Published on 25 July 2019. Downloaded on 12/20/2019 8:57:58 AM.

Dalton
Transactions

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Design and photophysical studies of

iridium(m)—cobalt(in) dyads and their application
15567 for dihydrogen photo-evolutiont

Cite this: Dalton Trans., 2019, 48,

{2 Olivier Schott,” Thomas Auvray, 2

)P Garry S. Hanan @ *® and

We report several new dyads constituted of cationic iridium(in) photosensitizers and cobalt(i) catalyst con-
nected via free pendant pyridine on the photosensitizers. These dyads were studied by X-ray crystallogra-
phy, electrochemistry, absorption and emission spectroscopy as well as theoretical calculations and were
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Introduction

Sunlight conversion into usable forms of energy is the ideal
alternative to fossil fuels, and photovoltaic cells have been
developed to such ends.' However, one of the main disadvan-
tages of such systems is the efficient storage of the energy pro-
duced. As a result, new solar energy conversion systems that
can convert light into chemical energy may improve the energy
storage efficiency. The most promising approach towards this
goal is the conversion of solar energy into storable fuels such
as molecular hydrogen.> Hydrogen evolution reaction (HER)
systems require a photosensitizer (PS), a catalyst, a source of
protons, and, in the case of half-reactions, a sacrificial electron
donor; and the electronic properties of each unit need to be
optimized. In addition, the way the different units of the HER
system are connected should always minimize the risk of
charge recombination processes, which decrease the overall
efficiency of the systems. Thus, several studies aimed at the
development of mono-component photocatalysts® as they show
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shown to efficiently produce H, under visible light irradiation. In every case, the dyad outperformed the
equivalent system without a pendant pyridine. The dependence between irradiation wavelength and
photocatalytic performances was also studied, with H, being evolved with turn-over numbers up to 295,
251,188 and 78 mol, molps ™ under blue, green, yellow and red light, respectively.

better efficiency in terms of electron transfer compared to the
related multicomponent systems.>”**

The focus of many research groups for the past decades has
been the development of hydrogen-evolving molecular cata-
lysts with earth-abundant metals® such as Ni,® Co,°"” Fe,® Cu’®
or Mo”'° instead of Pt,**>'! Rh'? or Pd.>*'**'* We chose to
use cobaloximes because they combine high efficiency in the
HER with ready availability. As coordination of the PS to the
Co catalyst is known to influence the catalytic activity of the
Co(m) centre and to enhance its stability, we included this into
the design of our system."

The PS unit has also been based on a variety of metal ions,
the most common being Ru,'*'® Re'® and Ir.32@811612617
Cationic cyclometalated Ir(m) complexes, although well-known
for their moderate to high cost, present several advantages
over first row transition metals, due to their higher tunability
upon small variation of the first coordination sphere. Previous
studies have shown that such Ir(u) complexes, even if their
light absorption properties do not span over the all visible
range, outperform archetypal PS such as [Ru(bpy);]*" (bpy =
2,2-bipyridine) in H, photo-production.*”

Bernhard and co-workers studied the influence of fluorine
atoms on the cyclometalated ligands of [Ir(ppy),(N*N)]"
(ppyH = 2-phenylpyridine) derivatives and found out that
the obtained complexes displayed a higher luminescence
quantum yield as well as a blue-shifted emission associated
to a slightly more efficient H, photoproduction compared
to non-fluorinated derivatives.”’'® In contrast, Huang and
co-workers showed that using 1-phenylisoquinoline (piqH) as
the cyclometalated ligand provides an enhanced conjugation
of the system causing a higher molar absorptivity of the
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Chart 1 Structure and abbreviations of the [Ir—Co] dyads.

Ir(m) core as well as red-shifted absorption compared to
2-phenylpyridine."’

We recently reported that an [Ir-Co] dyad using piqH as
cyclometalating ligand could efficiently photo-evolve H,, even
under red light irradiation.'” In this work, we aimed to study
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the H, photoproduction of six different Ir(um)-Co(m) dyads
(Chart 1). To this end, two different terpyridines i.e. 2,2';4',4"-
terpyridine (2244tpy) and 2,2';5',4"-terpyridine (2254tpy) were
used as bridging ligands. Indeed, despite their apparent simi-
larity, both bridging ligands display different electron density
on the pendant pyridine moiety leading to different photo-
physical properties (vide infra). To maximize the activity of
the [Ir-Co] dyads, different cyclometalating ligands were used
as well; 2-phenylpyridine, 2-(2',4-difluorophenyl) pyridine
(ppyF.H) and 1-phenylisoquinoline. Thus, we report herein
the synthesis and study of six novel photoactive [Ir-Co] dyads
with distinctive features in order to study the variation of their
performances in photo-induced H, evolution under different
wavelengths of light.

Results and discussion
Synthesis

The binuclear [Ir-Co] dyads were prepared in good yields as
shown in Scheme 1. Both 2244tpy and 2254tpy were obtained
after a Suzuki reaction between 4-pyridylboronic acid and
4-bromo-2,2"-bipyridine or 5-bromo-2,2"-bipyridine, respect-
ively. The two latter precursors were obtained according to pro-
cedures described in the literature (see ESIT).>° Both ditopic
ligands were chelated onto the iridium dimer precursors (with
ppyH, ppyF.H or pigH as cyclometalated ligand) in ethylene
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Scheme 1 Synthetic procedure for the [Ir—Co] dyads.
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glycol. The resulting complexes, referred as [Ir] in Scheme 1,
were pure without any further purification. The dyads [Ir-Co]
were obtained by subsequent chelation of the cobalt precursor
Co(dmgH)(dmgH,)Cl, on the pendant pyridine of the com-
plexes [Ir] in a CH,Cl,:MeOH/1:1 mixture in presence of
NEt;. This synthetic pathway presents a huge advantage as the
reaction medium is close to the one used for H, photoproduc-
tion experiments, leaving the possibility of tuning both metal-
lic centres separately and associating them subsequently
in situ for the experiment (vide infra). Ir(u) photosensitizers
with a bpy ligand were also synthesized in the same way as [Ir]
for control H, photoproduction studies with multicomponent
systems.

In the "H NMR spectroscopy (see Fig. S1-151), the multi-
plicity and coupling constants of each proton could not be
determined due to the superposition of several peaks and/or
lack of fine resolution for some signals. However, the 'H NMR
spectra showed unambiguously the absence of symmetry
elements for the IrL-2244tpy and IrL-2254tpy complexes (IrL- =
Irppy-, IrppyF,- and Irpiq-) and corresponding [Ir-Co] dyads,
which induces the non-equivalence of the protons of (i) the
extended N~N ligand and (ii) the ancillary ligands.

Crystallographic studies

The slow diffusion of diisopropyl ether into distinct aceto-
nitrile solutions of Irppy-2244tpy, Irppy-2245tpy and Irpiq-
2254tpy at room temperature led to the growth of crystals suit-
able for X-ray diffraction analysis, with the C,/c, P2,/c and C,/c
space groups, respectively (see Table S1t for the structure
parameters).

The Ir coordination sphere in all cases exhibits similar
environments to complexes previously reported such as Irpiq-
2254tpy-Co,"’? Ir-bpy?* and Irpig-bpy (see Tables S2 and
$31).>> The twist angles between the pendant pyridine plane
and the coordinated 2,2"-bipyridine plane in the 2244 and the
2254 isomers are 39.1° and 34.4°, respectively, which are
similar to those of Ru®* and Ir*>*’? derivatives. Irpiq-2254tpy
and both structures Irpiq-2254tpy-Co and Irpiq-2254tpy-Co
show 25.6°, 31° and 27.9° between the planes of the 5,4 sites.
Angles between chelating'”® bipyridines of the 4-isomer terpyr-
idine approaches planarity with 1.9° vs. 6.2° for the 5-deriva-
tive (see Tables S2 and S3t). The Ir-to-N (pendant pyridine)
distance is 9.196(7) A in the 4-isomer and 8.124(3) A in the
5-isomer (Fig. 1a and b). In the Irpiq-2254tpy-Co, the distance
between Ir and Co centers is 9.8666(8) A. The crystal structure
of the analogue Ir-Cobaloxime dyad with terpyridine Ir deriva-
tive shows 10.827 (1) A between two metallic centres.'’® The
environment of Co with the bond length N(pyridine)-Co
1.966(2) A (Fig. 1c) is similar to the analog dyad'’ and pyridyl
derivatives of mononuclear cobaloximes such as
Co(dmgH),CIPyr** (1.959 A) and Co(dmgH),(4-CNPy)CI*®
(1.963 A).

Electrochemical properties

The electrochemical data for all the Ir(ur) complexes and Ir(ur)-
Co(ur) dyads were obtained by cyclic voltammetry in dry deoxy-

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 X-Ray structures of (a) Irppy-2245tpy, (b) Irppy-2244tpy (c) Irpig-
2254tpy-Co. The nitrogen of the pendant pyridine is highlighted in the
three structures. Ellipsoids are at the 50% probability level. H atoms, PFg
counter anions, and co-crystallized solvent molecules are omitted for
clarity.

genated acetonitrile.>*>***® The voltammograms are illus-
trated in the ESI (Fig. S21-S367+) while the values are reported
in Table 1.

All the Ir based complexes display only one oxidation wave
in the investigated electrochemical window. IrppyF,-N*N com-
plexes display an anodically-shifted oxidation wave compared
to Irppy-N~N and Irpig-N*N complexes (Eqy irppyra-nrn = 1.72 V
while Eo irppy-nrn & Eox irpignen = 1.37-1.43 V vs. Ag/AgCl) due
to the electron-withdrawing effect of the fluorine atoms. The
oxidation process occurs on the Ir(m)-cyclometalated ligands
fragment of the photosensitizers, irrespective of the nature of
the N*N ligand. This attribution is confirmed by our DFT cal-
culations (B3LYP/6-31G* and VDZ-SBKJC for Ir) showing that
the HOMO has a mixed contribution of the metal (40%) and
the phenyl part of the cyclometalated ligands (60%) (see
Tables S6-S167).

In the case of the dyads, chelation of the Co(u) center on
the pendant pyridine does not affect the oxidation potential of
the complexes, as expected since there is no contribution of
this pyridine of the complex in the HOMO level. This is also
showing the absence of communication between the two
metal centres.

Dalton Trans., 2019, 48, 15567-15576 | 15569
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Table 1 Electrochemical data for the Ir(i) photosensitizers and corresponding [Ir-Co] dyads measured in acetonitrile solutions with 0.1 M in TBAP

at 25 °C?

Complex Eox Ereq

Irppy-2244tpy 1.37 (99) —1.17 (100) —-1.72 (106)

Irppy-2254tpy 1.37 (149) —1.11 (198) —1.62 (207)

Irppy-bpy 1.37 (129) —1.30 (111)

IrppyF,-2244tpy 1.72 (138) —1.17 (86) -1.72 (111)

IrppyF,-2254tpy 1.72 (129) —1.06 (134) —1.53 (166)

IrppyF,-bpy 1.71 (184) —1.25 (169)

Irpiq-2244tpy 1.42° —1.16 (108) —1.64 (114) —-1.86 (135)
Irpiq-2254tpy 1.43° —1.09 (124) —1.60 (173) —1.75 (131)
Irpig-bpy 1.36 (156) —1.30 (128) -1.67 (104)

Irppy-2244tpy-Co 1.45° —0.44° —0.97 (128) —1.14 (88) —1.71 (96)

Irppy-2254tpy-Co 1.46° —0.44° —0.95 (128) —-1.10 (71) —1.56 (76)

IrppyF,-2244tpy-Co 1.67 (147) —0.40" —0.96 (98) —1.08 (76) —1.64 (85)

IrppyF,-2254tpy-Co 1.69 (144) —0.44° ~—0.95° —1.49 (80)

Irpiq-2244tpy-Co 1.43° —0.42° —0.95 (90) —1.13 (86) —1.62 (43) —1.81 (94)
Irpig-2254tpy-Co 1.43% —0.43" —0.95 (71) —-1.09 (75) —-1.55 (110) -1.73 (77)

“?Potentials in V vs. Ag/AgCl, sweep rate of 100 mV s~ '. The difference between cathodic and anodic peak potentials (millivolts) is given in par-
entheses. ” Irreversible; potential is given for the cathodic wave. ° Overlapping of Co and ligand reductions giving a broad unresolved wave.

When looking at the reduction of the Ir complexes, several
waves were observed. The first reduction takes place on the
N”N ligand, and, as expected, the IrL-2244tpy and IrL-2254tpy
series are easier to reduce than the IrL-bpy series (Ereq,n1.2244epy &
~1.17 V; Ereauriazsatpy X —1.09 Vi Erednibpy & —1.28 V vs.
Ag/AgCl) due to the extended conjugation of the ditopic
ligand. The second reduction process corresponds to the
reduction of the pyridine moiety. Irpig-N~N complexes display
a third reduction wave corresponding to the reduction of the
isoquinoline part of the ancillary ligand."®”

When the Co(m) core is chelated to IrL-2244tpy or
IrL-2254tpy, two new reduction processes are observed at
~—0.42 V and ~—0.96 V vs. Ag/AgCl corresponding to irrevers-
ible Co(m)/Co(u) and reversible Co(u)/Co(i) reductions, respect-
ively. Using the ground state potentials and the energy of the
excited state corresponding to the maximum of the emission
spectrum at 298 K in acetonitrile (vide infra and Table S47), the
estimated potential in the excited states (namely E;, and E,,)
are gathered in Table S5.1

Absorption spectroscopy

Fig. 2 displays the UV-visible absorption spectra for the six
Ir(m)-Co(w) dyads in acetonitrile while the values are reported
in Table 2 (absorption spectra and numerical values for all
Ir(ur) photosensitizers are in Fig. S16-S18 and Table S4 of the
ESIT). All the compounds display absorption bands in the
UV region tailing into the visible (Table 2).

On the basis of previous studies on cyclometalated Ir(im)
complexes and the absorption of the ligands, intense absorp-
tion bands in the UV region can be ascribed to ligand-centred
(LC) transitions.”” On the other hand, absorption bands
appearing in the visible region correspond to a complex mix of
LC transitions and charge-transfer transitions from the cyclo-
metalated ligand to the N”N ligand (inter ligand charge trans-
fer - ILCT) or from the Ir centre to one of the ligand (metal to

15570 | Dalton Trans., 2019, 48, 15567-15576
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Fig. 2 Absorption spectra of [Ir-Co] dyads in acetonitrile.

ligand charge transfer - MLCT). From our TD-DFT calculations
on the nine Ir complexes, we could determine the contribution
for each transition below 300 nm (see Tables S21-S297), our
model matching well with the experimental data as shown in
Fig. S78-92.1 Due to the previously discussed mixed contri-
bution from both the metal and the cyclometalated ligand on
several orbitals, many transitions are described as a combi-
nation of charge transfer from the metal and the C*N ligand
towards the N”N ligand, thus having MLCT(N”N) and ILCT
characters. We will refer to these transitions as a metal-ligand-
to-ligand charge transfer (MLLCT) thereafter. In a similar way,
several unoccupied levels have contributions from both type of
ligands, leading to transitions being described as both MLLCT
resulting in population of orbitals on the N*N ligand and a
mix of MLCT and LC populating orbitals on the C*N ligand.
The energies of the transitions in the visible region of
IrppyF,-N*N complexes (N*N = 2244tpy, 2254tpy and bpy) are

This journal is © The Royal Society of Chemistry 2019
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Table 2 Spectroscopic data for the [Ir-Co] dyads®
/1max em fb @° kr ¢
Complex Aabs [nm] (& [x10> M~" em™']) [nm] [ps] (Ar) [x10° s7"]
Irppy-2244tpy-Co 254 (731), 308 (291), 383 (92), 412 (44), 468 (12), 495 (10) 652 0.035 (16%)  0.0030  16.3
0.213 (84%)
Irppy-2254tpy-Co 215 (485), 260 (654), 294 (431), 326 (350), 377 (75), 409 (43), 468 (7), 661 0.034 (11%)  0.0015  14.1
514 (4) 0.115 (89%)
IrppyF,-2244tpy-Co 252 (736), 312 (273), 343 (133), 360 (108), 420 (18), 445 (14) 567 0.121 (14%)  0.0124  35.7
0.384 (86%)
IrppyF,-2254tpy-Co 258 (645), 315 (367), 331 (298), 361 (86), 421 (11), 448 (7) 572 0.196 (13%)  0.0094  25.2
0.406 (87%)
Irpiq-2244tpy-Co 215 (747), 238 (807), 251 (747), 291 (562), 339 (234), 355 (211), 380 (155), 593,637  1.053 0.0023 2.2
437 (75), 528 (9), 567 (2)
Irpiq-2254tpy-Co 215 (750), 235 (664), 291 (554), 327 (398), 357 (180), 379 (111), 437 (62), 593,637  0.705 0.0033 4.7
530 (5), 567 (2)

“ Measurements in degassed acetonitrile at 298 K. ? Lifetime under N, atmosphere. ¢ Quantum yield measured by using [Ru(bpy);]** as a refer-
ence, @,e¢ = 0.028 in water under air. ¢ Radiative rate constant determined under an inert atmosphere at 298 K (k, = &/z).

blue-shifted compared to those of corresponding Irppy-N"N
complexes due to the electron-withdrawing behaviour of the
fluorine atoms which stabilizes the HOMO of the complexes
(see Fig. S767). On the other hand, the higher conjugation of
Irpiq-N~N complexes due to the additional fused aromatic ring
on the cyclometalated ligands stabilizes the system, leading
to a slight redshift in absorption compared to Irppy-N"N
complexes.

When comparing the absorption spectra of the complexes
in each IrL-N”N family, one can observe that there are no
major differences in the position and intensities of the absorp-
tion maxima in the visible region besides a slightly higher
extinction coefficient for IrL-2244tpy relative to those with
IrL-2254tpy, except around 320 nm where the IrL-2254tpy com-
pounds present an additional shoulder. Based on the TD-DFT
results, this feature is caused by an additional LC contribution
from the N”N ligand to the transitions around 320 nm. This
situation is favoured by the fact that the complexes based
2254tpy have mixed N”N and C”N contributions in the
LUMO+2/+3, with varying ratio, while these levels are purely
C”N for all the IrL-2244tpy family (see Tables S9 and S107 for
example).

The lowest singlet transition in all cases has an MLLCT
character. However, due the strong spin-orbit coupling of the
Ir centre, there is significant mixing between the singlet and
triplet states, allowing for spin forbidden triplet transitions to
be directly excited. Thus, for the Irppy-N*N and IrppyF,-N"N
compounds, the lowest absorption bands around 500 and
450 nm, respectively, corresponds to a mixed “*MLLCT tran-
sition. However, for the Irpiq-N”~N series, due to the extended
conjugation of the cyclometalated ligand, there are several
*MLCT(C"N)/LC(C"N) transitions at lower energy than the
mixed Y*MLLCT transition.

Finally, it is noteworthy to mention that the absorption
spectra for [Ir-Co] dyads are almost identical to those of the
corresponding photosensitizers (see Fig. S34-397) indicating
that no strong electronic interaction occurs between the metal-
lic centres, as observed in the electrochemistry study.

This journal is © The Royal Society of Chemistry 2019

Emission spectroscopy

The luminescence lifetimes and quantum yield of lumine-
scence for each dyad and photosensitizer were measured in
acetonitrile under an inert atmosphere (Tables 2 and S4,f
respectively). While the Irppy-N*N and IrppyF,-N"N series
display broad unstructured emission spectra (Fig. S31-337), as
expected from *CT-type excited states, more structured emis-
sion bands can be observed for the Irpig-N"N series. This
typical vibrational progression is implying a major *LC contri-
bution to the excited state of the Irpig-N~N series in addition
to the expected *CT-type excited states. This interpretation is
confirmed by the low temperature measurement, as the emis-
sion maxima are only slightly blue-shifted for the Irpiq-N*"N
series while the Irppy-N~N and IrppyF,-N~N series show hyp-
sochromic shifts of ~—100 and =-40 nm respectively
(Table S4t). It is also confirmed by the TD-DFT calculations
showing that the lowest triplet state for Irppy-N~N and
IrppyF,-N~N is a *MLLCT while it is a mix-state combing C*N
centred *MLCT and °LC characters for Irpig-N*N. Due to
HOMO stabilization induced by the addition of fluorine atoms
on IrppyF,-N"N compounds, emissive transitions are more
energetic compared to Irppy-N"N and Irpig-N*N families.
Despite the higher conjugation in the Irpig-N”N family, the
energy of the LC/CT transitions are quite close to those of
the Irppy-N*N compounds.

It is noteworthy to mention that, in air-equilibrated sol-
vents, a decrease in the luminescence intensity with respect to
degassed solutions is systematically observed for every
complex, indicating a quenching by oxygen. We expect that, as
for Ir(m) complexes such as fac-[Ir(ppy)s], an efficient photo-
sensitization of >0, by the excited Ir(m) complexes is occur-
ring.?® There is no significant difference between the IrL-
2244tpy and IrL-2254tpy series. The emission maxima of the
dyads in acetonitrile (Table 2) are close to those of the Ir(u)
photosensitizers, exhibiting only a small red-shift falling
within the limit of the resolution of our spectrometer. This
indicates that the Co coordination does not lower significantly

Dalton Trans., 2019, 48, 15567-15576 | 15571
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the energy of the radiative pathways. Nevertheless, the
observed decreased lifetimes and quantum yields imply that
an intramolecular electronic or energetic transfer from the
excited Ir unit to the Co unit takes place.

Photochemical behavior upon addition of acid

We chose to study the effect of protonation on the pendant
pyridine of our IrL-2244tpy and IrL-2254tpy complexes, as it
has been shown by several groups to be an efficient way to
probe the nature of the excited states. Indeed, if *MLLCT tran-
sitions are predominant and the non-chelated pyridine is
involved in the excited state, the corresponding absorption
and emission energy should be altered by protonation.>
Titration experiments were thus carried out in acetonitrile with
two acids that have different pK, values, trifluoroacetic acid
(TFA) (pK, = 12.65 in CH;CN)*® and acetic acid (AcOH) (pK, =
23.51 in CH;CN).*!

The luminescence quenching of IrL-2244tpy and
IrL-2254tpy upon addition of trifluoroacetic acid as well as
modifications of absorption bands are illustrated in the ESI
(Fig. S40-631). A clear red-shift of the most bathochromic
band upon addition of TFA can be observed, which is consist-
ent with the protonation of the pendant pyridine residue. On
the other hand, no observable shift was noticed for the high
energy absorption bands. The presence of several isosbestic
points indicates the existence of two species in equilibrium.
The emission of every complexes decreases dramatically with
the addition of TFA, due to the additional non-radiative relax-
ation pathways created, especially by the repulsion between
the positive charges. Interestingly, the luminescence quench-
ing is quite similar for the complexes of a same family, ie.
IrL-2244tpy and IrL-2254tpy families showing the inertness of
the cyclometalated ligands toward protonation. On the other
hand, the measured luminescence quenching is more efficient
for IrL-2254tpy complexes than for IrL-2244tpy due the elec-
tron-rich character of the 5’ position on the bpy residue with
respect to 4’ position, which increases the basicity of the
pendant 5’-pyridine of IrL-2254tpy complexes in the ground
state. In the case of the Irpig-N~N compounds, we discussed
earlier that the emissive state was localized on the C*N ligand
and thus should not be affected by the protonation. However,
we observed a similar behaviour for the Irpiq-N*N complexes
upon protonation, suggesting that the lowest excited state of
the protonated form Irpiq-N*N-H" now has a *MLLCT charac-
ter. This is confirmed by the TD-DFT calculations on the proto-
nated complexes (Tables S30-S35 and Fig. S777).

The luminescence quenching of IrL-2244tpy and IrL-2254tpy
upon addition of acetic acid are illustrated in the ESI
(Fig. S64-S75%). It is noteworthy to mention that gradual
addition of AcOH had no effect on the absorption of the com-
plexes, even at high concentration implying that the pendant
pyridine residue cannot be protonated in the ground state, as
expected. Nevertheless, luminescence quenching could still be
observed upon addition of AcOH taking advantage of contri-
bution of the pendant pyridine on the LUMO for all the com-
plexes, as observed in our DFT calculations. Interestingly, in
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contrast with the behaviour of the complexes in the presence
of TFA, a strong acid, luminescence quenching of IrL-2244tpy
complexes with gradual amounts of AcOH is more efficient
than with IrL-2254tpy complexes. Indeed, due to the electron-
poor character of the 4’ position of the bpy moiety compared
to the 5’ position in the ground state, the excited electron will
preferentially go to this position when the complex is irra-
diated, enhancing the electron density of the pendant 4'-pyri-
dine. Furthermore, luminescence quenching due to protona-
tion of the excited complexes is highly influenced by the
nature of the ancillary ligands, due to the increasing contri-
bution of the *LC transition on the nature of the excited state
(LCrippynn < *LCrppyran-n < “LCrpign-n), leading to a less
efficient *MLLCT and, hence, a lower electron density in the
excited state on the pendant pyridine residue, making Irpig-
2244tpy the least basic complex. The same observations are
made for Irppy-2254tpy, IrppyF,-2254tpy and Irpiq-2254tpy.

Hydrogen photo-evolution

Based on the electrochemical and spectroscopic results dis-
cussed above, we investigated the light driven hydrogen evol-
ution for the different complexes. We also wanted to confirm
that the supramolecular assemblies were more efficient HER
systems than their bimolecular counterparts, as we previously
showed for Irpiq-2254tpy-Co."”? Thus, the Ir photosensitizers
without pendant pyridines were tested with Co(dmgH),PyrCl
in a 1/1 ratio of photosensitizer/catalyst as in the [Ir-Co] dyads
prepared herein. As recent studies showed the dependence of
photocatalytic activities versus the wavelength of irradiation,
the compounds were analysed at various wavelengths to see
the effect on the photoactivity.'”¢

Photocatalytic systems were analysed in acetonitrile with
0.5 M triethanolamine as the sacrificial electron donor and
0.05 M aqueous tetrafluoroboric acid as the proton source; the
error associated with the TOF and TON values is estimated to
be 10%."7 Four light-emitting diodes (LEDs), with emissions
centred at 452, 525, 595 and 630 nm (see Fig. S93t), were used
to evaluate the potential of photoredox processes for each
system.”* An overview of the results determines that the disso-
ciated, bimolecular systems IrL-bpy/Co(dmgH),PyrCl are less
efficient than mono component systems (Fig. 3 and Table 3).
Spatial interactions between PS and catalyst through coordi-
nation bonding of pendant pyridine has been shown to
enhance electronic transfers.*>¢17%¢23:32 Indeed, it has been
shown that fast electronic transfer from the reduced photosen-
sitizer to the catalyst could lower the probability of decompo-
sition of PS via ligand dissociation.*® In the active photo-
catalytic system, a more robust HER catalyst leads to better per-
formances of the photosensitizers. Compared to the photo-
catalytic activity of IrL-bpy/Co(dmgH),PyrCl reference system,
[Ir-Co] dyads react faster under irradiation to reach a higher
TON limited by the stability of cobaloxime.”

The reference system Irppy-bpy/Co(dmgH),PyrCl attained a
TON of 29 while the highest TON obtained in this study is ten
times higher (for IrppyF,-2254tpy-Co under blue light, TON =
290). The activity of cobaloxime gives its best performance

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Hydrogen evolution of Irppy-2244tpy-Co (blue), Irppy-2254tpy-
Co (green) and dissociated system Irppy-bpy with Co(dmgH),PyrCl (red).
Solid line: TON, dashed line: TOF. Blue LED irradiation centered at
452 nm (blue light).

with the utilization of pyridyl pendant Ir photosensitizers.
Under blue light irradiation, all PSs are excited in their absorp-
tion bands and generate photoredox processes. Irppy-2254tpy-
Co displays higher activity than Irppy-2244tpy-Co i.e. TON of
250 and 200, respectively, and TOF . of 5700 mmoly, mol ™!
min~" and 6000 mmoly, mol~" min~"', respectively (Fig. S947).
For IrppyF,-derivatives, the TOF rate of IrppyF,-2244tpy-Co is
higher than IrppyF,-2254tpy-Co, with 12300 mmoly, mol ™"
min~" vs. 8200 mmol , mol~' min~", respectively, but a lower
TON is observed ie. 260 (1.3 h) vs. 300 (2.8 h) (Fig. 4 and
S96t). Irpig-2254tpy-Co has a maximum rate of activity
16 000 mmolyy, molps ™' min~" with a TON = 180 (2.3 h), while
Irpiq-2244tpy-Co displays a TON of 230 after 2.7 h and TOF .y
of 5200 mmoly, molps™ ' min~" (Fig. 3). The best performances
in TOF and TON are attributed to the IrppyF,- and Irpiq-deriva-
tives. The former derivatives are known to generate a powerful
oxidant in the excited state.” The 1-phenylisoquinoline deriva-
tives have been more investigated for their extension of elec-
tronic conjugation. In both series, a higher contribution of
*LC in the excited state is noticed and their excited-state life-
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Fig. 4 Hydrogen evolution of Irppy-2244tpy-Co (blue), IrppyF,-
2244tpy-Co (purple) and Irpiq-2244tpy-Co (olive). Solid line: TON,
dashed line: TOF. Irradiation centered at 525 nm (green light).

time is raised to the microsecond range. Those photophysical
properties could be implicated in the efficiency of photoredox
processes.'®** An interesting observation concerns the high
efficiency of IrppyF,-dyads under blue light irradiation even if
tailing of their absorption spectra exhibit low absorption in
the wavelength range of blue LEDs. It is noteworthy that under
the same conditions dissociated systems display dramatically
lower activities and sustainabilities compared to corres-
ponding dyads. The Irppy-bpy and IrppyF,-bpy systems
quickly reach a TOF. of 4400 mmoly, mol™ min™" and
4200 mmoly, mol™" min~", respectively, followed by a rapid
decreasing of activity to attain a modest TON of 29 (0.5 h) and
35 (0.8 h). The Irpig-bpy/Co(dmgH),PyrCl system reacts much
slower under blue light irradiation with a TOF,,x of only
350 mmoly, mol™" min~" but with a more sustainable activity,
with a TON of 71 is reached after 7 h (Fig. 3). Under green
irradiation, the overlays of the absorption spectra of PSs and
emission spectra of LEDs are weaker. As a result, the systems
demonstrate lower activity. For dissociated system Irppy-bpy/
Co(dmgH),PyrCl, a quick deactivation occurs to attain a TON

of 16 (3.7 h) with a low TOF,,, of 180 mmoly, mol™" min™" as

Table 3 Performances of photocatalytic systems under blue and green LEDs

Blue LED centered at 452 nm

Green LED centered at 525 nm

Compounds TON TOFax TON TOF 10
Irppy-bpy/Co(dmgH),PyrCl 29 (0.5 h) 4400 16 (3.7 h) 180
Irppy-2244tpy-Co 200 (1.5 h) 6000 180 (9 h) 1090
Irppy-2254tpy-Co 250 (1.7 h) 5700 230 (12.8 h) 1200
IrppyF,-bpy/Co(dmgH),PyrCl 35 (0.8 h) 4200 18 (27 h)* 26
IrppyF,-2244tpy-Co 260 (1.3 h) 12300 170 (30.3 h)? 150
IrppyF,-2254tpy-Co 290 (2.8 h) 8200 150 (27.3 h) 140
Irpig-bpy/Co(dmgH),PyrCl 70 (7 h) 350 30 (16 h) 58
Irpig-2244tpy-Co 230 (2.7 h) 5200 200 (6.8 h) 1200
Irpiq-2254tpy-Co 180 (2.3 h) 16 000 250 (3.8 h) 3500

-1 a

TON in moly;, molps™". TOF in mmoly;, molps™' min~". Induction time TON in moly;, molps™". TOF in mmoly;, molps™' min~". “15 min induction

time. ” 5 min of induction time.
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Fig. 5 Hydrogen evolution of Irpiq-2254tpy-Co (black) and Irpiqg-
2244tpy-Co (olive). Solid line: TON, dashed line: TOF. Irradiation cen-
tered at 630 nm (red light).

expected whereas Irppy-2244tpy-Co and Irppy-2254tpy-Co
reach 180 (9 h) and 230 (12.8 h) with a TOF of 1100 and
1200 mmoly, molps™' min~', respectively (Fig. S987). In the
case of IrppyF,-derivatives, weak absorptivity in the green
range of the absorption spectra involves slow reactivity but
high sustainability. Indeed, IrppyF,-bpy/Co(dmgH,)PyrCl
system maintains activity during 27 h with a low rate of
26 mmoly, molps™" min~'. IrppyF,-2244tpy-Co and IrppyF,-
2254tpy-Co produce a TON of 170 (30.3 h) and 150 (27 h) with
a sustainable rate of 150 mmoly, molps™' min~' and
140 mmoly;, molps™ min~', respectively (Fig. $997). In the
case of Irpig-derivatives, multicomponent Irpiq-bpy/Co
(dmgH,)PyrCl system displays a weak activity with a TON of 30
(16 h) with 58 mmoly;, molps™" min~". The Irpiq-2254tpy-Co
dyad demonstrates again a faster rate with 3500 mmoly,
molps ™' min~" to obtain a TON of 250 (3.8 h) vs. 1200 mmoly;,
molps™" min~" and 200 of TON (6.8 h) for Irpig-2244tpy-Co
(Fig. S971). Under yellow LED irradiation, no production of
dihydrogen is detected for all the dissociated systems. The Ir-
2244tpy-Co and Ir-2254tpy-Co are active both for 110 h to reach
a TON of 43 and 66, respectively. No production of hydrogen
was detected for both IrppyF,-2244tpy-Co and IrppyF,-2254tpy-
Co as expected because their absorption spectra cannot be
superposed to the emission spectrum of the yellow LED
(Fig. S1007). Irpig-2244tpy-Co and Irpig-2254tpy-Co generate a
TON of 110 (43 h) and 180 (18 h) with a TOF of 66 mmoly,
molps™' min~! and 265 mmoly, molps™' min™', respectively
(Fig. S100%). The tailing of the absorption spectra for Irpiq-
2254tpy displays a weak absorptivity until 590 nm vs. Irpiqg-
2244tpy at 560 nm. Under red LED centered at 630 nm, Irpiq-
2254tpy-Co exhibits a slow constant hydrogen production for
more than 100 h with a TON of 78,7¢ whereas a three-fold
slower activity for Irpiq-2244tpy is detected (Fig. 5). Photoredox
processes generated with low energy absorbed in the system
could be enhanced by electronic communication between the
photosensitizer and the catalyst. Indeed, the direct population
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of the lowest ">MLLCT excited at the tailing of absorption
spectra drives a constant sustainable photoactivity.

Conclusions

In each family of compounds, the bridging ligand tpy isomers
based on the 4 and 5 position influence the photo-activity of
the compounds. Irpiq-2254tpy-Co and IrppyF,-2244tpy-Co
exhibit the fastest photoredox processes of the study under
blue light irradiation. Irppy-2254tpy-Co and Irpiq-2254tpy-Co
are more productive than their homologous 4-isomers with the
yellow and red irradiations in the tailing of their absorption
spectra. Extending electronic conjugation with a phenylisoqui-
noline substituent in cyclometalated ligands permits hydrogen
to be produced from red light irradiation. In Ru-Pd dyads,
direct population of the lowest triplet excited state distributed
on bridging ligands provides better stability of the system.'*”
In our system, the efficiency of photocatalysis under red light
appears surprisingly efficient for the small absorptivity in the
tailing of absorption spectra. We are currently investigating
the impact of orbital contributions in electronic transitions
implicated in photo-redox processes.
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