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Abstract
A series of nine [Ir(piq)2(LL)]+.PF6

– photosensitizers, where piqH = 1-phenylisoquinoline, was developed and investigated 
for excited-state electron transfer with sacrificial electron donors that included triethanolamine (TEOA), triethylamine (TEA) 
and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) in acetonitrile. The photosensitizers were obtained 
in 57–82% yield starting from the common [Ir(piq)2µ-Cl]2 precursor and were all characterized by UV–Vis absorption as 
well as by steady-state, time-resolved spectroscopies and electrochemistry. The excited-state lifetimes ranged from 250 to 
3350 ns and excited-state electron transfer quenching rate constants in the 109 M–1 s–1 range were obtained when BIH was 
used as electron donor. These quenching rate constants were three orders of magnitude higher than when TEA or TEOA was 
used. Steady-state photolysis in the presence of BIH showed that the stable and reversible accumulation of mono-reduced 
photosensitizers was possible, highlighting the potential use of these Ir-based photosensitizers in photocatalytic reactions 
relevant for solar fuels production.

1  Introduction

The global population has recently reached 7.9 billion, and 
energy demand increases commensurately. It is nowadays 
accepted that fossil fuels alone will not be sufficient to pro-
vide both the energy and chemical feedstocks required over 
the years to come. The necessity for renewable sources of 
energy and feedstock is therefore at an unprecedented high, 
and the energy provided by the sun has long been viewed 
as the ideal candidate [1–4]. Light-driven energy conver-
sion was proposed as an alternative to fossil fuels already 
more than a century ago by Giacomo Ciamician, who urged 

society to make better use of radiant energy through photoin-
duced chemical reactions [5].

Both natural and artificial photosynthesis aim to gener-
ate high-energy fuels using sunlight to initiate a series of 
light-induced electron transfer events [6–12]. Visible light 
induced electron transfer chemistry, reminiscent of photo-
synthesis, represents a powerful approach towards the devel-
opment of sustainable energy supplies. In this context, the 
reduction of protons into molecular hydrogen (H2) or of CO2 
into valuable chemicals such as CO, HCOOH, CH3OH or 
CH4 are both considered as promising strategies towards 
sustainability [13–23]. Research has been dedicated to the 
development of transition metal complexes that function 
as photosensitizers as well as catalytic centers where these 
reduction processes could take place. Prototypical photo-
sensitizers such as [Ru(bpy)3]2+ (bpy = 2,2′-bipyridine) and 
[Ir(ppy)3] (ppy = 2-phenylpyridine) have been used in con-
cert with Ni, Ru, Re, Fe and Co based molecular catalysts 
for proton or CO2 reduction [13–23]. Typically, visible light 
excitation of the photosensitizer leads to an excited state 
that undergoes direct electron transfer with a sacrificial 
electron donor. Commonly used sacrificial electron donors 
include triethanolamine (TEOA) or 1,3-dimethyl-2-phe-
nyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) with formal 
reduction potentials of 0.57–0.82 V vs. SCE and 0.33 V vs. 
SCE, respectively [24]. The monoreduced photosensitizer 
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is then able to transfer an electron to a molecular catalyst, 
commonly [Co(dmgH)2(py)(Cl)] (ECo(III)/Co(II) = – 0.65 V 
and ECo(II)/Co(I) = – 1.02 V vs. SCE) [25] for proton reduc-
tion or [fac-Re(bpy)(CO)3Cl] (Ebpy/bpy- = −  1.35  V and 
ERe(I)/Re(0) = − 1.71 V vs. SCE) [26] for CO2 reduction.

This sequence of reductive electron transfer events relies 
on a delicate balance of thermodynamics, and fine-tuning 
the ground- and excited-state energy levels of the photosen-
sitizers is essential for efficient process. In this context, bis-
cyclometalated Ir(III) complexes are particularly useful, as 
the significant spatial separation of each frontier orbital ena-
bles independent tuning of either the HOMO or the LUMO 
of the complex (or both) [27, 28]. In addition, Ir(III) photo-
sensitizer are often very robust under irradiation and their 
(photo)-redox potentials can be tuned over a far greater range 
than their Ru(II), Os(II) or Cu(I) counterparts. [28, 29].

In here, we report a series of nine [Ir(piq)2(LL)]+ pho-
tosensitizers, where piqH = 1-phenylisoquinoline and LL 
is a N^N diimine ligand (Fig. 1). These photosensitizers 
absorbed visible light with molar absorption coefficients in 
the 5400–7900 M–1 cm–1 range, and exhibit excited-state 
lifetimes in the microsecond time scales that were compe-
tent for efficient reductive excited-state electron transfer with 
BIH. Steady-state photolysis in the presence of BIH showed 
that most of the photosensitizers were stable in their reduced 
form, which is a paramount criterion for efficient and long-
term light-driven reduction of protons or CO2 to solar fuel 
products.

2 � Experimental

Electrochemistry Cyclic voltammetry was performed with 
an Autolab PGSTAT 100 potentiostat using a standard three-
electrode-cell, i.e. a glassy carbon disk working electrode 
(approximate area = 0.03 cm2), a platinum wire counter 
electrode and an aqueous Ag/AgCl reference electrode (salt 
bridge: 3 M KCl/saturated AgCl). Experiments were per-
formed in dry 0.1 M tetrabutylammonium hexafluorophos-
phate acetonitrile electrolyte, and the samples were purged 
with argon before each measurement.

Stern–Volmer experiments Excited-state quenching 
experiments were performed on a Varian Cary Eclipse 
spectrometer and the photoluminescence spectra were not 
corrected for the instrument’s response. Typically, an Ir (III) 
solution with an absorbance of ~ 0.1 around 420–440 nm was 
prepared in acetonitrile. Various quencher solutions with 
concentration ranging from 0.05 to 0.5 M were prepared in 
the desired solvent also containing the Ir(III) photosensitizer 
with the same absorbance. The solutions were purged with 
argon for 30 min prior to the experiments and UV–Vis meas-
urements were performed to ensure constant concentration 
throughout the entire measurement. The desired quencher 
was gradually added to the solution of iridium photosen-
sitizer and the excited-state quenching was monitored by 
steady-state photoluminescence. The decrease of photolu-
minescence was related to the concentration of quencher and 
the respective Stern–Volmer plots were extrapolated using 
the following equation:

Transient absorption Nanosecond transient absorption 
measurements were recorded on a LP920-K spectrom-
eter from Edinburgh Instruments equipped with an iCCD 
detector from Andor. The excitation source was a tunable 
Nd:YAG Laser NT342 Series from EKSPLA. The third 
harmonic (355 nm) at 150 mJ was directed into an optical 
parametric oscillator (OPO) to enable wavelength tuning 
starting from 410 nm. The laser power was then attenuated 
to reach appreciable signal/noise (typically 10 mJ/pulse) 
and the integrity of the samples was verified by UV–Vis 
measurements. All samples were recorded in argon-purged 
acetonitrile at room temperature.

Synthesis of the Ir(III) photosensitizers Ir(III) chloro-
bridged dimer [Ir(piq)2µ-Cl]2 (75 mg, 58.9 µmol) and the 
corresponding diimine ligand (147.25 µmol, 2.5 eq.) were 
placed in a sealed tube under argon atmosphere with 9 mL of 
MeOH/DCM 2:1 mixture. The reaction was heated at 60 °C 
for 24 h. After reaction, the orange-red mixture was brought 
to room temperature. The DCM fraction was evaporated, 
and the resulting solution was treated with 10 mL of milliQ 

∑
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Fig. 1   The series of [Ir(piq)2(LL)]+.PF6
– photosensitizers investigated 

in the present work
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water and an excess of NH4PF6 was then added. The com-
plex was isolated by centrifugation and was washed 3 times 
with milliQ water and 3 times with diethyl ether to give the 
desired complexes with yields that ranged from 57 to 82%.

[Ir(piq)2(bpy)]+.PF6
– was obtained using the synthetic 

procedure described above with 2,2′-bipyridine as diimine 
ligand (23 mg), to give an orange powder (84.8 mg, 80% 
yield). 1H NMR (500 MHz, CD3CN) δ 9.04–8.99 (m, 2H), 
8.54 (d, J = 8.2 Hz, 2H), 8.38 (d, J = 8.1 Hz, 2H), 8.11 (td, 
J = 7.9, 1.6 Hz, 2H), 8.04–7.92 (m, 2H), 7.87 (ddd, J = 5.5, 
1.6, 0.8 Hz, 2H), 7.85–7.78 (m, 4H), 7.51 (d, J = 6.4 Hz, 
2H), 7.46 (ddd, J = 7.7, 5.5, 1.2 Hz, 2H), 7.42 (dd, J = 6.5, 
0.9 Hz, 2H), 7.18–7.05 (m, 2H), 6.88 (td, J = 7.4, 1.3 Hz, 
2H), 6.31 (dd, J = 7.6, 1.3 Hz, 2H). HRMS  (ESI) m/z 
calculated for [C40H28N4Ir–PF6]+   = 755.19144; found 
755.19152. NMR data are consistent with literature val-
ues. [30].

[Ir(piq)2(4,4′-(CH3)2-bpy)]+.PF6
– was obtained 

using the synthetic procedure described above with 
4,4′-dimethyl-2,2′-bipyridine as diimine ligand (27.1 mg), 
to give an orange powder (88.1 mg, 80% yield). 1H NMR 
(500 MHz, CD3CN) δ 9.06–8.95 (m, 2H), 8.44–8.27 (m, 
4H), 8.06–7.92 (m, 2H), 7.91–7.74 (m, 4H), 7.68 (d, 
J = 5.7 Hz, 2H), 7.50 (d, J = 6.4 Hz, 2H), 7.42 (dd, J = 6.5, 
0.9 Hz, 2H), 7.28 (ddd, J = 5.6, 1.8, 0.8 Hz, 2H), 7.12 
(ddd, J = 8.2, 7.3, 1.3 Hz, 2H), 6.87 (td, J = 7.4, 1.3 Hz, 
2H), 6.32–6.30 (m, 2H), 2.51 (s, 6H). HRMS (ESI) m/z 
calculated for [C42H32N4Ir–PF6]+   = 783.22274; found 
783.22266. NMR data are consistent with literature val-
ues [31].

[Ir(piq)2(5,5′-(CH3)2-bpy))]+.PF6
– was obtained using 

the synthetic procedure described above with 5,5′-dimethyl-
2,2′-bipyridine as diimine ligand (27.1 mg), to give an 
orange powder (78.1 mg, 71% yield). 1H NMR (500 MHz, 
CD3CN) δ 9.08–8.98 (m, 2H), 8.37 (t, J = 8.1 Hz, 4H), 
8.04–7.96 (m, 2H), 7.93–7.88 (m, 2H), 7.87–7.77 (m, 
4H), 7.60 (d, J = 2.0 Hz, 2H), 7.51 (d, J = 6.4 Hz, 2H), 
7.42 (d, J = 6.4 Hz, 2H), 7.13 (ddd, J = 8.3, 7.2, 1.4 Hz, 
2H), 6.88 (td, J = 7.4, 1.3  Hz, 2H), 6.30 (dd, J = 7.7, 
1.3 Hz, 2H), 2.14 (s, 6H). HRMS (ESI) m/z calculated for 
[C42H32N4Ir–PF6]+  = 783.22274; found 783.22251. NMR 
data are consistent with literature values [32].

[Ir(piq)2(6,6´-(CH3)2-bpy))]+.PF6
– was obtained using 

the synthetic procedure described above with 6,6´-dimethyl-
2,2´-bipyridine as diimine ligand (27.1 mg), to give an 
orange powder (84.3 mg, 77% yield). 1H NMR (500 MHz, 
CD3CN) δ 9.01–8.89 (m, 2H), 8.29 (d, J = 7.5 Hz, 2H), 
8.19 (d, J = 8.0  Hz, 2H), 8.04–7.97 (m, 2H), 7.91 (t, 
J = 7.9 Hz, 2H), 7.88–7.75 (m, 6H), 7.45 (d, J = 6.2 Hz, 
2H), 7.29 (dd, J = 7.7, 1.2 Hz, 2H), 7.03 (ddd, J = 8.3, 
7.2, 1.3 Hz, 2H), 6.81–6.61 (m, 2H), 6.30 (dd, J = 7.7, 
1.3 Hz, 2H), 1.81 (s, 6H). HRMS (ESI) m/z calculated for 
[C42H32N4Ir–PF6]+  = 783.22274; found 783.22256.

[Ir(piq)2(4,4´-(tBu)2-bpy))]+.PF6
– was obtained using 

the synthetic procedure described above with 4,4’-tBu-2,2′-
bipyridine as diimine ligand (39.5 mg), to give an orange 
powder (68.6 mg, 57% yield). 1H NMR (500 MHz, CD3CN) 
δ 9.07–8.95 (m, 2H), 8.52 (dd, J = 2.1, 0.7 Hz, 2H), 8.37 
(d, J = 8.0 Hz, 2H), 8.08–7.93 (m, 2H), 7.89–7.79 (m, 4H), 
7.73 (dd, J = 5.9, 0.6 Hz, 2H), 7.55–7.36 (m, 6H), 7.12 (ddd, 
J = 8.1, 7.2, 1.3 Hz, 2H), 6.87 (td, J = 7.4, 1.2 Hz, 2H), 6.30 
(dd, J = 8.0, 1.3 Hz, 2H), 1.39 (s, 18H). HRMS (ESI) m/z 
calculated for [C48H44N4Ir–PF6]+   = 867.31664; found 
867.31621. NMR data are consistent with literature values 
[33].

[Ir(piq)2(4,4´-(C9H19)2-bpy))]+.PF6
–  was obtained 

using the synthetic procedure described above with 
4,4 ′-CH3(CH2)8-2,2 ′-bipyridine as diimine ligand 
(60.1  mg), to give an orange powder (81.3  mg, 60% 
yield).  1H NMR (500  MHz, CD3CN) δ 9.01 (dd, 
J = 6.4, 3.4 Hz, 2H), 8.48–8.30 (m, 4H), 8.07–7.93 (m, 
2H), 7.90–7.74 (m, 4H), 7.69 (d, J = 5.9 Hz, 2H), 7.49 
(d, J = 6.5 Hz, 2H), 7.42 (d, J = 5.9 Hz, 2H), 7.28 (dd, 
J = 5.7, 1.9 Hz, 2H), 7.17–7.05 (m, 2H), 6.87 (td, J = 7.4, 
1.3  Hz, 2H), 6.31 (dd, J = 7.7, 1.4  Hz, 2H), 2.78 (t, 
J = 7.7 Hz, 4H), 1.69 (q, J = 7.2 Hz, 4H), 1.45–1.09 (m, 
24H), 0.99–0.68 (m, 6H). HRMS (ESI) m/z calculated 
for [C58H64N4Ir–PF6]+  = 1007.47314; found 1007.47317. 
NMR data are consistent with literature values [34].

[Ir(piq)2(4,4´-(OCH3)2-bpy)]+.PF6
–  was obtained 

using the synthetic procedure described above with 
4,4′-MeO-2,2′-bipyridine as diimine ligand (31.8 mg), 
to give an orange powder (93.4  mg, 82% yield).  1H 
NMR (500 MHz, CD3CN) δ 9.07–8.92 (m, 2H), 8.36 (d, 
J = 8.0 Hz, 2H), 8.00 (dd, J = 6.8, 2.7 Hz, 4H), 7.92–7.72 
(m, 4H), 7.61 (d, J = 6.4 Hz, 2H), 7.56 (d, J = 6.5 Hz, 2H), 
7.45 (d, J = 6.3 Hz, 2H), 7.16–7.06 (m, 2H), 6.98 (dd, 
J = 6.4, 2.7 Hz, 2H), 6.86 (td, J = 7.4, 1.3 Hz, 2H), 6.31 
(dd, J = 7.9, 1.1 Hz, 2H), 3.97 (s, 6H). HRMS (ESI) m/z 
calculated for [C42H32O2N4Ir–PF6]+  = 815.21257; found 
815.21250. NMR data are consistent with literature val-
ues [35].

[Ir(piq)2(4,4´-(Br)2-bpy)]+.PF6
–  was obtained 

using the synthetic procedure described above with 
4,4′-Br-2,2′-bipyridine as diimine ligand (45.9  mg), 
to give a red powder (86.3 mg, 70% yield).  1H NMR 
(500  MHz, CD3CN) δ 9.08–8.95 (m, 2H), 8.79 (dd, 
J = 1.7, 0.9 Hz, 2H), 8.52–8.29 (m, 2H), 8.04–7.97 (m, 
2H), 7.90–7.79 (m, 4H), 7.66 (t, J = 1.1 Hz, 4H), 7.51 (d, 
J = 6.4 Hz, 2H), 7.48–7.42 (m, 2H), 7.13 (ddd, J = 8.2, 
7.3, 1.3 Hz, 2H), 6.88 (td, J = 7.5, 1.3 Hz, 2H), 6.26 (dd, 
J = 7.7, 1.3 Hz, 2H). HRMS  (ESI) m/z calculated for 
[C40H26N4Br2Ir–PF6]+  = 911.01246; found 911.01276.

[Ir(piq)2(biq)]+.PF6
–  was obtained using the syn-

thetic procedure described above with 2,2′-biquino-
line as diimine ligand (37.7 mg), to give a dark purple 
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powder (96.2  mg, 81% yield).  1H NMR (500  MHz, 
CD3CN) δ 8.82 (d, J = 8.8 Hz, 2H), 8.65 (d, J = 8.7 Hz, 
2H), 8.56 (d, J = 8.8 Hz, 2H), 8.27 (d, J = 7.4 Hz, 2H), 
8.00–7.89 (m, 4H), 7.86–7.70 (m, 8H), 7.53 (ddd, 
J = 8.1, 6.8, 1.1 Hz, 2H), 7.31 (d, J = 6.5 Hz, 2H), 7.14 
(ddd, J = 8.7, 6.8, 1.5 Hz, 2H), 7.10 (ddd, J = 8.2, 7.2, 
1.3 Hz, 2H), 6.87 (td, J = 7.4, 1.3 Hz, 2H), 6.47 (dd, 
J = 7.8, 1.4 Hz, 2H). HRMS  (ESI) m/z calculated for 
[C48H32N4Ir–PF6]+  = 855.22274; found 855.22281. NMR 
data are consistent with literature values [36].

3 � Results and discussions

The synthetic approach to produce the series of iridium(III) 
photosensitizers relied on the use of iridium complexes 
with two cyclometalating piq ligands (piqH = 1-phenyliso-
quinoline). These ligands are relatively electron-rich and 
are also known to increase the molar absorption coefficient 
of the resulting photosensitizers in the visible range [28]. 
The synthesis proceeded via the chelation of the cyclo-
metalated ligands (providing an Ir(III) dichloro-bridged 
dimer), as described by Nonoyama [37], followed by the 
addition of the N^N ligand. The N^N ligands were sys-
tematically varied over a wide range of ligand substitu-
tions, which included 2,2′-bipyridine (bpy), 4,4′-, 5,5′, and 
6,6´-(CH3)2-2,2′-bipyridine, 4,4′-(OCH3)2-2,2′-bipyridine, 
4,4′-(tBu)2-2,2′-bipyridine, 4,4′-(C9H19)2-2,2′-bipyridine, 
4,4′-(Br)2-2,2′-bipyridine as well as 2,2′-biquinoline (biq). 
The modifications of the N^N diimine ligands influenced 
the LUMO energy level of each complex, which in turn 
affected the visible light absorption properties, as well as 
the ground-state and excited-state reduction potentials, 
E1/2(Ir+*/0).

The UV–visible absorption features of all complexes 
were characterized by strong ligand-centered (LC) 
absorption bands in the UV region (Fig. 2). The transi-
tions observed at wavelengths greater than 350 nm are 
often assigned to mixed metal-to-ligand (MLCT) and 
ligand-to-ligand (LLCT) charge transfer bands as well as 
metal–ligand-to-ligand charge transfer (MLLCT) from the 
Ir-Cyclometalating ligand fragment to the N^N ligand [28, 
38, 39]. These transitions were determined to have molar 
absorption coefficients in the 5400–7900 M–1 cm–1 range 
at 427–442 nm (Table 1).

Blue light excitation yielded photoluminescence (PL) 
decays that were in all cases well described using a bi-
exponential decay. Independent of the nature of the pho-
tosensitizer, a short excited-state lifetime (15 ± 2 ns) was 
determined in all cases, which is tentatively assigned as 
radiative decay from piq-centered excited states. The sec-
ond component of the excited-state lifetime, tabulated 
in Table 1, was strongly influenced by the nature of the 

N^N ligand, where electron withdrawing groups such as 
in 4,4′-(Br)2-2,2′-bipyridine and 2,2′-biquinoline exhib-
ited shorter excited-state lifetimes (τ) of 250 and 313 ns, 
respectively, while photosensitizers bearing more electron-
rich ligands exhibited lifetimes values between 1.41 µs and 
3.35 µs, (Table 1).

The photoluminescence quantum yields ( �PL), under 
air and in argon-purged solutions, were determined by 
comparative actinometry (Eq. 1) using [Ru(bpy)3]2+ as 
the actinometer (act) [40]. In Eq. 1, PL refers to the inte-
grated photoluminescence spectra, A to the absorbance 
of the solution at the excitation wavelength, and � to the 
refractive index of the solvent. [Ir(piq)2(4,4′-(Br)2-bpy)]+ 
and [Ir(piq)2(biq)]+ each exhibited a moderate �PL of 0.029 
and 0.063 under argon, respectively. All other photosen-
sitizers exhibited a �PL between 0.108 and 0.161 under 
argon. For the photosensitizers with τ greater than 1 µs, �
PL was always 4 to 6 times greater under argon than under 
air, indicating the possibility of quenching via 1O2 photo-
sensitization. Quenching rate constant by triplet oxygen 
of (2–7) × 108 M–1 s–1 for those photosensitizers were esti-
mated using an oxygen concentration of 2.4 mM for the 
air-saturated acetonitrile [41].

The iridium photosensitizers were also characterized by 
differential pulse voltammetry (DPV) (Fig. 3), as well as by 
cyclic voltammetry (Figs. S1–S9) in 0.1 M TBAPF6 CH3CN 
electrolytes. The nine photosensitizers exhibited reversible 
IrIV/III reduction waves at potentials centered between 1.21 
and 1.33 V vs NHE. The introduction of electron-with-
drawing derivatives, such as 4,4′-(Br)2-2,2′-bipyridine and 
2,2′-biquinoline had little influence on the IrIV/III redox cou-
ple. On the other hand, the ligand-centered reductions were 
strongly influenced by the nature of the substituents on the 
2,2′-bipyridine backbone. Compared to [Ir(piq)2(bpy)]+, 
which displayed a first one-electron ligand-centered reduc-
tion at – 1.35 V vs NHE, derivatives with electron donat-
ing substituents in the 4,4′, 5,5′ or 6,6´ position shifted the 
reduction potentials 60–120 mV more negative. The intro-
duction of 4,4′-(C9H19)2-2,2′-bipyridine resulted in a 10 mV 
anodic shift compared to the prototypical [Ir(piq)2(bpy)]+. 
The most drastic shifts were observed for the photosensitiz-
ers bearing 4,4′-(Br)2-2,2′-bipyridine and 2,2′-biquinoline 
ligands, where the ligand-centered reductions were shifted 
by + 320 mV and + 410 mV, respectively. The corresponding 
excited-state reduction (Ered*) and oxidation (Eox*) poten-
tials were determined using Eqs. 2 and 3, where E00 cor-
responds to the free energy stored in the excited state [42, 
43]. As expected based on ground-state reduction poten-
tials, [Ir(piq)2(4,4′-(Br)2-bpy)]+ and [Ir(piq)2(biq)]+ were the 
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most potent photo-oxidants, with Ered* of 1.41 and 1.37 V 
vs NHE, respectively. The other 7 photosensitizers had very 
similar Ered* (Table 2).

Excited-state reactivity of all [Ir(piq)2(LL)]+ photosensi-
tizers towards TEA, TEOA and BIH as sacrificial electron 

(2)E∗
red

= E1∕2

(

Ir∗(0∕−)
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donors was investigated in argon-purged acetonitrile. The 
driving force for electron transfer with BIH, TEOA and TEA 
was estimated based on available ground and excited-state 
reduction potentials. With BIH as sacrificial electron donor, 
the driving force for electron transfer from all complexes 
was exergonic, with the Gibbs free energy for electron trans-
fer, ∆G, ranging from – 0.39 eV for [Ir(piq)2(4,4′-(OCH3)2-
bpy)]+ to – 0.83 eV for [Ir(piq)2(4,4′-(Br)2-bpy)]+. With 
TEA and TEOA as the electron donors, ∆G was almost 
always ergoneutral or slightly endergonic. From the tabu-
lated values in Table 3, ∆G became more exergonic with 

Fig. 2   UV–Visible absorp-
tion (top) and photolumi-
nescence (bottom) spectra 
of [Ir(piq)2(bpy)]+ (black), 
[Ir(piq)2(4,4′-(tBu)2-bpy)]+ 
(blue), [Ir(piq)2(6,6´-(CH3)2-
bpy)]+ (green), [Ir(piq)2(5,5′-
(CH3)2-bpy)]+ (light blue), 
[Ir(piq)2(4,4′-(CH3)2-bpy)]+ 
(red), [Ir(piq)2(4,4′-(Br)2-bpy)]+ 
(purple), [Ir(piq)2(4,4′-(OCH3)2-
bpy)]+ (orange), [Ir(piq)2(biq)]+ 
(olive) and [Ir(piq)2(4,4′-
(C9H19)2-bpy)]+ (pale blue) 
recorded in acetonitrile at room 
temperature under argon

Table 1   Photophysical properties of photosensitizers 1–9 recorded in acetonitrile under argon

a Values for air-equilibrated solution in parenthesis

Compound Abs (ε) PLmax τ (ns) �a kr (× 104s–1) knr (× 106s–1)

[Ir(piq)2(bpy)]+ (1) 438 (6300) 630, 594 2580 0.108 (0.024) 4.84 0.34
[Ir(piq)2(4,4′-(CH3)2-bpy)]+ (2) 440 (6500) 631, 593 3210 0.143 (0.025) 4.76 0.26
[Ir(piq)2(5,5′-(CH3)2-bpy)]+ (3) 440 (6000) 629, 594 3160 0.151 (0.024) 4.83 0.27
[Ir(piq)2(6,6´-(CH3)2-bpy)]+ (4) 434 (6000) 637, 601 3350 0.143 (0.027) 4.20 0.26
[Ir(piq)2(4,4′-(tBu)2-bpy)]+ (5) 441 (5900) 630, 594 1410 0.145 (0.022) 10.6 0.60
[Ir(piq)2(4,4′-(C9H19)2-bpy)]+ (6) 441 (6200) 630, 592 3180 0.137 (0.053) 4.31 0.27
[Ir(piq)2(4,4′-(OCH3)2-bpy)]+ (7) 442 (5900) 630, 596 2960 0.161 (0.030) 5.52 0.28
[Ir(piq)2(4,4′-(Br)2-bpy)]+ (8) 436 (5400) 635 250 0.029 (0.020) 12.1 3.88
[Ir(piq)2(biq)]+ (9) 427 (7900) 669 313 0.063 (0.044) 20.4 2.99



	 Photochemical & Photobiological Sciences

1 3

more potent photo-oxidants, i.e. [Ir(piq)2(4,4′-(Br)2-bpy)]+ 
and [Ir(piq)2(biq)]+. This observation was also evident 
from Stern–Volmer measurements (Figs. 4 and S10–S17). 
A representative result of a Stern–Volmer titration using 
[Ir(piq)2(6,6´-(CH3)2-bpy)]+ with BIH, TEA and TEOA 
as the electron donors is shown in Fig. 4. With BIH, dras-
tic quenching of the steady-state photoluminescence was 
observed. The corresponding Stern–Volmer plot was linear 
within the quencher concentration range examined. From 
the slope, and taking the longest value of τ, a quenching 
rate constant (kq) of 5.3 × 109 M–1 s–1 was determined. With 
TEA and TEOA, only moderate excited-state quenching 
was observed and the corresponding Stern–Volmer plots 
exhibited a downward curvature. This downward curvature 
was observed for almost all of the iridium(III) photosen-
sitizers investigated in this study. Although a correspond-
ing quenching rate constant could not be unambiguously 
determined, Fig. 4h indicates that the excited-state quench-
ing was approximately three orders of magnitude smaller 
(106 M–1 s–1) than with BIH. To gain additional informa-
tion of this peculiar behavior, we performed time-resolved 
quenching experiments using [Ir(piq)2(bpy)]+ and TEA. 
Excited-state quenching was unambiguously observed when 
the concentration of TEA was gradually increased to 1.32 M. 
The corresponding Stern–Volmer plot was linear and the cor-
responding quenching rate constant of 7.1 × 105 M–1 s–1 was 
determined from the slope. (Fig. S18) This experiment con-
firmed the greater excited-state quenching conferred by BIH 
compared to TEA. The Stern–Volmer plots for the excited-
state quenching of the nine Ir(III) photosensitizers with BIH 
are shown in Fig. 4i. The Stern–Volmer plots were all linear 
and the corresponding quenching rate constants were deter-
mined in the range of 1.6 × 109 M–1 s–1 to 7.1 × 109 M–1 s–1 
(Table 3). These quenching rate constants were in line with 
other reports using iridium(III) PS and BIH electron donor 
[46, 47]. A rather counterintuitive quenching behavior was 
noted for photosensitizers [Ir(piq)2(4,4′-(Br)2-bpy)]+ and 

Table 2   Ground and excited-
state reduction potentials for 
photosensitizers 1–9 

a The E00 was determined using the generalizable method of extrapolating a tangent line on the blue edge of 
the corrected PL spectrum to the emission baseline [44, 45].

Complex E1/2(IrIV/III)
V vs NHE

E1/2(Ln/n–1)
V vs NHE

E00 (eV)a Eox*
V vs NHE

Ered*
V vs NHE

[Ir(piq)2(bpy)]+ (1) 1.28 – 1.35 2.23 – 0.75 1.08
[Ir(piq)2(4,4′-(CH3)2-bpy)]+ (2) 1.25 – 1.43 2.23 – 0.78 0.99
[Ir(piq)2(5,5′-(CH3)2-bpy)]+ (3) 1.28 – 1.47 2.23 – 0.75 0.96
[Ir(piq)2(6,6´-(CH3)2-bpy)]+ (4) 1.25 – 1.42 2.21 – 0.77 0.99
[Ir(piq)2(4,4′-(tBu)2-bpy)]+ (5) 1.26 – 1.41 2.23 – 0.77 1.02
[Ir(piq)2(4,4′-(C9H19)2-bpy)]+ (6) 1.27 – 1.34 2.23 – 0.76 1.01
[Ir(piq)2(4,4′-(OCH3)2-bpy)]+ (7) 1.24 – 1.46 2.22 – 0.78 0.96
[Ir(piq)2(4,4′-(Br)2-bpy)]+ (8) 1.33 – 1.03 2.24 – 0.71 1.41
[Ir(piq)2(biq)]+ (9) 1.21 – 0.94 2.11 – 0.70 1.37

Fig. 3   Differential pulse voltammetry of [Ir(piq)2(bpy)]+ (black), 
[Ir(piq)2(4,4′-(tBu)2-bpy)]+ (blue), [Ir(piq)2(6,6´-(CH3)2-bpy)]+ 
(green), [Ir(piq)2(5,5′-(CH3)2-bpy)]+ (light blue), [Ir(piq)2(4,4′-
(CH3)2-bpy)]+ (red), [Ir(piq)2(4,4′-(Br)2-bpy)]+ (purple), 
[Ir(piq)2(4,4′-(OCH3)2-bpy)]+ (orange), [Ir(piq)2(biq)]+ (olive) and 
[Ir(piq)2(4,4′-(C9H19)2-bpy)]+ (pale blue) recorded in 0.1 M TBAPF6 
acetonitrile electrolyte at room temperature



Photochemical & Photobiological Sciences	

1 3

Table 3   Driving force (∆G) and 
quenching rate constants (kq) 
for electron transfer between 
BIH, TEOA or TEA and excited 
photosensitizers 1–9 

a kq with TEA and TEOA were in the 106 M–1 s–1 range

Compound ∆GBIH (eV) ∆GTEOA (eV) ∆GTEA (eV) kq (BIH) (M–1 s–1)

[Ir(piq)2(bpy)]+ (1) – 0.51 0.00 – 0.06 7.1 × 109

[Ir(piq)2(4,4′-(CH3)2-bpy)]+ (2) – 0.42 0.09 0.03 3.7 × 109

[Ir(piq)2(5,5′-(CH3)2-bpy)]+ (3) – 0.39 0.12 0.06 3.8 × 109

[Ir(piq)2(6,6´-(CH3)2-bpy)]+ (4) – 0.42 0.09 0.03 5.3 × 109

[Ir(piq)2(4,4′-(tBu)2-bpy)]+ (5) – 0.44 0.06 0.00 5.1 × 109

[Ir(piq)2(4,4′-(C9H19)2-bpy)]+ (6) – 0.44 0.07 0.01 2.4 × 109

[Ir(piq)2(4,4′-(OCH3)2-bpy)]+ (7) – 0.39 0.12 0.06 2.9 × 109

[Ir(piq)2(4,4′-(Br)2-bpy)]+ (8) – 0.83 – 0.33 – 0.39 1.9 × 109

[Ir(piq)2(biq)]+ (9) – 0.79 – 0.29 – 0.35 1.6 × 109

Fig. 4   Excited-state quenching of [Ir(piq)2(6,6´-(CH3)2-bpy)]+ with 
BIH (a), TEOA (b) and TEA (c) in argon purged acetonitrile. The 
corresponding Stern–Volmer plots is shown in panel (h), with the 
corresponding linear fit for the excited-state quenching in the pres-
ence of BIH. The Stern–Volmer plots and corresponding linear fit for 

the excited-state quenching of all Ir(III) photosensitizers in the pres-
ence of BIH is shown in panel (i). The time-resolved photolumines-
cence quenching of [Ir(piq)2(bpy)]+ (d), [Ir(piq)2(4,4′-(tBu)2-bpy)]+ 
(e) and [Ir(piq)2(biq)]+ (f), with increasing amounts of BIH, with the 
corresponding Stern–Volmer plots shown in panel (g)
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[Ir(piq)2(biq)]+ where a smaller kq was obtained despite 
having larger ∆G for electron transfer compared to other 
photosensitizers in the series studied. Although such 
behavior could be attributed to Marcus inverted region, 
i.e. decreasing rate constant upon increased exergonicity, 
this is rarely observed in the case of diffusion controlled 
bimolecular electron transfer reactions [48–51]. Instead, it 
was found that the decrease in kq could likely result from 
reduced stability of both complexes upon illumination. 
Indeed, with [Ir(piq)2(4,4′-(Br)2-bpy)]+ it was observed 
that allowing more light to excite the photosensitizer, using 
wider excitation slits, resulted in some degradation that was 
detected as an increase in photoluminescence upon titra-
tion with BIH (see later photostability experiments). To 
observe genuine quenching, the opening of the excitation slit 
had to be kept minimal. With [Ir(piq)2(biq)]+, degradation 
was not observed with BIH, but with TEA as a quencher, 
a novel, more energetic photoluminescent band appeared 
(Fig. S16). Such an observation has already been recorded 
with [Ir(ppy)2(4,4′-(tBu)2-bpy)]+ and [Ir(ppy)2(bpy)]+ and 
is more in line with an irreversible reduction of the N^N 
ligand [52, 53]. To further investigate whether the changes 
in kq could originate from degradation processes, we per-
formed time-resolved photoluminescence measurements 
with [Ir(piq)2(biq)]+, [Ir(piq)2(4,4′-(tBu)2-bpy)]+ and 
[Ir(piq)2(bpy)]+ in the presence of increasing amounts of 
BIH (Fig. 4d-f). The corresponding Stern–Volmer plots were 
all linear, with quenching rate constants of 7.1 × 109 M–1 s–1, 
6.2 × 109 M–1 s–1 and 1.3 × 1010 M–1 s–1 for [Ir(piq)2(bpy)]+, 
[Ir(piq)2(4,4′-(tBu)2-bpy)]+ and [Ir(piq)2(biq)]+, respec-
tively. The values determined via steady-state or time-
resolved photoluminescence measurements were the same 

for [Ir(piq)2(bpy)]+ and [Ir(piq)2(4,4′-(tBu)2-bpy)]+ within 
experimental errors. However, for [Ir(piq)2(biq)]+, the 
quenching rate constant was almost one order of magni-
tude greater using time-resolved spectroscopy than using 
steady-state techniques. This change in magnitude could 
originate from a degradation pathway occurring during 
steady-state photolysis. Hence, we hypothesized that nei-
ther [Ir(piq)2(4,4′-(Br)2-bpy)]+ nor [Ir(piq)2(biq)]+ would 
exhibit reversible behavior upon steady-state illumination 
and/or photoreduction catalysis, but that the other seven pho-
tosensitizers would be attractive candidates.

Nanosecond transient absorption spectroscopy was 
then used to further confirm that the large quenching rate 
constants observed with BIH were originating from effi-
cient excited-state electron transfer. Argon-purged solu-
tions of [Ir(piq)2(bpy)]+, [Ir(piq)2(4,4′-(tBu)2-bpy)]+ and 
[Ir(piq)2(biq)]+ were exposed to 420 nm pulsed-light exci-
tation to determine their excited-state absorption features 
(Fig. 5). Both [Ir(piq)2(bpy)]+ and [Ir(piq)2(4,4′-(tBu)2-
bpy)]+ exhibited positive absorption features centered 
around 520 nm. The excited state of [Ir(piq)2(biq)]+ pre-
sented positive absorption features around 460 nm accompa-
nied by large absorption profile at wavelengths greater than 
600 nm, consistent with the population of a 2,2′-biquinoline-
centered excited-state. In the presence of 5.2–6.2 mM of 
BIH, pulsed-light excitation led to the formation of the cor-
responding mono-reduced PS that could easily be observed 
(Fig. 5). The spectral profile of the mono-reduced PS was in 
line with other reported spectra of related reduced iridium 
PS [49, 54–57]. The efficiency of charge separation after 
electron transfer (cage-escape yield) seems to be in the same 
range for the three PS, assuming similar molar absorption 
coefficient for the three mono-reduced PS.

Finally, steady-state illumination was performed to 
investigate the possibility of reversible accumulation of 
the mono-reduced photosensitizers. Consequently, solu-
tions of the iridium(III) photosensitizers with an absorbance 
around 0.5 in the visible region were prepared in argon-
purged acetonitrile. BIH was added to reach a concentration 
of 1 mM. The solutions were then irradiated with com-
mercial blue LED strips for 15 min and absorption spectra 
were recorded at specific time intervals. Figure 6 shows 
representative data for [Ir(piq)2(bpy)]+, [Ir(piq)2(4,4′-
(CH3)2-bpy)]+, [Ir(piq)2(biq)]+ and [Ir(piq)2(4,4′-(Br)2-
bpy)]+. Steady-state illuminations with the other photosen-
sitizers are gathered in the supporting information (Figs. 
S19–S23). With [Ir(piq)2(bpy)]+ and [Ir(piq)2(4,4′-(CH3)2-
bpy)]+, blue light excitation led to changes in absorbance 
that agreed with excited-state electron transfer from BIH to 
the excited photosensitizers and subsequent mono-reduced 
complex formation. Indeed, the double absorption peaks 
at 500 and 530 nm, coupled with the increased absorb-
ance beyond 700 nm were in line with absorption changes 

Fig. 5   Transient absorption spectroscopy of [Ir(piq)2(bpy)]+ (black), 
[Ir(piq)2(4,4′-(tBu)2-bpy)]+ (blue) and [Ir(piq)2(biq)]+ (olive) 
recorded 20  ns after the laser pulse in argon purged acetonitrile 
(dashed) and in the presence of 5.2–6.2 mM BIH (solid)
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observed in transient absorption spectroscopy with related 
photosensitizers [49, 54–57]. After 15 min of irradiation, 
an excess of potassium persulfate (K2S2O8) was added as 
an irreversible electron acceptor to oxidize the monore-
duced Ir photosensitizer and recover the ground-state IrIII 
products. [Ir(piq)2(bpy)]+ and [Ir(piq)2(4,4′-(CH3)2-bpy)]+ 
showed full reversibility upon the addition of K2S2O8, 
highlighting their great photostability when storing high 
energy electrons and hence their promise as efficient pho-
tosensitizers for applications in reductive catalysis. When 
[Ir(piq)2(4,4′-(Br)2-bpy)]+ was used, an increase of the 
absorbance around 400 nm was rapidly observed with irra-
diation. Upon addition of K2S2O8, this absorption band 
decreased, but the original spectrum was never recovered, 

suggesting the instability of this photosensitizer upon pro-
longed illumination in the presence of electron donors. 
Finally, [Ir(piq)2(biq)]+ was also irradiated in the presence 
of BIH and showed the irreversibility of the photoreduction 
event (Fig. 6c). As mentioned previously, the irreversibil-
ity observed with [Ir(piq)2(biq)]+ and [Ir(piq)2(4,4′-(Br)2-
bpy)]+ could originate from partial/complete reduction of 
the N^N diimine ligand under prolonged irradiation, as has 
already been reported for [Ir(ppy)2(4,4′-(tBu)2-bpy)]+ and 
[Ir(ppy)2(bpy)]+ using TEA as sacrificial electron donor 
[52, 53]. The complete reversibility observed for the other 
photosensitizers speaks towards their robustness and the 
possibility to use them for solar fuel production such as 
proton or carbon dioxide reduction.

Fig. 6   Absorption spectra of [Ir(piq)2(bpy)]+ (a), [Ir(piq)2(4,4′-
(CH3)2-bpy)]+ (b), [Ir(piq)2(biq)]+ (c) and [Ir(piq)2(4,4′-(Br)2-bpy)]+ 
(d) in argon-purged acetonitrile at room temperature at t = 0  min 
(black) and following 5  min (orange), 10  min (purple) and 15  min 

(olive) irradiation with blue LED light in the presence of 1 mM BIH. 
After the irradiation, an excess of K2S2O8 was added to oxidize the 
photo-reduced photosensitizer and investigate reversibility
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4 � Conclusions

A series of nine [Ir(piq)2(LL)]+ photosensitizers was syn-
thesized via one common route that involved the synthesis 
of the [Ir(piq)2(µ-Cl)]2 dimer that further reacted with the 
N^N ligand. All photosensitizers exhibited appreciable vis-
ible light absorption with molar absorption coefficients in 
the 5400–7900 M–1 cm–1 range at 427–442 nm. Excited-
state quenching with classical electron donors such as TEA, 
TEOA and BIH was investigated by steady-state excited-
state quenching experiments in acetonitrile at ambient tem-
perature. With TEA and TEOA, the quenching rate constants 
were low (~ 106 M–1 s–1), but they reached diffusion limited 
values (1.9–7.1 × 109 M–1 s–1) when BIH was used. Nano-
second transient absorption spectroscopy in the presence of 
BIH confirmed that excited-state electron transfer occurred. 
Steady-state photolysis revealed that compounds with elec-
tron withdrawing 2,2′-bipyridine analogues were less stable 
upon irradiation in the presence of BIH, but the other seven 
photosensitizers exhibited exceptional dark- and photosta-
bility. This stability is vital for photoreduction catalysis, 
such as solar fuel formation via proton or CO2 reduction, as 
reductants with E1/2(Ln/n–1) between – 1.34 and – 1.47 V vs 
NHE can be reversibly accumulated. Altogether, the results 
presented herein show promises for the development of 
robust photosensitizers for the formation of solar fuels.
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