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Substituent influence in phenanthroline-derived
ancillary ligands on the excited state nature of
novel cationic Ir(III) complexes†

Iván González, *a Mirco Natali, b Alan R. Cabrera, c Bárbara Loeb,c

Jerónimo Mazed and Paulina Dreyse*e

In the quest for coordination compounds with potential applications in energy conversion processes, a

new series of four Ir(III) complexes (C1–4) of the type [Ir(R-ppy)2(Ln)](PF6), where R-ppy = 2-phenylpyridine

(ppy) or 2,4-difluorophenylpyridine (F2-ppy) and Ln = 1-methyl-1H-pyrazole[30,40:5,6]pyrazino[2,3-f]-

[1,10]phenanthroline (L1) or thieno[30,40:5,6]pyrazino[2,3-f][1,10]phenanthroline (L2) has been synthesized.

The photophysical properties of these compounds have been thoroughly characterized by both steady-

state and time-resolved spectroscopic techniques, pointing out a complex interplay between excited states

of different nature that plays a crucial role in the deactivation processes. In the case of complexes C1–2

that feature the same L1 ancillary ligand, the lowest excited states at room temperature are characterized

by an admixture between the 3MLCT/3LLCT and 3LC states, with an almost pure 3LC character in C2. For

C3–4, the admixture among charge-transfer and ligand-centred states is negligible, due to the appreciably

low energy of the LC one, which, however, plays a non-innocent role in the deactivation pathway of the

triplet charge-transfer emissive states of complexes C3–4. This work thus highlights the importance of a

detailed comprehension of the photophysical properties of Ir(III) complexes in view of their use in energy

transformation systems.

Introduction

Ir(III) cyclometalated complexes have been widely exploited in many
research areas such as organic light-emitting diodes (OLEDs),1 light-
emitting electrochemical cells (LEECs),2,3 luminescent sensors,4–7

dye-sensitized solar cells (DSSCs),8 non-linear optics (NLOs),9,10 and
as biological labeling agents.11 All these applications are promoted
due to the outstanding photophysical properties of these complexes,
which involve high photostability, high photoluminescence
quantum yields, and easy emission color tuning through
modification of the ligand structures.1,12 These unique features
are attributable to the high spin–orbit coupling induced by the

heavy iridium center, which promotes the direct population of
spin-forbidden triplet excited states that may favorably decay
via radiative routes.1,3,13–18 In addition, the use of a third-row
transition metal center increases the ligand-field splitting energy,
making the metal center (MC) excited states less thermally
accessible, thus avoiding non-radiative decays.19–21

Cationic cyclometalated Ir(III) complexes are typically represented
as [Ir(C^N)2(N^N)]+, where C^N corresponds to the cyclometalating
ligand, such as 2-phenylpyridine (ppy) and N^N represents a neutral
polypyridine ancillary ligand, e.g., 2,20-bipyridine (bpy) or 1,10-
phenanthroline (phen). The electronic transitions that these
cationic iridium complexes can experience are metal-to-ligand
charge-transfer (MLCT), ligand-to-ligand charge-transfer (LLCT,
transition from cyclometalating ligand to ancillary ligand),
and ligand-centered (LC); these transitions are responsible for
the optical properties of these complexes, therefore, by the
incorporation of electron withdrawing or donating groups on
either ligands (N^N and/or C^N), the energy of the transition
can be modulated.19,22–24

In general, in these complexes, the LUMO (lowest unoccupied
molecular orbital) is usually located on the p* orbitals of the
neutral (N^N) ancillary ligand, then, by modifying the substituents
of the N^N ligand, it is possible to stabilize or destabilize mainly the
LUMO. For example, Ir(III)-complexes with N^N ligands derived
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from pyrazino-[2,3-f ][1,10]phenanthroline (ppl) show different
electronic properties with or without carboxylate substituents
linked to the pyrazine ring, showing that the increased electron-
acceptor character of carboxylate ppl causes a decrease in the
LUMO energy.23–25 On the other hand, substituents in the C^N
ligand can affect the energy of the HOMO (highest occupied
molecular orbital), since the HOMO is typically an admixture of
Ir dp orbitals (t2g) and p orbitals of the C^N. Therefore,
modifications of the electronic nature of both ligands may have
a profound impact on the absorption and emission energies of
these complexes, which are assessed in consideration of specific
applications.24

As far as polypyridine ligands are concerned, the ppl-based
ligands have been extensively used in complexes of Ru(II), Os(II),
Re(I), and Ir(III).13,14,17,18,26 According to the ppl-structure, this
ligand is considered to be constituted by two fragments, a
portion that corresponds to the phen structure and a pyrazine
(py) portion or its derivatives, depending on the ring or sub-
stituents linked to the py moiety.14 This ligand is easily synthesized
through a condensation reaction between diamine derivatives and a
1,10-phenanthroline-5,6-dione precursor.14,27 In this context, this
family of ligands offers a powerful strategy to modulate the
electronic properties of complexes, due to the abundant library
of diamines that can be employed.14,27,28 One of the most
popular polypyridine ligands of this sort is dipyrido[3,2-a:
20,30-c]phenazine (dppz), which has been widely studied since
the exploitation of the [Ru(bpy)2dppz]2+ complex as a spectroscopic
probe in DNA intercalation, this advance being a precedent for
further studies in this area.29,30

With the aim of increasing the library of cationic Ir(III)
complexes with potential applications in diverse research fields,
great efforts have been made with respect to the synthetic procedures
of the ligands, which in many cases involve too complicated, high
cost and low-yield routes. Taking into account the diversity of
substituents that can be attached into the pyrazine fragment of
the ppl ligand, without major difficulties, many and interesting
coordination complexes have been synthesized.13,31 Considering the
interesting electronic structure of the ppl-based ligands for tuning
the optical properties of Ir-complexes, and their simple syn-
thetic procedures, in this work, the synthesis and photophysical
characterization of a new series of cationic Ir(III) complexes
(Scheme 1) [Ir(R-ppy)2(Ln)](PF6) is described, where R-ppy = 2-
phenylpyridine (ppy) or 2,4-difluorophenylpyridine (F2-ppy) and
Ln = 1-methyl-1H-pyrazolo [30,40:5,6]pyrazino [2,3-f ][1,10]-
phenanthroline (L1) or thieno [30,40:5,6]pyrazino [2,3-f ][1,10]-
phenanthroline (L2). A thorough photophysical and electro-
chemical investigation has been accomplished in order to fully
understand the differences in terms of electronic properties
within the series of complexes. The change of ring-substituents
in the pyrazine moiety of the ppl-based ancillary ligand has
a determining effect on the photophysical properties of these
cationic Ir(III) complexes, promoting different contributions
within the lowest excited states. The data provided may be
interesting for the application of iridium(III) complexes in
diverse research areas such as luminescent devices, sensors,
and biology.

Experimental section
General information and materials

All reagents and solvents commercially available were used as
received unless otherwise specified. Iridium dimers ([Ir(ppy)2(mCl)]2
and [Ir(F2-ppy)2(mCl)]2) were synthesized according to previous
literature procedures.12,13 NMR spectra were recorded on an NMR
Bruker AV 400. Chemical shifts are given in parts per million relative
to TMS [1H and 13C, d(SiMe4) = 0] or an external standard
[d(CFCl3) = 0 for 19F NMR]. Most NMR assignments were
supported by additional 2D experiments. HR-MS(ESI) experiments
were carried out using a Thermo Scientific Exactive Plus Orbitrap
Spectrometer. The FT-IR spectra were recorded on a Bruker
Vector-22 Spectrophotometer using KBr pellets. The UV-Vis
spectra were registered using a Shimadzu UV-Vis-NIR 3101 PC
spectrophotometer. Cyclic voltammograms were obtained using
a PalmSens 3 Instruments Potentiostat in a three-electrode cell
configuration with a platinum disc working electrode having a
geometric area of 0.02 cm2, a saturated Ag/AgCl reference electrode
and a platinum wire counter electrode. All electrochemical
measurements were carried out in anhydrous acetonitrile solutions
of Ir(III) complexes (1 mM) with 0.1 M TBAPF6 as supporting
electrolyte at a scan rate of 0.1 V s�1. Photoluminescence spectra
were taken on an Edinburgh Instrument spectrofluorimeter.
Solutions of the compounds were previously degassed with
nitrogen for approximately 20 min. The emission quantum
yields (Fem) were calculated according to the description of the
literature.9 77 K luminescence measurements were performed
by freezing alcoholic solutions (ethanol/methanol, 4/1) of complexes
and ligands. Transient absorption measurements were performed
with a custom laser spectrometer composed of a Continuum
Surelite II Nd:YAG laser (FWHM = 6–8 ns) with a frequency
doubled, (532 nm, 330 mJ) or tripled, (355 nm, 160 mJ) option,
an Applied Photophysics xenon light source including a mod. 720
150W lamp housing, a mod. 620 power-controlled lamp supply

Scheme 1 Synthesis of the ligands (L1–2) and their respective Ir(III)-based
complexes (C1–4).
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and a mod. 03-102 arc lamp pulser. Laser excitation was provided
at 901 with respect to the white light probe beam. Light trans-
mitted by the sample was focused onto the entrance slit of a
300 mm focal length Acton SpectraPro 2300i triple grating, flat field,
double exit monochromator equipped with a photomultiplier
detector (Hamamatsu R3896) and a Princeton Instruments
PIMAX II gated intensified CCD camera, using a RB Gen II intensifier,
a ST133 controller and a PTG pulser. Signals from the photo-
multiplier (kinetic traces) were processed by means of a Teledyne
LeCroy 604Zi (400 MHz, 20 GS s�1) digital oscilloscope.

Synthesis of L1 and L2

Ligand L1. 1,10-Phenanthroline-5,6-dione (1 eq.) was added
to a solution of 1-methyl-1H-pyrazole-3,4-diamine (1 eq.) in
absolute ethanol (100 mL). The mixture was refluxed for 1 h
with vigorous stirring. The resulting solution was cooled to
room temperature, filtered and the isolated solid was washed
with cold ethanol. The filtrate was then diluted with water and
extracted with CH2Cl2. The solvent was evaporated under
vacuum to dryness. The resulting solid was dissolved in CH2Cl2

and precipitated with dry diethyl ether. The final product was
isolated as an orange solid in 85% yield (231 mg, 0.81 mmol).
1H NMR (400 MHz, DMSO-d6, 298 K): d/ppm = 9.53 (d, J =
8.1 Hz, 2H, H1), 9.45 (d, J = 8.1 Hz, 2H, H3), 8.99 (s, 1H, H8),
7.90 (broad, 2H, H2), 4.47 (s, 3H, H9). 13C {1H} NMR (100 MHz,
DMSO-d6, 298 K): d/ppm = 154.8, 150.8, 140.8, 133.0, 132.4,
131.5, 127.35, 125.2, 123.8, 41.4. HRMS(ESI): (C16H11N6

[M + H]+) calc.: 287.1045; found: 287.1027. FT-IR (KBr, n/cm�1)
1409 (C–N); 2916 (CH3); 3014 (CH).

Ligand L2. 1,10-Phenanthroline-5,6-dione (1 eq.) was added
to a solution of 3,4-diaminothiophene dihydrochloride (1 eq.)
in absolute ethanol (100 mL). The mixture was refluxed for 1 h
with vigorous stirring. The resulting solution was cooled to
room temperature, filtered and the isolated solid was washed
with cold ethanol. The filtrate was then diluted with water and
extracted with CH2Cl2. The solvent was evaporated under
vacuum to dryness. The resulting solid was dissolved in CH2Cl2

and precipitated with dry diethyl ether. The final product was
isolated as an orange solid in 67% yield (184 mg, 0.63 mmol).
1H NMR (400 MHz, DMSO-d6, 298 K): d/ppm = 9.44 (d, J =
8.1 Hz, 2H, H1), 9.20 (d, J = 4.5 Hz, 2H, H3), 8.28 (s, 2H, H8),
7.71 (dd, J = 4.5 Hz/8.1 Hz, 2H, H2). 13C {1H} NMR (100 MHz,
DMSO-d6, 298 K): d/ppm = 152.8, 148.9, 142.6, 141.6, 133.9,
128.2, 124.4, 117.4. HRMS(ESI): (C16H9N4S [M + H]+) calc.:
289.0548; found: 289.1274. FT-IR (KBr, n/cm�1) 1116 (SC);
1508 (CN); 3078 (CH).

General synthetic procedure of complexes C1–4

The corresponding ligand (L1 or L2) (2 eq.) and the bimetallic
precursor ([Ir(ppy)2(m-Cl)]2 or [Ir(F2-ppy)2(m-Cl)]2) (1 eq.) were
dissolved in MeOH/CH2Cl2 (1 : 3). The mixture was stirred and
refluxed for 12 h under a nitrogen atmosphere in darkness.
Then, the volatiles were removed under vacuum and 500 mL of
water was added to the crude product. The mixture was filtered
and 2 equivalents of KPF6 were added to the obtained solution,
obtaining a yellow-orange precipitate. This solid was filtered

and washed with water, dried and re-crystallized through CH2Cl2/
diethyl ether diffusion. For additional experimental details, 2D
NMR and assignments data, see ESI.†

Complex C1. Isolated as a yellow crystalline material in 71%
yield (112 mg, 0.17 mmol). 1H NMR (400 MHz, acetone-d6,
298 K): d/ppm = 9.77 (d, J = 8.1 Hz, 1H, H3a), 9.71 (d, J = 8.1 Hz,
1H, H3b), 9.16 (s, 1H, H8), 8.48 (dd, J = 5.1 Hz, 2H, H1a, H1b),
8.26 (d, J = 8.1 Hz, 2H, H10), 8.16 (td, J = 5.3 Hz/8.1 Hz, 2H, H2a,
H2b), 7.94 (m, 4H, H11, H17), 7.88 (d, J = 5.8 Hz, 2H, H16),
7.09 (t, J = 7.5 Hz, 2H, H12), 7.00 (m, 4H, H13, H18), 6.46 (d,
J = 7.5 Hz, 2H, H19), 4.61 (s, 3H, H9). 13C {1H} NMR (100 MHz,
acetone-d6, 298 K): d/ppm = 168.4, 153.1, 152.6, 151.0, 150.8,
150.5, 150.3, 149.4, 145.1, 140.5, 139.6, 138.3, 135.5, 134.9,
133.6, 132.6, 131.9, 131.2, 128.8, 127.1, 125.8, 124.6, 123.5,
120.7, 43.2. 19F NMR (400 MHz, acetone-d6, 298 K): d/ppm =
�70.1 (d, JF–P = 712 Hz, PF6). 31P {1H} NMR (160 MHz, acetone-
d6, 298 K): d/ppm = �144.2 (hept, J P–F = 712 Hz, PF6).
HRMS(ESI) for (C38H26IrN8 [M]+) calc.: 787.1910; found:
787.1864. FT-IR (KBr, n/cm�1): 842, 557 (PF6

�); 1476 (C–N);
2917 (CH3).

Complex C2. Isolated as a yellow crystalline material in 73%
yield (117 mg, 0.16 mmol). 1H NMR (400 MHz, acetone-d6, 298
K): d/ppm = 9.74 (d, J = 8.2 Hz, 1H, H3a), 9.70 (d, J = 8.2 Hz, 1H,
H3b), 9.14 (s, 1H, H8), 8.64 (d, J = 5.2 Hz, 1H, H1a), 8.61 (d,
J = 5.2 Hz, 1H, H1b), 8.41 (d, J = 8.5 Hz, 2H, H10), 8.18 (m, 2H,
H2a, H2b), 8.03 (t, J = 8.0 Hz, 2H, H11), 7.98 (broad, 2H, H13),
7.11 (t, J = 6.7 Hz, 2H, H12), 6.82 (t, JH–F = 11.1 Hz, 2H, H17),
5.91 (d, JH–F = 8.5 Hz, 2H, H19), 4.60 (s, 3H, H9). 13C {1H} NMR
(100 MHz, acetone-d6, 298 K): d/ppm = 163.5 (dd, J C–F = 13.3 Hz/
216.9 Hz), 163.2 (d, J C–F = 4.5 Hz), 160.9 (dd, J C–F = 12.5 Hz/
220.2 Hz), 154.8 (d, J C–F = 5.9 Hz), 153.6, 153.0, 151.3 (d, JC–F =
11.1 Hz), 150.6, 150.3, 149.4, 140.7, 139.8, 138.7, 136.6, 135.9,
133.9, 132.6, 129.3, 129.0, 127.4, 125.1, 124.6 (d, J C–F = 20.1 Hz),
114.8 (d, J C–F = 17.1 Hz), 99.8 (t, J C–F = 26.9 Hz), 43.2. 19F NMR
(400 MHz, acetone-d6, 298 K): d/ppm = �70.2 (d, J F–P = 712 Hz,
PF6), �106.5 (t, J F–H = 8.0 Hz, F-C18), �108.7 (t, J F–H = 11.0 Hz,
F-C16). 31P {1H} NMR (160 MHz, acetone-d6, 298 K): d/ppm =
�144.2 (hept, JP–F = 712 Hz, PF6). HRMS HRMS(ESI) for
(C38H22F4IrN8 [M]+) calc.: 859.1533; found: 859.1473. FT-IR
(KBr, n/cm�1) 845, 557 (PF6

�); 1478 (CN); 2919 (CH3).
Complex C3. Isolated as a yellow crystalline material in 65%

yield (52 mg, 0.05 mmol). 1H NMR (400 MHz, acetone-d6, 298 K):
d/ppm = 9.49 (d, J = 8.3 Hz, 2H, H3), 8.58 (s, 2H, H8), 8.26 (d,
J = 5.3 Hz, 2H, H1), 8.06 (d, J = 8.3 Hz, 2H, H9), 7.95 (dd,
J = 5.3 Hz/8.3 Hz, 2H, H2), 7.75 (t, J = 8.0 Hz, 2H, H10), 7.70 (m,
4H, H16, H15), 6.89 (m, 2H, H11), 6.84 (m, 2H, H12), 6.79 (m,
2H, H17), 6.24 (d, J = 7.6 Hz, 2H, H18). 13C {1H} NMR (100 MHz,
acetone-d6, 298 K): d/ppm = 166.8, 151.5, 150.1, 149.7, 149.6,
144.0, 141.4, 139.8, 138.8, 134.8, 131.5, 131.1, 130.3, 128.5, 125.1,
123.8, 122.5, 120.1, 120.0. 19F NMR (400 MHz, acetone-d6, 298 K):
d/ppm = �70.2 (d, JF–P = 712 Hz, PF6). 31P {1H} NMR (160 MHz,
acetone-d6, 298 K): d/ppm = �144.2 (hept, JP–F = 712 Hz, PF6).
HRMS(ESI) for (C38H24IrN6S [M]+) calc.: 789.1412; found: 789.1371.
FT-IR (KBr, n/cm�1) 843, 557 (PF6

�); 1163 (SC); 1477 (CN).
Complex C4. Isolated as a yellow crystalline material in

68% yield (57 mg, 0.06 mmol). 1H NMR (400 MHz, acetone-d6,

NJC Paper

Pu
bl

is
he

d 
on

 2
6 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
on

 0
2/

05
/2

01
8 

14
:1

1:
00

. 
View Article Online

http://dx.doi.org/10.1039/C8NJ00334C


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem., 2018, 42, 6644--6654 | 6647

298 K): d/ppm = 9.65 (d, J = 8.2 Hz, 2H, H3), 8.72 (s, 2H, H8),
8.59 (d, J = 5.1 Hz, 2H, H1), 8.41 (d, J = 8.3 Hz, 2H, H9), 8.14 (dd,
J = 5.3 Hz/7.8 Hz, 2H, H2), 8.03 (t, J = 7.8 Hz, 2H, H10), 8.00 (t,
J = 5.6 Hz, 2H, H12), 7.15 (t, J = 6.6 Hz, 2H, H11), 6.81 (dd, J H–F =
9.7 Hz/11.4 Hz, 2H, H16), 5.91 (d, J H–F = 8.6 Hz, 2H, H18).
13C {1H} NMR (100 MHz, acetone-d6, 298 K): d/ppm = 164.5 (dd,
J C–F = 13.3 Hz/255.0 Hz,), 164.6 (d, J C–F = 7.0 Hz), 162.3 (dd,
J C–F = 12.5 Hz/258.0 Hz), 154.7 (d, J C–F = 6.6 Hz), 153.6, 151.1,
151.1, 142.9, 140.7, 140.6, 136.6, 133.1, 129.6, 129.0 (d, J C–F =
4.5 Hz), 125.0, 124.5 (d, J C–F = 20.1 Hz), 120.6, 114.8 (d, J C–F =
18.0 Hz), 99.8 (t, J C–F = 27.1 Hz). 19F NMR (400 MHz, acetone-d6,
298 K): d/ppm = �72.6 (d, J F–P = 708 Hz, PF6), �107.7 (dd, J F–H =
9.3 Hz/18.8 Hz, F-C17),�110.0 (t, J F–H = 11.6 Hz, F-C15). 31P {1H}
NMR (160 MHz, acetone-d6, 298 K): d/ppm = �144.4 (hept, J P–F =
708 Hz, PF6). HRMS(ESI) for (C38H20F4IrN6S [M]+) calc.:
861.1036; found: 861.1036. FT-IR (KBr, n/cm�1) 845; 557
(PF6

�); 1168 (SC); 1477 (CN).

Results and discussion
Synthesis and characterization

Four new cationic cyclometalated Ir(III) complexes (C1–4) were
synthesized according to literature methods.32–34 In these complexes,
two N^N ancillary ligands derived from 1,10-phenantroline were
used, obtained by a nucleophilic substitution reaction between
equimolar amounts of 1,10-phenanthroline-5,6-dione and the
respective 3,4-diamine derivatives, obtaining the ligands L1
(1-methyl-1H-pyrazolo[30,40:5,6]pyrazino[2,3-f ][1,10]phenanthroline)
and L2 (thieno[30,40:5,6]pyrazino[2,3-f ][1,10]phenanthroline)
(Scheme 1), respectively, in good yield, which were character-
ized by NMR, FT-IR, and high resolution mass spectrometry
(HR-MS(ESI)) analyses. Complexes C1–4 were obtained in a two-
step reaction: (1) the mixture of two molar equivalents of N^N
ligand (L1–2) with one molar equivalent of the bimetallic Ir(III)
precursor [Ir(R-ppy)2(m-Cl)]2 in CH3OH/CH2Cl2, followed by (2)
the addition of two molar equivalents of KPF6 (see Scheme 1) to
achieve the four cationic Ir(III) complexes in high yields. All
complexes were air and thermally stable, in solution as well as
in the solid state, and were fully characterized by NMR, FT-IR,
and HR-MS(ESI).

The spectroscopic characterization of complexes C1–4 is
consistent with a single Ir(III) metal center coordinated by two
phenylpyridine ligands (R-ppy) and one phenanthroline-based
ancillary ligand (L1 or L2). The 1H NMR spectra of the complexes
exhibited a low-field displacement of all chemical shifts, in
comparison with their corresponding free N^N ligands, e.g. the
chemical shift of H2 L1 (see Scheme 1 for proton labeling)
displaces from 7.90 ppm to 8.16 and 8.18 ppm in C1 and C2,
respectively. This behavior is due to a magnetic de-shielding
effect promoted by the Ir(III) metal center and is in agreement
with the electron donating character of the N^N ligands. In
addition, the electron withdrawing fluorine atom in the phenyl-
pyridine of the complexes exerted the higher electronic effect over
the ancillary ligand, as expected. Nevertheless, the electronic
effect induced by the phenylpyridine substituents over L1 and

L2 coordinated ligands is more prominent in C3–C4 complexes
than in C1–C2, e.g. the difference in the chemical shifts of H8

between C3 and C4 is 0.14 ppm, meanwhile between C1 and C2,
it is 0.02 ppm. This can be attributed to a higher electron density
removal in L2 ligand towards the Ir(III), affected by the nature of
the ppy ligand, than from the L1 ligand. This is in agreement
with a more conjugated aromatic portion between the metal
center and the thiophene portion in L2. On the other hand, all
complexes exhibit a similar chemical shift for the PF6

� counter-
ion in the 19F and 31P NMR spectra (19F: �70.2 ppm as a doublet
( J F–P = 712 Hz); 31P: �144.2 ppm as a septet ( J P–F = 713 Hz)). For
further information, including 2D NMR and assignment data, see
the ESI.†

Electrochemical properties

The electrochemical behavior of the complexes C1–4 was
determined by cyclic voltammetry (CV). The voltammetric profiles
of the complexes are shown in Fig. 1. The experiments were
carried out using Ag/AgCl as the reference electrode and aceto-
nitrile solutions of the compounds. The assignments of the
redox processes were based on comparisons with electrochemical
data previously reported for similar ligands and Ir(III) com-
plexes.23,25,35–38 The values of the oxidation and reduction
processes are collected in Table 1. The cyclic voltammograms

Fig. 1 Cyclic voltammetric profiles recorded in CH3CN solution at 0.1 V s�1

for Ir(III) complexes C1–4.

Table 1 Values of the absorption and redox processes for complexes
C1–4

labs/nma ea/M�1 cm�1 Eox
b/V Ered

b/V

C1 380 33 300 1.31 �0.91; �1.48
C2 365 23 951 1.64 �0.87; �0.99; �1.65
C3 370 14 895 1.32 �0.79; �1.52

395 11 350
C4 360 12 753 1.74 �0.76; �1.52

387 8702

a In acetonitrile solution at room temperature. b Eox = Epa and Ered = Epc;
acetonitrile/TBAPF6 0.1 M, vs. Ag/AgCl.
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of the complexes towards positive potentials exhibit a quasi-
reversible redox process, which is attributed to the Ir(IV)/Ir(III)
couple together with a contribution of the oxidation from the
phenyl p orbital of the cyclometalating (C^N) ligands.19,23,25,35,37

The oxidation potential values of the complexes with the F2-ppy
ligand are more positive than those of C1 and C3. This behavior is
rather expected, considering the electron-withdrawing nature of the
F2-ppy ligand.19,25,39 On the other hand, at negative potentials, it is
possible to observe many reduction processes that are attributable to
the ancillary ligands, as described for other transition metal com-
plexes with these kinds of polypyridine ligands.13,38,40 In the case of
complexes C1 and C2, the first reduction process takes place at a
more negative potential compared to complexes C3 and C4. In
accordance with these characteristics, the first reduction process
can reasonably be attributed to the reduction of the pyrazine
fragment of the ancillary ligand, whereas the remaining reduction
processes can be ascribed to the phenantroline part. Similar results
have been reported for the reduction potentials of Re(I), Pd(II), and
Ir(III) complexes with dppz based ligands.13,38,40

Absorption properties

The absorption spectra of the complexes and N^N ligands in
acetonitrile solutions are shown in Fig. 2. The absorption
maxima and molar extinction coefficients of the complexes

are summarized in Table 1. For L1 and L2 (see Fig. 2A), intense
absorption bands in the UV region (250–330 nm) are ascribable
to p - p* transitions, according to the description of similar
systems.14,33 The lowest energy transitions at ca. 350 nm can be
tentatively assigned, at least for ligand L2, as intraligand charge
transfer transitions (ILCT), as suggested by Rasmussen, et al.33

In the case of the absorption spectra of the complexes (see
Fig. 2B), the intense bands at approximately 250–320 nm
correspond to ligand-centered (LC) transitions (p- p*), attributable
to the ancillary and cyclometalating ligands. For C3 and C4, it is
possible to observe that these absorption bands have many
vibrational components related mainly to L2. While in C1 and
C2, an intense and broad band is observed, with a molar
absorption coefficient in the order of 1.3 � 105 and 9 �
104 M�1 cm�1, respectively, which is consistent with the absorption
profiles of the free ligands. Furthermore, the complexes display less
intense absorption shoulders at around 350–410 nm, which are
ascribable to both spin-allowed metal-to-ligand (1MLCT) and
ligand-to-ligand (1LLCT) charge transfers (e 4 1 � 104 M�1 cm�1).
The energy and shape of these transitions are characteristic of
[Ir(C^N)2(N^N)]+ complexes.13,23,24 These MLCT/LLCT bands are
likely superimposed onto the ILCT transitions observed in the free
ligands, although metal coordination may slightly change the actual
energy of the latter. This behavior has been observed in a similar
system based on the Re(I) complex with dppz, in which the spectral
properties were dominated by very strong transitions related to the
quinoxaline portion of the ligand.34,41

The absorption spectra of the ancillary ligands and complexes
were also registered in dichloromethane solutions (data are
summarized in the ESI,† Fig. S13). For the ligands, only small
differences in the absorption maxima induced by the solvent
polarity were observed. The complexes showed red-shifts in the
maximum of the lower-energy bands when going from aceto-
nitrile to dichloromethane, thus corroborating the charge transfer
(MLCT/LLCT) character of these transitions.42–44

Luminescence properties

The photoluminescence properties of the ancillary ligands and
complexes were studied in fluid solution and in a glassy matrix
at 77 K. All the relevant data are summarized in Table 2.

The luminescence of the ancillary ligands L1 and L2 was
first measured in acetonitrile solution and upon addition of
ZnClO4 in order to simulate the coordinated situation within
the metal complex (see ESI,† Fig. S14). Excitation of L1 and L2
is followed by a broad, featureless emission with maxima at
438 and 535 nm, respectively, which shift towards lower energy
in the presence of zinc (454 nm and 559 nm for L1 and L2,
respectively), possibly associated with the extended p-electron
conjugation system formed upon coordination,45 and are
attributable to ligand-based fluorescence.33,46

When probed in a glassy matrix at 77 K, beside the fluorescence
signal that appears as a shoulder at higher energy, the ancillary
ligand L1 in the presence of ZnClO4 displays an intense, structured
emission with relative maxima at 555 and 605 nm (Fig. S15, ESI†)
that can be reasonably assigned to the ligand phosphorescence.
On the other hand, the ancillary ligand L2 with Zn2+ ions in the

Fig. 2 Absorption spectra in acetonitrile solutions of the: (A) ligands
(L1–2) and (B) their respective Ir(III)-based complexes (C1–4).
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alcoholic glassy matrix at 77 K shows only the emission feature
(maximum at 545 nm) compatible with the ligand fluorescence;
the related phosphorescence, if any, likely occurs at longer
wavelengths than experimentally measured.

In degassed acetonitrile solutions at room temperature
(Fig. 3A), complexes C1, C3, and C4 show a broad emission profile
mainly attributable, at first glance, to radiative deactivations from
the triplet metal-to-ligand or ligand-to-ligand charge-transfer
(3MLCT or 3LLCT) excited states or a mixture of both, as has
been described for cationic Ir(III) complexes with phenanthroline
derivatives as ancillary ligands.13,24,48–50 The emissions are
consistent with the energy of the MLCT/LLCT transitions as
observed in the absorption measurements (see Fig. 2 and Table 1).

From comparison with the emission properties of related
ruthenium(II) complexes bearing fused polypyridine ligands,51

the observed emission (with the exception of C2) most likely
arises from triplet MLCT/LLCT excited states with an electron
localized onto the phenanthroline moiety of the ancillary
ligands rather than the terminal pyrazine fraction, although
the electronic effect exerted by the latter fragment is seen to
play an important role as well. Complex C2, on the other hand,
shows a prominent, structured emission with maxima at 573
and 620 nm, suggesting a different contribution, most likely of
ligand-centered (LC) nature. In complexes C2 and C4, the
emission patterns are blue-shifted with respect to those of C1
and C3, respectively. This is consistent with the presence of
F2-ppy in lieu of the ppy cyclometalating ligand, which leads to
the stabilization of the HOMO, thus generating an increase
in the HOMO–LUMO gap, as typically observed with related
iridium(III) complexes.52–55 This effect is particularly relevant in
the comparison of complexes C1 and C2 in which the change
from ppy to F2-ppy ligand causes a switch from MLCT/LLCT to
LC emission. When the solvent is changed to dichloromethane,
complexes C1, C3, and C4 exhibit similar, broad luminescence
features (Fig. S13, ESI†) only differing by an appreciable blue-
shift of the emission maxima. This observation speaks in favor
of an important MLCT/LLCT contribution in the emission since
the decrease in solvent polarity on going from acetonitrile to
dichloromethane brings about a destabilization (i.e., a shift
towards higher energy) of the triplet charge transfer emissive
state.56–58 Conversely, the almost identical spectral shape and
energy of the luminescence of complex C2 in both acetonitrile
and dichloromethane solutions confirms the predominant
contribution from a triplet LC excited state. Quantum yields
between 0.4 and 2.7% were measured in acetonitrile solution,
while these values appreciably increase on going to the less
polar dichloromethane reaching quantum yields between 3.0
and 9.2% (Table 2). In the case of MLCT/LLCT emitters such as
C1, C3, and C4, the gain in emission yield upon change of the
solvent can be at least qualitatively ascribed to energy-gap-law
arguments, whereas in the case of C2, it can likely be ascribed
to the increased contribution of the LC state in the emissive
state. The decay of the photoluminescence was then monitored
by time-resolved emission experiments. At room temperature in
both degassed acetonitrile and dichloromethane solutions
(Table 2), complexes C1, C3, and C4 show a single-exponential
decay with lifetimes between a hundred ns and a few ms, which
is typical of MLCT (or mixed MLCT/LLCT) phosphorescence.50

Table 2 Photophysical properties of complexes C1–4a

CH3CN solution CH2Cl2 solution 77 K glassy matrix

lem/nm Fb tc/ms lem/nm Fb tc/ms lem/nm tc/ms

C1 738 0.004 0.177 640 0.092 2.0 564, 612, 670 4.07 (83%), 1610 (17%)
C2 573, 620 0.010 0.967 (92%), 24.3 (8%) 572, 620 0.031 0.983 (95%), 17.4 (5%) 564, 612, 670 5.80 (84%), 6920 (16%)
C3 620 0.010 0.303 603 0.030 0.521 550 3.50
C4 551 0.027 0.862 534 0.031 0.786 497 4.81

a Excitation between 380–400 nm. b Obtained with relative method using Ru(bpy)3Cl2�6H2O as actinometer (F = 0.04 in air-equilibrated water
solution).47 c Excitation at 355 nm; detection at lem.

Fig. 3 Normalized photoluminescence spectra of Ir(III) complexes in (A)
acetonitrile solution and (B) in an alcoholic glassy matrix at 77 K.
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A slight increase is generally observed on going from aceto-
nitrile to dichloromethane solution consistent with the enhance-
ment of the luminescence quantum yield previously discussed. A
substantial increase in lifetime is observed, however, for complex C1
only that most likely arises from the destabilization of the triplet
MLCT/LLCT state when moving to the less polar environment and
the concurrent improved mixing of the triplet LC excited state
within the emitting manifold. On the other hand, in the case
of complex C2, a biexponential decay is recorded with a longer
component in the ten ms time scale. The presence of two time
components in the emission decay of complex C2 very likely
reflects the kinetics of the equilibration processes between the
triplet LC and the closely lying 3MLCT/3LLCT excited state.59

The photoluminescence spectra registered in a 4/1 ethanol/
methanol glass at 77 K (Fig. 3B) show the same structured
spectral profile in the case of both complexes C1 and C2 that
strongly resembles the phosphorescence profile of ligand L1
(Fig. S15, ESI†) and can be thus compatible with a major
contribution from a 3LC excited state. The switch from mainly
MLCT/LLCT to LC emission in the case of complex C1 with the
rigidity of the medium can be explained considering the
destabilization of the 3MLCT/3LLCT state occurring in the glassy
matrix at 77 K, which rises above the 3LC one with respect to
room-temperature, fluid conditions. This observation is further
substantiated by the emission decays of complexes C1 and C2
measured in this rigid matrix, which show a second-order
behavior with the second component reaching the ms time
scale (Table 2), typical of ligand-based triplet emitters.59 The
presence of two time components in the decay can be explained
by the kinetics of the equilibration process between the emissive
LC and the closely lying 3MLCT/3LLCT excited state. Conversely,
for complexes C3 and C4, the emission at 77 K shows featureless
spectral profiles, which are compatible with a major contribution
from the MLCT/LLCT excited states. The blue-shift observed with
respect to the emission in solution is fully consistent with this
notion and is explained on the basis of the so-called rigido-
chromic effect.58–60 The single exponential decay with ms life-
time measured by the time-resolved emission technique still
confirms the latter attribution. This situation can be explained
considering the substantially lower energy of the triplet LC
excited state of the ancillary ligand L2 (as possibly hypothesized
from emission measurements on the free ligand and literature
data,33 see above) that prevents any mixing with the emitting
charge-transfer state.

Transient absorption spectroscopy

In order to obtain a clearer picture concerning the photophysical
behavior of complexes C1–4, time-resolved absorption spectro-
scopy measurements with time-resolution from ns to ms were
performed in both acetonitrile and dichloromethane solutions.
Upon 355 nm excitation of complex C1, a transient spectrum is
immediately detected after the laser pulse (0.02 ms time-delay,
Fig. 4A, black trace) that displays an absorption with a peak at
470 nm and a shoulder at ca. 550 nm with a tail at longer
wavelengths and can be reasonably assigned to the lowest-lying
excited state of the metal complex with triplet spin multiplicity.

This transient spectrum decays monotonically to the baseline
(Fig. 4A) with kinetics that are dependent on oxygen concen-
tration, thus confirming the triplet nature of the transient
species. A first-order kinetics treatment can be applied to the
decay-associated kinetics (Fig. 4B) and a lifetime of t = 160 ns can
be estimated in a nitrogen-purged solution. A similar behaviour
is also observed in dichloromethane where a similar spectrum
undergoes a monotonic decay with a lifetime of t = 1.9 ms under
deoxygenated conditions (Fig. S16, ESI†).

When complex C2 is studied by laser flash photolysis, a
comparable spectrum with respect to the one observed for
complex C1 is promptly detected (Fig. 5A, black trace), ascribable
to the lowest-lying triplet excited state. This latter spectrum then
undergoes a monotonic decay to the baseline (Fig. 5A) with a
lifetime of t = 19 ms in deoxygenated acetonitrile (Fig. 5B). Similar
spectral changes and a comparable decay (t = 20 ms) are seen for
complex C2 when experimented in dichloromethane solution
(Fig. S17, ESI†).

Interestingly, the transient spectra observed in the laser
flash photolysis of both complexes C1 and C2 are comparable
in shape with the transient spectrum associated with the triplet
excited state of the ligand as obtained by the photolysis of the
ancillary ligand L1 in the presence of zinc(II) cations (Fig. S18,
ESI†). This thus suggests that the transient species associated
with the differential spectra of both C1 and C2 (Fig. 4A and 5A,
respectively) does correspond in both cases to a triplet excited
state with a considerable ligand-centered (3LC) character, as
previously inferred based on simple emission data (see above).

Additional information can then be obtained comparing the
transient absorption lifetimes with those measured by time-
resolved emission. In the case of complex C1, the lifetime of the

Fig. 4 (A) Transient absorption spectra at different time-delays obtained
on complex C1 in acetonitrile by laser flash photolysis (excitation at
355 nm) and (B) kinetic analysis at 470 nm with related fitting.

Fig. 5 (A) Transient absorption spectra at different time-delays obtained
on complex C2 in acetonitrile by laser flash photolysis (excitation at
355 nm) and (B) kinetic analysis at 470 nm with related fitting.
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transient species matches the emission lifetime (see above,
Table 2), thus suggesting that a ligand-centered character is in
fact present together with the MLCT/LLCT character in the
luminescent excited state of C1 and that the equilibration
between 3MLCT/3LLCT and 3LC excited states is sufficiently
faster than it can be detected. The elongation of the lifetime on
going from acetonitrile to dichloromethane is consistent with
this notion and can be understood considering an enhanced
contribution of the ligand-centered character within the triplet
emitting admixture (3LC/3MLCT/3LLCT) caused by the destabiliza-
tion of the MLCT/LLCT state by lowering the solvent polarity. On the
other hand, in the case of complex C2, the decay of the transient
species, as measured by transient absorption spectroscopy, is mono-
tonic and slower (tens ms time-scale) and matches only the longer
component of the luminescence decay as measured by time-resolved
emission (Table 2). No trace is observed in the transient absorption
experiments of the fast decaying component. This experimental
evidence can be tentatively rationalized considering a lowest-lying,
emitting 3LC excited state in slow, thermal equilibrium with a closely
lying excited state (presumably of MLCT/LLCT character) in that the
short lifetime (measured by emission only, ca. 1 ms) is related to the
kinetics of the equilibration process, while the long component
(measured by both emission and transient absorption, tens ms
time-scale) corresponds to the decay of the 3LC excited state to
the ground state.59

The transient absorption behavior of the remaining complexes
C3 and C4 is apparently more intricate than those of C1 and C2.
Upon 355 nm excitation of complex C3, a biphasic behavior is
observed in nitrogen-purged acetonitrile solution (Fig. 6). The
prompt spectrum (measured at 20 ns after the laser pulse, black
trace of Fig. 6A) displays a prominent absorption centered at
500 nm, and an apparent bleach at l 4 550 nm, which can be
directly associated with a triplet MLCT/LLCT excited state being
comparable in shape with that of the triplet MLCT states of related

iridium(III) complexes.61 The presence of the apparent bleach at
around 600–650 nm, attributable to the emission, is consistent
with this hypothesis. After ca. 2 ms (Fig. 6A), a spectral evolution is
observed wherein the absorption feature undergoes a slight decay
with the maximum shifting to 510 nm and, concurrently, the DOD
values in the red portion of the spectrum increase (isosbestic point
at 554 nm). Interestingly, the spectrum thus obtained (1 ms time
delay, green trace in Fig. 6A and B) perfectly matches the transient
signal measured by laser flash photolysis of the ancillary ligand L2
with ZnClO4 (Fig. S19, ESI†) and can be attributed to a ligand-
centered triplet excited state. This latter spectrum then undergoes
decay to the baseline (Fig. 6B). The first spectral evolution (Fig. 6A)
takes place with a time-constant of t = 270 ns (Fig. 6C) and is
compatible with the excited state lifetime as measured by time-
resolved emission (Table 2). Therefore, supported also by the
spectral attributions previously made, it can easily be associated
with the deactivation of the emitting MLCT/LLCT excited state
to yield a ligand-localized triplet excited state (3LC).

The second process (spectral evolution of Fig. 6B) that occurs
with a time-constant of t = 23 ms (Fig. 6D) can then be ascribed
to the ground-state decay of the ligand-centered excited state via
non-radiative routes. Similar spectral changes are also detected
in dichloromethane solution (Fig. S20, ESI†), only differing in
the presence of a preceding, fast process, likely attributable to a
3MLCT/3LLCT excited state equilibration (herein slower than
in acetonitrile), and in the kinetics of the remaining processes
(t1 = 615 ns and t2 = 18 ms, for MLCT/LLCT and LC deactivations,
respectively).

Transient absorption spectroscopy studies on complex C4
were finally performed. When obtained in acetonitrile solution
(Fig. 7), the prompt spectrum, measured at 20 ns time-delay
after excitation (Fig. 7A, black trace), displays a prominent
absorption with two maxima at 420 and 480 nm, an apparent
bleach at ca. 550 nm, and a broad absorption above 600 nm.
During the first hundred ns (Fig. 7A), the absorption signals in
both the blue and red regions of the spectrum undergo a partial
decay to yield a new spectrum with a maximum at 485 nm,
while maintaining the bleaching at ca. 550 nm. The spectrum
obtained herein (Fig. 7A and B, green trace) is comparable to
that of triplet MLCT excited states of similar iridium(III) complexes
reported in the literature61 as well as to the prompt spectrum
measured in complex C3 (see above, Fig. 6A, black trace), differing
mainly by the bleach at ca. 550 nm attributable to the emission
(here, blue-shifted with respect to C4). Thus, this spectral evolution
(Fig. 7A), taking place with a time-constant of t = 45 ns (Fig. 7D),
can be attributed, on a tentative basis, to an equilibration within
the triplet MLCT/LLCT manifold (as previously inferred for C3 in
dichloromethane). Subsequently (within ca. 2 ms, Fig. 7B), a slight
decrease in the higher-energy excited-state absorption is observed
with the concomitant increase in the DOD signal between 500 and
600 nm (isosbestic point at 490 nm) leaving a transient absorption
with the maximum at ca. 510 nm, compatible with the spectrum
of the ligand-centered triplet excited state (Fig. S19, ESI†).
Accordingly, the similarity of these spectral changes with those
observed in complex C3 (see above, Fig. 6A) may reasonably
point toward the assignment of the process described in Fig. 7B

Fig. 6 (A) Transient absorption spectra obtained on complex C3 in
acetonitrile by laser flash photolysis (excitation at 355 nm) between
0.02–1.0 ms and (B) 1.0–30 ms; (C) kinetic analyses at 660 nm and (D)
510 nm with related exponential fitting.
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to the decay of the triplet MLCT/LLCT state to give a ligand-
centered (3LC) excited state. This process, taking place with a

time-constant of t = 730 ns (Fig. 7E), displays a kinetics that is
compatible with the emission lifetime measured by time-resolved
emission and may further sustain the attribution made. Finally,
the transient spectrum with the maximum at ca. 510 nm decays
to the baseline (Fig. 7C), representing the deactivation of the
so-formed, ligand-localized triplet excited state toward the
ground state. A time-constant of t = 26 ms can be estimated
from the fitting of the kinetic trace measured in its absorption
maximum (Fig. 7F). Similar transient absorption dynamics are
observed for complex C4 in dichloromethane solution (Fig. S21,
ESI†) that only differ, with respect to acetonitrile, by a some-
what more pronounced MLCT/LLCT equilibration process and
by the kinetics of all three processes (t1 = 40 ns, t2 = 1.1 ms, and
t3 = 32 ms).

Summary of the photophysical behavior

The photophysical behaviour of all metal complexes in fluid
solutions at room temperature can be rationalized by the following
considerations, which are summarized in the energy level
diagrams of Fig. 8. The photophysics of complex C1 is dictated
by an interplay of triplet MLCT/LLCT and LC excited states in
fast equilibrium due to the comparable energies (Fig. 8A). This
excited state admixture is responsible for the observed emission. The
amount of MLCT/LLCT and LC contributions can be modulated by
varying the solvent polarity, which affects only the relative energy of
the charge transfer states, resulting in both higher excited state
lifetimes and emission yields when moving from acetonitrile to
dichloromethane. In the case of complex C2, the substitution of the
ppy ligands with fluorine-based ones, F2-ppy, shifts the MLCT/LLCT
excited state towards higher energies with the triplet LC state
now becoming the lowest excited state in both acetonitrile
and dichloromethane, as monitored by steady-state emission.

Fig. 7 (A) Transient absorption spectra obtained on complex C4 in
acetonitrile by laser flash photolysis (excitation at 355 nm) between
0.02–0.12 ms, (B) 0.12–2.0 ms, and (C) 2.0–30 ms; (D) kinetic analyses at
700 nm, (E) 550 nm, and (F) 510 nm with related exponential fitting.

Fig. 8 Energy level diagram of complexes (A) C1, (B) C2, (C) C3 and (D) C4 with related processes (at room temperature) and time-constants (taken from
emission data for CT states and from transient absorption for LC ones). Abbreviations: CT = MLCT/LLCT, LC = ligand-centered; color code: green is
acetonitrile, orange is dichloromethane, black is solvent-independent. The energy of the singlet MLCT/LLCT excited states has been taken as an
approximate value from the maximum of the absorption spectra, the energy of the triplet MLCT/LLCT excited states has been taken for complexes C1,
C3, and C4 from the onset (5% relative intensity) of the room-temperature emission,59 while it has been estimated for complex C2 from the triplet MLCT/
LLCT energy of C1 plus the difference between the oxidation potentials between C1 and C2, the energy of the triplet LC excited state. In C1 and C2, it has
been taken from the 77 K emission measurements, while the energy of the triplet LC excited state in C3 and C4 has to be taken as a higher-energy limit
considering that phosphorescence is not observed until 850 nm (see discussion).
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However, this state is still in thermal (herein slower) equilibrium
with the closely lying triplet MLCT/LLCT state as disclosed
by both time-resolved emission and absorption experiments
(Fig. 8B). As far as complexes C3 and C4 are concerned, the
triplet LC excited state is too low in energy with respect to the
triplet MLCT/LLCT state such that mixing between these states
is not feasible anymore. Consequently, the luminescence behaviour
is markedly of charge-transfer character. However, the triplet LC
excited state plays an important role as well in the photophysics of
complexes C3 and C4 by enabling a non-radiative deactivation
pathway to the triplet MLCT/LLCT excited state (Fig. 8C and D)
and thus preventing the achievement of high emission quantum
yields. Increasing the energy-gap between these two states, e.g.,
when moving from C3 to C4 in acetonitrile or when changing
the solvent to dichloromethane, causes indeed only slight
improvements in terms of luminescence yields up to a (probably
limiting) value of ca. 3%. As a final remark, as observed in the
case of ruthenium(II) complexes with extended aromatic ligands
such as those used in this work58 and on the basis of the
electrochemical data (see above), a charge transfer state involving
oxidation of the iridium and reduction of the ligand in the
substituted pyrazine position could be in principle populated.
These states are known to be dark, non-emissive ones and to play
a particularly relevant role at low temperatures.62 Therefore, the
absence of clear, spectroscopic signatures of such states definitely
rules out their involvement, at least under the room temperature
conditions employed herein, in the photophysics of complexes C1–4.

Conclusions

In this work, the synthesis of new ppl derivatives bearing
methyl-pyrazole (L1) and thiophene (L2) moieties was success-
fully achieved. These ligands in combination with ppy and F2-ppy
cyclometalating ligands were used to obtain four new cationic
Ir(III) complexes with the general formula [Ir(R-ppy)2(Ln)](PF6). All
compounds were characterized by the NMR, FT-IR, and HRMS
techniques. From the HRMS and NMR data, the mononuclear
nature of these complexes was confirmed. Besides, the NMR data
showed an electron-donating character of the ancillary ligands
evidenced by a magnetic de-shielding effect in the coordinated
ligands L1 and L2 in comparison with their chemical shifts as
free species. Importantly, L2 has a more conjugated aromatic
portion than L1, promoting higher chemical-shift differences
between complexes C3–4 than C1–2.

The photophysical behaviour of the complexes shows a clear
influence depending on the substitution in both the cyclo-
metalating and ancillary ligands. The L1 ligand plays an important
role in the nature of the emissive state of complexes C1–2 where a
complex interplay between the MLCT/LLCT and LC states has
been identified by both the steady-state and time-resolved
techniques. At room temperature and under fluid conditions,
an apparent switch from a mixed LC/MLCT/LLCT phosphores-
cence in C1 to an almost pure triplet LC luminescence in C2 is
followed. In the case of ligand L2, on the other hand, the
appreciably low energy of the 3LC excited state compared to

that of the charge transfer states in the related complexes makes
compounds C3–4 practically pure charge-transfer emitters.
However, the ligand-centred triplet excited state plays a non-
innocent role by favouring the occurrence of non-radiative
deactivation pathways that prevent the achievement of long
emission lifetimes and high luminescence yields.

In summary, this work provides an additional, advanced
understanding of the relationship between chemical structure
and electronic properties of iridium(III) complexes for the suitable
employment of such interesting compounds in diverse reasearch
areas that include, among others, luminescent devices, sensors,
and theranostics.
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Arriaza, S. Caramori and B. Loeb, Eur. J. Inorg. Chem., 2015,
4946–4955.

26 G. F. Strouse, J. R. Schoonover, R. Duesing, S. Boyde, W. E. J.
Jones and T. J. Meyer, Inorg. Chem., 1995, 34, 473–487.

27 R. Horvath and K. C. Gordon, Inorg. Chim. Acta, 2011, 374,
10–18.

28 A. Francois, R. Dı́az, A. Ramı́rez, B. Loeb, M. Barrera and
I. Crivelli, Polyhedron, 2013, 52, 62–71.

29 A. E. Friedman, J. C. Chambron, J. P. Sauvage, N. J. Turro
and J. K. Barton, J. Am. Chem. Soc., 1990, 112, 4960–4962.

30 L. Hu, Z. Bian, H. Li, S. Han, Y. Yuan, L. Gao and G. Xu,
Anal. Chem., 2009, 81, 9807–9811.

31 F. Shao, B. Elias, W. Lu and J. K. Barton, Inorg. Chem., 2007,
46, 10187–10199.
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39 P. Dreyse, I. González, D. Cortés-Arriagada, O. Ramı́rez,
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