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iridium photosensitisers for hydrogen generation†
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In the pursuit of a stable hydrogen evolution photosensitiser, we

demonstrate the incorporation of a series of our H-bond rich

guanidine-styled iridium(III) complexes into a catalytic system.

Using automation accelerated catalysis screening techniques we

optimised our system quickly and effectively to observe how

these strongly H-bonding complexes may perform. Proven to be

photo-electronically suitable, and with effective electron transfer

abilities evidenced by Stern–Volmer mechanistic studies, the

complexes showed modest levels of H2 evolution in comparison

to previously investigated photosensitisers with general formula

[Ir(C^N)2(N^N)].

1. Introduction

Cyclometalated iridium complexes with the general formula
[Ir(C^N)2(N^N)]

+ have been shown to have high molar
extinction coefficients.1–3 This property makes them
desirable candidates as photosensitizers (PS) for the
photocatalytic hydrogen generation.4–9 While these catalysts
can show turnover numbers (TONs) as high as 17 000, they
are typically short-lived,10 as the catalysts tend to degrade
over prolonged periods.11,12 This is due to metal–ligand
bonds rupturing in the presence of unstable radicals and
anions, causing the cationic ligand moiety of the complex
to dissociate.12–14

Previous solutions to this shortcoming came from the
replacement of the N^N+ ligand with a C^N ligand,15,16 but
these complexes show far lower TONs (as high as 3704) than
their N^N+ counterparts.16 In recent years this issue has been
addressed through the development of N^N chelating ligands
that can coordinate to the Ir(III) centre through both π–donor

and π*–acceptor bonding interactions,17,18 maintaining the
general formula [Ir(C^N)2(N^N)] around the central metal
while removing the positive charge.17 This type of ligand
system increases the long-term cycle stability of the catalysts
by strengthening the binding of the ancillary N^N ligand to
the iridium metal.17,19 Increased stability implies more
longevity in the catalytic cycle, though they are yet to meet
the high turnover numbers and hydrogen evolution activity
of the previous generation of cationic Ir(III) catalysts.17

In recent years, we have synthesized various
cyclometalated complexes with a unique N^N chelating
ligand (1-(1H-benzo[d]imidazole-2-yl)-3-butylguanidine).20–24

This ligand contains a ‘guanine nucleobase mimicking’
highly donating hydrogen-bonding (H-bonding) array.22,25

These complexes contain a guanidine chelating ligand and
tend to display high quantum efficiency, while also inviting
the coordination of various H-bonding guests which in some
cases enhance the optoelectronic properties.23 Based upon
this enhancement, we believed the H-bonding array of the
complex is capable of efficient energy transfer in the triplet
excited state,23 and therefore can be appropriately introduced
as an efficient photosensitiser into existing hydrogen
evolution (HER) systems.26–28

In order to accelerate the evaluation of these complexes as
PS candidates, an automation accelerated screening approach
was introduced, through use of the Chemspeed automated
synthesis platform (see ESI†).29,30 This allowed for high
throughput screening of conditions for these catalytic systems
to determine optimum parameters for the HER reaction of
our complexes.30 Complexes 1–3 were previously investigated
by our group for potential OLED applications and showed
promising E(PS*/PS−) and E(PS+/PS*) values inspiring us to
investigate them further as PS′. Complexes 4 and 5 were
included in this study to gauge the effectiveness of the
benzoxazole based C^N ligand's effectiveness when included
in the iridium PS, as we hope to further functionalise
complexes of this nature into larger supramolecular
architectures.
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2. Results and discussion
2.1. Synthesis and characterisation

The synthesis of complexes 1–5 and supporting ligands can
be found in the supporting information (see section SIII†).
All compounds were characterised through a combination of
1H and 13C NMR, ESI+-MS and absorption/emission
spectroscopy.

2.2. Photophysical properties

The UV-vis spectra of complexes 1–5 in CH3CN are shown in
Fig. 2.

The absorption spectra share similar bands to those
observed in other charge neutral Ir(C^N)2(N^N)
complexes.17,22,23 Absorptions from 350–450 nm are caused
by spin-allowed metal to ligand charge transfer and ligand to
ligand charge transfer 1MLCT/1LLCT. The weak bands
extending beyond 450 nm can be attributed to the spin
forbidden 3MLCT/3LLCT transitions.31 The sharper
absorbances above 350 nm are assigned to ligand centred
singlet state (1LC) π–π* transitions.

Complex 3 showed the largest absorption above 350 nm,
due to the cyclometalating ligands extended π-system
producing more efficient (1LC) π–π* transitions. Complex 1

and 2, based upon ppy and F2ppy ligands show very similar
absorptions from above 260 nm, though complex 1 has a
sharper absorbance at wavelengths lower than this due to the
electron withdrawing fluorine atoms present on the phenyl
moiety of the ligand. Complexes 4 and 5 have the larger
absorbances at wavelengths above 350 nm showing stronger
1MLCT/1LLCT bands and forbidden 3MLCT/3LLCT
transitions. Furthermore, UV-vis spectra were taken in a
variety of solvents before and after prolonged excitation by
blue (465 nm) and UV light (365 nm), the results of these
experiments can be found in ESI† SVI (Table 1).

The emission and tuneable properties of complexes 1–3
have been previously characterised in CHCl3 and within
PMMA films.22,23 In this study we wished to investigate the
quantum efficiencies and energetics of the complexes in a
polar solvent system. This was to observe any possible effects
upon the guanidine ligand's hydrogen-bonding array when
saturated with an H-bond acceptor species like CH3CN.

32–34

Fortunately, we saw quantum efficiencies and lifetimes
comparable with our previous studies, suggesting minimal
quenching by saturation of the H-bond donor ligands.

Complexes 4 and 5 are reported for the first time, and they
both show dual emission peaks in the yellow region. Complex
5 exhibits a slightly higher quantum efficiency at 34%
compared to complex 4's 30%, while the lifetimes of the
complexes 4 and 5 were also very similar (1.92 and 1.75 μs
respectively). Most of the complexes we present in this paper
have low non-radiative decay showing efficient emissive
properties and a high probability of inter-system crossing
events, thus high contributions of phosphorescent
emission.35,36 Complex 3 is the only candidate we proposed
herein with a high non-radiative decay (knr) which is
consistent with previous studies of iridium complexes with
similar ligand systems.23

2.3. Electrochemical properties

Complexes 1–5 were studied by cyclic voltammetry
experiments (see ESI† section SV) and the electrochemical

Fig. 1 H-bond rich cyclometalated iridium complexes 1–5 studied
herein as photosensitisers for hydrogen generation.

Fig. 2 a) UV-vis spectra of complexes 1–5 in CH3CN (1.0 × 10−5 M, 298 K). b) Normalised emission-excitation spectra of complexes 1–5 in CH3CN
(1.0 × 10−5 M, 298 K), the solid lines represent the emission while the dashed lines represent the absorption. All emission spectra were excited at
300 nm.
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data is reported in Table 2. Each complex exhibits irreversible
reduction peaks between −1.45 and −1.31 V. There is little
variation in these reduction peaks suggesting that these
irreversible reduction peaks should be ascribed to the
cyclometalating C^N/C^N− one electron reduction process.37

The Eox is generally ascribed to the Ir(IV)/Ir(III) one electron
oxidation process. Eox values vary significantly from 0.93 V to
0.63 V; the values tend to decrease as either the π-system of
ligands extends or electron withdrawing groups are
removed.38 These changes show that the nature of the
cyclometalating C^N ligands have significant implications for
the ligand field strength of the metal centre.39–41

We also calculated the photo-redox excited state oxidation
E(PS+/PS*) and reduction E(PS*/PS−) potentials through the
Rehm–Weller equations, estimating the feasibility of electron
transfer during an HER cycle.42 The E(PS*/PS−) values range
from 1.29–1.12 eV as (see Table 2) all of these are more
positive than the triethylamine (TEA) redox couple E(TEA+/TEA)

(+0.93 V).3,8 This difference indicated that all our complexes

can accept electrons from the chosen ideal electron donor
(TEA). Additionally, the E(red) values for all our complexes are
lower than the reduction redox couple of our chosen co-
catalyst [Co(bpy)3(PF6)2] (−0.95 V vs. NHE).2,3,17 The data from
these redox couples informed us that our complexes should
effectively evolve hydrogen when paired with donor TEA and
co-catalyst [Co(bpy)3(PF6)2] through the reductive quenching
process. This pathway is indicated as the relationship
between the PS, ED and catalyst follows the trend; E(PS*/PS−) >
E(ED+/ED) and E(PS−/PS) < E(cat/cat−) < E(H+/H2).

3,8,17

2.4. Computational investigation

For further insight into the photophysical and electronic
properties of the complexes, time dependent density
functional theory (DFT) calculations were undertaken at the
B3LYP level of theory with the (6-31G**/LANL2DZ) basis
sets.43 Butyl chains on the guanidine ligands were truncated

Table 1 Photoluminescence data for complexes 1–5 in argon saturated CH3CN

Complex λexc
a (nm) λem

a (nm) ΦPL
b (%) τc (μs) kr

d (× 105 s−1) knr
e (× 105 s−1)

1 266, 320, 368 473, 498 89 1.84 4.8 0.6
2 264, 335, 391 500, 522 67 0.68 9.9 4.9
3 294, 382, 450 547, 583 12 0.02 60.0 440.0
4 316, 363, 401 534, 576 30 1.75 1.7 4.0
5 316, 365, 399 530, 568 34 1.92 1.8 3.4

a All complexes were prepared and measured in argon saturated CH3CN at 298 K. b PLQYs for Ir(III) complexes, determined using a FS5 SC-30
integrating sphere module. c Decay lifetimes measured using TCSPC excited at 365 nm. d The radiative (kr) rate constant was calculated as kr =
ΦPL/τPL.

e The nonradiative (knr) rate constant was calculated as knr = (1 − kr = ΦPL/τPL).

Table 2 Electrochemical and photo-redox properties of complexes 1–5 in argon saturated CH3CN at 298 Ka

Complex Ered
a (V) Eox

a (V) E0–0
a (eV) E(PS*/PS−)

b (V) E(PS+/PS*)
b (V)

1 −1.45 0.93 2.74 1.29 −1.81
2 −1.40 0.75 2.64 1.24 −1.89
3 −1.31 0.63 2.45 1.14 −1.82
4 −1.35 0.77 2.47 1.12 −1.70
5 −1.35 0.75 2.50 1.15 −1.75
a Eox and Ered values were measured by CV in argon saturated CH3CN at 298 K, E0–0 values were estimated from the intersection of the
emission-excitation spectra as shown in Fig. 1. b Rehm–Weller calculated E(PS+/PS*) = Eox − E0–0; E(PS*/PS−) = Ered + E0–0.

Fig. 3 Molecular orbital diagrams, with TD-DFT calculated HOMO–LUMO gap energies for complexes 1–5.
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to methyl groups to limit computational cost, likewise the
decene chains of complex 5 were shortened to hexyl chains.

Frontier energies and the HOMO–LUMO distributions
are shown in Fig. 3. In all complexes the HOMO resides on
the N^N benzimidazole guanidine ligand's π-orbitals with
residuals on the iridium's dπ orbitals. This is due to the
high concentration of nitrogen within the guanidine moiety
of the ligand.23 HOMO energies range from −4.75 eV in
complex 1 to −4.45 eV in complexes 4 and 5. Complex 1's
significantly lower HOMO energy can be ascribed to the
electron withdrawing effects of the fluorides on the
cyclometalating ligands leading to a destabilised LUMO and
an increased HOMO–LUMO gap causing a blue shift.23 Our
studies also show the LUMOs of the complexes reside on
the cyclometalating ligands. This tends to align with our
previous studies on guanidine type iridium complexes22,23

along with previous studies on the electronic distribution
of the HOMO-LUMO in nitrogen rich Ir(C^N)2(N^N)
complexes.17,18

To further investigate the nature of the excited states of
the complexes a TD-DFT approach was applied. The first five
triplet states were calculated for each complex, estimating
major orbital transitions and the electronic nature and
energies of the T1–T5 states. The first 25 excited singlet states
were also simulated to predict absorption properties and
plotted into a UV-vis prediction using Gaussum. A full
detailed breakdown of major orbital contributions for
computationally predicted absorptions and emissions is
available in the ESI† (see section SX).

The variation in the cyclometalating ligands and their
electronic structure leads to significant differences in the
predicted emission profiles. This agrees with our
photophysical measurements, larger ligands with extended
π-systems tend to lead to a smaller bandgap and a red shift
in emission. Despite significant variations there are still
common trends, the T1 and T2 excited states tend to involve
the HOMO−4, HOMO−3, HOMO−2 and HOMO all
contributing to the LUMO and LUMO+1. The aforementioned
HOMOs reside on the iridium dπ orbitals and the π-orbitals
of the benzimidazole guanidine ligand.

2.5. Accelerated hydrogen screening

After probing the photo-redox properties of the complexes,
we began investigating the hydrogen generation potential. To
accelerate the optimisation of the catalytic systems, we
decided to incorporate automation accelerated screening
techniques inspired by previous studies in the discovery of
iridium catalysts.2,7,29 Using our automated approach, we
performed all 43 screening experiments in 36 hours,
including preparation of stock solutions, photolysis, and GC
analysis. Each experiment was performed twice, totalling 86
experiments in all, to ensure consistency in the results (Table
S3†). Carefully selected condition variations were informed
by previous literature and comparable studies into metallic
photo-redox systems,2–5,8,10,17 while the robotic platform was

used for the preparation of all samples under an inert
atmosphere. A full breakdown of all variations in the
condition screening can be found in the ESI† (see section
SIX).

During the screen, complex 2 was chosen as the
photosensitiser to develop the optimum conditions to test
all our catalysts, additionally there would be no variation in
co-catalyst. We chose to focus on complex 2 and co-catalyst
[Co(bpy)3(PF6)2] due to the abundance of literature on
similar complexes as photoredox catalysts for hydrogen
evolution.2,3,17 Additionally, we kept our electrolyte of LiCl
constant for the same reason, though we did experiment
with the concentration of the LiCl electrolyte. Control
experiments were also performed during the screening,
such as removal of photosensitiser and co-catalyst. All
controls gave expected results of negligible, or no hydrogen
gas generated when catalysts or electron donors were
removed from the system.

Several screened conditions identified clear trends; one
notable example is pH. Variation of pH revealed an obvious
optimum pH of 10. We hypothesised that this was due to the
basic nature of the guanidine moiety of complex 2 being
proton saturated at low pH and unable to transfer electrons.
However, a UV-vis titrations with the catalyst in both organic
solvent and water/DMSO mixtures showed little impact on
absorption capacity. Further review of the literature revealed
that NEt3 is not an appropriate electron donor under acidic
conditions as shown by Pellegrin et al.44 Solvent variation
showed that organic solvents miscible with water are
necessary for hydrogen generation. We observed DMF/H2O to
be the best preforming solvent mixture, yet we chose DMSO/
H2O for optimum conditions to reduce the excessive use of
hazardous DMF.45 Select results of screening experiments can
be seen in Fig. 4.

After the screening optimum conditions were
established, and all 5 complexes were tested under these
conditions, the results of which (and the nature of the
conditions) are shown in Fig. 5. The hydrogen generated in
our system was less than anticipated based upon the
energetics of our complexes and previously established
literature on charge neutral Ir(C^N)2(N^N) photosensitisers.
Although we did not expect turnover numbers comparable
to cationic iridium complexes with N^N type ligands, based
on our electrochemical and photo-physical studies we
anticipated a more efficient photocatalytic performance
than we observed.

Complexes 1 and 2 performed best under the
optimum conditions showing the highest rate of
hydrogen evolution, due to their E(PS*/PS−) values being
significantly more positive than the TEA redox couple
E(TEA+/TEA) (+0.93 V).3,8,10 Complexes 3–5 all show similar
rates of hydrogen generation, consistent with their
E(PS*/PS−) values being similar ranging from 1.12–1.15 V.
These values are closer to the TEA redox couple making
the oxidation of TEA less energetically favourable with
these photosensitisers.
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2.6. Quenching kinetics and photo-stability

To understand why our hydrogen generation numbers were
lower than expected, we performed quenching studies with
both our co-catalyst [Co(bpy)3(PF6)2] and sacrificial electron
donor NEt3. Stern-Volmer constants (ksv) were determined
from the fit of PL0/PL = 1 + ksv[NEt3]; kq's were determined
from the resolved Stern–Volmer equation kq = ksv/τ0. Table 3
shows the summary of these results.

kq values tend to stay consistent in the presence of molar
additions of electron donor, NEt3, with little variation and
kq's remaining around 109 except for complex 3. Complex 3's
high quenching constants for both NEt3 and [Co(bpy)3(PF6)2
may be due to the high non-radiative decay (knr) of the
complex. This higher non-radiative decay may allow for faster
electron transfer and a larger quenching constant. It also
explains the underperformance of complex 3 as a PS, as
appropriate kq values for PS compounds with good Stern–
Volmer behaviour tend to lie between 108 and 1010.46 The kq's
for complexes 1 and 2 being above 1010 also may explain the
lower activity, as kq's above this value show potential for

static quenching as well as dynamic. This evidences that
multiple mechanisms of electron transfer may be involved
leading to a lower efficiency of the proposed catalytic
cycle.46 The kq's also observe a general trend of shorter
lifetime complexes having higher quenching constants,
though there is a notable exception to this trend when
complex 1 is in the presence of NEt3. Complexes 4 and 5
have the lowest kq in the presence of the cobalt co-catalyst
and second and third lowest in the presence of NEt3, where
their kq's were determined to be near identical. These lower
kq's explain the rather modest catalytic activity from these
complexes.

3. Conclusions

Five iridium complexes have been investigated as
photosensitisers for hydrogen production. The optoelectronic
and photoredox properties were determined through a
mixture of analytical and computational techniques.
Electrochemical data showed suitable photoredox properties
for use in reductive quenching mechanism for water
splitting.3 Automation accelerated screening techniques were
then employed to determine the optimum conditions for
hydrogen generation for complexes 1–5 using complex 2 as a
basis for the studies.

Upon investigation into the hydrogen generation abilities
of all our complexes, we found that although they had the
capacity to behave as photosensitisers in the optimised cycle,
they showed lower catalytic activity than their optoelectronic
and electrochemical profiles would suggest. Quenching
studies did confirm that the complexes can accept/donate
electrons from co-catalysts and electron donor species but
also revealed that some of the compounds may have multiple
quenching behaviours (static and dynamic). These quenching
studies did show that overall, these iridium complexes are
capable of electron transfer with quencher species. This
implies that they may yet have applications in other
photocatalytic cycles or with different co-catalysts.

Fig. 4 a) Rate of hydrogen evolution determined from volume of hydrogen generated over a 5-hour period, all conditions were kept consistent
with initial screen parameters (see ESI,† S7) while pH was varied as specified. b) Rate of hydrogen evolution determined from volume of hydrogen
generated over a 5-hour period, solvent mixture varied while all other conditions were consistent with initial screen.

Fig. 5 Hydrogen generation rate of complexes 1–5 in the optimum
conditions informed the screening of complex 2. Reaction conditions:
20 μM iridium complex, [Co(bpy)3(PF6)2] 1 mM, DMSO :H2O (1 : 1, 5
mL), 0.35 M NEt3, LiCl 0.3 M, and pH 10, samples were irradiated for 5
h under an oriel solar simulator 1.0 sun.
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Additionally, we hypothesise that with minor modification
this series of complexes may have applications in
photoredox/hydrogen-bonding cooperative catalysis, due to
the guanidine moiety of our complexes. This moiety may
allow our complexes to act as a hybrid photosensitiser and
hydrogen-bonding catalyst, imparting stereoselective control
through the guanidine ligand.46–48
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