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Photocatalytic systems for CO2 reduction can greatly benefit from the development of fully organic

photoredox sensitizers, so as to move away from the use of rare elements. In this study, a series of

organic molecules, displaying thermally activated delayed fluorescence (TADF) containing diphenylamine

(4DPAIPN, 3DPAFIPN) or carbazole (5CzBN, 4CzIPN, 3CzClIPN) moieties as electron donating groups

were systematically investigated as photoredox sensitizers for CO2 reduction, coupled with a Mn(I)-

complex as the catalyst (Mn). All of the TADF dyes were reductively quenched by BIH in triethanolamine

(TEOA)–N,N-dimethylacetoamide solutions. However, their photocatalytic performances were markedly

different. 5CzBN, 4CzIPN, and 3CzClIPN did not work as photosensitizers in the studied photocatalytic

system because of low absorbance in the visible region and/or low reducing power of their one-electron

reduced species. On the other hand, TADF molecules possessing diphenylamine groups are

characterized by stronger absorption in the visible region and their one-electron reduced species have

stronger reducing power. In particular, 4DPAIPN proved to be the best performing photosensitizer when

using a molar ratio of photosensitizer : catalyst = 1 : 1 and a 470 nm LED source, yielding TONCO+HCOOH

> 650 and FCO+HCOOH = 22.8 ± 1.5%.
Introduction

The depletable nature of fossil fuels and the release of enor-
mous amounts of CO2 into the atmosphere (about 34 Gt per
year) upon their combustion have prompted mankind to devise
articial photosynthetic systems that are able to store sunlight
into high-energy products known as solar fuels.1 The ultimate
goal is therefore to produce fuels by using low-energy and
widely available feedstock, such as water and carbon dioxide,
and sunlight as the sole energy source.2,3 To reach this goal an
articial photosynthetic system should comprise
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a photosensitizer (PS) that efficiently absorbs visible light for
initiating electron transfer, a catalyst (CAT) that is able to store
electrons or holes and drive multielectronic redox processes,
and a sacricial electron donor (S) that is irreversibly oxidized
(Fig. 1).4,5 This approach simplies the process and facilitates
the study of the kinetics of the relevant processes and of the
photo- and chemical stability of the different components. In
such systems, the photosensitizer should be characterized by
strong visible-light absorption, photostability, a long lifetime of
the involved excited state and appropriate redox potentials. On
the other hand, a catalyst should be able to accumulate
Fig. 1 Schematic representation of the studied system.

This journal is © The Royal Society of Chemistry 2023
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Chart 1 Structures and abbreviations of the organic TADF dyes and of
the Mn(I) complex.
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electrons, have a high selectivity towards CO2 reduction, and be
chemically stable under the reaction conditions.

Given these requirements, most systems capable of reducing
CO2 traditionally rely on heavy-metal complexes (e.g. Ru and Ir)
as photosensitizers,6,7 whereas a large-scale application should
desirably be based on abundant and non-toxic compounds. For
this reason, research has recently been focusing on the devel-
opment of both photosensitizers8 and catalysts9–12 that are
either based on abundant metals or consist of purely organic
compounds. Recently, a copper(II) purpurin complex,13 and
mononuclear and dinuclear copper(I) complexes14–20 have for
instance been utilized as photosensitizers in order to achieve
the photochemical reduction of CO2. Although Zn porphyrins
have been used as photosensitizers for CO2 reduction, their
efficiency and durability are relatively low, especially in systems
coupled with abundant-metal complexes as catalysts.21,22

Attempts at using metal-free photosensitizers to drive the
photoreduction of CO2 initially included the use of cyanoan-
thracene23 and p-terphenyl24–26 dyes, which have the disadvan-
tage of a short excited-state lifetime and absorption maxima
located in the UV region. More recently, organic photosensi-
tizers with stronger visible light absorption such as purpurin
derivatives27–29 or the ability to populate their long-lived triplet
excited state like phenazine30,31 have been employed.

A long excited-state lifetime is an essential feature of
a photosensitizer since it increases the efficiency of bimolecular
interactions, such as reductive quenching by a sacricial elec-
tron donor. This feature is commonly found in transition metal
complexes, as in the case of [Ru(bpy)3]

2+.32 Nonetheless, strat-
egies have been devised to induce intersystem crossing (ISC) in
organic chromophores33–35 like the synthesis of compounds that
are characterized by highly twisted electron donating and
electron accepting units.36–38 In this way, it is possible to mini-
mize the energy gap (DE) between the lowest singlet excited
state (S1) and the lowest triplet excited state (T1) promoting
intersystem crossing (from S1 to T1) and reverse intersystem
crossing (RISC) (from T1 to S1), and thus gives rise to thermally
activated delayed uorescence (TADF) (Fig. 2). On top of
enabling the population of a long-lived excited state, TADF
compounds allow the tuning of redox potentials thanks to the
strong localization of their HOMO and LUMO orbitals.38 Despite
an extensive use of this class of organic dyes in photoredox
catalysis,39,40 only one organic TADF molecule, i.e., 4CzIPN
(Chart 1), has been used as a photosensitizer for the reduction
Fig. 2 Jablonski diagram illustrating the relevant steps for TADF
emission.

This journal is © The Royal Society of Chemistry 2023
of CO2.41–45 In order to construct highly efficient and durable
photocatalytic systems using organic TADF dyes, improvements
are needed in terms of stronger and red-shied absorption of
visible light, stronger oxidation power in the excited state, and
higher stability of the reduced state. For example, in the case of
4CzIPN, its molar absorption coefficient is negligible at wave-
lengths longer than 470 nm, and this implies that an excess of
4CzIPN compared to the amount of catalyst is used (typical
molar ratios: 5–10 : 1).41–45 Moreover, addition of an excess of PS
frequently induces its decomposition, owing to the accumula-
tion of its reduced form in the reaction solution. Therefore,
although the turnover number (TON) based on the used CAT is
high (in the order of 103), TON based on the used PS is much
lower (ca. 102) and the reported quantum yields of CO2 reduc-
tion are less than 5%.46

In this work, we investigate the ability of ve organic TADF
molecules to work as PSs in a three-component articial
photosynthetic system for photocatalytic CO2 reduction. These
were coupled with a new earth-abundant Mn(I) catalyst46,47

(Chart 1), which has a sterically hindered phenyl group close to
the central Mn for suppressing reductive dimerization,47,48 and
with 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole
(BIH)49 as the sacricial electron donor to successfully develop
an efficient and durable photocatalytic system without using
heavy metals. Comparison of the photophysical and electro-
chemical properties of the chromophores allowed the ration-
alization of the different catalytic activities, which reach
TONCO+HCOOH > 650 and FCO+HCOOH = 22.8 ± 1.5% in the case
of 4DPAIPN.
Results and discussion

Chart 1 shows the investigated TADF photosensitizers together
with the Mn(I) complex used as the catalyst, which has a phenyl
group at the 6 position of the 4,4′-dimethyl-2,2′-bipyridine
ligand in order to suppress dimerization of its reduced state.48

Fig. 3 shows the absorption spectra of the TADF chromo-
phores measured in N,N-dimethylacetamide (DMA). All
Sustainable Energy Fuels, 2023, 7, 3454–3463 | 3455
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Fig. 3 UV-vis absorption spectra of PSs in DMA (4DPAIPN: red,
3DPAFIPN: blue, 5CzBN: black, 4CzIPN: orange, 3CzClIPN: green).
The pink dashed line indicates the UV-vis absorption spectrum of Mn
in DMA.

Fig. 4 Photocatalytic production of CO ( ), HCOOH ( ), and H2 ( )
using 3DPAFIPN as a photosensitizer: CO2-saturated DMA solutions (2
mL) containing 3DPAFIPN (250 mM),Mn (50 mM), BIH (0.1 M), and TEOA
(1.5 M) were irradiated at lex = 440 nm.
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compounds present broad absorption bands in the visible
region attributable to charge-transfer transitions from the
electron donating diphenylamine (DPA) or carbazole (Cz)
moieties to the electron accepting cyanobenzene unit. The
absorption onsets were observed in the order of 4DPAIPN >
3DPAFIPN > 4CzIPN > 3CzClIPN > 5CzBN. The red-shied
absorption of 4DPAIPN and 3DPAFIPN compared to their
carbazole analogues is attributed to the more electron-rich
nature of DPA moieties compared to Cz moieties. This leads
to a destabilization of the HOMO, resulting in smaller transi-
tion energies for visible-light absorption. In particular,
4DPAIPN is characterized by an absorption onset at 516 nm (3=
100 M−1 cm−1). The photophysical properties of the PSs are
summarized in Table 1.

All these organic PSs exhibit emission spectra in the visible
region. From time-resolved emission measurements, all of
these emission decays can be tted with double exponential
functions. The short components (in the range of ns) are
attributed to prompt uorescence, while the longer compo-
nents (in the range of ms) are due to TADF (Table 1). For
example, the TADF emission of 4DPAIPN displays a lifetime of
84 ms, which is long enough to function as a photosensitizer in
Table 1 Photophysical properties of PSs and Mn in DMAa

3/103 M−1 cm−1 labs/nm

l(440 nm) (470 nm) (3 = 100)

4DPAIPN 5.29 6.50 516 5
3DPAFIPN 5.93 1.11 498 5
5CzBN 0.31 0.05 454 5
4CzIPN 3.88 0.42 486 5
3CzClIPN 2.15 0.19 478 5
Mn 1.50 0.48 501 —

a The estimated errors in the photophysical measurements are reported in
d Emission quantum yield in an Ar atmosphere. e Quenching fraction of
saturated DMA containing both TEOA (1.5 M) and BIH (0.1 M); I0: emissi

3456 | Sustainable Energy Fuels, 2023, 7, 3454–3463
bimolecular quenching processes. Interestingly, for all of the
studied TADF dyes, strong emission quenching is observed in
the presence of BIH (0.1 M)49 and triethanolamine (TEOA, 1.5
M) (quenching efficiencies hq = 93–98%, Fig. S1†), which are
the same conditions used in the photocatalytic reactions
described below. These results indicate that the excited states of
all of these organic compounds are quenched by BIH and/or
TEOA. Therefore, these organic compounds can possibly work
as photosensitizers to drive photocatalytic CO2 reduction.

Fig. 3 also shows the absorption spectrum of Mn in DMA.
Since the onset of its absorption band is 501 nm, irradiation
with visible light at lex # 501 nm can potentially induce
photodecomposition of Mn. Consequently, different reaction
conditions (in terms of light sources and concentrations) were
employed for testing the organic chromophores' ability of
promoting photocatalytic CO2 reduction. In the rst case, blue
light LED peaked at 440 nm was used to irradiate a CO2-satu-
rated DMA solution containing PS (250 mM), Mn (50 mM), BIH
(0.1 M) and TEOA (1.5 M). SinceMn also absorbs light at 440 nm
(3= 1.50× 103 M−1 cm−1), 5-times higher concentrations of PSs
em/nm sPF
b/ns sTADF

c/ms Fem
d/% hq

e/%

27 2.9 84 48.9 93
36 3.6 43 16.0 93
15 24 10 33.9 98
52 21 2.1 30.0 98
54 13 32 9.9 94

— — — —

the ESI. b Lifetime of prompt uorescence. c Lifetime of TADF emission.
the emission calculated from hq = 1 − I/I0; I: emission intensity in Ar-
on intensity in Ar-saturated DMA.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Photocatalytic reactions using PSs and the Mn(I) catalyst with a 5 : 1 ratioa

Entry

Product/mmol TONPS TONMn

CO HCOOH H2 CO HCOOH H2 CO HCOOH H2

1 4DPAIPN 40.8 9.7 5.5 82 19 11 408 97 55
2 3DPAFIPN 53.8 13.0 5.3 108 26 11 538 130 53
3 5CzBN 3.1 1.1 0.3 6 2 <1 31 11 3
4 4CzIPN 0.4 <0.1 1.2 <1 <1 2 4 <1 11
5 3CzClIPN 0.4 <0.1 0.3 <1 <1 <1 4 <1 3

a CO2-saturated DMA solutions (2 mL) containing PS (250 mM),Mn (50 mM), BIH (0.1 M), and TEOA (1.5 M) were irradiated using LED light at lex =
440 nm for 20 h.

Table 3 Electrochemical properties of PSs and CAT

PS E1/2/V vs. Fc+/Fc

4DPAIPN −2.08
3DPAFIPN −1.94
5CzBN −1.99
4CzIPN −1.72
3CzClIPN −1.61

CAT Ep/V vs. Fc+/Fc

Mn −1.83
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were used to limit the percentage of light absorbed by Mn and
thus reduce its decomposition. For example, in the case of
3DPAFIPN (Fig. 4), aer 20 h of irradiation, 53.8 mmol of CO and
13.0 mmol of HCOOH were produced along with 5.3 mmol of H2,
which corresponds to turnover numbers based on 3DPAFIPN of
TON3DPAFIPN

CO = 108 and TON3DPAFIPN
HCOOH = 26 and TON based on

Mn of TONMn
CO = 538 and TONMn

HCOOH = 130. HCOOH formation
stopped rapidly aer approximately 3–5 h of irradiation,
although CO kept on being produced even at longer irradiation
times. The results of the photocatalytic reactions carried out
under the same conditions as shown in Fig. 4 but using the
other organic photosensitizers are summarized in Table 2. High
photocatalytic activity was also observed when using 4DPAIPN
as PS, but its performance was slightly lower under these reac-
tion conditions compared to that observed when using 3DPA-
FIPN. On the other hand, utilization of the PSs possessing Cz
moieties gave poor results in the photocatalytic reduction of
CO2. Noteworthily, 4CzIPN, which was used as the PS for pho-
tocatalytic CO2 reduction in previous studies,41–45 did not show
photocatalytic ability for CO2 reduction in our system. The lack
of activity observed for 4CzIPN and 3CzClIPN can be explained
Fig. 5 Cyclic voltammograms of (a) 4DPAIPN (red line), 3DPAFIPN (blue l
measured in Ar-saturated DMA containing Et4NBF4 (0.1 M) as the supporti
Mn in Ar-saturated (broken line) and CO2-saturated (solid line) solutions
couple was also measured and taken as the standard. Scan rate was 0.2 V
of Mn: Ep(Mn/Mnc−) = −1.83 V.

This journal is © The Royal Society of Chemistry 2023
by comparison between the rst reduction potential of Mn
(Ep(Mn/Mnc−)=−1.83 V vs. Fc+/Fc) and the reduction potentials
of 4CzIPN (E1/2(PS/PSc

−) = −1.72 V vs. Fc+/Fc) and 3CzClIPN
(−1.61 V vs. Fc+/Fc) (Fig. 5 and Table 3). Indeed, these two
reduction potentials are more positive than the rst reduction
wave of Mn, therefore the electron transfer processes from one-
electron reduced 4CzIPN and 3CzClIPN to Mn are endothermic
ine), 5CzBN (black line), 4CzIPN (orange line), and 3CzClIPN (green line)
ng electrolyte with a Ag/AgNO3 (10mM) reference electrode, and (b) of
using the same electrolyte and reference electrode. The Fc+/Fc redox
s−1. The dashed vertical line in (a) indicates the first reduction potential

Sustainable Energy Fuels, 2023, 7, 3454–3463 | 3457
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Table 4 Photocatalytic CO2 reduction using an organic photosensi-
tizer and Mn at 1 : 1 ratioa

Entry Photosensitizer lex/nm

Product/mmol TONb

CO HCOOH H2 CO HCOOH H2

1 4DPAIPN 440 35.7 10.2 7.1 357 102 71
2 3DPAFIPN 13.3 5.5 1.0 133 55 10
3 4DPAIPN 470 47.6 18.9 2.9 476 189 29
4 3DPAFIPN 4.3 2.5 0.5 43 25 5

a CO2-saturated DMA solutions (2 mL) containing PS (50 mM), Mn (50
mM), BIH (0.1 M), and TEOA (1.5 M) were irradiated using LED light
at lex = 440 nm or 470 nm for 20 h. b In the case of entry 1, the same
experiments were repeated three times and the results including the
experimental errors are as follows: TONCO = 476 ± 20, TONHCOOH =
189 ± 15, TONH2

= 29 ± 10.
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and cannot take place. In contrast, 4DPAIPN, 3DPAFIPN, and
5CzBN possess more negative reduction potentials compared to
Mn, and this makes the reduction of the catalyst thermody-
namically allowed.

5CzBN exhibited much lower photocatalytic activity
compared to 3DPAFIPN and 4DPAIPN because of its lower
molar absorption coefficient at 440 nm (Table 1). In fact, under
the tested experimental reaction conditions the absorbance of
5CzBN at 440 nm is even less compared to that ofMn (Fig. S2†).
Consequently, photosensitive Mn is exposed to light and this
leads to its decomposition and interruption of catalysis.

Given that 4DPAIPN and 3DPAFIPN have much stronger
absorbances at 440 nm and suitable redox potentials, we
focused only on these two PSs in order to further optimize the
reaction conditions. First, the concentrations of PSs were
decreased to 50 mM, so that the ratio of PS :Mn was 1 : 1 (entries
1 and 2 in Table 4). Under these conditions, the system using
4DPAIPNmaintained good photocatalytic activity (TONCO= 357
and TONHCOOH = 102), while photocatalysis in the presence of
3DPAFIPN drastically decreased (TONCO = 133 and TONHCOOH
Fig. 6 Photocatalytic production of CO ( ), HCOOH ( ), and H2 ( )
using 4DPAIPN as a photosensitizer: CO2-saturated DMA solutions (2
mL) containing 4DPAIPN (50 mM), Mn (50 mM), BIH (0.1 M), and TEOA
(1.5 M) were irradiated at lex = 470 nm.

3458 | Sustainable Energy Fuels, 2023, 7, 3454–3463
= 55), suggesting that the stability of 3DPAFIPN is less
compared to 4DPAIPN during the reaction. Second, a longer
wavelength (lex = 470 nm) was employed for irradiating solu-
tions containing PS :Mn = 1 : 1 (50 mM each, entries 3 and 4 in
Table 4). In this case, the superior performance of 4DPAIPN
compared to 3DPAFIPN is even more pronounced, as expected
from the higher absorbance of 4DPAIPN (3470 nm = 6.50 ×

103 M−1 cm−1) compared to that of 3DPAFIPN (3470 nm = 1.11 ×

103 M−1 cm−1) at wavelengths longer that 450 nm. Fig. 6 shows
the formation of CO2-reduction products over time using 50 mM
of 4DPAIPN and Mn. In the initial stage, a larger amount of
HCOOH was produced in comparison to that of CO, followed by
a halt in HCOOH formation aer 5 h of irradiation. In contrast,
formation of CO continued even aer 20 h of irradiation and CO
becomes the major product. Aer 20 h of irradiation, 47.6 mmol
of CO and 18.9 mmol of HCOOH were formed along with 2.9
mmol of H2, which corresponds to TONCO = 476, TONHCOOH =

189, and TONH2
= 29. These results are slightly larger than those

obtained under irradiation at 440 nm becauseMn has very little
absorption at 470 nm, resulting in reduced photodegradation of
the catalyst. The fact that formation of HCOOH stopped aer
5 h of irradiation while CO continued forming even aer 20 h
suggests that different manganese complexes derived from Mn
(and possibly Mn itself) form during the reaction. Since blue
colour was not detected in the reaction solution during the
photocatalytic reaction, the reductive dimer of the Mn complex
did not probably contribute to the photocatalytic CO2 reduc-
tion.12,47,48 The reaction mechanism related to Mn and its
derivatives in the photocatalytic reactions is currently under
investigation in our laboratory.

In order to further characterize the system involving
4DPAIPN and Mn (1 : 1), the quantum yields (F) for CO2

reduction in the initial stage were determined using 480 nm
monochromatic light with a light intensity of 5.0 × 10−9 Ein-
stein per s. These were found to be FCO = 5.9 ± 0.2% and
FHCOOH = 16.9± 1.3% from the linear production up to 9 h and
4 h of irradiation, respectively (Fig. 7 and S7†). This is the
Fig. 7 Photocatalytic production of CO ( ) and HCOOH ( ) using
4DPAIPN: CO2-saturated DMA solutions (4 mL) containing 4DPAIPN
(50 mM),Mn (50 mM), BIH (0.1 M), and TEOA (1.5 M) were irradiated at lex
= 480 nm. Light intensity = 5.0 × 10−9 Einstein per s.

This journal is © The Royal Society of Chemistry 2023
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Table 5 Control experiments for photocatalytic CO2 reductiona

Entry Absence

Product/mmol (TON)

CO HCOOH H2

1 — 47.6 (476) 18.9 (189) 2.9
2b 4DPAIPN <0.1 (<1) n.d. 0.1
3b Mn n.d. n.d. <0.1
4b BIH 0.7 (7) 0.4 (4) <0.1
5b TEOA 6.8 (68) 2.4 (24) 1.5
6c Light irradiation n.d. n.d. n.d.
7d CO2 n.d. n.d. 0.7

a A CO2-saturated DMA solution (2 mL) containing 4DPAIPN (50 mM),
Mn (50 mM), BIH (0.1 M), and TEOA (1.5 M) was irradiated using
470 nm light for 20 h. b Photocatalytic reactions were performed
without 4DPAIPN, Mn, BIH, or TEOA, respectively. c The solution was
placed in the dark for 20 h. d An Ar-saturated solution was used.

Fig. 9 GC-mass spectra of the liquid phase of the photocatalytic
reaction at 8.0 min of retention time: a DMA (2mL) solution containing
4DPAIPN (250 mM), Mn (250 mM), BIH (0.1 M), and TEOA (1.5 M) was
irradiated at lex= 470 nm for 20 h under (a) 13CO2 or (b) unlabeled CO2

atmosphere. The produced HCOOH was extracted from the reaction
solution with ethyl acetate and sulfuric acid aqueous solution
(experimental details are shown in the ESI†).
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highest quantum yield of CO2 reduction using organic photo-
sensitizers, to the best of our knowledge.

Table 5 summarizes the control experiments for the photo-
catalytic reduction of CO2 using 4DPAIPN. In the absence of
4DPAIPN orMn, no products were formed. Control experiments
in the dark or using an Ar-saturated solution yielded no prod-
ucts of photocatalytic CO2 reduction, as well. Irradiation
without BIH led to the formation of much smaller amounts of
CO and HCOOH (TONCO = 7 and TONHCOOH = 4) compared to
those with BIH (TONCO = 476 and TONHCOOH = 189) indicating
that BIH mainly functioned as a sacricial electron donor. In
the absence of TEOA, the produced amounts of CO and HCOOH
(TONCO = 68 and TONHCOOH = 24) also decreased. Therefore,
the possible roles of TEOA should be as follows: (1) as a base, so
as to deprotonate the one-electron oxidized BIH (BIHc+) and
prevent backward electron transfer from PSc− to BIHc+, (2) as
a supporting ligand to capture CO2 into the manganese(I)
complex to form carbonate ester species, i.e., Mn–CO2–OC2H4-
N(C2H4OH)2, which is a catalytic precursor for CO2 reduction,50

and (3) as a proton source. These results indicate that 4DPAIPN,
Mn, and BIH worked as PS, CAT, and the sacricial electron
donor, respectively for photocatalytic reduction of CO2.
Fig. 8 GC-MS chromatograms of the gas phase after irradiation:
a DMA (2mL) solution containing 4DPAIPN (250 mM),Mn (250 mM), BIH
(0.1 M), and TEOA (1.5 M) was irradiated at lex = 470 nm for 20 h under
(a) 13CO2 or (b) unlabeled CO2 atmosphere.

This journal is © The Royal Society of Chemistry 2023
In order to conrm that CO and HCOOH were produced via
reduction of CO2, isotope labeling experiments using 13CO2

(99% 13C content) were performed. Fig. 8 displays the GC-MS
chart of the gas phase aer the photocatalytic reactions.
When working in a 13CO2 atmosphere, a strong signal at m/z =
29 was observed at 5.5 min of retention time, which is attributed
to 13CO, along with a weak signal at m/z = 28 attributable to
12CO (Fig. 8a). The ratio between these two signals is 97 : 3.
When photocatalyzed under unlabeled CO2, on the other hand,
almost only a signal at m/z = 28 was observed (Fig. 8b). For the
identication of H13COOH and H12COOH, 1H and 13C NMR
have been frequently used. In this photocatalytic system,
however, NMR spectroscopy was not applicable probably due to
the presence of paramagnetic manganese species. Therefore,
HCOOH was extracted from the reaction solution with ethyl
acetate and sulfuric acid aqueous solution, and was analyzed
using GC-MS (Fig. 9).51 In the case of an unlabeled CO2 atmo-
sphere, signals at m/z = 44, 45, 46 were observed at 8.0 min of
retention time with the relative intensities of 0.18 : 0.71 : 1.
Because the retention time and relative intensities of the signals
were fairly similar to the reference sample of HCOOH solution,
the observed signals are attributed to H12COOH (Fig. 9b). When
Table 6 Quenching rate constants (kq) and quenching fractions in the
presence of each quencher solely (hq)

Emission

kq/M
−1 s−1

hq in the presence of the
quencher/%

BIH TEOA BIH (0.1 M)
TEOA (1.5
M)

PF 2.7 × 109 <107 44 ∼0
TADF 1.5 × 108 3.2 × 104 >99 80

Sustainable Energy Fuels, 2023, 7, 3454–3463 | 3459
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photocatalyzed in a 13CO2 atmosphere, +1-shied signals
attributable to H13COOH were observed at m/z = 45, 46, 47
(Fig. 9a). The relative intensities of these signals were 0.21 :
0.74 : 1. These results clearly indicate that both CO and HCOOH
were mostly produced from CO2.

In order to study the mechanism of the reaction, Stern–
Volmer analyses of 4DPAIPN using BIH and TEOA were per-
formed. Since 4DPAIPN displays prompt uorescence (PF) and
TADF at the same wavelength (lem = 527 nm) with signicantly
different lifetimes (sPF = 2.9 ns and sTADF = 84 ms), Stern–
Volmer plots using emission lifetimes were performed (Table 6).
In the case of BIH, varying its concentration from the mM tomM
range veried that both PF and TADF were efficiently quenched
(Fig. S4† and 10) with large quenching constants, i.e., kq = 2.7×
109 M−1 s−1 and 1.5 × 108 M−1 s−1, respectively.

On the other hand, 1.0 M of TEOA could not quench PF at all
(Fig. S5†). Although TADF was quenched by TEOA, the rate
constant (kq = 3.2 × 104 M−1 s−1) is much smaller compared to
that of BIH (Fig. S6†). These results are further supported by
thermodynamic calculations. In fact, the reported E00 transition
energies of the singlet and triplet excited states of 4DPAIPN are
2.59 eV and 2.42 eV respectively,37 the reduction potentials of
the singlet and triplet excited states of 4DPAIPN can be calcu-
lated as follows:

E(1PS*/PSc−) = E1/2(PS/PSc
−) + 1E00 = +0.51 V vs. Fc+/Fc (1)

E(3PS*/PSc−) = E1/2(PS/PSc
−) + 3E00 = +0.34 V vs. Fc+/Fc (2)

Since the oxidation potential of BIH is E(BIHc+/BIH) =

−0.09 V vs. Fc+/Fc,52 the electron transfer processes from BIH to
the singlet and triplet excited states are highly exothermic and,
given that E(1PS*/PSc−) is more positive than E(3PS*/PSc−),
a higher quenching constant is expected for PF compared to
TADF. In contrast, since E(TEOAc+/TEOA) is ∼0.5 V vs. Fc+/Fc
(0.80 V vs. SCE),53 reductive quenching of 4DPAIPN's T1 and S1
are both thermodynamically unfavorable or only slightly
exergonic.
Fig. 10 (a) Emission intensity decays (lex: 470 nm; lem: 525 nm) of 4D
degassed DMA. Instrument response function has been grayed-out. (b)

3460 | Sustainable Energy Fuels, 2023, 7, 3454–3463
Furthermore, quenching fractions (hq) can be calculated
according to eqn (3):

hq = kqs
0[Q]/(1 + kqs

0[Q]) (3)

where kq is the quenching constant, s0 is the emission lifetime
in the absence of the quencher, and [Q] is the concentration of
the quencher. Based on the quenching constant values obtained
during Stern–Volmer experiments, when [BIH] = 0.1 M and in
the absence of TEOA, the quenching efficiencies are hPFq = 44%
and hTADFq > 99%. That is, BIH almost quantitatively quenches
the longer-lived triplet excited state of 4DPAIPN (i.e., TADF) and
also about half of the singlet excited state that gives PF. In
contrast, in the presence of only TEOA, no quenching of PF is
possible even at [TEOA] = 1.5 M, whereas TADF is quenched
with an efficiency of 80%. Nonetheless, under the reaction
conditions employed in this work, TADF is quenched solely by
BIH (>99%) because of the much faster quenching rate by BIH
compared to that by TEOA (kq[BIH] = 1.5 × 107 s−1 and kq[-
TEOA] = 4.8 × 104 s−1). The pathway involving oxidative
quenching of the excited state of 4DPAIPN by Mn can be ruled
out on the basis of its low concentration ([Mn] = 50 mM).
Moreover, the oxidation potential of the triplet excited state of
4DPAIPN calculated using eqn (4) is almost equivalent to
Ep(Mn/Mnc−) = −1.83 V, so oxidative quenching should be
a slow process.

E(PSc+/3PS*) = E1/2(PSc
+/PS) − 3E00 = −1.87 V vs. Fc+/Fc (4)

From these investigations, we can conclude that in the
photocatalytic reaction using 4DPAIPN the long-lived excited
state of 4DPAIPN is reductively quenched by BIH and the so-
formed 4DPAIPNc− reduces Mn. It is noteworthy that the
control experiment without BIH (entry 4 in Table 5) produced
only trace amounts of CO and HCOOH, even though 80% of
TADF is quenched by TEOA in the absence of BIH as described
above. The possible reasons are the following: (1) the oxidized
product of TEOAmight react with 4DPAIPN and/orMn resulting
in the loss of their function as a photosensitizer and/or catalyst;
PAIPN upon addition of increasing amounts of BIH (up to 166 mM) in
Corresponding Stern–Volmer plot.

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Proposed mechanism for CO2 reduction promoted by
4DPAIPN.
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(2) as we previously reported, the slower quenching rate of the
excited state might couple with more efficient back electron
transfer in a solvated ion pair of [4DPAIPNc−/TEOAc+] result-
ing in a smaller quantum yield for the formation of
4DPAIPNc−.52

On the basis of the experimental results described above,
a hypothesis of the catalytic cycle that is active for the reduction
of CO2 promoted by 4DPAIPN is reported in Fig. 11. The pho-
tocatalytic reduction is initiated by reductive quenching of both
the singlet and triplet excited states of 4DPAIPN, mainly by BIH.
The so-obtained 4DPAIPNc− then efficiently donates one elec-
tron toMn, thanks to its strong reduction power. The produced
Mnc− species might change its structure and react with CO2,
although the exact mechanisms of these processes have not
been claried yet. Interesting mechanistic points including the
interaction between the Mn complex and TEOA54,55 are currently
under investigation in our laboratory. Finally, one more elec-
tron is supplied by BIc (produced by deprotonation of BIHc+)
and/or 4DPAIPNc− to the reaction intermediate made from
Mnc− to give CO and HCOOH.
Conclusions

A series of fully organic TADF molecules with diphenylamine
(4DPAIPN, 3DPAFIPN) or carbazole (5CzBN, 4CzIPN, 3CzClIPN)
moieties as electron donating groups were systematically
investigated as photoredox sensitizers for CO2 reduction
coupled to a new Mn(I) molecular catalyst (Mn). All of the
investigated TADF molecules were reductively quenched by BIH
in DMA–TEOA solutions. Since the one-electron reduced species
of 4CzIPN and 3CzClIPN cannot supply an electron toMn owing
to their low reductive powers, they cannot work as
This journal is © The Royal Society of Chemistry 2023
photosensitizers in the studied photocatalytic system. Similarly,
5CzBN cannot work as an efficient photosensitizer because of
its low molar absorption coefficient in the visible region, even
when using 440 nm light for irradiation. On the other hand,
TADF molecules with diphenylamine groups are characterized
by stronger absorption in the visible region and their one-
electron reduced species have stronger reductive powers. In
particular, 4DPAIPN proved to be the most efficient and durable
photosensitizer in the photocatalytic reactions consisting in
a molar ratio of photosensitizer : catalyst = 1 : 1 (TONCO+HCOOH

> 650). The quantum yield for CO2 reduction was measured as
22.8 ± 1.5%, which, to the best of our knowledge, is the highest
value among the reported photocatalytic systems for CO2-
reduction using organic TADF molecules as photosensitizers.
This demonstrated that a high molar absorption coefficient and
red-shied absorption, in addition to negative reduction
potentials, are all benecial for the reaction. Moreover, mech-
anistic investigation proved that a long excited state lifetime is
essential in order to favour the efficient bimolecular quenching
processes of the photosensitizer, and that BIH is the species
mainly responsible for its reductive quenching. One limit to the
overall reaction's quantum yield is the photosensitizer's
internal conversion (S1 / S0) deactivation constant (in the
order of 1 × 108 s−1) and prompt uorescence, which lead to
fast deactivation of the photosensitizer before it has been able
to interact with the other species present in the mixture.
Development of TADF photosensitizers with lower non-radiative
and radiative deactivation from the singlet excited state will
therefore be benecial for the improvement of the reaction's
efficiency.
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