ChemCatChem

W) Check for updates

Concept

doi.org/10.1002/cctc.202500247

Chemistry

Europe

www.chemcatchem.org

Light-Driven CO, Reduction Catalysis with Organic Thermally
Activated Delayed Fluorescence (TADF) Sensitizers

Federico Droghetti,'’) Andrea Mantovani,’?! and Mirco Natali*[!

Catalytic conversion of CO, into carbon-based products (CO,
reduction reaction, CO,RR) using light can be profitably achieved
through the merging of a molecular catalyst based on redox-
active metals, a light-harvesting sensitizer, and an electron
donor. Within this framework, the discovery of novel chro-
mophores represents a critical task. Cyanoarenes are thermally-
activated delayed fluorescence (TADF) dyes that have been
largely considered as photoactive components in the field of
lighting and organic photocatalysis. Only recently they have
been also successfully employed as photosensitizers in light-

1. Introduction

The production of fuels or industrially relevant intermediates
via the chemical conversion of CO, into reduced-carbon forms
(CO, reduction reaction, CO,RR) currently represents one of
the main targets for scientists and researchers working in the
field of artificial photosynthesis (AP).'"! In fact, this poses a
challenging solution to the global issues associated with the
continuous consumption of fossil fuels, such as global warm-
ing and climate change.! The one-electron reduction of CO,
to its radical anion (Equation 1), while feasible, is highly energy-
demanding.'” On the other hand, smooth conversion of CO,
into chemical fuels can be in principle achieved in the presence
of a suitable proton donor, e.g., according to the reactions in
Equations (2)-(6). However, since these reactions involve mul-
tiple electron and proton transfer steps, efficient and selective
formation of carbon-based products is hampered by the com-
plex mechanistic requirements, the possible competition among
the different reactions (Equations 2-6) and the possible occur-
rence of the parallel, unwanted hydrogen evolving reaction (HER,
Equation 7).

CO,+e — COS )

CO; +2H" +2e~ — CO +H,0 ]
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driven CO,RR schemes. While their application in lieu of more
classical inorganic or organometallic chromophores might seem
straightforward, several open points are still present concerning,
e.g., mechanistic aspects and stability issues. This Concept aims
to collect the most recent studies dealing with the application
of these TADF dyes in combination with molecular complexes
catalyzing the CO,RR mainly to CO and/or formate, trying to
highlight the most promising molecular scaffolds and identify
possible misconceptions.

CO, + 2H" 4+ 2e~ — HCO,H (3)
CO, + 4H" + 4e”~ — H,CO + H,0 (4)
CO, + 6H" + 6e~ — CH30H + H,0 5
CO, + 8H" + 8¢~ — CH4 + 2H,0 (6)
2H' +2e” — H, @

For all these reasons, the discovery of active and selective
catalysts appears as a crucial task in the realm of CO,RR. Inspired
by the structural and functional motifs of the active sites of nat-
ural hydrogenases,’°! many molecular catalysts based on tran-
sition metal complexes have been conceived in the last years for
this purpose mainly resulting in the effective generation of two-
electron-reduced products (Equations 2 and 3). Among these,
rhenium and ruthenium polypyridine complexes™"! as well
as complexes based on Earth-abundant metals!®?°! have been
profitably employed. Examples of this latter include, among
others, porphyrins or polypyridine complexes of cobalt and
iron.13-4! |n this respect, particular emphasis has been given to
the use of redox non-innocent ligands which have proven to be
extremely effective in targeting the selective reduction of CO,
into CO by disfavoring the hydride pathway.[4>*!

The profitable conversion of CO, into a certain product is
always an uphill reaction and as such requires the exploitation
of a suitable energy source. For this purpose, solar energy can
be considered one of the most sustainable solutions as it is
clean, reliable, and abundant. To achieve light-driven conversion
of CO, a minimum set of three components is however neces-
sary: a catalyst (C), a photosensitizer (PS), and an electron donor
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Figure 1. Schematic representation of the light-driven processes in a
three-component system for the CO,RR to two-electron reduced products;
PS = photosensitizer, C = catalyst, ED = electron donor; chemical steps
associated with the catalyst are herein neglected for simplicity reasons.

(ED).’! According to the reaction scheme of Figure 1, CO,RR into
CO or formate (and the parallel HER) can occur in the pres-
ence of a proton donor upon excitation of the PS which, at the
excited state level (*PS), can react with the ED leading to the
formation of the reduced sensitizer species (PS™). Subsequent
electron transfers from the latter to the catalyst, in its initial (C)
or one-electron reduced (C™) forms lead to activation of the
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CO, substrate (or protons) and the resulting product formation.
Within this reaction scheme, the choice of the PS is of pivotal rel-
evance. As a matter of fact, the PS must efficiently absorb visible
light, it has to possess an oxidation potential in its excited state
sufficiently positive to react with the ED and a reduction poten-
tial in its ground state negative enough to effectively reduce the
catalyst. Furthermore, since the primary photochemical step is
the reaction between the excited PS* and the ED, a long excited-
state lifetime is also required to allow an efficient bimolecular
process.l*5#] For all these reasons, inorganic and organometal-
lic complexes of ruthenium(ll) and iridium(lll), characterized by
long-lived triplet metal-to-ligand charge transfer (MLCT) states,
have been frequently considered as the prototype PSs.[4-4345]
However, they are based on rare and expensive metals, thus
precluding extensive applications.

In the quest for alternative PSs, organic compounds have
also been considered.[*84°1 However, limited intersystem crossing
(ISC) yields can be encountered in these latter,*"! leading to an
inefficient population of the triplet excited state which is com-
monly involved in the primary photochemical process with the
ED.52! Moreover, the typically large singlet-triplet energy gap
of common organic chromophores can impact on both the light-
harvesting ability in the visible spectral range (associated with
the population of the higher-energy singlet excited state) as well
as on the resulting excited-state redox potentials.l>*!

Cyanoarene dyes, characterized by thermally-activated
delayed fluorescence (TADF), have recently emerged as
promising PSs for light-driven catalysis, offering long-lived
triplet excited states and small singlet-triplet energy gaps
in a fully organic compound. Though already known and
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Figure 2. (a) Relevant electronic characteristics of cyanoarene dyes and (b)
simplified Jablonski diagram showing the chronological sequence of
photophysical steps characteristic of TADF (ABS = absorption, PF = prompt
fluorescence, ISC = intersystem crossing, RISC = reverse intersystem
crossing, DF = delayed fluorescence).

employed both in the field of lighting devices™ and organic
photocatalysis,>*>"! their application in CO,RR has only
recently been explored. Hence, this Concept aims to high-
light some recent findings connected with the application of
cyanoarenes in light-driven catalysis of the CO,RR, pointing out
the main results as well as some open points.

2. Light-Driven CO,RR with TADF Dyes
2.1. Photophysical Properties of TADF Dyes

Organic TADF dyes of the cyanoarene family can be easily
prepared according to well-established methodologies.>3°8!
Differently from common organic and organometallic com-
pounds, they are generally characterized by highly twisted
electron donating and accepting units which provide substantial
electronic decoupling between the HOMO and LUMO orbitals
(Figure 2a).31 Under these conditions, a small energy gap orig-
inates between the first singlet and triplet excited states (AE <
0.1 eV) resulting from a HOMO—LUMO charge transfer (CT)
transition.

This represents a key motif at the basis of the peculiar pho-
tophysical behavior (Figure 2b). Spin-allowed excitation of the
dye in its singlet excited state is usually followed by a favorable
radiative decay to the ground state, known as prompt fluores-
cence (PF), featuring a lifetime in the order of ns characteristic of
classical organic chromophores. ISC can, however, occur in com-
petition with PF leading to the population of the triplet excited
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Figure 3. Molecular structures of the TADF dyes employed in light-driven
CO;RR studies.
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state. The decay of this latter to the ground state is usually slow
due to the spin-forbidden nature of the transition. On the other
hand, due to the small singlet-triplet energy gap, reverse inter-
system crossing (RISC) from the T, to S; can efficiently take place
at room temperature, resulting in an additional fluorescence
component, known as delayed fluorescence (DF) and showing a
lifetime in the order of ps. Furthermore, since the HOMO and the
LUMO orbitals are located in different positions of the molecule,
chemical modification can be easily exploited™! to prepare dif-
ferent TADF dyes featuring specific absorption properties and
redox potentials both at the ground and excited state level.
Figure 3 displays the molecular structures of the organic
TADF dyes employed in light-driven CO,RR, while the corre-
sponding relevant photophysical and electrochemical parame-
ters are collected in Table 1. All these dyes have, in principle,
the basic requirements to be employed in light-driven catalytic
cycles (Figure 1). They indeed display considerably long-lived
DF and sufficiently positive oxidation potentials in the excited
state rendering possible the bimolecular reaction with most elec-
tron donors both at the thermodynamic and kinetic level.!5"!
Furthermore, they are characterized by ground-state reduction
potentials which are negative enough to activate many molec-
ular catalysts toward the CO,RR. Figure 4 depicts the metal
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Table 1. Summary of the main photophysical and electrochemical proper-
ties of the organic TADF dyes employed in light-driven CO,RR studies.

PS Tpp/ns? Top/us? E¥ o/ VPO Ered/yo)d)
4CzIPN 21 21 +1.03 —172
3CzCIIPN 13 32 +0.89 —1.61
4DPAIPN 2.9 84 +0.36 —2.08
3DPAFIPN 36 43 +0.69 —1.94
5CzBN 24 10 +0.91 -1.99
4P-CzIPN 26.8 15 +1.00 —-1.62
4P-DPAIPN 2.6 362 +0.58 —-1.94

3 measured in N,N-dimethylacetamide (DMA) as the solvent.

b) Potentials are referenced versus Fct/Fc.

9 Values useful to evaluate the reactivity of the excited state with the
ED.

9 Values useful to evaluate the reactivity of the photogenerated reduced
dye with the catalyst.

complexes employed as catalysts for the light-driven CO,RR
together with the TADF dyes.

2.2. Light-Driven CO,RR

The first report in which an organic TADF dye was employed
for the light-driven CO,RR deals with the use of 4CzIPN as the
sensitizer in combination with triethylamine (TEA) as the sacri-
ficial electron donor and the iron complex Fel as the catalyst
(Figure 4).1°" Visible-light irradiation of a solution containing
028 M TEA, 100 um 4CzIPN, and 10 um Fel in CO,-saturated
DMF delivered 12.3 umol CO after 3 h of irradiation, correspond-
ing to a maximum turnover number (TON) of 246. Optimization
of the photocatalytic activity was obtained in the presence of
H,O as the proton donor, leading to a maximum TON of 2250
when photocatalysis was performed in a 3:2 DMF:H,O mixture.
Under these conditions, the generation of CO is attained with
a quantum yield of 1%!%2%3! and is practically quantitative with
a selectivity of ca 99%. Highly selective generation of CO was
also obtained using 4CzIPN in combination with the iron com-
plex Fe2 (Figure 4).1° Under optimized conditions (10 um Fe1,
0.3 mM 4CzIPN, 0.28 m TEA in 4:1 DMF:H,0 under CO,), CO is pro-
duced with a maximum TON of 878, while only traces of H, were
detected.

In a subsequent report, Chao and co-workers employed
4CzIPN as the sensitizer with the ruthenium complex Rul
(Figure 4).%1 Generation of CO (14 umol, corresponding to a
maximum TON of 124) with a quantum vyield of 0.14%!%2%! and
a selectivity of 96.5% was obtained following irradiation of a 4:1
acetonitrile:H,0 solution containing 20 um Rul, 0.1 mm 4CzIPN,
and 0.28 TEA. In a similar manner, the photoproduction of CO
(18.4 pmol, TON = 41) with a selectivity of 94% was attained
using 4CzIPN and TEA in combination with the nickel complex
Ni1 (Figure 4) as the CO,RR catalyst.!¢!

Remarkably, the light-driven catalytic activity by both Rul
and Nil was restricted to the cyanoarene dye, since almost neg-
ligible activity was observed for both complexes using either

ChemCatChem 2025, 0, 202500247 (4 of 7)
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Figure 4. Structures of the molecular catalysts employed in light-driven
CO;RR studies in combination with TADF dyes.

[Ru(bpy)s]** (where bpy = 2,2"-bipyridine) or [Ir(ppy)s] (where
ppy = 2-phenylpyridine) as the sensitizer.[®>%%! The authors ratio-
nalized this experimental evidence proposing the occurrence of
a consecutive photoinduced electron transfer (ConPET) mech-
anism using 4CzIPN. This process would involve the excitation
of the dye, the reductive quenching by the TEA electron donor,
and the subsequent excitation of the resulting radical anion
4CzIPN*~ (Figure 5a). This would generate the excited state
*4CzIPN®~ acting as a powerful reductant toward catalyst acti-
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a) ED b) ED as light-harvesting sensitizers in combination with the man-
*4CzIPN *4CzIPN ganese complex Mnl (Figure 4) as the catalyst and 13-
ED* Ep* dimethyl-2-phenylbenzimidazoline (BIH) as the sacrificial elec-
tron donor in triethanolamine (TEOA) / N,N-dimethylacetamide
4CzIPN 4CzZIPN- P 4CZIPN- (DMA) mixture.’? The negligible activity was recorded using
4CzIPN and 3CzCIIPN, ascribed to the poor reducing ability of
. ConPET PI the photogenerated PS™ species within the reaction mechanism
~ € (solv) ~ of Figure 1. Some CO and formate (3.1 and 1.1 umol, respectively)

*4CzIPN *4CzIPN . . .
c N were detected instead when photocatalysis was attempted using

c c

Figure 5. Two-photon processes potentially leading to catalyst activation
occurring using 4CzIPN in the presence of an electron donor: (a)
consecutive photoinduced electron transfer (ConPET), proposed by Chao
and co-workers!®! and (b) two-photon photoionization (PI), reported by
Ceroni and co-workers.[®”! Legend: ED = electron donor, C = catalyst (only
the first electron transfer is herein considered for simplicity).

vation, even stronger than the one-electron reduced species of
the inorganic sensitizers, thus explaining the superior activity.

A careful reexamination of this hypothesis, however, def-
initely suggests alternative possibilities. As a matter of fact,
the ConPET process is a two-photon process and is intrinsi-
cally unlikely under conventional irradiation conditions as it
involves a photogenerated intermediate, whose concentration
is expected to be small under steady-state irradiation. This
notwithstanding, Ceroni and co-workers recently demonstrated
by time-resolved ultrafast spectroscopy that excitation of the
radical anion 4CzIPN*~ is followed by photoionization,!*” result-
ing in the generation of solvated electrons (Figure 5b). Hence,
if a two-photon process were operative under continuous pho-
tolysis conditions, reductive activation of the catalyst would be
expected to involve solvated electrons and not the excited state
of the radical anion.

Furthermore, the possible role of carbon-based radical
species generated upon photo triggered oxidation of the TEA
electron donor by the excited state of the sensitizer and subse-
quent deprotonation is fully neglected.[®*%8! |n this respect, the
more positive excited state oxidation potential of 4CzIPN than
both [Ru(bpy)s]>* and [Ir(ppy)s] could be consistent with a more
effective generation of such radical species. More importantly,
upon continuous irradiation of 4CzIPN in the presence of TEA,
the development of a new emission band was observed featur-
ing a lifetime in the order of ps, which was ascribed to the lumi-
nescence of the 4CzIPN°®~ radical anion.[®* However, an excited
doublet state like *4CzIPN°®~, if produced, would be expected to
be extremely short-lived and thus non-luminescent.!®®! Accord-
ingly, these results suggest that photoreaction between 4CzIPN
and TEA might instead lead to some additional photoproduct,
likely maintaining a structural similarity with the original TADF
dye. This species could display different photophysical and elec-
trochemical properties than the pristine 4CzIPN resulting in a
different reactivity within the catalytic cycle of Figure 1 involv-
ing TEA and Ru1 or Nil. Chemical modification of 4CzIPN under
photocatalytic conditions has been indeed already documented
by Kénig and co-workers.[7%7"!

The TADF dyes 4CzIPN, 3CzCIIPN, 5CzBN, 3DPAFIPN, and
4DPAIPN were tested by Ceroni, Ishitani, and co-workers
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5CzBN, thanks to the more negative reduction potential than
the previous dyes. However, a substantial generation of photo-
products was only achieved using both 3DPAFIPN and 4DPAIPN.
Under optimized conditions (5:1 PS:C ratio and irradiation at
440 nm), 3DPAFIPN delivers 53.8 umol CO, 18.9 umol HCOOH,
and 2.9 pymol H, after 20 h, leading to maximum TONs of 538,
130, and 55, respectively. On the other hand, 4DPAIPN generates
47.6 umol CO, 18.9 umol HCOOH, and 2.9 umol H, after 20 h (1:1
PS:C ratio and irradiation at 470 nm) corresponding to maximum
TONs of 476, 189, and 29, respectively. For this latter, a quantum
yield of 22.8% was recorded for the generation of reduced car-
bon products (i.e., CO + HCOOH). Overall, the results reported
highlight how efficient photocatalytic activity using the man-
ganese complex Mn1 can be achieved by taking advantage of
organic TADF dyes exhibiting high molar absorption coefficients
in the visible and sufficiently negative reduction potentials.”?

More recently, the TADF dyes 4CzIPN, 3DPFIPN, and 4DPAIPN
were considered for light-driven CO,RR by the heptacoordi-
nated iron complex Fe3 (Figure 4),[*! whose catalytic activity was
previously demonstrated using the [Ru(bpy)s]** sensitizer.[*>4!
Experiments were conducted in acetonitrile solution using N,N-
diisopropylethylamine (DIPEA) as the electron donor and 2,2,2-
trifluoroethanol (TFE) as the proton donor under 1 sun (0.1
W-cm™2) irradiation.”®! Limited activity was observed using
3DPFIPN, associated with a rapid bleaching of the solution. Sub-
stantial formation of CO (127 umol after 7 h, corresponding to
a maximum TON of 508) with a selectivity of 99% was instead
recorded using 4CzIPN as the sensitizer. However, a notice-
able lag phase was detected in the generation of CO and a
neat change in the absorption spectrum was apparent when
the photoreaction was stopped. Both these evidences may sug-
gest a degradation pathway involving 4CzIPN with the resulting
light-driven catalysis occurring through the intermediacy of a
new PS species.”® These results nicely support the hypothe-
sis previously discussed and highlight the relevance of a detailed
mechanistic understanding of light-driven catalysis.

Efficient formation of CO with catalyst Fe3 (278 umol after
7 h of irradiation, corresponding to a maximum TON of 1112)
was obtained using 4DPAIPN as the sensitizer. More importantly,
the photochemical activity with this dye was solely limited by
the degradation of the catalyst, pointing out the great stabil-
ity of the sensitizer. For this photosystem, a selectivity >99%
and an outstanding quantum yield of 36% for CO formation
were registered.”?! Transient absorption spectroscopy measure-
ments confirmed that the observed remarkable performances
can be attributed to the fast kinetics associated with the elec-
tron transfer from the photogenerated reduced sensitizer to the
iron catalyst which is instrumental to promoting efficient catal-
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ysis while preserving the sensitizer from parallel, detrimental
degradation pathways. These results well comply with those pre-
viously obtained with the Mn1 catalyst,/”? highlighting how the
merging of 4DPAIPN and Earth-abundant metal catalysts can be
fruitfully exploited to efficiently convert CO, into carbon-based
products.

The light-driven catalytic studies discussed so far have been
conducted in organic solvents (DMF, DMA, or acetonitrile), due
to the good solubility of cyanoarene dyes in such media. Moving
toward an aqueous environment to accomplish the CO,RR rep-
resents an ideal solution in the green chemistry context. For this
reason, Ouyang and co-workers purposely designed and syn-
thesized the water-soluble TADF dyes 4P-CzIPN and 4P-DPAIPN
featuring phosphonic acid groups (Figure 3).” These dyes were
tested as PSs in combination with the cobalt porphyrin Co1
as the catalyst (Figure 4) and ascorbate as the sacrificial elec-
tron donor in NaHCO; aqueous buffer solution at pH 6.7. Under
these conditions, while negligible activity was observed using
4P-CzIPN, the formation of CO with a maximum TON of 2700
after 20 h of visible-light irradiation and a selectivity of 92.5%
was obtained using 4P-DPAIPN. Remarkably, almost negligible
degradation of the organic dye was observed after photocataly-
sis, highlighting the great stability of the 4DPAIPN scaffold both
in organic and aqueous media.l’>’¥!

3. Summary and Outlook

In this Concept, we have described the most recent examples
where organic TADF dyes have been employed as sensitiz-
ers within light-driven catalytic schemes for the CO,RR into
CO and/or formate in combination with molecular catalysts.
Overall, the results suggest that this class of chromophores
can play a leading role even in this research field allowing
the replacement of common inorganic and organometallic
sensitizers usually based on noble metals such as ruthenium
and iridium. Nonetheless, their application must take into
account stability issues, as the tendency to degrade or convert
into different active species’®”"! is often overlooked. In this
regard, while complementary studies suggest that 4DPAIPN
(or its water-soluble derivative) can be identified as the most
active and stable TADF dye toward light-driven CO,RR, the poor
activity of the remaining sensitizers studied and the contro-
versial results obtained with 4CzIPN definitely demonstrate
that much room for improvement still exists. Furthermore, it
is important to highlight that a detailed mechanistic under-
standing of the photoinduced dynamics within the light-driven
reaction schemes involving cyanoarene dyes is imperative to
recognize the actual role of the sensitizer as well as potential
degradation pathways. Only through these joint efforts the
discovery of novel and more effective photosensitizers will be
possible.
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