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Abstract: Dinuclear metal synergistic catalysis (DMSC)
has been proved an effective approach to enhance
catalytic efficiency in photocatalytic CO, reduction
reaction, while it remains challenge to design dinuclear
metal complexes that can show DMSC effect. The main
reason is that the influence of the microenvironment
around dinuclear metal centres on catalytic activity has
not been well recognized and revealed. Herein, we
report a dinuclear cobalt complex featuring a planar
structure, which displays outstanding catalytic efficiency
for photochemical CO,-to-CO conversion. The turnover
number (TON) and turnover frequency (TOF) values
reach as high as 14457 and 0.40 s™* respectively, 8.6 times
higher than those of the corresponding mononuclear
cobalt complex. Control experiments and theoretical
calculations revealed that the enhanced catalytic effi-
ciency of the dinuclear cobalt complex is due to the
indirect DMSC effect between two Co™ ions, energeti-
cally feasible one step two-electron transfer process by
Co," intermediate to afford Co,"™"(CO,*") intermediate
and fast mass transfer closely related with the planar

structure. }

Introduction

The massive combustion of fossil fuels and the concomitant
large discharge of carbon dioxide (CO,) into the atmosphere
have caused serious energy and environmental issues.!"
Photocatalytic CO, reduction into high-valued chemical
fuels/feedstocks has been regarded as a promising “one
stone two birds” approach to the above two issues.”!
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However, the activation and conversion of CO, molecule is
difficult due to its inherent chemical inertness, which
requires efficient catalysts to accomplish this process.”! If we
limit our discussion on the catalytic CO,-to-CO conversion
focused in this study, there are two important steps with
high reaction energy barriers, which may determine the
reactive dynamics (Scheme 1). One is the binding and
reduction of CO, by metal center, where the linear CO,
changes to bent CO, species. The other is the cleavage of
the C—O bond in [O=C-OH]* intermediate. For the catalyst
with single metal catalytic center, both steps occur in one
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Scheme 1. Schematic representations for catalytic CO,-to-CO reduction
pathways of generalized pathways proceeding via proton-assisted, CO,-
assisted, and metal-assisted C—O cleavage (a) and direct and indirect
synergistic CO, activation in bimetallic catalysts (b) and (c), respec-
tively.
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active site (Scheme la), resulting in sluggish reaction
dynamics. Therefore, over the past several years, despite a
number of mononuclear transition metal complexes (e.g.,
Fe, Co, Ni, Cu, Mn, etc.) have been reported for photo-
catalytic CO, reduction to CO, most of them exhibit low
catalytic efficiency.™

Based on the mechanism studies of CO, reduction to CO
mentioned above, dinuclear metal complexes with suitable
metal--metal (M-~M) separations and spatial configuration
will be ideal catalysts for catalyzing CO,-to-CO conversion
(Scheme 1b), as the dimetallic centers in dinuclear com-
plexes can serve as di-active sites, not only beneficial to bind
CO, with bridge mode, but also favorable to promote the
cleavage of C—O in [O=C-OH]* intermediate, thus lowering
the activation barriers of transition states and improving the
catalytic efficiency of CO,-to-CO conversion. Actually, very
recently, only a few dinuclear metal complexes such as
CoCo, CoZn and CuCu have been reported as efficient CO,
reduction catalysts with dinuclear metal synergistic catalysis
(DMSC) effect. They demonstrate enhanced catalytic activ-
ity for CO, reduction, in sharp contrast to the mononuclear
counterpart.”) Moreover, by regulating the metal in dual-
metal sites, the catalytic activity of dinuclear complexes can
be improved. For example, when one Co in dinuclear CoCo
is replaced with Zn, the resulting CoZn displays significantly
enhanced catalytic efficiency for CO,-to-CO conversion
compared with CoCo, demonstrating the strengthened
DMSC effect between Co and Zn.P’¥ Though many endeav-
ors have been devoted in this field, the development of
dinuclear metal complexes that can show DMSC effect
remains challenge. The possible reason is that the relation-
ship between the catalytic activity of dinuclear metal
catalysts and the microenvironment around dinuclear metal
centres has not been well recognized and revealed.

It is well-known that catalysts with planar molecular
structures facilitate the mass transfer of substrate molecules
and the release of product attached to the metal centers. In
this context, the planar dinuclear metal complexes with
suitable M--M separations are expected to generate DMSC
effect and show high efficiency in CO, reduction.
2,2:6°,27:6”2"’-quaterpyridine (qpy) and its derivatives are
a type of planar organic ligands, which usually coordinate to
metal centers to form planar-structured metal-quaterpyri-
dine complexes, leaving two axial positions as active sites for
binding, activating and transforming substrate molecules.
This feature may also benefit for the activation and
conversion of CO,. With this in mind, a dinuclear cobalt
complex with a planar structure, [Co,L,(H,0),(NO;),]-
(NOs), (1) (L=4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole,
Figure 1a) was prepared and used as a catalyst for photo-
catalytic CO, reduction. Impressively, 1 exhibits excellent
catalytic activity for the photochemical CO,-to-CO conver-
sion. The turnover number (TON) and turnover frequency
(TOF) values reach as high as 14457 and 0.40s' respec-
tively, which exhibits 8.6-fold improvement than that of the
corresponding mononuclear complex, {[CoL,-
(CH;0H),](CsH;3S805),}-1.33CH;0H (2) (Figure 1b). Fur-
ther experimental characterizations and density functional
theory (DFT) -calculations disclose that the enhanced
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Figure 1. Chemical structures of (a) dinuclear cobalt complex 1 and (b)
mononuclear complex 2. The dashed lines for 1 denote that the

Co—N (pyridyl) distances tend to distort due to the structural require-
ment of the ligands, as indicated by the red arrows. The space-filling
models (bottom) are produced by the coordinates determined by
crystallography.

catalytic efficiency of 1 is due to the indirect DMSC effect
between two Co" ions, that is, one Co center binds one CO,
molecule and the other coordinates with one H,O molecule,
which can not only stabilize the adsorbed CO, molecule by
intramolecular hydrogen bond, but also provide proton to
promote the cleavage of C—O in [O=C-OH]* intermediate
(Scheme 1c). Moreover, the Co," dimer, given by one step
two-electron reduction of Co,™" dimer, can

feasibly afford the Co,™(CO,*") intermediate to avoid
the access to the more energetically demanding Co™
oxidation state. These features, together with the planar
structure of 1, facilitating the fast mass transfer, which
significantly boost the photochemical CO,-to-CO conver-
sion.

Results and Discussion

1 and 2 were prepared according to the literature methods.”
Liquid chromatography-mass spectrometry (LC-MS) of 1
shows the ion peak at m/z 879.0, corresponding to {[Co,L,-
(H,0),(NO;),](NO;),+H*}* ion (Figure S1). The LC-MS
of 2 exhibits the ion peak at m/z 840.3, which can be
assigned to [CoL,(CsH3SO5)]* ion (Figure S2). These LC—
MS results demonstrate that 1 and 2 are dinuclear and
mononuclear modes in solution, respectively, and can keep
stable after dissolved in solution. Single-crystal X-ray
diffraction analysis was performed to further determine the
structures of 1 and 2 (Figures S3 and S4, Table S1). The
results show that in 1, each Co" ion is six-coordinated by
four N atoms from two L ligands in the basal plane, and two
O atoms from one H,O and one NO;  at the axial positions.
L employs bis-bidentate coordination mode. Two L bridge
two Co" ions to form a dinuclear cobalt complex (Fig-
ure S3). In 2, each Co" ion is also six-coordinated by four N
atoms and two O atoms. The N atoms are also from two L
ligands in the basal plane, while the O atoms are from two
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CH;OH at the axial positions. Different from 1, L in 2
adopts bidentate mode. Two L ligands coordinate with one
Co" ion to form a mononuclear cobalt complex (Figure S4).
Further structural analyses showed that the coordination
units in both 1 and 2 are approximately planar as shown by
their space-filling models depicted in Figure 1, which may be
beneficial for the rapidly absorbing and activating CO,
molecules, as well as the rapid release of CO from the Co
centers. Besides, the distance of Co-Co is 4.163 A in 1
(Figure S3), which is suitable for generating DMSC effect
for CO,-to-CO conversion.

Powder X-ray diffraction (XRD) analyses revealed that
the diffraction patterns of 1 and 2 are identical to the
simulated ones, demonstrating that high-purity phases of 1
and 2 were obtained (Figures S5 and S6). Moreover, the
temperature dependences of the magnetic susceptibility at a
field of 1000 Oe (2-300 K) were also measured to clarify the
spin states of 1 and 2. At 300 K, the T values of 1 and 2
are 5.00 and 2.48 cm® K mol™, respectively (Figure S7).
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Figure 2. (a) Photocatalytic CO evolution of 1 under different concen-
trations (0.25-20 yM). (b) Kinetic studies of photocatalytic CO
evolution by 1 (1 pM) and 2 (2 pM). (c) TON values of 1 and 2 for CO
evolution. (d) Mass spectrum analysis for the gas generated from the
photocatalytic CO, reduction by using >CO, instead of '?CO, over 1.
Error bars are derived from standard errors from three tests.

Table 1: Results of photocatalytic reduction of CO, to CO by 1 and 2.
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These values are respectively larger than the values of 3.75
and 1.88 cm® K mol ™ for 1 and 2 respectively, expected for
the high-spin Co,™" (S=3/2) (1) and Co" (S=3/2) (2) by
supposing an isotropic S =3/2 spin for each metal center.®!

Encouraged by the above structural analysis results, the
photocatalytic CO, reduction experiments were carried out
by using 1 as a catalyst, [Ru(phen);](PF;), as a photo-
sensitizer and 1,3-dimethyl-2-phenylbenzimidazoline (BIH)
as a sacrificial donor under different concentrations of 1 and
light intensities. Note that the CO yield is linearly correlated
to the catalyst concentration when it is less than 1uM
(Figure 2a and Table 1, Entries 1-3). At the catalyst concen-
trations above 1 pM, it shows a saturation followed by a
gradual decrease (Figure 2a and Table 1, Entries 4-7), which
was confirmed to arise from the loss of solubility of the
catalyst in its PF¢~ salt above this concentration because of
the presence of [Ru(phen);](PF;), (0.4 mM). Moreover, the
photocatalytic activity of 1 is also closely related with the
light intensity used. As shown in Table S2, with the
enhancement of the light intensity, the CO yield obviously
increases, while the selectivity to CO slightly decreases
when it is larger than 160 mWcm™. Therefore, the opti-
mized condition is 1.0 pM of catalyst and 160 mWcm 2 of
light intensity. On this condition, the CO yield and
selectivity by 1 reaches as high as 72.28 ymol and 95 %
within 10 h respectively, corresponding to the TON and
TOF values of 14457 and 0.40s™' respectively (Table 1,
Entry 3; Figure 2a-2c). Under the same condition, the
photocatalytic CO, reduction by 2 (2.0 uM) yields only
16.80 pmol of CO, with the TON and TOF values of 1680
and 0.05s™, respectively (Table 1, Entry 8; Figure 2b, 2c).
Obviously, 1 exhibits higher catalytic activity for photo-
chemical CO,-to-CO conversion, achieving 8.6-fold improve-
ment over 2 quantitatively. Moreover, 1 possesses higher
selectivity to CO (95 %) than 2 (89 %) (Table 1, Entries 3
and 8). These results suggest that there is a strong synergistic
catalysis effect between two Co sites within 1 for photo-
chemical CO,-to-CO conversion.

To thoroughly investigate the photocatalytic CO, reduc-
tion to CO by 1, several control experiments were carried
out. As shown in Table S3, without 1, [Ru(phen);](PFs),,
BIH or visible-light, negligible even no CO was detected
(Entries 2-5), indicating that catalyst, photosensitizer, sacri-

Entry Cats. Conc. (M) CO [umol]
1 1 0.25 15.92

2 1 0.5 35.43

3 1 1 72.28

4 1 2 76.19

5 1 5 63.90

6 1 10 47.68

7 1 20 28.29

8 2 2 16.80

9 1 1 6.10

H, [pmol] Sel.co (%) TONco TOFo [s7]
0.83 95 12736 0.35
1.97 95 14172 0.39
4.02 95 14457 0.40
5.56 93 7619 0.21
7.38 90 2556 0.07
11.96 90 954 0.03
20.05 59 283 0.01
2.10 89 1680 0.05
0.47 93 1220 0.03

Conditions: [Ru(phen);](PF¢), (0.4 mM), BIH (0.025 M), CH;CN/CH;OH/H,O (v/v/v=3:1:1), Xe lamp (A>420nm, light intensity:
160 mWcm™), 10 h, 25°C, under 100% CO, except for the Entry 9 which was performed under the gas mixture consisting of 10% CO, and 90%
Ar. All of the experiments were performed at least three times (error below 15%).
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ficial agent, and light are all indispensable to the reduction
of CO, to CO. When Ar was used instead of CO,, no CO
was observed (Table S3, Entry 6), indicating that the CO
originates from the photocatalytic CO, reduction by 1,
rather than the decomposition of organic species in the
photocatalytic system. This conclusion was further con-
firmed by isotope tracer experiment. As shown in Figure 2d,
BCO signal is observed in the mass spectrum by using *CO,
instead of CO, in the photocatalytic system.’#! This
observation directly evidences that the generated CO comes
from the reduction of CO,.

In view of the excellent catalytic activity of 1 for
photocatalytic CO, reduction, mixed gas containing 10 %
CO, and 90 % Ar to simulate the flue gas (5-15 % CO,) was
used instead of 100 % CO,, to further evaluate the catalytic
performance of 1. It was found that 6.10 umol of CO was
detected, corresponding to the TON and TOF values of
1220 and 0.03s7!, respectively (Table 1, Entry 9). Though
the TON value of 1 in 10 % CO, decreases compared with
that obtained in 100 % CO, (Table 1, Entry 3), this value is
still higher than those of most reported catalysts behaving in
100% CO, (Table S4), indicating that 1 is really highly
active for photocatalytic CO, reduction to CO. Moreover, in
such a low CO, concentration, 1 still exhibits a high
selectivity of 93% to CO (Table 1, Entry9). The high
activity and selectivity of 1 behaving under both 100 % and
10 % CO, make 1 outstanding among reported catalysts for
photocatalytic CO, reduction (Table S4). Besides the DMSC
contributing to the high activity, the free -NH, groups in 1
may also help to bind and reduce CO,. To explore the
proposal, we designed and synthesized the other dinuclear
Co(IT) complex (3) without -NH, group, which was charac-
terized by single-crystal and powder X-ray diffraction (Fig-
ure S8). The results of photocatalytic experiment of 3 for
CO, reduction show that the catalytic activity of 1 is 1.6-fold
higher than that of 3 under the same catalytic conditions,
suggesting that the free -NH, groups in 1 really helps to bind
and reduce CO, (Figure S9).

Apart from the catalytic activity and selectivity, the
durability of 1 in the photocatalytic CO, reduction was also
studied. As shown in Figure S10, after 10h of light
irradiation, the production rate of CO apparently decreases,
which may attribute to the degradation of 1, [Ru(phen)s]-
(PFs), or BIH. To confirm this speculation, first of all, the
UV/Vis absorption spectra of 1 and [Ru(phen);](PF), in
solution were respectively measured before and after light
irradiation. The results demonstrate that the UV spectra
show almost unchanged for 1 (Figure S11), while the
intensity of adsorption peak significantly decreases for
[Ru(phen);](PFy), after irradiation for 10h (Figure S12),
suggesting that 1 is robust during the photocatalytic process,
and the deactivation of the photocatalytic CO, reduction
system may be related with the degradation of [Ru(phen);]-
(PF¢),. Then, the consecutive photocatalytic CO, reduction
experiments were performed. After light irradiation for
10 h, a fresh equivalent of [Ru(phen);](PF;), was added in
the reaction system, which can not remarkably reactivate
the photocatalytic CO, reaction (Figure S13). However, the
addition of a fresh equivalent of BIH can reactivate the
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ceased photocatalytic reaction with a similar rate (Fig-
ure S14). These observations suggest that the cease of the
phtotocatalytic CO, reduction after 10 h is attributed to the
consumption of BIH. Further addition of fresh BIH after
20 h, the ceased photocatalytic CO, reduction reaction can
not be reactivated (Figure S14), implying that 1 and/or
[Ru(phen);](PF;), may be degraded after 20 h. To confirm
this assumption, both fresh [Ru(phen);](PF;), and fresh BIH
were added in the photocatalytic reaction system after 20 h.
As shown in Figure S15, the ceased photocatalytic CO,
reduction reaction can be reactivated again, indicating that
the stoppage of the photocatalytic CO, reduction system
after 20 h is ascribed to the degradation of [Ru(phen);]-
(PFs), and BIH. These results further illustrate that 1 is
robust after photocatalysis for a period of 30 h. In addition,
no nanoparticle was observed during photocatalysis, as
confirmed by the dynamic light scattering (DLS) experi-
ments. This observation, coupled with the durability results,
solidly evidence that 1 possesses high robustness in photo-
catalytic CO, reduction process.

In order to well understand the DMSC effect between
two Co" ions in 1, the kinetics of CO evolution by 1 was
investigated in terms of both photocatalysis and electro-
catalysis. The photocatalytic experiments reveal that the CO
evolution rate is linear to the concentration of 1, suggesting
that the rate-determining step of catalysis is first-order in
catalyst (Figure S16). The cyclic voltammogram (CV) of 1 in
Ar displays a primary reduction peak at —0.94 V vs. NHE
(Figure S17). On the other hand, the first reduction of 2,
corresponding to the Co"/Co' couple, appears at —0.95 V vs.
NHE (Figure S18). As two separate one-electron transfer
waves (Co,"™/Co,™ and Co,™/Co,") are not observable
around this potential domain, the reduction wave of 1 at
—0.94V vs. NHE is regarded as a one-step two-electron
process based on Co,""/Co," couple. This is the case in
which the reduction potential for the second step (Co,™Y
Co,") is anodically shifted with respect to that for the first
step (Co,™/Co,"™), as described elsewhere.’! This assign-
ment is further supported by the DFT results described
below. The differential pulse voltammograms (DPVs) meas-
ured for 1 and 2 in Ar both display a single reduction peak
at —0.87 and —0.88 V vs. NHE, respectively (Figure S19),
consistent with the above assignments. Under CO, atmos-
phere, the CVs of both 1 and 2 exhibit much higher current
densities than those observed under Ar (Figures S17 and
S18). Moreover, 1 exhibits an obviously higher current
density than 2 under CO, atmosphere, consistent with the
higher photocatalytic CO, reduction rate of 1 compared to 2
(Figures S17 and S18). Furthermore, the current density
derived from the electrocatalytic CO, reduction at —0.94 V
linearly increases as a function of the concentration of 1
(Figure 3a and 3b), consistent with the first-order depend-
ence of the CO evolution rate on the catalyst concentration
shown by the photocatalytic experiments.

The catalytic mechanism of the photocatalytic CO, to
CO with 1 was further revealed by fluorescence quenching
experiments. As shown in Figure3c, the maximum
fluorescence emission peak of [Ru(phen);]*"* in deaerated
CH,CN/CH;0H/H,0 (v/v/v=3:1:1) appears at 593 nm
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Figure 3. (a) CV curves of 1 at different concentrations. (b) Catalytic
currents vs. the concentrations of 1 at —0.94 V vs. NHE. (c)
Luminescence spectra of [Ru(phen);](PFe), by the addition of different
concentrations of BIH. (d) Linear plots of emission intensity ratio in
the absence and presence of BIH vs. the concentration of BIH. (e) UV/
Vis spectra of 1 in Ar-purged CH;CN/CH;OH/H,O (v/v/v=3:1:1)
solution after electrolysis at —1.10 V vs. NHE under different times. (f)
In situ FTIR spectra of 1 in photochemical CO,-to-CO conversion.

under an excitation wavelength of 450 nm, which was
gradually quenched by addition of varying concentrations of
BIH. The quenching rate constant (k,) evaluated by the
Stern—Volmer plots is 1.05x10"°M™"' s (Figure 3d). In
contrast, the excited state [Ru(phen);]*** exhibits negligible
fluorescence change with the addition of different concen-
trations of 1 (Figure S20). These results demonstrate that
the quenched mode of the excited state [Ru(phen);]*"* can
be assigned to an reductively quenched mechanism."”! Thus,
the reaction pathway of 1 for photocatalytic CO, reduction
was proposed. Upon illumination, the [Ru(phen);]*" is
excited firstly to produce [Ru(phen);]*"*, which is quenched
by BIH to form [Ru(phen);]*. The oxidized BIH"* species is
easily deprotonated to form BI°, which possesses strong
reducibility and can reduce [Ru(phen);]*" to [Ru-
(phen);]*.!" Finally, [Ru(phen);]* species transfer electrons
to Co,™ of 1 to generate Co,"" intermediate, which further
reduces the absorbed CO, to CO. To detect the reductive
state of Co in 1, UV/Vis spectroelectrochemistry investiga-
tion for 1 was conducted at —1.10 V vs. NHE. As shown in
Figure 3e, it can be observed that under Ar, the intensity of
adsorption peak at about 500 nm increases continuously
with extension of electrolysis time, while under CO,, the
corresponding adsorption peak keeps unchanged (Fig-
ure S21). These observations suggest that the reductive state
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of Co (i.e., the Co," intermediate) was generated under
Ar," and the concentration of generated Co," intermediate
gradually increases with the extension of the electrolysis
time. In the presence of CO,, the generated Co," inter-
mediate are partly consumed to reduce CO,. Thus a
generation-consumption balance of Co," intermediate fastly
build, and the UV/Vis adsorption peak at 500 nm keeps
unchanged. Moreover, the photocatalytic CO, reduction
process with 1 was in situ monitored by Fourier transform
infrared spectroscopy (FTIR). As shown in Figure 3f, two
new adsorption peaks at 1640 and 2077 cm™', assignable to
the *COOH and *CO intermediates respectively, were
detected. Their intensities gradually increase along with the
increased reaction time. Both intermediates are regarded as
the key intermediates during the process of CO, reduction
to CO.[¥!

In order to further elucidate the reason for the much
more superior photocatalytic performance of 1 compared to
2, possible reaction pathways for both catalysts have been
predicted by the DFT calculations. As described above, the
most remarkable redox property of 1, not exhibited by 2, is
its capability of accepting two electrons at a single electrode
potential based on the two-electron one-step Co,™"/Co,"
process. As depicted in Figures 4 and S22, the first reduction
step is less feasible than the second one since the second
reduction potential computed is anodically shifted with
respect to the first one: E; 00 = Beyea(Co,"™Co,™) = —1.21
and E, g = Eeuea(Co,™/Co,") = —0.94 V. This is the case in
which the mixed-valence Co,™ intermediate is thermody-
namically unstable and its disproportionation equilibrium is
largely shifted to the homo-valence species, as previously
described.”! Using the DFT-computed potentials, the dis-
proportionation constant (K,) can be computed as K, =
3.7x10%, where E, e - Eicuca=(RT/F)InKy,, R is the gas
constant, T is the absolute temperature (298.15 K), and F is
the Faraday constant. It must be, however, noted that the
electron transfer processes using the photochemically gen-
erated reductive equivalents (i.e., [Ru(phen);]*) do not
allow the two-electron one-step transfer process so that two

[|-2<3|0"CO"(H20)2]4+

| e
H_, . HO OH; Ered1=-1.21V
co 1
[L2C3IO"C|C>"(CO)(OH‘)]3+ [chlo”clo'<H20)213*
H,O OH, H,O OH, .
1f 1a €
TS2-1 Ereq2=-0.94V
L,Co'Co'(H,0),]?*
[chlo"Ccl)”(Hzo)(COOH')]3+ [L2CpCp(HON]
H,O OH
H,0 H,O 1e 2 1b 2
/ H,0 Co,
H+
[chlo”clo”(H20)<cozz-)12+ [ch|o'c|o'<Hzo>(Coz>12*

H,0 OH, 1d ™~ H,0 OH, 1c

TS1-1

Figure 4. Proposed catalytic mechanism of 1 for reduction of CO, to
CO through the consecutive electron transfer pathway.
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consecutive one-electron transfer processes must be under-
taken to afford the Co," intermediate (1b) (Figure 4).
Although the formation of Co," intermediate via the
disproportionation of the mixed-valence Co,™ species (1a)
cannot be completely ruled out, the [Ru(phen);]*-driven
formation of the Co," species is likely to predominate due
to the two order of magnitude higher concentration of the
photosensitizer relative to the catalyst.

Another important feature realized by DFT is that the
activation barrier for the CO, binding by the Co,"
intermediate is substantially low (AG*=5.82 kcal/mol for the
step from 1c¢ to 1d in Figures 5 and S22), clearly due to the
avoidance of making access to the more thermodynamically
demanding Co™ oxidation state. The two reductive equiv-
alents stored in the Co," intermediate (1¢) is readily utilized
to afford the Co,"™(CO,*") species (1d) (Figure S22). In
contrast, the mononuclear catalyst 2 requires the access to
the Co™ oxidation state by promoting CO, binding to the
one-electron reduced Co' intermediate (2b) to yield the
Co™(CO,*) species (2¢) (Figures S23 and S24), as reported
for various mononuclear cobalt molecular catalysts for CO,
reduction."”¥ The barrier for this step is indeed rather high
(AG*=19.28 kcal/mol for 2b—2c¢), rationalizing the slower
catalytic rate in CO, reduction by 2 (Figures 5 and S24). The
highly exothermic nature of the C—O dissociation step
(Co™(CO,> ) +2H" +e~ — Co"(CO)+H,0; Figure S23) is
largely responsible for the anodically shifted reduction
potential of the Co™(CO,>")/Co"(COOH") couple
(—=0.27 V). We may therefore conclude that the two-electron
chargeable character of the dicobalt catalyst plays a signifi-
cant role in its superior photocatalytic performance in CO,-
to-CO conversion.

As for the subsequent steps, the Co,"™"(CO,”) inter-
mediate (1d) is spontaneously stabilized by protonation to
yield the Co,"(COOH") intermediate (le) (AG=
—11.86 kcal/mol) (Figure S22). This intermediate further
undertakes a slightly endergonic C—O cleavage (AG=
1.63 kcal/mol) by releasing OH™ to yield the Co,™"(CO)
intermediate (1f) with the barrier being AG*=5.03 kcal/mol,
which is only slightly lower than the barrier computed for

TS2-2 AG* = 9.92 kcal/mol

TS1-2 AG* = 19.28 kcal/mol

Figure 5. Free energy barriers of two transition states in CO, reduction
to CO for 1 and 2, the numerical values labeled on the structures
represent the corresponding bond length (A).
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the CO, binding step (5.82 kcal/mol for 1¢—1d) (Figure 5).
Moreover, the AG* for the cleavage of the C—O bond in
[O=C-OH]* intermediate in 2 is 9.92 kcal/mol, which is
significantly lower than the barrier computed for the CO,
binding step (19.28 kcal/mol) (Figure 5). Thus, the rate-
determining step (RDS) of 1 and 2 for photochemical CO,-
to-CO conversion is the CO, binding and reduction.
Obviously, 1 exhibits lower AG* of RDS than 2, which
strongly supports the higher catalytic performance for
photochemical CO,-to-CO conversion.

In addition to the rapid catalytic cycle demonstrated
above for 1, an alternative route undergoing via the CO,
binding at the one-electron-reduced intermediate (1a),
rather than the two-electron-reduced intermediate (1b), was
also confirmed to be feasible as a minor, competitive CO,
reduction pathway. As shown in Figures S25 and S26, the
CO, binding at the Co,™ intermediate (1¢’) may also be
promoted if 1¢’ encounters CO, rather than either [Ru-
(phen);]" or 1¢, leading to afford the Co,™™(CO,*")
intermediate (1d”). As expected from the energetic demand
in making access to the Co™ oxidation state, the barrier for
this step (AG*=12.44 kcal/mol for 1¢>—1d) is much higher
than that triggered by the Co,"" intermediate (5.82 kcal/mol)
but still considered feasible. The subsequent step is consid-
ered to be either proton-coupled electron transfer (PCET)
or reduction followed by protonation, to afford the Co,™"-
(COOH") intermediate (1e) equivalent to that evolved in
the major route shown in Figure S22 so that the catalytic
cycle completes in the same way. The highly exothermic
nature of the step affording the Co,™(COOH") intermedi-
ate also reflects the anodically shifted reduction potential
for the Co™(CO,?")/Co"(COOH") couple (—0.65 V).

It’s worth noting that the adjacent H,O coordinating to
one Co can form O—H--O hydrogen bond interaction with
the adsorbed CO, in 1, which may be beneficial for the CO,
binding and reduction, to generate a bent CO,*” intermedi-
ate stablized by the above intramolecular hydrogen bond,
thus lowering the AG* (Figures 5 and $22).) To confirm
this, the photochemical CO,-to-Co conversion over 1 with-
out H,O coordinating to one Co was simulated. The results
show that the calculated AG* values of TS1”-1 and TS1°”-1
for one-step two-electron transfer and successive one-
electron transfer steps are 8.73 and 16.66 kcal/mol respec-
tively, which are much larger than that of TS1-1 (5.82 kcal/
mol) discussed above (Figure S27). These results demon-
strate that the coordinated H,O on one Co to generate
indirect DMSC together with the one-step two electron
transfer in 1 are thermodynamically favorable for photo-
chemical CO,-to-CO conversion. In addition, the results of
kinetic isotope effect (KIE) of H/D reveal that the CO
yields are almost unchanged when the aqueous media (H,O)
was replaced by D,O (KIE=1 for both catalysts 1 and 2)
(Figure S28), indicating that the proton transfer has no
influence in the RDS.' In fact, as the RDS in photo-
catalytic CO, reduction to CO by 1 and 2 is the CO, binding
and reduction, in which no proton participates, despite the
proton takes part in the catalytic process, it has no influence
on the whole photocatalytic CO, reduction reaction.
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Additionally, some important aspects relevant to the fast
catalysis by 1 can be further understood by carefully
examining the electronic and structural properties of all the
computed intermediates. As summarized in Tables S5 and
S6, the Co—N(pyridyl) distances computed for 1 (2.243-
2.264 A) are substantially longer than those computed for
the mononuclear catalyst 2 (2.181 A), reflecting that the
binucleating ligand adopted in this study is not ideal in
stabilizing the bis(ligand)M, core (M=any metal). The
instability of the mixed-valence Co,™ species is reflected in
its longest average Co—N(pyridyl) distance (2.307 A; Ta-
ble S5). As illustrated in Figure S29a, 3,6-bis(pyrid-2-
yl)pyridazine may provide a geometry in which the two
C(pyridazine)-C(pyridyl) bond axes are linearly aligned, and
thereby provides an ideal platform to stabilize a bimetallic
core without giving too much structural strain in the
bridging ligand geometry. In contrast, the 3,5-(pyrid-2-yl)-
1,2,4-triazole ligand adopted in this work suffers from the
stretching forces in all the M—N(pyridyl) bonds because of
the pentacyclic character of the central ring connecting to
the two pyridyl rings (Figure S29b). With this ligand, the
two C(triazole)-C(pyridyl) bond axes cannot avoid having a
relatively large deviation from the straight line. Such
structural strains are largely suppressed in the mononuclear
catalyst 2. The same tendencies are clearly recognized in
most of the catalyst intermediates. The average Co—N-
(pyridyl) distance for 1 varies as follows: 2.254 (1), 2.307
(1a), 2.241(1b), 2.231 (1¢), 2.283 (1d), 2.266 (1e), and 2.257
(1f) A (Table S5). For 2, it varies as follows: 2.181 (2), 2.140
(2a), 2.143 (2b), 2.146 (2¢), and 2.170 (2d) A (Table S6).
The exceptionally long distance in 2e (2.279 A) is due to the
strong trans influence by the OH™ ligand and is not worth
discussing. It should also be notified that the Co—N(triazole)
bond lengths in the catalyst intermediates derived from 1
(2.075-2.147 A for 1-1f) are quite similar to those of 2
(2.104-2.172 A for 2-2d) (Tables S5 and S6). What can be
deduced from the longer coordinate bonds by the pyridyl
ligands in the bimetallic catalyst is that the overall ligand
field strength is much weaker in the bimetallic catalyst 1
compared to the monometallic catalyst 2, which is consistent
with the metal-based reduction potentials of 1 (E; 4=
—1.21 and E, ;g =—0.94 V) anodically shifted from that of 2
(Eicaca=—1.40 V). The lower electron density at the metal
centers in the bimetallic catalyst can also be recognized by
the longer Co—C(carbonly) distance in 1f (2.312 A) relative
to 2e, i.e., Co—C(carbonly) =2.231 A (Tables S5 and $6). In
addition, both relatively long carbonyl bond lengths support
the barrierless release of CO from the catalyst in the final
step of catalysis. In summary, the anodically shifted metal-
based reduction processes make the driving force for the
electron transfer from [Ru(phen);]* higher in the bimetallic
catalyst compared to the monometallic one, which may also
contribute to the fast catalysis by 1. Moreover, the somewhat
frustrating directions of the pyridyl donors in catalyst 1 bring
about the extra weakening in the donor strength, leading to
the higher lability of the metal ions required for the rapid
catalytic conversion processes.

On the other hand, attention should also be paid to the
high-spin characters of both catalysts, which also reflect the
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fundamentally weak ligand field strength provided by the
binucleating ligand. As shown in Figure 4 together with
Figure S22, the variation in the spin density of the Co
centers are shown for the whole reaction pathway in order
to clarify the changes in the charge/spin density within the
catalyst intermediates."” As shown in Figure S22, the spin
densities of Col and Co2 are identical (2.77) in catalyst 1,
and both change into 2.53 upon one-electron reduction into
1a, indicative of its delocalized mixed-valence Co(1.5+),
character. All the subsequent intermediates similarly possess
roughly equal spin density at the two metal centers,
revealing that both charge and spin are well dispersed over
the bimetallic platform. Although the spin density derived
from the high-spin character of each intermediate is mostly
localized at the metal centers, exceptions are the CO,’-
bound species (1d and 2¢) in which the spin density is
partially shifted to the CO,*~ moiety. For instance, the spin
density at the CO, moiety changes as follows: 0.00 (CO, in
1¢), —0.14 (CO, in TS1-1) and —0.28 (CO,*" in 1d). Upon
protonation of CO,>", the spin density fully localizes at the
metal centers by losing the density from the COOH™ moiety
(0.08 in 1e). Similarly, the Co"(COOH") intermediate (2d)
exhibits localized spin density at the metal center.

An important point that deserves to be mentioned again
is that as the energy barrier of the CO, binding and
reduction (5.82 kcal/mol) is slightly higher than that of the
cleavage of C-O bond in [O=C-OHJ* intermediate
(5.03 kcal/mol), the RDS of CO, reduction to CO by 1
should be the former (Figure5). Note that for reported
dinuclear CoCo and CoZn based on a cryptand ligand, the
RDSs are the latter.’*¥ The difference of the RDS for CO,
reduction to CO may be closely related with the structures
of catalysts. 1 is a planar structure with one Co coordinating
to a H,O and the other Co open, which not only helps the
capture of CO, molecule and promotes the cleavage of C—O
bond in [O=C-OH]* via indirect DMSC, but also facilitates
the mass transfer because of the planar structure. In
contrast, CoCo and CoZn are cryptand-like structures where
both active sites are confined in a cavity. The confinement
of the cavity contributes to the stabilization of reaction
intermediate, but conversely, this is not beneficial for the
release of CO, thus affecting the mass transfer and the
cleavage of C—O bond in [O=C-OH]* intermediate. As a
result, at the same concentration of 1.0 uM, 1 shows an
optimized TON value of 14457, much higher than those of
CoCo (1450; Figure S30) and CoZn (4400).5Y These results
suggest that the planar dinuclear metal complexes are a type
of ideal catalysts to boost photocatalytic CO,-to-CO con-
version, not only for the generated indirect DMSC effect,
but also for the rapid mass transfer.

Conclusion

In summary, a planar-structured dinuclear cobalt complex
has been successfully fabricated, which can be used as a
highly efficient catalyst for the photochemical CO,-to-CO
conversion. The photocatalytic results demonstrate that this
dinuclear cobalt complex exhibits remarkably higher cata-
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Iytic activity of 8.6 times more active than the mononuclear
counterpart. The greatly enhanced catalytic efficiency can
be attributed to the below characteristics: (1) the dinuclear
cobalt complex shows indirect DMSC effect between two
Co" ions, in which one Co ion binds one CO, molecule and
the other binds one H,0O molecule. The binding H,O
molecule, not only helps the capture of CO, via forming
intramolecular hydrogen bond, but also promotes the
cleavage of C—O in [O=C-OH]J* intermediate via providing
proton; (2) this dinuclear cobalt complex exhibits fast
electron transfer due to the single-step two-electron redox
cycling capability based on the Co,™"/Co," couple, which
can avoid the access to either the Co™ or Co° level while
undertaking the oxidative addition of CO, to afford the
CO,*-bound intermediate; (3) the planar-structure of this
dinuclear cobalt complex significantly facilitates the mass
transfer. This work provides new insights for researchers in
designing dinuclear-metal-complex-based catalysts for syn-
ergistically photochemical CO,-to-CO conversion.
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