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Significance of the connecting position between
Zn(u) porphyrin and Re(l) bipyridine tricarbonyl
complex units in dyads for room-temperature
phosphorescence and photocatalytic CO,
reduction: unexpected enhancement by
triethanolamine in catalytic activityf

*ab Yyto Suzuki,® Somyo Asai,© Tomohiro Suzuki,©
*< and Akiharu Satake () *2°

Yusuke Kuramochi,
Hiroki lwama,® Motoko S. Asano

We synthesized three new dyads composed of a Zn porphyrin and fac-Re(bpy)(CO)sBr (bpy = 2,2'-
bipyridine) units, ZnP-nBpy=Re® (n = 4, 5, and 6), in which the porphyrin is directly connected at the
meso-position through the 4-, 5-, or 6-position of the bpy. We investigated the relationships between
the connecting positions and the photophysical properties as well as catalytic activity in the CO,
reduction reaction. The dyad connected through the 6-position, ZnP-6Bpy=Re®, showed obvious
phosphorescence with a lifetime of 280 ps at room temperature, in N,N-dimethylacetamide (DMA),
whereas the other two dyads showed almost no phosphorescence under the same conditions. The
photocatalytic CO, reduction reactions in DMA using 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]
imidazole as the electron donor and the three dyads ZnP-nBpy=Re®" selectively produced CO with
similar initial rates, but the durabilities were low. The addition of triethanolamine (TEOA) suppressed the
decomposition of dyads, improving their durabilities and reaction efficiencies. In particular, ZnP-5Bpy=
Re®" was remarkably improved—it gave the highest durability and reaction efficiency among the three
dyads; the reaction quantum vyield reached 24%. The reason for this significant activity is no
accumulation of electrons on the Zn porphyrin in ZnP-5Bpy=Re®, which would be caused by dual
interactions of TEOA with the Re and Zn ions in the dyad. As the highest catalytic activity was observed
in ZnP-5Bpy=Re®" among the three dyads, which had no room-temperature phosphorescence (RTP),
the catalytic activities and RTP properties are considered independent, but they are greatly influenced by
the connecting positions on the bpy ligand in ZnP-nBpy=Re®".

develop a photosensitizer that efficiently captures dilute
sunlight," and a catalyst that promotes the multielectron

The global warming problem and fuel resource shortage
necessitates research on artificial photosynthetic systems that
use solar energy to reduce CO, to carbon resources. In con-
structing an artificial photosynthesis system, it is essential to
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reduction reaction and suppresses H, evolution.” As a catalyst,
metal complexes are promising candidates for CO, reduction
due to their multiple accessible redox states, high activation
energies against proton reduction, and various molecular
design possibilities on the combination of appropriate metal
ions and ligands. Among them, Re(i) diimine carbonyl
complexes are advantageous as catalysts for CO, reduction
because the Re complexes almost exclusively produce CO
without the formation of H, even in aqueous solutions.?” After
the first report appeared describing the use of fac-
Re(bpy)(CO);Cl (bpy = 2,2"-bipyridine) by Lehn and co-workers
in the 1980s,® solvents containing triethanolamine (TEOA)
have often been used in many photocatalytic systems that
employ Re complexes. While TEOA acts as a sacrificial reducing
reagent, TEOA still acts as an effective additive when use is
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Fig. 1 Formation of the Re—CO,-TEOA adduct through the Re—TEOA adduct in a CO,-saturated DMF-TEOA solution.>

made of stronger and more efficient reducing reagents, where
TEOA does then not act as a reducing reagent. In particular, the
mixed solvent of DMF-TEOA (DMF = N,N-dimethylformamide)
or DMA-TEOA (DMA = N,N-dimethylacetamide)* behaves as
a “magic solvent” for photocatalytic CO, reduction when
employing Re complexes. Ishitani and co-workers found that
fac-[Re(bpy)(CO);(DMF)]" is converted to the TEOA-CO, adduct
(Re-CO,-TEOA) through the TEOA adduct (Re-TEOA) in DMF-
TEOA under a CO, atmosphere (Fig. 1).” Thus, CO, is efficiently
captured by the Re complex, with the assistance of TEOA,
facilitating the photocatalytic CO, reduction even under low-
concentration CO,.** The similar insertion reactions of CO,
into the M-OR (R = alkyl or aryl groups) bonds have been
observed® not only in Re complexes’ but also in the various
other metal complexes,®"" and are expected to be utilized in
a wide range of fields such as CO, storage/release as well as CO,
reduction reaction.

The Re complex also acts as a photosensitizer because it
exhibits absorption in the near-ultraviolet to visible region;
however, its durability is low. On the other hand, combination
with a suitable photosensitizer, such as a Ru(u) diimine complex
([Ru(N~N);]*"), improves the efficiency and durability of pho-
tocatalytic CO, reduction.? The Ru complex has relatively
strong absorption bands around 450 nm and can efficiently
drive photoinduced electron transfer reactions by excitation
with visible light. When a Ru diimine complex was connected
with a Re complex (a Ru-Re complex), the photocatalytic CO,
reduction selectively produced CO in the presence of 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH) as
an electron donor—the turnover number (TON¢p) was > 2000
and the reaction quantum yield (®¢o) was 45%."> Furthermore,
when the Ru-Re complex was combined with a semiconductor
photocatalyst, then two-step photoexcitation of the Ru complex
and the semiconductor selectively produced CO from CO, using
water as the electron donor.” The Ru diimine complexes have
been utilized as the photosensitizer by combining other metal
complex catalysts, showing high catalytic activity and durability
in not only CO, reduction reaction but also oxygen and
hydrogen evolutions from water."* However, the absorption
ability of the Ru diimine complex was insufficient for the full
utilization of sunlight on the semiconductors.* Therefore, the
accumulation of photosensitizers'® and/or the development of
photosensitizers that absorb visible light more strongly are
essential.

8744 | Chem. Sci, 2023, 14, 8743-8765

In natural photosynthetic systems, networks of chlorophylls
efficiently capture dilute photons from the sun and utilize the
absorbed solar energy to produce chemical energy.”” Zn
porphyrins are chlorophyll analogues—they have strong
absorption bands in the visible region—and are used as
photosensitizers in the photocatalytic CO, reduction.'s>°
However, the use of Zn porphyrins as photosensitizers is often
limited due to their poor stability under the photocatalytic
reduction conditions because the accumulation of more than
two electrons on the Zn porphyrins leads to hydrogenation,
which finally results in color bleaching.'*%*!

Recently, we reported that photocatalytic CO, reduction
using a dyad (ZnP-phen=Re, Fig. 2a) in which fac-
Re(phen)(CO);Br (phen = 1,10-phenanthroline) is directly
linked to 2Zn tris(4-tert-butylphenyl)porphyrin selectively
produced CO with a high reaction quantum yield (9co = 8%)
and a high durability (TON¢o > 1400) in the presence of phenol
as proton source and BIH as electron donor.” The high dura-
bility is achieved by efficient electron transfer from the
porphyrin to the adjacent Re complex where electrons are
consumed by CO, reduction, thus suppressing the formation of
two-electron reduced porphyrin that causes hydrogenation of
the C=C bonds of the porphyrin skeleton. The high reaction
quantum yield would be contributed to by the initial electron
transfer from BIH through the long-lived excited triplet state
(T;) of porphyrin, enabling the excited species to be fully
utilized in the electron transfer.?** The efficient electron transfer
from the T, is evidenced by the fact that the room-temperature
phosphorescence (RTP) of the Zn porphyrin unit is remarkably
quenched by a trace amount of BIH. In general, the phospho-
rescence from Zn porphyrin is not observed at room tempera-
ture, but only at low temperature. Thus, the unique RTP from
the Zn porphyrin unit in ZnP-phen=Re would be imposed by
the spin-orbital coupling by the heavy atoms of the Re complex.

In another paper, we reported that a slipped-cofacial
porphyrin dimer (ReD’, Fig. 2b) mimicking the natural special
pair in photosynthesis exhibits high catalytic activity even under
irradiation with strong light.*® This is attributed to the intra-
molecular electron transfer from the lowest excited singlet state
(S1) of the porphyrin dimer to the Re complex unit, rather than
the electron transfer through the T; of the porphyrin, resulting
in no accumulation of the one-electron reduced species (OERS)
on the porphyrin that causes the inner-filter effect.”*** However,
ReD’ requires a high concentration of BIH, yet the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures of (a) a previously reported dyad (ZnP-phen=Re)? and (b) the special-pair mimic porphyrin dimer (ReD’).?

quantum yield is still lower (2%) than that of ZnP-phen=Re
under weak light irradiation because a rapid back-electron
transfer process generally competes with the catalytic reaction
in the intramolecular charge-separated state.

ZnP-phen=Re exhibits unique properties: RTP from the Zn
porphyrin and excellent activity for photocatalytic CO, reduc-
tion. However, it is unknown how the spatial distance and
connecting positions between the Zn porphyrin and the Re
complex units affect the RTP and the photocatalytic activity.
Although the phen ligand was reported to show interesting
properties, systematic modification of the phen part does not
seem to be easy. The bpy ligand is used instead of the phen
because the structure of bpy can be easily synthesized from
a pyridyl precursor by a Pd-catalyzed coupling reaction, and
various substituents can be introduced at the bpy part.
Furthermore, in a fac-Re(diimine)(CO);Br-type complex the bpy
ligand exhibits similar photocatalytic activity for CO, reduction
to the phen ligand.*®

We have synthesized three new dyads, ZnP-nBpy=Re®" (n =
4, 5, and 6), in which fac-Re(bpy)(CO);Br (bpy = 2,2"-bipyridine)
is directly connected with Zn(u) tris(2,4,6-trimethylphenyl)
porphyrin at the meso-position through the 4, 5, or 6-position
of the bpy (Fig. 3). The photochemical properties of ZnP-nBpy=
Re®" were investigated, including RTP and photocatalytic
activity for CO, reduction. When using ZnP-nBpy=Re®" in DMA

Mes OC\ CcO
S Br=Re'"1CO
P

ZnP-5Bpy=Re®"

oc, co

00
/» Mes =
=N Br

ZnP-4Bpy=Re®"

Fig. 3 Structures of three dyads, ZnP-nBpy=Re®" (n = 4, 5, and 6).

© 2023 The Author(s). Published by the Royal Society of Chemistry

containing BIH as the electron donor, the photocatalytic CO,
reduction had comparable initial production rates of CO as
achieved with ZnP-phen=Re. The catalytic activities of ZnP-
nBpy=Re® were remarkably enhanced in the presence of
TEOA, whereas ZnP-phen=Re was rather deactivated with
TEOA. The reaction quantum yield reached the high value of
Do = 24% in ZnP—5pr=ReB’; it showed little RTP. The reac-
tion quantum yield of ZnP-5Bpy=Re®" was more than twice that
of the other dyads. ZnP-5Bpy=Re®" suppressed the electron
accumulation at the porphyrin unit during the photocatalytic
CO, reduction with unexpected specific assistance of TEOA.

Results and discussion
Synthesis

The synthetic route is shown in Scheme 1. Porphyrins in which
a bpy group is directly connected at the meso-position have been
synthesized by various procedures.” > We selected a synthetic
route in which the bromopyridyl-substituted porphyrins are
first synthesized and then a pyridyl group is introduced by
reaction with the porphyrins using Pd-catalyzed Migita-Kosugi-
Stille coupling.*® Three types of bromopyridyl-substituted
porphyrins were synthesized by the Lindsey method*' in the
presence of pyrrole and 2,4,6-trimethylbenzaldehyde using 2-
bromo-pyridine derivatives with a formyl group at the 4-, 5-, or 6-
position. Zinc metalation of the free-base porphyrins was per-
formed prior to the subsequent coupling reaction to prevent
coordination of the palladium ion to the porphyrin center. The
coupling reaction using 2-(tributylstannyl)pyridine in the pres-
ence of Pd(PPh;), followed by purification with silica gel and
anhydrous K,COs/flash silica gel (1:9 w/w)*> afforded pure
porphyrins with a bipyridyl group, ZnP-nBpy. The reaction of
ZnP-nBpy with one equivalent of Re(CO);Br followed by recrys-
tallization from CHCl,/ethanol afforded ZnP-nBpy=Re"".

All signals of the "H NMR spectra were assigned using 2D
NMR (‘H-'H correlation spectroscopy (COSY)). Judging from
the three CO signals in >C NMR spectra (Fig. S41, $46, and
S511) and the patterns of the CO stretching bands in the
infrared (IR) spectra (KBr pellets) (Fig. S44, S49, and S547),** the
facial Re complexes are obtained as shown in Fig. 3.

We also prepared ZnP-5Bpy=Re™““N and ZnP-6Bpy=
Re™“N by replacing the bromide ion with acetonitrile using

Chem. Sci., 2023, 14, 8743-8765 | 8745
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Scheme 1 Synthetic routes of ZnP-nBpy=Re®" (n = 4, 5, and 6).
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Scheme 2 Synthesis of ZnP-nBpy=Re and ligand substitution of acetonitrile to DMA.

silver ions in the Re complex unit (Scheme 2). The substitutions >540 nm (Fig. 4a). Upon comparing the spectra of ZnP-nBpy and
of acetonitrile ligands with DMA in DMA solutions were ZnP-nBpy=Re®™, we note that the introduction of the Re tri-
confirmed by the observed changes in the stretching vibrations carbonyl complex broadens the Soret bands and slightly red-

of CO in the IR spectra (Fig. S651).%* shifts the Q-bands (Table 1 and Fig. S667). This behavior was
also observed in ZnP-phen=Re. Judging from the largest full
Photophysical properties width at half maxima (FWHM) of the Soret bands (Fig. 4a inset

and Table 1), the electronic interaction of ZnP-6Bpy=Re®" is

The UV-vis absorption spectra of the dyads in DMA show Br
stronger (FWHM = 24 nm) than that of ZnP-4Bpy=Re"" (FWHM

intense Soret bands at approximately 430 nm and Q-bands at

250 50 -
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Fig. 4 (a) UV-vis absorption spectra of ZnP-nBpy=Re®" (n = 4, 5, and 6) in DMA. Inset shows magnification of the Soret bands. (b) Fluorescence
spectra of ZnP-any=ReE’r (n =4, 5, and 6) in Ar-saturated DMA (Ao, = 560 nm) at 298 K. Inset shows spectra in Ar-saturated toluene (Ax = 553
nm) at 298 K. The fluorescence spectra were normalized with absorbance at the excitation wavelength.
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Table 1 Absorption data in DMA, and fluorescence data in toluene and DMA?

dF

Jabs/nm (/10" M~ em ™) FWHM/nm Jeml/MM DMA Toluene
ZnP-4Bpy 428 (50), 561 (1.7), 600 (0.52) 7.8 606 3.6% 3.3%
ZnP-4Bpy—Re™ 430 (19), 563 (1.3), 608 (0.45) 17 617 2.0% (0.56) 1.8% (0.55)
ZnP-5Bpy 429 (44), 562 (1.7), 602 (0.65) 9.4 605 2.6% 3.6%
ZnP-5Bpy—Re™" 430 (21), 564 (1.5), 609 (0.66) 18 621 1.1% (0.42) 2.2% (0.61)
ZnP-6Bpy 428 (42), 561 (1.5), 600 (0.44) 8.2 605 4.2% 3.6%
ZnP-6Bpy—=Re™ 431 (15), 566 (1.5), 608 (0.36) 24 611 ~0.02% (~0.004) ~0.03% (~0.009)
ZnP-phen—Re 430 (20), 565 (2.1), 606 (0.89) 29 610 ~0.06% ~0.04% (~0.01)

“ The solutions were degassed by bubbling with Ar gas. Excited at 560 nm in DMA and 553 nm in toluene. > ITn DMA. ¢ The values in parentheses are
the ratio to the fluorescence quantum yield of the corresponding porphyrin before the introduction of the Re complex.

=17 nm) and ZnP-5Bpy=Re® (FWHM = 18 nm). On the other
hand, broadening of the absorption band occurs regardless of
the distance between the Zn and Re atoms (Fig. S671), sug-
gesting that the electronic interaction is mediated via the
bipyridine moieties. The solvent-substituted dyads, ZnP-5Bpy=—
Re®™* and ZnP-6Bpy=Re"™", exhibited nearly identical
absorption spectrum shapes to their corresponding Br-
substituted dyads (Fig. S681). The charge of the Re complex
unit seems to have little effect on the absorption of the
porphyrin unit.

Fluorescence spectra of the dyads are shown in Fig. 4b.
Herein, DMA can coordinate to the central Zn ion of the
porphyrin, affecting the spectral shape and wavelength.??” The
fluorescence of the porphyrin is almost completely quenched in
ZnP-6Bpy=Re"™", while the fluorescence quenching due to the
introduction of the Re complex is moderate in ZnP-4Bpy=Re"™"
and ZnP-5Bpy=Re®" (Table 1 and Fig. $691). The fluorescence
lifetimes were measured in polar DMA (Fig. S70-S73%) and less
polar toluene, to estimate the radiative and nonradiative rate
constants together with the fluorescence quantum yields (Table
2). Upon comparing ZnP-6Bpy with ZnP-6Bpy=Re"", we note
that the nonradiative rate constants are remarkably enhanced
by the introduction of the Re complex regardless of the solvent
(kar = 3.8 x 10® s~ for ZnP-6Bpy and ~1 x 10'' s™* for ZnP-
6Bpy=Re” in DMA), suggesting that there is a rapid inter-
system crossing (ISC) induced by the Re complex. A large &,
value was also observed in ZnP-phen=Re. In ZnP-4Bpy=Re""

and ZnP-5Bpy=Re"™, the nonradiative rate constants were also
enhanced by introduction of the Re complex, although the
extent of enhancement is not as great as in ZnP-phen=Re and
ZnP-6Bpy=Re"™". In all the dyads, the k. values are independent
of the solvent polarity, indicating that the main nonradiative
process from the S; of the porphyrin is the ISC on the porphyrin,
which is imposed by the Re complex, rather than the photoin-
duced electron transfer from the S; of the Zn porphyrin unit to
the Re complex unit as observed in ReD’ (Fig. 2).2* The non-
radiative rate constant from the S; of the porphyrin of ZnP-
6Bpy=Re®" is approximately two orders of magnitude greater
than for the other two dyads (1.3 x 10° and 1.5 x 10° s™* for
ZnP-4Bpy=Re®™ and ZnP-5Bpy=Re® in DMA, respectively),
suggesting that the Zn porphyrin connected through the 6-
position of the bpy is significantly influenced by spin-orbit
coupling by the Re complex, whereas the porphyrins connected
through the 4- and 5-positions are similarly and moderately
affected.

ZnP-phen=Re showed phosphorescence from the Zn
porphyrin in Ar-saturated DMA even at room temperature;*>*
ZnP-6Bpy=Re®" showed similar RTP. Fig. 5a shows the emis-
sion spectra at room temperature with delay time > 90 ps after
the excitation pulse. The emission lifetimes were estimated to
be 230 and 280 ps for ZnP-phen=Re and ZnP-6Bpy=Re"",
respectively (Fig. 5b). Observation of the phosphorescence
spectrum for Zn porphyrin at room temperature is extremely
rare in solution.

Table 2 Fluorescence lifetimes (zg), radiative (k,) and nonradiative rate constants (k) from the S; of porphyrin at room temperature®?

In DMA In toluene

T¢/ns k/10° s1 kne/10° 571 7¢/ns k/10° s7* knt/10° 571
ZnP-4Bpy 2.2 0.016 0.44 2.1 0.016 0.46
ZnP-4Bpy=Re™" 0.76 0.026 1.3 0.57 0.032 1.7
ZnP-5Bpy 2.5 0.010 0.39 2.5 0.014 0.39
ZnP-5Bpy=Re™* 0.68 0.016 1.5 0.67 0.033 1.5
ZnP-6Bpy 2.5 0.017 0.38 2.5 0.014 0.39
ZnP-6Bpy=Re"" ~0.01 ~0.02 ~100 ~0.01 ~0.03 ~100
ZnP-phen=Re ~0.02 ~0.03 ~50 ~0.02 ~0.03 ~70

“ Excited at 406 nm (FWHM 70 ps) in DMA and in toluene. ?

© 2023 The Author(s). Published by the Royal Society of Chemistry

Radiative rate constant: k, = @¢/t¢. Nonradiative rate constant: k,, = 1/7¢ —

Chem. Sci., 2023, 14, 8743-8765 | 8747
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Fig. 5 (a) Phosphorescence spectra of ZnP-phen=Re and ZnP-6Bpy=Re®" in Ar-saturated DMA (o, = 405 nm) at room temperature. The
spectra were recorded with delay time > 90 us after the excitation pulse. (b) Phosphorescence decay profiles (semilog plot) of ZnP-phen=Re and
ZnP-6Bpy=Re®" in Ar-saturated DMA (1o, = 405 nm) at room temperature, monitored at 800 and 920 nm. The decay profiles were fitted with

one component (red lines).

In contrast to ZnP-6Bpy=Re®", ZnP-4Bpy=Re®" showed very
weak phosphorescence, while phosphorescence from ZnP-
5Bpy=Re"" was hardly detected in DMA (Fig. 6a and S747). The
phosphorescence lifetimes of ZnP-4Bpy=Re® and ZnP-5Bpy=
Re®" were preliminarily estimated to be several tens of micro-
seconds—this is an order of magnitude smaller than for ZnP-
6Bpy=Re"". Considering that almost no phosphorescence was
observed, the shorter lifetimes would originate from competi-
tive rapid thermal deactivation processes.

To investigate the electron transfer process through the T; of
the porphyrin, quenching experiments with the addition of BIH
were carried out. As observed in ZnP-phen=Re,*** the phos-
phorescence of ZnP-6Bpy=Re®" was efficiently quenched by the
addition of BIH (Fig. 6b). The Stern-Volmer constant was esti-
mated to be Kgy = 11000 M. On the other hand, compared
with the value of ZnP-phen=Re (Ksy = 180000 M '),>** the
value of 11000 M~ for ZnP-6Bpy=Re®" is almost an order of
magnitude smaller. Considering that the phosphorescence
lifetimes of ZnP-phen=Re (230 us) and ZnP-6Bpy=Re"" (280
us) are similar, the smaller Stern-Volmer constant in ZnP-
6Bpy=Re"” would come from the smaller quenching rate
constants (k) due to the slower electron transfer rate from BIH
to the excited porphyrin (vide infra).

We also performed emission measurements on ZnP-5Bpy=—
Re®™* and ZnP-6Bpy=Re"™* (Fig. S751), showing that the
fluorescence intensities remained unchanged, and in the case
of ZnP-6Bpy=Re”™*, the RTP was observed. This suggests that
even in the dyads with the solvent-substituted cationic Re
complexes, the intramolecular photoinduced electron transfer
is a minor process, contrasting with previous studies******* and
observation in ReD’.? In our system, the porphyrin and Re

8748 | Chem. Sci, 2023, 14, 8743-8765

complex are in close proximity. This proximity effect may
destabilize charge-separated states and lead to intersystem
crossing. To clarify these details, further time-resolved absorp-
tion and infrared spectroscopic measurements are currently
underway.

Electrochemical properties

Cyclic voltammograms (CVs) of the ZnP-nBpy series show that
first reduction waves are reversible in Ar-saturated DMA
(Fig. S76,1 dotted lines), indicating that the OERS of the Zn
porphyrin is stable in DMA. The redox potentials obtained from
the differential pulse voltammograms (DPVs) of the dyads and
the corresponding porphyrins are summarized in Table S1.}
The first reduction peaks of the ZnP-nBpy=Re"" series appear at
—1.68V (n=4),—-1.64V (n=5),and —1.76 V (n = 6), which are
on the more positive side than the reduction peaks (—1.84 to
—1.87 V) of the ZnP-nBpy series. The first reduction potentials of
the ZnP-nBpy=Re®" series were rather similar to that of fac-
Re(bpy)(CO);Br (—1.73 V). Density functional theory (DFT)
calculations with consideration of the solvent (Fig. S771) indi-
cate that the lowest unoccupied molecular orbitals (LUMOs)
and spin density plots for the OERS are abundantly distributed
on the Re complex (Fig. S78 and S797), indicating that the first
reductions of the dyads occur mainly on the Re complex units of
the ZnP-nBpy=Re™ series in the electrochemical measure-
ments. The reduction potentials of the ZnP-nBpy series are
more negative (—1.84 to —1.87 V) than that of the porphyrin unit
of ZnP-phen=Re (—1.79 V).** The reduction potential of Zn
meso-tetramesitylporphyrin (ZnTMP) is reported to be 180 mV
more negative than that of Zn meso-tetraphenylporphyrin
(znTPP), and the substituent effect of the tert-butyl groups is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (a) Comparison of emission spectra of ZnP-nBpy=Re®" in Ar-saturated DMA (., = 560 nm) at 298 K. (b) Emission spectra of ZnP-6Bpy=
Re®" in the presence of various amounts of BIH in Ar-saturated DMA (Jex = 560 nm) at 298 K. Inset shows Stern—Volmer plot of the emission.

small (AE™ = 20 mV in Fig. $80ct).*® Thus, the negative shifts
arise from the substituents at the meso-positions of the
porphyrin unit: the ZnP-nBpy=Re®" series has mesityl groups
while the porphyrin unit of ZnP-phen=Re has 4-tert-butyl-
phenyl groups.

Assuming that the energy levels of the T, of the ZnP-nBpy=
Re®" series are similar to in ZnP-phen=Re and that the reduc-
tion potential of the porphyrin moiety remains the same before
and after introduction of the Re complex moiety, the electron
transfer from BIH to the T; is thermodynamically unfavorable
(Fig. S81t). However, the phosphorescence quenching experi-
ment gave a Stern-Volmer constant in ZnP-6Bpy=Re®" that
reached Kgy = 11000 M™% this value is much greater than
values recorded for the well-used [Ru(N"N),]**.* This originates
from the long T, lifetime (z;,) of the Zn porphyrin, which allows
the unfavorable electron transfer process. The k4 value for ZnP-
6Bpy=Re™ (3.9 x 10’ M~ ' s~') was smaller than that for ZnP-
phen=Re (7.8 x 10° M~" s ). This would be attributed to the
more negative shift of the reduction potential of the Zn
porphyrin unit due to the mesityl substituents.?”

Photocatalytic CO, reduction in DMA and additives
suppressing dissociation of the Re complex

Photocatalytic CO, reductions were carried out in DMA con-
taining the dyad and BIH as the electron donor (Fig. 7). Here,
0.05 M of BIH was used to almost completely quench the T,
(99.8% in ZnP-6Bpy=Re™). Irradiation of a CO,-saturated DMA
solution containing ZnP-phen=Re and BIH showed a linear
increase in CO formation with high durability, as observed
previously.”>* Almost no activity difference was observed
between ZnP-4Bpy=Re®, ZnP-5Bpy=Re®, and ZnP-6Bpy—
Re™. Although the three dyads showed similar initial reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

rates for CO formation to that of ZnP-phen=Re, their activities
were lost within 1 h and TON¢o was <20 even after 8 h.

In the emission quenching experiments, we found that the
fluorescence of ZnP-6Bpy—Re™" increased during irradiation in
the presence of BIH under a CO, atmosphere (Fig. 8a). No
increase in the fluorescence was observed in ZnP-phen=Re or
in the absence of BIH. The rate of fluorescence increase in ZnP-
6Bpy=Re"" was slower under a CO, atmosphere than under an
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Fig.7 Time dependence of CO formation (0—2 h) during irradiation at
420 nm by LED lamps (input power: 30 mW), in a merry-go-round
irradiation apparatus, of CO,-saturated DMA solutions containing the
dyad (0.05 mM) and BIH (0.05 M).
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Fig. 8 (a) Fluorescence spectral changes (0—120 min) of the CO,-saturated DMA containing ZnP-6Bpy=Re®" (3 uM) in the presence of 50 pM of
BIH during irradiation at 560 nm. Inset shows differential UV-vis absorption spectra during the irradiation. (b) Fluorescence spectral changes (0—
120 min) of the CO,-saturated DMA-TEOQA (4 : 1 v/v) containing ZnP-6Bpy=Re®" (3 uM) in the presence of 50 pM of BIH during irradiation at
560 nm. Inset shows fluorescence spectral change in the presence of 6.7 mM phenol.

Ar atmosphere. Differential UV-vis absorption spectra of ZnP-
6Bpy=Re®" during the irradiation show the appearance of
a sharp peak in the Soret band corresponding to ZnP-6Bpy
(Fig. 8a inset). Thus, it is thought that the reduced ZnP-6Bpy=
Re®" leads to dissociation of the Re tricarbonyl unit to revive the
fluorescence quenched by the Re complex. The phen ligand of
ZnP-phen=Re is structurally more rigid, with two nitrogen
atoms fixed in the same direction, giving a more stable Re
complex structure and high durability for the photocatalytic
CO, reduction. Fig. 8b shows the fluorescence spectral changes
in the presence of phenol and TEOA. Surprisingly, phenol
partially suppresses dissociation of the Re tricarbonyl unit and
TEOA almost completely suppresses the dissociation. The
significant suppression of the decomposition by the additives
was not observed under an Ar atmosphere. It has been reported
that a proton promotes the reaction of the reduced Re complex
with CO,,*® and TEOA coordinates to the Re complex in the
ground state to form an adduct with CO,.” Otherwise, TEOA can
reversibly react with CO, to form a zwitterionic adduct which
acts as a good proton source (Fig. $8271).%* Thus, TEOA might
also contribute to the protonation of Re-COO™ to Re-COOH. In
any case, the additives might change the electron distribution of
the reduced Re complex upon reaction with CO,, thus sup-
pressing the dissociation of the Re tricarbonyl unit. Several
deactivation pathways of Re diimine carbonyl complexes have
been reported to involve the formation of Re formate complex,**
Re dimeric species,* and so on.>** To the best of our knowledge,
the dissociation of the Re tricarbonyl moiety from the bpy
ligand after reduction has not been reported as the catalytic
deactivation pathway for the CO, reduction reactions. During
the measurements of the emission spectra of the DMA-
substituted cationic complex (ZnP-5Bpy=Re"™* and ZnP-

8750 | Chem. Sci, 2023, 14, 8743-8765

6Bpy=Re"™*), increases in fluorescence were observed under
dilution conditions (Fig. S83t). On the other hand, no such
spectral changes were observed with the Br-substituted complex
(ZnP-5Bpy=Re® and ZnP-6Bpy=Re"™"). These results suggest
that dissociation of Re ion occurs in the solvent-substituted
cationic complex, lacking the Br ion. Since the fluorescence
spectral changes were suppressed in the presence of TEOA
(Fig. S847T). TEOA stabilizes the solvent-substituted species,
probably by coordination to the cationic Re ion.

Photocatalytic CO, reduction in DMA-TEOA

Because the additives improved the stability of ZnP-6Bpy=Re"",
the photocatalytic CO, reductions were carried out in the
presence of phenol (Fig. S85t) and TEOA (Fig. 9). In particular,
the addition of TEOA remarkably improved the catalytic activi-
ties of the ZnP-nBpy=Re"" series in terms of reaction rate and
durability. Herein, the photocatalytic CO, reductions selectively
produced CO without forming detectable amounts of CH, and
HCOOH, but with a trace amount of H, (Fig. S86%). This
improvement would result from the suppression of the Re
dissociation by TEOA. Fig. 9 shows that only ZnP-phen=Re is
deactivated in the presence of TEOA. Previously we reported
that TEOA promotes the formation of chlorins and decreases
the catalytic durability in ZnP-phen=Re.*® Furthermore, the
chlorins are formed by the reaction of TEOA with the excited
porphyrin at the B-pyrrole position.*® Thus, the lack of inacti-
vation of the ZnP-nBpy=Re®" series would be attributed to the
low reactivity of the porphyrins to TEOA, which would be caused
by the mesityl groups having high steric hindrance and electron
donating. Upon comparing the initial reaction rates, we note
that all dyads in the ZnP-nBpy=Re®" series surpass the previous
ZnP-phen=Re system under optimal conditions. In particular,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Time dependence of CO formation during irradiation at
420 nm by LED lamps (input power: 30 mW), in a merry-go-round
irradiation apparatus, of CO,-saturated DMA-TEOA (4 : 1v/v) solutions
containing the dyad (0.05 mM) and BIH (0.05 M). ZnP-4Bpy=Re®"
(green-filled diamond), ZnP-5Bpy=Re® (blue-filled square), ZnP-
6Bpy=Re®" (red-filled triangle), ZnP-phen=Re (black-filled circle).
Plot of ZnP-phen=Re (0.05 mM) in CO,-saturated DMA containing
BIH (0.05 M) and phenol (0.1 M) shown as black open circles.

ZnP-5Bpy=Re®" unexpectedly exhibits a higher initial reaction
rate (twice as high) and higher durability than achieved with
ZnP-4Bpy=Re™ and ZnP-6Bpy—Re®™; the turn over frequency
(TOF¢o) reaches 590 h™*. However, even in ZnP-5Bpy=Re"" the
CO formation stopped within 5 h and further addition of BIH to
the reaction mixture did not restart the photocatalytic reaction.
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The UV-vis absorption spectra after 17 h showed degradation of
the porphyrins (Fig. S871), indicating that the photocatalysts
decomposed during the irradiation. The UV-vis absorption
spectral change of ZnP-5Bpy=Re"™" during relatively strong light
irradiation at 420 nm showed the formations of the OERS of the
porphyrin units at ca. 450 and 700 nm** and chlorins at ca.
610 nm ** at the initial stage (Fig. S887). Thus, the photocatalyst
would undergo further reduction from chlorin and faded
during the irradiation.

As it is thought that the accumulation of two electrons on the
porphyrin causes the decomposition,* we carried out the pho-
tocatalytic CO, reduction using weaker light to prevent the
electron accumulation rate from exceeding the CO, reduction
reaction rate. Fig. 10a shows the time-course comparison of CO
production using ZnP-5Bpy=Re® when the input power of the
apparatus was changed from 30 mW to 0.5 mW. As a control
experiment, the reaction using a mixed system of ZnTMP and
fac-Re(bpy)(CO);Br was carried out with weak light (0.5 mW). In
the mixed system, CO production was mainly observed but the
reaction stopped when the TON¢o reached approximately 100.
On the other hand, in ZnP-5Bpy=Re® the CO production
linearly increased to TON¢o = 1000, corresponding to a quan-
titative amount of added BIH (1000 equivalents). Further addi-
tion of 500 equivalents of BIH restarted the reaction, with the
same reaction rate, and the reaction continued until all BIH was
consumed. A plot of TONo versus the product of input power
and irradiation time shows that the reaction proceeds more
efficiently with weak light irradiation (Fig. 10b).

Initial photoinduced electron transfer process from BIH

The photocatalytic CO, reduction using ZnP-5Bpy=Re®"
showed the highest reaction quantum yield with high
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(@) Time dependence of CO formation during irradiation at 420 nm by LED lamps (input power: 0.5 and 30 mW), in a merry-go-round

irradiation apparatus, of CO,-saturated DMA-TEOA (4 : 1 v/v) solutions containing ZnP-5Bpy=Re®" (0.05 mM), and a mixed system of ZnTMP
(0.05 mM) and fac-Re(bpy)(CO)3Br (0.05 mM) in the presence of BIH (0.05 M). (b) Plots of TONco versus product of input power and irradiation

time.
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Fig. 11 Plot of the @co versus the initial concentration of BIH in the
photocatalytic CO, reduction (Xe lamp, 420 nm, 3.6 x 1072 einstein
per s) using DMA-TEOA (4 :1 v/v) solutions containing ZnP-5Bpy=
Re®" (0.05 mM). The quenching efficiency relative to 1q at [BIH] =
50 mM was calculated using nq = [BIHIKsy/(1 + [BIHIKsy).

durability, but ZnP-5Bpy=Re® showed no RTP. This indicates
that there is no direct correlation between the phosphorescence
and the catalytic activity. On the other hand, the time course of
CO production showed that the photocatalytic CO, reduction
proceeded at a constant rate until all BIH in the system was
consumed (Fig. 10a). Thus, the reaction proceeds efficiently
even under dilute BIH conditions, indicating that the electron
transfer from BIH proceeds through a long-lived excited state,
that is, the T, of the porphyrin. In fact, the plots of ®¢o of ZnP-
5Bpy=Re"" against the initial concentration of BIH (Fig. 11)
show that the @¢o is almost constant and well fitted with the
simulation curve assuming Ksy = 1200 M~ ', where the value of
kq is similar to that of ZnP-6Bpy=Re"" (3.9 x 10’ M ' s~ ') and
the phosphorescence lifetime assuming 30 ps. A similar inde-
pendent plot of @ versus [BIH] is obtained for ZnP-phen=Re
(Fig. $891). Thus, in ZnP-5Bpy=Re"™, even though no RTP was
observed, the quantitative electron transfer from BIH to the T,
of the porphyrin occurs, allowing the efficient photocatalytic
CO, reduction.

Light intensity dependence of the reaction quantum yield

In Fig. 10, the initial reaction rates are not proportional to the
input power. We reported earlier that the reaction quantum
yield (@¢o) of ZnP-phen=Re significantly decreases as the light
intensity increases, due to an inner-filter effect by the OERS of
the porphyrin unit which has strong absorption at the excitation
wavelength.” Fig. 12 shows the plots of ®¢o with respect to the
light intensity. The ZnP-nBpy=Re®" series showed similar light
intensity dependences. The @ converges under very low light
intensity (<3 x 107" einstein per s) and finally reaches 24% in
ZnP-5Bpy=Re™. Upon comparing the &co at a low light
intensity (3.2-3.5 x 10 ° einstein per s), we note that the value
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Fig. 12 Dependence of &g on the irradiation light intensity (Xe lamp,
Jex = 420 nm) for the dyads ZnP-4Bpy=Re®" (green diamond), ZnP-
5Bpy=Re®" (blue square), and ZnP-6Bpy=Re®" (red triangle) (0.05
mM) in CO,-saturated DMA-TEOA (4 : 1 v/v) solutions containing BIH
(0.05 M), and for ZnP-phen=Re (black circle) (0.05 mM) in CO,-
saturated DMA containing BIH (0.05 M) and phenol (0.1 M). Inset shows
magnification of CO formation dependence at low light intensity.

of ZnP-5Bpy=Re®" is twice higher than the values of the other
dyads (Table 3).

Fig. 13 shows the UV-vis absorption spectral changes during
weak light irradiation at 420 nm. The formations of the OERS of
the porphyrin units at ca. 450 and 700 nm ** and chlorins at ca.
610 nm *> were observed in ZnP-4Bpy=Re®, ZnP-6Bpy=—Re",
and ZnP-phen=Re (Fig. 13a, ¢ and d). Chlorins are formed by
two-electron reduction of porphyrin.** Indications are therefore
that the accumulation of two or more electrons occurs in ZnP-
4Bpy=Re®", ZnP-6Bpy=Re®", and ZnP-phen=Re. On the other
hand, ZnP-5Bpy=Re®" undergoes hardly any change during the
irradiation (Fig. 13b). Thus, the reduced species tend to accu-
mulate on the porphyrin in ZnP-4Bpy=Re", ZnP-6Bpy—Re"",
and ZnP-phen=Re, whereas ZnP-5Bpy=Re"”" showed less elec-
tron accumulation, resulting in the low light intensity depen-
dence and the high ®@co.

Mechanistic insight into the photocatalytic reaction in the
presence of TEOA

It has also been reported that the catalysis of CO, reduction in
the fac-Re(bpy)(CO);X-type complex (X = ClI°, Br, 1)
commences with the dissociation of a halogen anion upon
reduction (Fig. S907).>>** No induction periods in the time-
course profiles of CO formation were observed in the ZnP-
nBpy=Re®" series (Fig. 7 and 9), which suggests that efficient
reduction of the Re(bpy)(CO);Br unit occurs to dissociate the
halogen ligand in the three dyads. Considering that the cationic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reaction quantum yields (@co) for the ZnP-any=ReBr series with TEOA and ZnP-phen=Re with phenol”

Light intensity/einstein per s ZnP-4Bpy—Re™ ZnP-5Bpy—Re"™ ZnP-6Bpy=Re"" ZnP-phen=Re
Do 3.2-3.5 x 107° 8% 16% 6% 8%
3x107"° 10% 24% 9% 11%

“ Irradiated at 420 nm (Xe lamp, A, = 420 nm) to CO,-saturated DMA-TEOA (4 : 1 v/v) containing the ZnP-nBpy=Re™ series (0.05 mM) and BIH
(0.05 M). In ZnP-phen=Re, phenol (0.1 M) was present, not TEOA.

solvent-substituted Re complexes, [Re(bpy)(CO)s(solvent)]’, complex unit is also expected to occur efficiently under the
exhibit more positive reduction potentials than the neutral fac- catalytic cycle (Fig. S9071). Increasing the concentration of Br
Re(bpy)(CO);X-type complexes,” the reduction of the Re ions decreased the catalytic activity (Fig. S917), supporting the
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Fig. 13 UV-vis absorption spectral changes during irradiation (0—60 min) at 420 nm (Xe lamp, 5.0 x 10~° einstein per s) of CO, saturated DMA—
TEOA (4 : 1 v/v) solutions containing BIH (0.05 M) and the dyad (0.05 mM) (a) ZnP-4Bpy=Re®", (b) ZnP-5Bpy=Re®, (c) ZnP-6Bpy=Re®', and of
(d) a CO,-saturated DMA solution containing BIH (0.05 M) and ZnP-phen=Re (0.05 mM) in the presence of phenol (0.1 M). Purple dotted and
solid lines show the spectra before and after the irradiation, respectively.
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proposed reaction mechanism that the solvent-substituted
species after Br dissociation is the active species.

The ®¢o of ZnP-5Bpy=Re™ is double that of the other three
dyads in DMA-TEOA (Table 3). Furthermore, despite the high
catalytic activity, the UV-vis absorption spectra of ZnP-5Bpy—
Re®" show almost no change during the photocatalytic reaction
(Fig. 13b), indicating that the electron consumption by the CO,
reduction reaction is accelerated, particularly in ZnP-5Bpy—
Re®. Considering that the catalytic activities were similar
among the three dyads in the absence of TEOA (Fig. 7), the
higher @¢c in ZnP-5Bpy=Re® would be attributed to TEOA. As
mentioned in the Introduction, the ground state of
[Re(bpy)(CO)s(solvent)]" can capture CO, in the presence of
TEOA (Fig. 1). We calculated the spin densities of the OERS of
the ZnP-nBpy=Re®" series with and without the bromide ion,
and their TEOA and CO, adducts (Fig. S791). However, there was
no significant difference in the spin density among the three
dyads. This suggests that there is another activity-enhancing
factor besides TEOA.

From the molecular model optimized by the DFT calcula-
tion, TEOA would coordinate both the Re complex and the Zn
porphyrin only in ZnP-5Bpy=Re (Fig. 14). If TEOA is bound via
the Zn porphyrin, as shown in Fig. 14, it is expected that CO, is
quickly captured and the reduction reaction proceeds; then,
after the CO, reduction reaction it is possible that the next CO,
is captured and so the reaction proceeds. During the catalytic
reaction, it is thought that the bromide ion of the Re complex is
substituted by the solvent molecule (Fig. S907),%*** and the
coordination of TEOA to the Re complex occurs in the solvent-
substituted complex. Thus, the binding ability of TEOA to the
DMA-substituted dyads was investigated to verify the hypothesis
of the multidentate coordination (Fig. 14).

The formation of the DMA-substituted dyads, ZnP-5Bpy—
Re”™* and ZnP-6Bpy=Re"™*, was monitored with CO stretch-
ing bands of IR spectra (Fig. S651). We confirmed that the
substitution reaction with DMA was completed before the
addition of TEOA, because TEOA irreversibly reacts with the
acetonitrile-substituted Re complex to afford the corresponding
iminoester complex (Fig. $921).” TEOA was added to the
resulting DMA solutions: DMA/TEOA = 400:1 (v/v). The
formation of the Re-TEOA structure in Fig. 1 was monitored

(a)

OH

N
/Ve: \K og £
HO & O=RemCO [
z LN
Mes \ 7\ /
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Fig. 14
ion). TEOA is colored in yellow.
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with the CO stretching bands' shift to lower wavenumbers in IR
spectra (Fig. S931). The CO stretching band at 2000-2050 cm™*
of the thermodynamically equilibrated mixture was separated
by curve fitting (Fig. 15). The absorption band profiles were well
fitted with two Gaussian-shape functions, corresponding to the
DMA-substituted dyad and the TEOA-coordinated dyad (ZnP-
5Bpy=Re""°* or ZnP-6Bpy=Re""*). The absorption intensi-
ties as the band areas in ZnP-5Bpy=—Re and ZnP-6Bpy=—Re were
analyzed as 4:6 and 8:2 mixtures of the DMA- and TEOA-
coordinated dyads, respectively. The equilibrium constants
assuming K = [ZnP-nBpy—Re"°*|[DMA]/[ZnP-nBpy—=Re"™*]
[TEOA]® were estimated to be 1000 and 110 for ZnP-5Bpy=
Re®™* and ZnP-6Bpy=Re"™*, respectively, indicating the
stronger TEOA coordination to the Re complex unit in ZnP-
5Bpy=Re”™* than in ZnP-6Bpy=Re"™".

We then attempted to verify that the Zn porphyrin unit
contributes to the TEOA coordination in ZnP-5Bpy=Re”™*
through the "H NMR spectra in DMF-d,. However, the addition
of one equivalent of TEOA hardly showed signal shifts because
the binding ability of TEOA to the dyad was too weak in the
presence of the competing coordinating DMF. The contribution
of the Zn porphyrin unit was verified through UV-vis absorption
titration experiments. In general, the Soret and Q-bands of Zn
porphyrin are significantly red-shifted by axial coordination of
the Zn porphyrin. Upon the addition of TEOA, no spectral
change was observed in DMA because DMA coordinates to the
Zn porphyrin unit. Thus, TEOA was added to ZnP-5Bpy—Re”™*
and ZnP-6Bpy=Re"™* dissolved in dichloromethane, which is
a noncoordinating solvent against Zn porphyrin (Fig. S947).

As control experiments, we also carried out titrations using
ZnP-5Bpy=Re®" and ZnP-5Bpy (Scheme 1). During the titration
of TEOA, all the dyads showed red-shifted Soret and Q-bands
with isosbestic points (Fig. S951). Spectral change converged
with the addition of ca. 6 mM TEOA for ZnP-5Bpy=Re"™*, but
did not converge without the addition of >150 mM TEOA for the
other dyads (Fig. S96t1). The apparent binding constants
assuming K,p, = [ZnP-TEOA]/[ZnP][TEOA] (ZnP = Zn porphyrin
unit) were estimated using Benesi-Hildebrand plots
(Fig. S971).** Results showed approximately one order of
magnitude larger value for ZnP-5Bpy—Re”™* (K,,, = 330 M )
than for the other three dyads under Ar atmosphere (Table 4).

(b)

(a) Plausible structure and (b) molecular model (optimized by DFT calculation) of a TEOA adduct of ZnP-5Bpy=Re (without the bromide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 IR spectra (solid line) of the equilibrated mixture of (a) ZnP-5Bpy=Re"™* and ZnP-5Bpy=Re"=°* and (b) ZnP-6Bpy=Re"™* and ZnP-
6Bpy=Re"=°" in DMA-TEOA (400 : 1 v/v) with the fitting curves (dotted lines). Concentrations of the dyads: 9 mM.

This indicates that after dissociation of the bromide ion a TEOA
molecule interacts on both the Re complex and Zn porphyrin
units in ZnP-5Bpy=Re”™*, as shown in Fig. 14.

In order to confirm whether TEOA can coordinate properly to
the Zn ion even in DMA-TEOA (4:1 v/v), the titration experi-
ments with DMA were carried out using ZnP-5Bpy=Re® and
ZnP-5Bpy=Re”™* in dichloromethane (Fig. $98t). Based on the
apparent binding constants of DMA coordination, we estimated
that 67% of the Zn porphyrin was coordinated with TEOA in Ar-
saturated DMA-TEOA (4 :1 v/v). This suggests that TEOA can
sufficiently coordinate with the Zn ion under catalytic reaction
conditions. It should be noted that since deprotonation of the
OH groups of TEOA is unlikely to occur in dichloromethane, the
actual proportion of the TEOA-coordinated Zn porphyrin would
be greater than 67% in DMA-TEOA (4:1 v/v), where the OH
groups of TEOA are more readily deprotonated.

The titration experiments under CO, atmosphere for ZnP-
5Bpy=Re”™* and ZnP-5Bpy=Re® showed that the binding
constant for ZnP-5Bpy=—Re”™* increased significantly to K,pp =
760 M, compares to that under Ar atmosphere (Table 4 and
Fig. S997). This suggests that the CO, insertion into the Re-OR
bond occurs, enhancing the binding of TEOA. The binding
constant of ZnP-5Bpy=Re®" was also found to be larger under

Table 4 Apparent binding constants® in dichloromethane from UV-vis
absorption spectra

Kapp/M ™, under Ar Kapp/M ™', under CO,

ZnP-5Bpy 31 —
ZnP-5Bpy=Re"" 30 48
ZnP-5Bpy=Re"™* 330 760
ZnP-6Bpy=Re"™* 48 —

“ Kapp = [ZNP-TEOA]/[ZnP][TEOA].

© 2023 The Author(s). Published by the Royal Society of Chemistry

CO, atmosphere than under Ar atmosphere. While it has been
reported that CO, is captured by insertion into the Zn-meth-
anol bonds, the titration experiments using ZnTMP with TEOA
showed similar binding constants (K,pp ~ 20 M~ ') under both
Ar and CO, atmospheres. Therefore, it is speculated that the
enhanced interaction under CO, is mainly due to the interac-
tion around the Re complex.

The IR spectra and results of UV-vis experiments suggest that
TEOA strongly binds to the Re complex unit in ZnP-5Bpy=
Re®™* by the dual interaction of both the Re complex and the
Zn porphyrin units. The tightly bound TEOA would facilitate the
CO, capture in the ground state of the dyad, resulting in the
reaction with CO, immediately after the reduction of the Re
complex unit to prevent the accumulation of the OERS of the
porphyrin (Fig. S100%).** A detailed reaction mechanism
involving TEOA and ZnP-5Bpy=Re has not been established
yet—further time-resolved spectroscopic measurements are still
required.

Conclusions

We systematically synthesized three Zn porphyrin = Re complex
dyads, ZnP-4Bpy=Re"™", ZnP-5Bpy=Re"™", and ZnP-6Bpy—Re"",
to investigate the effect of the connecting positions between the
Re complex and the Zn porphyrin units on photophysical
properties and the catalytic activity of CO, reduction. Although
RTP was observed only in ZnP-6Bpy=Re™, there was no
significant difference in the catalytic activity and durability of
the three dyads when only BIH was used (as electron donor)
without additives. The durability of the present three dyads was
inferior to that of the previously reported dyad ZnP-phen=Re as
a result of the dissociation of the Re complex moiety during the
reduction reaction. The addition of TEOA suppressed the Re
dissociation and remarkably improved the activity and

Chem. Sci., 2023, 14, 8743-8765 | 8755
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durability in the CO, reduction reaction. The initial reaction
rate of ZnP-5Bpy=Re"™ was unexpectedly more than twice that
of the other dyads. The reaction quantum yield of ZnP-5Bpy—
Re®" reached 24%—the highest yet recorded for the photo-
catalytic CO, reduction using porphyrins as photosensitizers.
The higher @ value originated from no electron accumulation
at the porphyrin unit during the photocatalytic reaction as well
as acceleration of the CO, reduction. The IR and UV-vis titration
experiments suggested a dual interaction of TEOA via the Zn
porphyrin and the Re complex units in ZnP-5Bpy=Re"™",
allowing a stronger interaction of TEOA to the Re complex.
Although ZnP-5Bpy=Re®" exhibited no RTP, the dependence of
®co on the BIH concentration suggests that the catalytic reac-
tion is mediated via the T; of the Zn porphyrin unit. This
therefore indicates that the RTP is not an essential property for
porphyrin to act as a good triplet photosensitizer for the pho-
tocatalytic CO, reduction.

We reconfirmed that, when using porphyrin as photosensi-
tizer, the balance of the electron relay cycle on the photosensi-
tizer and the catalytic cycle on the catalyst*” is crucial to
achieving high durability for CO, reduction. The prompt cata-
Iytic reaction, with the assistance of the coordination of TEOA,
plays an important role in the high durability of the photo-
sensitizer. In particular, a dual interaction via the Zn porphyrin
further promotes the catalytic reaction. The enhancement of the
coordination of TEOA has been also observed in other metal
complex catalysts.”** The present dual interaction of TEOA via
a coordination scaffold suggests new opportunities to achieve
enhanced catalytic performance by capturing CO, with high
efficiency, and subsequently the further development of prac-
tical photocatalytic systems using a wide range of organic dyes
that include porphyrin-based photosensitizers.

Experimental section
General procedure

All chemicals and solvents were of commercial reagent quality
and were used without further purification unless otherwise
stated. Syntheses of fac-Re(bpy)(CO);Br and BIH were carried
out according to the literature.>**> DMA and TEOA were dried
over molecular sieves of size 4A and distilled under reduced
pressure. Dry toluene was prepared by distillation over
benzophenone/Na. Toluene used for fluorescence quantum
yields and lifetimes was dealt with conc. H,SO, after simple
distillation, and washed with H,O and Na,CO; aq. After dried
over CaCl,, the toluene was distilled on CaH,. Dry dichloro-
methane was dried over molecular sieves of size 4A. Pyrrole was
prepared by distillation over CaH,. The reactions were moni-
tored on silica-gel 60 F254 TLC plates (Merck). Silica-gels
utilized for column chromatography were purchased from
Kanto Chemical Co. Inc.: Silica-Gel 60N (Spherical, Neutral) 63-
210 pm and (Flash) 40-50 pm. Alumina used for column chro-
matography were purchased from Merck (aluminum oxide 90
standardized). 'H and "*C NMR, distortionless enhancement by
polarization transfer 135 (DEPT 135), 'H-'H COSY spectra were
recorded by using JEOL JNM-ECS300 (300 MHz), JNM-ECZ400S
(400 MHz), JNM-ECA500II (500 MHz), and Bruker AVANCE NEO
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400 (400 MHz). Chemical shifts were recorded in parts per
million (ppm) relative to tetramethylsilane. UV-vis absorption
spectra were collected using square cells (optical path length =
10 mm) on JASCO V-650 and V-660 spectrometers. Steady-state
emission spectra were collected on Hitachi F-4500 spectropho-
tometer or Horiba FluoroMAX 4 and corrected for the response
of the detector system. The fluorescence intensities were
normalized at the absorbance of the excitation wavelength.
Fluorescence quantum yields were determined by integrated
ratios of the fluorescence spectra relative to that of ZnTPP (&¢ =
3.3% in toluene).** Their values were corrected by refractive
indexes of the used solvents. Time-resolved emission signals for
fluorescence lifetimes were obtained by a pico-second fluores-
cence measurement system consisting of Chromex 250IS
imaging spectrograph and a charge-coupled device (CCD) streak
scope Hamamatsu model C4334, with excitation by a light
pulser Hamamatsu model PLP-1-040 (406 nm, full width at half-
maximum (fwhm) = 70 ps).*” Hi-resolution MALDI-TOF mass
spectra were collected on JEOL JMS S-3000 with dithranol or
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-
malononitrile (DCTB) as a matrix. FTIR spectra were recorded in
KBr or acetonitrile using a JASCO FT/IR-4600. CV and DPV were
measured using an ALS-H/CHI Model 612E electrochemical
analyzer (BAS) in a micro-cell equipped with a glassy carbon
working electrode (¢ 1.6 mm) and a Pt counter-electrode. Th