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ABSTRACT: Two Ir(Il) binuclear photosensitizers, [Ir(dFCF;ppy).(N-N)Ir(dFCFsppy).]**, where N-N is tetrapyrido[3,2-a:2',3"-
c:3",2"-h:2" 3"-j]phenazine (Ir--TPPHZ) and 1,4,5,8-tetraazaphenanthrene[9,10-b]1,4,5,8,9,12-hexaazatriphenylene (Ir-TAPHAT)
are reported for iodide, bromide and chloride photo-oxidation in acetonitrile and acetonitrile/water mixtures using blue light irradia-
tion. Excited-state reduction potentials Ereq” of +2.02 and + 2.09 V vs NHE were determined for Ir-TPPHZ and Ir-TAPHAT, respec-
tively. Both photosensitizers’ excited-states were efficiently quenched by iodide, bromide and chloride with quenching rate constants
in the (3.5-9.2) x10'® M 's™! and (0.0036-2.9) x10'® M!s™! range in neat acetonitrile and acetonitrile/water mixtures, respectively.
Nanosecond transient absorption spectroscopy provided unambiguous evidence of reductive excited-state electron transfer with all
halides in solvent mixtures containing up to 50% of water. Cage-escape yields were large (96-55%) in acetonitrile and dropped below

32% in acetonitrile/water 50/50 mixtures.

Society is facing an energy crisis and novel approaches towards
solar energy conversion are in dire need.!"® Different innovative
technologies have been explored for the conversion of sunlight
into useful energy sources. The storage of solar energy in chem-
ical bonds of small molecules, so-called solar fuels, represents
a highly promising avenue.’'® Among them, hydrogen gas (H,)
represents a promising target for large scale energy storage and
distribution.!” Hydrohalic acid (HX) splitting is the thermody-
namically uphill conversion of HX to yield H, and the corre-
sponding halogen (X5). The reverse reaction releases free en-
ergy. Thus, rather than converting light directly into electrical
power, solar photons can be stored in chemical bonds through
HX splitting.*

HX splitting and water splitting are routes of great interest for
solar hydrogen production. However, despite the considerable
supply of water, the oxidation of H,O to O, is a four-electron
process that involves multiple proton-coupled electron transfer
steps.?! HX splitting is a mechanistically simpler alternative, as
halides (X") are oxidized to X, by a two-electron transfer pro-
cess that does not involve proton-coupled electron transfer
steps.!3

Aqueous halide oxidation occurs at potentials E;(X"") of 1.33,
1.93 and ~2.1-2.3V vs NHE for iodide, bromide and chloride,
respectively.'> This renders bromide and chloride photo-oxida-
tion extremely challenging to perform in water with visible
light. This wide range of potentials was shown to be narrower
in organic solvents. For example, Ei,(X"") of 1.23, 1.35 and
1.46 V vs NHE have been roughly estimated in acetonitrile for
iodide, bromide and chloride, respectively.???* These potentials
were estimated via Marcus theory using experimentally deter-
mined kinetic quenching rate constants. Experimental evidence
for photo-induced electron transfer from bromide and iodide to
photo-excited Ru and Ir photosensitizers was demonstrated in

acetonitrile by transient absorption spectroscopy, but corre-
sponding experimental evidence for chloride oxidation is still
missing. 2> This is presumably due to the very fast back elec-
tron transfer between the oxidized halide and reduced photosen-
sitizer. Strategies to prevent this fast back-electron transfer us-
ing secondary coordination effects were proposed by Nocera et
al. and used aryl substituents to form Cl'larene adducts that
could be experimentally observed.?*?” Notably bromide and
chloride photo-oxidation have been monitored in acetone using
Ru(II) photosensitizers®®2° as well as by one- or two-photon ex-
citation of N-phenylphenothiazine in acetonitrile.’!

Here, we focused on novel Ir(IIT) photosensitizers with very
high photo-oxidizing abilities that, upon visible light irradia-
tion, reacted with halides in acetonitrile/water mixtures. Cy-
clometalated iridium(III) photosensitizers are an outstanding
class of compounds, possessing spatially separated frontier or-
bitals, meaning that the C-N centered HOMO and N-N cen-
tered LUMO levels can be independently tuned, leading to ease
of changes in excited-state reduction potentials.** Hence, two
binuclear Ir(II) photosensitizers bearing the dFCF;ppy (2-
(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine) ancillary lig-
and in combination with the n-extended diimine ligand TPPHZ
(tetrapyrido[3,2-a:2',3'-c:3",2"-h:2",3"'-j|phenazine) and
TAPHAT (1,4,5,8-tetraazaphenanthrene[9,10-b]1,4,5,8,9,12-
hexaazatriphenylene) were designed (Figure 1). They exhibited
excellent excited-state reactivity toward iodide, bromide and
chloride, as emphasized by the drastic quenching of the steady-
state and time-resolved photoluminescence, with quenching
rate constants (k,) up to 10" M's™!. Further investigation by
transient absorption spectroscopy proved efficient electron
transfer from iodide, bromide and chloride to the excited pho-
tosensitizers even in acetonitrile/water mixtures.
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Figure 1. Structures of Ir-TPPHZ (X = CH) and Ir-TAPHAT (X =
N).

Both photosensitizers were obtained via the reaction between
[TIr(dFCFsppy)2(p-Cl)], and the corresponding TPPHZ or
TAPHAT ligand, which were synthesized using literature pro-
cedures.*** This yielded
[Ir(dFCFsppy)2(TPPHZ)Ir(dFCF;ppy).]** (Ir-TPPHZ) and
[Ir(dFCF3ppy)>(TAPHAT)Ir(dFCF3ppy),]** (Ir-TAPHAT) in
70% and 68% yield, respectively. Both photosensitizers were
characterized by UV-Visible absorption which showed typical
ligand-centered (LC) transitions below 400 nm with mixed
metal-ligand to ligand charge transfer (MLLCT) transitions in
the visible (Figure 2). Both photosensitizers absorbed in the
visible, Ir-TPPHZ at 420 nm (£=6400 M'lcm™) and Ir-
TAPHAT at 450nm (£=5200 M 'cm™).

Steady-state photoluminescence measurements performed in
acetonitrile displayed intense photoluminescence centered at
613 and 635 nm for Ir-TPPHZ and Ir-TAPHAT, respectively.
Time-resolved photoluminescence was well described by sin-
gle-exponential decay from which excited-state lifetimes were
determined for Ir-TPPHZ (618 ns) and Ir-TAPHAT (152 ns).
These photophysical, as well as ground and excited-state elec-
trochemical properties are gathered in Table 1.
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Figure 2. UV-Visible absorption (solid) and steady-state photolu-
minescence (dashed) spectra of Ir-TPPHZ (purple) and Ir-
TAPHAT (orange) recorded in argon-purged acetonitrile at room
temperature.

Table 1. Photophysical and ground- and excited-state electrochemical properties of Ir-TPPHZ and Ir-TAPHAT.

Aabs (nm), [6,10°M 'em™]*  PLnax 1 T T Eo Ered? Eo*d Ereq™

(nm)* (ns)* (ns)® (ns)°
Ir-TPPHZ 386 (38.5), 420 (6.4) 613 618 215 125 2.03 -045 —-045 2.02
Ir-TAPHAT 385 (23.8), 450 (5.2) 635 152 19 17 2.14 -0.21 -0.15 2.09

#In argon-purged acetonitrile. ® In argon-purged acetonitrile/Water 75:25. ¢ In argon-purged acetonitrile/Water 50:50. ¢V vs NHE.
Table 2. Quenching rate constants for Ir-TPPHZ and Ir-TAPHAT with I, Br~ and CI" in acetonitrile/water mixtures

ky (M™'s™) with Ir-TPPHZ ky (M's™) with I-TAPHAT

CH;CN CH;CN:H,O CH;CN:H,O CH;CN CH;CN:H,O CH;CN:H,O
75:25 50:50 75:25 50:50
Todide 9.2 x10'° 2.9 x10'° 2.1 x10' 6.8 x10° 2.6 x10'° 2.0 x10'°
Bromide 6.2 x10'° 9.5x10° 4.3 x10° 4.4 x10'° 8.9 x10° 4.8 x10°
Chloride 5.1 x10'" 4.5 x107 3.6 x107 3.5x10"° 2.0x10% 1.3 x108

Excited-state quenching of both sensitizers with iodide, bro-
mide and chloride was carried out in acetonitrile under argon
atmosphere. Stern-Volmer experiments revealed that all halides
were competent for dynamic excited-state quenching (Figure
3) with quenching rate constants (k,) that ranged from 3.5 x10'°
t0 9.2 x10' M's™! (Table 2).

As Stern-Volmer experiments do not inform on the nature of
the excited-state quenching process, nanosecond transient ab-
sorption spectroscopy (nsTAS) was used. Ir-TPPHZ and Ir-
TAPHAT were individually irradiated using pulsed 410 nm
light irradiation in the presence of iodide, bromide or chloride
in argon purged acetonitrile (Figure 4). The appearance of a
long-lived transient species absorbing around 600 nm was con-
sistent with the formation of mono-reduced photosensitizers by

electron transfer from iodide, as confirmed by control experi-
ments with tri-p-tolylamine, a known electron donor (Figure
S23). Remarkably, the absorption changes were also observed
in the presence of bromide or chloride, albeit with lower inten-
sity. This is a striking result, as experimental substantiation for
chloride oxidation has been to date scarcely reported in the lit-
erature while here, we show unambiguous confirmation of
photo-induced electron transfer from chloride to both [r-TPPHZ
and Ir-TAPHAT. Note that evidence for I, formation was ob-
tained at higher concentrations of TBAI, with additional ab-
sorption features around 400 nm and 750 nm (Figure S24).%% %

Motivated by these results and given the very positive excited-
state reduction potential of Ir-TPPHZ and Ir-TAPHAT, we per-
formed excited-state quenching experiments in



acetonitrile/water mixtures. Both photosensitizers were effi-
ciently quenched by iodide and bromide in mixtures containing
up to 50% water, with quenching rate constants in the ~10'° M~
st and 10° M's! range for iodide and bromide, respectively.
Excited-state quenching was also observed with chloride, albeit
with a lower kq (107-108 M's™), as expected from thermody-
namic parameters (Figure 3). Yet, the observed excited-state
quenching was very encouraging, and nsTAS experiments were
carried out with both photosensitizers in acetonitrile/water
50/50 mixture (Figure 4 c-d).>” Formation of the monoreduced
Ir-TPPHZ and Ir-TAPHAT was observed by nsTAS, demon-
strating that halide oxidation occurred efficiently in water-en-
riched conditions. With Ir-TAPHAT, using chloride or bro-
mide, an additional band around 500 nm was observed. At this
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stage, we were unable to unambiguously ascribe this novel ab-
sorption band, but we hypothesize that it could originate from
an intramolecular X'|arene adduct with the TAPHAT ligand.*
Nevertheless, the transition around 600 nm point towards ex-
cited-state halide oxidation in acetonitrile/water 50/50 mixture.
Importantly, at this solvent ratio, the steady-state UV absorption
spectrum of iodide closely resembles the one obtained in neat
water (Figure 5), suggesting a similar solvation of the halide as
in neat water. Similar experiments on chloride and bromide
were limited due to the lack of absorption above 200 nm. It is
therefore likely that the one-electron reduction potential of each
halide in acetonitrile/water 50/50 mixture is close to the one de-
termined in neat water.
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Figure 3. Time-resolved photoluminescence of Ir-TPPHZ (a,c) and Ir-TAPHAT (b,d) with increasing amount of tetrabutylammonium chlo-
ride in acetonitrile (a,b) and acetonitrile/water 50/50 (c,d). The inset shows the corresponding Stern-Volmer plots obtained with iodide
(purple), bromide (orange) and chloride (green). The corresponding quenching rate constants are gathered in Table 2.
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Figure 4. Transient absorption spectra of Ir-TPPHZ (a) and Ir-TAPHAT (b) recorded with 1 mM iodide (purple), 1 mM bromide (orange)
and 1 mM chloride (green) in acetonitrile (a,b). Transient absorption spectra of Ir-TPPHZ (c) and Ir-TAPHAT (d) recorded in acetonitrile/wa-
ter 50/50 mixture in the presence of 10 mM iodide (purple), 10 mM bromide (orange (dots: 500ns; solid: 30 us after the laser pulse)) or 200
mM chloride (green (dots: 500ns; solid: 30 ps after the laser pulse)). Experiments were carried out in argon-purged solution at room temper-
ature using 410 nm light irradiation. Spectra were recorded 500 ns after the laser pulse, unless otherwise specified. Non-normalized spectra

are shown in Figures S11-S22.
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Figure 5. UV absorption spectra of tetra-n-butyliodide recorded in
acetonitrile/water 100/0 = 50/50 mixtures (solid lines) compared
to the one of potassium iodide (dashed black line) in water.

Finally, cage-escape yields, i.e. the efficiency with which the
geminate radical pair (i.e. the monoreduced binuclear iridium
photosensitizer and oxidized halide) separate after excited-state
electron transfer was quantified using nsTAS.* Quantifying
this process is of interest as it was shown to impact the subse-
quent reactions that can be performed using these solvent-sepa-
rated radicals.**? Here, cage-escape yields were determined by
comparative actinometry using Eq. 1 and 2 with [Ru(bpy);]** as
actinometer.*

P
Qg =—— Eq. 1
CE % PL Quenched a
AApgs-
Tepe 1-10"AbSref(exc)
¢ = AAES.,.ef 1-10~Absps(Aexc) Eq 2

AsESref



The transient absorption changes at 600 nm or 620 nm corre-
sponding to the singly reduced Ir--TPPHZ and Ir-TAPHAT, re-
spectively, were compared to the changes in absorption of the
reference [Ru(bpy);]** (ES:er) at 450nm. A Ae value of —10100
M'em™ was used for the actinometer at 450 nm*¢ while
A&200m = 6500 M'em™ and Aggoonm = 9500 M 'em™! were de-
termined by nsTAS using tri-p-tolylamine for [-TAPHAT and
Ir-TPPHZ, respectively (Figure S23). Cage-escape yields (¢cg)
values were obtained by comparing the relative yield of mono-
reduced PS produced (¢) to the percentage of quenched PL
(%PL) (Figure 6).
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Figure 6. Cage-escape yields recorded using Ir-TPPHZ (top)
and Ir-TAPHAT (bottom) in argon-purged CH3CN (open sym-
bols) and CH3;CN/H,O 50/50 (closed symbols) in the presence
of iodide (purple), bromide (orange) and chloride (green).

Table 3. Cage-escape yields (®@cg) recorded in argon-purged
CH3CN and CH3CN/H20

@ck Ir-TAPHAT @ck Ir-TPPHZ

CH;CN CH;CN/H,O CH;CN CH;CN/H,0
I 90% 32% 96% 11%
Br~ 70% 3% 81% 2%
Crr 55% 4% 80% 2%

Whether in acetonitrile or acetonitrile/water 50/50, ¢cg fol-
lowed the periodic trend [>Br>Cl (Table 3). In acetonitrile/wa-
ter 50/50, ¢cg were slightly larger for Ir-TAPHAT than for Ir-
TPPHZ. This difference was most prominent with iodide where
¢ce were three times larger for Ir-TAPHAT than for Ir--TPPHZ.
In acetonitrile, the picture is slightly different. For Ir--TPPHZ,
the experimental data evolved linearly with concentration and
¢ce were calculated from the entire slope. This yielded ¢cg val-
ues that ranged from 91% to 80% for iodide and chloride, re-
spectively. For I-TAPHAT, the data was only linear until ap-
proximately one equivalent of halide was added. From that ini-
tial slope, cage-escape yields between 90% and 55% were de-
termined. It should be noted that literature reports of ¢cg often
rely on single concentration measurements, while those pro-
vided herein yield a broader description of the cage-escape pro-
cess. The change of slope around 1 equivalent of added halide
probably points toward an ion-paired quenching mechanism*”
%2 and highlight that this cage-escape process could evolve over
a range of concentration. This will be investigated in the future.

In conclusion, we report two novel binuclear Ir(Il) photosensi-
tizers that were shown to be efficiently quenched by iodide, bro-
mide and chloride in neat acetonitrile and acetonitrile/water
mixtures. Importantly, nsTAS revealed that excited-state elec-
tron transfer of all investigated halides occurred efficiently with
large to moderate cage-escape yields. Noteworthy, this experi-
mental verification of excited-state electron transfer also held
true in acetonitrile/water mixtures, containing up to 50% of wa-
ter, further expanding the applicability of these type of photo-
sensitizers as candidates for hydrohalic acid splitting. Overall,
the ¢cg measurement also indicated that small structural
changes, such as the introduction of two nitrogen atom in the
bridging ligand scaffold, have a drastic impact on the charged
species separation processes.
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TAPHAT: 1,4,5,8-tetraazaphenanthrene[9,10-b]1,4,5,8,9,12-hex-
aazatriphenylene

TPPHZ: tetrapyrido[3,2-a:2',3'-c:3",2"-h:2"",3""-j]phenazine
dFCF;ppy: (2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine)
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Two novel Ir(IIT) binuclear photosensitizers are reported for the visible-light induced oxidation of iodide, bromide and chloride in
acetonitrile/water mixtures containing up to 50% of water. Excited-state electron transfer was investigated and confirmed by Stern-
Volmer quenching experiments and nanosecond transient absorption spectroscopy. Cage-escape yields were quantified by compara-
tive actinometry. These yields were large (96-55%) in acetonitrile and dropped below 32% when 50% of water was present.




