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ABSTRACT: Redox photosensitizers exhibiting thermally activated delayed
fluorescence (TADF) are widely used in the various research fields. We
investigated the roles of the singlet and triplet excited states of such molecules
in photocatalytic CO, reduction. Two TADF compounds (4DPAIPN and
3DPAFIPN) were used in combination with a manganese(I) complex as a
catalyst and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[ d]imidazole (BIH)
and triethanolamine (TEOA) as sacrificial electron donors. In the case of
4DPAIPN, the quantum yield of CO, reduction (®¢o,ncoo-) Was negatively
correlated with the concentration of BIH, equaling 43.2% and 20.3% at
[BIH] = S and 200 mM, respectively. The reduction of the singlet excited
state by BIH afforded a singlet geminate ion pair, '(4DPAIPNe --BIHe"),
which experienced a markedly faster backward electron transfer affording the

TADF molecule as a redox photosensitizer
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ground state than the corresponding triplet, *(4DPAIPNe ---BIHe"). The escape yield of the singlet state was approximately 10
times lower than that of the triplet state. High BIH concentrations favored the quenching of the singlet excited state and disfavored
the formation of the triplet excited state, resulting in low photocatalytic efficiencies. Although the system with 3DPAFIPN exhibited
a similar tendency, the maximum @¢q,pcoo- was lower (11.9% at [BIH] = 10 mM) because of its greater oxidizing power resulting
in the efficient quenching of its singlet excited state by TEOA. Based on these results, we extracted the reaction conditions and
molecular designs of TADF photosensitizers suitable for constructing efficient photocatalysts, namely those minimizing the

quenching of the singlet excited state and maximizing the quenching of the triplet excited state.

1. INTRODUCTION

Redox-photosensitized (RPS) reactions, also known as photo-
redox catalytic reactions, have attracted considerable attention,
especially in the fields of artificial photosynthesis"” and organic
synthesis.”* Redox photosensitizers (PSs, photoredox cata-
lysts) initiate RPS reactions. For example, the PS absorbs a
photon, and the resulting excited state (PS*) is reductively
quenched by an electron donor to afford a one-electron-
reduced species (OERS, PSe~), which donates an electron to
the substrate or catalyst. Therefore, the efficiency (quantum
yield) of PSe~ formation substantially affects the overall
efficiency of the RPS reactions.

Most PSs can be classified as complexes of heavy transition
metals, e.g, Ru(I),>*~"* Os(II),"*~" Ir(111),"*~"* and Re-
(1)'**° (Class 1), and organic compounds” ~*” and complexes
of lighter metals, e.g, Cu’®** and Zn**™ (Class 2). The
metal complexes in the Class 1 fulfill the requirements as PS
relatively in good balance and are frequently used in numerous
RPS reactions. In particular, their long excited-state lifetimes
are contributed by the heavy-atom effect of metal centers
inducing rapid intersystem crossing and producing long-lived
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triplet excited states, quantitatively. Previously, the factor
mainly determining the quantum yield of PSe~ formation in
the photochemical reduction of Class 1 PSs was identified as
the high oxidation power of PS* using 1,3-dimethyl-2-phenyl-
2,3-dihydro-1H-benzo[d]imidazole (BIH, a sacrificial electron
donor frequently employed in RPS reactions).””*" This high
oxidation power results in a large distance between PSe™ and
BIHe" in the geminate ion pair *(PSe --BIH®") formed
immediately after the photoinduced electron transfer and slow
back electron transfer between these ion radicals in the
geminate ion pair. Other factors, such as the heavy-atom effect
(which can induce rapid back electron transfer in the triplet
geminate ion pair) and the oxidation potential of PSe~, were
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found to have minor effects on the quantum yield of
photochemical PSe™ formation.

Although Zn porphyrins are frequently used as PSs for RPS
reactions, the quantum yields of PSe~ formation are generally
low because of the short lifetimes of the excited Zn porphyrins
(several nanoseconds, the singlet excited state without a heavy
metal experiences a slow intersystem crossing) and the
resulting low quenching efficiency of excited Zn porphyrin
by electron donors or acceptors.” >’ Kuramochi et al.
reported that attachment of a Re complex proximal to the
Zn porphyrin induces the heavy-atom effect of the Re(I) ion to
the Zn porphyrin unit to increase its photosensitizer ability in
photocatalytic CO, reduction reactions.***”

Large-scale applications require PSs comprising earth-
abundant elements only. In addition, metal-free photoredox
catalysts may be useful for pharmaceutical syntheses, helping
avoid contamination with toxic metals. Therefore, purely
organic PSs have been extensively developed, with early
examples involving species driving the photocatalytic reduction
of CO,, such as cyanoanthracene™ and oligo(p-phenyl-
enes).”””® However, these compounds suffer from short
excited-state lifetimes and poor visible-light absorption.
Recently, purpurin®®?’ and phenazine’®*’ derivatives have
been used as organic photosensitizers because of their strong
visible-light absorption and ability to populate long-lived triplet
excited states, respectively.

Molecules exhibiting thermally activated delayed fluores-
cence (TADF), originally developed as light-emitting materials
for electroluminescent devjces,42_44 are frequently used as PSs
in orgamc synthesis”"*>*>*® and photocatalytic CO, reduc-
tion. Heteroleptic Cu(I) complexes with diimine and
phosphine ligands also show TADF properties and have been
actively investigated as PSs for photocatalytic CO, reduction
desplte containing a transition metal (Cu) 3034

In numerous organic TADF molecules, electron-donating
and -accepting moieties are highly twisted to minimize the
energy gap between the lowest singlet and triplet excited
states.”” Therefore, both intersystem crossing (ISC) and
reverse intersystem crossing (RISC) are accelerated, and a
high population of the long-lived triplet excited state is
achieved at ambient temperature. Long-lived excited states are
one of the most important features of PSs. For example,
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene was first
used as a TADF PS for CO, reduction.””*® However, the
quantum yield for CO, reduction was low (<5%), and the
photoinduced electron transfer processes in this system are not
explored in detail. Previously, we examined the performances
of five organic compounds exhibiting TADF as PSs for
photocatalytic CO, reduction in the presence of a Mn(I)
complex catalyst (Mn in Chart 1) and BIH as a sacrificial

Chart 1. Structures of the molecules exhibiting thermally
activated delayed fluorescence (4DPAIPN and 3DPAFIPN)
and catalyst (Mn) used in this study.
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electron donor, revealing that 4DPAIPN and 3DPAFIPN
(Chart 1) as PSs displayed high performances because of their
stron% visible-light absorption and appropriate redox poten-
tials.”” In the case of 4DPAIPN, CO, was photocatalytically
reduced to CO and HCOO™ with a quantum yield
(®coracoo-) of 22.8% and turnover number
(TONcosmcoo-) of 665 in the presence of 0.1 M BIH upon
irradiation at A,,, = 470 nm in N,N-dimethylacetamide
(DMA)—triethanolamine (TEOA) solution. The correspond-
ing reaction mechanism is summarized in Scheme 1.

Scheme 1. Mechanism of Photocatalytic CO, Reduction in
the Presence of 4DPAIPN (Redox Photosensitizer, PS), 1,3-
Dimethyl-2-phenyl-2,3-dihydro-1H-benzo[ d]imidazole
(BIH, Electron Donor), and Mn (Catalyst); Lifetimes of the
Excited States of 4DPAIPN (7) and Quenching Rate
Constants (k,)

(‘I?p;: =29 ns)
hv 14DPAIPN*
ﬁ:A \
4DPAIPN g 34DPAIPN*
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Mne~ Y BIH*
CO; 4DPAIPN+-
e~ Mn
coO
HCOO~

Although these results demonstrate the usefulness of TADF
molecules as PSs, the roles, properties, and contributions of the
singlet ("PS*) and triplet (*PS*) excited states of PSs in RPS
reactions have not been clarified. The lowest singlet and triplet
excited states of TADF molecules have very different
properties due to the difference in their spin states: the former
has a shorter lifetime but stronger reducing and oxidizing
power because of its higher excitation energy ('E in Table 1),

Table 1. Reduction Potentials of 4DPAIPN and 3DPAFIPN
in Ground and Excited States

Ey*Y/  'Ey/  Ey/ E('PS*/, E(PS*/

% eV’ eV Ps*)/ v VA
4DPAIPN  —208 259 242 +0.51 +0.34
3DPAFIPN  —194  2.68° 247% +0.74 +0.53

“Reduction potentials in ground states vs Fc*/Fc. b0—0 excitation
energies of the lowest singlet exc1ted states. “0—0 excitation energies
of the lowest triplet excited states. 9Reduction potentlals in singlet
excited states calculated as E('PS*/PS®7) = E, ,,"*¢ + 'Ey, vs Fc'/Fec.

“Reduction potentlals in triplet exc1ted states calculated as E(°PS*/
PS*) = E, ;"¢ + 3Eyq vs Fc'/Fc. /Ref 45. SRef 22.

whereas the latter has a longer lifetime but weaker reducing
and oxidizing power because of its lower excitation energy
(*Ego)- The geminate ion pairs formed upon electron transfer
from the electron donor to the singlet and triplet excited states
of the PS are singlet and trlplet states, respectively, which
might affect photocatalysis.”">*~>” However, to the best of our
knowledge, the effects of the spin states of the excited states
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and geminate ion pairs on photocatalytic reactions promoted
by TADF PSs have not been examined.

Therefore, we herein investigated the characteristics of the
above-mentioned TADF PSs (4DPAIPN and 3DPAFIPN),
including the roles of their singlet and triplet excited states, in
photocatalytic CO, reduction. Based on the obtained
information, we used 4DPAIPN as the PS, Mn as the catalyst,
and BIH as the reductant to achieve a high ®cq,ycoo- of
43.2%, which is the highest quantum yield among those
reported for photocatalytic systems with organic TADF
molecules as PSs.

2. RESULTS AND DISCUSSION

2.1. Case Study of 4DPAIPN. 4DPAIPN displayed both
prompt fluorescence (PF) and TADF at 1., = 527 nm with
emission lifetimes of 7pp = 2.9 ns and Trapp = 84 us in a
degassed DMA solution, respectively.”> The UV—vis absorp-
tion and emission spectra of 4DPAIPN are shown as red solid
and dotted lines in Figure 1, respectively. In contrast, no
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Figure 1. UV—vis absorption and emission spectra of 4DPAIPN
(red) and 3DPAFIPN (blue) along with the absorption spectrum of
Mn (black) measured in DMA.

phosphorescence originating from the triplet excited state
(*4DPAIPN*) was observed at room temperature. The
emission in air was notably weaker (®,,,"" = 6.8%) than that
in Ar (@, = 48.9%), and Tyapr was notably shorter in air
(Figure 2), i.e., Trapp'" = 0.63 Us, Traps"/Trape = 7.5 X 1072,
TADF was largely quenched by atmospheric O, (which has a
triplet ground state) because it occurred via *4DPAIPN*
(Figure 2b,c). The decay lifetime of the prompt fluorescence
did not change in air, which indicated that the singlet excited
state ('4DPAIPN*) was not quenched by atmospheric O,
(Figure 2a). Since almost all of TADF (99.3%) was quenched
by O, in air, we can estimate the quantum yield of TADF as
@, A — d, ¥ = 48.9—6.8 = 42.1(%). Since, in addition, both

PF and TADF occur from '4DPAIPN* and the ratios between
the nonradiative and radiative processes should be same, the
ratio between the excited-state deactivation processes (DAPs)
involving '4DPAIPN* produced just after the photoexcitation
of 4DPAIPN and via RISC from *4DPAIPN* was estimated
as DAP(PF)/DAP(TADF) = 6.8/(48.9—6.8) = 14/86 in the
absence of a quencher.

This phenomenon is typical of TADF-type PSs, that is, the
singlet and triplet excited states have very different lifetimes
and possibly contribute to RPS reactions. In contrast, in the
case of the frequently used Class 1 PSs, only the triplet excited
state induces photochemical electron transfer because of the
fast intersystem crossing completed within several tens of
femtoseconds, a time period too short for the singlet excited
state to diffusionally contact a substrate, such as BIH (typically
100 mM). In the photocatalytic system with 4DPAIPN as a
photosensitizer (Scheme 1), both '4DPAIPN* and
*4DPAIPN* were reductively quenched by BIH, with the
corresponding rate constants equaling 1kCl =3.6 X 10° M~ 's7!
and 3quIH =2.0 X 10° M~'s7}, respectively (Figure S2). As the
reductive quenching of '4DPAIPN* competes against not only
radiative and nonradiative decays to the ground state but also
against ISC to *4DPAIPN*, the reductive quenching of
'4DPAIPN* lowers the amount of the produced *4DPAIPN*.
This phenomenon should have a strong influence on the
OERS formation processes of 4DPAIPN and photocatalysis. In
other words, photocatalytic reactions mediated by TADF
molecules (such as 4DPAIPN) as PSs are often initiated by
two reductive quenching processes (those involving 'PS* and
*PS*), which interactively proceed in parallel during photo-
catalytic reactions. To the best of our knowledge, no detailed
analysis of the reductive quenching processes of TADF
molecules and their effects on photocatalytic reactions has
been performed; therefore, we investigated photocatalytic CO,
reduction using 4DPAIPN as a PS from this viewpoint. For
this purpose, we systematically changed the quenching ratio
between '4DPAIPN* and *4DPAIPN* by controlling the
concentration of the reductant (BIH), as the lifetimes of
'4DPAIPN* and *4DPAIPN* are very different (Scheme 1).

Figure 3 displays the photocatalytic production of CO and
HCOO™ upon the irradiation of DMA solutions containing
4DPAIPN (50 M), Mn (50 uM), TEOA (1.5 M), and BIH
(10 mM or 100 mM) at A,, = 480 nm. In the case of 10 mM
BIH, notably larger amounts of HCOO™ (@ycpo- = 30.0 =
2.0%) and CO (@ = 122 + 0.2%) were produced despite
the lower concentration of BIH, and the total quantum yield
for CO, reduction (@ co,ucoo- = 42.2 + 2.2%) was 1.85 times

10°F 1 10°F 7 10°
a . b c
10*t 10* k .
: 102} 3
2 10°} 10°F
§ .
ST A 1102 .
Baietonts .':.'..;h‘.:; 10" F
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Figure 2. Emission intensity decays (¢, = 530 nm) of 10 uM 4DPAIPN in Ar-saturated and air-equilibrated DMA within the time ranges of (a)
0—0.5 s, (b) 0—S5 ps, and (c) 0—800 yus. The excitation wavelength equaled 444 nm ((a,b) and black plots in (c)) or 459 nm (red plots in (c)).
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Figure 3. Photocatalytic production of CO (®) and HCOO™ (M)
using (a) 10 mM or (b) 100 mM of BIH: CO,-saturated DMA
solutions (4 mL) containing 4DPAIPN (50 #M), Mn (50 M), BIH
and TEOA (1.5 M) were irradiated at A, = 480 nm. Light intensity =
5.0 X 107° Einstein-s™ ..

that observed for 100 mM BIH (®co,ncoo- = 22.8 + 1.5%).
The Do pcoo- values at various concentrations of BIH are
summarized in Table 2 (Figure S3). The highest ®co,1ucoo-
value (43.2%) was obtained at [BIH] = S mM, which is the
highest quantum yield in the reported for photocatalytic CO,
reduction reactions mediated by purely organic PSs. In the
cases using high concentration of the added BIH (>100 mM,
i.e., >400 umol contained in the reaction solutions), the
concentrations of BIH can be assumed to be constant during
the measurements of the quantum yield (Table 2). On the
other hand, in the cases using S mM of BIH (20 gmol), after 2
h irradiation for example, about 5 ymol of BIH was consumed
(Figure 3). However, the formation speeds of formate and CO
did not clearly decrease. Therefore, even in the lower
concentrations of BIH than 5 mM of BIH, high quantum
yields of CO, reduction should be kept.

The fact that higher ®¢o,pcoo- values were obtained at
lower BIH concentrations appears “peculiar”, as lower BIH
concentrations resulted in lower quenching ratios of emission
(1qin eq 1) from excited 4PDAIPN (17, = 97% at [BIH] = 200
mM vs 88% at [BIH] = S mM) (Table 2 and Figure S4).

= (I, = D/1, (1)

where I and I are the emission intensities in the presence and
absence of reductants (BIH and TEOA), respectively.

To rationalize the "unusual” dependence of ®¢g,ycoo- on
the concentration of BIH, the reductive quenching processes
were investigated in detail, especially based on the spin states
of the excited 4DPAIPN. Scheme 2 illustrates the reductive
quenching processes of '4DPAIPN* and *4DPAIPN*

affording the corresponding geminate ion pairs, i.e.
(4DPAIPNe~---BIH**), 3(4DPAIPNe ---BIH®*), and
*(4DPAIPNe ---TEOA®"). As previously reported,
*4DPAIPN* was reductively quenched by both BIH and
TEOA, whereas '4DPAIPN* was quenched only by BIH
because of its notably shorter lifetime (zpr = 2.9 ns) and lower
reducing power of TEOA (E = +0.57~+0.82 V vs SCE*® ~ +
0.19~+0.44 V vs Fc*/Fc) compared with that of BIH
(E,/»(BIHe*/BIH) = — 0.11 V vs Fc*/Fc*’).>

Based on Scheme 2, the time courses of the excited-state
concentrations are described by eqs 2 and 3.

d['4DPAIPN™]/dt
= —(k, + ky, + kygc + 'k [BIH])['4DPAIPN™]

+ kpisc*4DPAIPN™| (2)

d[>4DPAIPN™|/dt
BIH

= kigc[ 4DPAIPN™] — (kysc + 3kq [BIH]

3, TEOA
kg

n [TEOA])[*4DPAIPN*] (3)

where k, and k,, are the rate constants of the radiative and
nonradiative deactivation from '4DPAIPN¥, respectively, and
kisc and kg are the rate constants of intersystem crossing
from '4DPAIPN* and reversed intersystem crossing from
*4DPAIPN*, respectively. The rate constants of the reductive
quenching of '4DPAIPN* by BIH and *4DPAIPN* by BIH
and TEOA are denoted as lkq, 3quIH, SquEOA, respectively.
The radiative decay from *4DPAIPN* was excluded because
phosphorescence was not observed, as described above, and
nonradiative decay was negligible because it was markedly
slower than the quenching processes of BIH and TEOA for the
high concentrations of BIH and TEOA wused in our
experiments. We can assume that the concentrations of BIH
and TEOA were constant during the kinetic experiments, i.e.,
lifetime and quenching measurements of fluorescence. In the
absence of quenchers, i.e.,, at [BIH] = [TEOA] = 0, k,, k,,, kisc,
and kyysc were calculated from ®pp ~ @, *" = 6.8%, Prapr ¥
@, A — D, = 42.1%, Tpp = 2.9 ns, and Trapp = 84 Us as
follows (eqs 4—7, see Supporting Information for detailed
kinetic calculations)

k, = ®pp/Tpp = 2.2 X 10" s~ (4)

k,, =k{l - ((I)PF + CDTADF)}/(CDPF + CDTADF)
=23x10" s (8)

Table 2. Quantum Yields (%) of CO, Reduction and Calculated Quantum Yields of Reductive Quenching Processes at Various

BIH Concentrations in Systems With 4DPAIPN

[BIH]/mM Dcosmcoo-" Do Pyyco0-*
S 43.2 12.2 31.0
10 422 + 2.2 122 + 0.2 30.0 + 2.0
50 32.7 8.5 24.2
100 228 + 1.5 59 +02 169 + 1.3
200 20.3 4.8 18.5

”qb 1q>qBIH 3<I)qBIH 3q)qTEOA q)qlotali
88 S.1 82 0.4 87
88 9.7 78 0.2 88
90 35 56 0.03 91
92 52 42 0.01 94
97 68 28 0.003 96

“Quantum yields for CO, reduction: CO,-saturated DMA solutions (4 mL) containing 4DPAIPN (50 M), Mn (50 uM), BIH, and TEOA (1.5
M) were irradiated at A, = 480 nm and light intensity = 5.0 X 10~° Einstein-s™". “Emission quenching fraction determined from the emission
spectra measured in CO,-saturated DMA solutions containing BIH and TEOA (1.5 M) as Nq= (I — I)/1,, where I, is the emission intensity in the
absence of BIH and TEOA and I is the emission intensity in the presence of BIH (various concentrations) and TEOA (1.5 M). CCI>qt°tal = 1CI)qBIH +

3@ BIH + 3(-D TEOA
q q .
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Scheme 2. Reductive Quenching Processes of the Excited States of 4DPAIPN by BIH or TEOA to Form Geminate Ion Pairs
Along With the Competitive Deactivation Processes of Excited States
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kpsse = 1/ {zpptrapp(k, + k) ) = 1.0 X 10° s~ )

The thus obtained values are consistent with those
previously determined using the photophysical measurements
of 4DPAIPN in acetonitrile,” which supports the validity of
this analysis. The reductive quenching rate of '4DPAIPN¥*,
'ky[BIH] = 3.6 X 10° x § X 107> = 1.8 X 107 57}, at a lower
BIH concentration (5 mM) was comparable with those of
radiative and nonradiative decays (eqs 4 and S), with the
intersystem crossing rate (eq 6) exceeding the combined rate
of these processes ((2.2 + 2.3 + 1.8) X 10" = 6.3 X 10" s7')
4.6-fold. In the case of 100 mM BIH, the reductive quenching
of '4DPAIPN* was notably faster ("k,[BIH] = 3.6 X 10%s7"),
and the intersystem crossing (eq 6) was slower than the
combined rates of the other processes ((2.2 + 2.3 + 36) x 10’
= 4.1 X 10°® s7'). Given that the reversed intersystem crossing
process from *4DPAIPN* (eq 7) was notably slower than the
reductive quenching of *4DPAIPN* even in the case of S mM
BIH (Pk,[BIH] = 2.0 x 10° X § X 107 = 1.0 x 107 s7"),
14DPAIPN reproduced from *4DPAIPN* was assumed not to
contribute to the following processes and omitted from the
discussion (as in the case of 3DPAFIPN discussed later).
Based on these rate constants along with those of the reductive
quenching processes ('k,, *k,"", and *k,"**) determined by
quenching experiments %Flgure SZ) and previously reported
emission lifetimes, the quantum yields for the reductive
quenching of '4DPAIPN* and *4DPAIPN* by BIH to form
'(4DPAIPNe~---BIH**) and *(4DPAIPNe ---BIH®*), i,
1<I)qBIH and 3q>qBIH, respectively, were calculated as functions
of the BIH concentration (eqs S12 and S13 in Supporting
Information). Figure 4 shows the results with the quantum
yields of photocatalytic CO, reduction (®@co,ucoo-) for
various BIH concentrations. The quantum yield for the
reductive quenching of *4DPAIPN* by TEOA to form
3(4DPAIPNe - TEOA®") was very small (3d>qTE0A < 1% at
[BIH] = 5—200 mM), indicating that the contribution of
TEOA to the production of 4DPAIPNe~ and photocatalytic
CO, reduction could be ignored under these conditions. The
sum of the quantum yields for reductive quenching by BIH and
TEOA (d) toral _ 1¢p BIH 4 3¢ BIH 3(I>qTEOA) well agreed with
the emission quenching fraction of BIH and TEOA (1,)
determined experimentally (Figure S4), which supported the
appropriateness of this quantum yield calculation (Table 2).
Notably, with the increasing [BIH], I(D BIH jncreased, whereas
@ " decreased because of the concomltant decrease in the

100
__8of ]
X
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Figure 4. Quantum yields for CO, reduction (®@¢o,ncoo-, ®) and
calculated quantum yields for reductive quenching from singlet
(1d> P blue line) and triplet excited states (3CI) B red line) to form
1(4DPAIPN0 --BIH**) and *(4DPAIPNe™ BIH'*) respectively, as
functions of the BIH concentration.

total amount of *4DPAIPN* via the reductive quenching of
"4DPAIPN* (Figure 4).

As shown in Figure 4, the dependence of @ g, 1co0- on the
concentration of BIH was similar to that observed for 3® ™
and opposite to that observed for 1(I)qBIH. This behavior
indicates that the contribution of the reductive quenching of
"4DPAIPN* to photocatalysis should be substantially lower
than that of *4DPAIPN*. The reductive quenching of
'4DPAIPN* should decrease the total produced amount of
*4DPAIPN* and lower the efficiency of photocatalysis. The
main reason for these drastic effects can be understood based
on the difference in the spin states between the geminate ion
pairs produced by electron transfer from BIH to '4DPAIPN*
and *4DPAIPN*, which should inherit the spin states of the
excited states of 4DPAIPN. Therefore, the reductive
quenching of '4DPAIPN* and *4DPAIPN* by BIH produces
'(4DPAIPNe™---BIH**) and *(4DPAIPNe ---BIH"*), respec-
tively (Scheme 3). These geminate ion pairs were mainly
deactivated via backward electron transfer to regenerate
4DPAIPN and BIH. The spin state should strongly affect
the rate of this process, that is, the spin-forbidden backward
electron transfer in *(4DPAIPNe ---BIH**) should be much
slower than the spin-allowed one in '(4DPAIPNe™---BIH®*)
(Scheme 3). Since, a larger amount of '4DPAIPN* was
reductively quenched at higher BIH concentrations, the more
rapid backward electron transfer lowering the quantum yield of
photocatalytic CO, reduction.
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Scheme 3. Reductive Quenching Processes of the Singlet and Triplet Excited States of 4DPAIPN by BIH and the Backward

Electron Transfer of the Produced Geminate Ion Pairs

sp/n-forb/dden

o e T
l ‘ 3, BIH | 3 BHI | |
hv ISC ch Nesc

hv/A RISC BIH )
‘1* ‘1* BIH* [}

4DPAIPN 14DPA|PN* 34DPA|PN"" 3(4DPA|PN'_' ~-BIH-*) 4DPAIPN--
\
o =
1 BIH
_ > 1160 BH
spin-allowed BIH e%'
BIH 41% B|H.+

1(4DPAIPN “TBIH- +)

Scheme 4. Photochemical Two-Electron Oxidation of BIH by One-Photon Excitation of 4DPAIPN
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It was reported that rapid proton loss from BIHe™ to give
Ble, which acts as another strong electron donor (E(BI*/Ble)
= —2.06 V vs Fc*/Fc™)%! capable of donating one electron to
Mn and/or reaction intermediate(s) (Scheme 4). As the
production of CO and HCOO™ from CO, requires a two-
electron reduction of Mn and BIH can donate two electrons to
the catalytic cycle by one-photon excitation of PS, the
quantum yield of photocatalytic CO, reduction can be
expressed as eq 8, where 7, >™ and %5, ™ are the escape
yields affording the free OERS of 4DPAIPN (4DPAIPNe")
from '(4DPAIPNe~---BIH**) and 3(4DPAIPNe--BIH®*),
respectively. It should be reasonable because the selectivity and
turnover number for CO, reduction are very high and the
electron transfer from 4DPAIPNe~ to Mn should proceed
efficiently due to the more negative reduction potential of
4DPAIPN (E, ;! = — 2.08 V vs Fc*/Fc) than Mn (E,*! = —
1.83 V). It is noteworthy that the turnover number was very
high (TON¢o,ncoo- = 665). This means almost all of
photochemically accumulated “electrons” (4DPAIPNe~, Ble)
efficiently used for the photocatalytic CO, reduction. When, in
addition, we measured the quantum yields ®cg,ycoo_, We
carefully selected a low light intensity for not accumulating
4DPAIPNe™ in the reaction solution.

BIH 1 BIH
X n
esc

BIH
esc ) }

_ 14 BH 1 BH | 3 BIH
- q)‘l X Mese q) ;/[esc (8)

Deotncoo- = 1/2 X {2 X (lq)
3q)BIH

B|' B|Jr
The escape yields were estimated as '5,*™ = 0.063 and
Mes = 0.53 based on eq 8, by using the observed

Do.ncoo—, and the calculated 1CI)qBIH and 3(13 B by least-
squares method, of which coefficient of determmatlon was R?
= 0.98. Consequently, the escape yield via reductive quenching
of 34DPAIPN* was found to be 8.4 times more efficient than
that of "4DPAIPN* for inducing the photocatalytic reaction.

.2 and 3, 2™ include the contributions of two different
variables, namely (i) the escape yields from geminate ion pairs
of (4DPAIPNe™---BIH®*) to form free 4DPAIPNe~ ('3
and %) and (ii) the fraction of 4DPAIPNe~ surviving the
backward electron transfer induced by the recollision of the
doublet free radicals of 4DPAIPNO_ and BIHe" (ﬂsuv); ie,
1”ESCBIH ”esc X ’75\1\7 and ”eSCBIH nesc X ”Sllv Although nesc )
*Nesc» and 7, could not be individually determined based on
the results of our experiments, previous studies on Class 1
photosensitizers reported that the survival ratio is negligible
(Mewy ~ 1) compared with the escape yields from geminate ion
pairs, probably because the concentrations of 4DPAIPNe™ and
BIHe" are extremely low under the employed conditions (no
laser light) and proton loss from BIHe" is very rapid.*”*"®!
Given that even if the survival ratio is smaller than unity (7, <
1), this value is not affected by the spin of the excited states,
and the ratios of the escape yields (3neSCBIH/ Need™  and
e /Mes.’) should be the same, ie., 3y, 2%/ M =
(3”esclnsuv)/(lnesc/nsuv) = 3’1955//1’1€SC/'

Even though the singlet excited state was reductively
quenched, 93.7% of '(4DPAIPNe ---BIH®*) experienced
backward electron transfer resulting in photon energy loss in
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Table 3. Quantum Yields (%) of CO, Reduction,” Reductive Quenching,b and One-Electron Reduction of 3DPAFIPN® at

Various Concentrations of BIH for 3DPAFIPN as a PS

[BIH]/mM Dco Dycoo- Dco.ncoo- Doprs ‘quld
0 3.6 4.6 8.2 20.1 76
10 3.6 8.3 11.9 23.8 79
100 1.8 5.4 7.2 12.3 920
200 1.0 3.1 4.1 6.2 94

1 (I)qBIH-v-TEOA 3q)qBIH+TEOA 1q)an—l Sq)qBIH lq)qTEOA 3q)qTEOA
NY 26 0 0 NU 26
56 23 12 2 44 21
79 11 S8 S 21 6
87 7 74 4 13 3

“Quantum yields for CO, reduction: CO,-saturated DMA solutions (4 mL) containing 3DPAFIPN (250 M), Mn (50 zM), BIH, and TEOA (1.5

M) were irradiated at 4., = 430 nm and light intensity = 5.0 X 107 Einstein-s~

!, bCalculated quantum yields for the reductive quenching of the

singlet or triplet excited state of 3DPAFIPN by BIH and/or TEOA (1.5 M). “Quantum yields for the one-electron reduction of 3DPAFIPN: CO,-
saturated DMA solutions (4 mL) containing 3DPAFIPN (0.1 mM), BIH, and TEOA (1.5 M) were irradiated at A, = 436 nm and light intensity =
(4.7—-5.4)x10~° Einstein-s~. 9 ol = 1qp PIHITEOA | 3qy BIH*TEOA _ 1gp BIH | 1qp TEOA 4 3@ BIH 4 3 TEOA

T T g q q q q q T

Table 4. Photophysical Properties and Photochemical-Process Rate Constants of 4DPAIPN and 3DPAFIPN

q>emA[ CI:‘emair g (ns) Trape (4s) k. (107 S_l) (- (108 M_IS_I) kisc Krisc lquIH quBIH lquEOA 3quEOA
4DPAIPN 48.9 6.8 29 84 2.2 2.3 29 0.010 36 20 ~0 0.00032
3DPAFIPN 17.5 8.2 3.6 43 2.3 11 15 0.0050 80 23 1.9 1.7
a: [BIH] = 10 mM b: [BIH] = 100 mM c: [BIH] = 200 mM
1.2 1.2 1.2
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Figure S. Changes in the UV—vis absorption spectrum of a CO,-saturated DMA—TEOA (1.5 M) solution containing 3DPAFIPN (0.1 mM) and
BIH (a: 10 mM; b: 100 mM; c: 200 mM) during irradiation at 436 nm for 0—200 s at 40 s intervals. Insets display the corresponding difference
spectra between post- and preirradiation spectra. Blue and red lines represent the spectra recorded at 0 and 200 s, respectively. Light intensity: (a)

5.4, (b) 5.2, and (c) 4.7 X 107 Einstein-s™".

the photocatalytic reactions. Therefore, to construct more
efficient photocatalytic systems, conditions suppressing the
reductive quenching of the singlet excited state of PS and
favoring that of its triplet excited state should be established.

Although we tried to determine the quantum yields of OERS
(4DPAIPNe ") formation in the absence of Mn and CO, to
obtain more direct evidence for the effect of the spin states of
the geminate ion pair on the 4DPAIPNe~ formation yield
(Figure SS), its spectral shape was substantially different from
that of 4DPAIPNe~ obtained by flow electrolysis method
(Figure S6) especially at A < 480 nm region. It clearly indicates
that side reactions of Ble proceed to the other products due to
the more negative reduction potential of 4DPAIPN (E, /Z“d =
— 2.08 vs Fc*/Fc) than that of Ble (E(BI*/Ble) = — 2.06 V).
This side reaction does not occur in the photocatalytic CO,
reduction reaction because Ble provide an electron to Mn
and/or reaction intermediate(s) of Mn, which is used for CO,
reduction. Therefore, we used 3DPAFIPN (E, /2“‘1 =— 194
V) for this purpose (see next section).

2.2. Case Study of 3DPAFIPN. In the case of 3DPAFIPN
as the PS, the dependence of ®cp,pco0- on the BIH
concentration was similar to that observed for 4DPAIPN
(Table 3 and Figure S7), ie., these variables were negatively
correlated. The ®¢q,pcoo- values observed for 3DPAFIPN
were notably lower than those observed for 4DPAIPN. The

differences between these two photocatalytic systems are
discussed in detail in the subsequent section.

We determined the rates and quantum yields of the
photophysical and quenching processes in the case of
3DPAFIPN using the method employed in the case of
4DPAIPN as follows.

(1) Based on the observed photophysical properties of
3DPAFIPN as @pp ~ @, = 82%, Ppapp & O —
@, " = 17.5-8.2 = 9.3%, Tpp = 3.6 ns, and Trapp = 43
us, the rate constants of photophysical processes were
determined as k, = 2.3 X 107 s}, k. = 1.1 X 10® s, kg
= 1.5 X 10% s7%, kpgge = 5.0 X 10* s,

(2) The rate constants of reductive quenching were obtained
using the Stern—Volmer analyses of emission lifetimes as
kM = 8.0 x 10 M7l 7 kST = 2.3 X 10° M7,
kg TP = 1.9 x 10° M7's7, and k,TFO* = 1.7 x 10°
M™'s™! (Figures S8 and S9).

The results obtained for 3DPAFIPN and 4DPAIPN are
summarized in Table 4 for comparison, and a detailed
discussion is provided in the next section.

(3) Using the rate constants of the photophysical and
photochemical processes and the method employed in
the case of 4DPAIPN, we also calculated the quantum
yields of the reductive quenching of '3DPAFIPN* and
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3DPAFIPN* ('®, and *®,) by BIH and TEOA (Table
3).

The reductive quenching of excited 3DPAFIPN by TEOA
was notably faster than that of excited 4DPAIPN owing to the
higher oxidizing power of the former (Table 1), which resulted
in a substantial contribution of reductive quenching by TEOA
to the photocatalytic reactions. Especially at lower BIH
concentrations ([BIH] = 0—10 mM, [TEOA] = 1.5 M),
both the singlet and triplet excited states were mainly
quenched by TEOA, as the differences between the rate
constants of reductive quenching by TEOA ((1.7—1.9)x10°
M™'s7") and BIH ((2.3—8.0)x10° M™'s™!) were smaller than
the difference between the BIH and TEOA concentrations.

The quantum yields of 3DPAFIPNe~ formation (®qggs)
were measured at various BIH concentrations. The irradiation
of a DMA—TEOA (1.5 M) solution containing 3DPAFIPN
and BIH (without Mn) at 436 nm caused an absorption
decrease at 400—450 nm and increase at 460—700 nm, with an
isosbestic point at 457 nm (Figure S). The spectral changes
occurred more rapidly at lower BIH concentrations. The
shapes of the difference spectra between before and after
irradiation (insets in Figure S) well agreed with that of
3DPAFIPNe~ obtained by flow electrolysis (Figure 6), which

0.3 b
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Figure 6. (a) Changes in the UV—vis absorption spectrum of an Ar-
saturated DMA solution containing 3DPAFIPN (0.5 mM) and
Et,NBF, (0.1 M) during flow electrolysis at applied potentials
between —1.85 and —2.0 V. (b) Current (@) and absorbance at 550
nm () as functions of the applied potential.

indicated that during photoirradiation in the presence of BIH
and TEOA, 3DPAFIPN was reduced to 3DPAFIPNe . Time
conversion of 3DPAFIPN to 3DPAFIPNe~ in the photo-
chemical reactions as a function of the number of absorbed
photons was plotted (Figure 7) using the molecular extinction
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Figure 7. Photochemical production of 3DPAFIPNe™ as a function
of the number of absorbed photons. A CO,-saturated DMA—TEOA
(1.5 M) solution containing 3DPAFIPN (0.1 mM) and BIH (blue
plots: 10 mM; red plots: 100 mM; black plots: 200 mM) was
irradiated at 436 nm.

coefficient of 3DPAFIPNe™ (£ss0,m = 3.2 X 10> M~'em™)
obtained by flow electrolysis; these curves were used to
determine the quantum yields of 3DPAFIPNe~ (Table 3).
Dpers was negatively correlated with the concentration of
BIH (Figure 8), and the ®gpgs values were similar to the
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Figure 8. Observed quantum vyields for CO, reduction using
3DPAFIPN as a redox photosensitizer (®) and formation of
3DPAFIPNe~ (@), and calculated quantum yields for the reductive
quenching from singlet ('@, BIH*TEOA " blue line) or triplet
(3<I> BIFFTEOA “red line) excited states of 3DPAFIPN by BIH and
TEOA (1.5 M) as functions of the BIH concentration.

duplicated values of 3CI) BIH+TEOA (Table 3). This behavior
strongly suggests that the quenching of 33DPAFIPN*
efficiently supplies 3DPAFIPNe~, whereas that of '3DPA-
FIPN* does not. The similar dependences of ®¢q,1co0- and
®oprs on the BIH concentration suggest that the reductive
quenching of the triplet excited state substantially contributes
not only to the one-electron reduction of 3DPAFIPN but also
to photocatalysis. The ®ggpg values were approximately two
times larger than the @¢g,coo_ values (Table 3 and Figure
8), which is reasonable, as the reduction of CO, to CO or
HCOQO™ requires two electrons.

The excited states of 3DPAFIPN were quenched by TEOA
in the absence of BIH. Therefore, we determined the quantum
yields of the reductive quenching of the excited states by
TEOA and formation of 3DPAFIPNe™ in the absence of BIH
and presence of different concentrations of TEOA (33.5 mM,
1.5 M) (Table S; Figures S10 and S11). Using these data and
Dppss instead of P, pcoo- and the similar method applied
in the case of 4DPAIPN (see Supporting Information for
detail), we determined the escape yields for the production of
free 3DPAFIPNe~ from !(3DPAIPNe~---TEOA®*) and

Table 5. Quantum Yields (%) for CO, Reduction®,
3DPAFIPN-~ Production”, and the Reductive Quenching of
the Excited States of 3DPAFIPN by TEOA®

[TEOA]/M  ®co  Pucoo- Peosmcoo- Porrs '@ 0% @ T

0.0335 -4 4 4 432 2 52

1.5 3.6 4.6 8.2 20.1 S0 26

“Quantum yields for CO, reduction: CO,-saturated DMA solutions
(4 mL) containing 3DPAFIPN (250 M), Mn (S0 zM), and TEOA
(1.5 M) were irradlated at Ay = 430 nm and light intensity = 5.0 X
10~ Einstein-s™'. YQuantum ylelds of the one-electron reduction of
3DPAFIPN: CO,-saturated DMA solutions (4 mL) containing
3DPAFIPN (0.1 mM) and TEOA were irradiated at 436 nm
(intensity = 1.0 X 107 Einstein-s™"). “Calculated quantum yields of
the reductive quenchmg of the singlet or triplet excited states of
3DPAFIPN by TEOA. Very low product yield.

https://doi.org/10.1021/jacs.5c10614
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10614/suppl_file/ja5c10614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10614/suppl_file/ja5c10614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10614/suppl_file/ja5c10614_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10614?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c10614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

3(3DPAIPNe~--TEOA®) as 175" ~ 0 and ¥, TEOA =
0.41. By adding these data to the analysis of the reductive
quenching of the excited states of 3DPAFIPN by BIH, we
determined the escape yields for the production of free
3DPAFIPNe~ from '(3DPAIPNe ---BIH®*) and
3(3DPAIPNe™---BIH**) as ', *™ ~ 0 and 34,.*™ = 0.69.
Notably, the *.,.*™ of 3DPAIPN exceeded that of 4DPAIPN
(*es™™ = 0.53). The origin of difference is discussed in the
next section. Using these estimated escape yields, we simulated
the quantum yields for CO, reduction (*™M®q,co0-) and
found good agreement with the measured ®cq,pycoo- values
(Table 6). These results support the appropriateness of the
escape yield estimation in the 4DPAIPN system using
@cosncoo- instead of Popps (eq 8).

Table 6. Comparison Between the Simulated and Measured
Do.1ucoo- in the 3DPAFIPN System

[BIH]/mM DcosHc00- SMB o pc00-"
10 119 10.0
100 7.2 6.0
200 4.1 4.1

aSIM®CO+HCOO— = 1/2 X 2><(1<D BIH X lrlescBIH

3¢ BIH 3 BIH
1y TEOA 1 TEOA 3¢ TEOA 3 TEOA " 1 CD%IH X 1 ﬂeSCBIH
q)q +°0 X Mesc ) = CI)q X Mese +
3 BIH 3 BIH 1 TEOA 1 TEOA 3 TEOA 3 TEOA
q)q X Mesc + (I)q X Mesc + q)q X Mesc .

In the presence of only TEOA as a reductant (that is, in the
absence of BIH), low TEOA concentrations can photochemi-
cally produce 3DPAIPNe" in a higher yield (Table S). On the
other hand, when the photocatalytic reaction was conducted at
a low concentration of TEOA (33.5 mM), the amounts of the
produced CO and HCOO™ were markedly smaller than those
observed for 1.5 M TEOA. It was reported that catalytic CO,
reduction by Mn complexes requires a proton source such as
TEOA, water, or PhOH. 62,63 Thus, the TEOA concentration
of 33.5 mM should not be enough for efficient photocatalysis
for CO, reduction in the system using Mn as the catalyst.

2.3. Comparison of 3DPAFIPN and 4DPAIPN as PSs.
Table 3 and Figure 8 summarize the quantum yields of the
reductive quenching of the singlet ('® BIH+TEOA) and triplet
(3CI) BIHFTEOAY oxcited states of 3DPAFIPN by BIH (at various
concentratlons) and TEOA (1.5 M), along with the quantum
yields of CO, reduction. For the photocatalytic reactions with
3DPAFIPN as the PS, the dependence of the quantum yield of
CO, reduction on the concentration of BIH was similar to that
observed for 4DPAIPN (Table 2 and Figure 4), that is, these
parameters were negatively correlated.

At every concentration of BIH, in the case of 3DPAFIPN as
the PS, @, ncoo- was markedly lower than that observed for
4DPAIPN (for example, at [BIH] = 10 mM, 11.9%
(3DPAFIPN) vs 42.2% (4DPAIPN)). The *®, BIHATEOA
3DPAFIPN was also lower (23% at [BIH] = 10 mM, for
example) than that observed for 4DPAIPN (3@ ™ = 78%) at
every concentration owing to the quenching of '3DPAFIPN*
(' SHTEOA = 56%) by BIH and TEOA being more efficient
than that of 14DPAIPN* by BIH ('@ "™ < 10%, '4DPAIPN*
was quenched by BIH but not TEOA) As summarized in
Table 7, the ratios of 3(13 BIFFTEOA hetween 3DPAFIPN and
4DPAIPN were similar to the ratios of @, pucoo- between
3DPAFIPN and 4DPAIPN. Therefore, we can conclude that
the lower photocatalytic activity of the system with
3DPAFIPN was mainly caused by the higher quantum yield

Table 7. Comparison Between 3DPAFIPN and 4DPAIPN“

ratio of
[BIH]/ ratio of 3@ BIH+TEOAD ®co,1c00-3DPAFIPN/
mM 3DPAFIPN/4DPAIPN 4DPAIPN
10 29:100 28:100
100 26:100 32:100
200 25:100 20:100

Each data of 3@ BIH+TEOA and ®co,mcoo- is shown in Tables 2 and
®In the case of 4DPAIPN, 3d)qEH”TEOA 3d)qBIH shown in Table 2
because quenching by TEOA is negligible. See the main text.

of '3DPAFIPN* quenching by BIH and TEOA, which causes
lower Sq) BIH+TEOA.

We rationalized the more efficient quenching of '3DPA-
FIPN* compared with that of '4DPAIPN* using photo-
physical (Table 3) and electrochemical (Table 1) property
analyses. The 7pp of '3DPAFIPN* (3.6 ns) was not
particularly different from that of '4DPAIPN* (2.9 ns).
Therefore, the difference in the lifetimes of the singlet excited
states produced just after excitation should not be the main
factor affecting @ o, pucoo_. Conversely, the difference in the
reduction potentials of the singlet excited states, i.e.,
E('3DPAFIPN*/3DPAFIPNe~) = +0.74 V vs Fc'/Fc and
E(*4DPAIPN*/4DPAIPNe~) = +0.51 V, was concluded to
strongly influence ®co,pcoo—- The quenching of '3DPA-
FIPN* by BIH was 2.2 times faster than that of '4DPAIPN*
because of the higher oxidizing power of the former. The
weaker reductant TEOA quenched '3DPAFIPN* but not
'4DPAIPN*. The quenching rates at [BIH] = 10 mM were
determined as follows.

1, TEOA

I3DPAFIPN™: k" [BIH] + 'k, [TEOA]

=80 x 10% x 0.01 + 1.9 x 10° x 1.5
=3.65 x 10%s™! 9)

TEOA

'4DPAIPN™: 'k ""[BIH] + 'k, [TEOA]

=36 % 10°x 0.0l +0 X 1.5
=036 x 10%s7! (10)

This one-order difference resulted in the formation yield of
the triplet excited state >3DPAFIPN* being lower than that of
*4DPAIPN*, which was the main reason for why photo-
catalysis with 3DPAFIPN as the PS was markedly less efficient
than that observed for 4DPAIPN because the triplet states of
both PSs were almost quantitatively quenched even in the
presence of low concentrations of BIH (e.g., 10 mM), with the
quenching of the triplet excited state resulting in a markedly
higher formation quantum yield of the one-electron-reduced
PS.

The excited-state properties should also affect photo-
catalysis. Formation quantum yields of *3DPAFIPN* and
*4DPAIPN* in the absence of quenchers, which are the
quantum yields of the intersystem crossing from the
corresponding singlet excited states (®ys), can be obtained
by using eq 11.

D = kyge/ (k, + ky, + kigc)
= (I)TADF/((I)PF + (DTADF)
? (@, - @,")/®," (11)
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Even in the case of ideal reductive quenching, that is, no
quenching of the singlet excited state and the complete
quenching of the triplet excited state, the maximum 3CDq of
3DPAFIPN, equaling to @5, was estimated as 3<I>q'““ = 53%.
This value is substantially smaller than that of 4DPAIPN
(3(I)qm3‘X = 86%). The higher 3CI)qmax (ie., @gc) of 4DPAIPN is
caused by the 4.8-times slower k,, and 1.9-times faster kigc of
4DPAIPN compared with those of 3DPAFIPN (their k,s were
similar). That is, the ratio of emission quenching by O, in air
should be a useful indicator for estimating the usefulness of
TADF molecules as PSs when TADF can be almost
quantitatively quenched by O,, as in the cases of 4DPAIPN
and 3DPAFIPN.

The abundance ratio of the triplet excited state and reaction
conditions minimizing electron transfer from the singlet
excited state, as well as the UV—vis absorptive properties
and redox potentials, are highly important for the construction
of efficient photocatalytic systems using TADF-type organic
photosensitizers. This is a unique feature of purely organic
photosensitizers, as metal-complex-based photosensitizers
usually quantitatively form triplet excited states.

Finally, we examined the dependence of the free energy of
electron transfer from BIH/TEOA to *PS* on the escape
yields to produce the free OERS of PSs, as in the case of heavy-
transition-metal complexes (Class 1 PSs), the higher free-
energy changes of photoinduced electron transfer result in
higher quantum yields of the free OERS of PSs (®oggs) owing
to the larger distance between the produced radical ions in the
geminate ion pair.'”*" The free-energy changes of the
photoinduced electron transfer followed the order of
[*3DPAFIPN*, BIH] (0.64 V) > [*4DPAIPN, BIH] (0.45
eV) > [*3DPAFIPN*, TEOA] (0.09—0.34 V), and the yields
of the free OERS of PSs followed the order of 3(3DPA-
FIPNe™---BIH*") (*,.™ = 0.69) > *(4DPAIPNe ---BIH"*)
(™ = 0.53) > *(3DPAFIPNe - TEOA®") (3. O =
0.41). Therefore, in the case of TADF PSs as well, the larger
free-energy changes of photoinduced electron transfer
probably favored the formation of the OERS of PSs. This
behavior frequently increases the efficiency of the photo-
catalytic reaction owing to the larger distance between the
radical ions in the geminate jon pair.

3. CONCLUSION

Redox photosensitization processes using purely organic
compounds displaying TADF were minutely investigated,
focusing on the spin state of their excited states. Given that
two different excited states, that is, the lowest singlet and
triplet excited states, are thermally equilibrated with different
lifetimes in the case of TADF-type molecules, unlike in the
case of the frequently used photosensitizers such as Ru(II) and
Ir(IlI) complexes, both these excited states can contribute to
photoinduced electron transfer processes. Therefore, we
investigated the characteristics and roles of the singlet and
triplet excited states in photocatalytic CO, reduction as a
typical redox-photosensitized reaction. Two organic com-
pounds exhibiting TADF, 4DPAIPN and 3DPAFIPN, were
used as PSs in combination with a manganese(I) complex as a
catalyst and BIH and TEOA as sacrificial electron donors. In
the case of 4DPAIPN, the quantum yield of CO, reduction
(@costcoo-) Was negatively correlated with the concentration
of BIH, with the maximal value of 43.2% achieved at [BIH] = §
mM (cf. Dcoipcoo- = 20.3% at [BIH] = 200 mM). The
reason for this unusual dependence of @, ycoo- on the BIH

concentration was the difference in the reductive quenching
processes between the singlet and triplet excited states. The
reduction of the singlet excited state by BIH afforded a singlet
geminate ion pair, '(4DPAIPNe ---BIH*"), which experienced
a notably faster backward electron transfer to the ground state
than the triplet geminate ion pair formed by the reduction of
the triplet excited state, *(4DPAIPNe ---BIH*"). The escape
yields of the singlet and triplet geminate ion pairs producing
OERS were estimated as 77, *™ = 0.063 and 33, "™ = 0.53,
respectively, in the case of 4DPAIPN. That is, at higher BIH
concentrations, the singlet excited state was quenched to a
larger extent, which resulted in less formation of the triplet
excited state and a lower photocatalytic efficiency. The
3DPAFIPN system exhibited a similar tendency, with the
maximum D¢, ycoo- equaling only 11.9% at [BIH] = 10 mM.
The difference between the photocatalytic systems with
4DPAIPN and 3DPAFIPN was ascribed to the higher
oxidizing power of the latter, which induced the efficient
quenching of the singlet excited state (‘3DPAFIPN*) by
TEOA, and the lower formation quantum yield of *3DPA-
FIPN* due to faster nonradiative decay and slower intersystem
crossing from '3DPAFIPN*.

These results help establishing suitable reaction conditions
and molecular design rules for the construction of efficient
photocatalytic systems using TADF-type photosensitizers. The
reaction conditions should be optimized to minimize the
ineflicient quenching of the singlet excited state and maximize
the quenching of the triplet excited state, e.g., by adjusting the
quencher type and concentration. TADF molecules with a
larger abundance ratio of the triplet excited state, which can be
roughly estimated based on the results of emission quenching
by O,, are suitable PSs. This factor, along with visible light
absorption, long-lived excited states, and appropriate redox
potentials, is important for designing superior TADF photo-
sensitizers.

4. EXPERIMENTAL SECTION

4.1. Photophysical Measurements. UV—vis absorption spectra
were recorded using a JASCO V-670 spectrophotometer. Emission
spectra were recorded using a HORIBA Fluorolog-3—21 spectro-
fluorometer equipped with an NIR-PMT RS$5509—43 near-infrared
detector. Emission lifetimes were determined using a HORIBA Jobin-
Yvon FluoroCube time-correlated single-photon counting system.
Prior to emission measurements, the sample solutions were degassed
for 20 min under Ar. Emission-quenching experiments were
performed in Ar-saturated or air-equilibrated solutions containing
an organic photosensitizer and BIH/TEOA.

4.2. Photocatalytic Reactions. Photocatalytic reactions were
performed in a DMA—TEOA (1.5 M) solution containing the organic
photosensitizer (50 4uM or 250 uM), Mn (50 uM), and BIH. The
solution (4 mL) was purged with CO, for 20 min in a quartz cubic
cell (11 mL, light path length: 10 mm) and then irradiated using a
Shimadzu QYM-01 photoreaction quantum yield evaluation system
equipped with a 300 W xenon lamp and band-pass filter or a
Shimadzu Lightway (PQY-01) photoreaction evaluation system
equipped with a LED light source. The solution was kept at 25 °C
using an EYELA NCB-1210 constant-temperature system. Gaseous
products (CO and H,) were quantified using GC-TCD (GL Science
GC323). HCOO™ was quantified using capillary electrophoresis
(Agilent Technology 7100L).

4.3. Photochemical Formation of the OERS of 3DPAFIPN. A
CO,-saturated DMA—TEOA (1.5 M) solution containing 3DPA-
FIPN (0.1 mM) and BIH in a quartz cubic cell (light pass length: 10
mm) was irradiated using a SO0 W xenon lamp with a band-pass filter.
Changes in the UV—vis absorption spectrum during irradiation were
measured using a photodiode array spectrometer (Otsuka Electronics
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MCPD-9800). The solution was maintained at 25 °C using an
EYELA NCB-1210 constant-temperature system.

4.4. Flow Electrolysis. UV—vis absorption spectra were recorded
under bulk electrolysis conditions using a flow electrolysis apparatus.
The applied potential was controlled using an ALS/CHI 760E
electrochemical analyzer, and the spectra were monitored using a
photodiode array spectrometer (Otsuka Electronics MCPD-9800). A
DMA solution of the organic photosensitizer (0.5 mM) and Et,NBF,
(0.1 M) as a supporting electrolyte was purged with Ar for 40 min
before measurements. The sample solution was transferred to a VE-2
electrolysis cell (EC Frontier) and then a quartz flow cell (light path
length: 1.5 mm) at flow rate of 0.1 mL-min™' using a JASCO PU-
4180i pump. The flow electrolysis cell was constructed with a carbon-
felt working electrode, Ag/AgNO; (10 mM) reference electrode, and
Pt wire counter electrode. The number of electrons (n,) consumed to
reduce the organic photosensitizer was evaluated using eq 12. The
reduction current (i) was calculated from the plateau of the current
against the applied potential plots of the solution. The background
current (i) was obtained from the plots of the electrolyte solution
without an organic photosensitizer.

n, = (i — iy)/cvF (12)

where F, ¢, and v are the Faraday constant, concentration of the
organic photosensitizer, and flow rate, respectively.

4.5. Materials. DMA was dried over molecular sieves 4A and
distilled under reduced pressure (~10 mmHg). TEOA was distilled
under reduced pressure (<1 mmHg). Et,NBF, was recrystallized
twice from acetonitrile/ethyl acetate and dried in vacuo at 100 °C
overnight shortly before use. All other reagents were used as received
without further purification. 4DPAIPN,> 3DPAFIPN,””> Mn,** and
BIH®"%* were prepared as described in literature.
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