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ABSTRACT: Five cationic iridium(IIT) complexes with fluorinated cyclometalating tetrazole ligands [Ir(dfptrz),L]", where Hdfptrz
= 5-(2,4-difluorophenyl)-2-methyl-2H-tetrazole and L = 2,2’-bypiridine (1F), 4,4’-di-tert-butyl-2,2’-bipyridine (2F), 1,10-phenant-
roline (3F), 4,4’-bis(dimethylamino)-2,2"-bipyridine (4F), and tert-butyl isocyanide (5F) were prepared following a one-pot synthetic
strategy based on a bis-cyclometalated solvato-complex obtained via silver(I)-assisted cyclometalation, which was then reacted with
the proper ancillary ligand to get the targeted complexes. The X-ray crystal structures of 2F and 4F were determined, showing that
the tetrazole ligands are in a #ans arrangement with respect to the iridium center. Electrochemical and photophysical properties,
along with density functional theory calculations, allowed a full rationalization of the electronic properties of 1F—SF. In acetonitrile
solution at 298 K, complexes 1F—3F, equipped with bipyridine and phenanthroline ligands, exhibit strong vibronically structured
luminescence bands in the blue region with photoluminescence quantum yields (PLQYSs) in the range 56—76%. This behavior is
radically different from the non-fluorinated analogues reported previously, which emit in the green region from *MLCT excited states.
4F shows relatively strong emission (PLQY = 40%) of charge transfer character centered on the amino-bipyridine ancillary ligand,
whereas the emission of 5F is very weak (PLQY = 0.6%), further blue-shifted and attributed to the lowest ligand-centered (*LC)
triplet state of the tetrazolyl cyclometalated moiety. A similar photophysical behavior is observed in PMMA at 298 K, while in 77-K
matrix all of the compounds are strong emitters. This novel fluorinated phenyl-tetrazole cyclometalating ligand provides the corre-
sponding iridium(IIT) complexes with a combination of excited-state energy and redox potentials that make them very promising as
photoredox catalysts.

mainly because such complexes do not possess sufficiently high
photoluminescence quantum yields or exhibit unsatisfactory

m INTRODUCTION

Among the many families of coordination compounds
based on transition metals, cyclometalated iridium(IIl) com-
plexes play a very important role in different applications'
thanks to their remarkable chemical and thermal stability as
well as unique luminescence properties. These compounds may
exhibit emission colors across the entire chromatic scale,?* with
typically very high emission quantum yields.> ¢ Accordingly,
cyclometalated iridium(IIl) complexes are commonly used as
pH sensors,” probes for biological and optical imaging, * tools
for medical diagnostics,” '° photocatalysts''"* and photosensi-
tizers in outer-sphere electron transfer reactions.' Probably,
their most popular application is serving as emissive dopants in
multicolor electroluminescent displays based on organic light
emitting diodes (OLEDs)"® and light-emitting electrochemical
cells (LECs).'*"® In fact, many examples of highly efficient irid-
ium-based phosphors displaying green and red emission are
known and even used in commercial applications." On the con-
trary, suitable blue-emitting analogues are not readily available,

Commission International de 1'Eclairage (CIE) color coordi-
nates. -2

In order to obtain blue iridium(III) emitters, several strate-
gies can be implemented." "> '® One of the most effective ap-
proaches is the stabilization of the HOMO, which can be ob-
tained by different strategies: (i) addition of electron-withdraw-
ing groups, typically fluorine, to the aryl moiety of the cy-
clometalated ligand;?' (ii) reduction of the ring size of the aro-
matic N-heterocycle and increase of the number of nitrogen at-
oms.*> % The latter approach has been well investigated and
several examples of iridium(III) complexes with cyclometalat-
ing ligands entailing 5-membered nitrogen heterocycles have
been reported (e.g., 1-aryl-1,2-pyrazoles,* phenyl imidazoles,”
and even few types of aryl triazoles, like 5-aryl-1,2,4- triazoles®®
and aryl-1,2,3-triazoles).”’

In this context, we designed and synthesized the first series
of iridium(IIT) complexes bearing a phenyl-tetrazole derivative



as cyclometalating ligand (i.e., Hptz = 2-methyl-5-phenyl-2 H-
tetrazole).”® Such complexes are reported in Chart 1 for the sake
of comparison (i.e., IH-3H and 5H). The emission of this fam-
ily of

Chart 1. Tetrazole-Based Cyclometalated Iridium(III)
Complexes Investigated in the Present Work (1F-5F) and in
our Previous Publication (1H-3H and 5H).?
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compounds is shifted to the blue region, if compared to cationic
iridium(IIT) complexes equipped with the same ancillary lig-
ands in combination with the more common 2-phenylpyridine
(i.e., Hppy) or 2-(2,4-difluorophenyl)pyridine (i.e., Hdfppy) as
cyclometalating units.”® Notably, 1H-3H were known to

display the highest-energy *"MLCT emission ever reported for
fluorine-free cationic cyclometalated iridium(I1l) complexes.?®
Avoiding the use of fluorine substituents is a key feature to ob-
tain stable blue-emitting electroluminescent devices, because
the presence of C(sp*)—F bonds normally leads to complex deg-
radation under the device operating conditions.”>' Anyhow, it
must be emphasized that fluorinated complexes are typically
stable and perfectly suited for other applications not entailing
the use of strong electric fields on the iridium-based emitter.

Taking advantage of the high-energy excited states of these
tetrazole-based iridium(IlI) complexes and of their favorable
redox properties, we successfully explored them also as visible-
light photoredox catalysts for the formation of new C—C bonds
under extremely mild reaction conditions.*?

In order to further explore the potential of tetrazole-based
iridium(IIT) complexes in the realm of photoredox catalysis, we
wanted to push the photo-electrochemical properties of this
class of coordination compounds to the limit, by further increas-
ing the HOMO-LUMO gap and the energy of their lowest ex-
cited states. To achieve this goal, we took advantage of the flu-
orine substituents on the phenyl moiety of the cyclometalating
ligand. Accordingly, we prepared the 5-(2,4-difluorophenyl)-2-
methyl-2H-tetrazole ligand (i.e., Hdfptrz) and designed a new
series of cyclometalated tetrazole-based iridium(III) complexes
(i.e., 1F-5F in Chart 1). The results of this investigation are pre-
sented and discussed herein.

m RESULTS AND DISCUSSION
) 28,3335

Synthesis. Based on our previous worl we designed
a new N-substituted 5-phenyltetrazole as cyclometalating lig-
and  (5-(2,4-difluorophenyl)-2-methyl-2H-tetrazole,  III,
Scheme 1), equipped with two electron withdrawing fluorine
atoms on the aryl moiety.

The synthetic route to obtain III is reported in Scheme 1.
Tetrazole intermediate II was prepared in good yields (80%)
from commercially available 2,4-difluorobenzonitrile (I) with
sodium azide in the presence of ZnCl, and acetic acid as cata-
lysts. After 6 hours the white product was recovered by simple
filtration in essentially pure form. The treatment of II with me-
thyl iodide in the presence of NaOH led to the formation of two
methylated derivatives. The desired product can be successfully
separated from the undesired isomer 5-(2,4-difluorophenyl)-1-
methyl-1H-tetrazole by flash chromatography. Through one-di-
mensional (1D) NOE NMR experiments, centered on the me-
thyl signal, the exact structure of both isomers was confirmed.
Compound III could be isolated in 45% yield.



Scheme 1. Synthesis of the cyclometallating ligand (III) and of the related complexes (1F-SF).
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As already described for fluorine-free phenyl-tetrazole de-
rivatives, any attempt to obtain the classical cyclometalated
iridium(IIT) p-dichloro bridged dimer failed, due to the for-
mation of an IrCls-tetrazole salt.2® Therefore, to promote cy-
clometalation a step involving silver(I) is required. Silver(I)
promotes the halide extraction and removes chlorine atoms
from the reaction medium, making the iridium core more reac-
tive. The effectiveness of this method, along with the simplicity
of the procedures, allowed the reaction to be carried out one-
pot.

The tetrazole ligand III was reacted with IrCl; - nH,O in a
refluxing mixture of 2-ethoxyethanol/water in 3:1 v/v ratio. The
obtained yellow salt was filtered off and refluxed in DCM in the
presence of AgPF¢ in order to obtain the related solvato-com-
plex. The solvato-complex was then reacted with the proper an-
cillary ligand, in order to prepare the desired complexes 1F—SF,
as reported in Scheme 1. After purification of the crudes by col-
umn chromatography on neutral alumina, 1F-SF were obtained
in 46-54% yields.

X-ray Characterization. Slow diffusion of Et,O vapour in a
solution of 2F and 4F in CH3CN gave crystals suitable for X-
ray diffraction analysis. The structures of the complexes are re-
ported in Figure 1 and the related crystallographic data are sum-
marized in Table S1.
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Figure 1. Experimental X-ray structure of complex 2F and 4F.
ORTERP representations are at the 50% and 30% probability for 2F
and 4F, respectively. Counter anions and solvents are omitted for
clarity.

Complex 2F crystallizes in the monoclinic P2,/c space
group, while 4F (as trifluoroacetate salt) belongs to the P2,/c
space group. As already reported in the crystal structure of 2H,?
in both 2F and 4F structure, the two nitrogen atoms of the te-
trazole ligands are in a frans arrangement with respect to the
octahedral iridium ion. The ancillary ligand fills the two re-
maining positions in the plane perpendicular to the #ans nitro-
gen atoms. Table 1 summarizes the bond lengths around the
iridium metal center. The Ir—N and Ir—C distances are very



similar to that of 2H and other iridium complexes reported in
the literature ¢

Table 1. Selected bond lengths (in A).

2H 2F 4F

Ir-Nitetraz 2.00 2.01 2.01
Ir-C; 2.04 2.04 2.04
Ir-No-tetraz 2.03 2.03 2.00
Ir-C, 2.03 2.03 2.04
Ir-Ni.anc. 2.13 2.12 2.12
Ir-No.ane. 2.13 2.10 2.11

Therefore, the presence of the fluorine substituents on the
tetrazole ligand and the different ancillary ligands do not signif-
icantly perturb the complex structure around the iridium ion.”®

Theoretical Calculation: Ground-State Properties. The
molecular geometries and the electronic properties of all the
synthesized complexes have been investigated by means of den-
sity functional theory (DFT) calculations. The M06 hybrid
meta-GGA exchange-correlation functional®® * was used in
combination with the 6-31G(d,p) basis set*' for all the non-
metal atoms. On the contrary, the Stuttgart/Cologne relativistic
pseudopotential and its related correlation-consistent triple-C
basis set were adopted for the iridium center.* The ground state
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geometries of all complexes were fully optimized without sym-
metry constrains in acetonitrile, using the polarizable contin-
uum model (PCM).#**° The quality of the theoretically opti-
mized geometries was evaluated by comparison with the avail-
able X-ray crystal structure of complex 2F and 4F. In Figure S8
the structural overlap between the X-ray crystal structure of 4F
and the theoretically computed one is reported. No substantial
differences are found between the two geometries, as corrobo-
rated by the value of the minimized root-mean-square deviation
of all the atomic positions except hydrogen atoms (i.e., RMSD
=0.226 A), proving the effectiveness of the selected computa-
tional model.

In Figure 2 are reported the energy diagrams and the fron-
tier molecular orbitals of the investigated series (see Chart 1).
For all the complexes, the HOMO is mainly located on the irid-
ium center and on both the phenyl moieties of each cyclomet-
alated ligands, as also observed in the case of the previously
published fluorine-free series with phenyl-tetrazoles as cy-
clometalating ligands.”® Anyway, it should be noted that the
HOMO energy of the present complexes is stabilized by approx.
0.34 eV with respect to the analogues of the fluorine-free series
(Figure S9); this is an already well-known effect in cationic irid-
ium(II) complexes when fluorine substituents are attached the
phenyl moieties of the cyclometalated ligands.'® '®
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Figure 2. Energy diagram showing the energy values of the frontier Kohn—Sham molecular orbitals of 1F—5F in acetonitrile. For some
relevant orbitals, the corresponding isosurface is also displayed for the sake of clarity (isovalue = 0.04 €2 bohr3?). Along the series, relevant
orbitals with similar topology are plotted with the same color for an easier comparison.

Within the fluorinated Ir-dfptrz series, in complex 4F, the
strongly electron-donating dmabpy ancillary ligand leads to a
HOMO destabilization of approx. 0.2 eV, if compared to 1F-
3F. Moreover, the two dimethyl-amino substituents on the bpy
scaffold are also responsible for the presence of close-lying
HOMO-1 and HOMO-2 at only 0.06 and 0.10 eV below the
HOMO level (see Figure 2). Such a scenario is very similar to
that already observed in the case of [Ir(ppy).(dmabpy)]* and
[Ir(dfppy).(dmabpy)]* complexes, where their HOMO-1 and
HOMO-2 are also centered on the dmabpy ancillary ligand and
separated by 0.05 eV.* Anyway, it should be noted that the
HOMO/HOMO-1 gap decreases depending on the nature of the
cyclometalating ligands in the order: ppy > dfppy > dfptrz (i.e.,
0.40 > 0.15 > 0.10 eV, respectively), due to HOMO stabiliza-
tion exerted by fluorine substituents and, for 4F, also because
of the presence of the higher-field tetrazole rings.*®

HOMO stabilization in maximized in complex 5F, due to
the even stronger field exerted by the fert-butyl isocyanide lig-
ands, resulting in a stabilization of approx. 0.5 eV with respect
to 1F-3F (Figure 2). Such a phenomenon is already known in
literature, both in the case of Ir-ppy or Ir-ptrz complexes, when
passing from bpy-type ancillary ligands to isocyanide ones.”:**

As already observed for the fluorine-free Ir-ptrz series, the
LUMO of complexes 1F4F is always centered on the * or-
bitals of the ancillary ligand (Figure 2 and S9). Accordingly, the
LUMO energy is strongly affected by the type of ancillary lig-
and and its related substituents. For instance, in the complexes
equipped with a 2,2°-bipyridine ligand, the LUMO energy in-
creases in the order 1F < 2F < 4F, due to the presence of elec-
tron-donating substituents on the bpy ancillary ligand of differ-
ent strength (i.e., none for 1F, tert-butyl for 2F, and dimethyl-
amino for 4F). Notably, only a minor LUMO stabilization of



approx. 0.08 eV is observed if comparing the Ir-ptrz series with
the current Ir-dfptz one, demonstrating that the fluorine substit-
uents on the phenyl-tetrazole cyclometalating ligands exert only
a limited effect on the LUMO (Figure S9).

A totally different scenario is observed for complex SF, in
which the LUMO is located on the tetrazole rings of the cy-
clometalating ligands, due to the lack of low-energy n* orbitals
in the isocyanide ligands, and appears at much higher energy
(Figure 2). The same situation has been already reported for the
fluorine-free SH analogue,?® and for other iridium(I1I) isocya-
nide complexes.** 47

Electrochemistry. The electrochemical properties of com-
plexes 1F-SF were investigated by square-wave voltammetry
(SWV) and cyclic voltammetry (CV). All the experiments were
carried out in room-temperature acetonitrile solutions and re-
ported relative to the Fc'/Fc redox couple (see Experimental
Section for further details). Redox potentials for all the com-
plexes are collected in Table 2, while the square-wave and cy-
clic voltammograms are reported in Figure 3 and S10, respec-
tively.
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Figure 3. Square-wave voltammograms of complexes 1F-SF (0.5
mM) in room-temperature acetonitrile solution.

As commonly observed in cationic cyclometalated irid-
ium(IIl) complexes, the first oxidation process observed for all
the investigated complexes can be attributed to the oxidation of
the metal center.'® %28 According to DFT calculations, the ox-
idation potential of complexes 1F-3F is found to be virtually
identical (i.e., (+1.44 £0.01) V), while a substantial anodic shift
is observed for 5F, due to the stronger field exerted by the iso-
cyanide ancillary ligands on the iridium d orbitals (i.e., +1.81
V, Table 2).

It is worth noting that the electron-withdrawing fluorine
substituents in the dfptrz ligands significantly increase the oxi-
dation potential of the related complexes of approx. 0.28 V, if
compared to the analogues of the fluorine-free phenyl-tetrazole
series (Table 2).2® This is a well-known feature for cyclomet-
alated iridium(III) complexes equipped with fluorinated cy-
clometalating ligands, and it is ascribable to HOMO stabiliza-
tion (see previous section).!s- 18

Table 2. Electrochemical Data of 1F-SF in Acetonitrile So-
lution + 0.1 M TBAPF; at 298 K. Data of the fluorine-free
series are also reported (1H-5H).?

on ¢ Ered ¢ AEredox b
[V] [V] [V]
1F +1.45 -1.73 3.18

2F +1.43 -1.82 3.25
3F +1.45 -1.73 3.18
4F +1.14,+1.33, +1.43 -2.15 3.29
SF +1.81 " -2.21 4.02
1H +1.16 -1.79 2.95
2H +1.14 -1.87 3.01
3H +1.18 -1.77 2.95
SH +1.57 -2.50 i 4.07

“ All potential values are reported vs. the ferrocene/ferrocenium couple,
which is used as internal reference. All redox processes are reversible or
quasi-reversible, unless otherwise stated (i77.). * AEredox = Eox — Ered.

The anodic region of complex 4F shows a more intricate
scenario, due to the presence of three oxidations processes oc-
curring at very close potentials (Figure 3 and Table 2). This is
due to the presence of the two easily oxidizable dimethyl-amino
substituents on the bpy ancillary ligand, which can undergo ox-
idation readily after the metal center.*® In order to further con-
firm that the first oxidation process in complex 4F can be still
attributable to the formal oxidation of iridium(IIl) to irid-
tum(IV), as already suggested by the frontier molecular orbitals
depicted in Figure 2, we carried out a full geometry optimiza-
tion of the oxidized form of 4F. The spin-density distribution of
the oxidized radical (Figure S11) shows that the hole in mainly
located on the iridium ion (i.e., 0.49 ¢").

As far as the cathodic side is concerned, for complexes 1F—
4F, all reduction processes are fully reversible and monoelec-
tronic, as indicated by a AE, of approx. 0.7 V (Figure S10).
Moreover, they are all associated with the reduction of the dia-
mine ancillary ligands (i.e., bpy-type or phen). In excellent
agreement with DFT calculation, virtually identical reduction
potentials are observed for complexes 1F and 3F (i.e.,—1.73 V),
while the presence of electron-donating substituents on the an-
cillary ligand, as in 2F and 4F, shifts the reduction processes to
more negative potentials by 0.09 and 0.42 V, respectively. This
kind of cathodic shifts have already been reported for irid-
ium(I1l) complexes equipped with the same bpy-based ancillary
ligands and ppy (or dfppy) cyclometalating ones, and it is at-
tributed to LUMO destabilization.*® Indeed, our electrochemi-
cal shifts compare well with the LUMO destabilization of 0.17
and 0.55 eV calculated for 2F and 4F, with respect to the un-
substituted complex 1F (Figure 2).

Notably, since these reduction processes are centered on
the ancillary ligands, the reduction potentials of 1F-3F display
only a minor anodic shift (approx. 0.05 V), if compared to those
of their non-fluorinated analogues 1H-3H (Table 2).%

On the contrary, compared to 1F—4F, the first reduction
process in complex 5F occurs at a lower potential (i.e., —2.21
V) and it is fully irreversible (see Table 2 and Figure S9). This
is already known for similar cyclometalated iridium(III) com-
plexes equipped with isocyanide ligands,?® **->47 and it is due
to the irreversible reduction of the heteroatomic ring of the cy-
clometalating ligands, as also indicated by DFT calculations
(Figure 2). Consequently, the reduction potential of these iso-
cyanide complexes is strongly affected by the nature of the cy-
clometalating ligands.** ** %7 This is evident from the direct
comparison of the reduction potentials of complexes SF and SH
(i.e.,—2.21 vs. =2.50 V),” showing that the fluorine substituents
on the phenyl-tetrazole cyclometalating ligands are able to in-
duce a considerable anodic shift of 0.29 V (Table 2).

Photophysical Properties and Excited-State Calculations.
All the investigated complexes 1F-SF are stable in acetonitrile



solutions for months and do not show degradation under stand-
ard laboratory conditions. Their room-temperature electronic
absorption spectra are reported in Figure 4. In order to allow a
comparison, in Figure S12 such spectra are displayed together
with those of the their fluorine-free analogues (i.e., 1H-3H and

5H).2
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Figure 4. Absorption spectra of complexes 1F-SF in room-tem-
perature acetonitrile solution; the lower-energy transitions are mag-
nified in the inset. For a comparison with the fluorine-free ana-
logues, see Figure S12.

The main absorption bands in the spectral region 200-300
nm can be assigned to spin-allowed ligand-centered (LC) n—n*
transitions involving both the cyclometalating and the ancillary
ligands. This can be assessed by comparison with the absorp-
tion spectra of the fluorine-free Ir-ptrz analogues, which display
virtually identical profiles in this region, with only a minor
blue-shift in some absorption peaks (Figure S12).

On the other hand, the weaker and broader bands at longer
wavelengths (300-350 nm) are attributed to charge transfer
transitions with mixed metal-to-ligand, ligand-to-ligand and in-
tra-ligand charge transfer (MLCT/LLCT/ILCT) character. In
fact, a strong blue-shift of approx. 25 nm is observed when
passing from the fluorine-free Ir-ptrz series to the current Ir-
dfptrz one,”® as excpected based on HOMO stabilization. Ac-
cordingly, the very distinct CT bands observed at 325-350 nm
for the fluorine-free complexes 1H-3H turn out to be blue-
shifted in 1F-3F and largely overlapped with LC absorptions,
which do not shift within the two series (Figure S12).

The weak and long tail observed above 350 nm in the spec-
tra of 1F-3F (inset of Figure 4 and S12) is due to direct spin-
forbidden absorption from the singlet ground state (So) to the
lowest triplet excited states of the complexes, enabled by the
high spin—orbit coupling constant of the iridium metal core (i
=3909 cm™). The same features are also observed for the fluo-
rine-free 1H-3H analogues, but with the usual red—shift due to
the lack of HOMO stabilization.

On the contrary, in the case of complex SF, no absorption
features are detected at A > 300 nm (see inset of Figure 4) be-
cause the isocyanide ancillary ligands do not have low-energy
m* acceptor orbitals allowing MLCT transitions from the irid-
ium metal center. This is a common feature in cationic irid-
ium(I1I) complexes with isocyanides.” 33-3% 47 Additionally, it
is worth noting that the absorption profile of the fluorine-free
analogue SH (inset of Figure S12) extends up to 325 nm, show-
ing the already mentioned red-shift typical of the complexes
lacking the stabilization exerted by the fluorine substituents on
the HOMO.'s-#

The absorption profile of 4F displays much more intense
bands in the region between 325 and 400 nm, if compared to
the other bpy-based complexes of the series (Figure 4). In order
to rationalize such experimental finding, we calculated the low-
est 50 singlet vertical excitations using a time-dependent DFT
(TD-DFT) approach for 4F. In Figure S13, the calculated sin-
glet vertical excitations are compared with the related experi-
mental spectrum. The transition responsible for such absorption
is the Sp — S, excitation, namely an internal CT transition in-
volving the lone pairs of the dmabpy ancillary ligand, which
can occur only in 4F.

In order to rationalize the emission properties of all the in-
vestigated complexes, a combined DFT and TD-DFT approach
was adopted and the triplet-state properties of the complexes
were investigated in acetonitrile, in order to allow a direct com-
parison with experimental data. In Tables S2a—e are listed the
lowest-energy triplet excitations for all the complexes within
the present series (i.e., 1F-5F), reported in terms of Natural
Transition Orbital (NTO) couples.* For the sake of compari-
son, in Tables S2f-h are also reported the lowest-energy triplet
transitions of the fluorine-free analogues 1H, 3H and SH. To
provide a compact representation of the triplet-state scenario at
the S minimum-energy geometries of complexes 1F-SF, an
energy diagram is depicted in Figure 5. The same is also de-
picted in Figure S14 for 1H, 3H and SH.
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Figure S. Energy diagram of the lowest-lying triplet states of com-
plexes 1F-SF, computed in acetonitrile as vertical excitations from
the respective ground-state minimum-energy geometries. For fur-
ther details see Tables S2a—e.

For complexes 1F and 2F, the lowest-lying triplet transition
(i.e., So = Ti, estimated at (2.99 £ 0.03) eV, Tables S2a-b) is
not associated to a HOMO — LUMO excitation and corre-
sponds to a ligand-centered m—n* transition involving the bpy
ancillary ligand, with only a minor MLCT contribution from the
iridium d orbitals. On the other hand, in both complexes, T is
the triplet state formally populated by the HOMO — LUMO
excitation, which has a strong MLCT component as pointed out
in Figure 5. The energy of such state is strongly correlated to
the HOMO-LUMO gap (Figure 2) and, as a consequence, it is
found at higher energy for complex 2F with respect to 1F (i.e.,
3.29 vs. 3.16 eV, respectively). The next two triplet excited
states (i.e., T3 and Ty) lie at 3.32 eV above S and are associated
to transitions mainly involving the two dfptrz cyclometalating
ligands (Figure 5).

A similar scenario is also observed for complex 3F, but a
much lower T}, which is again associated to a *LC n—m* transi-
tion involving the ancillary ligand, is observed at 2.73 eV above
So (Figure 5). Another *°LC n—7* transition on the phen ancillary



ligand is responsible for the Sp — T, excitation, but with a
slightly higher metal contribution (Tables S2c). The *MLCT
state (i.e., T3) is found at 3.19 eV above the ground state, as it
could be inferred from the HOMO-LUMO gap of complex 3F
with respect to that of 1F and 2F. On the contrary, the ’LC states
centered on the cyclometallating ligands (i.e., T4 and Ts) are
virtually located at the same energy as in 1F and 2F.

Drastic differences are found for 4F. In this complex, T,
and T, are nearly degenerate (i.e., approx. 3.07 eV above Sj)
and are associated to an internal CT transition within the
dmabpy ancillary ligand, which can be seen as the excitation of
one electron from the amine lone pairs to the n* orbitals on the
bpy core (Figure 5 and Table S2d). These CT states are well
separated from T3, which has the same topology of the T state
of 1F and 2F (i.e., the *LC n—7* state on the bpy ancillary lig-
and) and is located approx. 0.2 eV higher in energy. Notably,
due to the strong electron donating effect of the dimethyl-amino
substituents, the MLCT state (i.e., T, state in 1F and 2F) is ex-
tremely destabilized in complex 4F and it is located at 3.60 eV
above Sy, which is even higher in energy with respect to the *LC
states centered on the cyclometalated ligands (i.e., T4 and Ts,
Figure 5 and Table S2d).

In the case of SF, the lowest-lying triplet excited states are
virtually degenerate and centered on the dftrz cyclometalating
ligands at 3.37 eV above Sy (Table S2e). A virtually identical
scenario is observed for SH, where T, and T, are centered on
the fluorine-free ptrz cyclometalating ligands at 3.23 eV above
the ground state (Table S2h). As a consequence, a very similar

ligand-centered emission is expected for both these isocyanide
complexes, with that of SF being blue-shifted compared to SH.

The emission spectra of complexes 1F-SF in diluted ace-
tonitrile solution are shown in Figure 6, where both the room-
temperature (full lines) and the 77 K spectra (dashed) are gath-
ered to allow an easy comparison. The luminescence properties
and photophysical parameters are summarized in Table 3. With
respect to the fluorine-free series, complexes 1F-SF display a
much bluer emission as shown in the CIE-1931 chromaticity
diagram in Figure S15.

As predicted by TD-DFT calculations, all the investigated
complexes (except 4F) emit from strongly LC triplet states, as
suggested by: (i) vibrationally resolved emission spectra both at
298 and 77 K; (ii) virtually no shift on passing from room-tem-
perature solution to frozen matrix at 77 K. (Figure 6).

On the contrary, in the case of 4F, a broad and unstructured
emission band is recorded at 298 K, which becomes more struc-
tured and undergoes a slight blue-shift as the temperature de-
creases to 77 K. This can be an indication of a partial CT nature
of the emissive state, in agreement with TD-DFT calculations.

By comparison with the fluorine-free Ir-ptrz series, it is
possible to assess that the *LC emissive state of complexes 1F—
3F is centered on the ancillary ligand (i.e., bpy-type or phen)
since the 77 K spectra of the fluorine-free analogues 1H-3H are
virtually mutually superimposable to the ones of 1F-3F, with-
out being perturbed by the electron-withdrawing substituents on
the cyclometalated ligands (Figure S16).

Table 3. Luminescence Properties and Photophysical Parameters of Complexes 1F-5F

CH3CN oxygen-free solution, 298 K CH3;CN rigid matrix, 77 K 1% PMMA matrix, 298 K
P PLQY | ke et P o et PLQY® |
[nm] [%] [us] | [10°s7'] | [10%s7'] [nm] [us] [nm] [0] [us]
449, 480, 446, 478, 508, 446, 477, 506,
1F 503 75.9 | 4.11 1.85 5.86 540 8.02 540 71.9 3.89
451, 480, 443, 472, 502, 448, 476, 502,
2F 505 57.6 | 4.90 1.17 8.66 538 8.93 540 63.7 6.39
459, 490, 457,489, 525, 458, 489, 522,
3F 570 563 | 43.8 0.13 1.00 562 71.9 563 40.1 46.1
4F 500 40.2 10.3 0.39 5.79 468, 490 20.7 498 24.6 11.9
5F | 386,407,428 0.6 1.21 0.05 82.1 383,407, 434 117 384,407, 431 1.1 0.97

@ Jexe=290 nm. ® Ly = 280 and/or 370 nm. ¢ Radiative constant: k& = PLQY/z. ¢ Non-radiative constant: ky, = 1/ — ky. € Aexe= 370 nm.
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Figure 6. Normalized emission spectra of complexes 1F-SF in ac-
etonitrile at 298 K (thick full) and at 77 K (thin dotted).

On the other hand, the emission of the isocyanide complex
SF is considerably blue-shifted compared to 1F-3F, since it
arises from a *LC state centered on the cyclometalating moieties
and not from the one centered on the ancillary ligands. This is
typically observed in cyclometalated iridium(III) complexes
equipped with isocyanide ligands.?® ** This attribution is further
confirmed by the blue-shift of approx. 15 nm (i.e., 0.10 eV) ob-
served both at 77 K and at room temperature (Figures S16 and
S17, respectively), when passing from the fluorine-free com-
plex SH, having ptrz cyclometalating ligands, to the fluorinated
5F analogue, equipped with dfptrz ones.™®




Such a picture is further validated by spin-unrestricted DFT
calculations, carried out to optimize the lowest triplet states of
all the complexes. As expected, the T spin-density distribution
in isocyanide complexes is mainly localized on the cyclomet-
alated ligands and its emission energy is calculated at 2.87 and
2.73 eV, for 5F and SH, respectively (see Figure S18). This pre-
diction is in line with the mean-photon energy of 2.90 and 2.79
eV, calculated from experimental data (Figure 6 and S17).

In complex 4F, upon relaxation, the emissive state pre-
serves the internal CT character on the dmabpy ancillary ligand
(as indicated by TD-DFT calculations, Table S2d), but it be-
comes more localized on only one lone pair of the dmabpy lig-
and, allowing a greater stabilization due to a considerable geo-
metrical rearrangement (Figure S19). As a consequence, T is
only 2.47 eV above Sy, which is in excellent agreement with the
experimental emission maximum of 500 nm (i.e., 2.48 eV, see
Table 3).

A more complicated excited-state scenario is observed for
1F-3F, due to the interplay between the *MLCT state and the
3LC one centered on the ancillary ligand. Such a situation was
already seen for the fluorine-free Ir-ptrz series, and it was re-
sponsible for the experimentally observed emissive-state
switching from *MLCT to *LC, when passing from room-tem-
perature solution to frozen matrix at 77 K.*® On the other hand,
in the case of the present Ir-dfptrz series, the *LC state is always
found to be the lowest triplet for 1F-3F (Figure S20). In fact,
compared to the fluorine-free analogues 1H-3H, the energy of
the MLCT state of 1F=3F is so up in energy, that, despite the
larger relaxation typical of *MLCT, the *LC state on the ancil-
lary ligand remains the lowest one even after excited-state re-
laxation. This scenario is sketched for the phen-based com-
plexes 3H and 3F in Figure 7.

3LC

5
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Figure 7. Schematic energy diagram for 3H (top) and 3F (bottom)
showing the adiabatic energy differences between Sy and the lowest
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triplet states (i.e., MLCT and 3LC). The estimated emission ener-
gies are also reported. The unpaired-electron spin-density surfaces
calculated at the fully-relaxed triplet-state minima are also depicted
(isosurfaces: 0.002 e bohr=). The energy scale is not proportional
to allow a better visibility.

As far as photoluminescence quantum yields are con-
cerned, 1F—4F are bright emitters (PLQY = 60%, Table 3) and
only the isocyanide complex SF displays a quantum yield below
1%, due to extremely fast non-radiative deactivation processes
(i.e., high k,, value, Table 3) combined with the low radiative
rate constant of the 3LC states, typically observed for irid-
ium(I1I) isocyanide complexes.*>* 47 Such a finding was also
observed for the fluorine-free analogue SH (Table S3).2

Emission lifetimes of 1F-3F are much longer compared to
1H-3H, despite PLQY's are comparable (Table 3 and S3). This
results in lower radiative rate constants, as typically observed
when passing from predominantly *MLCT states to *°LC ones.'®
This effect is extremely evident in the case of the complexes
equipped with the phen ancillary ligand, in which the &; constant
decreases more than 30 times (i.e., from 4.22t0 0.13 - 10°s ! in
3H and 3F respectively, Table 3 and S3). On the other hand, in
the case of the bpy-based complexes 1F-2F, the &; constants
decreases approximately only by a factor of three, compared to
the analogues 1H-2H (Table 3 and S3). Such reduction in the
k: value is one order of magnitude less pronounced than in the
case of phen-based complexes.

This can be tentatively explained due to the much lower en-
ergy difference between the *MLCT and lowest-lying *LC state
centered on the ancillary ligand (i.e., 0.04 vs. 0.18 eV in 1F and
3F, respectively), which can allow a thermal equilibration be-
tween these two states and shorten the emission lifetimes of 1F—
2F. Moreover, it should be stressed that the ’LC states of 1F—
2F have some degree of contribution from the iridium d orbitals
to the triplet spin densities, while the *LC state of 3F has none
(Figure S20).

For the sake of completeness, the emission properties of the
complexes were also investigated in the solid state, that is, dis-
persed in a poly(methyl-methacrylate) (PMMA) matrix at a
concentration of 1% by weight. The corresponding emission
spectra are reported in Figure S21 and the photophysical param-
eters are gathered in Table 3. No substantial differences have
been observed compared to the oxygen-free acetonitrile solu-
tion.

m CONCLUSIONS

A new family of cationic iridium(IIT) complexes has been
synthesized and fully characterized. The strategy for ligand de-
sign aimed at making robust tetrazole-based systems with en-
hanced excited-state energy turned out to be successful. The in-
sertion of two fluorine atoms on the six-membered ring of the
phenyl tetrazole cyclometallating units increases the ligand
field, widens the HOMO-LUMO gap and pushes the lumines-
cence bands towards the blue region. The electrochemical and
photophysical behavior of the five compounds has been ration-
alized with the essential support of density functional theory.
The level of thorough understanding of the electronic properties
achievable for cyclometalated iridium(IIl) complexes suggests
that they can be virtually tailored by design, so that materials
with subtly tuned optical and electrochemical properties can be
made readily available, whenever an efficient synthetic route is
established.



Thanks to their accessibility, robustness and good solubil-
ity, complexes 1F4F can serve as blue emitters in several ap-
plications. On the other hand, we previously demonstrated that
non fluorinated analogues of these compounds are excellent
photoredox catalysts.”> The higher excited state energy (e.g.,
2.54 vs. 2.24 eV for 3F and 3H, respectively), combined with
favorable oxidation potentials (e.g., +1.45 vs. +1.18 V for 3F
and 3H), can make the compounds of the present series even
superior, for this specific application (with excited-state oxida-
tion potential as high as +0.81 eV for 3F). We are currently
working to develop this unexplored potential.

m EXPERIMENTAL SECTION

General Information. Analytical grade solvents and com-
mercially available reagents were used as received unless oth-
erwise stated. Chromatographic purifications were performed
using 70-230 mesh silica gel or using aluminum oxide. 'H, "°F,
and '*C NMR spectra were recorded on Varian Inova (300 and
600 MHz for 'H) and Varian Mercury (400 MHz for 'H) spec-
trometers. Chemical shifts (8) are reported in ppm relative to
residual solvent signals for 'H and *C NMR ('"H NMR: 7.26
ppm for CDCls, 1.94 ppm for CD3;CN, 3.34 ppm for CD;0D,
2.05 ppm for (CD3),CO, 2.50 ppm for (CD3),SO, 5.33 ppm for
CD,Cly; *C NMR: 77.0 ppm for CDCls, 1.32 ppm for CD;CN,
48.9 ppm for CD;OD, 29.8 ppm for (CD3),CO, 39.5 ppm for
(CDs)S0, 53.5 ppm for CD,Cl,). "’F NMR spectra were rec-
orded at 376.25 MHz or at 564.3 MHz using trichlorofluoro-
methane as an external standard. *C NMR spectra were ac-
quired with 'H broadband decoupled mode. Coupling constants
are given in Hz. The high-resolution mass spectra (HRMS)
were obtained with an ESI-QTOF (Agilent Technologies,
model G6520A) instrument, and the m/z values are referred to
the monoisotopic mass. ESI-MS analyses were performed by
direct injection of acetonitrile solutions of the compounds using
a WATERS ZQ 4000 mass spectrometer.

Caution: Although we experienced no difficulties in han-
dling these nitrogen rich compounds, small scale and best safety
practices are strongly encouraged.

Preparation of Ligand III.

Synthesis of 5-(2,4-difluoro-phenyl)-1H-tetrazole (II). NaN;
(546.0 mg, 8.4 mmol) was dissolved in H,O (10 mL), then
ZnCl, (1.14 g, 8.4 mmol) and CH3;COOH (1 mL) were added.
The solution was stirred for 10 minutes. Then 2,4-difluoroben-
zonitrile (I) (1.17 g, 8.4 mmol) was added and the resulting mix-
ture was refluxed for 6 hours. After this time the solution was
cooled and HC1 1M (1 mL) was added. The resulting solid was
filtered and washed with cold water. Product II was isolated in
80% yield (1.23 g) and used in the next step without further pu-
rifications. "H NMR ((CD3),SO, 300 MHz) J 7.88 (dt, J; = 6.9
Hz, J, = 8.6 Hz 1H), 7.29 (ddd, J; = 2.6 Hz, J, = 9.5 Hz, J; =
10.7 Hz, 1H), 7.11 (ddt, J; = 0.9 Hz, J, = 2.6 Hz, J; = 8.6 Hz,
1H). BC NMR ((CDs),S0, 100 MHz) 6 162.6 (C, dd, Jcr = 12.6
Hz, Jer = 225.2 Hz), 159.2 (C, dd, Jcr = 12.9 Hz, Jer = 229.9
Hz),156.5 (C, d, Jor = 6 Hz), 131.5 (CH, dd, Jcr = 4.8 Hz, Jor =
10.1 Hz), 1144 (C, d, Jcr = 3.7 Hz), 111.7 (CH, dd, Jcr = 3.8
Hz, Jor = 21.6 Hz), 104.6 (CH, t, Jcr = 25.9 Hz). °F NMR
((CD3)2S0, 376 MHz) ¢ -109.3 (quint, J = 8.5 Hz, 1F), -108.1
(q,J=9.4 Hz, 1F).

Synthesis of 5-(2,4-difluoro-phenyl)-2-methyl-2H-tetrazole
(IID). 5-(2,4-difluorophenyl)-1H-tetrazole (II) (746.2 mg, 4.1
mmol) was dissolved in a mixture of acetone/water 3:1 (16 mL).
Then NaOH (330.0 mg, 8.2 mmol) and Mel (510 pL, 8.2 mmol)

were added and the resulting mixture was refluxed for 2 hours.
After this time solvent was evaporated. Water (30 mL) was
added and the mixture was extracted with DCM (4 x 15 mL).
The collected organic phase was washed with water (30 mL)
and brine (30 mL), dried over Na,SO4 and concentrated. The
crude was purified on silica gel flash chromatography using a
mixture of EP/DCM (50:50) and then DCM/methanol (95:5) to
give product II in 40% yield (305.4 mg). '"H NMR (CDCl;, 400
MHz) ¢ 8.14 (dt, J; = 6.4 Hz, J, = 8.0 Hz, 1H), 7.06-6.97 (m,
2H), 4.44 (s, 3H). *C NMR (CDCls, 100 MHz) § 163.8 (C, dd,
Jer =12 Hz, Jcr = 254 Hz), 160.5 (C, d, Jcr = 6 Hz), 160.3 (C,
dd, JCF =12 HZ, JCF =254 HZ), 130.9 (CH, dd, JCF =4 HZ, JCF
=10Hz), 1119 (C, d, Jcr =4 Hz), 111.8 (CH, dd, Jcr =4 Hz,
Jer = 24 Hz), 104.8 (CH, t, Jcr = 24 Hz), 39.4 (CH3). '’F NMR
(CDCl3, 400 MHz) 6 -107.4 (q, J = 8.0 Hz, 1F), -106.2 (quint, J
= 8.0 Hz, 1F).

General Procedures for the Synthesis of Complexes 1F-
SF.
5-(2,4-difluorophenyl)-2-methyl-2H-tetrazole (III) (3 equiv,
59.2 mg, 0.3 mmol) was dissolved in a mixture of 2-ethoxy-
ethanol/water 3:1 (2.0 mL) and the solution was degassed with
N, for 20 minutes. Then, IrCl;xH,O (1 equiv, 30.0 mg, 0.1
mmol) was added and the resulting mixture was refluxed for 24
hours in N, atmosphere. After this time, water (1 mL) was
added and the resulting precipitate was collected and washed
with additional water (1 mL). The solid was then dissolved in
DCM (8.0 mL) and AgPFs (2 equiv, 50.6 mg, 0.2 mmol,) was
added. The resulting mixture was refluxed for 6 hours and the
former precipitate was filtered off. The solvent was then evap-
orated and the solid added to the proper ancillary ligand (3
equiv,0.3 mmol) dissolved in a mixture of CH>Cl,/ethanol 3:1
(4 mL). The resulting solution was stirred for 24 hours at room
temperature. The solvent was evaporated, and the crude was pu-
rified on AL,O; gel flash chromatography using a mixture of
CH,Cly/methanol (95:5) to give the desired products.

[Ir(dfptrz),(bpy)]'PFs (1F). 47.7 mg, 0.054 mmol, yield
= 54%. '"H NMR (CDCl;, 400 MHz) 6 9.54 (d, J= 8.1 Hz, 2H),
8.33 (d, J=17.5Hz, 2H), 7.95 (d, J= 5.3 Hz, 2H), 747 (t,J =
6.65 Hz, 2H), 6.64 (td, J1=9.7 Hz, Jp = 2.2 Hz, 2H), 5.71 (dd,
J=84,2.1Hz, 2H), 4.42(s, 6H). *C NMR (CDCl;, 100 MHz)
0171.5(C, d, Jcr=6 Hz), 164.9 (C, dd, Jcr = 12 Hz, Jor =254
Hz), 159.5 (C, dd, Jcr = 12 Hz, Jor = 254 Hz), 156.8 (C), 150.6
(CH), 149.7 (C, d, Jcr = 6 Hz), 141.2 (CH), 127.7 (CH), 127.1
(CH), 115.3 (CH, dd, Jcr =4 Hz, Jcr =22 Hz), 113.5 (C, dd, Jcr
=4 Hz, Jor = 14 Hz), 99.8 (CH, dd, Jcr = 24 Hz, Jor = 28 Hz),
42.1 (CH3). 'F NMR (CDCl;s, 400 MHz) J -106.8 (t, J = 10.5
Hz, 2F), -102.9 (q,J= 9.5 Hz, 2F), -73.4 (d, /= 712.5 Hz, 6F).
ESI-MS: 739 [M™], 145 [M']. HRMS (ESI-QTOF) ((M]"): m/z
caled for CogH sF4IrNy¢™: 737.1252; found: 737.1224.

[Ir(dfptrz),(dtbbpy)|"PFs (2F). 52.8 mg, 0.053 mmol,
yield = 53%. 'H NMR (CDCl;, 400 MHz) 6 8.67 (bs, 2H), 7.90
(d, J=5.9 Hz, 2H), 7.43 (dd, /= 5.9, 1.8 Hz, 2H), 6.62 (td, Jr
=9.5Hz,Jpb=2.0 Hz, 2H), 5.60 (dd, /= 8.3, 2.1 Hz, 2H), 4.45
(s, 6H), 1.45 (s, 18H). *C NMR (CDCl;, 100 MHz) § 171.3 (C,
d, Jor = 6 Hz), 164.9 (C, dd, Jcr = 12 Hz, Jor = 254 Hz), 164.8
(C), 159.5 (C, dd, Jcr = 12 Hz, Jor = 254 Hz), 156.3 (C), 150.7
(CH), 150.2 (C, d, Jcr = 6 Hz), 125.2 (CH), 121.3 (CH), 115.3
(CH, dd, JCF = 4 HZ, JCF = 22 HZ), l 137 (C, dd, JCF = 4 HZ, JCF
=14 Hz), 99.6 (CH, dd, Jcr = 24 Hz, Jor = 28 Hz), 42.0 (CH3),
35.8 (C), 30.2 (CH3). 'F NMR (CDCls, 400 MHz) J -107.3 (t,
J=10.5 Hz, 2F), -103.6 (q,J = 9.5 Hz, 2F), -73.4 (d, J=712.5
Hz, 6F). ESI-MS: 851 [M'], 145 [M']. HRMS (ESI-QTOF)



(IM1): m/z caled for CssHsuFsIrNyo™
849.2500.

[Ir(dfptrz),(phen)|"PFs (3F). 42.7 mg, 0.047 mmol, yield
= 47%. '"H NMR (CD,Cl,, 400 MHz) ¢ 8.70 (dd, J = 8.1, 0.9
Hz, 2H), 8.43 (dd, J=5.1, 1.2 Hz, 2H), 8.22 (s, 2H), 7.88 (dd,
J=8.3,5.0 Hz, 2H), 6.75 (td, J1= 9.8 Hz, Jo = 2.3 Hz, 2H), 5.95
(dd, J = 8.3, 2.1 Hz, 2H), 4.30 (s, 6H). *C NMR (CD,CL, 100
MHz) 6 171.5 (C, d, Jcr = 6 Hz), 165.0 (C, dd, Jcr = 259.3 Hz,
Jer =12 Hz), 159.5 (C, dd, Jcr = 261.8 Hz, Jor = 12 Hz), 152.2
(C), 148.6 (C, d, Jcr = 6 Hz), 147.5 (C), 1394 (CH), 131.4
(CH), 128.4 (CH), 126.3 (CH), 115.7 (CH, dd, Jcr = 18.8 Hz,
Jer =4 Hz), 114.0 (C, dd, Jcr = 9.7 Hz, Jer = 3 Hz), 99.8 (CH,
dd, Jor = 28 Hz, Jor = 24 Hz), 41.9 (CHs). '°F NMR (CDCl,
400 MHz) ¢ -107.7 (t, J = 10.6 Hz, 2F), -104.2 (q, /= 9.5 Hz,
2F), -73.5 (d, J = 711.4 Hz, 6F). ESI-MS: 763 [M"], 145 [M].
HRMS (ESI-QTOF) ([M]"): m/z caled for CysHisFalrNjo™
761.1252; found: 761.1266.

[Ir(dfptrz),(dmabpy)|'PFs (4F). 4,4'-bis (dimethyla-
mino)-2,2"-bipyridine ancillary ligand was synthesized follow-
ing a previously reported procedure with slight modifications.*
In order to obtain complex 4F with a higher degree of purity,
after the column chromatography, the complex was crystallized
from a dichloromethane/diethyl ether mixture. After several
failed attempts, in order to facilitate this process, and to obtain
crystals also suitable for X-ray analysis, the counterion was
changed using an excess of ammonium trifluoroacetate. 49.5
mg, 0.053 mmol, yield = 53%. '"H NMR (CDCl;, 400 MHz) 6
8.26 (d,J=2.8 Hz, 2H), 7.34 (d, J= 6.7 Hz, 2H), 6.59 (td, Jr =
9.5 Hz, Jp = 2.3 Hz, 2H), 6.33 (dd, J = 6.9, 2.8 Hz, 2H), 5.74
(dd, J=8.5,2.3 Hz, 2H), 4.44 (s, 6H), 3.28 (bs, 12H). *C NMR
(CDCl, 100 MHZz) 6 171.7 (C, d, Jcr = 6 Hz), 170.3 (CO, q, Jcr
=21 Hz), 164.7 (C, dd, Jcr = 258 Hz, Jcr = 12 Hz), 159.4 (C,
dd, Jer = 262.7 Hz, Jcr = 12 Hz), 156.8 (C), 155.4 (C), 153.1
(C,d, Jcr=6Hz), 149.0 (CH), 120 (CF3, q, Jcr =256 Hz),115.4
(CH, dd, JCF = 4 HZ, JCF = 22 HZ), l 136 (C, dd, JCF = 4 HZ, JCF
= 14 Hz), 108.0 (CH), 107.8 (CH), 98.8 (CH, dd, Jcr = 24 Hz,
Jcr = 28 Hz), 41.8 (CH3), 40.2 (CH3). 'F NMR (CDCls, 400
MHz) ¢ -112.9 (t, /= 10.0 Hz, 2F), -109.3 (q, /= 9.1 Hz, 2F), -
79.7 (s, 3F). HRMS (ESI-QTOF) ([M]"): m/z caled for
C30HasF4IrN 2™ 823.2096; found: 823.2084.

[Ir(dfptrz),(CNBu),|'PFs (5F). 41.1 mg, 0.046 mmol,
yield = 46%. '"H NMR (CDCls;, 400 MHz) 6 6.57 (td, Jr = 9.6
Hz, Jo=2.3 Hz 2H), 5.55 (dd, /= 8.0,2.2 Hz, 2H), 4.72 (s, 6H),
1.48 (s, 18H). *C NMR (CDCI3, 100 MHz) 6 171.3 (C, d, Jcr
=6 Hz), 164.7 (C, dd, Jcr = 258 Hz, JC-F = 12 Hz), 162.7 (C),
159.4 (C, dd, Jcr = 263 Hz, Jor = 12 Hz), 152.8 (C, d, Jcr = 6
Hz), 114.1 (CH, dd, Jcr = 19 Hz, Jor = 4 Hz), 113.0 (C, dd, Jcr
=10 Hz, Jcr = 4 Hz), 100.4 (CH, dd, Jcr = 27 Hz, Jcr = 22 Hz),
59.4 (C), 42.4 (CH3), 30.1(CHs). F NMR (CDCl;, 400 MHz)
0 -107.8 (t, J=10.1 Hz, 2F), -103.6 (q, J = 9.6 Hz, 2F), -73.3
(d, J = 711.9 Hz, 6F). ESI-MS: 749 [M"], 145 [M']. HRMS
(ESI-QTOF) (IM]"): m/z calcd for CosHasFalrN o™ 747.2035;
found: 747.2016.

Electrochemical characterization. Voltammetric experi-
ments were performed using a Metrohm AutoLab PGSTAT
302N electrochemical work-station in combination with the
NOVA 2.0 software package. All the measurements were car-
ried out at room temperature in acetonitrile solutions with a
sample concentration approximately 0.5 mM and using 0.1 M
tetrabutylammonium hexafluorophosphate (electrochemical
grade, TBAPFy) as the supporting electrolyte. Oxygen was re-
moved from the solutions by bubbling argon. All the

849.2504; found:
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experiments were carried out using a three-electrode setup (Bi-
oLogic VC-4 cell, volume range: 1-3 mL) using a platinum or
a glassy carbon working electrode (both having an active sur-
face disk of 1.6 mm in diameter), the Ag/AgNO; redox couple
(0.01 M in acetonitrile, with 0.1 M TBACIO4 supporting elec-
trolyte) as the reference electrode and a platinum wire as the
counter electrode. At the end of each measurement, ferrocene
was added as the internal reference. Cyclic voltammograms
(CV) were recorded at different scan rates, from 100 to 1000
mV s”'. Osteryoung square-wave voltammograms (OSWV)
were recorded with scan rate of 125 mV s™!, a SW amplitude of
+20 mV, and a frequency of 25 Hz.

Photophysics. The spectroscopic investigations were car-
ried out in spectrofluorimetric grade acetonitrile. The absorp-
tion spectra were recorded with a PerkinElmer Lambda 950
spectrophotometer. For the photoluminescence experiments,
the sample solutions were placed in fluorimetric Suprasil quartz
cuvettes (10.00 mm) and dissolved oxygen was removed by
bubbling argon for 30 min. The uncorrected emission spectra
were obtained with an Edinburgh Instruments FLS920 spec-
trometer equipped with a Peltier-cooled Hamamatsu R928 pho-
tomultiplier tube (PMT, spectral window: 185—850 nm). An
Osram XBO xenon arc lamp (450 W) was used as the excitation
light source. The corrected spectra were acquired by means of
a calibration curve, obtained by using an Ocean Optics deuter-
tum-halogen calibrated lamp (DH-3plus-CAL-EXT). The pho-
toluminescence quantum yields (PLQYSs) in solution were ob-
tained from the corrected spectra on a wavelength scale (nm)
and measured according to the approach described by Demas
and Crosby,”" using an air-equilibrated water solution of qui-
nine sulfate in 1 N H,SOy as reference (PLQY = 0.546).52 The
emission lifetimes (1) were measured through the time-corre-
lated single photon counting (TCSPC) technique using an
HORIBA Jobin Yvon IBH FluoroHub controlling a spectrome-
ter equipped with a pulsed SpectraLED (Aee = 373 nm) or
NanoLED (Aexe = 280 nm) as the excitation source and a red-
sensitive Hamamatsu R-3237-01 PMT (185—850 nm) as the de-
tector. The analysis of the luminescence decay profiles was ac-
complished with the DAS6 Decay Analysis Software provided
by the manufacturer, and the quality of the fit was assessed with
the y* value close to unity and with the residuals regularly dis-
tributed along the time axis. To record the 77 K luminescence
spectra, samples were put in quartz tubes (2 mm inner diameter)
and inserted into a special quartz Dewar flask filled with liquid
nitrogen. The poly(methyl methacrylate) (PMMA) films con-
taining 1% (w/w) of the complex were obtained by drop casting
and the thickness of the films was not controlled. Solid-state
PLQY values were calculated by corrected emission spectra ob-
tained from an Edinburgh FLS920 spectrometer equipped with
a barium sulfate- coated integrating sphere (diameter of 4 in.)
following the procedure described by Wiitth et al. > Experi-
mental uncertainties are estimated to be £8% for t determina-
tions, + 10% for PLQYSs, + 2 nm and +5 nm for absorption and
emission peaks, respectively.

Computational details. Density functional theory (DFT)
calculations were carried out using the B.01 revision of the
Gaussian 16 program package™ in combination with the M06
global-hybrid meta-GGA exchange-correlation functional 40
The fully relativistic Stuttgart/Cologne energy-consistent pseu-
dopotential with multielectron fit was used to replace the first
60 inner-core electrons of the iridium metal center (i.e.,
ECP60MDF) and was combined with the associated triple-{



basis set (i.e., cc-pVTZ-PP basis).** On the other hand, the
Pople 6-31G(d,p) basis was adopted for all other atoms.*!

All the reported complexes were fully optimized without
symmetry constraints, using a time-independent DFT approach,
in their ground state (So) and lowest triplet states; all the opti-
mization procedures were performed using the polarizable con-
tinuum model (PCM) to simulate acetonitrile solvation ef-
fects.***> Frequency calculations were always used to confirm
that every stationary point found by geometry optimizations
was actually a minimum on the corresponding potential-energy
surface (no imaginary frequencies). To investigate the nature of
the emitting states, geometry optimizations and frequency cal-
culations were performed at the spin-unrestricted UMO06 level
of theory (imposing a spin multiplicity of 3), using the Sy mini-
mum-energy geometry as initial guess or previously optimized
triplet states at the TD-DFT level (see below). The emission en-
ergy from the lowest triplet excited states was estimated by sub-
tracting the SCF energy of the emitting state (T,) in its mini-
mum conformation from that of the singlet ground state having
the same geometry and equilibrium solvation of Th,.

Time-dependent DFT calculations (TD-DFT),>7 carried
out at the same level of theory used for geometry optimizations,
were used to calculate the first 25 triplet excitations and their
nature was assessed by the help of Natural Transition Orbital
(NTO) analysis.* Some selected states of interest were also op-
timized at the TD-DFT level of theory.

All the pictures showing molecular geometries, orbitals and
spin-density surfaces were created using GaussView 6.°® The
structural overlaps between different structures were obtained
thanks to the VMD program,* by minimizing the root-mean-
square deviation (RMSD) of all or selected atomic positions.
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