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Introduction

Binuclear iridium(i) complexes for efficient
near-infrared light-emitting electrochemical cells
with electroluminescence up to 800 nmf

Lavinia Ballerini, @22 Wei-Min Zhang,” Thomaz Groizard,®
Christophe Gourlaouen, {2 ¢ Federico Polo, )¢ Abdelaziz Jouaiti, &2 **
Hai-Ching Su @ ** and Matteo Mauro () *

Near infrared (NIR) emitting optoelectronic devices have great potential for applications in communi-
cation, encryption technologies, night-vision display and photodynamic biomedical devices. Never-
theless, their development is currently hampered by the lack of efficient NIR-emissive materials. Herein,
a novel class of cationic binuclear Ir(n) emitters (Ir-D1 and Ir-D2) based on a ditopic coordinating
scaffold featuring the n-deficient thiazolo[5,4-dlthiazole and m-accepting moiety (either pyridine or
pyrazine), is described and fully characterized using photophysical and computational techniques.
Comparison with the parental mononuclear derivatives Ir-M1 and Ir-M2 is provided as well. Remarkably,
the binuclear complexes display NIR photoluminescence in solution with a maximum up to Aem = ca.
840 nm, which represent some rare examples of metal complexes emitting in this spectral region.
Interestingly, NIR photoluminescence is retained
counterparts. These findings prompt the successful use of these NIR emitters as electroactive materials
in light emitting electrochemical (LECs). complexes Ir-D1 and Ir-D2 yield
electroluminescence peaking at g = 750 and 800 nm, respectively, and device performances that are

in polymer-matrix thin-film for the binuclear

cells Binuclear
the highest reported for LECs in this spectral region to date for molecular (i.e. non-excimer) emitters.
This work demonstrates the superior performances of the binuclear design strategy for achieving
efficient NIR electroluminescence.

are able to migrate toward the oppositely charged electrodes
under an applied electrical bias and form the p-i-n junction
where light-emission takes place. Toward this aim, ionic transi-

Light-emitting electrochemical cells (LECs) are an alternative
and appealing class of optoelectronic devices with potential
application in low-cost, large-area display technology and dis-
posable devices.'™ Efficient LECs make use of mobile ions that
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tion metal complexes (iTMCs) are typically used as electrolu-
minescent materials, particularly cyclometalated Ir™-based
complexes,” due to their outstanding redox and photophysical
properties. Furthermore, the use of charged emitters may
render the addition of additive salts unnecessary, minimizing
detrimental segregation processes and device complexity.
While the successful fabrication of blue- to red-emitting LEC
devices with good efficiency has been demonstrated to date,* "
targeting deep-red to near infrared (NIR) electroluminescence
(e >650 nm) in LECs is highly challenging.'®* Nevertheless,
these NIR emitting devices find promising applications in
night-vision technology, telecommunication, data encryption,
counterfeiting technology, and as bio-medical phototherapy
devices.’?” The main limiting factor is the availability of
efficient and bright deep-red to NIR emitters as electroactive
materials due to the intrinsic difficulty to achieve a suitable
molecular design.'>" Indeed, long-wavelength emitters typi-
cally suffer from low to near-zero photoluminescence quantum
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yield (PLQY) due to a combination of two factors: (i) the
efficient non-radiative vibronic coupling between the poten-
tially emitting lowest-lying triplet (T,) and ground (S,) state that
shows a natural logarithm dependence of the non-radiative rate
constant (k) with the T,-S, energy gap, as ruled by the energy
gap law;"* (ii) the third-power dependency of the radiative rate
constant (k;) on the energy of the emitted photon. Designing
emitters that possess a combination of high &, and low k&, is of
utmost importance to achieve radiative recombination that is
competitive with the radiationless channels, and it is therefore
the key for achieving efficient photo- and electro-luminescence
into the NIR spectral region. This goal is even more challenging
when cationic iTMC are targeted since they often display even
lower PLQY compared to the neutral counterparts. A typical
strategy to shift the emission toward a longer wavelength region
relies on the extension of the m-system of the chromophoric
ligand. Regrettably, this is accompanied by an increase in the
triplet ligand centred (*LC) character of the excited state, which
in turn slows down SOC processes and lowers the k.. The vast
majority of the examples deal with mononuclear iridium(ur)
derivatives"®™” and the formation of excimers was demon-
strated as being an appealing approach as well.”® However,
excimer-based emission often has the drawback of displaying
emission and device performances strongly dependent on the
concentration and fabrication process. Alternatively, a dinu-
clearization approach has recently emerged to be a superior
chemical design strategy for addressing longer wavelength
emission as demonstrated by other groups*®~* as well as by
us.**7 This is due to the fact that the presence of two (or more)
heavy metal atoms helps to improve SOC processes, also by
increasing the metal character of the emitting states, and
mixing via configurational interaction.*® The higher rigidity
of the binuclear structure as well as chromophoric scaffolds
also reduce the radiationless quenching and slow the k,,,, thus
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enabling competitive radiative recombination into the deep-red
to NIR region.

Remarkable examples of neutral deep-red to NIR binuclear
emitters were recently reported by the group of Kozhevnikov
that feature either a cyclometalated thieno[3,2-b]thiophene
(IrIr)*® or a thiazolo[5,4-d]thiazole (Ir1)*° chromophoric rigid
ligand and two “Ir(N"C”N)” fragments bearing a bis-
cyclometalating terdentate N*C~N ligand (see Fig. 1 for the
chemical structure). In particular, the Irlr complex displays NIR
emission with A, = 714 nm and PLQY = 3.5% in CH,Cl,, which
despite the apparently modest value represents one of the
highest in the field of TMC NIR emitters. On the other hand,
the Ir1 complex displays a less extended LUMO level, but it
features a more m-accepting thiazolo[5,4-d]thiazole moiety.

A few reports describe TMC-based NIR OLEDs with Zem, g1
>700 nm,"> %32 but only a limited number of examples
display pure NIR emission. As far as solution-processed devices
are concerned, the first example of pure NIR OLED was only
recently reported by Qiao and co-workers, and showed Zem, g1, =
850 nm and EQE max = 0.17%."® Zhu et al. reported NIR OLED
with e, g = 760-764 nm and EQE max = 0.6-1.45%."” To date,
examples of LEC devices that display EL spectra squarely falling
into the NIR region are even rarer.””® While several multi-
nuclear complexes have indeed been reported for use in LECs,
only few examples exhibiting EL peak wavelength >750 nm
were reported to date and with very low EQEs values of 1073~
107%% (see the ESIt for a comparison list).

Hence, we wondered whether the combination of the good
electronic properties of the m-accepting thiazolo[5,4-d]thiazole
scaffold decorated with two lateral N-containing m-accepting
rings (e.g. pyridine and pyrazine) would provide a suitable
ditopic chromophoric ligand for efficiently shifting the emis-
sion of binuclear iridium(m) iTMCs into the NIR region and
thus enable their use in NIR LECs. Finally, we compared the

this work

2 PF®

Irir

hemmax = 714 nm (CH,Cly)

Kozhevnikov et al.
J. Phys. Chem. C, 2020, 11, 5849

I
Aemmax = 635 nm (CH,Cly)

Kozhevnikov et al.
J. Phys. Chem. C, 2021, 125, 20531

Fig. 1 Chemical structure of the NIR-emitting binuclear Ir-D1 and Irl complexes described here along with the parental Irlr and Irl complexes
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AEL = up to 751 nm (LEC)
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AEL = up to 804 nm (LEC)
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previously described. Photo- and electroluminescence characteristics are provided for comparison purposes.
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herein proposed binuclear complexes with the parental mono-
nuclear derivatives to confirm the superior performances of the
former compared to the latter, yielding LEC devices with
electroluminescence fully into the NIR region with the highest
performances reported to date arising from molecular emission
in the region 750-800 nm, to the best of our knowledge.

Results and discussion
Synthesis and characterization

A schematic of the synthetic pathway used for the synthesis of
the mononuclear Ir-M1 and Ir-M2 complexes as well as their
binuclear counterparts Ir-D1 and Ir-D2 is depicted in Scheme 1.
Full details of the synthetic procedures used for the preparation
of ligands L1-L4 are reported in the ESIt (for L2 and L4) and
elsewhere by us (for L1 and L3).*” Monochelating ligand
2-(5-(3,5-di-tert-butylphenyl)pyrazin-2-yl)benzo[d]thiazole (L2)
was straightforwardly prepared via Pd-catalysed Suzuki cou-
pling between 2-(5-bromopyrazin-2-yl)benzo[d]thiazole and
(3,5-di-tert-butylphenyl)boronic acid. On the other hand, bis-
chelating ligand 2,5-bis(5-(3,5-di-tert-butylphenyl)pyrazin-2-
yDthiazolo[5,4-d]thiazole (L4) was obtained as a yellow solid
by reacting the 5-(3,5-di-tert-butylphenyl)pyrazine-2-carbald-
ehyde with dithiooxamide in DMF under reflux.”*** Parental
mononuclear derivatives bearing the 2-(pyridin-2-yl)benzo
[d]thiazole ligand were reported previously by Bolink and co-
workers.?> Nevertheless, it is foreseen that the introduction
of bulkier (3,5-di-tert-butylphenyl) moieties of both mono-
and binuclear metal complexes would be beneficial for
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improving solubility and reducing aggregation-caused quench-
ing phenomena in the solid-state. The synthesis of the starting
chloro-bridged dimer [Ir(ppy).(p-Cl)],, where ppy is a cyclome-
talating 2-phenylpyridine ligand, was carried out following
procedures reported elsewhere by Nonoyama.’> The dimer
was subsequently reacted with Ag(1) for halogen abstraction to
obtain the bis-solvato complex, followed by the addition of 2
equiv. of the mono-chelating N*N ligand (L1-L2) in a CH,Cl,/
MeOH mixture under reflux to give mononuclear complexes Ir-
M1 and Ir-M2, respectively. Similarly, a reaction of the bis-
solvato complex with bis-chelating ligand either L3 or L4 in an
equimolar ratio yielded the corresponding binuclear complexes
Ir-D1 and Ir-D2, respectively, as a mixture of stereoisomers
comprising the two enantiomers (A4,41) and (4,4) as well as the
meso-form in an overall 1.8:1 and 1.2:1 ratio in the reaction
crude. The target complexes were obtained in good to excellent
yields as orange to deep-red powders after purification on SiO,
column chromatography and precipitation with KPF. Experi-
mental synthetic details are available in the ESI{ along with
their chemical characterization carried out by means of 'H,
BC{'H} NMR spectroscopy and high-resolution electrospray
ionization mass (HR-ESI-MS) spectrometry. The stereoselective
synthesis was achieved as well and the (chiro-)optical properties
of the enantiopure version of these derivatives is out of the
scope of the present work and they will be reported in due
course.

All the complexes were crystallized and obtained as
single crystals suitable for X-ray diffractometric analysis and
the corresponding ORTEP diagrams are displayed in Fig. 2
for Ir-D1 and Ir-D2 and Fig. S1, S2 of the ESI,{ for derivative

avse
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Scheme 1 Synthetic procedure used for the preparation of monometallic complexes Ir-M1 and Ir-M2, and their binuclear counterparts Ir-D1 and Ir-D2.

Cationic complexes were prepared as PFg ™ salts.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ORTEP diagram of the meso-Ir-D1 (top) and meso-Ir-D2 (bottom)
compounds with thermal ellipsoids shown at the 50% probability level
obtained by single-crystal X-ray diffractometric analysis. Hydrogen atoms,
PFe~ counter-anions and solvent molecules are omitted for clarity. Atom
color code: carbon (gray), nitrogen (light blue), iridium (dark blue), sulfur
(yellow).

IrrM1 and Ir-M2, respectively. Crystallographic refinement
parameters are provided in Tables S1-S4 of the ESLf In all
the crystalline structures, the iridium(m) center adopts a dis-
torted octahedral geometry, expectedly, with the two nitrogen
atoms of the 2-ppy ligand arranged in a N,N-trans fashion. For
monometallic derivatives the coordination sphere is completed
by the monochelating ligand, either L1 or L2, which coordi-
nates via the NN motif. On the other hand, the structure of the
binuclear counterparts confirmed the coordination of
“Ir(ppy),”’ motifs onto the bis-chelating motif of either ligand
L3 or L4. The latter bridges each metal center via one of the two
Npyridine"Nt.1, (TzTz = thiazolo[5,4-d]thiazole core) coordina-
tion motifs. Amongst the three possible stereoisomers, only the
achiral meso-form was isolated by crystallization containing an
inversion center 7 located in between the C—C bond of the two
fused pentatomic rings of the thiazolo[5,4-d|thiazole scaffold.
The thermal properties of all the compounds were assessed
by thermogravimetric analysis (TGA) and the corresponding
data are plotted in Fig. S3-S6 of the ESI.f The decomposition
temperature, defined as the temperature at which 5% weight
loss occurs (Ts4,), are ca. 320-325 °C and 340 °C for the mono-
nuclear and binuclear derivatives, respectively, implying a high
thermal stability for these complexes. The electrochemical
properties of all the investigated complexes were assessed by
means of cyclic voltammetry in CH,Cl, solution. The data are
listed in Table 1 and the corresponding voltammograms are
depicted in Fig. 3, where indication of the electrochemical
HOMO-LUMO band gap is also provided (dashed lines). More

12772 | J Mater. Chem. C, 2024, 12,12769-12783
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Table1l Electrochemical data recorded for mononuclear Ir-M1 and Ir-M2

as well as binuclear Ir-D1 and Ir-D2 complexes in CH,Cl, solution.
Potential values are given against the Fc®|Fc* couple

Egl.la AEp,Ollb E0R1 z.,a AEP,R“b e-AEy°

Complex V] [mv] ~ v] [mV] ~ [eV]

Ir-M1 1.03 120 —1.43 110 2.46

Ir-M2 1.06 100 —1.25 100 2.31

Ir-D1 0.95 110 —1.03 110 1.98
—1.54 90

Ir-D2 1.00 120 —0.83 110 1.82
—1.28 100

“ Reversible process. The formal potential, E°, was calculated as the
average of the cathodic and anodic peak of the process. ? AE, refers to
the scan rate 0.1 V s . ¢ Electrochemical band gap calculated as
follows: Eooli — EOR1 -

details concerning the electrochemical characterization are
provided in the ESI.}

In the positive-going scan, all compounds showed a rever-
sible oxidation process, Oy ; (with i denoting the investigated
compound), whose standard potentials Eg“_ fall within the

range +0.95 and +1.06 V vs. the ferrocene/ferricenium (Fc°|Fc")
redox couple, used as the internal standard. Eg” slightly

depends on the nature of either the chromophoric N*N (L1-
L2) or N*"N-N"N (L3-L4) ligand. This redox process can con-
fidently be ascribed to the oxidation that is mainly centered
onto the metal and the cyclometalating ring of the “Ir(ppy),”
fragment and that can be described as a Ir(m)/Ir(iv) oxidation.
The oxidation process for Ir-M2, however, possesses a less
pronounced reversibility compared to the other metal

O1,i R1~>2,i i
~ 4 l
/ 1
I
1
I
30 uA ' |
y ¢— Ir-M2
|
o |
Ir-M1
15 10 05 00 05 -10 -15 20 -25
E vs Fc (V)

Fig. 3 Blank-subtracted cyclic voltammograms of 1 mM complexes Ir-M1
(orange trace), Ir-M2 (red traces), Ir-D1 (bordeaux trace) and Ir-D2 (black
trace). Data recorded in CH,Cl, using a three neck electrochemical cell,
glassy carbon as the working electrode, Pt wire as the counter electrode,
Ag wire as the quasi-reference electrode and 0.1 M TBAPFs as the

supporting electrolyte. Scan rate of 0.1V s,

This journal is © The Royal Society of Chemistry 2024
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complexes. It is also worth mentioning that the O; process for
Ir-D1 and Ir-D2 is expected to be bielectronic, as two Ir metal
centers are involved, with a distinctive peak-to-peak separation
of 29 mV and a higher current intensity. However, when two
identical moieties connected by a bridge are (although poorly)
interacting, a difference in their £° lead to a larger peak-to-peak
difference. This is a well-known effect*® and was previously
observed for other compounds.*” Instead, in the negative-going
scan, one or two reversible reduction processes R, ; (where n
denotes the process number and i the investigated compound)
occurred, whose standard potential values Eg,_” fall within the

range from -0.83 to -1.43 V vs. Fc’|Fc’ (see Fig. 3). Clear
differences are observed in the negative going scan between
the different complexes. Mononuclear derivatives Ir-M1 and Ir-

M2 show electrochemical waves whose EORl i, A€ ~1.43 and

-1.25 V, respectively, and that can be ascribed to a reversible,
one-electron, reduction process located onto the coordinated
L1 and L2 ligand, respectively. This is further corroborated by
the fact that this difference agrees with the more electron
accepting character of the pyrazine unit in derivative Ir-M2
compared to Ir-M1 that lowers the lowest unoccupied molecu-
lar orbital (LUMO) level, thus making reduction processes
occur at a less negative potential. Moving from the mono-
nuclear to the binuclear derivatives Ir-D1 and Ir-D2 yields
to cyclic voltammograms that are characterized by two
distinct, mono-electronic, reduction waves. The first process
at EY = —1.03and — 0.83V for Ir-D1 and Ir-D2, respec-

1,Ir-D1,2
tively, is anodically shifted compared to the mononuclear
counterparts and are associated with reduction of the N"N-
N”N ligands L3 and L4, respectively. Indeed, this lower
potential is due to the even stronger m-accepting ability of the
ditopic thiazolo[5,4-d|thiazole scaffold compared to the
benzo[d]thiazole-based ligand L1 and L2, which further lowers
the LUMO energy level. A subsequent process is observed at
ES = —1.54and — 1.28 V, for Ir-D1 and Ir-D2 respectively,

Rair-p12
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and it is attributed to the second reduction process of the
ditopic thiazolo[5,4-d]thiazole-based ligand. Overall, a steady
narrowing of the HOMO-LUMO gap is observed within the
series along Ir-M1 — Ir-M2 — Ir-D1 — Ir-D2, as determined by
the electrochemical energy band gap (e-AEyy.1). Furthermore, as
previously observed for other bimetallic complexes,®” by taking
into account the diffusion coefficient of Ir-M1, Ir-M2, Ir-D1 and
Ir-D2 and by comparing the current intensities of their R;.,;
and O, ; processes with the oxidation of Fe, one can confidently
state that the redox processes are all monoelectronic, except for
0,,Ir-D1,, that are bielectronic (see the ESIt for more details).
Overall, these findings agree well with the optical properties
(see below) and support the idea that these complexes are
potentially suitable candidates in the field of solid-state elec-
troluminescence devices.

Photophysical investigation

The optical properties of the four complexes were firstly inves-
tigated in dilute CH,Cl, solution under both air-equilibrated
and degassed conditions at a concentration of 2 x 10> and of 3
x 107> M for mononuclear and binuclear derivatives, respec-
tively. The spectra are displayed in Fig. 4 and the corresponding
photophysical data are listed in Table 2.

As far as the mononuclear complexes Ir-M1 and Ir-M2 are
concerned, their UV-vis spectra are characterized by three main
absorption bands. On the higher energy side, the intense and
slightly structured bands at about Z,,s = 300 nm (¢ = 2.5-2.7 X
10* M~' em™') and 358-395 nm can be ascribed to electronic
transitions with a strongly allowed character and of mainly
single-manifold ligand centered (*LC) nature located on the
phenylpyridine with a partial charge transfer (CT) character
involving the metal and the coordinated ligands (see the
computational section for a more detailed description). The
spectra extend nicely into the visible region with a shoulder at
ca. 425 and 450 nm that can be attributable to transitions with
partial intraligand charge transfer character (‘ILCT); whereas,

Molar extinction coefficient (10%-M™"-cm™)

T T T
500 600 700 800
Wavelength (nm)

Fig. 4 Left: UV-vis absorption (solid traces) and photoluminescence (symbols: square for Ir-M1, circle for Ir-M2, triangle for Ir-D1, star for Ir-D2) spectra
of complexes Ir-M1 (orange traces), Ir-M2 (red traces), Ir-D1 (bordeaux traces) and Ir-D2 (black traces) in CH,Cl, at room temperature. Emission spectra
were recorded upon excitation at Aexc = 500 (Ir-M1), 560 (Ir-M2) and 580 nm (Ir-D1 and Ir-D2). Right: Zoom-in of the lower-energy side of the UV-vis

spectra.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Photophysical data recorded for complexes Ir-M1, Ir-M2, Ir-D1 and Ir-D2 in dilute CH,Cl, solution and 77 K frozen matrix

Jmax (€)
[nm, (10° M~ ecm™1)]

PLQY
(%)

Q

PLQY
(%)

}Vem

—
=]
©n

—

Complex  Air-equilibrated

[ns]

Degassed

Aem T
[nm] [ns]

T

— q
w
i

k[‘ kl‘ll‘
[10°s7"]  [107s7]

77 K

Ir-M1 262sh, (41.6)
297, (27.1)
358sh, (33.5)
373, (36.5)
516, (0.7)
263, (40.4)
305, (25.7)
381sh, (35.1)
395, (40.0)
560, (0.7)
261sh, (76.9)
412, (60.5)
442, (47.7)
570, (1.3)
260sh, (78.5)
290sh, (49.6)
437, (64.0)
467, (62.7)
500sh, (27.8)
610, (1.3)

650 7.3 258 10

Ir-M2

Ir-D1

Ir-D2 839 0.2 10 0.2

sh denotes a shoulder.

the much weaker (¢ = ca. 7 x 10> M~" ecm™") broader and
featureless band centered at A, = 518 and ca. 560 nm for Ir-M1
and Ir-M2, respectively, can be assigned with confidence to the
convolution of electronic processes of singlet and triplet char-
acter via spin-orbital coupling (SOC) with a metal-to-ligand and
intraligand charge transfer (“*MLCT/"’ILCT) nature (see
Fig. 4).

Expectedly, the absorption spectra of binuclear counterparts
Ir-D1 and Ir-D2 display a two-fold increase of the intensity in
the higher energy side at 4,55 = ca. 300 as a consequence of the
presence of two Ir(ppy), moieties. The structured and intense
band at A,ps = 412 and 442 nm (for Ir-D1), and at 437 and
467 nm (for Ir-D2) can be ascribed to the m-m transitions
involving the thiazolo[5,4-d]thiazole ligand scaffold mainly.
This attribution is supported also by a bathochromic shift as
large as 2540 and 2430 cm™ " when going from the mononuclear
Ir-M1 and Ir-M2 to the corresponding binuclear derivatives Ir-
D1 and Ir-D2, respectively, along with the concomitant and
sizeable increase in the absorption intensity. It is worth noti-
cing that the adopted dinuclearization strategy yields an exten-
sion of the absorption spectral onset attributable to transitions
with important **MLCT character far into the visible with a tail
extending into the NIR region for derivative Ir-D2 (see Fig. 4).
Absorption maxima are centered at /,,s = 570 and 610 nm for Ir-
D1 and Ir-D2, respectively. This large bathochromic shift is due
to the energetic stabilization of the lowest unoccupied mole-
cular orbitals (LUMOs) involved in the electronic absorption
process and to an increase in the state mixing induced by a
stronger SOC (see the computational section).

Upon photoexcitation into the MLCT band, dilute CH,Cl,
samples of all the complexes display luminescence with a broad
and featureless profile. Remarkably, emissions span from the
deep red to the NIR region, with the maxima centered at Aep, =

12774 | J Mater. Chem. C, 2024, 12,12769-12783

405  2.47 596, 641, 707sh 2479 (87%) 2.8

4115 (13%)

76  3.03 1.29 659, 700sh 1191 (82%) 1.5

2154 (18%)

54 2.04 674, 743, 828 750 —

10 2.00 745,777, 823sh 258 (88%) 0.3

409 (12%)

650, 718, 760 and 839 nm for derivatives Ir-M1, Ir-M2, Ir-D1 and
Ir-D2, respectively. The emission profiles were insensitive to the
presence of triplet dioxygen and appeared to be wavelength
independent. The photoluminescence quantum yield (PLQY)
and excited-state lifetime, 7, increased sizably upon degassing
the samples of mononuclear derivative Ir-M1, that display an
increase in PLQY from 7% to 10% and a concomitant prolonga-
tion of the lifetime from 258 to 405 ns. The other derivatives of
the series were affected to a much smaller extent by the
presence of oxygen as expected for a diffusion-controlled
quenching process competing with a relatively fast radiative
process observed for these derivatives, being T = 76, 54 and 10
ns for degassed CH,Cl, samples of Ir-M2, Ir-D1 and Ir-D2,
respectively. These data allow us to estimate the radiative (k)
and non-radiative (k,,) rate constants characterizing the emis-
sive excited state by using the following equations (eqn (1) and

(2)):
k; = PLQY/t (1)

knr = (1 — PLQY)/z 2

providing for all the derivatives relatively high k. values in the
order of 2.0-3.0 x 10° s™". These values are typical of cyclome-
talated iridium(m) complexes possessing an emitting excited
state with large *MLCT character. The photophysical properties
of mononuclear derivatives Ir-M1 and Ir-M2 agree well with
those reported previously on related mononuclear
benzo[d]thiazole compounds.**?**®

Even more interestingly, k. values of the binuclear deriva-
tives Ir-D1 and Ir-D2 are one order of magnitude higher than
the related counterparts Irlr and Irl reported previously (see
Fig. 1),>®*° indicative of a more efficient SOC process populat-
ing the emitting triplet state T, and the larger *"MLCT character

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Emission spectra recorded for samples of complexes Ir-M1
(orange trace), Ir-M2 (red trace), Ir-D1 (bordeaux trace) and Ir-D2 (black
trace) in frozen CH,Cl, at 77 K. The samples were excited at Aexe = 470 nm
(Ir-M1), 530 (Ir-M2), 580 (Ir-D1) and 600 nm (Ir-D2).

of the former compared to the latter. This is further corrobo-
rated by the broader and less structured emission band asso-
ciated with the T; — S, transition observed for Ir-D1 and Ir-D2
compared to IrIr and Ir1 at both room and low temperature (see
below).

The PLQY values decreased steadily when moving to deriva-
tives emitting into longer wavelength regions within the series,
namely from complex Ir-M1 to Ir-D2, and this effect is paral-
leled by a large increase of the k,, from 0.22 x 107 to 9.98 x
10”7 s, respectively, due to the more efficient radiation-less
processes taking place upon narrowing the T,-S, energy gap, as

2 e oot =
~ o ) o
1 1 1 1

Normalized emission intensity

o
N
1

700
Wavelength (nm)

800 900

Fig. 6 Emission spectra recorded for samples of complexes Ir-M1
(orange traces), Ir-M2 (red traces), Ir-D1 (bordeaux traces) and Ir-D2 (black
traces) in PMMA thin-film at 10 wt% doping (dotted lines) and thin-film with
80:20 wt% BMIMPFg:complex (solid lines with coloured areas) upon
excitation at 420 (for Ir-M1), 460 (for Ir-M2), and 480 nm for (for Ir-D1
and for Ir-D2).
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Table 3 Photophysical data recorded for complexes Ir-M1, Ir-M2, Ir-D1
and Ir-D2 in PMMA thin-film at 10 wt% doping

Jem PLQY Tk Ko

Compound [nm] (%) 7 [ns] [us] [10°s7'] [10°s7]

Ir-M1 623 24 952 (62%) 1.3 1.85 5.85
1637 (38%)

Ir-M2 668 10 765 (32%) 0.6 1.67 1.50
377 (68%)

Ir-D1 683, 735 4.5 370 (58%) 0.8 0.56 11.9
1036 (37%)

Ir-D2 726,770 1.6 157 (60%) 1.2 0.13 8.2

2124 (11%)
762 (29%)

ruled by the energy gap law (see Table 2 for the corresponding
data).™

The emission spectra of the samples measured at low
temperature in a frozen CH,Cl, matrix at 77 K display a
hypsochromic shift by about 1250-1680 cm ' compared to
the fluid solution, with the appearance of a moderate vibronic
structure. The spectra are displayed in Fig. 5 and the data are
listed in Table 2. Time-resolved emission decays could be fitted
by using a bi-exponential model and provided average lifetimes
of T = 2.8 ps, 1.5 ps, and 0.3 ps, for Ir-M1, Ir-M2, and Ir-D2,
respectively. On the other hand, a mono-exponential decay was
observed for Ir-D1 with 7 = 750 ns. Overall, these findings are
indicative of a mainly *MLCT character of the emissive
excited state.

Photoluminescence spectra of thin-film samples fabricated
by spin coating from a CH,Cl, solution of poly(methyl-
metacrylate) (PMMA) at 10 wt% doping level of complex are
displayed in Fig. 6 and the data are listed in Table 3. The
emission profiles display a hypsochromic shift in the order of
530-2500 cm ™' compared to the CH,Cl, solution samples as
typically observed for cationic complexes, due to the low
polarity environment imparted by the PMMA polymeric net-
work and as a consequence of the rigidochromic effect. Larger
shifts are observed for the binuclear species most likely due to
their doubly charged nature. Remarkably, PMMA thin-film
samples display much larger PLQYs than solution samples,
with values of 24%, 10%, 4.5% and 1.6% and a longer lifetime
of 7= 1.3 us, 0.6 us, 0.8 us and 1.2 ps, for derivatives Ir-M1, Ir-
M2, Ir-D1 and Ir-D2, respectively. To ascertain the suitability of
these novel emitters as electroluminescent materials in LEC
devices the photophysical properties were further investigated

Table 4 Photophysical data recorded for complexes Ir-M1, Ir-M2, Ir-D1
and Ir-D2 in thin-film at 80: 20 wt% BMIMPFs:complex doping level

Compound Jem [NM] PLQY (%) 7 [ns] 7 [ns]

Ir-M1 637 12.3 342 (81%) 422
614 (19%)

Ir-M2 698 3.7 133 (43%) 106
62 (57%)

Ir-D1 732 2.9 248 (23%) 171
123 (75%)

Ir-D2 786 0.8 32 (38%) 25
15 (62%)
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in thin films of BMIMPF4:complex at the 80:20 wt% doping
level, where BMIMPF, is 1-butyl-3-methylimidazolium hexa-
fluorophosphate ionic liquid (IL). The data are listed in
Table 4 and the spectral comparison is displayed in Fig. 6.
Due to the higher polarity of the environment imparted by the
IL, for all the samples the emission profiles are bathochromi-
cally shifted by 350-1050 cm™ " compared to the PMMA matrix.
Whereas the lifetime is shortened and the PLQY is lower by
about a factor of two, in agreement with the energy gap law. At
this stage, it is important to notice that the emission of
binuclear complexes Ir-D1 and Ir-D2 retains the spectral profile
into the longer wavelength region being fully into the NIR for
the latter. Hence, they represent suitable and highly appealing
candidates for the fabrication of NIR emissive LEC devices (see
below).

Computational study

The structures of the different complexes have been optimized
using density functional theory (DFT) methods. Complexes Ir-
D1 and Ir-D2 were optimized by either chiral (4, 4 or A, A) or
achiral (meso) form within both C, and C; symmetry con-
straints, respectively. For both bimetallic species, the optimized
structures of the meso form fit well with the corresponding
experimental X-ray structure with a notable difference in the
dihedral angle between the central n-conjugated ligand (either
L3 or L4) and the two 3,5-di-tert-butylphenyl groups (Tables S5
and S6, ESIt). The rotation of aryls of Ir-D1 (Ir-D2) is
governed by a low barrier estimated at about 4.1 kcal mol ™
(1.3 kcal mol™") for a dihedral angle / (X-Cg-Cg-Co) of 0°
between the aryl and the pyridine (pyrazine) ring, and a larger
barrier of ca. 9.6 kecal mol " (13.6 kcal mol™ ') for a dihedral
angle of 90° (see Fig. S7 of the ESI} for atom labelling). These
results imply a relatively free rotation of the aryls at room
temperature and suggest that the difference between the crystal
structure and the free molecule may come solely from the
packing effect. Similar observation can be made for the mono-
mers (Tables S7 and S8, ESIt). Given the negligible differences
in terms of structural and optical properties computed for the
chiral and achiral form of the binuclear derivatives, only the
results of the meso stereoisomer of Ir-D1 and Ir-D2 will be
further detailed in the following section.

To gain better insights into the optical properties of these novel
complexes, electronic absorption spectra were computed by means
of time-dependent DFT (TD-DFT) without and with spin-orbit
coupling (SOC) perturbation. The results are displayed in Fig. 7
and the data are listed in Table 5 and Table S9 of the ESL}

The absorption spectrum of compound Ir-M1 shows a main
peak at 4 = 384 nm (Se v1) Which corresponds to a LC transition
(see Fig. 7 and Table S9, ESIT). An intense and relatively large
band is observed between 340 and 270 nm arising from two
major contributions computed at A = 275 nm (S;;a) and
304 nm (S;5 Mm1) With a mixed MLCT/LC and LC nature, respec-
tively, both involving the “Ir(ppy),”’ moiety. The spectrum of
complex Ir-M2 displays a main peak at 4 = 404 nm (Ss ) of
mixed MLCT/LLCT/LC nature and a large band between 350 nm
and 270 nm with also two major contributions computed
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at 1 =292 (Szzme) and 317 nm (Sz1 m2)- Sz2,m2 corresponds to
a 'LC centered on the Ir(ppy), moiety, whereas S,; ym» possesses
a mixed nature. A shoulder is also visible at 4 = ca. 454 nm due
mainly to a transition (S, m») of MLCT character. The theore-
tical spectra of both mononuclear complexes are in overall
good agreement with the experimental ones and display a
bathochromic shift of about 15-20 nm as shown in Fig. 7.
The introduction of SOC perturbation has a small effect on the
absorption spectra. The only significant point to mention is the
appearance of a weak band in the spectra of the mononuclear
compounds at around 4 = 565 nm for Ir-M1 (623 nm for Ir-M2)
which is the result of the convolution of the lower-lying singlet
and triplet states.

The absorption spectrum of binuclear species Ir-D1 mainly
consists of three peaks centered at A = 486 nm (S3p1), 4 =
444 nm (Sgp1) and 4 = 393 nm (S,0,p1), respectively. The first
peak at 4 = 486 nm is associated with a transition of mixed LC/
MLCT nature centered on the m-extended L3 ligand while
the second is a mixed MLCT/LLCT (Fig. 8 and 9, and Fig. S9
of the ESIY). As for the mononuclear counterparts, the transi-
tions at lower energy are of CT character mainly towards
ligand L3, while transitions at higher energy involve the ppy
moieties to a large extent. Due to too large computational cost,
higher energy states could not be explored for the binuclear
species. Thus, the theoretical electronic transitions corres-
ponding to the experimental intense band at around 4 = 250-
350 nm (Fig. 3) were not computed. Moreover, it is worth
mentioning that a quasi-degeneracy is observed for the
lowest-lying excited singlets and of the lowest triplet state in
all four complexes (see Tables S12 and S13 of the ESIt). Similar
results were obtained by computing the spectrum of Ir-D2, with
excited states exhibiting the similar nature as computed for Ir-
D1 (Fig. 8).

Overall, experimental and theoretical spectra computed for
the binuclear derivatives without SOC are in fairly good agree-
ment in terms of the energy of the bands (¢f Fig. 3 and 7),
although the computed spectra do not show the lower energy
shoulder present in the experimental ones. It is worth noting
that the introduction of SOC has a much stronger effect on the
spectra of the binuclear complexes compared to that of the
mononuclear parental derivatives. This leads to a significantly
improved agreement between computed and experimental
absorption spectra. The presence of two heavy metal atoms
makes the scalar relativistic treatment of the spectra insuffi-
cient for these kinds of complexes.

For complexes Ir-D1 (Ir-D2) spin-orbit perturbations lead to
the splitting of the main singlet manifold transition peaking
around 4 =490 nm (Ir-D2: / = 515 nm) into two peaks at /soc,1 =
473 and /soc, = 503 nm (Ir-D2: Asoc: = 503 nm and Asoc,, =
529 nm). This results from the mixing of the S; p; singlet of LC
character with the T,p; of mixed MLCT/LLCT character (LC
S3,p2 with mixed MLCT/LLCT Ts p, and T p,). This corresponds
to the main band of the experimental spectrum centered at
Amax = 442 nm (Ir-D2: . = 467 nm) and its low energy
shoulder at A = ca. 480 nm (/1 = 500 nm), respectively. Further-
more, a small peak appears around 679 nm for meso-Ir-D1 and

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Computed absorption spectra of Ir-M1 (upper left), Ir-M2 (upper right), Ir-D1 (bottom left) and Ir-D2 (bottom right) with (solid traces) and without
(dashed traces) spin—orbit coupling perturbation. See Tables S12 and S13 of the ESI for details.

737 nm for meso-Ir-D2 due to the mixing of S, and T, for both
complexes (Table 5). For both Ir-D1 and Ir-D2, a bathochromic
shift of 20 ~30 nm is observed between computed spectra with
SOC and the experimental data (see Tables 2 and 5).

Upon introduction of spin-orbit perturbations into the
calculations, the lowest computed SOC states retain an almost
pure *MLCT character similar to those observed for the non-
perturbed counterparts. In the case of meso-Ir-D1, T, p; and
T, p; are two quasi-degenerate triplet states, which correspond
to the HOMO — LUMO (1.881 eV) and HOMO-1—LUMO (1.891 V)
transitions, respectively (see Fig. S8, ESI{). Both Ty p; and Ty, ps
share a mixed MLCT/LLCT character as shown by TheoDORE
excited state composition analysis (see Fig. S9, ESIf) and in
agreement with the experimental findings. At Franck-Condon
(FC) geometry and as far as the T; and T, excited state are
concerned, they are delocalized on both iridium centers of the
binuclear complex (Fig. 8). T3 p; corresponds to a HOMO-2—
LUMO transition (2.127 eV) and shows a strong LCL3 character.
Similar results can be observed for meso-Ir-D2 (see Fig. 8).

On the other hand, Ty and Ty, are triplets of mixed
MLCT/LLCT nature for the mononuclear complexes. They

This journal is © The Royal Society of Chemistry 2024

Table 5 List of the most intense vertical excitations from ground to SOC
states, along with the state contribution and Ae, computed for complexes
Ir-M1, Ir-M2, meso-Ir-D1 and meso-Ir-D2

Complex SOC state E [€V] Acarc (f) [nm] % Contributing state

IrM1  E, 2.193 565 (0.0063) 88% Ty, 3% Ts, 2% S;
Easg 3.243 382 (0.7535) 74% S, 11% S, 4% Ss
Es 3.363 369 (0.0099) 38% S, 11% T1,, 9% Ty, 9% Ty
Ei03 4.101 302 (0.1647) 52% S,,, 15% T,s5, 14% T,
Eisg 4.528 274 (0.1750) 67% S;7, 20% Ssq, 4% Ssq
M2 E, 1.99 623 (0.0066) 83% Ty, 4% S,, 4% T,
Ess 3.004 413 (0.4185) 38% Ss, 28% Sy, 20% Se
Ess 3.08 403 (0.3208) 39% Sg, 35% Ss, 6% Tyq
E1os 3.959 313 (0.0791) 38% S,1, 14% Sy, 9% T,,
Eiay 414 300 (0.0588) 45% S,g, 31% T4, 17% Sao
Ir-D1  E; 1.825 679 (0.0247) 84% T, 5% S,, 4% T,
Eps 2.466 503 (0.3907) 48% T, 38% S;, 8% T,
Eso 2.62 473 (0.5389) 50% S;, 33% Ty, 3% T,
Eag 2.789 445 (0.1614) 31% Tyy, 27% S, 16% Sg
Eo 2.953 420 (0.0967) 44% Ty, 27% S13, 16% Sio
D2  E, 1.681 737 (0.0238) 88% T, 3% S,
Es 2.344 529 (0.5931) 42% Ts, 40% S;, 6% T,
Ess 2.462 503 (0.4547) 34% Ts, 30% S, 27% T
Eug 2.686 462 (0.4406) 71% S, 5% Ts, 4% Sy5
Esg 2.81 441 (0.1453) 31% Sy5, 29% Tys, 22% Syo
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc02040e

Open Access Article. Published on 09 July 2024. Downloaded on 1/19/2026 6:17:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.0
0.8
0.6
0.4
0.2
0.0

Character

1 2 3 1 2 3
Singlet States

Ir-M1

Triplet States

1.0
0.8
0.6
0.4
0.2
0.0

Character

1 2 3 1 2 3
Singlet States Triplet States

Ir-D1

View Article Online

Journal of Materials Chemistry C

1.0
0.8
0.6
0.4
0.2

0.0

haracter

1
).

C

1 2 3 1 2 3
Singlet States Triplet States

Ir-M2
1.0
0.8
0.6
0.4
0.2
0.0

Character

1 2 3 1 2 3
Singlet States Triplet States

Ir-D2

Fig. 8 TheoDORE analysis showing the character of the first three singlet and triplet excited states of complexes Ir-M1, Ir-M2, Ir-D1 and Ir-D2. Colour
code for the character: MLCT (yellow), LLCT (blue) and LC (red). The gray colour is used for the residual character components. For the bimetallic
derivatives, meso-strutures with C; symmetry and optimized without symmetry constraint were used for operational reasons of the TheoDORE code.

S>> T,

S$2>T,

$2>T,

Fig. 9 Electronic density difference maps (EDDMs) between Sp and Ty, T, or T3, at Franck—Condon geometry for meso-Ir-D1. Electronically enriched
and depleted areas are colored in green and red, respectively. Color code for atoms: Ir (orange), S (yellow), N (blue), C (grey) and H (white).

consist of 98% HOMO — LUMO transition, corresponding to a
transition energy of 2.27 and 2.07 eV for T;y; and Tqmo,
respectively. T,y and T, are triplets with LC character
and correspond to a 55% HOMO-1/33% HOMO-2 — LUMO
transition (2.541 eV for Ir-M1). As expected, the absorption
spectra of the mononuclear complexes are hypsochromically
shifted compared to those of the binuclear counterparts due to
the lower energy of the LUMO levels for the latter (¢f Fig. S8 and
S10, ESIf). This effect arises from the smaller size of the

12778 | J Mater. Chem. C, 2024, 12,12769-12783

accepting n-system of the mononuclear derivatives. Further-
more, we observe a greater stabilization of the *LC state
compared to the *MLCT in the binuclear derivatives compared
to the mononuclear counterparts, with the AE*LC — *MLCT)
energy gap being 0.236 eV and 0.272 eV, respectively.

To investigate the emission properties of meso-Ir-D1 and
meso-Ir-D2, triplet states were optimized without symmetry
constraints. No significant evolution of the geometry was
observed. Comparison of geometrical parameters is provided

This journal is © The Royal Society of Chemistry 2024
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T,>S,

T, S,

Fig. 10 Electronic density difference maps (EDDMs) between Sq and either T, or T, at T, optimized geometry for meso-Ir-D1. Electronically enriched
and depleted areas are colored in green and red, respectively. Color code for atoms: Ir (orange), S (yellow), N (blue), C (grey) and H (white).

Table 6 Emission wavelengths from S; and T; states, and associated
oscillator strength and radiative rate constant for the singlet states com-
puted for the Ir-M1, Ir-M2, meso-Ir-D1 and meso-Ir-D2 complexes

Complex State Jem [NM] Oscillator strength 10° &,

Ir-M1 S 666 8.09 x 10 * 1.2
T, 679

Ir-M2 S, 733 8.09 x 10°° 0.1
T, 749

Ir-D1 S, 792 2.73 x 107° 2.9
T, 804

Ir-D2 S 877 7.61 x 107* 0.66
T, 894

in Tables S5 and S6 (ESIt). For the bimetallic compounds, an
overall breaking of the symmetry is observed as a consequence
of the lifting of the degeneracy between T; and T, states and the
localization of the excited state onto one of the two formally
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identical iridium motifs. This loss of symmetry of the excited
state is clearly displayed by the electron density difference
maps (EDDMs) for T; and T, as shown in Fig. 10. The results
obtained for the excited singlet state are very similar.

The calculated emission wavelengths of the different com-
plexes appeared to be bathochromically shifted by 30 to 62 nm
when compared to the experimental maxima (see Tables 2, 4
and 6). This difference is slightly larger for the bimetallic
complexes compared to the mononuclear counterparts, but
the computed data agree well with the experimental findings.
As abovementioned, the investigated binuclear complexes display a
higher degree of structural flexibility, which can explain the slightly
larger spectral shift between experimental and computed emission.
Indeed, upon modification of the dihedral angles between the TzTz
motif and the peripheral aryls on the L4 ligand, the emission
wavelengths vary between 888 and 931 nm for meso-Ir-D2. Another
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Fig. 11 Thickness-dependent EL spectra of the LECs based on the (a) Ir-M1, (b) Ir-M2, (c) Ir-D1, and (d) Ir-D2 complexes. The driving voltage of each
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aspect to be taken into account is that the overall planarity of the
L3-14 ligand may also play a role as we see that meso-Ir-D2 both
display the largest difference and possesses the T; with the most
distorted geometry for the chromophoric TzTz ligand (Table S6,
ESIY). Inclusion of spin orbit coupling does not significantly modify
the above analysis (Table S11, ESIt).

Electroluminescent characteristics of LECs

The EL spectra of LECs based on complexes Ir-M1, Ir-M2, Ir-D1,
and Ir-D2 are depicted in Fig. 11. The PL spectra of the emissive
layers of these LECs are also shown for comparison. In spite of
the slightly altered microcavity effect influenced by varied
emissive-layer thickness,*®”° for each complex both EL and
PL spectra were similar, indicative of the fact that the same
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Fig. 12 Time-dependent (a) current density, (b) light output, and (c) EQE
of the LECs based on the Ir-M2 complex.
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emitting excited state is involved in both photo- and electro-
luminescence processes. Noteworthily, the Ir-D2 complex
revealed the longest EL /. = ca. 800 nm, which has still been
rare in the published reports on the NIR LECs using iridium
complexes.'>®?%?%51 1t is noted that this long-wavelength emis-
sion does not result from optical interference® and excimer
formation® since the solution PL spectrum of complex Ir-D2
also shows similar A, = ca. 840 nm.

The time-dependent current, light output, and EQE of the
LECs based on the Ir-M2 complex with various emissive-layer
thicknesses are shown in Fig. 12. As a constant bias was applied
on the device, the mobile ions in the emissive layer of the LEC
drifted toward electrodes and gradually formed electrochemi-
cally doped layers. The latter promote carrier injection and
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Fig. 13 Time-dependent (a) current density, (b) light output, and (c) EQE
of the LECs based on the Ir-D2 complex.
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Table 7 Summary of the EL characteristics of the LECs based on the Ir-M1, Ir-M2, Ir-D1, and Ir-D2 complexes (80 wt%) and [BMIMPF¢] (20 wt%)

Complex  Concentration® [mg mL™"]  Thickness [nm]  Bias[V]  ELma’ [0M] Lo [BW emM 2] fexomax” (%) fpmax’ [MW W]
Ir-M1 40 107 2.3 642 39.9 2.30 18.31
60 149 2.5 656 129.6 2.67 19.46
80 212 3.5 657 520.4 2.15 11.11
Ir-M2 40 98 2.7 692 109.6 0.49 3.08
60 132 2.5 699 62.1 0.65 4.35
80 194 2.3 726 26.0 0.51 3.62
Ir-D1 60 124 1.9 738 11.6 0.57 4.80
80 151 1.8 744 2.2 0.74 6.58
100 204 1.9 751 8.0 0.74 6.17
Ir-D2 40 107 2.5 793 39.8 0.11 0.64
60 156 2.5 788 43.3 0.14 0.86
80 205 2.5 804 29.9 0.13 0.75

“ Solution concentration for spin coating. ? Stabilized EL emission peak wavelength. ¢ Maximal light output power. ¢ Maximal external quantum

efficiency. ¢ Power efficiency.

cause increasing device current with time (Fig. 12a). A higher
bias voltage or thinner device thickness resulted in a higher
device turn-on speed. The light output generally followed the
temporal evolution of the device current (Fig. 12b). Neverthe-
less, after reaching the maximum value, the light output
decreased faster than the device current (¢f. Fig. 12a and b).
The faster decay rate of the light output may be associated with
material degradation and exciton quenching near the ionic
species in the extending doped layers.”® With the balanced
carrier injection facilitated by the doped layers, the EQE
increased rapidly shortly after a bias was applied (Fig. 12c).
However, after approaching the peak value, the EQE decreased
gradually due to similar reasons responsible for the decreasing
light output. The optimized device thickness for the LECs based
on the Ir-M2 complex to achieve the best EQE (0.65%) was
132 nm. Thinner or thicker devices showed lower EQEs because
the overall contribution of the light outcoupling efficiency and
carrier balance was inferior to that of the optimized device."
This strategy was used to optimize the LECs based on the other
complexes (Ir-M1, Ir-D1, and Ir-D2). The time-dependent EL
characteristics of LECs based on complexes Ir-D2, Ir-M1 and Ir-
D1, are shown in Fig. 13 and Fig. S11, S12 of the ESL¥
respectively. They also showed similar temporal evolution
trends in the EL characteristics to those of the LEC based on
complex Ir-M2. For both mononuclear (Ir-M2 and Ir-M1) and
binuclear complex pairs (Ir-D1 and Ir-D2), the complex posses-
sing shorter EL emission wavelength showed higher EL effi-
ciency (Table 7). This is in line with the trend in the PLQYs of
these complexes (Tables 2-4). These data revealed that the
proposed iridium complexes exhibited efficient deep-red to
NIR EL emission. It is worth mentioning that the LEC device
comprising Ir-D2 displays the combination of an EL spectrum
that squarely falls into the NIR region A,.x (ca. 800 nm), with a
maximum EQE of 0.14% and peak power efficiency as high as
0.64-0.86 mW W', To the best of our knowledge, these data
represent the highest performances for LECs from monomeric
(i.e. non-excimeric) complex emitters in this spectral region
(Amax >750 nm) to date.

To further study the effect of the nitrogen substitution in the
complex on the device performance, the equation (eqn 3)
governing EQE shown below is considered.

This journal is © The Royal Society of Chemistry 2024

NEQE = Nout X ¥ X s, X Nqy (3)

In this equation, #gqg is the measured device EQE, oy is the
optical outcoupling efficiency, y is the factor of carrier balance
in the device, 55 r is the emissive exciton generation efficiency
of the complex and 7qy is the thin-film PLQY of the complex.
For phosphorescent materials, both singlet and triplet excitons
can be harvested (5st = 100%). The optical outcoupling effi-
ciency (ca. 20-30%) of a LEC device”'® and the PLQY of the
emissive layer (Table 4) are used for estimation. Even when oy,
reached 30%, the LECs based on complexes Ir-M1 and Ir-D1
showed good factors of carrier balance (y = 0.72 and 0.85 for
complexes Ir-M1 and Ir-D1, respectively). On the other hand,
the LECs based on complexes Ir-M2 and Ir-D2 exhibited inferior
factors of carrier balance (y = 0.59 and 0.58 for complexes Ir-M2
and Ir-D2, respectively) when the same 7y, of 30% was
employed. The inferior factors of carrier balance of the LECs
using nitrogen substituted complexes Ir-M2 and Ir-D2 reveal
that the nitrogen substitution in the complex red-shifts the EL
spectrum (Table 7) at the expense of deteriorated device carrier
balance.

To highlight the superior performance of the proposed NIR
LECs, the EL characteristics of the reported NIR LECs showing
an EL peak wavelength > 750 nm are summarized in Table S10
(ESIf). The NIR LECs using the Ir-D2 complex showed the
longest EL peak wavelength at ca. 800 nm and moderate light
output of 30-40 uW cm . This light output is comparable with
those obtained from the LECs exhibiting EL peak wavelength
>750 nm. Furthermore, the peak EQE of the LECs based on
complex Ir-D2 reached 0.14%, which is high among the
reported NIR LECs delivering similar EL spectra (Table S10,
ESIT). The LECs using the Ir-D2 complex showed device life-
time, which is defined by the time required for the light output
of the device to decay from the maximum value to half of the
maximum value, of <0.5 h. This device lifetime is long among
the reported NIR LECs based on mononuclear and multinuc-
lear complexes.?®*>33735 However, the EL stability of complex
Ir-D2 is inferior to that of the reported small molecules and
conjugated polymers.’®®> Further improvement in the EL
stability of cationic iridium complexes used for NIR LECs is
still highly required.
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Conclusions

A novel class of binuclear iridium(m) complexes featuring -
accepting chromophoric ligands based on the n-electron poor
thiazolo[5,4-d]thiazole scaffold has been presented. In diluted
CH,Cl, solution the complexes display photoluminescence into
the NIR region with A, maximum up to 840 nm arising from
an excited state with strong *MLCT character. Interestingly, the
proposed binuclear design strategy yielded a bathochromic
shift of the emission spectra compared to the mononuclear
parental complexes. This also allowed us to keep the photo-
luminescence profile squarely in the NIR region also in the
doped polymeric matrix. The optical properties were further
elucidated by means of TD-DFT calculation also including SOC
perturbation. Optimization of the triplet excited state indicates
that the NIR radiative process arises from an excited state with
a symmetry-broken *MLCT character, whereas both cyclometa-
lated metal centers are involved in the lowest-lying MLCT state
at the Franck-Condon point. The appealing optical and redox
properties prompted their investigation as electroactive materi-
als in solution processed LEC devices. While the mononuclear
derivatives displayed EL spectra only partially in the NIR region,
the binuclear counterparts showed EL spectra whose profile
largely shifted into the NIR, being Agrmax up to 751 and
804 nm, for Ir-D1 and Ir-D2, respectively. These findings
represent some rare examples of NIR LECs to date with overall
device performances recorded for Ir-D1 and Ir-D2 which are the
best reported to date for LEC with EL maxima in the region
750-800 nm. These findings confirm that the dinuclearization
strategy is a promising molecular design approach for achiev-
ing efficient emission in this challenging, longer wavelength
region and will help to pave the way for achieving efficient NIR
emitters for optoelectronic devices.
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