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ABSTRACT: A novel molecular photocatalytic system
with not only high reduction ability of CO, but also high
capture ability of CO, has been developed using a Ru(II)—
Re(I) dinuclear complex as a photocatalyst. By using this
photocatalytic system, CO, of 10% concentration could be
selectively converted to CO with almost same photo-
catalysis to that under a pure CO, atmosphere (TONq >
1000, @ > 0.4). Even 0.5% concentration of CO, was
reduced with 60% initial efficiency of CO formation by
using the same system compared to that using pure CO,
(TON¢o > 200). The Re(I) catalyst unit in the
photocatalyst can efficiently capture CO,, which proceeds
CO, insertion to the Re—O bond, and then reduce the
captured CO, by using an electron supplied from the
photochemically reduced Ru photosensitizer unit.

Utilization of CO, for production of energy-rich carbon
compounds using solar light as an energy source has been
a very attractive research field because it can solve serious
global problems, i.e., energy crisis, depletion of carbon
resources, and global warming.l’2 Exhaust gases discharged
from heavy industries include relatively low concentrations of
CO,. As a typical example, exhaust gas from fire power plants
includes only 3%—13% CO, with N, as the main component;”
however, most research on photochemical and electrochemical
reduction of CO, have been conducted using pure CO, to
achieve high reaction rates of the active reaction intermediates
with CO,."™"* This is problematic because condensation of
CO,, achieved by adsorption and desorption processes with
amines and MOFs'*™'¢ or separation with filters,"* is a highly
energy-consuming process. If low concentrations of CO, can be
directly utilized, a highly promising technology can be
developed. To the best of our knowledge, there has been
only one report of a visible-light driven photocatalytic reduction
system for low concentrations of CO,, of which catalyst was
integrated into MOF as CO, adsorption active sites.'” Although
the MOF system could reduce even 5% concentration of CO,
with about 1.3 times higher efficiency compared to that of the
corresponding homogeneous system without MOF, its photo-
catalysis is not satisfactory because of low durability
(TONgcoon = 33.3) and low selectivity of CO, reduction
(71% with H, evolution; TONy, = 14.5). In natural
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photosynthesis, plants have acquired elaborate systems during
the evolutionary process to solve the above-mentioned
problem, ie., the Hatch—Slack cycle for concentration of
CO, and the Calvin cycle for CO, reductive fixation.'® A novel
photocatalytic system with a different working principle for
CO, condensation is required for the development of artificial
photosynthesis research.

We recently found that Re(I) complexes with deprotonated
triethanolamine as a monodentate ligand can efficiently capture
CO, to be converted to an aminoethylcarbonato comglex, 1e,
fac-[Re(bpy)(CO);{OC(0)OC,H,N(C,H,0H),}]."”
dition, some fac-[Re(NAN)(CO),L]-type complexes can
efficiently catalyze the selective reduction of CO, to give
CO." If both these fascinating properties, CO, capture and
reduction of CO,, can be harmonized in one system, a novel
photocatalytic system for reduction of low concentration CO,
could be developed. Herein, we report a system with a
heteronuclear bimetal complex comprising a Ru(Il) redox
photosensitizer and a Re(I) catalyst unit with high capability of
CO, capture. We succeeded in reducing dilute CO, of which
concentration was 50%—0.5% with high turnover numbers and
high quantum yields.

A dinuclear complex composed of a tris-diimine Ru(II) unit
as a photosensitizer and a tricarbonyl diimine Re(I) unit with a
labile monodentate ligand as a catalyst, connected with a
dimethylene ether (—CH,OCH,—) linkage (Ru—Re—DMF in
Figure la), was used in this study; this complex was recently
investigated as an efficient photocatalyst for CO, reduction
under a pure CO, atmosphere.”” The CO,-capturing ability of
the complex was examined in the presence of triethanolamine
(TEOA). Addition of TEOA to a dimethylformamide (DMF)
solution containing Ru—Re—DMF caused ligand substitution
of DMF on the Re unit of Ru—Re—DMF with TEOA giving a
Ru(II)—Re(I) complex with a deprotonated triethanolamine
ligand (Ru—Re—OC,H,NR,) (Process 1 in Figure la). An
equilibrium constant (Kig = 60) for ligand substitution was
obtained using the FT-IR spectra, as shown in Figures 1b and
S1. Introduction of CO, into a solution of Ru—Re—DMF and
Ru—Re—OC,H,NR, ([CO,] = 1.1 mM) induced a drastic
change in the 1o bands (2019 and 1914 cm™) in the FT-IR
spectrum of the solution (Figure 1c), clearly indicating that

Received: August 23, 2016
Published: October §, 2016

DOI: 10.1021/jacs.6b08824
J. Am. Chem. Soc. 2016, 138, 13818—13821


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08824/suppl_file/ja6b08824_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b08824
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

Journal of the American Chemical Society

Communication

(a)

Bl Process 1 N(CHLCH OH)_\2+
{ - 3§ e +TEOA-H o = T/\/ e
MR \/"“’\Rﬁzcc? _ A o N’\R‘K’C%O
A Lo +DMF An &
) Ru-Re-DMF Kis =60 ) Ru-Re-OC,H,NR,
[}
o] —|2+
Process 2 2 /Lo/\/N«:H/CH)OH))
+CO, - -l
= W0 c ,;lf/(%;
-CO, AN co
) Ru-Re-OC(0)OC,H,NR,
Kcoz =1.5 x 103 M-1 °
(b) ()
0.6 @2005 0.6
® 2019 1914
[}
8 [0]
204 20.4
© ©
2 2
S o ® 2005
172} 172
202 202.8 202
[
0 0
2100 2000 1900 1800 2100 2000 1900 1800
Wavenumber / cm—1 Wavenumber / cm~1
(dy 1.0
0.8
kel
E
0.6
o
3 )
go.4- £ L
8 A
0.2 Q

20 80 120
[CO,] /mM

0 40 80 12
[CO,] /mM

Figure 1. Ligand substitution of the dinuclear Ru—Re—DMF complex
and the CO, capture behavior in a mixed solvent system of DMF and
TEOA (5:1 v/v). (a) Three complexes, Ru—Re—DMF, Ru—Re—
OC,H,NR,, and Ru—Re—OC(O)OC,H,NR,, observed in the mixed
solvent system under a CO, atmosphere. (b) IR spectrum for Process
1 under an Ar atmosphere, equilibrium between Ru—Re—DMF and
Ru—Re—OC,H,NR,. (c) IR spectrum for Process 2 under conditions
of [CO,] = 1.1 mM and equilibrium between Ru—Re—OC,H,NR,
and Ru—Re—OC(O)OC,H,NR,. (d) Composition ratios of the
complexes depending on CO, concentration in a solution wherein the
inset shows the same figure with a wider concentration of CO,. Black,
blue, and red dots and lines in panels b, ¢, and d denote the complexes
Ru—Re—DMF, Ru—Re—OC,H,NR,, and Ru—Re—0C(O)-
OC,H,NR,, respectively.

most of the Re unit in the Ru(Il)-Re(I) complexes was
converted to the aminoethylcarbonato complex (Ru—Re—
OC(O)OC,H,NR,, Process 2 in Figure la) even in a dilute
solution of CO, because the vg bands are very similar to those
offac-[Re(bpy)(CO)3{OC(O)OC2H4N(C2H4OH)2}:| (Veo =
2020 and 1915 cm™)."” Identification of this CO, adduct was
also confirmed by *C NMR measurements (Figure S2). The
equilibrium constant for this CO, capture reaction (Ko,
Process 2) was 1.5 X 10* M™!, which was comparable to that of
the mononuclear Re(I) complex (Kco, = 1.7 X 10° M71)."
According to this large equilibrium constant for CO, capture,
bubbling with Ar gas containing 10% CO, (abbreviated as “10%
CO, gas”) converted 94% of the complex to Ru—Re—
OC(0)OC,H,NR,; moreover, the use of 1% and 0.5% CO,
gave 65% and 48% formation yield of Ru—Re—OC(O)-
OC,H,NR,, respectively (Figure 1d).”!

The photocatalytic ability of the Ru(II)—Re(I) complex for
CO, reduction was investigated using a gas-flow cell with Ar-
based gas containing various concentrations of CO, (Figure
S3). As a typical run, a DMF—TEOA solution (5:1 v/v)

containing Ru—Re—DMF and Ru—Re—OC,H,NR, (total
concentration was 0.05 mM) as well as 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[ d]imidazole (BIH, 0.1 M) as a
sacrificial reductant® was bubbled with 10% CO, for 30 min.
This solution was irradiated at A,, = 480 nm and the same gas
containing 10% CO, was continuously bubbled into the
reaction solution during irradiation. Only CO was selectively
produced and H, was not detected (Figure 2). The turnover
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Figure 2. Photocatalytic reaction using Ru—Re—DMF (n = 3) and
Ru—Re—OC,H,NR, (n = 2) under a 100% or 10% CO, atmosphere,
and turnover numbers for CO or H, formation (TONcy or TONy,)
for 19 h, where blue, green, red, and orange dots denote the turnover
numbers of CO formation under 100% CO,, CO formation under
10% CO,, H, formation under 100%, and H, formation under 10%,
respectively. TON¢o or TONy, are defined as [amount of evolved
CO or H,]/[amount of the dinuclear metal complex in solution].
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Figure 3. Photocatalytic CO formation under various concentrations
of CO, (0.5%—100%).

numbers for CO formation (TONo) were 303 (303 pmol)
and 871 (871 umol) after S h and 19 h of irradiation,
respectively, and increased to 1020 (1020 pmol) after 26 h of
irradiation (Figure S4). It can be noted that the time course of
CO formation using 10% CO, was similar to that of pure CO,,
particularly up to the S h irradiation time, as shown in Figures 2
and 3. Therefore, this photocatalytic system can supply a good
method for reducing CO,, even by using gas containing only
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10% CO,, without the use of other methods for CO,
condensation.

Similar experiments were conducted using different concen-
trations of CO,, i.e., bubbling with Ar containing 50%, 1%, or
0.5% CO, during irradiation (Figures 3 and S5). The time
courses of CO formation were similar among the cases using
100%, 50%, and 10% CO, concentrations. The quantum yield
of CO formation was determined as @y = 0.50 under a 100%
CO, atmosphere (Figure S6), and similar values were obtained
in cases with 10% CO,. Even in cases using gas with a much
lower concentration of CO,, ie., only 1% or 0.5%, CO was
produced with about 80% and 60% efliciencies, respectively,
compared to using 100% CO, for 1 h of irradiation. Although
further irradiation lowered the photocatalytic ability, the
TONgo reached 215 and 205 after 19 h of irradiation,
respectively (Figure SS), which are much higher than other
reported systems that use relatively low concentrations of CO,
(2.5 for CO, 33.3 for HCOOH, 14.5 for H, under 5% CO,
atmosphere)."”

For checking the function of TEOA, which is required to
obtain the CO, adduct Ru—Re—OC(0O)OC,H,NR,, reference
experiments without TEOA were investigated. When similar
photocatalytic reactions in the absence of TEOA were
conducted with pure CO,, selective CO formation was
observed, although its efficiency was about three times lower
than in the presence of TEOA (Figure 4a, TONq = 101 for §
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Figure 4. Profound influence on photocatalytic CO, reduction by
triethanolamine (a) photocatalytic reactions under 100% and 1% CO,
atmosphere with/without TEOA. (b) Linear relationship between the
initial rate of CO formation and the concentration of the CO,-
capturing complex Ru—Re—OC(0O)OC,H,NR,.

h of irradiation). As previously reported, TEOA works as a base
for deprotonation of the one-electron oxidized form of BIH
(BIH**), which should suppress back electron transfer from the
one-electron reduced form of the photocatalyst to BIH" as one
of the obstruction processes of the photocatalytic reduction (eq
1).?On the other hand, when 1% CO, was used, formation of

/ /
N Ph N +
©E+><H + N(CHQCHZOH)3—>©: 9—Ph+ HN(CH,CH,OH); (1)
N N
\

\
BIH* TEOA

CO was not observed. This result clearly indicates that TEOA
is necessary for reduction of CO, under a 1% CO, atmosphere.
For determining the role of TEOA as a proton source,
photocatalysis using the dinuclear complex in the presence of
tri(n-propyl)ammonium hexafluorophosphate (25 mM) instead
of TEOA was investigated and formation of CO was not
observed. It can be noted that even in the presence of this
proton source, the emission from the excited Ru unit of the

dinuclear complex was almost quantitatively quenched by BIH.
The [Ru"(dmb),]** complex as a model of the photosensitizer
unit of the dinuclear complex was efficiently reduced under
similar reaction conditions, and the corresponding one-electron
reduced species [Ru"(dmb™*) (dmb),]* accumulated in the
reaction solution during the irradiation (Figure S7). These
results clearly indicate that photochemical reduction of the
dinuclear complex should proceed even in the presence of the
proton source; however, as described above, in the absence of
TEOA, reduction of CO, did not proceed under a 1% CO,
atmosphere.

It should be also pointed out that the saturated concentration
of CO, in the TEOA—DMF mixture (0.14 M)*' is lower than
that in pure DMF (0.20 M).** Therefore, from a viewpoint of
the concentration of CO, in the reaction solution, DMF should
be a better solvent than the mixture of DMF and TEOA.
Moreover, the viscosity of TEOA is much higher than that of
DMEF. This should be also another defect of the DMF-TEOA
mixed solvent for photocatalytic reactions because of the slower
diffusion rates of the photocatalyst and CO, in the DMF-
TEOA solution than in DMF. More efficient photocatalytic
performance in the presence of TEOA, despite these
unfavorable physical properties of TEOA, indicates that
TEOA and Ru—Re—OC(O)OC,H,NR, are crucial for CO,
reduction under low concentrations of CO,.

Figure 4b shows the correlation between the formation rate
of CO in the initial stages of the photocatalytic reaction and the
concentration of Ru—Re—OC(0)OC,H,NR, in the reaction
solution before irradiation and indicates the concentration of
CO, in the flow gas. These results, combined with the reference
experiments described above, clearly indicate that Ru—Re—
OC(0)OC,H,NR, mainly worked as a photocatalyst for CO,
reduction to give CO. In other words, Ru—Re—OC,H,NR, can
play the role of a precursor to the photocatalyst and of a
collector of CO, from gas containing low concentrations of
CO,; the large equilibrium constant of formation of Ru—Re—
OC(0)OC,H,NR, from Ru—Re—OC,H,NR, and CO, makes
the photocatalytic reduction of low concentration of CO,
possible.

The lower durability of the photocatalyst under 1% and 0.5%
CO, concentrations compared to those under 100%—10%
(Figure SS) is another evidence for the important role of Ru—
Re—OC(0)OC,H,NR,, because a part of the Re complexes in
solution (35% and 52% of the added Re complex under 1% and
0.5% CO, concentrations, respectively) was not converted to
the CO, adduct, i.e, Ru—Re—OC,H,NR, and Ru—Re—DMF,
under 1% and 0.5% CO,. Although these Re complexes without
the aminoethylcarbonate ligand should be photochemically
reduced and ligand loss from the one-electron-reduced
complexes should produce the corresponding 17-electrons
species of the Re(I) complex moiety. It was reported that the
reaction rate of this species (mostly its solvento complex) with
CO, was slow (k = ~0.003 s~ in THF).”* Under low
concentrations of CO,, therefore, the slower rate of the
reaction with CO, should cause partial decomposition of the
photocatalyst, which resulted in ceasing of CO formation.

In conclusion, we developed a new photocatalytic system
using a Ru—Re binuclear complex, which can reduce dilute CO,
down to 10% CO, with high selectivity for CO formation
(~100%), high durability (TONq > 1000), and high efficiency
(®co > 40%). Even under 0.5% CO, gas, this system can
reduce CO, selectively to CO with ~60% the efficiency of a
system using pure CO,. This is the first example of a molecular

DOI: 10.1021/jacs.6b08824
J. Am. Chem. Soc. 2016, 138, 13818—13821


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08824/suppl_file/ja6b08824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08824/suppl_file/ja6b08824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08824/suppl_file/ja6b08824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08824/suppl_file/ja6b08824_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08824/suppl_file/ja6b08824_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b08824

Journal of the American Chemical Society

Communication

photocatalyst that has the ability to concentrate and photo-
chemically reduce CO,. This new concept, ie., the use of
efficient CO, insertion reactions to metal—oxygen bond for
photocatalytic reduction of CO,, holds great potential for
developing technologies for reduction of low concentrations of
CO,.
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