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Stereoisomeric Homo- and Hetero-Binuclear Iridium(III)
Complexes with 3-Oxidopicolinate Bridging Ligand and
Their Application in OLEDs

Kochan Sathyaseelan Bejoymohandas, Andrea Baschieri, Francesco Reginato,
Stefano Toffanin, Mario Prosa,* Elisa Bandini, Andrea Mazzanti, and Filippo Monti*

The small and simple 3-hydroxypyridine-2-carboxylic acid (Hpic-OH) is
explored as asymmetric bridging ligand for the synthesis of neutral binuclear
cyclometalated iridium(III) complexes. Once fully deprotonated the picO2–

ligand can act as ancillary ligand toward two iridium centers adopting both
the NˆO– and OˆO– chelation modes. To tune the energy of the excited states
within such binuclear complexes, the 2-(2,4-difluorophenyl)pyridine (Hdfppy)
and the 2-phenylbenzothiazole (Hpbtz) are used as cyclometalating ligands to
respectively obtain both blue- or orange-emissive homo-cyclometalated
complexes (BB and YY, with formula [Ir(dfppy)2]2(picO) and [Ir(pbtz)2]2(picO),
respectively). Moreover, for the first time, short-bridged hetero-cyclometalated
binuclear complexes are also obtained (BY and YB, with formula
[Ir(dfppy)2](picO)[Ir(pbtz)2] and [Ir(pbtz)2](picO)[Ir(dfppy)2]). Depending on
the reciprocal arrangement of the cyclometalating ligands on the two sides of
the small picolinate bridge, two couples of diastereoisomers are obtained and
efficiently separated, as proved by combined NMR and DFT studies. The
reported binuclear complexes are highly emissive with photoluminescence
quantum yields (PLQYs) up to 67%, which are comparable to those of their
mononuclear analogues (B and Y). Due to the full reversibility of their redox
processes, all the complexes are also tested in solution-processed organic
light-emitting diodes, providing unique OLEDs based on hetero-binuclear
cyclometalated iridium(III) complexes.

1. Introduction

Phosphorescent cyclometalated heteroleptic and homoleptic
mononuclear iridium(III) complexes have been extensively
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studied due to their highly efficient and
tuneable emission[1,2] making them suit-
able as luminescent materials in full-color
organic light-emitting devices (OLEDs),[3,4]

white-light sources,[5] and biosensors
for bio-diagnostic[6,7] and bioimaging.[8,9]

Moreover, due to strong spin−orbit cou-
pling (SOC) induced by a heavy transition
metal,[10,11] cyclometalated iridium(III)
complexes are ideal active materials in
OLEDs since they can utilize both the
singlet and triplet excitons; in addition,
because of their high quantum yields and
short excited-state lifetimes, they can even
convert more excitons per unit of time into
photon output.[12]

The tuning of the emission color in
iridium(III) complexes is mainly achieved
by chemically modifying the organic lig-
ands (cyclometalated or ancillary) leading
to emitting excited states of different na-
ture and energy.[1,13,14] Two main strate-
gies are widely used: i) adjusting the conju-
gated system of cyclometalated ligands;[15]

ii) changing the functional groups on the
ligands;[16] such strategies can also be
combined to achieve better results.[17,18]

Of course, the skeleton of cyclometalated
or ancillary ligands can also be modified to tune the emis-
sion colors too.[19] However, no matter which one of the
above strategies is adopted, the key point always focuses
on playing on the organic ligands, always leading to the

F. Reginato, S. Toffanin, M. Prosa
Institute of Nanostructured Materials (ISMN)
National Research Council of Italy (CNR)
Via Piero Gobetti 101, Bologna I-40129, Italy
E-mail: mario.prosa@cnr.it
A. Mazzanti
Department of Industrial Chemistry “Toso Montanari”
University of Bologna
Via Piero Gobetti 85, Bologna I-40129, Italy

Adv. Optical Mater. 2024, 2401586 2401586 (1 of 11) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advopticalmat.de
mailto:filippo.monti@isof.cnr.it
https://doi.org/10.1002/adom.202401586
http://creativecommons.org/licenses/by/4.0/
mailto:mario.prosa@cnr.it
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202401586&domain=pdf&date_stamp=2024-09-14


www.advancedsciencenews.com www.advopticalmat.de

Figure 1. (Left) Summary of bibliographic survey on examples of binuclear iridium(III) complexes reported in the literature, classified based on the sym-
metry and size of the bridging unit, and on the presence of identical or different cyclometalating ligands on the two iridium centers. Photoluminescence
quantum yields are also reported for all the investigated compounds. (Right) Cyclometalated binuclear iridium(III) complexes investigated in the present
work.

formation of iridium complexes with just one iridium(III)
centre.

In contrast to mononuclear complexes, cyclometalated binu-
clear counterparts are rarely investigated since more synthetically
challenging and usually less emissive,[20,21] so that their applica-
tions are under-explored (e.g., they are considered less suitable
for OLEDs).[21–28] However, the above-mentioned issues can be
overcome by judicious molecular design.[14,28,29–38] Highly flexi-
ble bridges should be avoided since they promote non-radiative
processes, weakening emission output; indeed, rigid bridging
units are usually used to achieve high PLQYs in binuclear irid-
ium complexes.[29,39]

Just like chemically engineering the ligands tunes the emis-
sion color of the related complex,[22,40] the incorporation of a
second iridium(III) centre into conventional mononuclear com-
plexes provides extra degrees of freedom in boosting the prop-
erties of the systems such as: i) exploring new structural chem-
istry via the bridging ligand;[22,41] ii) increasing the spin-orbit
coupling due to the presence of two metal centres, which may
further increase the radiative rate constants (kr);

[42,43] iii) easier
access to efficient red emitters due to highly conjugated bridg-
ing units;[11,32] iv) possible dual emission due to partial energy
transfer between uncoupled excited states of different nature.[36]

As shown in Figure 1, the most explored class of binuclear irid-
ium(III) complexes are based on rigid symmetric bridges (i.e.,
158 vs 7 cases reported so far, see Table S1, Supporting Informa-
tion for individual references).

Moreover, within this class, the vast majority of such com-
plexes are homo-cyclometalated (i.e., both iridium centres have
the same cyclometalating ligands), since this is the easiest way
to synthesise a binuclear complex; anyway, such approach basi-
cally covalently links together two identical mononuclear moi-
eties with identical photophysical properties. A valid approach to
diversify such moieties in a binuclear iridium(III) complex with
a symmetric bridge is to attach different cyclometalating ligands
to the two iridium centres; this route is limited so far to just five
examples (see Figure 1; Table S1, Supporting Information).

On the contrary, if an asymmetric bridging ligand is used,
both homo- and hetero-cyclometalated complexes result into two
different iridium centres with distinct properties. This class of
compounds is also rather rare with 6 homo- and only 1 hetero-
binuclear cyclometalated complexes reported so far (Figure 1).
In the present work, we present other 4 examples of such
unexplored class of complexes (i.e., 2 homo- and 2 hetero-
cyclometalated compounds). In our investigation, we used the
3-hydroxypyridine-2-carboxylic acid (Hpic-OH) as a very simple
and small bridge but displaying high structural rigidity. More-
over, once fully deprotonated, such 3-oxidopicolinate ligand (pic-
O2–) has the ability to coordinate two metal centres through NˆO
and OˆO chelation modes, forming neutral binuclear iridium(III)
complexes with a short asymmetric bridge (Figure 1).

However, due to the chiral nature of the two octahedral metal
centres and the asymmetry of our ancillary ligand, mixtures of
rac-(ΛΔ’/ΔΛ’) and rac-(ΔΔ’/ΛΛ’) diastereomers were obtained
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Scheme 1. Synthesis of the mononuclear and binuclear cyclometalated iridium(III) complexes.

for all of the complexes, as commonly observed for binuclear
complexes featuring Ir−Ir distances greater than ≈5 Å.[41] No-
tably, due to our asymmetric bridge, the meso-ΛΔ compound is
impossible.

In detail, we present herein the synthesis and charac-
terization of seven new neutral binuclear iridium(III) com-
plexes (BB1, BB2, BY1, BY2, YB1, YB2 and YY) carrying
2-(2,4-difluorophenyl)pyridine (Hdfppy – “B” moiety) or 2-
phenylbenzothiazole (Hpbtz – “Y” moiety) as cyclometalating lig-
ands and pic-O2– as ancillary one (Figure 1).

For completeness, the properties of the obtained complexes are
also compared with those of previously reported mononuclear
analogues B and Y (Scheme 1). For compound YY we only ob-
tained one diastereomer, due to the steric hindrance of the cy-
clometalated ligands (see below for more information). Indeed,
even in the well-known 𝜇-dichloro-bridged dimers, accessed via
Nonoyama’s protocol,[44] where the Ir−Ir distances are < 4 Å
(such as the archetype [Ir(ppy)2(𝜇-Cl)]2 dimer), only the less steri-
cally congested rac-(ΔΔ’/ΛΛ’) diastereomers have been reported
to date.[22,41]

Since diastereomers have different chemical and physical
properties, we have separated and fully characterized all of them,
which is something not always done when binuclear iridium(III)
complexes are reported in literature (Table S1, Supporting Infor-
mation). The electrochemical and photophysical properties have
been investigated with the support of DFT calculations, and all
the new compounds were tested as active materials in OLED de-
vices.

2. Results and Discussion

2.1. Synthetic Procedures

The μ-dichloro-bridged dimers were formed reacting the
cyclometalated ligand precursors (Hdfppy or Hpbtz) with
IrCl3·H2O in a mixture of 2-ethoxyethanol and water. The
mononuclear iridium complexes B and Y were obtained in the
presence of Na2CO3 via the reaction of μ-dichloro-bridged dimers

and the 3-hydroxypyridine-2-carboxylic acid (Hpic-OH) ancillary
ligand. The strength of such base can only deprotonate the car-
boxylic group, and not the phenolic group. After SiO2 column
chromatography, pure B and Y were obtained in 77 and 84%
yields, respectively (Scheme 1).

To obtain binuclear complexes, mononuclear compounds (B
or Y) were reacted with 0.6 equivalents of the iridium(III) dimers
([(pbtz)2Ir(𝝁-Cl)]2 or [(dfppy)2Ir(𝝁-Cl)]2) in the presence of the
stronger base NaOH in absolute ethanol (Scheme 1). This reac-
tion leads to the formation of the homo binuclear complexes BB
and YY, and the hetero binuclear YB and BY, in good yields.

Both diastereoisomers were obtained for all the complexes ex-
cept YY, for which only the most stable one was obtained due
to the higher steric hindrance of its cyclometalating ligands. To
separate the diastereoisomers, the complexes were purified with
a long and careful procedure that involves the use of celite and
neutral alumina to remove unreacted reagents, and basified sil-
ica gel using diethyl ether as the sole eluent (see Supporting In-
formation for further details).

2.2. Diastereoisomer Identification

After compound purification and in some cases recrystallization,
detailed characterizations were carried out by 1H, 19F, 13C and 2D
NMR, and mass spectrometry (Figures S1–S9, Supporting Infor-
mation).

As stated above, each complex (e.g., BY) comes as a couple of
separable diastereoisomers (i.e., BY1 and BY2); moreover, each
diastereoisomer consists of a couple of enantiomersΛΛ’/ΔΔ’ (for
BY1) or ΛΔ’/ΔΛ’ (for BY2), where Λ (lambda) refers to a left-
handed and Δ (delta) to a right-handed optically active iridium
centre. Due to the asymmetric nature of our bridge, such chi-
ral centres are never equivalent, so that the ΛΔ’ and ΔΛ’ enan-
tiomers do not form meso compounds, even in the case of homo-
nuclear complexes (i.e., BB2).

Despite several attempts, after the diastereoisomer separa-
tions, we could never obtain suitable crystals for X-ray diffraction
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analysis to properly assign the proper stereochemistry of each
sample. Consequently, the experimental 1H-NMR spectra were
compared to DFT simulated ones to properly identify the correct
absolute configuration. To achieve this goal, all the protons of all
compounds have been attributed through 2D NMR experiments
(COSY, HSQC and HMBC), while Gauge-Independent Atomic
Orbital (GIAO) method was used to estimate their chemical shift
in both possible diastereoisomers (see Supplementary Informa-
tion for further details).

For each sample, the experimentally determined chemical
shift of the 16 protons on the four N-coordinating rings of the
cyclometalating ligands were correlated with the DFT-computed
ones for both diastereoisomers. Indeed, such 16 protons are ex-
pected to be more affected by the different isomer conformation
since the N-coordinating rings interact differently through space
within each other and the bridging ligand, depending on the di-
astereoisomer; on the contrary, the phenyl moieties have much
more similar spatial arrangement within each diastereoisomer
couple. In Figures S10–S13 (Supporting Information) are re-
ported the correlation graphs, showing that the experimental
1H chemical shifts of each sample correlate well with the cal-
culated chemical shifts of just one diastereoisomer, as numeri-
cally demonstrated by 3-to-40 times lower chi-square values for
the correct match. For example, in the case of YY (where only
one diastereoisomer is experimentally obtained), the correlation
with the ΛΛ’/ΔΔ’ relative configuration has a 𝜒2 value of 0.047,
while 𝜒2 = 1.004 if correlated to the wrong ΛΔ’/ΔΛ’ counterpart.
Less remarkable differences are found for the BB couple since
such complexes have shorter cyclometalating ligands, resulting
in fewer through-space interactions between the 16 pyridine pro-
tons of the two iridium centres. From these tests, it results that
BB1, BY1, YB1 and YY complexes are the ΛΛ’/ΔΔ’ diastereoiso-
mers, while BB2, BY2 and YB2 are the ΛΔ’/ΔΛ’ ones.

These results are further confirmed by NOE NMR experiments
carried out on the BY couple (i.e., BY1 and BY2). Having previ-
ously attributed the chemical shifts of all protons, it was easy to
decide which signals to monitor in NOE experiments. For each
diastereoisomer, when the closest proton to each of the four ni-
trogen atoms of the cyclometalating ligands was selectively irra-
diated (i.e., protons 1, 7, 13 and 21 of BY in Figure 1), completely
different NOE effects were obtained for BY1 and BY2 (Figures
S14–S21, Supporting Information). Only at distances below 4 Å,
the NOE effect is observed on spatially close protons. Accordingly,
we could confirm that BY1 is indeed the ΛΛ’/ΔΔ’ diastereoiso-
mer, while BY2 is ΛΔ’/ΔΛ’ (see Supplementary Information for
further details).

2.3. Theoretical Calculation: Ground-State Properties

DFT calculations were used to optimize the ground-state geome-
try of all the binuclear complexes, considering both couples of
diastereoisomers for each compound. The mononuclear com-
plexes B and Y were also included in the investigation for com-
parison.

Calculations reveal that the difference in free energy between
each couple of diastereoisomers is minimal for BB1 and BB2 (ΔG
< 0.02 eV), since they are equipped with the smaller cyclometa-
lating ligands. A similar scenario is observed for the structural

isomer couples BY and YB: the four compounds are close in en-
ergy, with BY2 and YB2 that are the most stable isomers, and
YB1 and BY1 that are just 0.02 and 0.03 eV higher in energy. On
the contrary, DFT calculations nicely justify why the ΛΛ’ and ΔΔ’
stereoisomer are the only ones observed in YY, since the ΛΔ’ and
ΔΛ’ counterparts are computed to be less stable by 0.10 eV, result-
ing in a Boltzmann ratio of 98:2 at 298 K.

In Figure 2 are reported the frontier molecular orbitals (FMOs)
of all the seven investigated binuclear complexes. Despite the
complexity of the overall picture, some evident patterns are
found: 1) All HOMOs and HOMOs–1 are centred on the phenyl
moieties of the cyclometalating ligands and on the d orbitals of
the nearby iridium(III) ion, as commonly observed in literature
for similar mononuclear complexes;[2,45] HOMOs–2 are predom-
inantly located on the 3-oxidopicolinate bridge with some contri-
bution from the iridium centre chelated in the OˆO mode. 2) De-
spite the short bridging ligand, the energy and the topology of all
the FMOs, which are mainly localized on individual ligands, are
minimally perturbed by the presence of whatever kind of complex
on the other side of the bridge; consequently, the lowest 𝜋* orbital
centred on the picolinate ligand is always located at ≈−1.55 eV in
all binuclear complexes and the main factor determining the en-
ergy of a FMO centred on specific cyclometalating ligands is just
the asymmetric nature of the bridge, which can coordinate each
iridium centre using the NˆO or OˆO chelation mode. 3) Occu-
pied and unoccupied FMOs centred on analogous cyclometalat-
ing ligands are stabilized by 0.17 or 0.06 eV, respectively, when
located on ligands coordinating a NˆO-chelated iridium(III) ion.
4) No remarkable differences are observed within each pair of di-
astereoisomers.

The highest occupied orbital of the series is the one centred on
the phenylbenzothiazole (pbtz) ligands coordinated to an OˆO-
chelated iridium(III) ion (as in YY or BY complexes), which is lo-
cated at ≈−5.52 eV. The highest occupied orbital centred on the
difluorophenylpyridine (dfppy) ligands coordinated to an OˆO-
chelated iridium(III) ion (as in YB or BB complexes) is more sta-
ble and found at ≈−5.68 eV, just ≈0.02 eV above the analogue
centred on the pbtz ligands of a NˆO-coordinated complex (as in
YY or YB). On the other hand, the highest occupied orbital on
the dfppy ligands chelating a NˆO-coordinated iridium ion is the
most stabilized one and it is found at −5.86 eV (as in BY or BB
complexes).

The lowest unoccupied orbitals of all the series are the pairs
centred on the pbtz ligands of NˆO-coordinated complexes (as
found in YY or YB), closely followed by their analogues on the
OˆO-bridged units (as in YY and BY). At higher energy are found
the lowest pairs of 𝜋* orbitals centred on the dfppy ligands, which
are strongly mixed with the 𝜋* orbitals of the picolinate bridge,
due to their comparable energy; once again, such 𝜋* orbitals are
lower in energy if located on dfppy ligands bonded to an NˆO-
chelated iridium(III) ion.

2.4. Electrochemistry

The electronic properties of all the series were also experimen-
tally explored by both cyclic and square-wave voltammetry, car-
ried out in acetonitrile solution at 298 K (see Experimental Sec-
tion for further details). Electrochemical data obtained by cyclic
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Figure 2. Energy diagram reporting the frontier Kohn−Sham molecular orbitals of all binuclear complexes in acetonitrile. Orbitals with similar topology
are plotted with the same color for an easier comparison. For some relevant orbitals, the corresponding isosurface is also displayed (isovalue = 0.04
e1/2 bohr−3/2).

voltammetry for all the binuclear complexes and their reference
compounds B and Y are summarized in Table 1, while the re-
sults of square-wave voltammograms are gathered and compared
in Table S2 (Supporting Information). Due to poor solubility in
acetonitrile, complex YB1 was characterized in dichloromethane
and compared to its YB2 analogue in the same solvent (Table S3
and Figure S22, Supporting Information). All the observed redox
processes are reversible.

To keep the discussion concise, the cyclic voltammograms re-
ported in Figure 3 (left) just refer to the ΛΛ’ and ΔΔ’ stereoiso-
mers, since the ΛΔ’ and ΔΛ’ analogues essentially display the
same redox properties, as demonstrated by Figure 3 (right) show-
ing all the anodic side of the square-wave voltammograms of the
whole series, including reference complexes B and Y.

The experimentally determined first and second oxidation po-
tentials nicely confirm the DFT predictions about both the energy
and the topology of the HOMO and HOMO–1 of all the binuclear

Table 1. Electrochemical data of all complexes in acetonitrile solution
(0.5 mm) + 0.1 m TBAPF6 at 298 K.

Eox (ΔEp)a) [V (mV)] Ered (ΔEp)a) [V (mV)] ΔEredox
b) [V]

BB1 + 0.688 (62), + 1.014 (76) −2.250 (69), −2.535 (150) 2.938

BB2 + 0.688 (68), + 1.018 (72) −2.253 (67), −2.535 (135) 2.941

BY1 + 0.526 (65), + 0.985 (98) −2.237 (74), −2.430 (187) 2.763

BY2 + 0.536 (65), + 0.991 (81) −2.230 (73), −2.458 (179) 2.766

YB1 c) c) c)

YB2 + 0.684 (66), + 0.836 (66) −2.168 (67), −2.420 (76) 2.852

YY + 0.504 (60), + 0.806 (67) −2.222 (73), −2.316 (66) 2.726

B + 0.954 (71) −2.116 (73) 3.070

Y + 0.784 (67) −2.132 (77) 2.916
a)

The reported potential values are obtained by cyclic voltammetry and reported vs.
the ferrocene/ferrocenium couple, used as the internal reference. The value in paren-
thesis is the peak-to-peak separation from cyclic voltammetry (ΔEp);

b)ΔEredox =
Eox – Ered;

c)
Not available due to poor solubility, check Supporting Information for

data in dichloromethane.

complexes. The lowest oxidation process is observed at +0.504 V
for YY, immediately followed by the first oxidation of BY1 and
BY2 (i.e., +0.526 and +0.536 V, respectively); such processes
can be easily attributed to the oxidation of the [(pbtz)2Ir] moi-
ety chelated by the bridging ligand in the OˆO mode (compare
Figures 2 and 3 right). At increasing potentials, the first oxidation
process of BB and YB complexes is observed at +(0.686 ± 0.002)
V, which is due to the oxidation of the OˆO-chelated [(dfppy)2Ir]
moiety that all these complexes have in common; such a find-
ing is again in line with DFT predictions (Figure 2). If potentials
are further increased by just ≈0.13 V, the oxidation of the NˆO-
chelated [(pbtz)2Ir] moiety is observed; indeed, such a process is
only recorded for YY and YB complexes, as well as for the refer-
ence compound Y (Table 1). The highest oxidation process of the
whole series is measured at+(1.00± 0.02) V and it is found as the
second oxidation peak only in BB and BY complexes, since ascrib-
able to the removal of one electron from the [(dfppy)2Ir] moiety
chelated by the bridging picolinate using its NˆO side; accord-
ingly, a similar oxidation potential is also found in the reference
complex B (i.e., +0.954 V, Table 1).

Even the reduction processes are in line with the DFT predic-
tions as the first reduction potential becomes more negative fol-
lowing the order: YB > YY > BY > BB; such experimental results
are nicely correlated with the computed LUMO energies along
the series (compare Table 1 and Figure 2). The attribution of these
reduction processes can be easily assigned by looking at LUMOs
topologies (Figure 2) and it is not further discussed. All second
reductions can be ascribed to processes involving LUMO+1 and,
within each complex, they have the same nature of the first reduc-
tions since LUMO and LUMO+1 come in pairs and are centred
on analogue ligands (see previous section).

Finally, it is nice to point out that the electrochemical redox
gaps nicely correlate with the HOMO–LUMO gaps calculated by
DFT since they both increase in the order: YY ≈ BY < YB < BB.
Notably, the redox gap between BY and YB increases by 0.09 V, in
excellent agreement with the corresponding HOMO–LUMO gap
increase of 0.08 eV; on the other hand, passing from YB to BB, a
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Figure 3. (Left) Cyclic voltammograms of selected stereoisomers of the binuclear complexes under investigation, with magnified anodic region. (Right)
Anodic side of the square-wave voltammograms of all complexes, together with their reference compounds B and Y. All data were recorded in acetonitrile
at 298 K.

redox-gap increase of 0.09 V is observed, while a larger increment
of 0.25 eV is estimated by DFT calculations.

2.5. Photophysical Properties and Excited-State Calculations

The absorption spectra in room-temperature acetonitrile solution
are reported in Figure 4a for all the binuclear complexes, together
with the reference compounds B and Y.

As previously found by DFT calculations and electrochemical
experiments, no noticeable differences are observed if comparing
analogous stereoisomers (e.g., YB1 and YB2) since they present
both identical profiles and molar absorption coefficients (𝜖). It is
also worth noting that the homo-binuclear complexes BB and YY
have almost the same absorption features of the reference com-
pounds B and Y, respectively, but their spectra display approxi-
mately twice the 𝜖 values of the mononuclear analogues, consis-
tently with the presence of two iridium(III) centers.

The absorption spectra of the structural isomers BY and YB
display virtually identical molar absorption coefficients and very
similar profiles at 𝜆 < 400 nm, containing the features of both
B and Y model compounds. Remarkably, the spectrum of BY ex-
tends more to the red, up to 550 nm (Figure 4a); indeed, this is
in line with the narrower HOMO–LUMO gap of BY, if compared
to YB (Figure 2). As already suggested by both DFT and electro-
chemical data, the energy of the lowest electronic transitions in-
creases in the order: YY ≈ BY < YB < BB (Figure 4a, inset). TD-
DFT calculations were used to explore the triplet excited-state sce-
nario of all the investigated complexes; a compact representation
of such lowest triplet vertical excitations is reported in Figure 4b
for all the binuclear complexes and a more detailed description
of each transition is reported in Tables S4–S12 (Supporting In-
formation), including reference compounds B and Y.

Once again, the energy of the lowest triplet states (T1) of each
binuclear complex increases in the order: YY ≈ BY < YB < BB
(Figure 4b). Indeed, the lowest couple of triplet states of the whole
series is centred on the 2-phenylbenzothiazole (pbtz) cyclometa-
lating ligands chelating the iridium(III) ion linked to the bridge
on its OˆO side; such states are located at (2.43 ± 0.02) eV above
the ground state and are obviously present only in YY and BY

complexes. At (2.49 ± 0.02) eV above S0, the lowest triplets lo-
cated on the pbtz ligands of the NˆO-chelated [(pbtz)2Ir] moiety
are found; such states are T1 and T2 in YB complexes, while cor-
respond to T3 and T4 in YY. In all the complexes, the 3LC 𝜋–
𝜋* state centred on the bridging picolinate ligand is located at
(2.58 ± 0.02) eV; notably, such a state is the lowest triplet (T1) for
BB1 and BB2 complexes, so that it is expected to be responsible
for the emission of these complexes. The triplets centred on the
dfppy cyclometalating ligands are much higher in energy (i.e., at
≈2.79 and 2.84 eV, if localized on the OˆO- or NˆO-chelated moi-
eties, respectively) and are likely not involved in the emission of
any of the investigated binuclear complexes.

The emission spectra of all the compounds are reported in
Figure 4c, while all the related photophysical parameters are sum-
marized in Table 2. As for the absorption, no important differ-
ences are observed in the emission properties within each couple
of diastereoisomers. It should be mentioned that, in the case of
the hetero-binuclear complexes BY and YB, it was not possible to
selectively excite only the [(dfppy)2Ir] or the [(pbtz)2Ir] moiety due
to the very similar absorption profiles of reference compounds B
and Y. Anyway, emission spectra were always independent of the
excitation wavelength proving a quantitative energy transfer be-
tween the two iridium moieties.

As estimated by TD-DFT, YY and BY complexes display the
most red-shifted emission spectra with virtually identical excited-
state properties: same emission profiles, photoluminescence
quantum yields (PLQYs) of 55% and excited state lifetimes (𝜏)
of 1.5 μs (Figure 4c and Table 2); this is compatible with a 3LC
state centred on the 𝜋-extended pbtz ligands attached to the OˆO-
chelated [(pbtz)2Ir] moiety, which is the one that YY and BY share.
The emission spectra of the binuclear complexes YB1 and YB2
are blue shifted by ≈30 nm, if compared to YY and BY, since the
emissive triplet is now centred on the cyclometalating ligands of
the NˆO-chelated [(pbtz)2Ir] moiety; this is in line with TD-DFT
predictions and it is experimentally confirmed by the fact that the
spectra of both YB complexes are comparable to the one of refer-
ence compound Y, with substantially similar emission properties
(i.e., PLQYs ≈67% and 𝜏 ≈ 2.3 μs, Table 2). On the contrary, the
emission spectra of BB1 and BB2 are very different to the one of
their mononuclear analogue B; indeed, a much lower PLQY is
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Figure 4. a) Absorption spectra in acetonitrile at 298 K and c) normalized emission spectra in the same conditions and in frozen butyronitrile glass of
all the binuclear complexes, together with their reference mononuclear compounds B and Y. b) Energy diagram of the lowest-lying triplet states of all
the investigated binuclear complexes, computed in acetonitrile as vertical excitations from the ground-state minimum-energy geometry; triplet states
originating from excitations involving cyclometalating ligands in trans to the carboxylate moiety of the picolinate bridge are dashed. d) Spin-density
surfaces of the lowest triplet state of selected complexes in their fully relaxed geometries (isosurfaces: 0.002 e bohr−3).

observed for these binuclear complexes (i.e., 2 vs 49%) and their
emission spectrum is strongly red shifted, if compared to the one
of B. All these experimental findings confirm the TD-DFT predic-
tions suggesting that BB complexes emit from a 3LC state cen-
tered on the 3-oxidopicolinate bridge and not from a triplet state
centred on the dfppy cyclometalating ligands, as in B (compare
Tables S4,S5, and S11, Supporting Information).

The ligand-centred (LC) nature of all the phosphorescence
spectra in room-temperature acetonitrile solution is confirmed
by emission measurements in frozen matrix at 77 K (Figure 4c).
Indeed, all the spectra at low temperature display just more re-
solved vibronic progressions, while no shifts are observed if com-
paring spectra recorded at 77 and 298 K (except for BB complexes,
vide infra). The only remarkable difference in the photophysical
properties at low vs. room temperature is the huge elongation
in the excited-state lifetime of BB complexes (i.e., 0.1 vs 2.0 μs,
respectively), accompanied by a stronger emission intensity.

All the above-mentioned attributions are entirely corroborated
by spin-unrestricted DFT calculations (U-DFT), which were used
to explore the nature of the fully optimized lowest triplet of all
the investigated compounds (Figure 4d for selected examples).
For the sake of conciseness, it is just worth mentioning that the
T1 state of BB complexes experiences an important excited-state
distortion of the [(dfppy)2Ir] moieties with respect to the bridge
plane, if compared to the ground state geometry (Figure S23,
Supporting Information); indeed, such deformation can justify:
(i) the poorly-resolved vibronic profile of both BB complexes at
298 K (Figure 4c), despite the LC nature of the emissive states;
(ii) the weak emission in room-temperature solution and the
enhanced luminescence in rigid matrix at 77 K. Moreover, U-
DFT calculations nicely predict that the adiabatic energy differ-
ence between T1 and S0 minima is ≈2.45 eV for both BB1 and
BB2 complexes, while a larger gap is calculated for the mononu-
clear counterpart B (i.e., 2.75 eV); such theoretical findings nicely

Adv. Optical Mater. 2024, 2401586 2401586 (7 of 11) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 2. Luminescence properties and photophysical parameters of all the investigated binuclear iridium(III) complexes and mononuclear reference
compounds (B and Y).

Oxygen-free acetonitrile solution, 298 K Butyronitrile, 77K 1% PMMA matrix, 298 K

𝜆em
a)

[nm]
PLQYa)

[%]
Τb)

[μs]
kr

c)

[105 s–1]
knr

d)

[105 s–1]
𝜆em

a)

[nm]
𝜏b)

[μs]
𝜆em

a)

[nm]
PLQYa)

[%]
𝜏b)

[μs]
kr

c)

[105 s–1]
knr

d)

[105 s–1]

BB1 558 2.0 0.088 2.3 111 507, 544, 585sh) 1.96 518sh), 545 24.8 2.31e) – –

BB2 558 2.1 0.098 2.1 100 508, 544, 585sh) 1.95 518sh), 545 26.9 2.50e) – –

BY1 575, 608sh) 54.9 1.49 3.69 3.03 575, 625, 680sh) 4.71 571, 607, 660sh) 54.4 1.45 3.75 3.14

BY2 575, 608sh) 55.6 1.46 3.81 3.04 575, 624, 680sh) 4.64 571, 609, 665sh) 58.8 1.37 4.29 3.01

YB1 547, 586 66.2 2.24 2.96 1.51 547, 584, 628 2.67 547, 585, 628sh) 65.8 2.07 3.18 1.65

YB2 547, 586 67.0 2.26 2.97 1.46 547, 593, 647 2.62 553, 585, 628sh) 58.6 2.08 2.82 1.99

YY 576, 610sh) 54.5 1.56 3.49 2.92 576, 626, 685 4.55 580, 607, 660sh) 54.0 1.62 3.33 2.84

B 468, 495 49.2 2.40 2.05 2.12 468, 500, 530sh) 2.45 465, 494 77.9 3.19 2.44 0.69

Y 544, 583 69.0 2.38 2.90 1.30 547, 593, 645 2.85 540, 580, 625sh) 75.3 2.07 3.64 1.19
a)
𝜆exc = 360 nm;

b)
𝜆exc = 373 nm;

c)
Radiative constant: kr = PLQY/ 𝜏;

d)
Non-radiative constant: knr = 1/ 𝜏 – kr;

e)
Major contribution (relative weight: 73–77%) of a

biexponential lifetime, the minor component is ≈0.7 μs;
sh)

Shoulder.

estimate the onset of the emission spectra of BB and B, respec-
tively (Figure 4c).

The emission properties of the complexes were also investi-
gated in the solid state as doped films of poly(methyl methacry-
late) (PMMA) matrix at a concentration of 1% by weight (Figure
S24, Supporting Information and Table 2). Both emission spec-
tra, photoluminescence quantum yields, and excited-state life-
times resemble the one recorded in solution at 298 K, if not for
a slightly more pronounced vibronic progression in the emis-
sion bands. The only notable exception is a tenfold increase in
the PLQYs of BB complexes, which is again compatible with re-
stricted excited-state distortions due to the rigid polymeric matrix
that can limit non-radiative deactivation pathways, as already ob-
served in the frozen matrix at 77 K (Table 2).

2.6. Electroluminescence Properties

To explore a potential application of such novel class of binuclear
complexes, we evaluated their electroluminescence (EL) proper-
ties in solution-processed organic light-emitting diodes (OLEDs),
along with the ones of the two mononuclear reference com-
pounds B and Y. According to the high PLQYs shown both in

solution and at the solid state (Table 2), such iridium(III) com-
plexes were used as guests in a host:guest emissive layer (EML).

For the development of OLEDs, the following device archi-
tecture was adopted: glass/Indium Tin Oxide (ITO)/ poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
poly(9-vinylcarbazole) (PVK): 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-
oxadiazo-5-yl]benzene (OXD-7): 3.3 wt % iridium(III) com-
plex/LiF/Al (Figure 5a). Although the device structure could be
optimized in terms of operation and performance, a simple and
solution-processable benchmark architecture was selected in this
work for the sake of comparing the electroluminescence charac-
teristics of the reported binuclear complexes.[46] In the device,
PEDOT:PSS was used to favour the injection of holes into the
EML,[47] while LiF acted as the electron injection layer. In addi-
tion to that, it is worth mentioning that the presence of OXD-7 in
the EML was necessary to guarantee a suitable device operation.
Indeed, OXD-7 is known to provide a good balance of opposite
charge carriers in the EML, due to its great electron-transport
ability, when combined with PVK.[48] Figure 5b shows the EL
spectra of all OLEDs including the binuclear complexes or their
mononuclear reference compounds, while a detailed analysis of
their characteristics is reported in Table 3. In all cases, the two
diastereomers of the same complex led to devices with similar

Figure 5. a) Schematics of the OLED structure including each of the investigated iridium(III) complexes as guest (x) in the emissive layer (top panel)
and pictures of devices (bottom panel), in the ON state, including BB1 and YB1; b) Normalized electroluminescence spectra of all the fabricated OLEDs;
current density (filled dots) and corresponding luminance (empty dots) of all OLEDs as a function of the applied voltage.

Adv. Optical Mater. 2024, 2401586 2401586 (8 of 11) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 3. Optoelectronic characteristics of OLEDs.

𝜆EL
[nm]

Color coordinates
[x,y]

VON
a)

[V]
EQEb)

[%]
Luminanceb)

[cd m−2]
CEb)

[cd A−1]
PEb)

[lm W−1]

BB1 507, 535sh) 0.32, 0.56 4.5 2.2 1016 6.5 1.4

BB2 507, 536sh) 0.33, 0.56 5.3 2.4 944 6.4 1.3

BY1 561, 599sh) 0.51, 0.47 8.7 1.8 281 5.4 1.1

BY2 561, 598sh) 0.51, 0.47 7.9 1.6 490 5.1 1.1

YB1 539, 577 0.46, 0.53 5.6 2.6 1283 11.7 2.5

YB2 538, 577 0.46, 0.53 5.8 2.5 927 11.5 2.4

YY 561, 602sh) 0.53, 0.47 6.6 2.9 477 8.2 1.7

B 465, 493 0.20, 0.41 8.2 3.2 782 5.5 1.2

Y 538, 577 0.47, 0.52 8.9 6.6 1804 16.4 3.4
a)

At a luminance of 1 cd m−2;
b)

At a driving voltage of 15 V;
sh)

Shoulder

EL spectra. Specifically, OLEDs based on BB1 and BB2 showed
light emission with a peak wavelength of 507 nm and a shoulder
at ≈535 nm; therefore, a green emission was recorded and the
Commission Internationale de L’Eclairage (CIE) coordinates re-
sulted to be ≈(0.32, 0.56). A progressive red-shift of the EL peaks
was observed for YB, BY and YY complexes; accordingly, a grad-
ual variation of the CIE coordinates of related OLEDs is also ob-
served, and emission color changes from green to yellow and or-
ange (Figure S25, Supporting Information). This trend correlates
well with photoluminescence (PL) spectra in doped PMMA ma-
trix (Figure S24, Supporting Information). Nevertheless, for the
binuclear emitters, a slight blue-shift is observed when compar-
ing EL spectra of OLEDs and PL spectra of PMMA films (≈10 nm
for BB, YB and BY; ≈20 nm for YY complex). The spectral vari-
ation is most likely ascribed to the different dielectric environ-
ment of the host in EML with respect to the PMMA matrix, with
the consequent possible rigidification of the emissive moieties
in the environment of the host matrix.[49] This assumption is fur-
ther confirmed by the emissive wavelengths and full width at half
maximum of EL spectra that are similar to those of PL spectra
measured at 77 K (Figures 4c and 5b).

Overall, the features of all EL spectra are clearly ascribed to the
characteristics of the iridium(III) complexes, while possible con-
tributions of the PVK-OXD-7 matrix are not visible. An efficient
energy transfer is therefore obtained in all devices.

Furthermore, the optoelectronic characteristics of all the de-
vices based on the binuclear emitters are in accordance with
those of OLEDs having a similar architecture (Figure 5c and
Table 3),[48] highlighting that all binuclear complexes are promis-
ing phosphorescent emitters for device applications. In addition,
it should be emphasised that their OLED performances are ba-
sically comparable to the ones having the mononuclear B and Y
emitters in the active layer. Specifically, the current density of all
OLEDs shows a good diode-like behavior as a function of the ap-
plied voltage (Figure 5c). A slight variation of the maximum lumi-
nance is instead measured depending on the chemical structure
and/or molecular weight of the emissive complexes.

Generally, OLEDs show different figures of merit depending
on the emitter, while different diastereomers of the same com-
plex provide similar characteristics to the device. For instance,
OLEDs based on YB1 and YB2 complexes show external quan-
tum efficiency (EQE) of 2.6% and 2.5%, luminance of 1283 and

927 cd m−2, current efficiency (CE) of 11.7 and 11.5 cd A−1, and
power efficiency (PE) of 2.5 and 2.4 lm W−1 (Table 3). In compari-
son, OLEDs based on BY complexes exhibit lower performance as
evidenced by EQE of ≈1.7% and PE of 1.1 lm W−1. This decrease
is compatible with the PLQY of the BY diastereomers, which is
more than 10% lower than that of YB complexes (Tables 2 and
Table 3).

Poor correlation with their relative PLQY is instead shown by
BB1, BB2, and YY complexes. OLEDs based on BB1 and BB2
show a high EQE of 2.2% and 2.4% even though the PLQY in
the PMMA matrix is ≈24.8% and 26.9%, respectively. The ex-
cited state of both BB diastereomers is however strongly influ-
enced by the environment and, as evidenced by the blue shift of
the EL spectra compared to the PL spectra in PMMA, the host
matrix of the EML is likely restricting the distortion to further
promote radiative deactivation pathways. Similar considerations
can justify the relatively high performance of YY-based devices,
which show the highest EQE of the series of 2.9%. However, YY-
based devices are characterized by a relatively low luminance of
477 cd m−2, which can be ascribed to a limited current density at
the maximum applied voltage (Figure 5c). As a result, the efficient
operation of the device is offset by constraints of electrical con-
ductivity. Similar limitations are observed in BY-based OLEDs,
as they show a relatively poor maximum luminance that can be
ascribed to a suboptimal electrical operation of the device. The
turn-on voltage is indeed the highest among all devices (Table 3).
The analogous behavior between BY and YY compounds corre-
lates well with the similarity of the energy (2.43 ± 0.02 eV) and
localization of the lowest triplet state (T1 is indeed centered on
the 2-phenylbenzothiazole cyclometalating ligands chelating the
iridium(III) ion linked to the bridge on its OˆO side, Figure 4b).
HOMO levels are also similar for both complexes as they are lo-
calized on the same position, and they have also the highest en-
ergy among all binuclear compounds (Figure 2 and Table 2). It
is likely that the interaction of the phosphorescent emitters with
the mixed host matrix (PVK and OXD-7) plays a major role on
the electrical operation of the EML layer, that therefore has an
influence on the device performance.

Overall, all binuclear complexes exhibit promising characteris-
tics as phosphorescent emitters of solid-state devices. Among all,
the combination of a high PLQY and the good electrical operation
allows YB to produce OLEDs with the best PE (2.4 – 2.5 lm W−1).

Adv. Optical Mater. 2024, 2401586 2401586 (9 of 11) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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To note, although a roll-off of the EL efficiency typically occurs
in OLEDs as the luminance increases, negligible variation of the
EQE was observed even at the maximum luminance (Figure S26,
Supporting Information), thus suggesting the absence of effects
of annihilation or quenching which could be correlated to detri-
mental molecular aggregation.[48]

3. Conclusion

Seven binuclear cyclometalated iridium(III) complexes were ef-
fectively synthesized and structurally characterized by combined
NMR and DFT techniques. The use of the simple and asymmet-
ric 3-oxidopicolinate bis-anionic bridge (picO2–) allows to obtain
neutral both homo- (BB and YY) and hetero-cyclometalated (BY
and YB) binuclear complexes with inequivalent iridium centres.
Due to the small size of the bridging ligand, two couples of di-
astereoisomers (the racemic ΛΛ’/ΔΔ’ pair and the ΛΔ’/ΔΛ’ one)
were isolated for all the compounds, except for the most sterically
congested YY complex.

All the compounds were fully characterized by TD-DFT, elec-
trochemical and photophysical methods allowing to unambigu-
ously attribute the lowest-lying excited states. All the complexes
display fully reversible reduction processes and emit from 3LC
excited states centred on the bridge (in the case of BB complexes)
or 3LC states located on the [(pbtz)2Ir] moiety (the NˆO-chelated
for YB and the OˆO-chelated one for BY and YY); such findings
demonstrate a quantitative energy transfer between the two irid-
ium units. Notably, the binuclear complexes display the same
high PLQYs (up to 67%) of the related mononuclear analogues
(B and Y), but with shorter lifetimes (so higher kr). Accord-
ingly, as a potential application for such a novel class of emit-
ting molecules, we successfully tested them as active materi-
als in OLEDs, reaching EQE, luminance, CE and PE of ≈2.5%,
1200 cd m−2, 11.7 cd A−1, and 2.5 lm W−1, respectively, in a sim-
ple and solution-processed device architecture. Depending on
the type of binuclear complex, green-to-orange emission was ob-
tained with almost no efficiency roll-off over 1000 cd A−1.

The present work paves the way for the easy and effective syn-
thesis and characterization of binuclear metal complexes with
short asymmetric bridges, which may be useful for exploiting
two potentially emitting centres in one single molecule in light-
emitting devices or in an antenna-emitter configuration. In ad-
dition, the present strategy can also be used to take advan-
tage of quantitative energy-transfer processes to easily synthe-
size photosensitizer-(photo)catalyst pairs for applications in pho-
tocatalysis.
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