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ABSTRACT: In this report, we investigate a new family of cationic iridium(III) complexes featuring 2-phenylbenzimidazole
cyclometallating ligand and 4,4’ -dimethyl-2,2’-bipyridine ancillary ligand. Our benchmark complex IrL!; (L! = 2-phenylben-
zimidazole) displays similar emission properties than the archetypical complex 2,2’-dipyridyl-bis[2’,4’-phenylpyridine]irid-
ium(III) in deaerated CH3CN (@ = 0.20, hem = 584 nm ; @ = 0.14, Aem = 585 nm, respectively), but exhibits a higher photolu-
minescence quantum yield in deaerated CH>Cl, (@ = 0.32, Aem = 566 nm; @ = 0.20, Aem = 595 nm, respectively), and especially
lower non radiative constant (kr = 6.6 x 10° 87! vs ko, = 1.4 x 10° 57!, respectively). As primary investigation, we explored the
influence of the introduction of electron donating and electron withdrawing groups on the benzimidazole moiety and the syn-
ergetic effect of the substitution of the cyclometallating phenyl moiety in para position with same substituents. The emission
energy displays very good correlation with the Hammett constants of the introduced substituents as well as with AEq0x values,
which allow to ascribe the phosphorescence of these series to emanate mainly from a mixed metal/ligand to ligand charge
transfer triplet excited state CM/LLCT"). Two complexes (IrL3; and IrL3%;) display a switch of the lowest triplet excited state
from *M/LLCT* to ligand centered (*LC*), from the less polar CH>Cl, to the more polar CH3CN. The observed results are
supported by (TD)-DFT computations considering the vibrational contributions to the electronic transitions. Chromaticity di-
agrams based on the maximum emission wavelength of the recorded and simulated phosphorescence spectra demonstrate the
strong interests of our complexes as emitting materials, together with the very good agreement between experimental and
theoretical results.
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nirocuction Figure 1: general structure of 2-phenylbenzimidazole base
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The majority of the cationic iridium(IIl) complexes reported
to date for lighting application, notably in Light Emitting Elec-
trochemical Cells (LECs), derived from the archetypical com-
plex: 2,2’-dipyridyl-bis[2’,4’-phenylpyridine]iridium(III)
([(ppy)Irbpyl*, with ppy = 2’,4’-phenylpyridine and bpy =

2,2’-dipyridine, referred as [(ppy)aIrbpy] hereafter).®=' The
highest occupied molecular orbital (HOMO) for [(ppy).Irbpy]
typically receives contributions from both an Ir(IlT) d-orbital



Scheme 1: Synthesis of the ligands and the corresponding complexes
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and from the n-system of the aryl rings of the cyclometallated
ligands, while the lowest unoccupied molecular orbital
(LUMO) has primarily n*-character localized on the ancillary
ligand. The lowest lying excited state of this family of com-
plexes is usually described as triplet metal-to-ligand charge
transfer (MLCT*) admixed with ligand-to-ligand charge trans-
fer (ancillary-based, LL’CT*, L’ = bpy or ancillary ligands)
excited state, resulting in a broad emission profile.*!'*?3? Inves-
tigations of complexes derived from the archetypical
[(ppy)-Irbpy] complex reveal that the energy separation be-
tween the "MLCT* and the *LC* (ligand centered) is frequently
small and in some cases the LC* is the predominant emitting
excited state.>!#?22%32 The emission origin can be discriminated
by the use of experimental method, such as steady state and time
resolved emission spectroscopy and with the help of calcula-
tion.'*3%33 For instance, the emission band shape will depend
greatly on the nature of excited state, with broad featureless
emission bands observed for *MLCT/ALL’CT excited state
phosphorescence while structured emission bands exhibiting vi-
bronic progressions result from MLCT/LC states. The nature
of the emitting excited states will also affect radiative constant
(k,), which is typically of the order of 2 x 10° s! when the emis-
sion emanates from SMLCT/LL’CT excited state and lower in
the case of the *LC phosphorescence. '3

The excited state energies can be easily tuned by introducing
electrodonating or electron withdrawing groups over the ligand
by stabilizing and/or destabilizing the HOMO/LUMO lev-
els. 2293034 For example, the archetypical [(ppy):Irbpy] displays
an emission centered at 585 nm (® = 14% in deaerated
CH;CN),? whereas the introduction of methoxy groups on the
cyclometallating phenyls destabilize the HOMO by electro-
donating mesomeric effect and consequently the emission is

bathochromically shifted. The resulting complexes series dis-
play emission centered in the range 600-730 nm (® = 15-0.2%
in CH;CN).%

As mentioned above, the majority of the reported cationic
iridium(III) complexes are derived directly from the introduc-
tion of substituent on the 2-phenylpyridine ligand. In compari-
son, a fistful of iridium(IIl) complexes based on the use of 2-
phenylbenzimidazole as cyclometallating ligand for neutral®¢*
and cationic**° complexes are described. From a purely syn-
thetic point of view, this ligand is presenting many advantages
as scaffold for cyclometallating ligand, as it gives several diver-
gence points (Figure 1). These latter can be independently mod-
ified and are (i) the introduction of alkyl or aryl on the second-
ary amine (R), (ii) on the phenyl ring (R’), (iii) on the benzim-
idazole ring (R”), and (iv) the synthesis does not require the use
of palladium-catalyzed cross-coupling reactions.’®*! Fine tun-
ing of the emission properties can be achieved by the introduc-
tion of electron withdrawing/donating groups in (ii) and (iii)
and the bulkiness of the final complex can be monitored, nota-
bly by the substitution in (i). Yet, the investigations toward this
ligand have been limited to the modification of the phe-
nyl 3638493944748 " (he replacement of the benzimidazole by n-
extended imidazole ring,’? and the modification of the substitu-
tion of secondary amine with charge carrier units*’*>* or dif-
ferent alkyl chains or aryl groups, to name a few.54%>3

For example, the iridium(III) complex featuring the cyclome-
tallated ligand 1-methyl-2-phenylbenzimidazole and a phenan-
throline as ancillary ligand has been reported to display an emis-
sion centered at 528 nm with a photoluminescence quantum
yield (PLQY) of 51% in deaerated CH,Cl,.*> The phosphores-
cence has been found to have more MLCT* or *LLCT* char-
acter rather than *LC*.* The effect of chemical modifications
of R’ and R” of the 2-phenylbenzimidazole ligand (Figure 1)



has not been studied in iridium(III) cationic complexes. How-
ever, it has been demonstrated for neutral iridium(IIIl) com-
plexes with acetylacetonate as ancillary ligand, that the intro-
duction of electron withdrawing/donating groups over the phe-
nyl moiety allows to tune efficiently the emission. For example,
the introduction of OMe groups in meta or para position of the
phenyl, shifted the emission wavelength of the complex to 555
nm (® =0.29) and 507 nm (P = 0.91), respectively, in compar-
ison with the unsubstituted complex (520 nm, ® = 0.64) in de-
aerated CH,Cl,.*® Despite these promising results, deeper inves-
tigations have not been undertaken. Therefore, we report a se-
ries of cationic iridium(IIl) complexes featuring 2-phenylben-
zimidazole cyclometallating ligands and 4,4’-dimethyl-2,2’-bi-
pyridine ancillary ligand in which the electronic effect of cho-
sen substituents over the benzimidazole moiety on the photo-
physical properties has been studied as well as the concomitant
substitution of the benzimidazole moiety and the phenyl ring
with antagonist or agonist substituents.

Results and discussion

Synthesis

The proligand synthesis was adapted from a two steps proce-
dure using mild conditions. First, the isopropyl group was in-
troduced using a previously reported procedure® which consists
of an aromatic nucleophilic substitution of 2-fluoro/bromo-ni-
troarene by isopropylamine. The targeted nitroarenes were syn-
thesized in high yields (79-97%). The desired 2-phenylbenzim-
idazole (HL") proligand, where H corresponds to the proton that
will be removed by the cyclometallation reaction, was synthe-
sized using an one pot procedure involving the N-iso-
propylnitroaniline that reacts with the suitable benzaldehyde in
presence of a reducing agent (Na»S,04),’* giving the desired
new proligand from satisfactory to good yields (38-87%). The
synthesis of the complexes was also performed using the well-
known method of Watts®® with 2-3 equivalents of cyclometal-
lating ligand in a mixture of 2-ethoxyethanol/water refluxed in
the presence of IrCl;.nH»>O. The intermediate u-Cl-(IrL™),
complex was directly engaged in the second step by the reaction
with 4,4’-dimethyl-2-,2’-bipyridine (N*N) in a refluxing mix-
ture of CH,Cl,/MeOH. The desired complex [(NAN)IrL"]" (re-
ferred as IrL"; hereafter) was obtained by precipitation with the
addition of a saturated aqueous solution of potassium hexafluor-
ophosphate and filtration. In some cases, the complex was fur-
ther purified by flash chromatography column over silica gel.
All the compounds have been characterized by the mean of 'H,
13C and '°F NMR (all the spectra are in supporting information),
mass spectroscopy and elemental analysis.

Structural characterizations

We succeeded to grow suitable crystals for X-ray diffraction
for complexes IrL%, IrL72 and IrL!’; Crystals have been ob-
tained by slow vapor diffusion of either di(iso-propyl)ether or
diethylether into a concentrated solution of complex in either
1,2-dichloroethane or dichloromethane, respectively and are
shown in Figure 2. X-ray data have been gathered in table S1
and selected bond lengths and angles in table S2.

The three complexes crystallized in P 2,/c, C 2/c, and P-1 for
IrL2%, IrL’2 and IrL!% respectively. The crystal structure of
complex IrL”; displays two complexes per asymmetric unit, at
the difference of the other two crystal structures where one

Figure 2: X-ray crystalline structures of complexes IrL2,
IrL’; and IrL!'%, hydrogens atoms and counterions have
been omitted for claritv.
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complex is found per asymmetric unit. As expected for centro-
symmetric space groups, both enantiomers (A and A) are pre-
sent in the lattice, whom are generated during the cyclometalla-
tion step leading to the dichloro-bridged dimers (Figure S1).%
All the complexes display slightly distorted octahedral coordi-
nation environment and the nitrogen atoms from the cyclome-
tallating ligand are in the expected trans position >14-30:43:45:53.36.57
The CMr*Neax (Nenw = coordinating nitrogen atom from the cy-
clometallating ligand) angles are roughly 79 © and Nean [r"Neay
are roughly 171°, both values being similar to the corresponding
angles observed in the archetypical [(ppy).lrbpy] complex.?
The Ir-C, Ir-Ncax and Ir-Nypy bond lengths are of the order of
~2.03 A, ~2.05 A and ~2.14 A respectively, which are compa-
rable with those of the archetypal (ppy).Irbpy* complex and of
other related cationic Ir complexes.>4304343535657 The r-Ny,,
distances are longer than the Ir-Nca due to the so called trans
effect which is a consequence of the strong o-donating ability
of the cyclometallating carbon atoms.* The cyclometallation in-
duced an obvious rigidification of the phenylbenzimidazole lig-
and, with the loss of free rotation around the C-C bond between
the phenyl and the benzimidazole. An unforeseen consequence
is the restriction of the motion of the iso-propyl groups. Indeed,
the average distance observed between the protons H5 and H14
(proton in ortho of the benzimidazole-phenyl bond and the pro-
ton of the methylene of the isopropyl group, respectively) in the
X-ray structure of the three complex is ~1.95 A, which is below
the sum of the Van der Waals radii (VdW). The spatial proxim-
ity remains in solution as in "H NMR spectroscopy the heptuplet
corresponding to this proton is down-field shifted (average of
0.8 ppm, table S3 and '"H NMR spectra in supporting material)
upon cyclometallation, with respect to the corresponding pro-
ligand.

A deeper look to the complexes structure reveals that cy-
clometallating ligands display dihedral angles between the im-
idazole ring and the arene, from 1(1) ° to 11.5(6) °, and so do
the bipyridine ancillary ligand, from 3.4(6) ° to 13.0(9) °. The
archetypal [(ppy).Irbpy] complex displays also distortions in
the ligands, but somewhat smaller between 1.5(6) ° and 6.0(5)
¢ for the cyclometallating ligands and 1.4(6) ° for the NN an-
cillary ligand, which are closer to the expected planarity.> On
an other hand, such distortions are encountered in other 2-phe-
nylbenzimidazole based iridium cationic and neutral com-
plexes, regardless of the presence of alkyl or aryl group on the
nitrogen atom (namely methyl or phenyl groups).*#>3>7 For



Figure 3: X-ray crystalline structure of complex IrL?,, hy-
drogens atoms and PF anions have been omitted for clar-
ity.
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example, dihedral angles up to 14.4 ° and 11.3 °, for the N-me-
thyl substituted 2-phenylbenzimidazole and bipyridine respec-
tively, have been encountered.”

The solid-state structure of complex IrL?; displays interest-
ing supramolecular architecture. First, the 2-phenylbenzimidaz-
ole ligands are not equivalent in the crystal structure, as they
display different dihedral angles of 2.0(1) © and 8.4(9) °. In stark
contrast, the benzimidazole moieties beared by adjacent com-
plexes involved in the supramolecular arrangement (vide infra)
are almost parallel with centroid-centroid distances ~3.960 A
and ~4.081 A (Figure 3). The bpy ligand displays the larger di-
hedral angle of 13.0 (0) ° of the three complexes, which may
result from chlorine-arene interactions. Indeed, the average
Cl-C,y distance is 3.26 A (table S4 and figure S2) which is be-
low the sum of the VAW radii (3.45 A). In addition, the C-Cl
bonds lengths of the involved chlorine atoms are 1.746(7) Aand
1.740(7) A, which are longer than the other C-ClI bond lengths
(i.e. 1.730(8) A and 1.731(8) A). The slight elongation can be
attributed to the interactions between the halogen atoms and the
n-system from the pyridines, such interactions have been previ-
ously described, for example, in cocrystals constructed by 1,4-
diiodotetrafluorobenzene and polyaromatic hydrocarbons.*
The observed interactions are consistent with the presence of
halogen bonding between the chlorine atoms and a n-system of
the bipyridine ligand. Indeed, halogen atoms act as electron-de-
ficient sites (the so called o-hole is positioned at the opposite of
the C-X bond) and can interact with an electron rich partner.’**
It is worth noting that the presence of halogen bonding is
scarcely observed in octahedral cyclometallated iridium(III)
complexes.®® Here, the halogen bonds are established in a su-
pramolecular architecture that results in the building of supra-
molecular polymers in the lattice (figure S2).

A close look to the crystal structure of IrL’; reveals numer-
ous electrostatic interactions between fluorine atoms and hydro-
gen and carbon atoms, with distances that are less than the sum
of the VAW 2.56 A and 3.17 A respectively. For example, the
two complexes of the asymmetric unit display interactions be-
tween fluorine atoms and carbon atoms (F6-C76 = 2.957(8) A
and F3-C7 = 3.152(7) A). These interactions are also present
between asymmetric unit complexes. Indeed, electrostatic
bonding can be observed between fluorine atoms of the CF3

¥ In addition, halogen atoms can act as electron donors orthogonally
to the C-X bond with an electron deficient partner such as a hydrogen.

4

group and the hydrogen atoms form the methyl group of the
dmp (F12-H48C = 2.53 A). These interactions (see table S4)
lead to a supramolecular organization within the lattice.

The analysis of the crystal packing of complex IrL!’; reveals
the presence of hydrogens bonding with an electrostatic nature
between hydrogen atoms (H16, H22, H23 and H24) and oxygen
(O1), carbon (C11) and fluorine (F1B and F2B) atoms respec-
tively.®! In each case, the observed distances are below the sum
of the VAW radii HI6-F1B = 2.57 A, H22-C112.854 A, H23-
O1=2.6 A and H24-F2B = 2.48 A.

Electrochemical properties

In order to assess the reversibility and the energies of the first
reduction and oxidation waves, cyclic voltammetry (CV) was
carried out in deaerated CH3CN. The CVs were performed us-
ing vitreous carbon working electrode, n-NBu4PFs (0.1 M) sup-
porting electrolyte and Ag/AgNO; (0.01 M) as reference elec-
trode and with a scan rate of 100 mV.s™!. The redox potentials
are given versus the reference electrode. CV traces are shown
in Figure 4 and values are gathered in Table 2.

Figure 4: Cyclic Voltamperometry traces of the complexes’
series in CH3CN (10" M) solution, reported versus AgNO3
(102 M). Scan rates were at 100 mV.s" and are in the posi-
tive scan direction.

/L
r Ll ¥ 1

: .
A5 05 1.0 13
Voltage vs Ag*/Ag (V)

For deeper discussion readers are invited to consult ref 58 and the ref-
erences inside.



Figure 5: Absorption spectra in CH3CN at 298 K.
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The complexes display fully reversible reduction waves in
the range -1.87 — -1.75 V. The reduction can be ascribed to the
one electron reduction of the NN ancillary ligand, which is
supported by previous works on similar iridium com-
plexes.?*%263 The reduction potentials are slightly sensitive to
the nature of the substituents. Intriguingly, the incorporation of
electrowithdrawing group into the N~C ligand framework has
quite a strong effect on E,.q, making it less negative. For exam-
ple, when a CF; group is present on the para position of the
phenyl (IrL%,), the Eqq is less negative by +60 mV and when
two chlorine atoms (IrL?) are on the benzimidazole moiety Ereq
increases by +70 mV, with respect to the complex bearing no
substituent (Erq = -1.87 V). In addition, the presence of two
withdrawing groups on both the benzimidazole and the phenyl
moieties (IrL’2) have a synergetic effect. Indeed, the Eq dis-
plays the largest shift of the series with a +170 mV increase.
Hence, even if the LUMO is predominantly localized on the
N”N ligand, in agreement with theoretical calculation and pre-
vious studies, the electron withdrawing groups decrease the
electronic density of this orbital.®*$* On another hand, the pres-
ence of electron donating groups by mesomeric effect (OCH3,
IrL*#1%) has almost no influence on the reduction potential.

In the anodic region, all the complexes display a reversible
wave within the range 0.86 V — 1.23 V, which can be attributed
to the oxidation of the metal core from Ir'™ to Ir"V, in agreement
with theoretical studies and previous works.?*62%3 In the three
complexes IrL%;, IrL’; and IrL®,, the introduction of methoxy
groups makes the single oxidation event irreversible. The oxi-
dation potential of the iridium core is sensitive to the nature of
the substituent present on the C”N ligand and especially to the
presence of electrowithdrawing groups. The introduction of
chlorine atoms on the benzimidazole moiety (IrL?2) renders the
Eox more positive (+ 100 mV), with respect to the complex bear-
ing no substituents (Eox = 0.89 V). On the other hand, the pres-
ence of a methoxy on this part of the cyclometallating ligand
has a lower impact. These groups induce a small change in the
Eox (- 30 mV), which can be attributed to the electronic ability
(+M and -I) of these two groups. Substitution on para position
of the phenyl by a CF; group (IrL%) affects dramatically Eoy,
with an anodic shift of +150 mV with respect to complex IrL!;
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(Eox = 0.89 V). In contrast, the introduction of the electrodonat-
ing methoxy group in same position has less impact, hence the
Eox are shifted with a maximum of +30 mV. The introduction
of two methoxy groups on both the benzimidazole and the phe-
nyl moieties results in a synergetic effect on the E.x. The CF;3
groups on both side of the cyclometallating ligand have a syn-
ergetic effect as complex IrL’; displays the highest Eox of the
series.

In conclusion, the redox potentials reflect the electronic in-
fluence of the substituents introduced on the cyclometallating
ligand, even if the presence of electrodonating groups either on
the benzimidazole moiety or the para position of the phenyl in-
duces almost no change. In contrast, the concomitant presence
of CFs in para position of the phenyl and OMe on the benzim-
idazole moiety allows to moderate the influence of the elec-
trowithdrawing groups, and especially the E,.. Complex IrL!’;
displays an E, intermediate between those of complexes IrL*
and IrL7,.

UV-Vis absorption

The room-temperature electronic absorption spectra have
been recorded in diluted CH,Cl, and CH3CN solutions and are
reported in Figure 5, Figure S3, Table 1 and Table 2 (individual
spectra are to be found in SI. The complexes display similar
absorption spectra, that could be divided in three main domains
as expected for cationic cyclometallated iridium(Ill) com-
plexes.'** Below 330 nm, intense and moderately intense tran-
sitions are observed, that are usually ascribed to spin-allowed
n-m* transition ('LC) from the cyclometallating ligand and the
ancillary ligand. From 330 nm to 425 nm, weaker absorption
bands are observed and they are attributed to spin-allowed
charge transfer transition, from the metal to the ligand ('MLCT)
and from the cyclometallating ligand to the ancillary ligand
('LLCT)." The weak tails observed above 420 nm (Figure S4)
are due to direct spin-forbidden transitions leading to *MLCT
and LLCT excited states, permitted by the high spin-orbit cou-
pling constant ({ = 3909 cm™) of the iridium core.!* The latter
increases significantly the intersystem crossing to the triplet ex-
cited states.'**0



Figure 6: Emission spectra in CH3CN at 298 K.
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Emission spectroscopy

Emission spectra have been recorded in diluted CH,Cl, and
CH;CN solutions, under air equilibrated and deaerated condi-
tions. The spectra and data are gathered in Figure 6 (individual
spectra are to be found in SI), Table 1 and Table 2. The CIE
diagram obtained at A", in CH,Cl, is presented in Figure 10
top. The complexes display relatively similar broad emission
spectra, to the exception of complexes bearing CF; (IrL?;, IrL,,
IrL’2 and IrL®;) groups whom emissions are more structured.
As expected, the maximum wavelength depends on the nature
of the substituents present on the cyclometallating ligand. For
example, the emission of the complex bearing two chlorine at-
oms (IrL*) over the benzimidazole ring displays a hypso-
chromic shift with respect to IrL!z. On the other hand, a batho-
chromic shift is observed with the emission displayed by IrL*,,
with comparison with complex IrL12.

The complexes display high photoluminescence quantum
yields (PLQY) under argon ranging from 0.13 up to 0.65 and
are air sensitive (vide infra). It is worth noting that the PLQY's
follow energy gap law (Figure S8) based on Fermi’s golden
rule, which associates the increase of k., at small Franck-Con-
don energy with increased vibrational wavefunction overlap.%

Cyclometallated Ir(III) complexes are known to be good sen-
sitizers for singlet oxygen and gained attention in phototherapy
dynamic.?8%6-68 The O,-quenching constants (ko(O2)) have been
estimated for the series and are somewhat high, ranging from
6.3x10*M's't03.5x 10°M"'.s" in CH,Cl> and 2.3 x 108 M
Is1t02.1 x 10°M s in CH3CN (with [O2] =2.2 mM and 9.1
mM, in CH,Cl, and CH;CN respectively®). These results are in
line with reported values and confirm the trend that mono-
cationic Ir(IIT) complexes seem to be less sensitive to molecular
oxygen than their neutral counterparts. For example in air equil-
ibrated CH3CN solution, the complex (btp).Ir(acac) (btp = 2-
pyridylbenzothiazole, acac = acetylacetonate) displays a ko(O2)
of 6.3 x 10° M''.s!, whereas the monocationic complex
(btp)2Ir(phenNH,) (phenNH, = 1,10-phenanthrolin-5-amine)
displays a ko(O») of 2.4 x 10° M5! 286667
To have a better insight into the photophysical properties of the

complexes, the benchmark of the series, complex IrL';, can be
compared with the archetypical complex [(ppy).Irbpy]. In de-

420 470 520 570 620 670 720
Wavelength (nm)

aerated CH3CN, both complexes display a broad emission cen-
tered at 584 nm and 585 nm, respectively, and the PLQY are
similar ® = 0.20 and @ = 0.14, respectively. The luminescence
decays are also very close to each other, with 0.76 us and 0.43
us, respectively for IrL!; and [(ppy).Irbpy].>**"° The radiative
and non-radiative constants are, thus, of the same order of mag-
nitude (IrL%, k. = 2.7 x 10° s and k, = 1.10 10° s ;
[(ppy)2Irbpyl* .k =3.3 x 10° s' and k,r = 1.99 x 10° s ). The
two complexes have very similar photophysical properties at
least in CH3CN. However, beside the same emission shapes dis-
played by the two complexes, they have distinct behaviour in
deaerated CH,CL, [(ppy):Irbpy] exhibits a bathochromic shift
compared to the emission in CH3CN (Aem = 595 nm)>3070,
whereas complex IrL!> ’s emission is centered at 566 nm.
PLQY of the benchmark IrL!; complex of the series is signifi-
cantly higher than the one of [(ppy).Irbpy], with ® = 0.32 com-
pared to @ = 0.20.>3*7° Nonetheless, the radiative constants are
nearly identical for both complexes k, ~ 3.0 x 10° s, but the
nonradiative constant is significantly lower for IrL'; with k,, =
6.6 x 1055, than for the archetypical [(ppy).Irbpy] complex, ki,
= 1.4 x 106 .3307% Such results steered us to investigate more
deeply this new family of cationic iridium complexes based on
the scaffold 2-phenylbenzimidazole cyclometallating ligand.
First, a modification of the benzimidazole ring was considered,
through the introduction of electro-withdrawing and electron-
donor groups.

The introduction of electron withdrawing groups over the
benzimidazole ring yields the expected effect to induce a hyp-
sochromic shift of the emission wavelength. For example, the
complex IrL3; displays an emission centered at 544 nm with
PLQY of 0.53 and a decay of 1.24 ps, in degassed CH,Cl.
Thus, the k, (4.3 x 10° s7) is faster than in the benchmark IrL';
complex to the contrary of the &, (3.8 x 10° s™'). The complex
[(3-CFsppy)Irdmp]™* also displays a hypsochromic shift in emis-
sion (Aem = 515 nm, @ = 0.67, = 1.20 ps, in degassed CH,Cl,)
in comparison with the archetypical [(ppy):Irbpy] complex.”!
However, the latter shift is stronger than the one observed in
IrL3; and it could be related to the fact that the electron with-
drawing group is far from the metal core and its influence over
the electron density is less than in the case of [(3-
CFsppy)Irdmp]* where only three bonds separate the CF; group



from the Ir(III). In addition to that, the HOMO is mainly local-
ized over the metal core and the phenyls and, hence, the influ-
ence is stronger.”*" In degassed CH;CN, the emission of IrL*;
is significantly bathochromically shifted (Aem = 589 nm, 140 cm’
1) and the PLQY drops to 0.27 and so does the decay to 0.91 ps.
The reduction of the PLQY and lifetime are illustrated by the
higher k,, (8.0 x 10° s') value in this solvent than the k, (3.5 x
10° ). The somewhat strong sensitivity to the solvent polarity
could be assigned to a stronger contribution of the *MLCT* in
the emitting excited states for this compound in comparison
with IrL!;.

Corollary, the introduction of electron donating groups over
the benzimidazole has an antagonist effect. Indeed, the emission
spectrum displayed by complex IrL* is bathochromatically
shifted with respect to IrL';, with a broad emission centered at
586 nm with PLQY of 0.34 and a decay of 0.95 ps, in deaerated
CH,Cl. The radiative and non-radiative constants are 3.6 x 10°
s and 7.0 x 10° s, respectively. Despite the redshifted emis-
sion, the photophysical properties are slightly higher than the
benchmark complex (IrL'2, k,=2.7 x 10° s and k,, = 1.1 10°s~
1. In deaerated CH3CN, the emission spectrum displays a posi-
tive solvatochromism (400 cm™) with a broad emission cen-
tered at 600 nm and a shortened decay of 0.16 us in comparison
with the emission in CH,Cl,. The PLQY is seriously impacted
by the solvent change and drops to 0.02, which is illustrated by
a greater k, (2.5 x 10° s') value than &, (13.1 x 10° s™). The
positive solvatochromism along with the broad shape of the
emission is consistent with an excited state with a predominant
contribution of the *MLCT*.

Secondly, the influence of two substituents (-CF; and -OMe)
in the para position of the phenyl moiety has been investigated.

Complex IrL®; displays a broad emission centered at 530 nm
(®=0.65,7t=1.16 us) in deaerated CH,Cl,. In comparison with
complex IrL3; (® = 0.53, ke =544 nm, t = 1.24 ps), the effect
of the electron withdrawing group is more important when it is
positioned on the phenyl than on the benzimidazole ring, as the
substituent is closer to the metal core and as the HOMO is pre-
dominantly localized over the Ir(Ill) and the phenyls.'*?*3° The
radiative and non-radiative constants, in addition to the broad-
ness of the emission, suggest that the excited state is predomi-
nantly MLCT* in nature.'* However, switching to a more polar
solvent (i.e. CH3;CN), the emission displayed by the complex is
different with apparition of structuration that shows a pseudo
vibronic progression of the order of 1400 cm™. In addition, k.
drops to 8.9 x 10* s which is a strong indication of *LC* emis-
sion.'*72 Complex IrL%; is a rare example of switching between
excited states (i.e. *MLCT* to *LC*) induced by solvent polar-
ity.”® Counter intuitively, the increase of polarity stabilized the
energy level of the *LC" more efficiently than the *MLCT* en-
ergy level. Nonetheless, as in the large majority of Ir(Ill) com-
plexes, the origin of the emitting excited state is scarcely of a
pure nature (i.e. "MLCT?*, 3LC*, 3LLCT*), but resides in a sub-
tle mixture of the different accessible excited states.!*¥33 In-
deed, the low temperature emission spectrum of the complex
(77 K in butyronitrile) is strongly blue shifted with a more pro-
nounced vibronic progression of the emission shape. Such a be-
havior is typical of an emission with a contribution of
’%MLCT* 14,74

The introduction of an electron-donating group in para posi-
tion of the phenyl ring has the expected effect of inducing a

bathochromic shift of the emission displayed by the complex
IrL®;, with respect to complex IrL'2. The emission spectrum is
broad and centered at 570 nm (® = 0.40, t = 1.16 ps) in deaer-
ated CH,Cl, and, when compared to the emission displayed by
complex IrL*, it appears that the influence of the methoxy
group in para position of the phenyl has a lower impact than
when positioned on the benzimidazole moiety, which is in line
with the observations in electrochemistry (vide supra). The
emission in deaerated CH3;CN displays a bathochromic shift
with respect to the emission in the less polar CH,Cl, and the
PLQY drops to 0.09 with a decay of 0.43 ps. At first glance, the
luminescence properties are lower than those of the complexes
[(4-OMeph-5-Mepy) Ir(NAN)]* (with NAN = 4,4’-ditert-butyl-
2,2’-bipyridine and 4-OMeph-5-Mepy = 2-(4-methoxyphenyl)-
5-methylpyridine) which display a broad emission centered at
585 nm (® = 0.15, T = 0.39 us).3> A close look to the k, and k,,
indicates that if k. is slightly superior for the complex [(4-
OMeph-5-Mepy)oIr(N*N)]* (k, =3.9x 10° s vs k, =3.0x 10° s°
Y, k.- constant is slightly advantageous (k. =2.2 x 10°s™! vs k,,
= 8.0 x 10°s™)) for the imidazole derivatives.

Finally, we investigated the simultaneous substitution of both
the benzimidazole ring and the phenyl moiety. The introduction
of electron withdrawing/donating on both the sides of the cy-
clometallating ligand demonstrates to have synergic effect on
the emission, as it has been observed in voltamperometry. Two
methoxy groups (IrL%:) lead to a bathochromic shift of the
emission (585 nm in CH,Cl; and 603 nm in CH3;CN). The radi-
ative rate is of the order of 3.6 x 10° s!, which is in favor of an
emissive excited state with an important contribution of
SMLCT*. It is worth noting that the introduction of electron
withdrawing groups (CF;) has for consequence the hypso-
chromic shift of the emission wavelength, and IrL’» displays a
structured emission in both the studied solvents with a vibronic
progression of ~1300 cm™ (CH,Cl, and CH;CN). In addition,
the radiative rate in both solvents is of the order of 2 x 10° s,
therefore the emitting excited state has a strong contribution of
the *LC*.

The introduction of antagonist substituents (i.e. CF; and
OMe) on the benzimidazole and the phenyl moieties has the ex-
cepted effect of mitigating the influence of these groups on the
photophysical properties. That is to say, as above mentioned,
the CF; groups have a stronger effect than OMe groups and the
introduction of the latter attenuates the induced hypsochromic
shift on the emission spectra of complexes IrL’; and IrL'%, in
comparison with complexes IrL3and IrL%; respectively.

To conclude on the photophysical studies, the nature of the
emission can be ascribed to phosphorescence according to (i)
Stoke’s shifts, (ii) oxygen sensitivity, (iii) long decays of the
emission. The emitting excited state has a large contribution of
the 3M/LLCT*, in accordance with (i) emission shape, (ii) the
positive solvatochromism,” (iii) the rigidochromism effect ob-
served at 77 K, (iv) the radiative constants that are above 2.0
x 10° 571, regardless the solvent, (v) the correlation between
the emission energy and the AE.qox (Figure S9) (that illustrates
that the emitting levels of this series of complexes have a pre-
dominant 3CT#*),7® and (vi) the TD-DFT calculations, to the ex-
ception of four complexes IrL%;, IrL’;, IrL8; and IrL% and
these complexes could be divided in two subgroups. Complexes
IrL"2 and IrL'%; have a strong contribution of the *LC* in the



Figure 7: Simulation of TD-DFT absorption spectra for Ir(III) complexes.
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emitting excited state, which is illustrated by the vibronic
structure of emission in both solvents. A second set of com-
plexes, namely IrL%; and IrL®; display a somewhat uncommon
behavior with increasing the solvent polarity, by switching the
predominant contribution from *MLCT* in CH,Cl, to *LC¥*,
with regard to the decrease of the radiative rate and the structu-
ration of the emission in CH3CN (vide supra). Finally, the in-
troduction of substituents on the benzimidazole or the phenyl,
and on both the arenes, enables the tuning of the molecular or-
bital energies, both the HOMO and LUMO levels as illustrated
by the correlation of the emission energy with the Hammett pa-
rameters (Figure S10), and thus the emission wavelength in ac-
cordance with the observation in the cyclic voltamperometry
(vide supra) and the introduction of antagonist groups (i.e. OMe
and CFs) tempered their electronic effect.

Theoretical investigation

To gain a deeper insight into the nature of the electronic struc-
ture and transitions occurring in such complexes, ab initio cal-
culations were performed on all species. Density Functional
Theory (DFT) simulations have been performed using the
Gaussian16 package.”’ Based on previous theoretical investiga-
tions conducted by some of us,’®#! we considered the B3PW91
functional®®* in addition to the LanL2Dz basis set, which in-
cludes a pseudopotential to describe core electrons for large at-
oms together with polarization functions on C (d; 0.587), N (d;
0.736), O (d; 0.961), F (d; 1.577) Cl (d; 0.75) and Ir (f; 0.938).%~
8 The Polarizable Continuum Model (PCM)**°! was used to
take into account solvent effects (CH,Cl,). For computational
savings, the -OMe and -NiPr fragments were replaced by -OH
and -NH groups. Geometry relaxations of the singlet (ground
state) and triplet (excited state) states were performed and care-
fully checked by the calculation of the vibrational frequencies.
The general Adiabatic Hessian approach (AH)*? was considered
for estimating vibrational contributions into the computation of
emission spectra. Post-treatments were done using the
Gaussview and VMS packages.”**° Horseshoe plots were real-
ized using an in house Python code.

First, geometry optimizations were conducted for the ground
singlet state and compared to the experimental crystallographic
data. We found that our relaxed structures are in good agree-
ment with the experimental ones, as evidenced, for example, by
the average of Ir-C, Ir-Neww and Ir-Ny,y bonds of 2.02 A (exp.

f (oscillator strength)

19 IrLg
—_— ]

IrLE
—_— L3

10
Irk;

0.5

T
400
Wavelength (nm)

300

~2.03 A), 2.06 (exp. ~2.05 A) and 2.15 A (exp. ~2.14 A), re-
spectively (more details for each complex are given in Support-
ing Information). Such results give us confidence for comple-
mentary analyzes. Based on the fully relaxed geometries, TD-
DFT calculations were performed to simulate the excitation
spectra for transitions above 330 nm. In the following, since the
trend is identical for all complexes, we only focus the discus-
sion on IrL!;. Figure 8 shows the molecular orbitals (MO) dia-
gram of the IrL'; complex, the other MOs diagrams are pro-
vided in SI. One may notice that the highest occupied MOs pos-
sess a strong iridium d character, while the lowest unoccupied
MOs are mainly localized on either the cyclometallating or the
ancillary ligands. For all complexes the band gap is quite large
(>2.90 eV) leading to a strong thermodynamic stability.

Figure 8: Frontier MOs of IrL1: at the singlet state (isovalue
level= 0.05).
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Table 1: Photophysical properties in dichloromethane and in glassy solution at 77 k.

Photoluminescence (278 K)*?in CH>Cl, Photoluminescence (77 K)©
absorption A [nm] (¢ x 103 [M!
Complex cm1]) . . & ] 61wl ko[02]9 x 10°
A [nm] O (air) T [us] (air) krx 10° [s1] Zkurx 10°[s7] [M.s'] A [nm] T [us]
L 285 (19.6), 297 (20.1), 307 (20.3),
IrL" 334 (8.2),383 (5.3),407 (2.7), 470 566 0.32 (0.08) 1.03 (0.19) 3.1 6.6 1.2 512%*, 546 19.67
(0.6)
) 278 (34.8), 308 (34.3), 319 (36.9),
IrL% 346 (18.1), 392 (12.2), 423 (6.0), 479 557 0.46 (0.07) 1.32 (0.26) 3.5 4.1 2.0 514%*,539 13.37
(1,2)
3 274 (32.9), 296 (27.9), 306 (31.2),
IrL™ 338 (10.5), 364 (8.4), 387 (8.0), 411 554 0.53 (0.10) 1.24 (0.22) 4.3 3.8 1.7 507*, 538 12.51
(4.6), 469 (0.6)
288 (30.5), 309 (31.7), 320 (34.6),
IrL*; 336 (25.5),378 (13.2), 405 (8.1), 474 586 0.34 (0.11) 0.95 (0.23) 3.6 7.0 1.0 527%*,558 19.61
0.8)
285 (28.8),299 (31.0), 310 (29.0), 489% 528
IrL5; 345 (12.4), 383 (9.3), 414(4.5), 467 530 0.65 (0.16) 1.59 (0.49) 4.1 2.2 0.9 5§1 ? 445
(1.2)
289 (36.6), 304 (38.6), 331 (23.9),
6 #
IrLS: 362 (16.0). 387 (11.4). 468 (0.8) 570 0.40 (0.09) 1.16 (0.28) 34 52 1.3 525%, 557 20.68
271 (33.0), 291 (31.6), 306 (31.3), 493, 526%, 484* 521,
7
IrL’2 344 (11.7). 390 (79.7). 418 (4.5) 575 0.54 (0.12) 2.40 (0.57) 2.2 1.9 0.6 564. 615 3.88
272 (30.4), 305 (24.1), 339 (19.0),
8 *
IrL3; 388 (10.8), 498 (0.5) 585 0.13 (0.03) 0.57 (0.24) 3.0 20.2 35 527%*,558 18.72
264 (35.5),279 (33.3), 308 (29.1), 530, 559%,
9 *
IrL% 333 (19.3), 393 (9.4), 462 (0.8) 605 0.62 (0.10) 1.4 (0.23) 4.4 2.7 1.6 508%*, 540 17.81
269 (33.7), 305 (34.6), 317 (34.9), 511% 553
IrL1Y, 346 (21.3), 374 (14.8), 390 (12.5), 555 0.36 (0.03) 4.23 (0.64) 0.9 1.5 1.0 602’658’ 6.46

415 (7.4), 470 (1.0)

4 Ir(ppy)s in CH2Cl2 was used as reference, ° in deaerated solution unless otherwise mentioned, ¢ recorded in butyronitrile, ¢ with [O2] = 2.2 mM in dichloromethane. * denotes the most intense
band.



Table 2: photophysical and electrochemical properties in CH3zCN at room temperature.

Photoluminescence (278 K)*? in CH3CN El?;;;;ﬂ?g;cal
Complex absorption A [nm] (g x 103 [M~! cm™!])

5 ] ® (air) tlusl @0  kex 105[s!]  Skex 105[s1]  ko[Oz]° 10° [M.s] ](EV; E*(V)

L,  283(159), 295(11(.)26),( 2324)1,(417796()6.359 (6.8),380 (4.5), 584 0.20(0.01)  0.76 (0.07) 27 10.5 24 L8 0.89
Il 276 (36.9), 308(3(58.,62)),, 14% ((11925? 389(12.9), 414 577 0.18 (0.02)  0.88 (0.09) 2.0 93 1.2 1.80 0.99
L3 271(26:5), 296(2ji71),( 33_(;?(5652.35()(,).334)11 (8.2).385(5.9), 589 027 (0.02) 091 (0.09) 3.0 8.0 13 - 0.99
L% 286 (264), (3102?(23)?4135 3(é.66§’3i'701>’(3.375> (22.8), 374 600 0.16 (0.02)  0.64 (0.09) 2.5 13.1 1.1 |84 0.86
L% 286 (35.1), 298 (?100'(.)6);’340187((31 85)) 345 (15.5), 382 538 0.11(0.03) 124 (0.11) 0.9 72 0.2 181 1.14
IrL6 293 @14, 305(‘52)6’),3‘21232&3;’ 361 (17.7), 385 589 0.09 (0.01) 043 (0.07) 22 212 1.9 - 0.87
L7 270 30.9), 296(3(%’311” Z% ((33(.)5(;)’ 346 (10.8),384 4956* X 5530’ 050 (0.03)  2.61(0.16) 1.9 19 0.8 175 123
1% 268 (424, 305352), (33?)(27'6)’ 386 (14.8),460 603 0.04 (0.01)  0.26 (0.05) 13 36.7 13 186 0.76
L% 262 (42'8)’(12573()?%;%’ (31%§7()?i§é, (338)(22‘6)’359 575 031(0.03)  1.1(0.10) 2.9 6.4 1.6 180 1.06

a Ir(ppy)s in CH2Cl2 was used as reference, b in deaerated solution unless otherwise mentioned, ¢ with [O2] = 9.1 mM in CH3CN and d Potentials obtained by cyclic voltammetry using
BusNPFs (0.1 M) as the supporting electrolyte in CH3CN. Potentials are given relative to the Ag+/Ag couple (Reference electrode ANE2, AgNOs3 = 10-2 M) measured under the same
conditions. * denotes the most intense band.

10



— i}

I3

Mormalized Em.
o
n
1

T
GO0 BO0O

Wavelength (nm)

T
500 0o

Figure 9: Simulation of emission spectra for Ir complexes.

We now focus the discussion on the electronic transition oc-
curring at the ground state (absorption). The computed transi-
tions (Aeqc) and their related oscillator strengths (f) and contri-
butions are reported in Table 1 for f>0.01 and Ay > 330 nm.
The simulated TD-DFT spectra are summarized in Erreur !
Source du renvoi introuvable.. In most of the compounds, the
computed A fit nicely the experimental absorption data where
all spectra present a rather similar shape (Erreur ! Source du
renvoi introuvable. and Figure S12). For IrL'2, the computed
weak transition at 429 nm (f = 0.0585) is related to HOMO-
1>LUMO (97 %) and may be associated to the experimental one
found at 407 nm. This transition is assigned to a mix M/LLCT, due
to the participation of the orbitals from the cyclometallating ligands
and the Ir(IIT) site within the HOMO-1 orbital. The second band
measured at 383 nm is assigned to the computed one at 388 nm (f
= 0.2183), ascribed to the HOMO—>LUMO+1 (97 %) transition
which corresponds to a MLCT.

Since the ground state properties are well described by the
computations, we started to simulate the excited state structures
and their related luminescence properties. To do so, we relaxed
the structures of the triplets (excited state) using the unrestricted
method.*” The comparison for the first sphere of coordinence
for Ir(Ill) centers between the optimized singlet and triplet
states is detailed in SI. Briefly, the Ir-C, Ir-Ncaw and Ir-Nygy
bonds tends to be slightly reduced within the triplet state to
~2.00 A, ~2.04 A and ~2.14 A, respectively. The good repro-
duction of the ground and excited states allows us to include
vibrational contributions to the electronic transitions and simu-
late the luminescence spectrum (Figure 9 and Figure S12).

For experimental and theoretical photoluminescence spectra,
the CIE coordinates were determined and positioned within the
chromaticity diagram represented in Figure 10. Once more, one
may observe a similar trend with the experimental data which
confirms our aforementioned conclusions. Briefly, we repro-
duce the hypsochromic shift of the IrL?; (520 nm) emission
maximum and bathochromic shift of IrL* (560 nm) with re-
spect to IrL'2 (535 nm). Also, when a -CF; (IrL%;) or -OH
(IrLS2) group is present in para position of the phenyl group in
the cyclometallating ligand, we nicely retrieve a respective hyp-
sochromic (500 nm) and bathochromic shift (550 nm).

Normalized Em.
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Table 3: First vertical spin-allowed transitions of the IrL'
complex with oscillator strength f (>0.01) and Acar > 330 nm.

Azt f Transition Assignment

429 0.0585 HOMO-3->LUMO 2% MLCT + LLCT
HOMO-1->LUMO 97%

388 02183 HOMO->LUMO+1 97% MLCT

374  0.0114 HOMO-3->LUMO 5% MLCT + LLCT

HOMO->LUMO+2 92%
368  0.0608 HOMO-3->LUMO 91% MLCT + LLCT
HOMO-1->LUMO 2% +LC
HOMO->LUMO+2 5%
345 0.0874 HOMO-3>LUMO+12%  MLCT + LLCT
HOMO-1->LUMO+1 92%

339 0.1010 HOMO-2->LUMO+151% MLCT + LLCT
HOMO-1->LUMO+2 44%

334  0.1714 HOMO-2->LUMO+145% MLCT +LLCT
HOMO-1->LUMO+2 50%

331  0.0368 HOMO-5->LUMO 2% MLCT +LC

HOMO-2->LUMO+2 6%
HOMO->LUMO+4 89%

The location of the -CF; group on the benzimidazole ring
(IrL32) induces a smaller hypsochromic shift (518 nm) com-
pared to its position in para on the phenyl fragment (IrL5:).
Fixing a -CF; group on the benzimidazole ring, our simulations
evidenced that the concomitant presence of -CF; (IrL”2) or -OH
(IrL?%) group in para position within the phenyl fragment in-
duces respectively hypsochromic (486 nm) and bathochromic
shift (527 nm) compared to the IrL?; species. In the situation
where -OH is located within the benzimidazole ring, a similar
trend is observed when comparing the IrL* complex to IrL8;
and IrL!% which show a bathochromic shift of 581 nm and 526
nm, respectively.
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Figure 10: Observed (top) and simulated (bottom) chromaticity
CIE(x,y) diagrams.

Conclusions

A series of ten cationic iridium(III) complexes featuring cy-
clometallating 2-phenylbenzimidazole ligand and 4,4’-dime-
thyl-2,2’-bipyridine ancillary ligand were developed and fully
characterized by the mean of NMR spectroscopy ('H, *C, '°F
and 'P), high resolution mass spectroscopy, UV-Vis and lumi-
nescence (steady state and time resolved) spectroscopies, ele-
mental analysis and, finally, first-principles calculations. Single
crystal X-ray diffraction obtained from complex IrL?; displays
somewhat rare example of halogen bonding in cyclometallating
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iridium complexes. We demonstrate that the luminescence and
electrochemical properties can be tuned through an original in-
vestigation of the influence of the substituent over the benzim-
idazole moiety, with substituents such as chlorine atoms, -CF3
and -OMe groups, allowing the emission displayed by the com-
plexes to span from the green to the orange regions of the visible
spectrum. In addition, the agonist and antagonist influence of
the substituents introduced on both sides of the cyclometallating
ligand (i.e. benzimidazole and phenyl moieties) shows syner-
getic effect, particularly in the case of complex IrL’.. Com-
plexes IrL% and IrL3 demonstrate properties of switching of
the nature of the emitting excited CM/LLCT* to *LC*) state by
increasing the solvent polarity. Finally, TD-DFT calculations
and experimental results allow to attribute the emission to em-
anate mainly from the radiative deactivation of a mixed excited
state M/LL’ CT* and *LC* which proportions are dependent on
the nature of the substituents and the solvent polarity.

EXPERIMENTAL SECTION
Synthesis

Commercially available reagents were purchased
from Sigma-Aldrich, Alfa Aesar, Acros Organics,
TCI Chemical, Merck, Strem or Fluorochem and
used as received unless otherwise specified. Sol-
vents were obtained from same commercial
sources and used without further purification. For
moisture sensitive reactions, glassware was oven-
dried prior to use. "H NMR spectra were recorded
on a Brucker advance III 400 MHz spectrometer
equipped with a BBO probe and on a Brucker ad-
vance III 500 MHz spectrometer equipped with a
CryoProbe Prodigy in deuterated solvent (CDCl3,
DMSO-d® or CD2Cl>) and data are reported as fol-
lows: chemical shift in ppm from tetrame-
thylsilane with the solvent as an internal indicator
(CDCl3 7.26 ppm, dmso-d® 2.50 ppm, CD>Cl» 5.32
ppm), multiplicity (s = singlet, d = doublet, t = tri-
plet, q = quartet, p = pentet, m = multiplet or over-
lap of non-equivalent resonances), integration.
BC{'H} NMR spectra were recorded either at
101 MHz or at 126 MHz in suitable deuterated sol-
vent and data are reported as follows: chemical
shift in ppm from tetramethylsilane with the sol-
vent as an internal indicator (CDClz 77.16 ppm,
DMSO-d® 39.52 ppm, CD,Cl, 53.84 ppm). °F
NMR spectra were recorded at 376 MHz and at
470 MHz spectrin the suitable deuterated solvent.

Crystal Structures Determinations and Refinements.

Single crystals of compounds IrL2;, IrL7; and
IrL'Y;, were picked up from the mother liquor,



coated with a parafin mixture, collected with ny-
lon loops and mounted on goniometer heads.
Measurements were made at 200 K on a Enraf-No-
nius 4 circles kappa goniometer equipped with an
Incoatec high brilliance microsource with Montel
optics monochromated Mo-Ka radiation (A =
0.71073 A). The detector was a Bruker APEXII
and an Oxford Cryosystem cryostream cooler was
used. The crystal data and details of the data col-
lections are given in Table 1. The data were inte-
grated and corrected for Lorentz and polarization
effects using Evall4,°® corrected for absorption
using SADABS' and finaly merged using Xprep'.
Crystallographic structures were solved using di-
rect methods implemented by Superflip.®” Refine-
ment was performed using Shelx.-2013% run un-
der Olex2®.C, N, O, and Br atoms were refined
anisotropically by the full matrix least-squares
method on F2. H atoms were set geometrically.

Supplementary data is available on request from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, quoting
the deposition number CCDC-2091730, -2091731 and -
2091732 for X, Y, and Z respectively. These data can be
obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html or fax: +44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

1)  Electrochemistry

All electrochemical measurements were per-
formed in a standard three-compartment electro-
chemical cell under an argon atmosphere. Sil-
ver/silver nitrate (ANE2) in CH3CN (Ag/AgNOs3
10 mM/CH3CN) and a platinum coil were used as
reference and counter electrodes, respectively.
Modified carbon electrodes were used as working
electrodes. Cyclic voltammograms were recorded
with CHI 600 or 630 potentiostats (CH Instru-
ments), allowing on-line ohmic drop compensa-
tion.

2) Absorption and emission spectroscopies

Absorption spectra were recorded on a Cary 300
UV-visible spectrophotometer (Varian) and emis-
sion spectra (in solution and at 77 K) were rec-
orded on a Fluoromax 4® (Horiba) or on a FLS-
1000® (Edinburgh Instruments) equipped with
automatic filters to remove the harmonic bands.
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Quartz cuvette with 1 cm optical path were used.
Lifetimes were measures using LP900 spectrome-
ter with a Flashlamp pumped Q-switched Nd:Yag
laser operating 355 nm and with photomulitplie
(PMT) detector, or with a picosecond laser diode
operating at 410 nm and using a time-correlated
single photon counting detection (TCSPC, Pico-
Harp 300).

3) Computational details

Density Functional Theory (DFT) simulations
have been performed using the Gaussian16 pack-
age.”’ Based on previous theoretical investigations
conducted by some of us,”®3! we considered the
B3PW91 functional®%* in addition to the
Lanl.2Dz basis set, which includes a pseudopoten-
tial to describe core electrons for large atoms to-
gether with polarization functions on C (d; 0.587),
N (d; 0.736), O (d; 0.961), F (d; 1.577) C1 (d; 0.75)
and Ir (f; 0.938).8-8 The Polarizable Continuum
Model (PCM)*%°! was used to take into account
solvent effects (CH2Clz). For computational sav-
ings, the -OMe and -NiPr fragments were replaced
by -OH and -NH groups. Geometry relaxations of
the singlet (ground state) and triplet (excited state)
states were per-formed and carefully checked by
the calculation of the vibrational frequencies. The
general Adiabatic Hessian approach (AH)*? was
considered for estimating vibrational contribu-
tions into the computation of emission spectra.
Post-treatments were done using the Gaussview
and VMS packages.”~*> Horseshoe plots were re-
alized using an in house Python code.

Synthetic procedures of the proligands (HL)
1) Synthesis of the nitrobenzenamine derivatives

a) General procedure
N-isopropyl-o-nitro-anilines were prepared fol-
lowing the procedure reported by Biinzli er al>*
with slight modifications. In a high-pressure flask,
under argon atmosphere an excess (2.1 eq) of iso-
propyl amine (used as base and reagent) were
added to a solution of the nitrohaloarenes (1 eq) in
DMSO. The solutions were heated at 60 °C over-
night and let cool to RT, extracted with diethy-
lether and washed with water to remove DMSO.
Purified by flash chromatography (SiO2) in mix-
ture CH2ClLo/CsHio.



b) Detailed procedures
N-(1-methylethyl)-2-nitrobenzenamine 1: 1-
Fluoro-2-nitrobenzene (1.00 g 7.1 mmol), iso-
propylamine (0.88 g 14.9 mmol), and DMSO (3
mL). SiO2 (CH2Cl2/CsHi2 7:3). Orange liquid
(1.00 g 79%) "H NMR (400 MHz, CDCl3) & 8.17
(dd, J=8.6,1.4 Hz, 1H), 8.01 (s, J=44.6 Hz, 1H),
7.41 (ddd, J = 8.6, 7.0, 1.5 Hz, 1H), 6.86 (d, J =
8.7 Hz, 1H), 6.60 (t, J = 7.8 Hz, 1H), 3.83 (hept, J
= 6.2 Hz, 1H), 1.33 (d, J = 6.3 Hz, 6H). 3C NMR
(101 MHz, CDCl3) 6 144.9, 136.2, 131.9, 127.2,
115.0, 114.3, 44.0, 22.8. MS (ESI) found m/z
180.95 calcd m/z 181.10 for CoH1"N20O2 [M+H]*.
Elemental analysis calcd for CoH12N20; caled C,
59.99; H, 6.71; N, 15.55 found. C,60.27; H;6.83
N, 15.61.

4,5-dichloro-N-(1-methylethyl)-2-nitroben-
zenamine 2: 1,2-Dichloro-4-fluoro-5-nitroben-
zene (1.00 g 4.8 mmol), isopropylamine (0.59 g
10.9 mmol) and DMSO (3 mL). Recrystalized
from CH2Clb. Orange crystals (1.16 g 97%) 'H
NMR (400 MHz, CDCls) 6 8.28 (s, 1H), 7.91 (s,
1H), 6.97 (s, 1H), 3.77 (dh, J = 12.8, 6.5 Hz, 1H),
1.34 (d, J = 6.4 Hz, 6H). 3C NMR (101 MHz,
CDCl3) 6 143.5, 141.3, 130.5, 128.1, 118.4, 115 4,
44.6, 22.7. MS (ESI) found m/z 248.93 calcd m/z
249.02 for CoH;oCl2N20O2 [M+H]*. Elemental
analysis calcd for CoH10ClaN20» caled C, 43.40;
H, 4.05; N, 11.25 found. C, 43.47; H,4.48; N,
11.56.

N-(1-methylethyl)-2-nitro-(4-trifluorome-
thyl)benzenamine 3: 4-Bromo-3-nitrobenzotri-
fluoride (1.00 g 3.7 mmol), isopropylamine (0.44
g 7.4 mmol) and DMSO (3 mL). Recrystalized
from CH2Cl. Yellow crystals (0.87 g 95%) 'H
NMR (400 MHz, CDCI3) ¢ 8.47 (d, J = 1.1 Hz,
1H), 8.22 (s, 1H), 7.60 (dd, J = 9.1, 2.1 Hz, 1H),
6.95 (d, J = 9.1 Hz, 1H), 3.88 (dh, J = 12.8, 6.4
Hz, 1H), 1.36 (d, J = 6.4 Hz, 6H). 3C NMR (101
MHz, CDCls) 6 146.2, 132.2, 132.2, 132.1, 132.1,
130.9, 127.8, 125.4, 125.3, 125.3, 125.3, 125.1,
122.5, 117.6, 117.3, 116.9, 116.6, 114.9, 44.5,
22.7. F NMR (376 MHz, CDCls) & -61.9. MS
(ESI) found m/z 248.98 calcd m/z 249.09 for
CioH12FsN2O> [M+H]*. Elemental analysis calcd
for CioH11F3N2O; caled C, 48.39; H, 4.47; N,
11.29 found. C, 47.98; H, 4.72; N, 11.08
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5-methoxy-N-(1-methylethyl)-2-nitrobenzena-

mine 4:2-Fluoro-4-methoxy-1-nitrobenzene (1.00
g 5.8 mmol), isopropylamine (0.72 g 12.2 mmol)
and DMSO (3 mL). SiO2 (CH2Cl»/CsHj2 9:1). Or-
ange liquid (1.17 g 95%) 'H NMR (400 MHz,
CDClz) 6 8.24 (s, 1H), 8.10 (d, J = 9.5 Hz, 1H),
6.18 (dd, J=9.5,2.2 Hz, 1H), 6.14 (d, J = 2.2 Hz,
1H), 3.84 (s, 3H), 3.77 (dh, J = 12.2, 6.2, 6.2 Hz,
1H), 1.31 (d, J= 6.3 Hz, 6H). *C NMR (101 MHz,
CDCl) 6 166.0, 147.0, 129.4, 126.4, 104.3, 95.6,
55.7,44.1,22.6. MS (ESI) found m/z 210.97 calcd
m/z 211.11 for CioH15sN2Os [M+H]*. Elemental
analysis calcd for C10H14N203 caled C, 57.13; H,
6.71; N, 13.33 found. C, 57.81; H, 6.62; N, 13.2

2) Synthesis of the 2-phenylbenzimidazole derivatives
a) General procedure for the 2-phenylbenzimidaz-
ole derivatives
Selected N-isopropyl-o-nitro-anilines (1 eq.) and
benzaldehydes (1 eq.) were dissolved in a mixture
of 2-ethoxyethanol/water 4:1 (5.4 mL/mmol of ni-
tro-aniline) and heated until dissolution. NaS>04
(3 eq.) was added to the mixture and refluxed
overnight.!? The reaction mixture was cooled to
r.t. and the product extracted with dichloro-
methane and purified over SiO».

b) Detailed procedures

HL!: N-(I1-methylethyl)-2-nitrobenzenamine!'?!
(0.50 g 2.8 mmol), benzaldehyde (0.294 g 2.8
mmol), Na2S204 (1.705 g 8.3 mmol) and 2-eth-
oxyethanol-water 4:1 (15 mL). SiO2 (cyclohex-
ane/ethyl acetate/EtsN; 64:35:1). White powder
(0.37 g 57%). '"H NMR (400 MHz, CDCl3) & 7.87
—7.81 (m, 1H), 7.68 — 7.60 (m, 3H), 7.54 — 7.47
(m, 3H), 7.33 — 7.26 (m, 2H), 4.83 (hept, / = 7.0
Hz, 1H), 1.66 (d, J = 7.0 Hz, 6H). '3C NMR (101
MHz, CDCl3) 6 153.6, 153.6, 143.6, 143.6, 133.6,
131.0, 130.9, 129.9, 129.6, 128.8, 122.5, 122.3,
122.3, 1204, 112.4, 49.0, 31.0, 21.6. HR-MS
(ESI) found m/z 237.13844 calcd m/z 237.13863
for Ci¢HisN2 [M+H]*. Elemental analysis calcd
for CieHisN2 caled. C, 80.31; H, 6.65; N, 11.53
found. Corresponding with the previous reports of
the compound'??

HL2: 4,5-dichloro-N-(1-methylethyl)-2-nitroben-
zenamine'! (0.53 g 2.1 mmol), benzaldehyde
(0.228 g 2.1 mmol), NaS204 (1.320 g 6.4 mmol)



and 2-ethoxyethanol-water 4:1 (15 mL).
Si02 (CH2Cl2/CsHi2/EtN; 89:10:1). Low temper-
ature crystallisation in ethyl acetate/cyclohexane.
White crystals (0.43 g 65%) 'H NMR (400 MHz,
CDClz) ¢ 7.89 (s, 1H), 7.71 (s, 1H), 7.65 — 7.59
(m, 2H), 7.54 (q, J = 3.5 Hz, 3H), 4.79 (hept, J =
6.8 Hz, 1H), 1.62 (d, J = 7.0 Hz, 6H). 3*C NMR
(101 MHz, CDCls) 6 155.7, 143.3, 132.8, 130.3,
130.2, 129.5, 129.0, 126.3, 126.2, 121.4, 113.5,
49.2, 31.0, 21.5. HRMS (ESI) found m/z
305.06038 calcd m/z 305.06068 for CisHi5sClaN2
[M+H]* Elemental analysis caled (%) for
Ci6H14CL N>, C, 62.96; H, 4.63; N, 9.18 found C,
62.76; H, 4.86; N, 9.12

HL3: N-(1-methylethyl)-2-nitro-(4-trifluorome-
thyl)benzenamine (0.58 g 2.3 mmol), benzalde-
hyde (0.249 g 2.3 mmol), NaxS>04 (1.443 g 7.0
mmol) and 2-ethoxyethanol-water 4:1 (15 mL).
Si02 (CH2Cl2/CsH12/EtN; 89:1:1). White powder
(0.62 g 87%). '"H NMR (400 MHz, CDCl3) & 8.10
(s, 1H), 7.71 (d, J = 8.6 Hz, 1H), 7.68 — 7.60 (m,
2H), 7.57 — 7.48 (m, 4H), 4.85 (hept, J = 7.0 Hz,
1H), 1.66 (d, J=7.0 Hz, 6H). 3C NMR (101 MHz,
CDCl3) 6 155.7,143.4, 135.7, 130.5, 130.4, 130.4,
130.3, 130.2, 130.0, 129.8, 129.7, 129.7, 129.5,
129.4, 129.3, 129.2, 129.2, 129.1, 129.1, 129.0,
126.3, 124.5, 119.2, 119.2, 118.1, 118.0, 118.0,
112.7, 112.7, 49.3, 49.2, 21.6. "F NMR (376
MHz, CDCI3) 6 -60.8. HRMS (ESI) found m/z
305.12567 calcd m/z 305.12601 for Ci7HicF3N2
[M+H]* Elemental analysis caled (%) for
C17H15F3N; caled C, 67.09; H, 4.98; N, 9.21 found
C, 66.92; H,491; N, 8.99.

HL* 5-methoxy-N-(1-methylethyl)-2-nitroben-
zenamine (0.24 g 1.1 mmol), benzaldehyde (0.120
g 1.1 mmol), Na>S>04 (0.693 g 3.4 mmol) and

2-ethoxyethanol-water 3:1 (10 mL). SiO> cyclo-
hexane/ethyl acetate/EtzN (59:40:1). White pow-
der (0.21 g 69%). '"H NMR (400 MHz, CDCl3) &
7.71 (d, J = 8.8 Hz, 1H), 7.65 — 7.59 (m, J = 6.5,
3.3 Hz, 2H), 7.53 - 7.45 (m, 2H), 7.08 (d, J = 2.3
Hz, 1H), 6.93 (dd, J = 8.8, 2.3 Hz, 1H), 4.78 (hept,
J =69 Hz, 1H), 3.90 (s, 3H), 1.62 (d, /= 7.0 Hz,
6H). 3C NMR (101 MHz, CDCl3) § 156.0, 153.2,
138.6, 134.2, 131.3, 129.5, 129.5, 128.7, 120.7,
110.6, 96.8, 56.1, 48.7, 21.3. HRMS (ESI) found
m/z  267.14910 caled m/z 267.14919 for
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C17H19N20 [M+H]*. Elemental analysis calcd (%)
for C17H13N20, C, 76.66; H, 6.81; N, 10.52 found
C,76.31;H, 6.71; N, 10.59.

HLS: N-(1-methylethyl)-2-nitrobenzenamine
(0.44 g 2.5 mmol), 4-(trifluoromethyl)benzalde-
hyde (0.427 g 2.5 mmol), Na>S>04 (1.507 g 7.4
mmol) and 2-ethoxyethanol-water 4:1 (15 mL).
Si0; (CH2Cl/CsHi2/EtsN; 89:10:1). Low temper-
ature crystallisation in ethyl acetate/cyclohexane.
White powder (0.44 g 59%)'H NMR (500 MHz,
CDCl3) 6 7.86 —7.82 (m, 1H), 7.78 (s, 4H), 7.67 —
7.63 (m, 1H), 7.36 — 7.28 (m, 2H), 4.77 (hept, J =
6.9 Hz, 1H), 1.67 (d, J = 7.0 Hz, 6H). *C NMR
(126 MHz, CDCls) 6 152.0, 143.9, 134.8, 134.8,
133.7, 132.1, 131.9, 131.6, 131.4, 130.0, 127.2,
125.8, 125.8, 125.8, 125.7, 125.1, 122.9, 122.5,
120.7, 120.7, 112.6, 49.2, 21.6. '°’F NMR (470
MHz, CDCls) 6 -62.8 HRMS (ESI) found m/z
305.12556 caled m/z 305.12601 for Ci7HisFsN2
[M+H]*. Elemental analysis caled (%) for
C17HisFsN», C, 67.10; H, 4.97; N, 9.21 found C,
66.78; H, 5.13; N, 9.13.

HLS: N-(1-methylethyl)-2-nitrobenzenamine
(0.57 g 3.1 mmol), 4-methoxybenzaldehyde
(0.428 g 3.1 mmol), NaS204 (1.930 g 9.4 mmol)
and 2-ethoxyethanol-water 4:1 (15 mL). SiO> (cy-
clohexane/ethyl acetate/EtsN; 64:35:1). White
powder (0.32 g 38%). 'H NMR (400 MHz, CDCl5)
67.85-7.76 (m, 1H), 7.65 —7.54 (m, 3H), 7.30 —
7.22 (m, 2H), 7.08 — 6.98 (m, 2H), 4.84 (hept, J =
7.0 Hz, 1H), 3.88 (s, 3H), 1.65 (d, /= 7.0 Hz, 6H).
13C NMR (101 MHz, CDCl3) § 160.8, 153.7,
143.9, 133.7, 131.0, 123.4, 122.1, 122.0, 120.2,
114.2, 112.3, 55.5, 48.8, 21.5. HRMS (ESI) found
m/z  267.14899 caled m/z 267.14919 for
C17H19N20 [M+H]*. Elemental analysis calcd for
Ci7H1sN2O caled C, 76.66; H, 6.81; N, 10.52
found C, 77.23; H, 6.93; N, 10.55. Corresponding
with the previous reports of the compound'®?

HL’7: N-(1-methylethyl)-2-nitro-(4-trifluorome-
thyl)benzenamine (0.30 g 1.2 mmol), 4-(trifluoro-

methyl)benzaldehyde (0.209 g 1.2 mmol),
Na»S»204 (0.738 g 3.6 mmol) and 2-ethoxy-
ethanol-water 4:1 (10 mL). Si02

(CH2ClL/CsH12/EtzN; 89:10:1). Low temperature
crystallisation in ethyl acetate/cyclohexane as pale



greenish crystals (0.22 g 50%) 'H NMR (400
MHz, CDCl3) ¢ 8.17 (s, 1H), 7.89 — 7.79 (m, 4H),
7.76 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 8.8 Hz, 1H),
4.83 (hept, J = 6.8 Hz, 1H), 1.71 (d, J = 6.8 Hz,
6H). 3C NMR (101 MHz, CDCls) § 153.4, 141.7,
135.1, 132.9, 132.8, 132.6, 130.2, 126.2, 126.2,
126.1, 126.1, 126.0, 125.1, 123.3, 122.4, 120.3,
120.3, 120.2, 117.9, 117.9, 117.8, 113.2, 49.9,
21.7. YF NMR (376 MHz, CDCl3) & -61.0, -63.0.
HRMS (ESI) found m/z 373.11299 calcd
373.11339 for CisHisFsN2 [M+H]*. Elemental
analysis calcd for C1sH14FsN2 caled C, 58.07; H,
3.79; N, 7.52 found C, 58.65; H, 3.69; N, 7.55.

HL3: 5-methoxy-N-(1-methylethyl)-2-nitroben-
zenamine (0.50 g 2.4 mmol), 4-methoxybenzalde-
hyde (0.325 g 2.4 mmol), NaxS>04 (1.248 g 7.2
mmol) and 2-ethoxyethanol-water 4:1 (15 mL).
SiO> (cyclohexane/ethyl acetate/EtzN; 59:40:1).
White powder (0.32 g 46%). '"H NMR (400 MHz,
CDCl3) 6 7.68 (d, J = 8.8 Hz, 1H), 7.60 — 7.52 (m,
2H), 7.07 (d, J=2.3 Hz, 1H), 7.06 — 6.99 (m, 2H),
6.92 (dd, J = 8.8, 2.3 Hz, 1H), 4.78 (hept, J = 7.0
Hz, 1H), 3.89 (d, /= 9.2 Hz, 6H), 1.62 (d, /= 7.0
Hz, 6H). 3C NMR (101 MHz, CDCls) & 160.7,
155.8, 153.2, 138.6, 134.2, 130.9, 123.6, 120.5,
114.2, 110.4, 96.9, 56.2, 55.5, 48.6, 21.3. HRMS
(ESI) m/z found 297.15924 calcd m/z 297.15975
for C1sH21N202 [M+H]*. Elemental analysis calcd
for C1sH20N20; calcd C, 72.95; H, 6.80; N, 9.45,
found C, 72.70; H, 6.69; N, 9.36.

HL®: N-(1-methylethyl)-2-nitro-(4-trifluorome-
thyl)benzenamine (0.52 g 2.1 mmol), 4-methox-
ybenzaldehyde (0.286 g 2.1 mmol), Na»S>04
(1.292 g 6.3 mmol) and 2-ethoxyethanol-water
4:1 (15 mL). SiO; (CH2Cl2/CsH12/Et3N; 89:10:1).
Low temperature crystallisation in ethyl ace-
tate/cyclohexane as beige crystals (0.46 g 65%) 'H
NMR (400 MHz, CDCl3) & 8.06 (s, 1H), 7.68 (d, J
=8.5 Hz, 1H), 7.57 (d, J = 8.5 Hz, 2H), 7.48 (d, J
=8.5Hz, 1H), 7.04 (d, J = 8.3 Hz, 2H), 4.85 (hept,
J=69 Hz, 1H), 3.87 (s, 3H), 1.64 (d, J = 6.8 Hz,
6H). >3C NMR (101 MHz, CDCl3) § 161.1, 155.7,
143.4, 135.7, 130.9, 130.6, 129.0, 126.3, 125.0,
124.6, 124.3, 124.0, 123.6, 122.6, 120.9, 118.9,
1189,117.7,117.7,114.4,112.5, 55.5,49.1, 21.5.
YFNMR (376 MHz, CDCl3) 6 -60.8. HRMS (ESI)
found m/z 335.13603 calcd m/z 335.13657 for
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CisHisF3N2O [M+H]*. Elemental analysis calcd
for C1sH17F3N>0 calcd C, 64.66; H, 5.13; N, 8.38;
found 64.73; H, 5.27; N, 8.51

HL!%: 5-methoxy-N-(1-methylethyl)-2-nitroben-
zenamine (0.54 g 2.6 mmol), 4-(trifluorome-
thyl)benzaldehyde (0.447 g 2.6 mmol), Na2S204
(1.578 g 7.2 mmol) and 2-ethoxyethanol-water
4:1 (15 mL). SiO2 (CH2Cl2/CsHjz. 9:1). Low tem-
perature crystallisation in ethyl acetate/cyclohex-
ane as white crystals (0.63 g 73%). '"H NMR (400
MHz, CDCI3) 6 7.81 — 7.74 (m, 4H), 7.72 (d, J =
8.8 Hz, 1H), 7.09 (s, 1H), 6.96 (d, /= 8.8 Hz, 1H),
4.74 (hept, J = 6.8 Hz, 1H), 3.91 (s, 3H), 1.66 (d,
J = 6.8 Hz, 6H). 3C NMR (101 MHz, CDCl3) 8
156.4, 151.5, 138.6, 134.4, 130.0, 125.8, 125.8,
125.8, 121.0, 111.2, 96.8, 56.2, 49.0, 21.4. °F
NMR (376 MHz, CDCl3) & -62.8. HRMS (ESI)
found m/z 335.13624 calcd m/z 335.13657 for
Ci1sHisF3N2O [M+H]*. Elementary analysis calcd
for C1sH17F3N>0 calcd C, 64.66; H, 5.13; N, 8.38;
found C, 64.50; H, 5.22; N, 8.54

Synthesis of the complexes

a) General procedure

From the compounds HL! — HL!®, The chloro-
bridged Ir(IIT) dimers [Ir(L)2(u-Cl)]> were synthe-
sized following the method of Watts®, an excess
(2.5-3 eq.) of ligand HL. and IrCl3-xH>O were re-
fluxed overnight in a mixture of 2-ethoxy-
ethanol/H2O (3:1). Atr.t., water was added and the
precipitate were filtered off, washed heavily with
water, then with MeOH and EtO. After drying,
the crude products were used without further puri-
fication. The chloro-bridged dimers and 4,4'-di-
methyl-2,2"-dipyridyl were dissolved/suspended
in a mixture CH2CIo»/MeOH 1:1 and refluxed over-
night. The mixture was cooled to r.t. and reduced
to Y4 of the volume, a saturated solution of KPFs
(aq.) was added until precipitation and stirred 5-10
min. The precipitated was filtrated and purified
over pre-treated SiO, with EtN with
CHzClz/acetone or CH2Cl2/MeOH as eluent.

b) Detailed procedures
IrL1;: HL! (0.133 g 0.6 mmol), IrCl3-xH20 (0.08
g 0.2 mmol) and 2-ethoxyethanol/H>O 3:1 (6 mL),
crude. [Ir(LY2(u-CD]2 (0.057 g 0.01 mmol), 4,4'-
dimethyl-2,2"-dipyridyl (0.015 g 0.01 mmol) and



CH2Cl12/MeOH 1:1 (10mL). SiO2 (CH2Cl2/C3HeO
9:1) bright orange crystals (48 mg, 60%) were ob-
tained upon slow diffusion of diisopropylether in
C,H4Cl. 'TH NMR (500 MHz, CD>Cl») & 8.20 (s,
1H), 7.91 (d, J = 5.6 Hz, 1H), 7.84 (d, J = 7.9 Hz,
1H), 7.69 (d, J = 8.4 Hz, 1H), 7.28 — 7.19 (m, 2H),
7.12-7.05(t,,J=7.1Hz 1H), 6.93 (t, J = 7.7
Hz, 1H), 6.84 (td, J = 7.5, 1.0 Hz, 1H), 6.31 (d, J
=6.9 Hz, 1H), 5.81 (d, J = 8.3 Hz, 1H), 5.73 (hept,
7.0 Hz, 1H), 2.59 (s, 3H), 1.83 (dd, /= 6.9, 3.9 Hz,
6H). 3C NMR (126 MHz, CD2Cl,) 8 163.5, 156.9,
153.2, 151.9, 151.2, 140.7, 134.9, 134.2, 134.0,
130.9, 129.1, 126.1, 124.9, 124.3, 123.4, 122.7,
115.1, 114.7, 50.7, 22.0, 21.8. 3'P NMR (202
MHz, CD:Cl>) 6 -133.9, -137.4, -140.9, -140.9, -
140.9, -144.4, -144.4, -144.5, -147.9, -147.9, -
148.0, -151.4, -155.0. F NMR (470 MHz,
CD:Clp) 6 -72.5, -74.0. HRMS (ESI) found m/z
847.30771 calcd m/z 847.30974 for CssHa2IrNe
[M-PFs]*. Elemental Analysis caled (%) for
CuHaoFeIrNgP-CoH4CL, C, 50.26; H, 4.25; N,
7.70, found C, 51.08; H, 4.27; N, 8.22

IrL?: HL2 (0.114 g 0.06 mmol), IrCl3-xH>O (0.05
g 0.2 mmol) and 2-ethoxyethanol/H,O (6 mL),
crude. [Ir(L2)2(u-CD]2 (0.10 g 0.01 mmol), 4,4'-
dimethyl-2,2"-dipyridyl (0.022 g 0.01 mmol) and
CH2CI/MeOH 1:1 (10mL). Pale yellow powder
(136 mg, 99%) was obtained after precipitation
and washed with MeOH and diethylether. 'H
NMR (500 MHz, CD:Cl,) & 8.27 (s, 1H), 7.91 (d,
J=5.6Hz, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.80 (s,
1H), 7.34 (d, J=4.9 Hz, 1H), 7.17 - 7.08 (m, 1H),
6.90 (td,/=7.5,1.0Hz, 1H), 6.32(dd, J=7.7,0.8
Hz, 1H), 5.69 (hept, J = 13.6, 6.7 Hz, 1H), 5.61 (s,
1H), 2.64 (s, 3H), 1.81 (dd, J = 7.0, 1.6 Hz, 6H).
13C NMR (126 MHz, CD,Cl) § 165.6, 156.9,
153.2, 152.7, 151.5, 139.9, 134.2, 134.0, 133.2,
131.7, 129.2, 128.6, 127.3, 126.7, 125.3, 123.2,
116.1,115.7,51.2,22.0,21.8, 21.8. 3'P NMR (202
MHz, CD:CL) 6 -133.9, -137.4, -140.9, -144 .4, -
147.9, -151.4, -155.0. '"F NMR (470 MHyz,
CD2CL2) 6 -72.4, -73.9. HRMS (ESI) found m/z
983.15088 calcd m/z 983.15155 for C44H3sClsIrNe
[M-PFs]*. Elemental Analysis caled (%) for
Cu4H33ClsFsIrNeP, C, 46.77; H, 3.39; N, 7.44;
found C, 46.80; H, 3.33; N, 7.65.
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IrL3;: HL? (0.246 g 0.08 mmol), IrClzxH.O
(0.115 g 0.04 mmol) and 2-ethoxyethanol/H>0 (6
mL), crude. [Ir(L3)2(u-CD]2 (0.060 g 0.01 mmol),
4,4'-dimethyl-2,2"-dipyridyl (0.013 g 0.01 mmol)
and CHxCl/MeOH 1:1 (10mL). SiO2
(CH2Cl2/C3H6O 9/1) and isolated as yellow pow-
der (41 mg, 50%) '"H NMR (500 MHz, CD,Cl») &
8.21 (s, 1H),7.97 (d,J=5.6 Hz, 1H), 7.89 (d, J =
8.0 Hz, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.48 (d, J =
8.7Hz, 1H), 7.33 (d,J=5.5Hz, 1H), 7.14 (t, J =
7.6 Hz, 1H), 6.90 (t, / =7.5 Hz, 1H), 6.33 (d, J =
7.6 Hz, 1H), 5.84 -5.70 (m, 2H), 2.61 (s, 3H), 1.85
(dd, J = 6.8, 5.0 Hz, 6H). 3C NMR (126 MHz,
CD2Cly) 6 165.8, 157.0, 153.4, 152.8, 151.7,
140.1, 136.1, 134.2, 134.1, 131.8, 129.2, 127.8,
126.8, 126.5, 126.2, 126.0, 125.6, 125.1, 123 .4,
123.2, 121.3, 120.2, 120.2, 115.2, 112.4, 112.4,
112.3,112.3,51.3,22.1,21.8,21.7.3'P NMR (202
MHz, CD:Cl,) 6 -133.9, -137.4, -141.0, -144.5, -
148.0, -151.5, -155.0. "F NMR (470 MHyz,
CDCly) 6 -62.0, -72.7, -74.2. HRMS (ESI) found
m/z  983.28155 caled m/z 983.28453 for
Ca6HaoFeIrNe [M-PFs]*. Elemental Analysis calcd
(%) CacHaoF12IrNgP calcd C, 48.97; H, 3.58; N,
7.45, found C, 49.09; H, 3.42; N, 7.62

IrL%: HL* (0.219 g 0.08 mmol), IrClsxH>O
(0.117 g 0.04 mmol) and 2-ethoxyethanol/H>0 (6
mL), crude. [Ir(L*)>(u-CD]2 (0.085 g 0.01 mmol),
4.,4'-dimethyl-2,2"-dipyridyl (0.021 g 0.01 mmol)
and CHxCl,/MeOH 1:1 (10mL). SiO:
(CH2CI2/C3H6O/EtsN 89:10:1) isolated as bright
yellow/orange powder (63 mg, 53%) 'H NMR
(500 MHz, CD2Cl») 6 8.32 (s, 1H), 7.98 (d,/=5.6
Hz, 1H), 7.80 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 9.1
Hz, 1H), 7.27 (dd, J=5.6,0.9 Hz, 1H), 7.12 -7.03
(m, 1H), 6.90 - 6.78 (m, 2H), 6.35(dd, J=7.7,0.9
Hz, 1H), 5.67 (hept, J = 13.8, 6.8 Hz, 1H), 5.27 (d,
J =2.4 Hz, 1H), 3.23 (s, 3H), 2.56 (s, 3H), 1.80
(dd, J = 6.9, 2.8 Hz, 6H). 3C NMR (126 MHz,
CD:Cly) 6 163.11,157.47,157.18, 152.72, 151.95,
151.41, 141.73, 135.02, 134.24, 130.70, 128.98,
128.19, 125.73, 125.11, 122.74, 115.08, 113.56,
96.93, 55.55, 50.60, 22.19, 21.93, 21.57, 1.32.3'P
NMR (202 MHz, CD:Cl») 6 -133.86, -137.37, -
140.88, -144.39, -147.91, -151.42, -154.93. '°F
NMR (470 MHz, CD.Clp) & -72.37, -73.88.
HRMS (ESI) found m/z 907.32846 calcd m/z
907.33089 for C46HusIrNeO2 [M+PFs]*. Elemental



Analysis caled (%) for CacHasFslrNsO2P, C,
52.51; H, 4.41; N, 7.99, found C, 52.75; H, 4.59;
N, 8.11.

IrL5;: HL? (0.235 g 0.8 mmol), IrCl3-xH2O (0.11
g 0.4 mmol) and 2-ethoxyethanol/H,O (6 mL),
crude. [Ir(LY)2(u-CD]2 (0.093 g 0.01 mmol), 4,4'-
dimethyl-2,2'-dipyridyl (0.021 g 0.01 mmol) and
CH>Cl2/MeOH 1:1 (10mL). SiOs
(CH2C12/C3H6O/Et3N 89:10:1) and isolated as yel-
low powder (67 mg 54%). '"H NMR (500 MHz,
CD2Cl2) 6 8.29 (d,J=6.3Hz, 1H),7.91 (d,J=8.3
Hz, 1H), 7.83 (d, J=5.6 Hz, 1H), 7.75 (d, /= 8.4
Hz, 1H), 7.38 — 7.22 (m, 3H), 7.00 (t, J = 7.8 Hz,
1H), 6.36 (s, 1H), 5.84 (d, J = 8.3 Hz, 1H), 5.68
(hept, J = 6.7 Hz, 1H), 2.62 (s, 1H), 1.85 (dd, J =
40.6, 6.9 Hz, 6H) 3C NMR (126 MHz, CD,Cl) &
162.1, 156.9, 152.9, 152.7, 151.3, 140.4, 138.6,
133.9, 131.9, 131.6, 131.4, 131.1, 129.4, 129.4,
129.4, 127.4, 126.0, 125.3, 125.2, 125.2, 124.4,
123.0, 120.9, 120.0, 119.9, 115.3, 114.9, 51.3,
21.9,21.8,21.7.3'P NMR (202 MHz, CD2Cl) & -
133.9, -137.4, -140.9, -144.4, -147.9, -151.4, -
155.0. F NMR (470 MHz, CD.CL) & -63.5, -
72.4, -73.9. HRMS (ESI) found m/z 983.28156
caled m/z 983.28453 for CasHaoFsIrNe [M-PF¢]*.
Elemental Analysis calcd (%) CasHaoF12IrNeP, C,
48.97; H, 3.58; N, 7.45, found C, 48.88; H, 3.50;
N, 7.69

IrLS;: HL® (0.259 g 1.0 mmol), IrCl3-xH>O (0.138
g 0.5 mmol) and 2-ethoxyethanol/H,O (6 mL),
crude. [Ir(L%)>(u-CD)]» (0.085 g 0.01 mmol), 4,4'-
dimethyl-2,2"-dipyridyl (0.021 g 0.01 mmol) and
CH2Clo/MeOH 1:1 (10mL). SiO,
(CH2C12/C53H6O/Et3N 89:10:1) isolated as orange
powder (63 mg 53%) 'H NMR (500 MHz,
CD2CD) 6 8.19 (s, 1H), 7.93 (d, J = 5.6 Hz, 1H),
7.79 (d, J = 8.8 Hz, 1H), 7.64 (d, J = 8.3 Hz, 1H),
7.26 (d, J =5.5 Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H),
6.91 (t, J=7.8 Hz, 1H), 6.65 (dd, J = 8.8, 2.6 Hz,
1H), 5.79 (d, J = 8.2 Hz, 1H), 5.76 (d, J = 2.6 Hz,
1H), 5.64 (hept, J= 6.7 Hz, 1H), 3.39 (s, 3H), 2.59
(s, 3H), 1.81 (dd, J = 20.2, 6.9 Hz, 6H). 13C NMR
(126 MHz, CD:Cl,) & 163.6, 161.4, 156.9, 155.9,
151.9, 151.3, 140.7, 133.8, 129.1, 127.5, 127.3,
124.8, 124.1, 123.0, 118.7, 114.7, 114.2, 108.7,
55.0, 50.5, 21.9, 21.8, 21.7. 3'P NMR (202 MHz,
CD2CL) 6 -133.9,-137.4,-140.9, -144.4, -147.9, -
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151.5, -155.0. '°F NMR (470 MHz, CD2Cl,) § -
72.5, -74.1. HRMS (ESI) found m/z 907.32826
caled m/z 907.33089 for CasHaslrNsO2 [M-PF¢]*.
Elemental Analysis calcd (%) for
CusHasFsIrNsO2P, C, 52.51; H, 4.41; N, 7.99,
found C, 52.35; H, 4.39; N, 8.06.

IrL7;: HL7 (0.233 g 0.6 mmol), IrCl3-xH>O (0.089
g 0.3 mmol) and 2-ethoxyethanol/H,O (6 mL),
crude. [Ir(L7)2(u-CD]2 (0.084 g 0.01 mmol), 4,4'-
dimethyl-2,2'-dipyridyl (0.016 g 0.01 mmol) and
CH2Cl2/MeOH 1:1 (10mL). SiO> (CH2Cl>»/MeOH
95:5) and isolated as bright yellow powder (95 mg
87%). "H NMR (500 MHz, CD2Cl») § 8.32 (s, 1H),
8.00 (d, J=8.2 Hz, 1H), 7.94 — 7.86 (m, 2H), 7.56
(dd, J=8.8,0.8 Hz, 1H), 7.42 — 7.34 (m, 2H), 6.38
(s, 1H), 5.80 (s, 1H), 5.75 (hept, J = 7.0 Hz, 1H),
2.64 (s, 3H), 1.87 (dd, J = 30.1, 6.9 Hz, 6H). 13C
NMR (126 MHz, CD-Cl,) 6 164.4, 156.9, 153.6,
152.9, 151.8, 139.8, 137.8, 137.8, 136.0, 132.4,
132.1, 131.9, 129.5, 129.4, 129.3, 129.3, 129.3,
127.6, 127.5, 127.2, 127.2, 127.0, 126.8, 126.7,
125.5, 125.4, 125.0, 123.2, 122.9, 121.2, 121.2,
121.1, 120.7, 1204, 120.4, 120.4, 115.8, 112.7,
112.7, 112.6, 112.6, 51.8, 22.0, 21.7, 21.7. 3'P
NMR (202 MHz, CDxCly) 6 -133.9, -137.4, -
140.9, -144.4, -147.9, -151.5, -155.0. '°F NMR
(470 MHz, CD2Cl,) & -62.2, -63.6, -72.5, -74.0.
HRMS (ESI) found m/z 1119.25818 calcd m/z
1119.25932 for CigHssF12IrNg [M-PFs]* Ele-
mental Analysis calcd (%) for CagH3sFisIrNeP, C,
45.60; H, 3.04; N, 6.65; found C, 45.59; H, 3.17;
N, 6.54.

IrL3;: HL2 (0.135 g 0.5 mmol), IrCl3-xH>O (0.065
g 0.2 mmol) and 2-ethoxyethanol/H,O (6 mL),
crude. [Ir(L3)2(u-CD]2 (0.077 g 0.1 mmol), 4,4'-
dimethyl-2,2'-dipyridyl (0.017 g 0.1 mmol) and
CH2Cl2/MeOH 1:1 (10mL). SiO2 (CH2Cl/MeOH
95:5) Bright orange crystals (71 mg, 67%) were
obtained upon slow diffusion of diisopropylether
in C;H4Cl. 'H NMR (500 MHz, CD2Cl>) & 8.20
(s, 1H), 792 (d, J = 5.6 Hz, 1H), 7.74 (d, J = 8.8
Hz, 1H), 7.25 (dd, J = 5.6, 0.9 Hz, 1H), 7.08 (d, J
=2.3Hz, 1H), 6.63 (dd, J = 8.8, 2.7 Hz, 1H), 6.54
(dd, J=9.0,2.3 Hz, 1H), 5.78 (d, J/ = 2.6 Hz, 1H),
5.65 (d, J = 9.0 Hz, 1H), 5.60 (hept, J = 6.8 Hz,
1H), 3.80 (s, 1H), 3.43 (s, 1H), 2.59 (s, 1H), 1.79
(dd, J = 17.3, 7.0 Hz, 1H). 3C NMR (126 MHz,



CD2CL) 6 163.0, 161.1, 1569, 156.5, 155.3,
151.8, 151.3, 135.1, 134.5, 129.0, 127.7, 127.0,
124.8,118.7,115.2,112.4, 108.3, 98.5, 56.5, 55.1,
50.2, 21.8, 21.7, 21.5. 3'P NMR (202 MHz,
CD.Clp) 6 -133.9, -137.4, -140.9, -144 .4, -147 .9, -
151.5, -155.0. 'F NMR (470 MHz, CD>CL) § -
72.5, -74.0 HRMS (ESI) found m/z 965.34932
caled m/z 965.34940 for C4sHs5004IrNe [M-PF¢]*
Elemental Analysis calcd (%) for
C48Hs0FsIrNsO4P calcd C, 51.84; H, 4.53; N, 7.56,
found C, 51.61; H, 4.46; N, 7.75

IrL®%2: HL? (0.198 g 0.6 mmol), IrCl3-xH20O (0.084
g 0.3 mmol) and 2-ethoxyethanol/H>O (6 mL),
crude. [Ir(L?)2(u-CD]2 (0.090 g 0.1 mmol), 4,4'-
dimethyl-2,2'-dipyridyl (0.019 g 0.1 mmol) and
CH>Cl2/MeOH 1:1 (10mL). SiO, (CH2Cl,/MeOH
95:5) isolated as bright yellow powder (116 mg,
96%). '"H NMR (500 MHz, CD>Cl,) 5 8.18 (s, 1H),
8.01 (d, J=5.6 Hz, 1H), 7.84 (d, J = 9.0 Hz, 1H),
7.75 (d, J = 8.7 Hz, 1H), 7.43 (dd, /= 8.9, 1.2 Hz,
1H), 7.34 (dd, J = 5.6, 0.9 Hz, 1H), 6.70 (dd, J =
8.9,2.6 Hz, 1H), 5.79 (d, J = 2.6 Hz, 1H), 5.74 (s,
1H), 5.67 (hept, J=7.0 Hz, 1H), 3.47 (s, 3H), 2.61
(s, 3H), 1.82 (dd, J = 6.9, 3.7 Hz, 6H). >*C NMR
(126 MHz, CD:Cly) 6 165.77, 162.00, 156.95,
155.94, 152.68, 151.78, 140.18, 135.99, 133.18,
129.23, 128.29, 126.48, 124.98, 119.87, 119.85,
119.82, 119.07, 114.81, 111.85, 111.82, 111.78,
109.21, 108.72, 55.22, 51.02, 22.02, 21.73,
21.72.3'P NMR (202 MHz, CD>Cly) & -137.46, -
140.98, -144.49, -148.00, -151.51. "F NMR (470
MHz, CD>Cl) & -61.95, -72.69, -74.20. HRMS

(ESI) found m/z 1043.30569 caled m/z
1043.30489 for CasHausFsO2IrNg [M-PF¢]* Ele-
mental Analysis calcd (%) for

C4sHuaF12IrN6O2P-CH30H, C, 48.52; H, 3.74; N,
7.07 found C, 47.87; H, 3.70; N, 7.24

IrL1%: HL!" (0.235 g 0.7 mmol), IrCl3xH.O
(0.100 g 0.3 mmol) and 2-ethoxyethanol/H>O (6
mL), crude. [Ir(L!%)(u-CD)]> (0.100 g 0.1 mmol),
4,4'-dimethyl-2,2'-dipyridyl (0.021 g 0.1 mmol)
and CHxCl/MeOH 1:1 (10mL). SiO:
(CH2C12/MeOH 95:5) isolated as bright yellow
powder (133 mg 77%). '"H NMR (500 MHz,
CD2Cl2) 6 8.30 (s, 1H), 7.86 (d, J = 8.4 Hz, 1H),
7.82(d,J=5.6 Hz, 1H), 7.32 (dd, /= 8.3, 1.3 Hz,
1H),7.27 (dd, J=5.6,0.8 Hz, 1H), 7.14 (d, J=2.3
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Hz, 1H), 6.63 (dd, J = 9.1, 2.4 Hz, 1H), 6.38 (d, J
=1.5Hz, 1H), 5.69 (d, J=9.0 Hz, 1H), 5.63 (hept,
J=6.9 Hz, 1H), 3.84 (s, 3H), 2.62 (s, 3H), 1.86 (d,
J=7.0Hz,3H), 1.79 (d, J=7.0 Hz, 3H). C NMR
(126 MHz, CD2Cl») 6 161.3, 157.4, 156.8, 152.6,
152.3, 151.3, 139.0, 139.0, 134.8, 134.8, 131.4,
131.2, 131.0, 130.7, 129.3, 129.3, 127.5, 125.4,
125.3, 125.3, 123.1, 119.9, 119.9, 119.9, 119.8,
115.9, 114.1, 98.4, 56.5, 50.9, 21.8, 21.6, 21.5.3'P
NMR (202 MHz, CD.Cl) & -133.9, -137.4, -
140.9, -144.4, -147.9, -151.4, -154.9. ’F NMR
(470 MHz, CDCl) 6 -63.3, -72.3, -73.8. HRMS
(ESI) found wm/z 1043.30269 caled m/z
1043.30569 for CssHa4FslrNeO2 [M+PFs]*. Ele-
mental Analysis calcd (%) for C4gH44F12IrN6sO2P,
C,48.52;H, 3.74; N, 7.07 found C, 48.55; H, 3.59;
N, 7.32
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SYNOPSIS TOC: We investigate a new family of cationic irid-
ium(IIT) complexes featuring 2-phenylbenzimidazole cyclometallating ligand and 4,4’-dimethyl-2,2’-bipyridine ancillary lig-
and. The complexes have been fully characterized by 'H and '*C NMR spectroscopy, HRMS. In addition, we have performed
a study of their emission properties supported by accurate theoretical calculations.
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