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Abstract: The success of the photocatalytic CO, reduction using sunlight depends on how visible
light is captured and utilized. Zn porphyrins, which are synthetic analogues of chlorophyll and
bacteriochlorophyll, have very intense absorption bands in the visible region and are high potential
candidates as photosensitizers for CO, reduction. However, the use of zinc porphyrins had been
limited due to their poor stability under the photocatalytic reduction conditions. We found that the
durability of porphyrin during the photocatalytic CO, reduction reaction is dramatically improved
by combining a metal complex catalyst with the porphyrin so that two or more electrons are not
accumulated on the porphyrin. In this perspective, we describe the molecular design of systems
that combine Re complexes and porphyrins in detail and their unique reaction mechanisms in the
photocatalytic CO, reduction.
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1. Introduction

The increase in atmospheric CO, has caused serious environmental problems, such
as global warming and ocean acidification. Global CO, emissions from fossil fuels and
industry continue to increase, reaching 37.1 billion tons in 2021 [1]. Humans obtain energy

check for by burning fossil fuels, and CO, is released during the oxidation reaction process. There-
updates fore, to store energy in CO, and to utilize it as a carbon source, a reduction reaction of CO,
is required. However, because CO; is the most oxidized and stable state of carbon, the
equilibrium potential of the one-electron reduction of CO, is very high at —1.9 V versus the
standard hydrogen electrode (SHE) at pH 7 aqueous solution (Equation (1)). On the other
hand, CO; reduction reactions involving multiple electrons can be used at much more
positive potentials than that of the one-electron reduction. For instance, the equilibrium
potentials of two-electron reductions of CO; are —0.52 and —0.61 V vs. SHE at pH 7 for
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Received: 24 December 2022 be solved for CO; reduction is competitive hydrogen evolution by proton reduction. The
Revised: 21 January 2023 equilibrium potential of hydrogen evolution is more positive (—0.42 V vs. SHE at pH 7;
Accepted: 25 January 2023 Equation (4)) than those of two-electron reductions of CO;, indicating that hydrogen evolu-
Published: 27 January 2023 tion is a thermodynamically favorable process. Therefore, a catalyst that not only drives
the multielectron reduction reaction but also suppresses hydrogen evolution is essential.
Metal complexes are promising candidates as CO, reduction catalysts because metal
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complexes can have multiple accessible redox states and high activation energy against
Copyright: © 2023 by the authors.  proton reduction [2-10]. In addition, their catalytic properties and the reaction sites can
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methane [12]. Re(I) diimine carbonyl complexes are advantageous as catalysts for CO,
reduction because the Re complexes almost exclusively provide CO without the formations
of HCOOH and Hj, even in aqueous solutions. Since the Re complexes have absorption in
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the near-UV to visible region, they also act as photosensitizers in the photocatalytic CO,
reduction reaction, but their durability is low. On the other hand, it has been reported
that combining the Re complex with an appropriate photosensitizer, i.e., Ru(ll) trisdiimine
complex, dramatically improves the efficiency and durability of the photocatalytic CO,
reduction [2].

COz +e” = CO*: =19V ws. SHE (at pH7) (1)
CO, +2H" +2e~ — CO + H,O: —0.52V )
CO, + 2H* +2e~ — HCOOH: —0.61 V 3)
2H* +2e~ — Hy: —0.42V (4)

Hybrid systems of a semiconductor and metal complex, which can extract electrons
from water and reduce CO; selectively, have been developed [13-15]. To achieve both the
oxidation of water and the reduction of CO, using visible light, a two-stage and double-
excitation process is required. Ishitani and coworkers utilized a dinuclear Ru(II)-Re(I)
complex as the reduction site of an artificial Z-scheme photocatalyst, where the Ru and
Re complexes act as a photosensitizer and a catalyst, respectively (Figure 1) [14,16]. Vis-
ible light irradiation of the Ru—Re complex immobilized on a semiconductor-catalyzed
selective CO; reduction to give CO using electrons that were supplied from the visible-
light-driven semiconductor for water oxidation with high efficiency and selectivity. The
Ru-Re complex has already been investigated in detail in the presence of sacrificial reduc-
ing reagents, such as 1-benzyl-1,4-dihydronicotinamide and 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole (BIH), and has been shown to have high catalytic activity
for the photocatalytic CO; reduction [17]. When BIH was used as the electron donor
in N,N-dimethylformamide (DMF) and triethanolamine (TEOA), the turnover number
(TON(o) and reaction quantum yield (®co) for the photocatalytic CO, reduction reached
more than 3000 and 45%, respectively [18]. In homogeneous reactions, the catalyst can be
evaluated directly without considering the combination with the oxidation site, and it is
relatively easy to investigate the reaction mechanisms using spectroscopic techniques. Vari-
ous catalysts, photosensitizers, electron donors, solvents, and catalytic properties used in
homogeneous catalytic systems are not described in detail. Interested readers are directed
to some previous reviews [2-5,8,10]. Although the Ru-Re complex showed high activity
and durability for the photocatalytic CO, reduction, the absorption ability of the Ru trisdi-
imine complex is not sufficient for fully utilizing sunlight on the semiconductors. Thus,
the accumulation of photosensitizers [19] and/or the development of photosensitizers that
more strongly absorb visible light are required. This perspective focuses on porphyrins,
one of the organic compounds with the highest ability to absorb visible-light, and describes
systems combining porphyrin with the Re complex catalysts for the CO, reduction.

in water in DMF/TEOA

CO, > CO
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Figure 1. (a) An artificial Z-scheme photocatalyst combining semiconductors and a Ru—Re complex for
photocatalytic CO, reduction using water as an electron donor. Adapted with permission from [16].
Copyright 2019 American Chemical Society. (b) A photocatalyst evaluation system for the Ru-Re
complex using a sacrificial reducing reagent [18].
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2. Dyad Systems Based on a Porphyrin—-Re Complex

Zn(Il) porphyrins are widely used instead of magnesium tetrapyrrole compounds as
synthetic analogues and model molecules for chlorophylls (Chls) and bacteriochlorophylls
(BChls) (Mg complexes) [20-24]. Magnesium porphyrins are highly sensitive toward acid,
and the demetallation of the magnesium ion easily occurs even in silica gel columns [25].
Free-base and Zn porphyrins have intense absorption bands in the visible region and can
retain the singlet excited states that exhibit fluorescence, allowing the long-range singlet—
singlet energy transfer, as observed in the Chls and BChls of photosynthetic systems [20].
Here, Zn(II) has a closed-shell 4 configuration and does not give low-energy states that
facilitate the thermal deactivation of the excited energy. On the other hand, for instance,
a Ni(IT) porphyrin, which has a d® configuration, gives a metastable dd excited state in
<20 ps and returns to the ground state in approximately 200 ps [26]. Porphyrins have
been utilized as photosensitizers in photocatalytic CO, reduction systems [27]. Among
them, several dyads composed of a porphyrin and a Re complex catalyst have been studied
using sacrificial electron donors in homogeneous systems, and Zn porphyrins tend to
show higher performance (Figure 2) [28-34]. Although various metal complexes have been
developed as the reduction catalyst [2-10], to our knowledge, there have been no dyad
systems so far that combine a porphyrin as the photosensitizer and a metal complex other
than the Re complex as the catalyst for CO; reduction.
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Figure 2. Molecular structures of the porphyrin (chlorin)-Re complex dyads for photocatalytic CO,
reduction. When the carbamoyl substituent is attached to the bpy ligand through a C=0 or N-H
moiety, the substituent acts as a weak electron-withdrawing or -donating group for the bpy ligand,
respectively [35].

Inoue et al. reported the photocatalytic CO; reduction reaction using a Zn porphyrin
linked with a Re complex via a phenyl carbamoyl moiety (ZnTMP-Re(bpy)(NHAC()) [28].
The Zn porphyrin has mesityl groups at meso-positions and the Re complex has an acy-
lamide substituent on the 2,2’-bipyridine (bpy) ligand in addition to the bridging amide. In
this dyad, the N-H moiety of the carbamoyl is linked to the bpy ligand. Excitation at 428 nm
to ZnTMP-Re(bpy)(NHAC() in the presence of triethylamine (TEA) as an electron donor
gave the reduction product whose reaction quantum yield was 0.64% and the TON was not
described. In ZnTMP-Re(bpy)(NHAC), excitation to the second excited singlet state (Sp)
of the porphyrin induced the intramolecular electron transfer from the Zn porphyrin to the
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Re complex but the lifetime of the charge-separated (CS) state was short (90 ps). The lowest
excited state (S;) of the porphyrin did not cause the intramolecular electron transfer but an
internal conversion and intersystem crossing to the first excited triplet state (T1).

Perutz et al. reported a dyad consisting of a palladium(II) porphyrin as the photo-
sensitizer and the Re complex via an acylanilide moiety (PdRePic) [29]. In this dyad, the
acylanilide moiety is substituted as a carbamoyl group with the bpy ligand. The Pd por-
phyrin exhibited room temperature phosphorescence accompanied by weak fluorescence
when excited at 522 nm in degassed butyronitrile [36]. The irradiation at >420 nm of DMF
and TEA solutions containing PdRePic gave CO, whose TONco was 2 after 4 h. A rather
high TONc( of 3 was obtained after 4 h in the mixed system of the Pd porphyrin and Re
complex units, and an induction period of the CO formation indicated that the catalytic
active photosensitizer was a Pd chlorin species, which was obtained by the hydrogenation
of the Pd porphyrin.

The same group also reported dyads composed of Zn porphyrin and Re complex via
two kinds of amide linkers ([Dyad 1 pic]* and [Dyad 2 pic]*) [30]. [Dyad 1 pic]* has the
same structure as PdRePic except that the central part of the porphyrin is changed from
Pd to Zn. In [Dyad 2 pic]*, the porphyrin moiety and the Re complex are linked via a
longer linker, a bisacylanilide group. Photophysical properties of [Dyad 1 pic]* have been
investigated in detail with time-resolved spectroscopic measurements [37]. In [Dyad 1 picl*,
the intramolecular electron transfer from the excited S; state of the Zn porphyrin to the
Re complex gave the CS state, but the rapid back-electron transfer occurred in tens of
picoseconds (55 ps) [37]. The photocatalytic CO, reductions were carried out using two
dyads in DMF and TEOA as the electron donor under irradiation at >520 nm. However,
although the activity of [Dyad 2 pic]* was higher than that of [Dyad 1 pic]*, the catalytic
activities of the dyads were lower than that of the mixed system of Zn tetraphenylporphyrin
(ZnTPP) and the corresponding Re complex (TONco = 103 after 220 min for the mixed
system). During photoirradiation in the presence of TEOA, the porphyrin of the dyad was
hydrogenated to chlorin and finally bleached. In the case of Zn porphyrins, the Zn chlorin
species acts as a poorer photosensitizer than the Zn porphyrin [30].

Perutz et al. also demonstrated that the dyad ([Dyad 3 picl*), in which the Zn por-
phyrin and the Re complex are linked via an extended acylanilide moiety with a methylene
group, dramatically improved the photocatalytic activity of the CO, reduction reaction [31].
By introducing the methylene group, the reduction potential of [Dyad 3 picl* was sig-
nificantly shifted to the negative side (—1.68 V vs. Fc/Fc*) compared with the previous
two dyads (—1.44 V and —1.42 V vs. Fc/Fc* for [Dyad 1 pic]* and [Dyad 2 pic]*, respec-
tively). In [Dyad 3 picl*, the fluorescence of the Zn porphyrin was quenched by 23% in
CH;,Cly, whereas the quenching extents of [Dyad 1 pic]* and [Dyad 2 pic]* were 95% and
55%, respectively. The fluorescence quenching resulted from the intramolecular electron
transfer from the S; of porphyrin to the Re complex upon the excitation of the porphyrin.
Among the three dyads, [Dyad 3 picl* had the longest lifetime of the CS state (320 ps).
The photocatalytic CO, reduction using [Dyad 3 pic]* in DMF/TEOA under irradiation
at >520 nm gave CO, whose TONc(o reached 360. This value is one order magnitude
larger than those (TONco ~ 30) of [Dyad 1 pic]* and [Dyad 2 pic]*. However, even in
this case, the irradiation induced the hydrogenation of the porphyrin to give chlorin and
isobacteriochlorin species, which were further hydrogenated and eventually bleached.

In [Dyad 1 pic]* and [Dyad 2 pic]*, the bpy ligands are substituted with the linker
groups in a carbamoyl manner. In the carbamoyl-type substitution, the bpy ligand is
affected by the substituent as a weak electron-withdrawing group. The reduction potential
of the metal bpy carbonyl complex having weakly electron-deficient bpy shifts to the
positive side, resulting in the potential change significantly decreasing the photocatalytic
activity [35]. The Re bpy tricarbonyl complex having strongly withdrawing CF3 groups
becomes almost completely inactive for photocatalytic CO, reduction [38]. The high
activity of [Dyad 3 picl* could be significantly attributed to the enhanced reactivity on the
Re complex by changing the electronic properties.
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Tamiaki et al. used chlorin as the photosensitizer (Chl-Rebpy) [32]. The introduction
of the Re complex quenched the fluorescence of the chlorin in DMF, suggesting that the
intramolecular electron transfer from the S; of chlorin to the Re complex occurred. The
photocatalytic CO; reduction in DMF/TEOA using BIH as the photosensitizer gave CO,
whose TONco was 18.

Tschierlei and Schwalbe et al. investigated the photocatalytic CO, reductions of
phenanthroline (phen)-extended porphyrin series, in which the phen coordinated a Re
tricarbonyl complex (M-1-Re) and the porphyrin is conjugated with the Re complex [33].
Although several dyads with Cu, Pd, Zn, Co, and Fe porphyrins were prepared, only the
Zn porphyrin dyad (Zn-1-Re) gave sufficient amounts of CO (TONco = 12.8 after 24 h) in
a CO,-saturated DMF/TEA solution under irradiation at >375 nm. Other dyads gave no or
trace amounts of CO (TONco < 1).

The same group reported the photocatalytic CO, reduction using hetero-Pacman
dyads where a Re terpyridine complex is linked with a cofacially aligned free-base or Zn
porphyrin via a xanthene moiety (Re-TXP-M) [34]. The crystal structure revealed that
only two pyridines of the terpyridine unit coordinated to the Re ion in Re-TXP-M. The
electronic interactions between the porphyrin and the Re complex were weak in the ground
state, and the fluorescence intensities of the free-base and Zn porphyrin (Re-TXP-H; and
Re-TXP-Zn) were decreased by the introduction of the Re complex in CH,Cl,. The pho-
tocatalytic CO, reductions were carried out using two kinds of electron donors, TEA and
BIH/TEOA. Irradiation at >450 nm for 24 h gave TONco = 6.1 for Re-TXP-Zn and no
CO formation for Re-TXP-H,; when TEA was used. In contrast, the use of BIH/TEOA in-
stead of TEA significantly promoted the catalytic reaction, resulting in TONco = 195
for Re-TXP-Zn and 13 for Re-TXP-H,. Here, BIH has a stronger reductive power
(Eox = +0.33 V vs. saturated calomel electrode (SCE)) than TEA (Eox~+0.96 V vs. SCE) [2].
The central metal ion of the porphyrin significantly contributed to the catalytic activity as
observed in M-1-Re. In addition, the TONco of Re-TXP-Zn was one order of magnitude
larger than that of the mixed system of the corresponding Zn porphyrin and Re complex
(TONco = 22), showing the advantage of the dyad system.

3. Behavior of Electrochemical Reduction of Zn Porphyrin

In the dyad systems, Zn porphyrin shows a high photosensitizing ability in the
photocatalytic CO, reduction. However, Perutz et al. reported that Zn porphyrins were
hydrogenated at the C=C bonds of the porphyrin skeleton during the photocatalytic
reaction. The UV-vis absorption spectral change in [Dyad 3 picl* showed that the Q bands
of the Zn porphyrin decreased accompanied by a growing band at 625 nm, corresponding
to chlorin species followed by isobacteriochlorin species at 620 nm at early irradiation
time. As the irradiation continued, the Q bands were eventually bleached (Figure 3) [30,31].
Noting that the CO, reduction requires multielectron reduction, it is inevitable that more
than two electrons accumulate in the catalyst, causing the hydrogenation of the porphyrin.

H H H H
H H
2e" H  2e H he
—_— Colorlfass
2H* 2H* H nH+  Species
H
| H
Porphyrin Chlorin Isobacteriochlorin
18m aromatic 18 aromatic 18m aromatic

Figure 3. A decomposition process of Zn porphyrin during the photoreduction reaction [31].

The reduction behavior of Zn porphyrin (ZnTPP) has been investigated in detail by
electrochemical reduction reactions (Figures 4 and 5). In the first and second reductions of
Zn porphyrin, the valence of the central Zn ion is unchanged, and the reduction reactions
basically occur on the m-conjugated porphyrin skeleton. The cyclic voltammetry of ZnTPP
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in DMF showed that the first reduction wave at —1.3 V was reversible, indicating that
the one-electron reduced species (OERS) of ZnTPP is stable (Figure 4) [39,40]. In contrast,
the second reduction wave at —1.7 V became irreversible at a slower scan rate, and a new
anodic peak at —0.5 V appeared. The new peak corresponds to the oxidation of the phlorin
anion formed by protonation of the two-electron-reduced species of ZnTPP. The phlorin
anion is a protonated species at the meso-position of the two-electron-reduced porphyrin.
The OERS of ZnTPP and the phlorin anion show characteristic broad absorption bands at
710 and 825 nm, respectively (Figure 4). The phlorin anion is oxidized and deprotonated to
the original ZnTPP. The phlorin anion is less stable and is also converted by protonation
into a stable chlorin [41,42]. Electrochemical measurements demonstrated that while the

two-electron-reduced species of Zn porphyrin is readily converted to Zn phlorin followed

by Zn chlorin, the OERS of Zn porphyrin is stable. Thus, we considered that the suppression

of the two-electron accumulation on Zn porphyrin by transferring the electron to the Re

complex would lead to a highly durable photocatalyst.
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Figure 4. UV-vis absorption spectra of ZnTPP (solid line) and the reduction products (OERS: broken
line, and phlorin anion: dotted line) in DMF-containing electrolytes in thin layer cell. Inset shows CV
of ZnTPP (Scan rate: 0.033 V s~1). Concentration: 1.5 x 10~3 M ZnTPP. Adapted with permission

from [39] (partially modified). © The Electrochemical Society. Reproduced by permission of IOP
Publishing. All rights reserved.
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of UV—vis absorption spectra.
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4. Porphyrin-Re Complex Dyads with Direct and Orthogonal Connection

We designed the porphyrin-Re complex dyads in which a Re phen tricarbonyl com-
plex was directly connected with a free-base or Zn porphyrin at the meso-position of the
porphyrin (MP-phen=Re in Figure 6) [43,44]. It is noteworthy that the phen ligand and
the porphyrin ring are oriented orthogonally and each Re complex and porphyrin unit are
not conjugated. In MP-phen=Re, it is expected that the rapid electron transfer of the re-
duced porphyrin to the Re complex prevents electron accumulation on the porphyrin part.
Figure 7 shows the UV-vis absorption spectra of ZnP-phen=Re, ZnP-phen and H,P-
phen=Re compared with that of a widely used Ru complex ([Ru(dmb);]?*; dmb = 4,4'-
dimethyl—2,2’ -bipyridine). The absorption coefficients of the Soret bands for ZnP-phen=Re,
ZnP-phen, and H,P-phen=Re (¢ > 200,000 M~ cm~!) are more than one magnitude larger
than that of [Ru(dmb);]?* (¢ ~ 15,000 M~! cm~1). In addition, the porphyrins have rela-
tively intense Q bands at more than 540 nm (e > 15,000 M~! em~1), whereas [Ru(dmb);]**
has almost no absorption bands. The broader Soret band of ZnP-phen=Re than ZnP-phen
indicates a strong electronic interaction between the Zn porphyrin and the Re complex. A
similar broadening was observed in HyP-phen=Re.

| (Top view)

Ar M = Hy, Zn

(Side view)

Ar M = Hy, Zn
MP-phen ZnP-phen=Re

Figure 6. (Left) Chemical structures of the porphyrin—Re complex dyads with direct and orthogonal
binding (MP-phen=Re) and the corresponding porphyrins (MP-phen). (Right) Molecular model of
ZnP-phen=Re optimized using a density functional theory calculation [43,44].
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Figure 7. UV-vis absorption spectra of ZnP-phen=Re, ZnP-phen, and H,;P-phen=Re with
[Ru(dmb);]?* [43,44].
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The strong electronic interactions observed in the UV-vis absorption spectra also
affected the emission spectra. The fluorescence of the free-base and Zn porphyrins was
almost completely quenched by the introduction of the Re complex. Considering that the
fluorescence quenching occurs even in HyP-phen=Re, in which the intramolecular electron
transfer from the S; of porphyrin to the Re complex is thermodynamically very unfavorable,
the quenching was induced by a rapid intersystem crossing caused by the heavy Re atom.
Surprisingly, the emission spectrum of ZnP-phen=Re measured in carefully degassed
N,N-dimethylacetamide (DMA) under Ar showed weak but distinct room temperature
phosphorescence of Zn porphyrin at ca. 800 nm (Figure 8) [43]. Herein, DMA is a sol-
vent practically used for the photocatalytic CO, reduction [45]. Phosphorescence of Zn
porphyrin is generally not observed at room temperature, but the heavy atom effect of Re
would induce a unique room temperature phosphorescence. In contrast, H;P-phen=Re did
not show room temperature phosphorescence under the same conditions, probably because
free-base porphyrin has a much lower phosphorescent ability than Zn porphyrin [44,46].
The phosphorescence of the Zn porphyrin was efficiently quenched by the electron donor,
BIH, whereas the fluorescence at 610 and 660 nm was hardly quenched. This reflects that
the intermolecular electron transfer with BIH more efficiently proceeds with the long-lived
T than the short-lived S; of porphyrin. The efficient phosphorescence quenching indi-
cates that the quantitative photoinduced electron transfer occurs from BIH to the T; of
ZnP-phen=Re.

Intensity /a.u.

600 650 700 750 800 850
Wavelength / nm

Figure 8. Emission spectra of ZnP-phen=Re in the presence of various amounts of BIH. Excited at
560 nm in Ar-saturated DMA at 298 K [43].

Photocatalytic CO, reductions using ZnP-phen=Re and H,P-phen=Re were carried
out in DMA-containing BIH as the electron donor under irradiation at 420 nm (without
phenol (PhOH) in Figure 9a) [44]. The dyads gave CO with high selectivity (>99.9%)
without forming formic acid and hydrogen. In the mixed system of ZnTPP and the
corresponding Re complex as a control experiment, the color of the initial solution suddenly
faded because of the decomposition of ZnTPP at the commencement of the irradiation, and
the reaction was stopped (TONco ~ 6). This would result from the electron accumulation
of ZnTPP, causing the bleaching. The TONo for ZnP-phen=Re reached more than 500,
whereas the TON¢o for H,P-phen=Re resulted in a lower value (<200). The electrochemical
measurements showed that the Re complex part was more readily reduced than the Zn
porphyrin part in ZnP-phen=Re, whereas in HyP-phen=Re, the free-base porphyrin was
more readily reduced, indicating that the OERS localizes the electron on the free-base
porphyrin part. This difference in electrochemical structure would lead to a difference in
the photocatalytic durability.
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Figure 9. (a) Time dependences of CO formation during irradiation at 420 nm in CO;-saturated DMA
solutions containing BIH (1000 equiv against the Re complex) in the presence of ZnP-phen=Re with
(red filled circle) and without PhOH (red open circle), HP-phen=Re (green open triangle), and a
mixed system of ZnTPP and fac-Re(phen)(CO)3Br (Re) (blue open circle). (b) Further addition of BIH
to ZnP-phen=Re after 42 h of irradiation in the presence of PhOH [43,44].

PhOH is reported to be a proton source that can promote the CO, reduction reaction
on the Re complex [47], suppressing the electron accumulation in ZnP-phen=Re. The
addition of PhOH enhanced the rate of CO production for ZnP-phen=Re (red filled circle
in Figure 9a). The enhancement by PhOH was not observed in HyP-phen=Re. The TONco
of ZnP-phen=Re reached more than 900, corresponding to an almost quantitative amount
of added BIH (1000 equiv against the Re complex) and further addition of 500 equiv of
BIH to the reaction mixture restarted the photocatalytic system with the same reaction
rate (Figure 9b). The TON(p finally reached more than 1300. In addition, the rate of
CO production remained constant like a zero-order reaction until BIH was completely
consumed. It was considered that the electron transfer from BIH through the long-lived T,
of the Zn porphyrin proceeded efficiently, even if the concentration of BIH became lowered.
This process was also supported by the energy diagram that was estimated from the photo-
and electrochemical measurements (Figure 10). These results indicated that ZnP-phen=Re
showed very high durability for the photocatalytic CO, reduction, which is attributed to
the neighboring Re complex part, which acts as an electron reservoir to suppress electron
accumulation on the porphyrin. The reaction proceeded similarly by exciting the Q band of
the zinc porphyrin with 560 nm light. The reaction quantum yields for the CO formation
were estimated using weak light upon excitation to the S; (Aex = 420 nm) and the S;
(Aex = 560 nm) to be the same high values of 8%, indicating no deactivation process from
the S; to the S;. The dyad of ZnP-phen=Re achieved not only high durability but also high
reaction efficiency.

We also carried out the photocatalytic CO, reduction using ZnP-phen=Re with TEA
as the electron donor (Figure 11a) [44]. The TONco for ZnP-phen=Re reached a value of
23 after 60 h and the CO production continued even after 60 h. Although the CO formation
was selectively observed, the TONco was an order of magnitude lower than that using
BIH. However, the value of TONco > 25 was the highest in the reported dyads composed
of a porphyrin and a Re complex in close proximity. The UV-vis absorption spectral
change during irradiation showed the formation of Zn chlorin species at early irradiation
time (Figure 11b). The time profile with an inflection point at ca. 10 h indicated that the
formed Zn chlorin continued the catalytic reaction despite a lower activity of the chlorin
than the porphyrin in ZnP-phen=Re. In contrast, the reaction solutions of HyP-phen=Re
and the mixed system were bleached, and the reactions were terminated after 10 h. The
effect of the proton source was also examined in the reaction using ZnP-phen=Re and BIH,
showing that trifluoroethanol also enhanced the catalytic reaction. The addition of acetic
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acid caused a rapid bleaching of the porphyrin, suggesting that the formation of the Re
hydride complex induces the hydrogenation of the porphyrin skeleton instead of hydrogen
or formic acid production.

1ZnP**-phen=Re + BIH ...
Sy

A 92 ;
%1ZnP*-phen=Re +BIH _OERS |
2 2.05 eV Su ZnP' “phen=Re + BIH"
el l 1.69 eV
3ZnP*-phen=Re + BIH T1 ZnP-phen=Re’~ + BIH"*
1.64 eV e 1.61 eV

A NN

hv

ZnP-phen=Re + BIH o

Figure 10. Energy diagram of ZnP-phen=Re and BIH in DMA [43]. The double asterisk indicates the
higher excited state.
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Figure 11. (a) Time dependences of CO formation during irradiation of CO,-saturated DMA solutions
containing TEA in the presence of ZnP-phen=Re, H,P-phen=Re, or a mixed system of ZnTPP and
fac-Re(phen)(CO);Br (Re) under irradiation at 420 nm. (b) UV-vis absorption spectral change in
ZnP-phen=Re during the irradiation.

5. Special Pair Mimic Porphyrin Connected with Re Complex(es)

We reported porphyrin—Re complex systems that drive the photocatalytic CO; re-
duction by a different reaction mechanism from the T;-mediated mechanism observed in
the above dyad (Figure 12 left). The porphyrin parts are composed of a slipped-cofacial
coordination dimer that is formed by the complementary coordination from the imidazolyl
to the Zn ion [48,49]. The dimer mimics the special pair in the photosynthetic systems well.
The dimer can delocalize a radical anion or cation over two porphyrins, which accelerates
the CS rate in the photoinduced electron transfer and decelerates the charge recombination
rate. Therefore, the dimer stabilizes the CS state [50,51]. In the porphyrin—-Re complex
systems shown in Figure 12 (left) the porphyrin units of the dimer are connected to each
other through covalent bonds on the olefin moieties at the meso-positions of the porphyrin,
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and the dimers have Re complex(es) on either one side (ReD’) or two sides (ReD’Re) via
phenylene linker(s) [52].

300,000 f H a
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< A ,
3 n D
3 o ,
_ ﬁ | ReD’Re
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£ 200,000 S ' €
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w £ _L’.I/’\»_‘\*-_
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_____ D'
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ReD'
0
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Wavelength/nm

Figure 12. (Left) Chemical structures of the porphyrin dimers without (D’) and with the Re com-
plex(es) (ReD’Re and ReD’). (Right) UV-vis absorption spectra of D/, ReD’Re, and ReD’ in DMA.
The inset presents fluorescence spectra of D/, ReD’Re, and ReD’ in DMA at 298 K.

The UV-vis absorption spectra of D’, ReD’Re, and ReD’ (Figure 12 right) showed
that the Soret band split into two peaks due to strong exciton coupling between the two
porphyrins in the dimer [49]. In contrast, the Q band was negligibly small due to the
smaller oscillator strength. The broader Soret band caused by the exciton coupling enables
the use of a very wide wavelength range of visible light for photocatalytic reactions. The
fluorescence spectra of ReD’Re, and ReD’ (Figure 12 right) were significantly quenched in
polar DMA (dielectric constant: & = 38.3) compared with D’ and the fluorescence quench-
ing was not observed in less-polar toluene (&5 = 2.43), indicating that the intramolecular
electron transfer from the S; of porphyrin dimer to the Re complex occurs in ReD’Re and
ReD’. This behavior is in contrast to ZnP-phen=Re. In addition, no room-temperature
phosphorescence was observed in ReD’Re and ReD’.

Photocatalytic CO, reduction was first carried out in a DMA solution containing
ReD’ using BIH as the electron donor by irradiating at 560 nm, but only a trace amount of
CO was detected. The addition of TEOA dramatically increased CO production, whose
TONco reached 2800 after 18 h without H, and formic acid formation (Figure 13). TEOA
would contribute to assist trapping CO, by forming the Re(bpy)(CO)3(CO,-TEOA) species,
facilitating the catalytic reaction on the Re complex [53]. The time profile for the reaction
using ReD’Re was similar to that using ReD’ in the same amount of CO production,
indicating that the absorbed light energy can be used by one Re complex site for the CO,
reduction reaction and that the catalytic activity of the Re complex is unaffected by the
other Re complex. It is noted that obtaining the same amount of CO means that ReD’Re,
which has two Re complex sites, is half that of ReD’ when converted to TONco against the
Re atom. The TONco of ReD’ was an order of magnitude higher than the value (172 after
18 h) of ZnP-phen=Re under the optimal conditions (Figure 13). Herein, in ZnP-phen=Re,
TEOA promoted the formation of chlorins and decreased the reaction rate, whereas in
ReD’Re and ReD TEOA did not react with the porphyrin dimer.

The reaction quantum yields for ReD'Re and ReD’ gave the same values of ca. 2%
upon excitation to the S, of the porphyrin by Aex = 420 and 450 nm and to the S; by
Aex = 560 nm. Considering that the reaction quantum yield of ZnP-phen=Re was 8%
in DMA containing PhOH, these values were lower than expected and did not seem to
reflect the reaction rate in Figure 13. We focused on the fact that the difference between
the measurements of reaction quantum yield and TONg is the light irradiation intensity.
Figure 14a shows the relationship between the reaction quantum yield and the irradiation
light intensity at 560 nm for ReD’ and ZnP-phen=Re. The reaction quantum yield of
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ReD’ was independent of the light intensity, whereas that of ZnP-phen=Re significantly
decreased as the light intensity increased. The decrease in the reaction quantum yield by
increasing the irradiation light intensity would result from the accumulation of the OERS
of porphyrin, which absorbs 560 nm light. This behavior is rather commonly observed in
photocatalytic systems as the inner-filter effect caused by OERS absorption [54]. Figure 14b
shows that the OERS of porphyrin accumulated during the irradiation in ZnP-phen=Re,
whereas in ReD’, the OERS did not form during the irradiation. This spectral invariance
would lead to the insensitivity of the reaction quantum yield to the irradiation light intensity.
Therefore, even under excitation with intense light, the photocatalytic CO, reduction using
ReD’ proceeds without deactivation caused by the internal filter effect in which the OERS
absorbs light, as observed in general photosensitizers. It is noteworthy that ZnP-phen=Re
showed high durability even though the OERS of porphyrin accumulated. This indicates
that the OERS of porphyrin is not a species that directly decomposes the photocatalyst.

3000
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oc to

(o]
= 1500 DMA/TEOA
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O 1 1 1 1
0 5 10 15 20
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Figure 13. CO formation with time during irradiation at 560 nm from LED lamps for CO,-saturated
DMA solutions in the presence of BIH, containing either (red filled circle) ReD’ with TEOA or (blue
open circle) ZnP-phen=Re with PhOH.

To clarify whether the dimeric structure of the porphyrin contributes to the catalytic
activity, photocatalytic CO, reductions were carried out under the same conditions in a
coordination solvent of dimethyl sulfoxide (DMSO) using ReD’Re and ReDRe in which
the porphyrin units of the dimer are “not” connected to each other through covalent bonds
on the olefin moieties at the meso-positions of the porphyrin. In DMSO, ReDRe dissociated
into the DMSO-coordinated monomer under micromolar-order concentration conditions.
Figure 15 shows the time profile of CO production upon excitation at the Q band, which is
similar between the monomer and dimer. In ReD’Re, the TONo reached 1800 (based on
the Re atom), which was much larger than in the system using the porphyrin monomer
(ReDRe). The UV-vis spectral changes during irradiation show that the spectrum of
ReD’Re hardly changed, as observed at the bottom of Figure 14b, but the spectrum of the
monomer significantly decreased by the hydrogenation of the porphyrin. The dimer is
superior to the monomer in durability. BIH produces a very strong reductant, BI® [18],
and the two-electron-reduced species on the porphyrin unit can be generated. Even when
the two-electron-reduced porphyrin is formed, the dimeric structure can share electrons
between the two porphyrins of the dimer, suppressing the hydrogenation of the porphyrin.

A plausible reaction diagram is shown in Figure 16. The porphyrin dimer can absorb
a wide wavelength range of visible light to give the S; of porphyrin. The fluorescence
quenching showed that efficient intramolecular electron transfer occurred to give the CS
state, which is stabilized with the dimeric structure. Because a rapid back-electron-transfer
process from the CS to the ground state should compete with the catalytic reaction, the
addition of TEOA, which assists the formation of CO, adduct with the Re complex and
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promotes the following subsequent reaction after reduction of the Re complex, would be
essential. With the assistance of TEOA, the transient-reduced Re complex would rapidly
react with CO; to afford a more stable reaction intermediate that suppresses the back-
electron transfer. In this mechanism, BIH neutralizes the cation radical of the porphyrin
to give the ground state porphyrin, and no long-lived OERS of porphyrin is formed. The
above results indicate that ReD’ (ReD’Re) proceeds by a different mechanism from that of
ZnP-phen=Re and shows an extremely high activity under irradiation with intense light.
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Figure 14. (a) Relationship between the reaction quantum yield and the irradiation light intensity
at 560 nm in CO,-saturated DMA solutions containing BIH for (red circle) ReD’ with TEOA and
(blue square) ZnP-phen=Re with PhOH. (b) UV-vis absorption spectral changes in ZnP-phen=Re
(5.0 uM) and ReD’ (2.5 uM) during the irradiation at 560 nm (0.35 x 107 einstein s 1). Red dotted
lines show the spectra of resulting solutions after standing for 2 d in the dark.
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Figure 15. CO formation with time during irradiation at 560 nm from LED lamps for CO,-saturated
DMSO-TEOA solutions containing ReD’Re (2.5 pM) and ReDRe (2.5 pM) in the presence of BIH
(0.01 M, 2000 equiv against the Re complex). The TONg is calculated against the Re atom.
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Figure 16. An energy diagram of ReD’ and BIH in DMA-TEOA. The “Re” corresponds to the
TEOA-CO, adduct, which can change into a more stable reaction intermediate after reduction by the
intramolecular electron transfer.

6. Conclusions

In the photocatalytic CO, reduction, Zn porphyrins are hydrogenated and bleached
during the irradiation, and the catalytic reaction is stopped. The durability of Zn por-
phyrins is improved by suppressing the accumulation of more than two electrons on the Zn
porphyrins. We designed two types of Zn porphyrin-Re complex systems, ZnP-phen=Re
and ReD’ (ReD'Re). In ZnP-phen=Re, the photocatalytic CO, reduction proceeds via the
initial electron transfer from BIH to the long-lived T;. Further electron accumulation in
the OERS of the porphyrin would be suppressed by the rapid electron transfer to the Re
complex. The efficient initial electron transfer via the Ty achieves the high reaction quantum
yield (8%) of CO production. In ReD’ (ReD’Re), the reaction mechanism via the CS state
does not give the long-lived OERS of porphyrin, so no species that inhibits light absorption
is accumulated. Therefore, the high TONco reaching 2800 for ReD’” under irradiation
of relatively intense light at 560 nm can be achieved. However, in ReD’ (ReD’Re), the
competitive back-electron transfer from the CS to the ground state limits the reaction quan-
tum yield to 2%. Both systems have advantages and disadvantages, and it is necessary to
elucidate the reaction mechanism in detail by time-resolved measurements and to develop
better photocatalysts by improving the molecular design based on the mechanism.

This paper did not describe the second electron required for the CO, reduction reaction.
The second reduction process is important for a better understanding of the reaction
mechanism. However, this process is thought to be much faster than the initial process. So
far, the second reduction process has not been directly observed even in the mononuclear
Re complex or the Ru—Re complex systems [55,56]. To observe the second reduction process,
new measurement methodologies and instruments are required.
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