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ABSTRACT: Photodynamic therapeutic agents are of key interest in
developing new strategies to develop more specific and efficient anticancer
treatments. In comparison to classical chemotherapeutic agents, the activity
of photodynamic therapeutic compounds can be finely controlled thanks to
the light triggering of their photoreactivity. The development of type I
photosensitizing agents, which do not rely on the production of ROS, is
highly desirable. In this context, we developed new iridium(III) complexes
which are able to photoreact with biomolecules; namely, our Ir(III)
complexes can oxidize guanine residues under visible light irradiation. We
report the synthesis and extensive photophysical characterization of four new
Ir(III) complexes, [Ir(ppyCF3)2(N^N)]+ [ppyCF3 = 2-(3,5-bis-
(trifluoromethyl)phenyl)pyridine) and N^N = 2,2′-dipyridyl (bpy); 2-(pyridin-2-yl)pyrazine (pzpy); 2,2′-bipyrazine (bpz);
1,4,5,8-tetraazaphenanthrene (TAP)]. In addition to an extensive experimental and theoretical study of the photophysics of these
complexes, we characterize their photoreactivity toward model redox-active targets and the relevant biological target, the guanine
base. We demonstrate that photoinduced electron transfer takes place between the excited Ir(III) complex and guanine which
leads to the formation of stable photoproducts, indicating that the targeted guanine is irreversibly damaged. These results pave
the way to the elaboration of new type I photosensitizers for targeting cancerous cells.

■ INTRODUCTION

For many years, ruthenium(II) polypyridyl complexes have
attracted much interest, thanks to their photophysical proper-
ties. They have been exploited not only in various fields such as
photocatalysis,1−5 molecular antennas,6−8 and solar energy
conversion9−11 but also in biological applications.12−14 In this
area, the turning point was the discovery of the light-switch
effect of [Ru(bpy)2dppz)]

2+ (bpy = 2,2′-bipyridine, dppz =
dipyrido[3,2-:2′,3′-]phenazine) in the presence of DNA; the
luminescence of the complex, which is quenched in aqueous
media, is recovered after intercalation of the dppz ligand inside
the DNA backbone.15 Increasing research in the field of
biomedical applications was then performed by modifying the
core of the dppz ligand. Thereby, novel Ru(II) complexes were
developed to recognize not only specific DNA topologies16−18

(e.g., duplex vs G-quadruplex) but also the presence of defects
in the double strand19−21 (e.g., mismatches, abasic sites, ...). In
all of these cases, the ability of the complex to probe these
specific targets depends on the nature of the extended planar
ligand chelated to the metal center. Other Ru(II) complexes
were developed by changing bpy ancillary ligands to pyrazine-
based ligands such as bpz22,23 (2,2′-bipyrazine), TAP24 (1,4,5,8-

tetraazaphenanthrene), and HAT25,26 (1,4,5,8,9,12-hexaazatri-
phenylene). These modifications allow one to tune the
photoreactivity of the resulting complexes, giving rise to highly
photo-oxidizing compounds able to abstract, under irradiation,
an electron from guanine residues of the DNA. This
photoinduced electron transfer (PET) produces radical species
(i.e., oxidized guanine residue along with the monoreduced
complex) responsible for DNA cleavage27 and/or the formation
of adducts.28 Such photoreactivity, termed type I (i.e., electron
transfer), can be used to block replication and transcription of
DNA.29−31 Therefore, these highly photo-oxidizing complexes
constitute potential candidates in anticancer phototherapy
when type II photoreactivity, i.e. production of ROS by energy
transfer, is unsuitable (e.g., hypoxia tumor). Unfortunately,
these photooxidant ruthenium-based drugs are unable to cross
the membrane of living cells and to reach their biological target
(i.e., nuclear or mithochondrial DNA), even if they are tethered
to a cell-penetrating peptide, such as the TAT peptide.32
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In this context, we were interested in replacing the Ru(II)
metal center by Ir(III). Indeed, iridium(III) complexes have
recently emerged as potential candidates in anticancer photo-
therapy thanks to their exceptional photophysical properties,
their good photostability, and their cell permeability.33−35

Moreover, their photoredox properties can be easily tuned by
changing the C/N ratio in the first coordination sphere.36

Nevertheless, there are only few examples of tris-bidentate
complexes with a C/N ratio of 0/6 and consequently a high
photo-oxidant power.37,38 Bis- and tris-cyclometalated com-
pounds with C/N ratios of 2/4 and 3/3 not only are more
common but also show a more photoreducing behavior due to
the electron-donor character of the Ir−C bond.36,38 Therefore,
it is still challenging to build new highly photo-oxidizing Ir(III)
complexes.
In this work, we report the synthesis and characterization of

four new bis-cyclometalated complexes obtained from the
coordination of a fluorinated phenylpyridine ligand (ppyCF3 =
2-(3,5-bis(trifluoromethyl)phenyl)pyridine) and four different
diimine ligands (bpy = 2,2′-dipyridyl; pzpy = 2-(pyridin-2-
yl)pyrazine; bpz = 2,2′-bipyrazine; TAP = 1,4,5,8-tetraazaphe-
nanthrene). They are respectively termed hereafter Ir-bpy, Ir-
pzpy, Ir-bpz, and Ir-TAP (Chart 1). The selection of such a

carbometalated ligand is explained by the presence of two
electron-withdrawing groups on it to sufficiently deprive the
Ir−C bond of electron density, consequently increasing the
photooxidizing power of the target complexes. Photophysical
properties of the four compounds were investigated from an
experimental and theoretical approach, providing arguments in
favor of mixed ligand centered (LC) and metal−ligand to
ligand charge transfer (MLLCT) excited states. Their photo-
reductant and photo-oxidant properties were assessed in the
presence of a sacrificial electron donor and acceptor in organic
solvent. Finally, we investigated their photoreactivity in the
presence of guanine residue in aqueous buffer.

■ EXPERIMENTAL SECTION
All solvents and reagents for the synthesis were of reagent grade and
were used without further purification. All solvents for the
spectroscopic and electrochemical measurements were of spectro-
scopic grade. Water was purified with a Millipore Milli-Q system. 1H
NMR, 13C NMR, and 19F NMR experiments were performed in
CD3CN on a Bruker AC-300 Avance II (300 MHz) or Bruker AM-500
spectrometer (500 MHz) at 20 °C. The chemical shifts (given in ppm)
were measured versus the residual peak of the solvent as an internal
standard. High-resolution mass spectrometry (HRMS) was performed
with a Q-Extractive orbitrap from ThermoFisher using reserpine as the
internal standard. Samples were ionized by electrospray ionization
(ESI), and the typical source conditions were as follows: capillary

temperature 320 °C, vaporizer temperature 320 °C, sheath gas flow
rate 5 mL/min. Diffraction data were collected on a MAR345 image
plate using monochromated (Xenocs Fox3D mirror) Mo Kα radiation
(Rotating anode, Rigaku UltraX 18S). All diffraction images were
integrated by CrysalisPRO,39 and the implemented absorption
correction was applied. The structures were solved by SHELXT40

and refined by full-matrix least squares against |F2| using SHELXL-
2014.41 All non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were placed on calculated positions with temperature
factors fixed at 1.2 times the Ueq value of the parent atoms. HPLC
traces were obtained for each complex on a Waters Alliance 2690 using
an XBridge C18 column (50 × 4.6 mm, 2.5 μm) as the stationary
phase. The elutions were performed with a gradient starting from 90/
10 water/acetonitrile (0.1% TFA) to 10/90 water/acetonitrile (0.1%
TFA).

IrCl3·xH2O (PressChem), 2-bromopyridine (Acros), 2-chloropyr-
azine (Acros), 3,5-bis(trifluoromethyl)bromobenzene (Fluorochem),
2,2′-dipyridyl (bpy) (TCI), deoxyguanosine-5′-monophosphate diso-
dium salt (dGMP) (Alfa Aesar), guanosine 5′-monophosphate
disodium salt hydrate (GMP) (TCI), and ethylene glycol (Roth)
were of reagent grade and were used without further purification. 2-
(3,5-Bis(trifluoromethyl)phenyl)pyridine (ppyCF3),

42 2-(pyridin-2-
yl)pyrazine (pzpy),43 2,2′-bipyrazine (bpz),44 1,4,5,8-tetraazaphenan-
threne (TAP),45 and the cyclometalated Ir(III) chloro-bridged dimer
[Ir(ppyCF3)2Cl]2

42 were synthesized according to the literature.
General Method for Complex Synthesis. The cyclometalated

Ir(III) chloro-bridged dimer [Ir(ppyCF3)2Cl]2 (40.4 mg, 0.025 mmol,
1 equiv) and the corresponding ligand L (0.055 mmol, 2.2 equiv) were
suspended in 4 mL of ethylene glycol. The mixture was heated for 5 h
at 150 °C under an argon atmosphere in the dark. After the mixture
was cooled to room temperature, 10 mL of a saturated aqueous
solution of NH4PF6 was added. Then, the precipitate was centrifuged
and washed successively with water (three times), ethanol, and diethyl
ether to finally give a yellow-orange powder after drying under
vacuum.

Ir-bpy. [Ir(ppyCF3)2bpy]
+PF6

− was obtained by using the synthetic
procedure described above with 2,2′-dipyridyl as ligand L (8.6 mg,
0.055 mmol, 2.2 equiv), to give a pale yellow powder (35 mg, 65%
yield). 1H NMR (500 MHz, CD3CN): δ 8.44 (H1, H1’, H10 and H10′,
m, 4H), 8.24 (H3 and H3′, d, J3(3′)−4(4′) = 7.8 Hz, 2H), 8.15 (H9 and
H9′, td, J8/10(8′/10′)−9(9′) = 8 Hz and J7(7′)−9(9′) = 1.4 Hz, 2H), 7.84 (H4
and H4′, td, J3/5(3′/5′)−4(4′) = 7.8 Hz and J4(4′)−6(6′) = 1.3 Hz, 2H), 7.78
(H2, H2′, H7 and H7′, m, 4H), 7.50 (H8 and H8′, m, 2H), 7.29 (H6 and
H6′, d, J5(5′)−6(6′) = 5.9 Hz, 2H), 6.96 (H5 and H5′, td, J5(5′)−6(6′) = 5.9
Hz and J3(3′)−5(5′) = 1.2 Hz, 2H). 19F NMR (282 MHz, CD3CN): δ
−59.76 (s), −62.97 (s), −72.94 (d, J19F−31

P = 706.4 Hz). 13C NMR (75
MHz, CD3CN): δ 166.40, 156.27, 151.94, 151.30, 150.74, 150.28,
141.80, 140.31, 137.31, 136.91, 130.38, 126.42, 124.92, 121.81. HRMS
(ESI): m/z calculated for [C36H20N4F12

193Ir − PF6]
+ 929.11201;

found 929.11095.
Ir-pzpy. [Ir(ppyCF3)2pzpy]

+PF6
− was obtained by using the

synthetic procedure described above with 2-(pyridin-2-yl)pyrazine as
ligand L (8.6 mg, 0.055 mmol, 2.2 equiv), to give a yellow powder
(32.2 mg, 60% yield). 1H NMR (500 MHz, CD3CN): δ 9.64 (H9, d,
J8−9 = 1.2 Hz, 1H), 8.69 (H7, d, J7−8 = 3.1 Hz, 1H), 8.56 (H10, d, J10−11
= 8.1 Hz, 1H), 8.46 (H1 and H1’, s, 2H), 8.25 (H3 and H3′, m, 2H),
8.20 (H11, dt, J10/12−11 = 8.0 Hz, J11−13 = 1.5 Hz, 1H), 7.89−7.84 (H4
and H4′, m, 2H), 7.80 (H2, H2′ and H13, m, 3H), 7.74 (H8, dd, J7−8 =
3.1 Hz, J8−9 = 1.2 Hz, 1H), 7.58 (H12, ddd, J11−12 = 7.7 Hz, J12−13 = 5,6
Hz, J10−12 = 1.2 Hz, 1H), 7.32 (H6, d, J5−6 = 5.9 Hz, 1H), 7.27 (H6′, d,
J5′‑6′ = 6.0 Hz, 1H), 7.01−6.94 (H5 and H5′, m, 2H).

19F NMR (282
MHz, CD3CN): δ −59.62 (s), −59.72 (s), −63.00 (s), −72.94 (d,
J19F−31

P = 706.4 Hz). 13C NMR (75 MHz, CD3CN): δ 165.98, 154.27,
151.80, 151.44, 150.96, 147.64, 144.36, 141.99, 140.57, 131.15, 126.83,
125.06, 122.08, 121.95. HRMS (ESI): m/z calculated for
[C35H19N5F12

193Ir − PF6]
+ 930.10726; found 930.10658.

Ir-bpz. [Ir(ppyCF3)2bpz]
+PF6

− was obtained by using the synthetic
procedure described above with 2,2′-bipyrazine as ligand L (8.7 mg,
0.055 mmol, 2.2 equiv), to give an orange powder (39.8 mg, 74%
yield). 1H NMR (500 MHz, CD3CN): δ 9.75 (H9 and H9′, s, 2H),

Chart 1. Structures of Ir-bpy, Ir-pzpy, Ir-bpz, and Ir-TAP
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8.77 (H7 and H7′, d, J7(7′)−8(8′) = 3.0 Hz, 2H), 8.48 (H1 and H1’, s, 2H),
8.27 (H3 and H3′, dd, J3(3′)−4(4′) = 8.1 Hz, J3(3′)−5(5′) = 1.2 Hz, 2H), 7.88
(H4 and H4′, ddd, J3(3′)−4(4′) = 8.1 Hz, J4(4′)−5(5′) = 7.3 Hz, J4(4′)−6(6′) =
1.3 Hz, 2H), 7.82 (H2 and H2′, s, 2H), 7.78 (H8 and H8′, d, J7(7′)−8(8′) =
3.0 Hz, 2H), 7.31 (H6 and H6′, dd, J5(5′)−6(6′) = 5.6 Hz and J4(4′)−6(6′) =
1.3 Hz, 2H), 6.98 (H5 and H5′, ddd, J4(4′)−5(5′) = 7.3 Hz, J5(5′)−6(6′) = 5.6
Hz, and J3(3′)−5(5′) = 1.2 Hz, 2H). 19F NMR (282 MHz, CD3CN): δ
−59.58 (s), −63.03 (s), −72.94 (d, J19F−31

P = 706.4 Hz). 13C NMR (75
MHz, CD3CN): δ 165.70, 152.34, 151.54, 151.31, 149.20, 147.73,
144.97, 140.79, 125.40, 125.30, 125.26, 122.25. HRMS (ESI): m/z
calculated for [C34H18N6F12

191Ir − PF6]
+ 929.10018; found 929.10038.

Ir-TAP. [Ir(ppyCF3)2TAP]
+PF6

− was obtained by using the
synthetic procedure described above with 1,4,5,8-tetraazaphenan-
threne as ligand L (10.0 mg, 0.055 mmol, 2.2 equiv), to give an orange
powder (34.6 mg, 63% yield). 1H NMR (500 MHz, CD3CN): δ 9.21
(H7 and H7′, d, J7(7′)−8(8′) = 2.6 Hz, 2H), 8.57 (H9 and H9′, s, 2H), 8.52
(H1 and H1’, s, 2H), 8.24 (H3 and H3′, d, J3(3′)−4(4′) = 8.1 Hz, 2H), 8.10
(H8 and H8′, d, J7(7′)−8(8′) = 2.6 Hz, 2H), 7.87 (H2 and H2′, s, 2H), 7.78
(H4 and H4′, ddd, J3(3′)−4(4′) = 8.1 Hz, J4(4′)−5(5′) = 7.6 Hz, J4(4′)−6(6′) =
1.4 Hz, 2H), 7.18 (H6 and H6′, dd, J5(5′)−6(6′) = 5.6 Hz, J4(4′)−6(6′) = 1.4
Hz, 2H), 6.75 (H5 and H5′, ddd, J4(4′)−5(5′) = 7.6 Hz, J5(5′)−6(6′) = 5.6
Hz, J3(3′)−5(5′) = 1.1 Hz, 2H). 19F NMR (282 MHz, CD3CN): δ −59.47
(s), −62.99 (s), −72.99 (d, J19F−31

P = 706.2 Hz). 13C NMR (75 MHz,
CD3CN): δ 165.59, 153.46, 153.37, 153.12, 151.51, 147.62, 147.31,
145.91, 140.74, 140.63, 134.45, 125.34, 125.27, 125.16, 122.15. HRMS
(ESI): m/z calculated for [C36H18N6F12

191Ir − PF6]
+ 953.10018;

found 953.10020.
Photophysical Measurements. UV/vis absorption spectra were

recorded on a Shimadzu UV-1700 instrument. Room-temperature
fluorescence spectra were recorded on a Varian Cary Eclipse
instrument. Luminescence intensity at 77 K was recorded on a
FluoroLog3 FL3-22 from Jobin Yvon equipped with an 18 V 450 W
xenon Short Arc lamp and an R928P photomultiplier, using an Oxford
Instrument Optistat DN nitrogen cryostat controlled by an Oxford
Intelligent Temperature Controller (ITC503S) instrument. Lumines-
cence lifetime measurements were performed after irradiation at λ 400
nm obtained by the second harmonic of a titanium:sapphire laser
(picosecond Tsunami laser Spectra Physics 3950-M1BB+39868-03
pulse picker doubler) at a 80 kHz repetition rate. Fluotime 200 from
AMS Technologies was used for the decay acquisition. It consists of a
GaAs microchannel plate photomultiplier tube (Hamamatsu Model
R3809U-50) followed by a time-correlated single photon counting
system from Picoquant (PicoHarp300). The ultimate time resolution
of the system is close to 30 ps. Luminescence decays were analyzed
with FLUOFIT software available from Picoquant. Cyclic voltammetry
was carried out in a one-compartment cell, using a glassy-carbon-disk
working electrode (approximate area 0.03 cm2), a platinum-wire
counter electrode, and an Ag/AgCl reference electrode (salt bridge: 3
mol L−1 KCl/saturated AgCl). The potential of the working electrode
was controlled by an Autolab PGSTAT 100 potentiostat through a PC
interface. The cyclic voltammograms were recorded with a sweep rate
of 300 mV s−1, in dried acetonitrile (Acros, HPLC grade).
Tetrabutylammonium perchlorate (0.1 M) was used as supporting
electrolyte, and the samples were purged with nitrogen before each
measurement.
Franck−Condon Analyses for Emission Spectra. Fitting of the

steady-state photoluminescence spectra was made possible through
Franck−Condon line shape analysis. After the wavelength abscissa
values were converted to energy, the emission spectral data (multiplied
by λ2) were renormalized and fitted using either eq 1 (at room
temperature) or eq 2 (at 77 K). Both equations correspond to
Franck−Condon line shape predictions taking into account either one
or two vibration modes, respectively.
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In these equations, νm and νn are the vibrational quantum numbers
for the acceptor mode, SM and SN are the Huang−Rhys factors, also
known as the coupling factors, ℏωm and ℏωn correspond to the
vibrational energy spacing in the ground-state potential energy surface
for the corresponding vibration mode, and E0 corresponds to the
energy difference between the ground and excited state potential
surfaces. Luminescence spectra can be modeled using one or two
vibration modes, which correspond to the dominant vibration mode or
an average of vibration. Usually, transitions implying ν* = 0 to ν = 0−5
are sufficient to fit the experimental data. These transitions are
broadened thanks to a Gaussian distribution to take into account
solvent effects; Δν1/2 is the full-width at half-maximum of the
broadening for the transition, and a normalization factor of 4 ln 2 is
added to ensure that the integrated area corresponds to the intensity of
the line that is broadened into a Gaussian distribution.

Theoretical Calculations. All calculations were performed with
the Gaussian09,46 revision E.0, suite of programs employing the DFT
method, the Becke three-parameter hybrid functional, and the Lee−
Yang−Parr gradient-corrected correlation functional (B3LYP).47−49

All elements except iridium were assigned the 6-31G*(d,p) basis set.
The double-ζ quality SBKJC VDZ ECP basis set with an effective core
potential was employed for the Ir ion.50−53 No imaginary frequencies
were obtained when frequency calculations on optimized geometries
were performed. GaussView 5.0.9,54 GaussSum 3.0,55 and Chemissian
4.3056 software were used for data analysis, visualization, and surface
plots. All calculations were performed in a MeCN solution by using
the polarized continuum solvation model, as implemented in Gaussian
09.57,58

Photoreaction Conditions and Analyses. In a quartz round-
bottom flask, Ir-pzpy and Ir-TAP (20 mL, 5 × 10−5 mol/L) in the
presence of GMP (respectively 0.0125 and 0.0425 mol/L) were
illuminated for 72 h, under an argon atmosphere with continuous
stirring at room temperature, using six fluorescent black lights (F8T5-
BLB (12 in.), 8 W). GMP was used as an internal buffer; the pH was
adjusted between 6 and 7 by adding HCl. The photoreactions were
followed by analytical HPLC-UV/vis and analyzed off-line by mass
spectrometry. HPLC analyses were performed on a Waters Alliance
2690 instrument using a XBridge C18 column (50 × 4.6 mm; 2.5 μm)
as the stationary phase. The elutions were performed with a gradient
starting from 90/10 water/acetonitrile (0.1% TFA) to 10/90 water/
acetonitrile (0.1% TFA). The nature and structure of the complexes
after the photoreaction were assessed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
ToF-UMONS). MALDI-ToF mass spectra were recorded using a
Waters QToF Premier mass spectrometer equipped with a Nd:YAG
laser using the third harmonic with a wavelength of 355 nm. In the
context of this study, a maximum output of ∼65 J was delivered to the
sample in 2.2 ns pulses at a 50 Hz repeating rate. Time-of-flight mass
analyses were performed in the reflection mode. The matrix, trans-2-
[3-(4-tert-butyl-phenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB), was prepared as a 40 mg/mL solution in chloroform. The
matrix solution (1 μL) was applied to a stainless steel MALDI target
and air-dried. Reaction mixtures were dissolved in acetonitrile to
obtain 1 mg/mL solutions, and 1 μL aliquots of these solutions were
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spotted onto the target area (already bearing the matrix crystals) and
then air-dried.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of the

four Ir(III) complexes was achieved in two steps according to
methodologies previously described for similar compounds.59,60

As shown in Chart 1, these complexes possess the same
skeleton with two cyclometalated ligands bearing two
trifluoromethyl groups but differ in the N^N coordinating
ligand. They were unambiguously characterized by 1H, 13C, and
19F NMR spectroscopy, high-resolution mass spectrometry
(HRMS), X-ray crystal diffraction, and HPLC (Figures S1−S25
and Tables S1 and S2).
For all four Ir complexes Ir-bpy, Ir-pzpy, Ir-bpz, and Ir-TAP,

crystals suitable for X-ray diffraction were grown from an
acetonitrile/diethyl ether solution. Crystals were measured at
room temperature except for Ir-TAP which was flash-cooled to
150 K prior to data collection. Crystallographic and refinement
parameters are given in Table S1 in the Supporting Information
along with additional refinement details.
The combination of three bidentate chelating ligands, two

ppyCF3 and one diimine ligand, results in discrete complexes
with octahedral geometries around the Ir center. The chelating
nitrogen atoms of the two ppyCF3 ligands are arranged trans to
one another with angles between the core ppy systems of
71.18° (Ir-bpy), 88.38/78.45°61 (Ir-pzpy), 79.57° (Ir-bpz),
and 73.88° (Ir-TAP). As a result of the trans arrangement of
the ppyCF3 ligands, the complexes show a pseudo-2-fold
symmetry with the 2-fold axes passing through the middle of
the diimine ligand. The centrosymmetric nature of the space
groups the complexes crystallized in indicates that both Λ and
Δ enantiomers are present. For the structure of Ir-pzpy, the
combination of the positional disorder in the asymmetric pzpy
ligand and the observed disorder of one of the ppyCF3 ligands
results in four possible arrangements of the ligands around the
Ir atom, which all cocrystallize in the same asymmetric unit (see
the Supporting Information for more details on the observed
disorder).
The positively charged complexes are counterbalanced by an

isolated PF6
− anion.

Searches in the CSD database (version 5.38 + 3 updates),
reveal a significant curvature (Figure S21) for unsubstituted
ppy ligands, which are principally found as bidentate chelating
ligands. The curvature is calculated as the angle between the
centroids of the aromatic rings and the bond between them.
Over a 163.7−179.5° range, the mean value is found to be
173.7°. Substituents in the 3- and 5-positions of the phenyl
moiety induce no effect on this average, and it is also not
influenced by substitutions at position 6. The rotation between
the phenyl and pyridine rings, as defined by the torsion angle,
involving the coordinating atoms and the carbon atoms on
either side of the linking bond, is about 0°, showing no twist
between the aromatic rings. The reported structures do not
deviate from the literature values in terms of curvature (Table
S2).
Photophysical Properties. Electrochemistry. To get

information on the relative energies of their HOMO and
LUMO levels, the redox potentials of the four complexes were
determined by cyclic voltammetry in dry deoxygenated
acetonitrile (Table 1). For comparison purposes, the electro-
chemical data of [Ir(ppy)2bpy]

+ are also gathered in the table.
For this complex, the first oxidation and reduction waves are

usually attributed to the oxidation of the Ir-phenylpyridine
moiety and the reduction of the bipyridine, respectively.36,59

The data obtained for the four novel complexes are interpreted
along the same train of thought; indeed, no oxidation process
can be detected before 2 V vs Ag/AgCl (Table 1 and Figures
S26 and S27) due to the presence of trifluoromethyl groups on
the cyclometalated ligand, which impoverish the electron
density in the Ir-phenylpyridine moiety. Similar results have
already been obtained for other Ir(III) complexes bearing the
same carbometalated ppyCF3 ligand and have been attributed
to a large stabilization of the HOMO level by the electron-
withdrawing fluorocarbons.42,62 In the reduction, the wave is
attributed to a process involving the N^N ligand; the anodic
shift observed from Ir-bpy to Ir-pzpy and to Ir-bpz/TAP is
consistent with the presence of a first and a second
nonchelating nitrogen added on the N^N ligand. The
introduction of these nonchelating nitrogen atoms induces π
deficiency of the N^N ligand, lowering the LUMO level and
easing its reduction; Ir-bpz and Ir-TAP, each bearing two
nonchelating nitrogens, are reduced at a similar potential (ca.
−0.60 V vs Ag/AgCl).

Absorption Spectroscopy. The absorption spectra in MeCN
at room temperature for the four complexes are depicted in
Figure 1. The corresponding spectroscopic data, as well as data
for the reference [Ir(ppy)2bpy]

+, are summarized in Table 2.
All complexes display intense absorption bands with high

molar extinction coefficients (ε > 2 × 104 M−1 cm−1) between
230 and 340 nm. By comparison with literature and UV spectra
of the free ligands, these bands are assigned to ligand centered
(LC) transitions. Charge transfer (CT) transitions can be

Table 1. Electrochemical Data for [Ir(ppy)2bpy]
+ 60 (Ir-bpy,

Ir-pzpy, Ir-bpz, and Ir-TAP)a

E1/2(red)/V vs Ag/AgCl

complex E1/2(ox)/V vs Ag/AgCl 1 2

[Ir(ppy)2bpy]
+ 1.30 (r) −1.33 (r)

Ir-bpy >2 −1.11 (r)
Ir-pzpy >2 −0.82 (r) −1.58 (r)
Ir-bpz >2 −0.58 (r) −1.31 (r)
Ir-TAP >2 −0.60 (r) −1.29 (r)

aElectrochemical data were recorded at room temperature in dry
deoxygenated acetonitrile with Bu4NClO4 0.1 M as supporting
electrolyte; r = reversible.

Figure 1. Absorption (solid lines) and emission (λex 365 nm, dashed
lines) spectra of Ir-bpy (blue), Ir-pzpy (red), Ir-bpz (green), and Ir-
TAP (purple) measured in air at room temperature in MeCN.
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observed at lower energy (λ > 340 nm). The nature of these
transitions is not completely well defined; they correspond to a
mixture of ligand to ligand (LLCT) and metal to ligand charge
transfer (MLCT) transitions, involving the metal, the ppyCF3
ligand as an electron donor, and the diimine ligand as an
electron acceptor. As previously proposed in the literature, we
rather consider these transition as metal−ligand to ligand
charge transfer (MLLCT); indeed, on the basis of the cyclic
voltammetry, a contribution of the whole Ir-ppyCF3 fragment
to the HOMO is suggested, supporting the MLLCT dπIr−C →
π*N^N attribution.63,64 Bands from 340 to 400 nm arise
probably from spin-allowed 1MLLCT transitions (ε ≈ (1−10)
× 103 M−1 cm−1) whereas the lowest-lying absorptions (λ >
400 nm) are ascribed to spin-forbidden 3MLLCT transitions (ε
< 1 × 103 M−1 cm−1). The mixed spin character of these
transitions is due to the strong spin−orbit coupling effect,
which facilitates intersystem crossing between singlet and
triplet states (ξIr = 4430 cm−1).65

Lowest-energy transitions for the four complexes appear at
higher energy in comparison to the reference [Ir(ppy)2bpy]

+

(Table 2). As explained previously, this effect is attributed to
the stabilization of the HOMO level by electron-withdrawing
fluorocarbons on the cyclometalated ligand. It is also worth
mentioning that the anodic shift, observed in reduction upon
addition of one or two nonchelating nitrogen atoms, results in a
shorter gap between the HOMO and LUMO. Consequently,
the lowest energy transitions of Ir-TAP and Ir-bpz are slightly
red shifted in comparison to those of Ir-pzpy and Ir-bpy
(Table 2).
This stabilization effect on the LUMO level can be further

strengthened upon protonation of one nonchelating nitrogen
atom of Ir-pzpy, Ir-bpz, and Ir-TAP by addition of sulfuric acid
in acetonitrile (Figure 2 and Figures S28 and S29). The
protonation of the nonchelating nitrogen of Ir-pzpy induces
modifications of the UV−visible spectrum of the complex
(Figure 2); the presence of an isosbestic point (λ 330 nm)
indicates that two species are in equilibrium: the protonated
and the nonprotonated forms. As expected, the protonated
form of Ir-pzpy is characterized by a new absorption band at
lower energy (around 540 nm). This bathochromic shift of the
lowest-lying energy transitions results from the strong
stabilization of the LUMO centered on the pzpy ligand after
protonation. Similar results have been obtained for Ir-bpz and
Ir-TAP with new bands, respectively, at around 560 and 565
nm (Figures S28 and S29), confirming the N^N ligand
character of the LUMO.66

Emission Spectroscopy. Emission data in acetonitrile at
room temperature (Table 3) are in good agreement with cyclic
voltammetry and absorption analyses. As expected, emission
maxima of all complexes appear at higher energy in comparison
to the reference [Ir(ppy)2bpy]

+ and are affected by the number
of nonchelating nitrogen atoms present in the N^N ligand.

Each time one nitrogen atom is added on the diimine ligand,
the emission band is red-shifted by ca. 40 nm. The CT nature
of the excited state of the four complexes is confirmed by the
large kr values (>104 s−1) and the blue shift of the emission
band at 77 K (Table 3 and Figure S30). Interestingly, whereas
the broad and structureless emission spectra also support the
MLLCT assignment for Ir-pzpy, Ir-bpz, and Ir-TAP, the
emission spectrum of Ir-bpy displays structural features,
generally witnessing some LC character of the transition
(Figure 1). This kind of behavior was previously discussed by
Zanoni et al.67 for a similar complex, [Ir(Fppy)2dmb]

+ (Fppy =
2-(2,4-difluorophenyl)pyridine; dmb = 4,4′-dimethyl-2,2′-bi-
pyridine). This Ir(III) complex, bearing electron-withdrawing
groups on the ppy ligands, is characterized by a mixed
3LC-3MLLCT excited state, where the LC is a transition
centered on the bpy ligand. The ratio LC/MLLCT depends on
the temperature, due to the sensitivity of the MLLCT excited
state to the medium. In a frozen medium, a rigidochromic effect
exists and is marked by the inability of the surrounding medium
to stabilize the dipole of the CT transitions.68,69 Therefore,
emission from this kind of excited state appears at higher
energy at 77 K in comparison to that at 298 K. In contrast, LC
excited states are almost unaffected thanks to their low dipole
character. Consequently, the contribution of the LC to the
excited state of [Ir(Fppy)2dmb]

+ is minor at 298 K but is
predominant at 77 K. We have therefore investigated whether
some LC character could be found in the excited state at room
temperature.

Franck−Condon Analyses of Emission Spectra at 298 and
77 K. The participation of a LC transition in the emissive
excited state of the four complexes was investigated through
Franck−Condon line-shape analysis of the emission spectra.
Fitting of the experimental spectra in acetonitrile at 298 K was
realized using an average vibration mode approximation (eq
1).71 The emission spectral fitting parameters are given in Table
4. The experimental and calculated spectra are compared in
Figure 3.
The hω̵m values for the four complexes were evaluated at

∼1200 cm−1 (Table 4), consistent with results previously
obtained for other Ru(II), Os(II), and Ir(III) polypyridine
complexes.67,71,72 This vibration mode is ascribed to ring-

Table 2. UV−Visible Absorption Data in Acetonitrile at 298
K for [Ir(ppy)2bpy]

+ 60 (Ir-bpy, Ir-pzpy, Ir-bpz, and Ir-TAP)

complex λmax(abs)/nm (ε/102 M−1 cm−1)

[Ir(ppy)2bpy]
+ 257 (512), 267 (487), 310 (227), 339 (96), 376 (64),

412 (36), 467 (7)
Ir-bpy 247 (480), 263 (460), 306 (230), 314 (213), 353 (68),

423 (4)
Ir-pzpy 254 (425), 273 (401), 322 (191), 362 (70), 427 (7)
Ir-bpz 241 (450), 265 (404), 317 (184), 431 (3)
Ir-TAP 233 (407), 281 (305), 345 (77), 429 (7)

Figure 2. Absorption spectral changes for a solution of Ir-pzpy in
MeCN at room temperature for increasing concentrations of sulfuric
acid (0, 0.05, 0.094, 0.139, 0.162, 0.184, 0.207, 0.229, 0.251, 0.273,
0.294, 0.316, 0.337, 0.400, 0.461, 0.541, 0.618, 0.712, 0.821, 0.925, and
1.041 M).
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stretching vibrations in the N^N acceptor ligand. Moreover, Ir-
pzpy, Ir-bpz, and Ir-TAP are characterized by large bandwidths
at half-height (2200−2600 cm−1) similar to previously
described MLLCT Ir(III) emitters.67 In contrast, Δν1/2 is
much lower for Ir-bpy (1254 cm−1), probably due to a mixed
LC-MLLCT nature of its excited state.
Further investigations were carried out by Franck−Condon

analyses of the emission spectra of the four complexes and the
free ligands at 77 K. In this case, a model with two vibration
modes, described in the literature by Meyer and Woodruff,71

was used (eq 2). The experimental and fitted spectra of the
complexes are shown in Figure 4. The emission spectral fitting
parameters are summarized in Table 5, as well as data for the
free ligands for comparison purposes. The experimental and
simulated spectra of the free ligands at 77 K are available in
Figure S31 in the Supporting Information.

The band energy blue shifts of ∼2200 cm−1 for Ir-pzpy, Ir-
bpz, and Ir-TAP at 77 K in comparison to room temperature
agree with the MLLCT character of their excited state (Tables
4 and 5). As expected, the hypsochromic shift is far less intense
(∼400 cm−1) for Ir-bpy due to the participation of a LC
transition to the emissive state. A medium-frequency vibrational
mode, hω̵m, was estimated in the range 1250−1450 cm−1 for all
complexes, consistent with ring vibrations in the diimine
ligand73 (Table 5). The low-frequency vibrational mode, hω̵n,
arises from Ir−N stretching modes; its value for Ir-bpz and Ir-
TAP (∼375 cm−1) is similar to those for previously studied
Ir(III) complexes67 and confirms the MLLCT character of their
emissive state. The last two complexes show particular
structural features. The hω̵n and Δν1/2 values for both
compounds are more comparable to spectral parameters
obtained for free ligands at 77 K (Table 5). This effect is
clearly indicative of the participation of a LC excited state in
emission. Similarly to the complex described by Zanoni et al.,67

Ir-pzpy is characterized by an inversion in excited-state
ordering, with emission from MLLCT at 298 K and LC at
77 K. In the case of Ir-bpy, the emissive state is a mixed LC-
MLLCT excited state at 298 K. When the temperature is
lowered, the contribution of the LC increases while the
MLLCT proportion decreases.
In conclusion, all complexes emit from a 3MLLCT excited

state in acetonitrile at room temperature, with the participation

Table 3. Emission Data in Acetonitrile at 298 K and in EtOH/MeOH (4/1) at 77 K for [Ir(ppy)2bpy]
+ 60 (Ir-bpy, Ir-pzpy, Ir-

bpz, and Ir-TAP)

λmax(em)/nm τ/ns (MeCN, 298 K) Φc (MeCN, 298 K)

complex MeCNa 77 Kb air Ar air Ar kr/10
3 s−1

[Ir(ppy)2bpy]
+ 599 515 63 307 0.017 0.035 114.0

Ir-bpy 493 457 665 2144 0.060 0.108 50.4
Ir-pzpy 539 507 1036 1513 0.116 0.133 87.9
Ir-bpz 579 515 496 590 0.087 0.104 176.3
Ir-TAP 574 512 795 1121 0.102 0.154 137.4

aIn acetonitrile at 298 K (λex 365 nm).
bIn 4/1 EtOH/MeOH at 77 K (λex 365 nm).

cMeasured relative to quinine (Φref = 0.546 in 0.5 M H2SO4 in
water70) (λex 366 nm).

Table 4. Emission Parameters for the Different Complexes
Evaluated by Franck−Condon Line-Shape Analysis of
Emission Spectra in Acetonitrile at 298 K According to Eq 1

E0/cm
−1 [nm] hω̵m/cm

−1 SM Δν1/2/cm−1

Ir-bpy 21429 [467] 1181 1.64 1254
Ir-pzpy 19019 [526] 1182 0.92 2269
Ir-bpz 17591 [568] 1192 0.68 2332
Ir-TAP 17670 [566] 1181 0.57 2585

Figure 3. Emission spectra in acetonitrile at 298 K (gray) and fitted
data (color) of Ir-bpy (blue), Ir-pzpy (red), Ir-bpz (green), and Ir-
TAP (purple).

Figure 4. Emission spectra in EtOH/MeOH (4/1) at 77 K (gray) and
fitted data (color) of Ir-bpy (blue), Ir-pzpy (red), Ir-bpz (green), and
Ir-TAP (purple).
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of a 3LC state centered on the bpy or ppyCF3 ligand in the case
of Ir-bpy. In frozen medium, Ir-bpz and Ir-TAP remain
emissive from the 3MLLCT excited state, whereas the nature of
the emissive excited state of Ir-bpy and Ir-bpy is modified and
becomes mainly 3LC in character.
Time-Dependent Density Functional Theory Calcu-

lations. Computational studies were performed to confirm the
proposed assignment after experimental analyses and to get
more information on the energy gap between 3MLLCT and
3LC states for the four complexes.
The ground and vertical excited state electronic structures

were investigated by means of DFT/TD-DFT calculations
using the B3LYP method.47−49 All elements except iridium
were assigned the 6-31G*(d,p) basis set. The double-ζ-quality
SBKJC VDZ ECP basis set with an effective core potential was
employed for the Ir ion.50−53 Solvent (MeCN) was included by
a polarizable continuum model (CPCM). Details on electronic
and geometrical structures can be found in Figures S32−S42
and Tables S3−S23 in the Supporting Information.
All complexes show a mixed dπIr−πppyCF3 HOMO, while the

LUMO is largely centered on the diimine ligand (Tables S3, S6,
S12, and S18). The lowest-energy spin-allowed transitions for
all complexes are HOMO → LUMO transitions and are
consequently MLLCT in character (Table 6). Absorption
spectra of the different complexes match very well with
calculated singlet transitions (Figures S33, S35, S38, and S41).
Moreover, the estimated S1 energies vary with the number of
nonchelating nitrogens, as observed experimentally in UV−
visible spectroscopy and cyclic voltammetry (Figure 5). The
effect of protonation was also well-reproduced by theoretical
studies. The protonation induces a strong stabilization of the
LUMO level for complexes with at least one nonchelating
nitrogen (Figure 5). Consequently, their lowest-energy spin-
allowed transition is red-shifted, following the same trend as
experimental titrations.
The five lowest-energy triplet transitions were also calculated

for the four complexes. As shown in Table 6, the lowest-energy
spin-forbidden transitions are 3MLLCT in character for Ir-
pzpy, Ir-bpz, and Ir-TAP. In contrast, the T1 state of Ir-bpy is a
mixed excited state, involving mainly a 3MLLCT character but
also a LC transition centered on the ppyCF3 ligand. This result
is in good agreement with structural features identified in
emission for this complex in acetonitrile at 298 K. In addition
to the T1 state, each complex is characterized by another triplet
state ascribed to mainly a LC transition centered on the diimine
ligand (Table 6). Through the series Ir-bpy, Ir-pzpy, Ir-TAP,
and Ir-bpz, the energy gap between this state and T1 increases.
Therefore, this triplet state is close in energy to T1 for Ir-bpy
and Ir-pzpy, explaining the increasing LC character of their

emissive state at 77 K. However, for the last two complexes, the
energy gap between the two triplet states are too large to
observe an inversion in excited-state ordering at low temper-
ature as found for Ir-pzpy.

Photo-Oxidant and Photoreductant Behavior. The
ability of the four complexes to abstract or give, under light
irradiation, an electron was investigated by luminescence
quenching experiments in the presence of redox-active species.
Actually, we performed in acetonitrile steady-state lumines-
cence titration experiments in the presence of 1,4-hydro-
quinone (HQ) or 1,4-benzoquinone (BQ). A pure dynamic
quenching of the luminescence of the four complexes occurs
upon the addition of HQ (Figure S43), consistent with a
photo-oxidation of the HQ electron donor by the excited
complexes. The quenching rate constants are reported in Table
7. These values are close to the limit of diffusion and indicate
that oxidative quenching is very efficient, in agreement with the
reduction potential of the excited complexes (Table 7).

Table 5. Emission Parameters for the Different Complex and Free Ligands Evaluated by Franck−Condon Line-Shape Analysis
of Emission Spectra in EtOH/MeOH (4/1) at 77 K According to Eq 2

E0/cm
−1 [nm] hω̵m/cm

−1 SM hω̵n/cm
−1 SN Δν1/2/cm−1

Ir-bpy 21860 [457] 1454 1.13 883 0.61 629
Ir-pzpy 21101 [474] 1301 1.12 624 0.84 735
Ir-bpz 19922 [502] 1367 0.85 381 1.07 1111
Ir-TAP 19756 [506] 1263 1.01 370 0.32 1274
ppyCF3 22909 [437] 1419 1.35 859 1.17 719
bpy 23347 [428] 1445 1.47 858 1.20 645
pzpy 22732 [440] 1401 1.10 834 1.50 656
bpz 22305 [448] 1389 0.94 823 1.61 652
TAP 21581 [463] 1384 1.40 578 1.04 647

Table 6. Selected Singlet and Triplet Transitions from TD-
DFT Calculations for the Four Complexes in the Singlet
Ground State (PBE0, LANL2DZ, CPCM; MeCN)

complex
excited
state

energy/eV
[nm] major transition character

Ir-bpy S1 2.94 [419] H → L (98%) 1MLLCTbpy

T1 2.89 [427] H → L (46%) 3MLLCTbpy

H → L+2 (18%) 3MLCTppy +
3LCppy

H-1 → L+1
(14%)

3LCppy

T4 3.00 [411] H-5 → L (46%) 3LCbpy

H-3 → L (19%) 3MLLCTbpy

H → L (15%) 3MLLCTbpy

Ir-pzpy S1 2.64 [467] H → L (98%) 1MLLCTpzpy

T1 2.64 [471] H → L (97%) 3MLLCTpzpy

T2 2.89 [429] H-6 → L (46%) 3LCpzpy

H-3 → L (21%) 3MLLCTpzpy

H-4 → L (13%) 3MLLCTpzpy

Ir-bpz S1 2.42 [509] H → L (99%) 1MLLCTbpz

T1 2.39 [516] H → L (98%) 3MLLCTbpz

T2 2.79 [443] H-6 → L (43%) 3LCbpz

H-4 → L (26%) 3MLLCTbpz

H-3 → L (19%) 3MLLCTbpz

Ir-TAP S1 2.47 [500] H → L (99%) 1MLLCTTAP

T1 2.44 [506] H → L (97%) 3MLLCTTAP

T3 2.71 [455] H-6 → L+1
(44%)

3LCTAP

H-2 → L+1
(11%)

3MLLCTTAP
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Interestingly, an extinction of the luminescence can also be
observed with BQ and can be attributed in this case to the
reduction of the BQ electron acceptor, indicating that the four
complexes are also photoreductants. It should be noted that, in
this case, Stern−Volmer plots obtained with BQ deviate from
linearity with upward curvatures (Figure S44). This kind of
behavior, previously identified for the photoreduction of BQ by
chlorophyll B,74 is due to the presence of a small static
quenching contribution caused by interactions between BQ and
complexes in the ground state (Ks ≈ 102 M−1; see Table 7);
both dynamic and static quenching constants are reported in
Table 7.

Similar steady-state quenching experiments were then carried
out in aqueous buffer in the presence of deoxyguanosine-5′-
monophosphate (dGMP). The luminescence of all complexes
is quenched upon addition of an increasing amount of dGMP
(Figure S45). Similarly to photo-oxidant Ru(II) complexes,22 a
pure dynamic quenching of the excited state of each complex is
suggested by the linear evolution of the Stern−Volmer plots
(Figure 6). The quenching rate constants (kq) close to the limit
of diffusion (∼109 M−1 s−1) agree with efficient quenching for
the four compounds (Table 8).

On the basis of the reduction potential of the excited
complexes, we can safely assume that our four Ir(III) complexes
are able to oxidize guanine under irradiation and thus that the
extinction of luminescence is due to a photoinduced electron
transfer (PET) from the nucleobase toward the excited
complexes. Indeed, according to the empirical Rehm−Weller
equation,77 the PET is expected to be exergonic in the four
cases (Table 8). Thus, the reaction between the two
components can be resumed by eq 3.

Figure 5. Comparison of the frontier molecular orbitals of the Ir(III) complexes with their HOMO−LUMO gap.

Table 7. Thermodynamic and Kinetic Parameters of the PET
between the Four Complexes and BQ or HQ in MeCN

complex Ered*
a/V

kq(HQ)
b/

109 s−1 Eox*
a/V

kq(BQ)
c/

109 s−1 Ks(BQ)
c/M−1

Ir-bpy +1.41 2.04 >−0.51 9.73 74.0
Ir-pzpy +1.48 2.94 >−0.30 9.25 189.1
Ir-bpz +1.56 8.10 >−0.14 9.32 129.0
Ir-TAP +1.56 3.38 >−0.16 1.10 322.2
aEred* = Ered + E0−0 (E0−0 = ±hc/λem); Eox* = Eox − E0−0 (E0−0 = ± hc/
λem).

75 bThe quenching rate constant, kq(HQ), was obtained by using
the Stern−Volmer equation I0/I = 1 + kqτ0[HQ],

76 where I0 is the
intensity of the luminescence at the maximum of emission in the
absence of a quencher, here HQ, I is the intensity of the luminescence
at the maximum of emission in the presence of HQ, and τ0 is the
excited state lifetime of the complex in the absence of HQ. cIn the case
of titration with BQ, a deviation in the linear Stern−Volmer
relationship is observed. An association between BQ and the Ir(III)
complex in the ground state due to a static quenching process causes
this deviation. This association is probably due to π−π interaction
between BQ and one ligand of the Ir complex. The quenching rate
constant kq(BQ) and association constant Ks(BQ) were obtained by
using the equation I0/I = 1 + (kqτ0 + Ks)[BQ] + kqτ0Ks[BQ]

2,76 where
I0 is the intensity of the luminescence at the maximum of emission in
the absence of a quencher, here BQ, I is the intensity of the
luminescence at the maximum of emission in the presence of BQ, and
τ0 is the excited state lifetime of the complex in the absence of BQ.

Figure 6. Stern−Volmer plots obtained upon the addition of dGMP to
Ir-bpy (blue), Ir-pzpy (red), Ir-bpz (green), and Ir-TAP (purple).
Measurements were made in TRIS-HCl 50 mM pH 7.4 (λex 365 nm).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b02778
Inorg. Chem. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02778/suppl_file/ic7b02778_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02778/suppl_file/ic7b02778_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b02778


+

→ +

•+ ∧ •− +*

∧ •− •+

[Ir(ppyCF ) (N N) ] G

[Ir(ppyCF ) (N N) ] G
3 2

3 2 (3)

Further evidence that an electron transfer occurs between
excited Ir(III) complexes and guanine were obtained by
continuous illumination of Ir-pzpy and Ir-TAP in the presence
of the DNA base in different conditions. The results of these
photoreactions were analyzed by HPLC-UV/vis and mass
spectrometry.
First, we verified that the complexes remain stable under

irradiation; complexes irradiated in solution in the absence of
redox quencher do not degrade or induced the formation of
any photoproduct (Figure S46). In contrast, when Ir-pzpy is
irradiated in the presence of GMP, several new peaks are
detected in HPLC (Figure S47) as well as by mass
spectrometry with potentially some photoproduct derivatives.
Indeed, after visible light irradiation, new signals at higher m/z
are detected. Nevertheless, the photoproduct characterization is
somewhat tricky. This is certainly due to the rich nature of the
photophysics of Ir(III) complexes, in which a manifold of
excited states have to be taken into account and, in addition,
can be involved in photocatalytic reactions. Among the
products generated during the photoreaction of Ir-pzpy and
GMP, we could detect a high-mass product in which two
iridium centers are present, as confirmed upon MALTI-ToF
analysis (Figure S48). A similar binuclear species is also
detected upon continuous irradiation of a solution of Ir-TAP
and GMP (Figure S49). In order to get more structural
information, MS/MS analyses were undertaken. Tandem mass
spectrometry investigation showed that both photoproducts
(i.e., with Ir-pzpy and Ir-TAP) share some similar fragment
ions when they are subjected to collision-induced dissociation
experiments (MS/MS) (Figures S50 and S51). This result
suggests that they present similar structures and thus are likely
to arise from similar mechanisms of formation. Nevertheless,
due to the small amount of products formed, their exact
structure has still not been completely elucidated, since these
photoadducts could not be analyzed by NMR. In contrast to
photooxidant Ru-TAP/HAT based compounds which lead to
the formation of a photoadduct either between the ruthenium
complex and GMP or between two Ru complexes, photo-
products generated upon irradiation of photoreactive Ir(III)
seem more to lead to Ir−Ir photoadducts.

It is also worth mentioning that the binuclear compounds are
also detected when continuous irradiation of a solution of Ir-
pzpy and hydroquinone in MeCN is performed (Figure S52).
Therefore, we can safely assert that their synthesis requires the
formation of a monoreduced complex. When GMP is the
electron donor, long-lived guanine radical cations are then
concomitantly generated upon light irradiation. Because the
monoreduced complex is irreversibly and quickly trapped in a
photoproduct Ir−Ir, a back-electron-transfer reaction between
the monoreduced complex and the guanine radical cannot
occur. This means that the oxidized guanine is available to react
with other substrates and, in a biological context, that the
radical character of the oxidized guanine will be transferred to
DNA very efficiently, leading to irreversible damage to the
genetic material of the targeted cell.79 The present photo-
reactivity studies pave the way toward in cellulo studies, for
which we expect that our iridium complexes will depict
remarkable phototriggered toxicity, even under hypoxic
conditions.

■ CONCLUSION

Four new bis-cyclometalated Ir(III) complexes were prepared
and unambiguously characterized by 1H, 13C, and 19F NMR
spectroscopy, high-resolution mass spectrometry (HRMS), and
X-ray crystal diffraction.
The electrochemical and spectroscopic data are in full

agreement with the computational results, which indicate that
the lowest-lying absorption bands for all complexes correspond
to mixed LLCT and MLCT transitions, termed MLLCT (i.e.,
CT from the whole ppyCF3−Ir fragment toward the diimine
ligand). For their emission, the excited state is mainly a
3MLLCT state in acetonitrile at 298 K, with a contribution of
an LC transition centered on the ppyCF3 ligand for Ir-bpy. At
77 K, the emissive state of Ir-bpz and Ir-TAP remains
3MLLCT in character, whereas the last two complexes show an
inversion in excited-state ordering, with predominant 3LCNN
character. This inversion can be explained by the presence of
two triplet states relatively close in energy for these
compounds. The two states, respectively largely 3MLLCT in
character and mainly 3LCNN, are not affected in the same way
by the rigidochromic effect at low temperature. The LC is
almost unaffected, whereas the MLLCT is blue-shifted and
becomes consequently higher in energy than the LC state. In
the case of Ir-bpz and Ir-TAP, this differential stabilization
effect also occurs but the initial energy gap between the two
excited states is too large to observe an inversion in excited-
state ordering.
Photoredox properties of the four complexes were then

investigated through quenching of luminescence experiments.
First, a photoinduced electron transfer was established between
the excited complexes and respectively 1,4-hydroquinone and
1,4-benzoquinone. This result has great interest from the
perspective of exploiting the four complexes in photocatalytic
devices. Evidence of an oxidative PET was also obtained in the
presence of dGMP, leading to the formation of a radical cation
on the nucleobase. This phenomenon could be used for
phototherapies due to dramatic effects caused on the DNA
structure such as strand cleavage. Consequently, present studies
pave the way toward in cellulo experiments, for which we
expect that our iridium complexes will depict remarkable
phototriggered toxicity, even in hypoxic medium.

Table 8. Thermodynamic and Kinetic Parameters of the PET
between the Four Complexes and dGMP

Ered*
a/V ΔGPET

b/eV τ0
c/ns kq

d/109 M−1 s−1

Ir-bpy 1.41 −0.37 1217 0.69
Ir-pzpy 1.39 −0.35 297 1.36
Ir-bpz 1.47 −0.43 74.4 1.65
Ir-TAP 1.44 −0.40 55.6 2.60

aEred* = Ered́ + E0−0 (E0−0 = ± hc/λem).
bExergonicity of the PET

estimated by the Rhem−Weller equation ΔG = Eox dGMP − Ered complex
− Ecomplex

0−0 − 0.06 (Eox dGMP = 1.1 V),78 E0−0 = ±hc/λem.
cMeasured in

aerated water solution. dThe quenching rate constant, kq, was obtained
by using the Stern−Volmer equation I0/I = 1 + kqτ0[dGMP],76 where
I0 is the intensity of the luminescence at the maximum of emission in
the absence of a quencher, here dGMP, I is the intensity of the
luminescence at the maximum of emission in the presence of dGMP,
and τ0 is the excited state lifetime of the complex in the absence of
dGMP.
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(30) Marceĺis, L.; Surin, M.; Lartia, R.; Moucheron, C.; Defrancq, E.;
Kirsch-De Mesmaeker, A. Specificity of Light-Induced Covalent
Adduct Formation between RuII Oligonucleotide Conjugates and
Target Sequences for Gene Silencing Applications. Eur. J. Inorg. Chem.
2014, 2014, 3016−3022.
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