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To study the effects of substituent electron - donor on the efficiency of manganese - based photocatalyst, four different
Mn(IT) complexes have been used as catalysts, the ligands including phenanthroline with methyl and phenanthroline without

methyl, bipyridine with methyl and bipyridine without methyl. [Ru(bpy)s]*"

([Ru]) has been used as a photosensitizer with

triethanolamine (TEOA) in CH;CN solution for the photochemical reduction of CO, to CO under visible light irradiation.
The turnover numbers of the four catalysts are found to be 99, 717, 167, and 1038, respectively. The experiments have
revealed that the catalytic effects of phenanthroline-type complexes are superior to the dipyridyl-type complexes, which has
no methyl groups on their ligand. For both phenanthroline-type and dipyridyl-type complexes, the catalysts with a methyl
group on the ligand shows good performance than those without a methyl group. The phenanthroline-type complexes with
methyl groups has displayed the best catalytic activity among these four catalysts.
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Excessive CO, emissions lead to greenhouse effect,
and simulating photosynthesis to convert carbon
dioxide into high value-added products has become
one of the research hotspots'”. CO, is used as a
feedstock and converted into CO>*, CH,’, CH;0H®,
HCOOH’, and other valuable chemicals; however, the
relatively inert C=O bond in the linear O=C=0
molecule has a high dissociation energy (>805
kJ'mol™)¥. To achieve high-efficiency and selective
CO, reduction, noble metals such as Ir’, Ru, Re'®, and
Ir-Re complexes'' have been used as catalysts with
good results; however, designing economically viable,
environmentally responsible, and sustainable catalysts
using Fe'?, Co™™, Ni'®, and Mn'""® should be a
focus of practical applications.

The discovery of ligands is the core challenge of
photocatalysis'.  Recent examples of CO,
photoreduction catalysts have been exclusively
limited to bidentate o-dimmine® ligands and
bipyridine?’. There are few reports of the
photocatalytic reduction of CO, using Mn-based
catalysts with electron-donating group substituting
phenanthroline ligands.

Herein, we report four photocatalyst complexes,
Mn-bpy (Fig. 1a), Mn-dmbpy (Fig. 1b) Mn-phen
(Fig. 1c), and Mn-tmphen (Fig. 1d), which were
synthesized by combining different pyridine ligands

with manganese as the central metal. In our
photocatalytic systems, [Ru] was used as the
photosensitizer and BIH as the sacrificial agent in a
mixed solvent CH;CN/TEOA (V: V'="7: 1) with blue
LED lamp irradiation (A = 420 nm). The
experimental results showed that the catalytic effect
of complex catalyst with phenanthroline ligands
substituted by electron-donating group is better than
the Mn-based catalysts previously reported in the
literatures, and the CO selectivity reached 99.8%.

Experimental Details
All chemicals were purchased from company such
as Sigma-Aldrich and used as received.

Synthesis of Mn-bpy

2,2'-Bipyridine (222 mg, 0.71 mmol) and
[Mn(CO);Br] (199 mg, 0.72 mmol) were dissolved in
30 mL of diethyl ether, stirred, and then heated under
reflux for 3 h. After cooling to room temperature,
a yellow powder was obtained, which was filtered,
washed with diethyl ether, and then dried under
vacuum. Yield: 312 mg (0.59 mmol) (83.4%). '
NMR (500 MHz, DMSO-ds, ppm): & 9.16 (s, 4H),
8.62 (s, SH), 8.19 (s, 4H), 7.69 (s, 4H). Elemental
analysis results for Mn-bpy: calculated: C, 45.57;
H, 3.06; N, 10.63; found: C 45.19, H 3.04, N 10.49.
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Fig. 1 — Crystal structure diagram of the four catalyst (a) Mn-bpy, (b) Mn-dmbpy, (c) Mn-phen, (d) Mn-tmphen

Synthesis of Mn-dmbpy

4,4-Dimethyl-2,2-bipyridine (130 mg, 0.71 mmol)
and [Mn(CO)sBr] (113 mg, 0.41 mmol) were
dissolved in 30 mL of diethyl ether, stirred, and
maintained under reflux for 2 h. After cooling to room
temperature, a yellow powder was obtained by
precipitation, which was then washed with ether and
dried under vacuum. Yield: 184 mg (0.32 mmol)
(90.1%). '"H NMR (500 MHz, DMSO-d;): & 8.95
(s, 4H), 8.48 (s, 4H), 7.50 (s, 4H), 2.48 (s, 12H).
Elemental analysis results of Mn-dmbpy: calculated:
C 4943, H 4.15, N 9.61; found: C 49.06, H 4.06,
N 9.49.

Synthesis of Mn-phen
1,10-Phenanthroline (232 mg, 1.29 mmol) and

[Mn(CO);Br] (200 mg, 0.72 mmol) were dissolved in
50 mL of methanol stirred for 2 h. A yellow powder
was obtained by precipitation, which was washed
with methanol and then dried under vacuum. Yield:
340 mg (0.59 mmol) (92.4%). 'H NMR (500 MHz,
DMSO-dg, ppm): & 9.55 (s, 4H), 8.33 (s, 4H), 8.24
(s, 4H), 8.05 (s, 4H). Elemental analysis results for
Mn-phen: calculated: C 50.12, H 2.80, N 9.74; found:
C 49.56,H 2.78, N 9.27.

Synthesis Mn-tmphen
3,4,7,8-Tetramethyl-1,10-phenanthroline (343.8
mg, 1.45 mmol) and [Mn(CO)sBr] (200 mg, 0.72
mmol) were dissolved in 50 mL of methanol stirred
for 2 h. A yellow powder was obtained by
precipitation, which was washed with methanol and
dried under vacuum. Yield: 460 mg (0.67 mmol)
(92.9%). '"H NMR (500 MHz, CDCl;): & 8.92 (s, 4H),

8.03 (s, 4H), 2.72-2.52 (m, 24H). Elemental analysis
results for Mn-tmphen: calculated: C 55.92, H 4.69,
N 8.15; found: C 55.56, H 4.58, N 8.28.

Characterization  results of the catalysts,
crystallographic data collection and refinement,
experimental details for photocatalytic CO, reduction
along with results and isotopic labelling experiment
procedure along with results are given in
Supplementary Information (SI) .

Results and Discussion

The primary crystallographic data for the catalysts
are listed in Table S1 (SI). Single-crystal X-ray
diffraction (XRD) analysis showed that the four
catalysts had different structures. The structures of the
complexes Mn-tmphen and are novel and have not
been previously reported. Although the structure of
Mn-bpy>, Mn-dmbpy” and Mn-phen®* have been
reported before, these studies prepared the catalysts in
several steps. Herein, we obtained the product Mn-
bpy, Mn-dmbpy, Mn-phen with similar crystal
structure by a direct synthesis method in a different
solvent and with higher yields.

The powder X-ray diffraction (PXRD) patterns of
four catalysts were recorded at room temperature.
Figs S2a-d (SI) show that the PXRD patterns of four
complexes synthesized, indicating that single phases
of complexes were formed.

To evaluate the reducing capacity of Mn-bpy, Mn-
dmbpy, Mn-phen, and Mn-tmphen photocatalysts
for photocatalytic reduction of CO,, cyclic
voltammetry (CV) curves of deaeration and CO,
saturation of Mn-bpy, Mn-dmbpy, Mn-phen, and
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Fig. 2 — Cyclic voltammetry curves of (a) Mn-bpy, (b) Mn-dmbpy, (c) Mn-phen and (d) Mn-tmphen in dry acetonitrile. The catalysts
concentration was 1 mM, anhydrous "BuyNPF¢ was used as the supporting electrolyte and acetonitrile was used as the solvent, the

scanning speed was 100 mV/s

Mn-tmphen were measured under the same
conditions. In a N, atmosphere, all these four catalysts
showed two irreversible reduction peaks of Mn'/
Mn'(-1.07 ~ -1.56V vs. F¢'/Fc) and Mn'/ Mn® (-1.67 ~
-1.84V vs. Fc'/Fc). Compared with the peak currents
under N, atmosphere, the intensity of the peak current
increased with CO, introduction, indicating these four
catalysts are potential efficient redox reaction
catalysts for CO, reduction (Fig. 2). For Mn-tmphen,
the irreversible reductive peaks were found at
Epc = 1.56 V and -1.75 V* For Mn-bpy, Mn-dmbpy
and Mn-phen, these peaks are at -1.32 V and -1.67 V
(vs. F¢'/Fc)®, -1.07 V and -1.84 V (vs. Fc'/Fc)’, -1.41
V and -1.69 V 7, respectively. Under a N,
atmosphere, the reduction potential of Mn-dmbpy
was more negative than Mn-bpy. This indicates that
the Mn-dmbpy complex is easier to donate electrons
to CO, than Mn-bpy. Similarly, the reduction
potential of Mn-tmphen was more positive than Mn-
phen. This indicates that the Mn-tmphen complex is
easier to donate electrons to CO, than Mn-phen. We
have tentatively classified this behaviour to
the electron-donating methyl groups on Mn-dmbpy
and Mn-tmphen.
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Fig. 3 — Photocatalytic experimental results using the
synthesized catalysts. All photocatalytic experiments were

performed in a CH;CN / TEOA (7 : 1 V': V, 6 mL total) solution
with 0.1 mM catalyst, 0.45 mM [Ru], 0.052 M BIH, saturated
with CO,, and irradiated with 460 nm blue light (unless otherwise
noted)

After 12 h of illumination of the photocatalytic
system (as shown in Figs 3, 4 and Fig. S3.), the results
indicate that Mn-tmphen had a stronger catalytic
effect than Mn-phen, Mn-dmbpy and Mn-bpy.
Moreover, no HCOOH was found in the reaction
product by high-performance liquid chromatography.
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Fig. 4 — Comparison of photocatalytic reduction of CO, with
different Manganese catalysts. (M1 = Mn-bpy, M2 = Mn-
dmbpy, M3= Mn-phen, and M4 = Mn-tmphen). Experimental
conditions are same as mentioned Fig. 3

Table 1 summarizes the results of the
photocatalytic reactions. We used three different
mixed solvents, propylene carbonate (PC), acetonitrile
(CH;CN), and N,N-dimethylformamide (DMF), in
which PC is a new solvent that strongly adsorbs
carbon dioxide. Out of the three solvents, the catalytic
efficiency in PC was the best, but its selectivity was
poor. In terms of selectivity and efficiency, CH;CN
was the best solvent. The selectivity of the
photocatalytic system to CO in CH;CN-TEOA was
higher than that in DMF-TEOA and PC-TEOA
(which produced more H;). This indicates that the
photochemical mechanism possibly involved solvent
interactions. In the control reactions with the DMF-
TEOA solvent system (entries 6-11), we noticed that a
small amount of CO was produced in the absence of
catalyst because the [Ru] photosensitizer has catalytic
activity. In the absence of TEOA, CO was not
detected (entry 20), which indicates that TEOA is
essential for CO production in CH;CN. In addition,
CO was not observed in the CH;CN-TEOA system in
the dark (entry 18). Entries 14 and 15 indicated that
the interactions between CH3;CN and TEOA were
important for catalytic CO production. However,
solvent decomposition alone cannot explain the large
difference in the product distribution between the two
solvent systems. Overall, the photosensitizer,
photocatalyst, and sacrificial reductant were
indispensable for the entire photocatalytic system.
Solvent interactions were also important, but must be
considered with other factors. This was also observed

in the CH3CN-TEOA solvent, in which Mn(CO);sBr
catalytically reduced CO,. After including a series of
pyridine ligands, the catalytic effect gradually
increased, and the phenanthroline ligand had a better
catalytic effect than the bipyridine ligand, and the
catalytic efficiency of the 3,4,7,8-tetramethyl-1,
10-phenanthroline ligand was the best. After 12 h
irradiation, the TONco reached 1038.

Fig. S3 (SI) shows that the yield of CO decreased
after 12 h of continuous illumination in the
photocatalytic system. When the same amount of
[Ru] was added again, the system continued to
produce CO. Compared with the first stage, the yield
of CO decreased. After adding [Ru] again, there was
a similar trend. This indicates that the catalyst Mn-
tmphen is stable in the photocatalytic system, and its
limiting factor is caused by the decomposition of [Ru]
rather than the instability of the catalyst.

Fig. 5 shows the UV-visible electronic absorption
spectra of [Ru] during photocatalysis in TEOA and
CH;CN mixed solvent. In the solution of CH;CN:
TEOA =17: 1 (V/ V), the Apaxof [Ru] was 455 nm. The
broad low-energy band near 455 nm corresponded to
the metal-to-ligand charge transition (dn—m*)*".
Upon increasing the photolysis time, [Ru]
decomposed rapidly in the absence of Mn-tmphen.
However, when Mn-tmphen was added to the
system, the decomposition of [Ru] was sluggish,
which is consistent with previous literature reports™’.
Fig. S4 (SI) showed the similar degradation behaviour
of [Ru] with Mn-dmbpy as the catalyst.

The calculated energy levels of Mn-tmphen and
Mn-phen for bonding to CO, are shown in Fig. 6. The
energy gap from the HOMO of the catalyst to the
LUMO of CO, for Mn-tmphen was 3.68 eV and Mn-
phen was 4.20 eV. The result of 3.68 eV < 4.20 eV
indicate that Mn-tmphen transferred electrons to CO,
is more easily thanMn-phen. Mn-tmphen, with
methyl groups, more easily combined with CO, The
calculated HOMO-LUMO band gap of the monomer
Mn-tmphen is 2.57eV, and Mn-phenis 2.40 eV,
nearly in accord with the measured absorption energy
results 2.58 eV and 2.43 eV, hereon, we think that the
low-energy absorption comes from the mixed-orbital
parentage involving intra-ligand charge transfer (ILCT)
and metal-to-ligand charge transfer (MLCT). These
results revealed that the electron-donating methyl
groups give them an advantage in providing electrons
for CO, catalysis. Similarly, the corresponding
conclusions can be drawn from Fig. S5 (SI).
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Table 1 — Control experimental results from Fe,-DMBPY and Fe,-BPY for photocatalytic conversion of CO, to CO

Entry [cat] [Ru]l/mM [BIH}/mM TONco TONyy, Selectivityco
Catalytic Experiments in DMF-TEOA, DMF-TEOA and CH;CN-TEOA, respectively

1% Mn(CO);Br 0.45 0.052 0.0 0 0

e Mn-bpy 0.45 0.052 0.0 0 0

3abe Mn-dmbpy 0.45 0.052 0.0 0 0

4be Mn-phen 0.45 0.052 0.0 0 0

5ebe Mn-tmphen 0.45 0.052 0.0 0 0
Catalytic Experiments in DMF-TEOA

6 Mn(CO);Br 0.45 0.052 21.0 8 72.4%
7 Mn-bpy 0.45 0.052 35.0 7 83.3%
8 Mn-dmbpy 0.45 0.052 110.0 2.8 97.5%
9 Mn-phen 0.45 0.052 40.0 3 93.0%
10 Mn-tmphen 0.45 0.052 351.0 1.9 99.5%
11° 0 0.45 0.052 7.2 0.6 92.3%
Catalytic Experiments in CH;CN-TEOA

12 Mn(CO)sBr 0.45 0.052 79.0 41.0 65.8%
13 Mn-bpy 0.45 0.052 99.0 18.8 84.0%
14 Mn-dmbpy 0.45 0.052 717.0 13.3 98.2%
15 Mn-phen 0.45 0.052 167.0 12.2 93.2%
16 Mn-tmphen 0.45 0.052 1038.0 8.1 99.2%
17 Mn-dmbpy 0.45 0.052 0.0 0.0 0

13° Mn-dmbpy 0.45 0.052 0.0 0.0 0

14¢ Mn-dmbpy 0 0.052 0.0 0.0 0

18¢ Mn-dmbpy 0.45 0.052 0.0 0.0 0

19° 0 0.45 0.052 7.5 0.4 94.9%
Catalytic Experiments in PC-TEOA

20 Mn(CO);Br 0.45 0.052 40.2 49.0 45.1%
21 Mn-bpy 0.45 0.052 58.2 36.3 61.6%
22 Mn-dmbpy 0.45 0.052 254.6 28.0 90.1%
23 Mn-phen 0.45 0.052 40.0 29.0 58.0%
24 Mn-tmphen 0.45 0.052 469.0 8.0 98.3%
25° 0 0.45 0.052 30.0 8.6 77.7%

All runs were irradiated with 470 nm blue light. The catalytic system had a catalyst concentration of 0.1 mM, an irradiation time of
12 h, “without CO,, %in the dark, ‘without [Ru], dwithout TEOA, and °without catalyst. TONgo = n (mol CO) / n (mol catalyst);

Selectivityco = n (mol CO) / n (mol CO + mol Hy).

High-resolution mass spectrometry (HRMS) was
applied to monitor the intermediates generated during
photocatalysis using the Mn-tmphen catalyst.
Fig. 7 shows the signals of the three fragments of Mn-
tmphen (m/z = 366.2600, 367.2900) in positive-ion
mode. The peaks at m/z = 749.5023 and 571.2523
corresponded to [Ru]**and [Ru]*(Fig. S6a to
Fig. S6b), respectively. The peaks at m/z = 767.5004,
m/z = 338.1833, m/z = 378.1251, m/z =307.2044 and
m/z = 360.1143 were attributed to the intermediates
[Mn + K" + TEOA] *, [Mn + TEOA]*",[Mn + H"
+ TEOA] ¥, [Mn + 2CO+ TEOA] ** and [Mn

+ 2HCO+ TEOA] ** (Fig. S6c to Fig. S6f),
respectively.

The "“CO, isotopic labeling experiments were
adopted wusing GC-MS. The photocatalytic gas
product was injected and then separated. Fig. S8
shows the GC-MS chromatograms of the peaks at m/z
= 29.0 (CO). Herein, the peak at m/z = 45.2
attributed to '>CO,, and the peak at m/z = 28.0
attributed to N, or small amount of >*CO. The product
CO was verified by isotopic labeling experiment that
it is derived from CO, when using 13COz as the
substrate gas.
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The number of incident photons, measured using a
classical iron ferrioxalate (K;Fe(C,04);) chemical
actinometer, was 2.01x10** photons per hour.
According to quantum yield calculations” and using
known parameters’’, the quantum yield of CO
formation is @.,= 0.01546 %.

A plausible mechanism for the photocatalytic
reduction of CO, to CO by the Mn" complexes is
shown in Scheme 1. First, [Ru(bpy);]*" was excited to
[Ru(bpy)s]*" via irradiation, and then reduced to the
active species [Ru(bpy);] * by BIH. After that, the
catalyst was reduced by the electrons of [Ru(bpy)s] *,

which returned to the initial state of [Ru(bpy);]*". For
the catalytic reduction of CO,, the metal catalytic
centre manganese underwent the following processes:
(1) TEOA bound to the complex through adsorption
and the fracture of two Br ions; (2) two CO, bound to
the metal centre by adsorption; (3) CO-Mn-CO was
formed from the HCO-Mn-HCO adduct; (4) CO was
generated via dissociation, and the catalyst was
regenerated. Among them, TEOA can combine with
the catalyst through adsorption, and it plays a role as
CO, absorber*?. In addition, the main intermediates in
the whole catalytic system were [CO, — Mn — C02]2+,
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[CO, — Mn- TEOA] **, [HCO — Mn- HCO] ** and
[CO — Mn — CO| ¥, respectively.

Here, four highly efficient, visible-light-driven,
and manganese complex catalytic systems were
developed to reduce CO, to CO. These four
complexes were simple, inexpensive, and easy to
prepare. The catalytic activity of Mn-tmphen was
greater than that of the other three catalysts. To our
knowledge, the TONs of these Mn-tmphen
catalysts are the highest reported for manganese-
based homogeneous catalysts for the photocatalytic
reduction of CO, to CO. Notably, these complexes
also exhibited high selectivity. Overall, our results
provide guidance towards the research and
development of other Mn-based catalysts for
photocatalytic CO, reduction.

Conclusion

Here, four highly efficient, visible-light-driven, and
manganese complex catalytic systems were developed
to reduce CO, to CO. These four complexes were
simple, inexpensive, and easy to prepare. The
catalytic activity of Mn-tmphen was greater than that
of the other three catalysts. To our knowledge, the
TONSs of these Mn-tmphen catalysts are the highest
reported for manganese-based homogeneous catalysts
for the photocatalytic reduction of CO, to CO.
Notably, these complexes also exhibited high
selectivity. Overall, our results provide guidance
towards the research and development of other Mn-
based catalysts for photocatalytic CO, reduction.
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