-emitting diodes
(NIR OLEDs) with external quantum efficiencies (EQEs) of over
10% due to the lack of efficient NIR emitters." To date, NIR
OLEDs based on TADF organics, platinum(u) (Pt(w)) and

“School of Applied Physics and Materials, Wuyi University, Jiangmen 529020, P. R.
China. E-mail: chenzhao2006@163.com

*Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic
University (PolyU), Hung Hom, Hong Kong, P. R. China. E-mail: wai-yeung.wong@
polyu.edu.hk

‘PolyU Shenzhen Research Institute, Shenzhen, 518057, P. R. China

“Department of Electrical and Electronic Engineering, Southern University of Science
and Technology, Shenzhen, 518055, P. R. China. E-mail: chen.sm@sustc.edu.cn

t Electronic ~ supplementary information (ESI) available. See DOI:
10.1039/c9sc05492h

i These authors contributed equally to this work.

2342 | Chem. Sci., 2020, 1, 2342-2349

osmium(m) (Os(u)) phosphors can achieve this goal.>”*"**3 In
general, the TADF emitter based NIR OLEDs exhibit very low
luminance values to date. For example, by using an acenaphtho
[1,2-b]pyrazine-8,9-dicarbonitrile (APDC) acceptor and two
diphenylamine (DPA) donor units, Liao and co-workers synthe-
sized NIR-emitting 3,4-bis(4-(diphenylamino)phenyl)ace-naph-
tho[1,2-b]pyrazine-8,9-dicarbonitrile (APDC-DTPA). Its NIR-
emitting device shows a high EQE of 10.19% with an emission
wavelength of 693 nm but a maximum luminance of around 100
cd m™2. It is noted that these types of OLEDs exhibit significant
efficiency roll-offs at high current densities. Meanwhile, the NIR
emission of the Pt(u) phosphor is from the excited dimer and/or
oligomer (excimers) due to the square-planar geometry of the
Pt(ur) complexes.>"* For example, by using 2-(3-(trifluoromethyl)-
1H-pyrazol-5-yl)pyridine (fppz), 4-(tert-butyl)-2-(3-(tri-
fluoromethyl)-1H-pyrazol-5-yl)pyridine (tbfppz) and 2-(3-(tri-
fluoromethyl)-1H-pyrazol-5-yl)pyrazine (fprpz) as the
cyclometalated ligands, Chi and co-workers designed three NIR-
emitting Pt(n) phosphors with an emission wavelength of over
700 nm in their neat films. The nondoped OLEDs afforded
a world-record EQE of around 24% at the emission wavelength
of 740 nm. However, in such a case, a nondoped emissive layer
(EML) consisting of a high concentration of the Pt(u) emitter is
generally used to achieve excimer based NIR OLEDs, which
significantly increases the cost of these types of devices and may

This journal is © The Royal Society of Chemistry 2020
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induce an undesired efficiency roll-off due to the self-quenching
of the long-lifetime triplet excitons inside the EML."* Moreover,
current studies demonstrate that the NIR OLEDs made using
Os(u) complexes, which possess a stronger metal-to-ligand
charge transfer (MLCT) contribution and less intermolecular
interaction due to their octahedral configuration for efficient
phosphorescence emissions, exhibit an excellent performance,
giving the highest EQE of 11.5% and an emission wavelength of
710 nm. Remarkably, the efficiency roll-offs for these NIR OLEDs
are finely restricted.” It seems that the Os(u) phosphors could be
the best candidates for efficient and stable NIR OLEDs if the cost
of the starting material dodecacarbonyltriosmium (Os3(CO);,) is
low. Therefore, these problems (such as low brightness values,
serious efficiency roll-offs and high cost) will restrict the
potential applications of these NIR-emitting materials and their
electroluminescent (EL) devices.

It is well known that the phosphorescent OLEDs based on
iridium(mm) (Ir(mr)) complexes, which have been proved to be one
of the most efficient triplet emitters in the visible region, exhibit
unexpectedly high efficiencies, satisfactory brightness values,
and restricted efficiency roll-offs when the Ir(u) phosphors were
doped into the host materials with a low consumption of
emitters."**® Meanwhile, these types of emitters also adopt an
octahedral geometry which is the same as the Os(u) complexes.
Besides, the metal salt iridium chloride hydrate (IrCl;-3H;0) as
the starting material for the preparation of the Ir(u) phosphor is
relatively low-cost. Therefore, the use of NIR-emitting Ir(ur)
phosphors to achieve NIR OLEDs may overcome the drawbacks
arising from TADF and Pt(n) emitters very well. However, the
NIR-emitting iridium(m) (Ir(m)) phosphors have been con-
fronted with a lot of problems, such as an insufficient strategy
for the design of their chemical structures, inferior photo-
luminescence quantum yields (PLQYs) and extremely low EQEs
of their OLEDs."" By considering the medical and optical
applications,?*** development of more efficient NIR Ir(m)
phosphors is urgently needed.

In general, only cyclometalated ligands with extensively
conjugated rings can be used to synthesize NIR-emitting Ir(ur)
complexes.””** For example, Cao and his co-workers designed
two NIR-emitting Ir(m) complexes, namely (fldpgx),Ir(acac) and
(thdpgx),Ir(acac), by using 2,3-bis(4-(9,9-bis((methoxymethoxy)
methyl)-9H-fluoren-2-yl)phenyl)-6,7-bis(9,9-diethyl-9H-fluoren-
3-yl)quinoxaline  and  2,3-bis(4-(9,9-bis((methoxymethoxy)
methyl)-9H-fluoren-2-yl)phenyl)-6,7-bis(5-hexylthiophen-2-yl)
quinoxaline as the cyclometalated ligands (Scheme 1). The
PLQYs of (fldpgx),Ir(acac) and (thdpgx),Ir(acac) were 18.6% and
14.9%, respectively. Their NIR OLEDs fabricated using a solu-
tion process afforded a peak EQE of 5.7%.' Later, two NIR
emitting Ir(ur) complexes synthesized by using a cyclometalated
ligand consisting of an extensively conjugated ring (benzo[g]
phthalazine) were demonstrated by Qiao and co-workers. These
phosphors (fac-Ir(dtbpa); and fac-Ir(Ftbpa);) exhibited low-
energy emissions with emission wavelengths of over 750 nm
and PLQYs of around 17.3% but their NIR OLEDs only gave
EQEs of around 4.5%.%° Besides, other NIR-emitting Ir(u)
phosphors listed in Scheme 1 exhibit unsatisfactory PL and
electroluminescence (EL) properties. Undesirably, the use of
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Scheme 1 The
complexes.

representative near-infrared-emitting iridium(in)

these ligands based on the extensive conjugation, on the one
hand, makes the synthesis procedure of the phosphors more
challenging because cumbersome and multistep synthesis
procedures are commonly needed.”’”* On the other hand, it
weakens the triplet metal-to-ligand charge-transfer (*MLCT)
transitions of these Ir(u) complexes, leading to unsteady triplet
excited states which are readily decayed to their ground states
through the nonradiative channels by virtue of the energy-gap
law and hence resulting in inferior PLQYs."** It is reasonable
that the EQEs (the world-record value of 5.7% with an emission
wavelength of 690 nm (ref. 19)) of the Ir(m)-based NIR OLEDs
are far behind those of the devices made using the TADF
organics or Pt(u) phosphors.”® To deal with these problems
(vide supra), one feasible solution is designing NIR-emitting
Ir(m) phosphors by using simple chemical structures, which not
only simplifies their synthesis procedures but also strengthens
their triplet excited states for efficient phosphorescence emis-
sions, which can favour the development of easily prepared and
high-performance NIR phosphors.?*>

Herein, we demonstrate a novel and efficient strategy to
design NIR Ir(m) phosphors by adding a cyano (CN) group on
the isoquinoline part of a red emitter Ir(piq),(acac) (Scheme 2),
a commercial phosphor with an emission wavelength of around
625 nm.”” A strong electron-withdrawing CN group is used to
decrease the LUMO of its Ir(m) complex,***® corresponding to
a narrow emission energy gap (E,) and a long wavelength
emission. Meanwhile, in contrast to the traditional strategy to
design NIR-emitting Ir(m1) phosphors based on the extensive
conjugation, this work aims at strengthening the triplet excited
states of the NIR-emitting phosphors by using the structurally
simple Ir(m) complexes.”** The newly designed Ir(ur) phos-
phors, Ir(piqCN),(acac) (CNIr) and Ir(tigCN),(acac) (TCNIr)
(Scheme 2), exhibit the most efficient phosphorescence emis-
sions (PLQYs ~ 45%) in doped films with emission wavelengths
of around 700 nm, corresponding to the deep-red to NIR (DR-
NIR) region. It is noted that the DR-NIR OLEDs fabricated using
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Scheme 2 The chemical structures and synthesis route of the DR-
NIR-emitting CNIr and TCNIr.

CNIr and TCNIr afford peak EQEs of 10.62% and 9.59%,
respectively, and are the most efficient Ir(ur)-based DR-NIR
OLEDs to date and comparable to the devices fabricated by
adopting TADF, Pt(un) and Os(u) emitters."”***2°

Results and discussion

According to the synthesis route shown in Scheme 2, the
phosphors were prepared in three steps, confirming the effi-
cient and convenient strategy to attain the NIR-emitting Ir(u)
phosphors in this work. Firstly, the cyclometalated ligands were
obtained through the Suzuki coupling reaction in the presence
of a palladium catalyst. Secondly, the p-chloro-bridged dimers
were synthesized through the reaction between the cyclo-
metalated ligands and IrCl;-3H,O. Lastly, the dimers were
allowed to react with acetylacetone to produce CNIr and TCNIr
(see Experimental).>®

In tetrahydrofuran (THF) solution, CNIr and TCNIr exhibit
strong absorptions with larger molar extinction coefficients (& >
1.0 x 10* M~ ' em ") in the wavelength region from 200 to 400
nm, which are attributed to the ligand-centered (LC) m-m*
transitions (Fig. 1a). The values of ¢ gradually decrease in the
absorption spectrum of CNIr when the wavelength is beyond
400 nm, corresponding to the MLCT transition.”>** In contrast
to CNIr, TCNIr exhibits a significantly stronger absorption (¢ =
1.12 x 10* M~ ! cm™ ') at a wavelength of around 586 nm. It may
be due to the transition state resulting from the charge transfer
(CT) from electron-donating thienyl ring to the electron-with-
drawing CN moiety in the cyclometalated ligand.** Meanwhile,
the emission peaks of CNIr and TCNIr are found at 696 and 708
nm in their photoluminescence spectra (Fig. 1a and Table 1),
corresponding to the DR-NIR region for CNIr and the NIR
regime for TCNIr. A red-shift of about 70 nm is observed by

2344 | Chem. Sci, 2020, N, 2342-2349
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Fig.1 (a) The spectra of UV absorption and PL (at a concentration of
10~* M) and (b) the images of phosphor solutions before and after UV
light (Aexcitation = 365 nm) radiation.

comparing the peak emission wavelength of CNIr with that of
Ir(piq),(acac) (that is at around 625 nm).?” In comparison with
the PL spectra measured in the solutions at room temperature,
a slight red-shift of the emission peak for CNIr (696 nm in
solution and 699 nm in the film) is observed in its doped film;
almost no change is found for the emission peak of the TCNIr
(708 nm) doped CBP film (Fig. S1bT). Meanwhile, these peaks
demonstrate a significant blue-shift (about 15 nm) when they
were measured at 77 K, and are located at 681 and 694 nm for
the triplet emissions of CNIr and TCNIr, respectively (Fig. S1at).
To investigate their phosphorescence performance, absolute
PLQY measurements were conducted. The values are positively
related to the number of photons emitted from the emitter and
negatively related to the number of photons absorbed by the
emitter (ESI, eqn (1)}). The absolute PLQYs of the solutions
containing 10~* M CNIr and TCNIr recorded at room temper-
ature are 16 = 1% and 6 + 1% (excited at 450 nm), which are
significantly inferior to those Ir(m1) phosphors with the emis-
sions in the visible region. According to the energy-gap theory,
the low PLQYs of these DR-NIR phosphors are reasonable.™ In
solution, it is difficult to confine the low-energy triplet excited
states of the NIR phosphors, which easily decay to their ground
states through the non-radiative channels. Fortunately, in their
transparent doped films (15 wt% CNIr and TCNIr in the host of
4,4'-di(9H-carbazol-9-y1)-1,1’-biphenyl (CBP)), their PLQYs could
reach up to 45 £ 1% and 44 + 1%, respectively (excited at 300
nm), which are the highest values compared to those of other
NIR Ir(m) phosphors (PLQY < 20%)."”*' In their doped films,
CBP is used to efficiently confine the excitons and transfer them
to Ir(m) phosphors for efficient phosphorescence emissions. On
the other hand, the vibrations of chemical bonds in these
phosphor solutions may be stronger than those in their thin
films. Therefore, the PLQYs of their films are higher than those
measured in their solutions.*” In the doped films, the PL decay
curves are single-exponential and their lifetimes (1) of excited
states for CNIr and TCNIr at room temperature are 0.30 and 0.83
us, respectively (Fig. S2t and Table 1). These values were
significantly increased to around 19 ps when the PL decay
curves for CNIr and TCNIr solutions were measured at 77 K,
which corresponds to the steady triplet excited states of these
phosphors.®® The calculated radiative transition rates (k) of

This journal is © The Royal Society of Chemistry 2020
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Table 1 The data summary of photophysical, electrochemical and thermal properties of the new DR-NIR-emitting Ir(i1) complexes

UV-absorption (¢) [nm] Fene?
Ir (1M ' em ™)) PL [nm)] PLQY [%] 7 [ps] &?[10°s7"] [10°s7'] HOMO [eV] LUMO [eV] Ef[eV] Tuec [°C]
CNIr 305 (21.1), 359 (17.3),  696% 681%, 16+ 19  0.14% 15.0 18.3 —5.50%, —3.74¢, 1.82 347

457 (4.8), 526 (4.5), 699° 45 £1°  19.82% 0.30° —5.65 —2.9%

591 (3.6), 650 (1.7)
TCNIr 312 (21.2), 372 (24.4), 708%,694°, 6+ 1%  0.15% 5.3 6.8 —5.53°, —3.81°, 1.79 273

460 (7.2), 516 (7.8), 708° 44 £1°  18.74%,0.83° —5.70" —2.89

(

586 (11.2), 678 (0.9)

@ Measured in THF at room temperature with the concentration of Ir(m) phosphor at 10~%. * Measured at 77 K with the concentration of Ir(im)
phosphor at 10~ M. ¢ Measured in films (15 wt% phosphors in CBP) at room temperature. ¢ Calculated by using the equations of (k; + ky) = 1/

7 and PLQY = k./(k; + k,,) and these values are for films. ¢ Energy levels estimated from CV curves.

f Energy levels estimated from the DFT

calculation results. £ The triplet energy level (Ey) was estimated from the emission maxima of the PL spectra at 77 K. ” Onset decomposition

temperature at 5% degradation measured by thermogravimetric analysis.

1.5 x 10° and 5.3 x 10> s ' for CNIr and TCNIr in their doped
films are higher than those of most of the NIR-emitting Ir(m)
phosphors. It is found that their nonradiative transition rates
(knr) are much higher than k, values but they are quite smaller
than the k,, values of other NIR-emitting Ir(u) emitters.'>*
These mainly contribute to the high PLQYs of these newly
designed phosphors'* and support that their triplet excited
states may be subject to less nonradiative quenching compared
to these Ir(m) phosphors synthesized by using extensive
conjugations.™

As shown in Fig. 2, the LUMOs of these complexes are
distributed on both N-heterocyclic isoquinoline and aromatic
phenyl/thienyl rings, while the HOMOs are mainly located on
the aromatic rings.>**** Therefore, there is a good overlap
between the HOMO and LUMO, resulting in a narrow E, and
low-energy emission. In general, the addition of the electron-
withdrawing CN group will decrease the electron density on the
isoquinoline part, resulting in much deeper LUMOs and
HOMOs of CNIr and TCNIr. However, the influence of CN on the
LUMO plays a much more significant role than that on the
HOMO. Therefore, the use of CN can significantly decrease the
E, values of phosphors, changing the red-emitting Ir(piq),(acac)
to the NIR-emitting CNIr and TCNIr. The calculated HOMOs of
—5.65 and —5.70 eV for CNIr and TCNIr are close to the data
estimated from cyclic voltammetry (CV) curves (Fig. S37).

’
9 ]
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LUMO = -2.15 eV

LUMO =-292ev ~ LUMO=-289eV

Energy (eV)

HOMO=-514eV oMo =-565ev HOMO = -5.70 eV

‘u‘l 3,
floa 4'?’ l’;a‘
| T oo .
e 6 ,faj 'i, J’E

Ir(piq)2(acac)

Fig. 2 The calculated HOMO and LUMO energy levels of Ir(i)
complexes.

This journal is © The Royal Society of Chemistry 2020

Since these phosphors have high potential for efficient NIR
OLED applications, the light-emitting devices were firstly
fabricated by using the architectures of ITO/HATCN (20 nm)/
TAPC (40 nm)/TcTa (5 nm)/CNIr in the host (10 wt%, 30 nm)/
TPBi (40 nm)/LiF (1 nm)/Al (100 nm) to investigate the perfor-
mance of the OLEDs, where the host materials were TcTa
(4,4,4"-tris(carbazol-9-yl)-triphenylamine), TPBi (1,3,5-tris(1-
phenyl-1H-benzo[d]imidazol-2-yl)benzene), CBP and CDBP
(9,9'-(2,2’-dimethyl-[1,1"-biphenyl]-4,4’-diyl)bis(9H-carbazole))
for D1-D4, respectively. ITO (indium tin oxide) and Al
(aluminum) served as the electrodes, LiF (lithium fluoride) and
HATCN (dipyrazino[2,3-f:2’,3"-h]quinoxaline-2,3,6,7,10,11-hex-
acarbonitrile) as the electron and hole injection layers (EIL/
HIL), 4,4'-(cyclohexane-1,1-diyl)bis(N,N-di-p-tolylaniline) (TAPC)
as the hole transporting layer (HTL), 5 nm TcTa as the hole
conductive electron blocking layer (EBL)** and 40 nm TPBi as
the electron transporting layer (ETL). D4 shows the highest EQE
of 9.89%, but the emission peak wavelength shifts to 677 nm (a
blue-shift of 22 nm by comparison with the PL spectrum of
CNIr) with a weak emission from the TcTa at around 380 nm
(Fig. S5%).°¢ Therefore, the transfer of triplet excitons from
CDBP (Er = 3.0 eV (ref. 37)) to CNIr (Er = 1.82 €V) in D4 is not
complete, resulting in a slight exciton harvesting by TcTa (Er =
2.76 eV (ref. 36)) from CDBP. It is found that all these DR-NIR
OLEDs exhibit a significant EQE roll-off under high current
density, corresponding to the inferior confinement of triplet
exctions or unbalanced distribution of charge carriers inside
the EMLs.**® By considering a high EQE (8.66%) and pure
emission (Ag;, = 683 nm) of D3 (Fig. S51), CBP was selected as an
optimal host material for further EQE improvement.

Due to the deep HOMO of CBP (HOMO = —6.0 eV, Ep = 2.56
eV), another hole conductive EBL, mCP* (1,3-di(9H-carbazol-9-
yl)benzene), with a well-matched HOMO energy level, was used
to fabricate D5-D8: ITO/HATCN (20 nm)/TAPC (40 nm)/mCP (5
nm)/CNIr in CBP (x wt%, 30 nm)/TPBi (40 nm)/LiF (1 nm)/Al
(100 nm), where the concentrations of CNIr are 5, 10, 15 and 20
wt% for D5-D8, respectively (Fig. 3a). The use of mCP (Er > 2.9
eV) not only transfers more holes inside the EML to form
a balanced recombination of holes and electrons but also effi-
ciently confines the triplet excitons formed on CBP so as to
completely transfer them into CNIr for efficient triplet

Chem. Sci, 2020, M, 2342-2349 | 2345
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Fig. 3 (a) Device architecture, (b) the EL spectra (inset: CIE coordi-
nates) of D5-D8, (c) the image of emission color from D7 and (d) EQE-
luminance curves of D5-D8.

emission. Therefore, all these devices display relatively high
EQEs of over 10% (10.51% for D5, 10.52% for D6, 10.62% for D7
and 10.18% for D8) (Fig. 3d, S61 and Table 2), which are the
champion EQEs among those of the devices fabricated using
other DR-NIR-emitting Ir(m) phosphors'’~** and are comparable
to those devices made based on TADF, Pt(u) and Os(u) emit-
ters’”® while the colour gamut is similar. The concentration of
CNIr has a significant effect on the emission peak wavelength of
the devices, which is gradually shifted from 681 to 693 nm when
the concentration of the dopant is increased from 5 wt% to 20
wt% (Fig. 3b). In general, the increased concentration of Ir(im)
phosphor inside the EML would induce the aggregation of the
emitter, resulting in a reasonably red-shifted EL emission.*’ The
Commission Internationale de 1'Eclairage (CIE) chromaticity
coordinates of these devices are listed in Table 2. It was found
that these data are almost located at the edge of the red region
in the CIE coordinates map (Fig. 3b, inset).

Table 2 The performance summary of D5-D10
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By using the same device architecture, Ir(piq)(acac) and
TCNIr (dopant concentration = 15 wt%) were also employed as
the emitters to fabricate OLEDs. Although the red-emitting
OLED (D10) shows a relatively high EQE of 16.13%, its emission
wavelength is at around 628 nm, with a blue-shift of 63 nm
compared with the device made using CNIr (Fig. 4a and Table
2). Meanwhile, the NIR-emitting TCNIr afforded its OLED (D9)
an emission wavelength of 706 nm with a peak EQE of 9.59%
(Fig. 4a, b and S77). It is noted that these OLEDs made by CNIr
and TCNIr represent the most efficient devices fabricated by
using the NIR-emitting Ir(ur) complexes (Fig. 4c).

The stability of D7 was investigated. As shown in Fig. 5a, the
EL spectra exhibit an excellent stability without other impure
emissions in the wavelength region from 380 to 780 nm under
the gradually increased voltages from 7 to 15 V. It is noted that
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Fig. 4 The performance of red and DR-NIR OLEDs made by
Ir(pig)2(acac), CNIr and TCNIr, respectively: (a) EL spectra and (b) EQE
vs. luminance curves for these devices; (c) the EQE summary of Ir(in)-
based DR-NIR-emitting OLEDs with the emission peaks from 680 to
780 nm.

AEL L
Device Emitter (x wt%) [nm] EQE [%)] at 15V [ed m 2 CIE (x, y) Ju2® [mA cm 2]
D5 CNIr (5) 681 10.51%, 7.49%, 6.21° 1967 0.691, 0.280 210
D6 CNIr (10) 683 10.52°%, 6.71%, 5.36° 1665 0.697, 0.281 202
D7 CNIr (15) 690 10.62%, 6.76°, 5.23° 1367 0.713, 0.274 235
D8 CNIr (20) 693 10.18% 6.68%, 5.72° 1746 0.719, 0.275 392
D9 TCNIr (15) 706 9.59% 1.67° 500 0.707, 0.277 118
D10 Ir(piq),(acac) (15) 626 16.13% 15.8%, 15.06° 29 230 0.680, 0.315 383

“ The peak EQE. ” The EQE at the brightness values of around 500 cd m~2.  The EQE at the brightness values of around 1000 cd m

density when the EQE was dropped to its half value.
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Fig. 5 Stability of device D7: (a) EL spectra at different voltages, (b)
EQE-luminance curves obtained after performing measurements 10
times, (c) EQE reproducibility and (d) operational lifetime.

the EQE roll-offs of D5-D8 are finely restricted. When the peak
EQEs were dropped to their half values, the current densities (J;,)
were recorded at around 210, 202, 235 and 392 mA cm™? for
D5-D8, respectively, confirming good EQE stabilities of D5-D8
when the current density was increased (Fig. 3d and Table 2).
Meanwhile, the EQE of 7.90% was still maintained after
measurements were performed 10 times for D7 (Fig. 5b). More-
over, it took about 17 hours (T5,) for D7 to decay its initial
luminance (114 cd m™?) to its half value (Fig. 5d). The operational
lifetime of D7 is inferior to those of Ir(m) based green and red
OLEDs. In general, the current investigation on the NIR OLEDs
just focuses on the EQE improvement, but less on their stabili-
ties. In addition, D7 gave a good EQE reproducibility and 19 out
of 20 devices possessed the EQEs of over 10% (Fig. 5c). The
excellent performance of these devices together with their good
stabilities confirm our successful design strategy to attain effi-
cient NIR-emitting Ir(m) phosphors. Nevertheless, for the real
applications of these materials and devices, a further improve-
ment of the performance (especially for the luminance and
operational lifetime) is needed.

Experimental
General information

All reagents were used as received from commercial sources.
They were weighed and handled in air. All the solvents were
used directly without any treatment. "H, >*C NMR and high
resolution mass spectra (HRMS) were recorded on a Bruker
AM400 spectrometer and Bruker Autoflex (Fig. S8-S137).
Chemical shifts (6) were reported in ppm and coupling
constants (/) in Hertz (Hz). The following abbreviations were

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

used to explain the multiplicities: s = singlet, d = doublet, t =
triplet, q = quartet, and m = multiplet.

The synthesis of ligands and Ir(m) complexes

1-Phenylisoquinoline-4-carbonitrile (L1).>° In a 25 mL round-
bottom flask, 1-chloroisoquinoline-4-carbonitrile (300 mg, 1.6
mmol), phenylboronic acid (388 mg, 3.6 mmol) and K,CO3 (439
mg, 3.2 mmol) were added into the solvent consisting of 5 mL
toluene, 0.75 mL ethanol and 2.5 mL H,0. Pd(PPh;), (184 mg,
0.16 mmol) was subsequently added into the mixture. The
mixture was then heated at 95 °C for 12 hours. After the mixture
was cooled down, it was diluted by ethyl acetate and washed
with H,O and brine. The collected organic solvent was removed
by evaporation and the residue was purified by silica gel column
chromatography (petroleum ether : ethyl acetate = 10 : 1, v/v) to
give a white solid (243 mg, 66% yield). "H NMR (400 MHz,
CDCl;, 6): 8.98 (s, 1H), 8.25 (m, 2H), 7.92 (m, 1H), 7.71 (m, 3H),
7.57 (m, 3H); C NMR (100.5 MHz, CDCl;, 6): 165.0, 147.7,
138.3, 135.8, 132.7, 130.1, 129.9, 129.1, 128.8, 125.9, 124.7,
116.5, 104.9; HRMS (ESI, m/z): (M + H)" caled for C;gHy1N,,
231.0917; found: 231.0916.

1-(Thiophen-2-yl)isoquinoline-4-carbonitrile (L2). A similar
synthesis procedure to that of L1 was used, and a yellow solid
was obtained (265 mg, 70% yield). "H NMR (400 MHz, CDCl;, 6):
8.64 (s, 1H), 8.41 (d, ] = 8.4 Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.70
(m, 1H), 7.55 (m, 1H), 7.50 (dd, J = 3.6 Hz, 0.8 Hz, 1H), 7.43 (dd,
J = 5.2 Hz, 1.2 Hz, 1H), 7.04 (d, J = 5.0 Hz, 1H); "*C NMR (100.5
MHz, CDCl;, 6): 157.2, 147.3, 141.7, 135.9, 132.6, 130.8, 130.5,
129.4, 128.1, 127.7, 124.9, 124.8, 116.4, 104.1; HRMS (ESI, m/z):
(M + H)" caled for C;,HoN,S, 237.0481; found: 237.0480.

CNIr, Ir(piqCN),(acac).® L1 (250 mg, 1.1 mmol) and IrCl;-
-3H,0 (230 mg, 0.65 mmol) were added to a 50 mL round-
bottom flask. 2-Ethoxyethanol (12 mL) and H,O (4 mL) were
then injected. The mixture was heated at 120 °C for 15 hours
under N,. After the mixture was cooled down, the precipitate
was filtered, washed with water and dried under vacuum at 70
°C to afford the dimer [Ir(L1)(p-Cl)], (400 mg). The dimer (175
mg, 0.13 mmol) and sodium carbonate (135 mg, 1.3 mmol) were
added into a 50 mL round-bottom flask. In the presence of N,,
1,2-dichloroethane (15 mL) and acetylacetone (64 mg, 0.64
mmol) were then injected. The mixture was heated at 85 °C for
12 hours. The organic solution was removed and the residue
was then purified with silica gel column chromatography
(hexane : CH,Cl, = 1: 3, v/v) to provide a black solid (30 mg,
15% yield). "H NMR (400 MHz, CDClj, 6): 9.01 (d, J = 8.4 Hz,
2H), 8.72 (s, 2H), 8.33 (dd, ] = 8 Hz, ] = 0.8 Hz, 2H), 8.22 (d, ] =
8.4 Hz, 2H), 7.90 (m, 4H), 6.98 (m, 2H), 6.74 (m, 2H), 6.41 (dd, J
= 7.6 Hz,] = 0.8 Hz, 2H), 5.27 (s, 1H), 1.81 (s, 6H); "*C NMR (100
MHz, CDCl;, 6): 185.7, 174.3, 155.1, 146.1, 144.6, 135.7, 134.1,
133.4, 131.9, 131.1, 129.2, 128.1, 125.1, 124.6, 121.4, 115.5,
103.5, 101.3, 29.7, 28.7; MS (MALDI-TOF): caled for
C4,H,5IrN,O,, 750.1607; found: 750.1639.

TCNIr, Ir(tigCN),(acac). A similar synthesis procedure to that
of CNIr was adopted and a black solid was obtained (12 mg, 6%
yield). 'H NMR (400 MHz, CDCl;, 6): 8.85 (m, 2H), 8.56 (s, 2H),
8.25 (m, 2H), 7.86 (m, 4H), 7.48 (d, J = 5.2 Hz, 2H), 6.28 (d, ] =
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4.8 Hz, 2H), 5.34 (s, 1H), 1.87 (s, 6H); ">*C NMR (100 MHz, CDCl;,
0): 185.5, 169.8, 163.6, 147.3, 136.0, 135.5, 135.2, 133.7, 129.0,
127.9, 124.5, 123.0, 116.2, 101.6, 100.1, 29.7, 28.6; MS (MALDI-
TOF): caled for C33H,,IrN,0,S,, 762.0735; found: 762.0732.

Conclusions

In conclusion, by introducing the CN group into the commer-
cial red phosphor Ir(piq),(acac), the DR-NIR-emitting Ir(m)
phosphor CNIr and the NIR-emitting TCNIr with very simple
chemical structures can be achieved, which strengthen the
triplet MLCT states to decrease the non-radiative decays of their
excited states. They exhibit strong DR-NIR phosphorescence in
their doped films with the PLQYs of around 45% and emission
wavelengths of around 700 nm. The DR-NIR OLED fabricated
using CNIr and the NIR OLED made using TCNIr exhibit
excellent performance, giving the peak EQEs of 10.62% and
9.59% with the emission wavelengths of 690 and 706 nm for
CNIr-based D7 and TCNIr-based D9, respectively, which are the
highest among the EQEs of those devices made using Ir(m)
phosphors and comparable to those measured from the NIR
OLEDs based on the TADF, Pt(u) and Os(u) emitters when the
color gamut is similar. It is noted that the structurally simple
and newly designed DR-NIR phosphors afford the best Ir(m)-
based DR-NIR OLEDs with a stable performance, confirming
our efficient design strategy.
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