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Development of a panchromatic photosensitizer
and its application to photocatalytic CO,

*

We designed and synthesized a heteroleptic osmium(i) complex with two different tridentate ligands, Os.
Os can absorb the full wavelength range of visible light owing to S—T transitions, and this was supported
by TD-DFT calculations. Excitation of Os using visible light of any wavelength generates the same lowest
triplet metal-to-ligand charge-transfer excited state, the lifetime of which is relatively long (tem = 40 ns).

Since excited Os could be reductively quenched by 1,3-dimethyl-2-(o-hydroxyphenyl)-2,3-dihydro-1H-

benzoldlimidazole, Os displays high potential as a panchromatic photosensitizer. Using a combination of
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Os and a ruthenium(i) catalyst, CO, was photocatalytically reduced to HCOOH via irradiation with

725 nm light, and the turnover number reached 81; irradiation with light at Aex > 770 nm also
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Introduction

In recent years, various photocatalytic reactions toward artificial
photosynthesis for CO, reduction,"® H, evolution,> and water
oxidation® using metal complexes have attracted attention.
Because these reactions are multi-electron processes, two func-
tions are required: a redox photosensitizer that absorbs visible
light and initiates electron transfer from its excited state and
a catalyst that accepts electrons or holes and activates substrates
through multi-electron processes. For effective utilization of solar
light, absorption of visible light over a wide range of wavelengths
by redox photosensitizers is highly important. For example, light
in the 280-550 nm wavelength range covers only 14% of total
solar irradiance in AM1.5G conditions, while 280-800 nm light
covers 40%.> The use of a panchromatic redox photosensitizer
that can absorb the full wavelength range of visible light is
promising for increasing the utilization efficiency of solar energy.

Photoredox catalysts, another name for redox photosensi-
tizers, also play critical roles in many photochemical organic
reactions.® In these photocatalytic reactions, light absorption by
co-existing components, such as a catalyst and/or substrate,
frequently causes side reactions and the inner-filter effect,
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photocatalytically induced HCOOH formation. These results clearly indicate that Os can function as
a panchromatic redox photosensitizer.

which lowers the efficiency of photocatalysis by inhibiting light
absorption by the photosensitizer. For this reason, the devel-
opment of redox photosensitizers that can absorb longer
wavelength light is also important.

Ruthenium(n) tris-diimine complexes, [Ru(N*N);]** (N*N =
diimine ligand), are the most frequently used redox photosen-
sitizers because they absorb visible light, owing to singlet metal-
to-ligand charge-transfer (‘MLCT) transitions, and their lowest
triplet MLCT (®MLCT) excited states that are rapidly and
quantitatively produced by the intersystem crossing from the
"MLCT states have long lifetimes ranging from several hundred
ns to several ps.”® They also have appropriate redox potentials
for various reactions. However, [Ru(N~N);]*" as photosensitizers
have the disadvantage of limited visible light absorption, typi-
cally [Ru(bpy)s]** (bpy = 2,2"-bipyridine) can absorb only the
light at Ays < 550 nm; therefore, many of the reported
[Ru(N~N);]**-type redox photosensitizers cannot utilize lower-
energy visible light. A simple strategy to extend the wave-
length range of light absorption is to decrease the energy gap
between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO); however, this
usually shortens the lifetime of the excited state owing to the
energy gap law and decreases the reducing/oxidizing power of
the complex. For this reason, the reported ruthenium(u)
complexes with panchromatic and near-infrared absorption,
which are employed in dye-sensitized solar cells,”'® cannot be
utilized as redox photosensitizers for photocatalytic reactions.
One example of a ruthenium(u) photosensitizer with longer-
wavelength absorption is a trinuclear ruthenium(u) complex
bridged by 1,4,5,8,9,12-hexaazatriphenylene (HAT), [{(dmb),-
Ru};(-HAT)]® (dmb = 4,4'-dimethyl-2,2’-bipyridine), which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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has been used as a redox photosensitizer to drive H, evolution."
In this case, the ion-pair adducts of [{(dmb),Ru};(1-HAT)]** and
ascorbate anions have been reported to afford static reductive
quenching and increased reducing power, which compensated
for the disadvantage of a smaller HOMO-LUMO gap. However,
the reducing power of this adduct is still insufficient for driving
CO, reduction, which requires stronger reducing power than
does H, evolution.

Another strategy for achieving longer-wavelength absorption
is to utilize the direct transition from the ground state to the
triplet excited state (S-T transition). Although this is usually
a spin-flip-forbidden transition, many osmium(u) complexes
give S-T absorption bands owing to strong spin-orbit coupling
due to the heavy atom effect of osmium. For example,
[Os(tpy).]”" (tpy = 2,2:6/,2"-terpyridine) has given an S-T
absorption band at 600-750 nm and been employed as
a photosensitizer for organic synthesis' and H, evolution." We
also previously reported that [Os(5dmb),(dmb)]** (5dmb = 5,5'-
dimethyl-2,2'-bipyridine) functions as a photosensitizer and
catalyzes CO, reduction in combination with a rhenium(r)
catalyst under red light irradiation (A.x > 620 nm)."* However,
these osmium(u) complexes do not absorb the full wavelength
range of visible light up to 800 nm (Fig. 1).

Therefore, in this study, we developed a redox photosensi-
tizer that displays panchromatic absorption. A heteroleptic
osmium(un) complex with two different tridentate ligands,
[(mbip)Os(mtpy)]** (Os in Chart 1: mbip = bis(N-methyl-
benzimidazolyl)pyridine; mtpy = 4’-methyl-2,2":6',2"-terpyr-
idine), was designed and synthesized. The stronger c-donation
of the methylbenzimidazole units should induce longer-
wavelength absorption. Although a similar complex, [(mbip)
Os(tpy)]**, has been reported, its photochemical and photo-
sensitizing properties have not been investigated.” In this
study, the photophysical, photochemical, and photosensitizing
properties of Os were investigated, and Os was successfully
applied to the photocatalytic reduction of CO, as the first
panchromatic redox photosensitizer in combination with
a ruthenium(u) catalyst, Ru(CO) (Chart 1).
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Fig.1 UV-vis absorption spectrum of Os (green solid line) measured in

DMA along with those of [Os(5dmb),(dmb)]>* in N,N-dimethylforma-

mide (black broken line) and [Os(mtpy),]*>* in DMA (orange dashed
line).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Chart1 Structures and abbreviations of the complexes used. Counter
anions were PFg™.

Results and discussion

The heteroleptic osmium(un) complex with two tridentate
ligands was synthesized through the three steps shown in eqn
(1). [(mbip)OsCl;] was dimerized into [Os(mbip)(u-Cl)Cl], to
remove the byproduct of [Os(mbip),]** by exploiting the insol-
ubility of [Os(mbip)(u-Cl)Cl], in ethanol. The target complex,
Os, was isolated using ion-exchange column chromatography.
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Fig.2 DFT-calculated energy diagram and isodensity plots of frontier
molecular orbitals of Os. The left portions of the structures are mbip.
All orbitals were computed at an isovalue of 0.02.
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Fig. 3 Calculated oscillator strengths of S-S transitions (red lines) and
UV-vis absorption spectrum of Os measured in DMA (black line). Green
filled circles (@) indicate the calculated energies of S—T transitions.

The ultraviolet-visible (UV-vis) absorption spectrum of Os
measured in N,N-dimethylacetamide (DMA) is shown in Fig. 1.
Os gave longer-wavelength absorption bands at 620-800 nm
(Amax = 709 nm, ¢ = 3.20 x 10° M~ ' cm™ ") attributable to S-T
transitions to *MLCT excited states as well as bands attributed
to T—7* transitions of the tridentate ligands at 300-360 nm and
"MLCT transitions at Ay, = 487 nm (¢ = 1.38 x 10* M~ "cm ™).
The S-T transition bands should be observed because of the
heavy atom effect of osmium, which enhances spin-orbit
coupling. The spectra of other osmium(1) complexes that have
been used as photosensitizers are also shown in Fig. 1. It should
be noted that only Os can absorb full-wavelength range of
visible light with a relatively high molar absorptivity.

The geometry, molecular orbitals, and absorption spectrum
of Os were analyzed using density functional theory/time-
dependent density functional theory (DFT/TD-DFT) calcula-
tions using Gaussian 16.'° The geometry optimization of Os was
performed in DMA using the B3LYP exchange-correlation
functional and LanL2DZ basis set for osmium and 6-
311++G(d,p) for the ligands. Tridentate ligands mbip and mtpy
were coordinated on osmium perpendicular to each other.

Table 1 Excitation characteristics of Os®
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Fig. 2 shows the frontier molecular orbitals of Os, and Table S17
summarizes their characteristics. HOMO—2, HOMO—1, and
HOMO received major contributions from the osmium(u) center
and minor contributions from the ligands. The energy levels of
the LUMO and LUMO+1 were very close (AE = 0.04 eV). The
LUMO and LUMO+1 received major contributions from mbip
and mtpy, respectively. LUMO+2 and LUMO+3 were distributed
on both mbip and mtpy.

Then, TD-DFT calculations were performed based on the
geometry optimized using DFT calculations. Fig. 3 displays the
calculated oscillator strengths of the excitations and the
observed spectrum, and Table 1 summarizes the characteristics
of the excitations. The observed "MLCT absorption band at Apax
= 487 nm was consistent with the singlet-to-singlet (S-S) tran-
sition at 20 940 cm™ ' (= 478 nm, #17 in Table 1) with a high
oscillator strength of 0.242. This excitation received a major
contribution from the HOMO—1 — LUMO+1 transition (57%)
and a partial contribution from the HOMO—2 — LUMO (24%)
and HOMO — LUMO+2 (16%) transitions, indicating that the
excitation is predominantly the MLCT from osmium(u) to the
mtpy ligand. Because TD-DFT calculations using Gaussian 16
do not consider spin-orbit couplings, the oscillator strength of
every S-T transition cannot be calculated. A spin-forbidden S-T
transition gains strength by borrowing the intensity of the
oscillator strength of the spin-allowed S-S transition (f;).
Considering the coupling of S-T transitions with S-S transi-
tions, effective coupling should occur only between S-T and S-S
transitions involving different d orbitals and common w*
orbitals.’”?° As shown in Table 1, therefore, the S-T transitions
of #1 and #3 couple with the S-S transition of #17, which has
high oscillator strength (f; = 0.242), although the energy gaps
are relatively large (AEsp = 6-7 x 10> cm™"). The S-T transi-
tions of #2 and #4 strongly couple with the S-S transition of #6,
which has low oscillator strength (f; = 0.024) because of the
smaller energy gap (AEs_t = 1-2 x 10> cm ™). The S-T transition
of #7 can couple weakly with the S-S transitions of #18 (f; =
0.044), #21 (f; = 0.039), and #23 (fy = 0.044). Thus, the S-T
transitions of #1 to #4 should gain oscillator strength by

# Energy/cm " Oscillator strength Multiplicity Major transitions

1 14 054 Triplet H — L (98%)

2 14 470 H-2 — L (82%) H-1 — L+1 (15%)
3 14 819 H — L+1 (96%)

4 15 613 H-2 — L (15%) H-1 — L+1 (79%)
7 16 579 H — L+2 (30%) H — L+3 (60%)

6 16 564 0.024 Singlet H — L+1 (98%)

12 18 820 0.010 H-1 — L+1 (11%) H — L+2 (81%)
17 20 940 0.242 H-2 — L (24%) H-1 — L+1 (57%) H — L+2 (16%)
18 21219 0.044 H-1 — L+2 (92%)

21 21 466 0.039 H-2 — L+2 (99%)

23 21778 0.044 H-2 — L+3 (98%)

¢ Calculated using TD-DFT at the B3LYP/LanL2DZ (Os)/6-311++G(d,p) level of theory. The HOMO and LUMO are represented by H and L,

respectively.
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Fig. 4 Cyclic voltammograms of Os (0.5 mM) in an Ar-saturated DMA

solution containing Et4NBF,4 (0.1 M) as a supporting electrolyte with

a Ag/AgNOs (10 mM) reference electrode. Scan rate was 0.2 V s™%

coupling with spin-allowed S-S transitions. They have lower
energy than the lowest-energy S-S transition (#6) and their
energy is consistent with the observed absorption band in the
lower-energy region (1.3-1.6 x 10" cm ™). Therefore, these S-T
transitions should contribute to absorption in the longer-
wavelength region.

Fig. 4 shows the cyclic voltammogram of Os measured in an
Ar-saturated DMA solution. Three reversible redox couples were
observed at +0.35, —1.57, and —1.89 V vs. Ag/AgNO;. The
oxidation wave at EY}, = +0.35 V was attributed to the one-
electron oxidation of osmium(u), and the reduction waves at
EFY = —1.57 and —1.89 V were attributed to the subsequent
one-electron reduction of the tridentate ligands. These results
indicate that the one-electron-reduced species (OERS) of Os has
relatively strong reducing power and is stable at least on the
time scale of cyclic voltammetry measurement at a scan rate of
02Vs

Os exhibited phosphorescence at Ay, = 795 nm in an Ar-
saturated DMA solution upon excitation with visible light (Aex
= 456 nm). The emission quantum yield was @, = 0.3%. The
emission lifetime was determined to be 7¢,,, = 40 ns from single-
exponential fitting of the transient emission (Fig. S17).
Although longer-wavelength absorption and a longer lifetime in
the excited state are commonly in a trade-off relationship

View Article Online
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because of the energy gap law which gives faster non-radiative
decay at smaller energy gap, Os displayed panchromatic
absorption and a relatively long lifetime, enabling initiation of
the electron transfer process. These results indicate that Os has
essential photophysical properties as a redox photosensitizer.
Fig. 5 displays the emission spectra following excitation with
visible light at three different wavelengths and the excitation
spectrum derived from emission intensity. The emission
spectra of Os following the excitation of the "MLCT or *MLCT
absorption band at A = 450, 550, and 700 nm had very similar
shapes (Fig. 5a). The shape of the excitation spectrum derived
from the emission intensity at A,,.x = 795 nm is quite similar to
that of the absorption spectrum of Os (Fig. 5b). These results
clearly indicate that both the "MLCT and *MLCT excited states
of Os relax to the same lowest *MLCT excited state very rapidly,
and this excited state deactivates to the ground state through
radiative and non-radiative decay processes. Therefore, visible-
light irradiation of Os at any wavelength generates the same
lowest *MLCT excited state with 7., = 40 ns.

Fig. S27 shows the emission spectra of Os in CO,-saturated
DMA solutions containing 1,3-dimethyl-2-(o-hydroxyphenyl)-
2,3-dihydro-1H-benzo[d]imidazole (BI(OH)H) at five different
concentrations. The emission intensities decreased at higher
BI(OH)H concentrations, indicating that BI{OH)H quenches the
excited state of Os (Fig. S2at). By using Stern-Volmer plots of
the emission quenching (Fig. S2bt) and the lifetime of the
emission (7., = 40 ns), the quenching rate constant was
determined to be kq = 1.8 x 10° M ' s~ ". The quenching frac-
tion of excited Os due to BI(OH)H (0.2 M) was 1q = 60%
according to the equation 7q = kqTem[BI(OH)H]/(1 + kqTem[-
BI(OH)H]); the reaction conditions were the same as those for
photocatalytic CO, reduction described below. To determine
the product after excited Os was quenched by BI(OH)H, the
absorption spectral changes during photoirradiation were
measured.

The absorption spectra of a CO,-saturated DMA solution
containing only Os (0.1 mM) and BI(OH)H (0.2 M), without
a catalyst, during irradiation and the difference spectra from
the post- and pre-irradiation spectra are shown in Fig. 6a and b,
respectively. Fig. 6b clearly shows that new broad absorption
bands appeared at Ayax = 530 and 800 nm and increased during

£
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Wavelength / nm

(a) Emission spectra of Os in Ar-saturated DMA with excitation wavelengths of 450, 550, and 700 nm. (b) Excitation spectrum derived from

emission intensity at Amax = 795 nm in DMA (red line) and absorption spectrum of Os (green line).
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(a) Absorption spectral changes of a CO,-saturated DMA solution containing Os (0.1 mM) and BI(OH)H (0.2 M) during irradiation at

480 nm with a light intensity of 2.6 x 10~ einstein s~ (0-42 min at 6 min intervals) and (b) difference spectra from post- and pre-irradiation
spectra. The blue and red lines represent the spectra before irradiation and after irradiation for 42 min, respectively.

irradiation. The shapes of the difference spectra were fairly
similar to that of the OERS of Os (Os'~) obtained through
electro-spectroscopy using an optically transparent thin-layer
electrochemical (OTTLE) cell (Fig. 7). The absorption bands
due to photoirradiation disappeared after aeration of the solu-
tion, which also supports the formation of Os'~, because this
reduced species should be oxidized by O,. These results clearly
indicate that the MLCT excited state of Os was reductively
quenched by BI(OH)H to give Os"~ (eqn (2)).

v BI(OH)H
0Os 2% *0s g Os~

(2)

This reductive quenching process was also supported by ther-
modynamics. The 0-0 transition energy of Os was determined to be
Ey = 1.59 €V from the Franck-Condon fitting of an emission
spectrum with the vibronic structure measured in frozen DMA
(Fig. S31). It is noteworthy that this value was consistent with the
Eoo = 1.6 €V obtained from the mirror image of S-T absorption and
phosphorescence (Fig. S41). The reduction potential of Os in the
lowest excited state was calculated to be E(*Os/Os’ ) = E553 + Eyo =
—1.57 + 1.59 = +0.02 V vs. Ag/AgNO;. The oxidation potential of
BI(OH)H was measured to be E5(BI(OH)H */BI(OH)H) = —0.09 V
from the cyclic voltammograms with a fast scan rate of 200 Vs~ "

0.06

0.04

0.02

AAbasorbance

600 700 800
Wavelength / nm
Fig. 7 Difference absorption spectrum from before and after elec-
trolytic one-electron reduction of Os. A CO,-saturated DMA solution
containing Os (0.5 mM) and Et4NBF, (0.1 M) as an electrolyte was

reduced at —1.75 V using a UV-vis OTTLE cell with a Pt mesh working
electrode and Ag/AgNOs reference electrode.

13892 | Chem. Sci, 2021, 12, 13888-13896

using a micro glassy carbon working electrode (Fig. S51). There-
fore, electron transfer from BI(OH)H to the excited state of Os in
the reductive quenching process should be exothermic. Hence, we
can summarize the photochemistry of Os in the presence of
BI(OH)H as follows: Os can absorb the full wavelength range of
visible light, giving the lowest *MLCT excited state, which is
reduced by BI(OH)H to generate its relatively stable OERS.

The photocatalytic reduction of CO, was performed using Os
as a redox photosensitizer. Ru(bpy)(CO),Cl, (Ru(CO)), which
has been used frequently as a catalyst for CO, reduction,”>* was
employed because its reduction potential has been reported to
be E, = —1.51 Vvs. Ag/AgNO;,* that is, electron transfer should
proceed thermodynamically from Os'~ (E;,(0s/Os’") =
—1.57 V) to Ru(CO). A CO,-saturated DMA solution containing
Os (50 uM), Ru(CO) (50 uM), and BI(OH)H (0.2 M) as a sacrificial
electron donor was irradiated using a 725 nm LED light source,
affording HCOOH with high selectivity (Fig. 8). After irradiation
for 40 h, 8.1 pumol of HCOOH was produced along with 0.3 pmol
of CO and a negligible amount of H, (<0.01 pmol), corre-
sponding to turnover numbers of TONgcoon = 81, TONgo = 3,
and TONy, < 1. The selectivity for HCOOH was 96%. The
quantum yield for HCOOH formation was determined to be

Product / ymol

0
0 10 20 30 40
Irradiation time / h

Fig. 8 Photocatalytic formation of HCOOH (@), CO (#), and H, (l):
CO,-saturated DMA solutions (2 mL) containing Os (50 uM), Ru(CO)
(50 puM), and BI(OH)H (0.2 M) were irradiated with 725 nm light.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Products of photocatalysis after irradiation for 3 h®

Product/umol (TON)

Entry Absence HCOOH Cco H,

1 — 1.9 (19) 0.05 n.d.
2? Os 0.04 n.d. n.d.
3? Ru(CO) n.d. n.d. n.d.
4° BI(OH)H n.d. n.d. n.d.
5¢ Light irradiation n.d. n.d. n.d.
6¢ CO, n.d. n.d. n.d.

% A CO,-saturated DMA solution (2 mL) containing Os (50 M), Ru(CO)
£50 uM), and BI(OH)H (0.2 M) was irradiated with 725 nm light.

Photocatalytic reactions were performed without Os, Ru(CO), or
BI(OH)H. ° The solution was placed in the dark for 3 h. ¢ An Ar-
saturated solution was used.

Prcoon = 0.061% (Fig. S61). Since the quenching fraction was
7q = 60% when [BI(OH)H] = 0.2 M, the efficiency of HCOOH
formation after the reductive quenching was @ucoon/nq =
0.1%. Table 2 summarizes the results of control experiments
without Os, Ru(CO), BI(OH)H, light irradiation, or CO,. Entry 1
shows the result for the system with all components; that is, Os,
Ru(CO), and BI(OH)H with irradiation for 3 h under CO, gave
TONpcoon = 19. Irradiation of solutions without Os (entry 2),
Ru(CO) (entry 3), or BIOH)H (entry 4) did not lead to even
a catalytic amount of the products. Control experiments in the
dark (entry 5) or using an Ar-saturated solution (entry 6) yielded
no photocatalysis products. Because only Os absorbs irradiated
light at 725 nm under the photocatalytic reaction conditions
(Fig. S71), these results indicate that Os functioned as a redox
photosensitizer and drove the photocatalytic formation of
HCOOH.

To determine the source of the carbon atom in the produced
HCOOH, isotope labeling experiments were performed using
13CO0,. Fig. 9a and b show the "*C{'H} NMR spectra of a DMF-d,
solution containing Os (0.5 mM), Ru(CO) (50 uM), and BI(OH)H
(0.2 M) under a *CO, (447 mmHg) atmosphere before and after

C
b
aWWW*MWMW
168 166 164
8/ ppm

Fig. 9 C{*H} NMR spectra of a DMF-d, solution of Os (0.5 mM),
Ru(CO) (50 pM), and BI(OH)H (0.2 M) under a ¥*CO, (447 mmHg)
atmosphere (a) before and (b) after 60 h of irradiation. (c) *C NMR
spectrum without *H decoupling of the same solution after irradiation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 *H NMR spectrum of the solution in Fig. 9 after irradiation.

irradiation at 725 nm using an LED for 60 h, respectively. After
irradiation, a new signal appeared at 166.7 ppm, which was
attributed to an equilibrium mixture of H"COOH and
H"COO" (Fig. 9b). A doublet (/¢ = 183 Hz) signal at 8.71 ppm
in the 'H NMR spectrum of the same solution (Fig. 10) was
attributed to the methine proton of the equilibrium mixture of
H"COOH and H®*COO™. The absence of a clear singlet signal at
8.71 ppm attributable to the methine proton of an equilibrium
mixture of H>COOH and H'>COO" indicates that HCOOH was
produced through the reduction of CO,. An identical J value of
183 Hz from the ">C-"H coupling observed in the *C NMR
spectrum without 'H decoupling (Fig. 9c) also supports the
formation of H**COOH. Therefore, we can conclude that CO,
can be photocatalytically reduced to HCOOH using a system
consisting of Os as the photosensitizer, Ru(CO) as the catalyst,
and BI(OH)H as the reductant.

It is noteworthy that this system provides the first example of
photocatalytic CO, reduction driven by only light at A >
700 nm. We investigated the possibility of using even longer
wavelengths. Irradiation with light only at A.x > 770 nm using
a xenon lamp with a short-cut filter (LI0780, Asahi Spectra Co.)
to a CO,-saturated DMA solution (4 mL) of Os (0.6 mM), Ru(CO)
(50 uM), and BI(OH)H (0.2 M) for 5.5 h also gave 4.5 umol of
HCOOH, although those using [Os(5dmb),(dmb)]** or

20

HCOOH / pmol
SN

2t {10
[Os(5dmb),(dmb)J2*
N e
0 2 4 6 8 10 12
Irradiation time / h

(02)ny uo paseq HOOHN O |

Fig. 11 Photocatalytic formation of HCOOH using light at Aex >
770 nm and Os (@), [Os(5dmb),(dmb)I>* (@), or [Os(mtpy),1** (O) as
a redox photosensitizer: CO,-saturated DMA solutions (4 mL) con-
taining osmium(i) photosensitizer (0.6 mM), Ru(CO) (50 uM), and
BI(OH)H (0.2 M) were irradiated.
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Table 3 Photocatalytic formation of HCOOH using light at Aex > 770 nm¢*

Photosensitizer Irradiation time/h HCOOH/pmol TONgcoon"® TONpcoon (€
Os 5.5 4.5 1.9 23

12 8.4 3.5 42
[Os(5dmb),(dmb)]** 5.5 0.3 0.1 1.5
[Os(mtpy).]*" 5.5 n.d. - _

% A CO,-saturated DMA solution (4 mL) containing osmium(u) photosensitizer (0.6 mM), Ru(CO) (50 pM), and BI(OH)H (0.2 M) was irradiated using

light at Aex > 770 nm.

[Os(mtpy),]*" instead of Os scarcely produced HCOOH (Fig. 11,
Table 3). This should be due to the poor absorption of
[Os(5dmb),(dmb)]** and [Os(mtpy),]** at A > 750 nm as shown
in Fig. 1. Further irradiation for 12 h in the same condition
using Os gave 8.4 pmol of HCOOH which corresponds to
TONycoon = 3.5 based on Os used and TONycoon = 42 based
on Ru(CO) used. Therefore, Os can function as a panchromatic
redox photosensitizer.

Experimental
General procedures

'H NMR spectra were obtained in chloroform-d or acetonitrile-d;
using a JEOL ECA400II (400 MHz) system to identify the
synthesized ligands and complexes. The residual protons of
chloroform-d or acetonitrile-d; were used as internal standards.
Electrospray ionization-mass spectrometry (ESI-MS) was per-
formed using a Shimadzu LCMS-2010A system with acetonitrile
as the mobile phase. UV-vis absorption spectra were measured
using a JASCO V-670 spectrophotometer. Prior to the emission
measurements, the solutions were purged with Ar to remove
dissolved O,. Emission spectra and excitation spectra derived
from emission intensity were measured using a HORIBA
Fluorolog-3-21 spectrofluorometer equipped with an NIR-PMT
R5509-43 near-infrared detector. The emission lifetime was
determined using a HORIBA FluoroCube time-correlated single-
photon counting system. The excitation light source was
a NanoLED-460 pulse lamp (456 nm; pulse duration: 1.3 ns). The
emission quantum yield was determined using a Quantaurus-QY
Plus C13534-01 quantum yield analyzer (HAMAMATSU) using
a xenon lamp with a band-pass filter (475 + 25 nm) as the light
source. Emission-quenching experiments were performed in
CO,-saturated solutions containing Os and BI(OH)H at five
different concentrations. The quenching rate constant, kq, was
obtained from the slope of the Stern-Volmer plots of emission
intensity against BI{OH)H concentration. The redox potentials of
Os were measured in an Ar-saturated DMA solution containing
Os (0.5 mM) and Et,NBF, (0.1 M) as a supporting electrolyte via
cyclic voltammetry using an ALS CHI-620Ex electrochemical
analyzer with a glassy carbon working electrode (diameter: 3
mm), Ag/AgNO; (10 mM) reference electrode, and Pt counter
electrode. The scan rate was 0.2 V s~ '. To determine the redox
potential of BIOH)H, a fast scan rate of 200 V s~ was applied
while using a micro glassy carbon electrode (diameter: 33 um).

13894 | Chem. Sci, 2021, 12, 13888-13896

Emission spectral fitting

Franck-Condon analysis of the emission spectrum obtained in
DMA frozen using liquid nitrogen was conducted to determine
the 0-0 transition energy, Eq, according to the equation below:**

i Eoo — miy —myin\* (S 5"
Eo() l’l1! f’lz!
n

1=0

1(3) =

ny=0

exp { —4 log 2(’7 — Eoo +~"1’71 + ”2%)1
Vi

where I(v) is the normalized intensity in the emission spectrum

(wavenumber), S; are the Huang-Rhys parameters of vibronic

couplings reflecting the distortion in the acceptor modes, v; are

the energies of the acceptor modes, and »,,, is the FWHM of the

0-0 vibronic component in the emission spectrum.

Photocatalysis

Photocatalytic reactions were performed in DMA solutions
containing Os (50 uM), Ru(CO) (50 uM), and BI(OH)H (0.2 M).
After it was purged with CO, for 20 min, the solution was irra-
diated. To determine the TON, a 2 mL solution in an 11 mL test
tube was irradiated using a merry-go-round-type photo-
irradiation apparatus with an LED light source (725 nm), Iris-
MG (CELL System Co.). The quantum yield was determined
using a QYM-01 Shimadzu photoreaction quantum yield eval-
uation system; a 3.5 mL solution in a quartz cubic cell (11 mL;
light pass length: 1 cm) was irradiated with 480 nm light from
a 300 W xenon lamp equipped with a band-pass filter (480 nm;
FWHM: 10 nm). The temperature of the solution during irra-
diation was maintained at 25 £ 0.1 °C using an IWAKI CTS-134A
constant temperature system. The gaseous products of the
photocatalysis, namely, CO and H,, were analyzed using gas
chromatography-thermal conductivity detector (GC-TCD) (GL
Sciences GC323). HCOOH was analyzed using a capillary elec-
trophoresis system (Agilent Technologies 7100L).

UV-vis absorption spectral changes during irradiation

A CO,-saturated DMA solution (4 mL) containing Os (0.1 mM)
and BI(OH)H (0.2 M) in a quartz cubic cell (light pass length: 1
cm) was irradiated at 480 nm using a xenon lamp equipped with
a 480 nm band-pass filter (Asahi Spectra Co.) and a 5 cm-long
water filter. During irradiation, UV-vis absorption spectral

changes were measured using a Photal MCPD-9800

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectrophotometer. The temperature of the solution was
maintained at 25 £+ 0.1 °C using an IWAKI CTS-134A constant
temperature system.

Electrochemical spectroscopy

A UV-vis OTTLE cell (light pass length: 1.0 mm) equipped with
a Pt mesh working electrode, Ag/AgNO; (10 mM) reference
electrode, and Pt counter electrode was employed for UV-vis
electrochemical spectroscopy. UV-vis absorption spectral
changes were measured using a Photal MCPD-9800 spectrom-
eter. A CO,-saturated DMA solution containing Os (0.5 mM) and
Et,NBF, (0.1 M) as the supporting electrolyte was electrolyzed
using an ALS CHI-620Ex electrochemical analyzer.

Quantum chemical calculation

The calculations were performed using the Gaussian 16
program™ using the B3LYP exchange-correlation functional.
Geometry optimization was performed in DMA using a general
basis set with the Los Alamos National Laboratory effective core
potential LanL2DZ basis set for osmium and 6-311++G(d,p) for
the other elements. The geometry was fully optimized without
symmetry constraints. Frequency calculations were performed
with the same level of theory to ensure that the optimized
geometry was a local minimum. The fractional contributions of
various groups to each molecular orbital were calculated using
GaussSum®® based on Mulliken population analysis.

TD-DFT excited state calculations of the singlet-singlet and
singlet-triplet transitions were performed in DMA using the
geometry optimized by DFT calculations; the same LanL2DZ
and 6-311++G(d,p) basis sets were used.

Isotope labeling experiment using *CO,

An isotope labeling experiment using *CO, was performed in
a DMF-d; solution containing Os (0.5 mM), Ru(CO) (50 uM), and
BI(OH)H (0.2 M). The solution was deaerated using the freeze-
pump-thaw method prior to the introduction of *CO, (447
mmHg). *C{'H}, *C, and '"H NMR spectra were measured
using a JEOL ECA4001I spectrometer (100 MHz for **C NMR and
400 MHz for "H NMR) before and after irradiation for 60 h using
a LED (725 nm) of Iris-MG (CELL System co.) as a light source.
The residual carbons and protons of DMF-d, were used as
internal standards for these measurements.

Materials

DMA was dried over 4 A molecular sieves, distilled under
reduced pressure, and kept under Ar before use. Et,NBF, was
dried under vacuum at 100 °C overnight prior to use.
Ru(bpy)(CO),Cl,,> BI(OH)H,*? bis(N-methylbenzimidazolyl)
pyridine (mbip),*® and 4’-methyl-2,2’:6,2"-terpyridine (mtpy)**
were synthesized according to methods reported in the
literature.

Synthesis

[0s(mbip)Cl;]. A N,N-dimethylformamide solution (13 mL)
containing (NH,),[Os"Clg] (258 mg, 0.59 mmol) and bis(N-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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methylbenzimidazolyl)pyridine (205 mg, 0.61 mmol) was
refluxed for 1 h. After the solution had cooled to room
temperature, water was added. The resulting black precipitate
was collected. Yield: 335 mg (0.53 mmol, 90%).

[Os(mbip)(p-CI)Cl],. A N,-saturated ethanol solution (35 mL)
containing [Os(mbip)Cl;] (333 mg, 0.53 mmol) and triethyl-
amine (0.9 mL) was refluxed for 2 h under a N, atmosphere. The
black precipitate was filtered hot and washed with ethanol and
diethyl ether. Yield: 157 mg (0.13 mmol, 50%).

[(mbip)Os(mtpy)](PFs), (Os). A mixed solution of ethanol (8.5
mL) and H,O (8.5 mL) containing Os(mbip)(n-Cl)Cl (160 mg,
0.13 mmol) and 4’-methyl-2,2":6',2"-terpyridine (66 mg, 0.27
mmol) was heated at 180 °C for 1 h using a microwave reactor,
Monowave 200 (Anton Paar). After the solvent was removed, the
product was purified using ion-exchange column chromatog-
raphy (packing material: SP Sephadex C-25; eluent: acetonitrile-
water (1:1 v/v) containing NH,PFs (0-14 mM)). Yield: 69 mg
(0.060 mmol, 24%). "H NMR (400 MHz, acetonitrile-d;) 6/ppm:
8.75 (s, 2H), 8.68 (d, 2H, ] = 8.2 Hz), 8.30 (d, 2H, J = 7.8 Hz), 7.71
(dd, 1H,J = 8.2, 8.2 Hz), 7.61-7.53 (m, 4H), 7.39 (dd, 2H, ] = 7.8,
7.8 Hz), 7.21 (d, 2H, J = 5.5 Hz), 7.00-6.94 (m, 4H), 6.00 (d, 2H, J
= 8.2 Hz), 4.52 (s, 6H), 3.36 (s, 3H). ESI-MS (acetonitrile) m/z:
388 (M — 2PFg *), 923 ([M — PF¢ |"). Anal. Caled for Cjzo-
H,0F1,NgOsP, - H,0: C, 40.96; H, 2.97; N, 10.33. Found: C, 40.83;
H, 3.03; N, 10.39.

Conclusion

Os absorbed the entire wavelength range of visible light up to
800 nm, generating the same triplet lowest excited state. The
lifetime of the resulting excited state was 7., = 40 ns, which is
relatively long and enabled the initiation of electron-transfer
processes. Owing to longer-wavelength absorption by S-T
transitions, Os exhibited both panchromatic absorption and
a relatively long lifetime in the excited state. Excited Os was
reductively quenched by BI(OH)H with a rate constant of kq =
1.8 x 10* M~ ' s, giving an OERS with a reducing power of Ey,
»(0s’7) = —1.57 Vvs. Ag/AgNOs. In combination with Ru(CO) as
a catalyst, Os functioned as a redox photosensitizer and drove
the photocatalytic reduction of CO, to HCOOH under light
irradiation at A = 725 nm. This is the first example of photo-
catalytic CO, reduction via irradiation with A¢, > 700 nm light.
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