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Abstract

Inspired by the fact that methane monooxygenases (MMOs) utilize iron or copper oxo
species as key intermediates, numerous biomimetic molecular catalysts have been developed.
However, as methane is highly stable, there are no examples of biomimetic catalysts that
show high catalytic activity, rivaling that of MMOs, in methane oxidation. Herein, we report
that the close-stacking of a double-decker-type dinuclear iron phthalocyanine complex on a
graphite surface is effective for achieving high methane oxidation activity, comparable to
those of certain MMOs, in an aqueous solution. We propose that the stacking of the catalyst
possibly induced partial charge transfer from the reactive oxo species of the double-decker
complex and lowered the singly occupied molecular orbital (SOMO) level significantly,
thereby facilitating proton-coupled electron transfer from methane. The decker structure is
essential for the stable adhesion of the catalyst on the graphite surface, while maintaining its
high oxo-basicity and oxo species generation rate. We also demonstrate that the graphite-
supported catalyst exhibits significantly enhanced catalytic activity under photoirradiation
because of the photothermal effect.
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Introduction

Methane has long been predicted to be one of the next-generation feedstocks of the
chemical industry because of its natural abundance in the natural gas, shale gas, or methane
hydrate. It is also known that carbon dioxide can be converted into methane in the presence
of hydrogen gas via the Sabatier reaction. However, methane produces a strong greenhouse
effect. Therefore, both from the perspective of decreasing dependence on petroleum and from
that of preventing global warming to meet the sustainable development goals, the demand for
efficient catalysts that can catalyze the conversion of methane into more valuable raw
chemicals has increased significantly.!> However, efficient catalytic methane conversion at
lower temperature has been well-recognized to be a formidable challenge in the field of
catalytic science owing to the high C—H bond dissociation energy (104.9 kcal/mol), low
polarizability, and negligible electron affinity of methane.

Methane monooxygenases (MMOs) are enzymes that convert methane into methanol
under physiological conditions.>~ Since the discovery that MMOs utilize iron or copper 0xo
species as catalytic centers (Figure 1a), many have explored the synthesis of artificial metal
complexes by mimicking their reactive centers. Such studies have greatly succeeded in
identifying reactive intermediates and unveiling the reaction mechanism.>”’ Furthermore,
recent studies have clarified that a proton-coupled electron transfer (PCET) pathway renders
methane oxidation energetically easier.®!° In principle, two important factors should be
considered for achieving efficient PCET: (i) positive redox potential for facilitating the
electron transfer from methane and (ii) higher oxo-basicity to abstract a H atom from CHa.!!
I3 Despite these insights, the methane oxidation activities of artificial biomimetic molecular
catalysts are less than a few tenth of those of the natural enzymes, and moreover, most of the
artificial systems can hardly activate the C—H bond of methane. Considering the high
reactivity of the MMOs, it should be possible to improve the activities of artificial molecular
catalysts by adopting innovative strategies. In general, natural enzymes control the reactivity
of their catalytic centers using the coordinating ligands with the aid of higher-order protein
structures. However, the preparation of artificial systems that mimic such structures is likely
to be tedious and limiting. Therefore, it is necessary to develop a facile methodology to
dramatically enhance the activity of molecular iron-oxo species in oxidation reactions.

Here, we demonstrate that close-stacking a p-nitrido-bridged iron phthalocyanine
dimer 1 (Figure 1b) with a double-decker structure onto the surface of graphite is an effective
strategy for realizing a catalyst with high methane oxidation activity, rivaling those of natural
MMGOs. p-Nitrido-bridged iron porphyrinoid dimers, including a p-nitrido-bridged iron
phthalocyaine dimer, are known to be the most promising class of molecular catalysts based
on high-valent iron oxo species for methane oxidation.!*?° Further, peripheral electron-
donating substituents can be introduced into such dimers to improve the catalytic oxidation
activity by several folds.!”?° However, the probability of achieving high oxo-basicity as well
as positive potential solely through the introduction of substituents is not high because they
are generally in a trade-off relationship with each other. Our recent study on a supramolecular
conjugate based on a p-nitrido-bridged iron porphyrinoid dimer suggested that the extension
of the m-stacked structure by including an additional porphyrin into the stack is a feasible
approach for enhancing its alkane oxidation activity,'®!° although the degree of enhancement
achieved was not satisfactory. In this context, we surmised that the stacked conjugate of a
high-valent iron oxo species of a p-nitrido-bridged iron phthalocyanine dimer with no bulky
peripheral substituents on graphite (loxo/G, Figure 1b) could result in higher methane
oxidation activity owing to strong electronic perturbation induced by the effective close-
stacking of the units. A single graphene-confined iron ion is known to be effective for
methane conversion at ambient temperature.?! In the case of more facile oxidation reactions
such as phenol oxidation, it has been reported that the adsorption of a catalyst with molecular
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n-planarity such as iron porphyrin onto the surface of graphene can result in enhanced
catalytic activity, although the detailed mechanism of the activation is still unclear.?? In this
study, we also clarify the underlying reasons for the high methane oxidation activity of our
graphite-supported double-decker catalyst based on electrochemical measurements combined
with surface spectroscopic techniques and computational study.

Results and Discussion
Preparation and characterization of the graphite-supported catalyst.

Although 1 is poorly soluble in many organic solvents in its neutral form, we found
that treating graphite with its le-oxidized monocationic complex, 171" results in the
formation of the desired catalyst, 1/G, in which the neutral form 1 is adsorbed on the graphite
surface (Figure 1b). Pyridine is a good solvent for 1*-I" because the axial coordination of
pyridine with the Fe center of 1"-I" prevents its aggregation.?*-** Heating a mixture of 1*-I°
and graphite in pyridine at 80 °C was necessary for the efficient adsorption of 1 onto graphite,
which was confirmed by the decolorization of the resulting supernatant.

To characterize the structure of the catalyst on the graphite surface, we performed X-
ray photoelectron spectroscopy (XPS) and near edge X-ray absorption fine structure
(NEXAFS) analyses using highly oriented pyrolytic graphite (HOPG) treated with 1"
(1/HOPG). As shown in Figure S1 (Supplementary Information), after adsorption, the XPS
signals corresponding to the iron species in the catalyst shifted slightly to a binding energy
that is almost the same as that of 1 (the neutral form), while the peaks corresponding to
iodine disappeared completely (Figures S1-S4). This result suggests that 1"-I" was reduced
by one electron to form the neutral complex, i.e., 1, after adsorption on graphite. The actual
catalyst 1/G (Figures S5 and S6) showed the same spectral characteristics. Moreover, the
angle-dependent N K-edge NEXAFS spectra revealed that 1 was aligned parallel to the
graphite surface along its phthalocyanine moiety, indicating n-n stacking interaction between
1 and graphite (Figure 1c).

Heterogeneous oxidation of methane and ethane.

The heterogeneous oxidation of methane or ethane was performed in H,O (3.0 mL)
using the solid-supported catalyst, 1/G (with 19 uM of 1), H>O; (189 mM), and TFA (51
mM) under 1.0 MPa gas pressure at 60 °C, and the resulting products were analyzed by GC-
MS. Significant amounts of the oxidized products were detected in GC-MS, as shown in
Figure 2a and Supplementary Figure S7 and Tables S1 and S2, which indicated that methane
or ethane was oxidized in a stepwise manner, as illustrated in Figure 2b. The oxidized
products were further characterized by 'H-NMR spectroscopy (Figures S8 and S9). In
contrast, the reactions conducted in the absence of methane (or ethane) hardly yielded any of
these oxidized products (entries 11 in Tables S1 and S2). As graphite is inherently incapable
of oxidizing light alkanes such as methane or ethane under these reaction conditions (entry 16
in Table S1), the obtained results clearly imply that the catalyst adsorbed on graphite
catalyzed the oxidation of the two alkanes. Moreover, as the reaction could not be quenched
with NaxSOs (entry 12 in Table S2), a radical scavenger, the possibility of a Fenton-type
reaction is excluded.?>%26 Therefore, the actual reactive species should be a high-valent iron-
oxo species that is generated in situ.

Next, we calculated the effective total turnover number (TTNefr) as an indicator of the
catalytic methane and ethane oxidation activities of the catalyst. TTNes is defined by
Equations (i) and (ii) (or (iii)) shown in Figure 2c. In addition, the effective methane
conversion number (MCNecsr) is defined by Equations (iv) and (v) to compare the catalytic
activity of 1/G with those of natural MMOs and certain other metal-oxo-based molecular
catalysts. The MCN.r indicates the number of methane molecules a single catalyst molecule



can transform, whereas the TTNe¢r reflects the total number of catalytic oxidation reactions
involved.

As shown in Figure 2d, the TTNesrs initially increased almost linearly (up to 4 h) in
both the methane and ethane oxidation reactions, suggesting that the reaction center of 1
retained its catalytic activity under the experimental conditions employed in this work. The
excellent stability of 1/G was confirmed by the fact that the TTNefr in the oxidation of ethanol
(3.0 M) reached 30,000 only after 1 h of reaction under the same reaction conditions (entry
13 in Table S2). The gradual decrease in the reaction rate after 4 h can be partially attributed
to the decomposition of HCOOH, because 1/G could oxidize HCOOH, as confirmed
independently (Figure S10).

As both 17 consisting of two Fe(IV) ions and its le-reduced species (1) containing
one Fe(IIT) ion and one Fe(IV) ion are known to be oxidants,'*!"-?° we prepared two different
silica-supported catalysts, 1"-17/SiO> and 1/SiO», as reference samples. We found that the
initial turnover frequency (TTNet/h) of 1/G in both the methane and ethane oxidation
reactions was considerably higher than those of 1*-17/SiO, and 1/SiO> (entries 12—15 in Table
S1, entries 14—17 in Table S2, and Figure 2e). The oxidized products observed in the absence
of methane or ethane were presumably derived from the organic solvents adsorbed on the
solid supports. These results indicate that the significant increase in the oxidizing ability of 1
originates from the interaction between the p-nitrido-bridged iron phthalocyanine dimer and
graphite. The difference in the TTNefs in the methane and ethane oxidation is apparently due
to the difference in the C—H dissociation energies of the two alkanes (104.9 kcal/mol for
methane, 101.4 kcal/mol for ethane). Alkane oxidation by iron porphyrinoid in the presence
of H20O2 generally competes with the catalase reaction, in which the iron-oxo species, the
reactive intermediate generated by the reaction with H>O,, oxidizes H>O» to 0,.27 We found
that the catalase reaction facilitated by 1/G was significantly enhanced in comparison with
that catalyzed by 17-17/SiO; (Figure S11), and almost half of H2O, (52%) was consumed by
this reaction under the same reaction conditions after 8 h. This factor also accounts for the
gradual decrease in the reaction rates, as shown in Figure 2d.

Further, we investigated the temperature-dependence of the catalytic methane
oxidation activity, and the results are summarized in Figure 3a (entries 1 to 4). 1/G exhibited
methane oxidation activity even at room temperature to yield methanol and formaldehyde as
major products; this result indicates its high catalytic activity. Its TTNerr was found to
increase with the temperature. In the presence of increased amount of H,O2 (945 mM) at
100 °C, the TTNgr and MCNegr reached 600 and 200 h™!, respectively (entry 5 in Figure 3a).
Furthermore, a similar high catalytic methane oxidation activity could be realized by
irradiating the reaction mixture with a high-pressure Xe lamp equipped with an infrared-
blocking mirror module without using any temperature-control apparatus (entry 6 in Figure
3a). As the TTNexr was much lower when the photoirradiation-induced reaction was
performed at 20 °C with appropriate temperature control (entry 7 in Figure 3a), the high
activity under photoirradiation is mainly attributed to the light-induced heating owing to the
photothermal effect of graphite.?®? In fact, the temperature of the reaction mixture increased
to ~70 °C after 1 h of photoirradiation. The realization of a high catalytic activity without
using any temperature-control apparatus is apparently an added advantage of using graphite
as a solid support.

Given the high catalytic methane oxidation activity of 1/G, we compared the initial
turnover frequencies (TTNes/h and MCNeg/h) of 1/G with those of natural MMOs and other
highly active metal-oxo-based molecular catalysts (see Figure 3b).*!730 Both the values
indicated that 1/G exhibits a much higher methane oxidation activity compared to those of
other efficient biomimetic catalysts reported so far. Moreover, its activity is almost
comparable to those of some natural MMOs.



Structure and electronic state of the catalyst on graphite.

To clarify the reasons for the high catalytic activity of 1/G, the electronic state of the
catalyst on graphite was investigated by cyclic voltammetry using 1 adsorbed to the basal
plane of graphite in a pyrolytic graphite electrode. A sufficient amount of the catalyst was
adsorbed onto the electrode surface by simply dipping the electrode in a pyridine solution of
1"I". As shown in Figure 4a, the change in the voltammogram of the catalytic center
suggests a dramatic change in the electronic structure of the catalyst after its adsorption onto
the electrode surface. The graphite electrodes treated with both 1 and 1*-I" yielded almost
identical voltammograms (Figure S12), suggesting that 1"-I~ was reduced by one electron to
turn into neutral species 1 during its adsorption onto the graphite surface. In particular, a
reversible le-redox wave assignable to Fe(IV)-N=Fe(IV)/Fe(Ill)-N=Fe(IV) showed a
significant positive shift (4E£°” = 0.463 V).3! We confirmed that the difference in the type of
counter anion present in the supporting electrolyte and the coordinating solvent associated
with the iron species in 1 did not significantly affect the degree of the positive shift, as shown
in Figure S13 and Table S4. Therefore, we inferred that the positive shift of the redox
potential implies that the SOMO level of 1 decreased significantly after its adsorption to the
support. The absolute electrode potential (Eabs) calculated from the redox potentials allowed
us to confirm that the SOMO level of adsorbed 1 (4.77 V) was lower than that of graphite
(~4.5 eV), as shown in Figure 4b 3233

The positive shift in the le-oxidation waves in the cyclic voltammogram suggests
charge transfer from 1 to graphite because the iron center of 1 became more electron-
deficient after adsorption. In fact, for monomeric iron(Il) phthalocyanine (Fe(II)P¢) on
graphene, partial charge transfer from iron(II) phthalocyanine to graphite was predicted by
theoretical calculations.?* Therefore, DFT calculations of the stacked conjugate of graphene
and 1 with a coordinating H>O were conducted using the VASP software. The calculations
indicated a slight charge transfer from 1 to the graphene surface, as in the case of Fe(II)Pc.
Interestingly, most of the transferred charges were distributed between graphene and the
adsorbed iron(Il) phthalocyanine, whereas the non-adsorbed iron(Il) phthalocyanine unit
including the coordinated H>O was almost free from the transferred charge, as depicted in
Figure 4c. Moreover, the SOMO of 1 interacted in a bonding manner with the n-orbital of
graphene to produce a new orbital with a lower energy, consistent with the lowered SOMO
level deduced based on the results of electrochemical measurements (Figure 4d).

To confirm the effect of stacking between Fe(II)Pc and graphite on the
electrochemical properties, cyclic voltammetry was performed on a pyrolytic graphite
electrode with Fe(II)Pc¢ adsorbed on the basal plane of graphite. The oxidation potential
corresponding to Fe(Ill)/Fe(Il) showed a significant positive shift, as shown in Figure S14,
although the oxidation process was found to be irreversible. This indicates the instability of
the stacked conjugate of positively charged monomeric iron phthalocyanine on the graphite
surface, which is in clear contrast with the reversible redox wave observed for 1 adsorbed on
the graphite surface (Figure 4a). We confirmed that the catalytic methane oxidation activity
of the monomeric Fe(II)Pc adsorbed on graphite (Fe(II)P¢/G) was much lower than that of
1/G (Table S1, entry 17), which suggests the superiority of the double-decker structure of 1/G.
It should also be noted that methane oxidation in the presence of Fe(II)P¢/G proceeded via a
Fenton-type reaction mechanism because it was significantly quenched in the presence of 100
mM NaySOs (Table S1, entry 19).

Proposed mechanism for activation of the catalyst.
The reactive species in alkane oxidation catalyzed by a p-nitrido-bridged iron

phthalocyanine dimer is reported to be a high-valent iron-oxo species generated by the
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reaction of the catalyst with H,O» (Figure 1a).!*!® We confirmed the generation of iron-oxo
species on the graphite surface by high-resolution MALDI-TOF mass spectroscopy. As
shown in Figure S16, short-time treatment of 1/HOPG with H»!°O, or H»'%0; resulted in the
generation of the [1+O]" species, which corresponds to the mass number of the high-valent
iron-oxo species, loxo generated on HOPG.

According to the results obtained, we propose a possible mechanism for the high
methane conversion in the presence of 1/G based on the reaction of 1oxe, as illustrated in
Figure 4e. The reaction of 1/G with H2O: results in a H2O> adduct (1(HOOH)/G).
Heterolytic cleavage of the O—O bond in 1(HOOH) produces the high-valent iron-oxo
species, loxo/G, Which acts as a reactive intermediate for methane oxidation. Based on the
knowledge of the PCET mechanism, key factors to be considered for achieving efficient
methane oxidation are high oxo-basicity for efficient H atom abstraction and a more positive
redox potential of the catalyst for achieving electron transfer from methane.®!3 As the
electronic structure of loxe is similar to that of 1, in which a SOMO with § = 1/2 spin is
distributed mainly over the Fe-N=Fe center,'** it can be assumed that the SOMO level of
1oxo Was stabilized in a manner similar to that observed for 1 (Figure 4f). This is likely to be
beneficial for achieving a more positive redox potential of lexo. On the other hand, partial
charge transfer from the catalyst to graphite seems to be unfavorable for both the electron
donation from the iron phthalocyanine of 1I(HOOH)/G to facilitate the heterolytic cleavage
of O—O bonds and the high oxo-basicity of loxo. In fact, in the case of monomeric iron
tetraphenyl porphyrin, it is known that electron-withdrawing substituents introduced on the
meso-phenyl groups decrease the formation rate of the high-valent iron oxo species.*
However, in the case of 1/G, owing to the double-decker structure, positive charges could
localize only on the phthalocyanine unit directly stacked on graphite, as shown in Figure 4c,
and did not significantly affect the oxo-basicity and formation rate of the oxo species. Overall,
1/G showed high catalytic activity in methane oxidation.

Conclusion

We demonstrated a graphite-supported molecular catalyst that exhibits high activity in
methane oxidation, comparable to that of MMOs. This catalyst consists of a p-nitrido-bridged
iron phthalocyanine dimer with a double-decker structure closely stacked on a graphite
support. The catalytic oxidation activity of the p-nitrido-bridged iron phthalocyanine dimer
increased dramatically after its adsorption on the graphite surface. In addition, the
photoirradiation of the catalyst led to high catalytic methane oxidation activity without
requiring any temperature control apparatus owing to the photothermal effect of the graphite
support. On the other hand, monomeric iron(II) phthalocyanine adsorbed on the graphite
surface exhibited much lower catalytic activity than that of the double-decker complex.

Spectroscopic and electrochemical analyses of the catalyst suggested that a lower
SOMO level of the high-valent iron-oxo species, which is beneficial for PCET with methane,
could be achieved by stacking the catalyst on graphite. We suggest that the double-decker
structure of the catalyst could have contributed to the prevention of the decrease in the
formation rate of the reactive iron-oxo species as well as the decrease in the oxo-basicity.
Furthermore, the double-decker structure ensures the stability of the catalytic center during
oxidation. This graphite-supported double-decker-type complex may also be used to
fabricate electrodes. The exploitation of the interaction of the solid support with the double-
decker complex could prove to be a unique strategy for overcoming the limitations of solid-
supported molecular catalysts not only in methane oxidation, but also in a wide variety of
other reactions.
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Figure 1. Design and characterization of a graphite-supported p-nitrido-bridged iron
phthalocyanine dimer (1/G) as an efficient methane oxidation catalyst. a, High-valent
iron-oxo species in a soluble methane monooxygenase (sMMO). b, Generation of a high-
valent iron-oxo species of a graphite-supported p-nitrido-bridged iron phthalocyanine dimer
1/G (1ox/G) for methane oxidation. ¢, Angle-dependent N K-edge NEXAFS spectra of a
HOPG substrate adsorbed with the p-nitrido-bridged iron phthalocyanine dimer (1/HOPG).
Detailed analysis of the NEXAFS results is given in the Supplementary Information (page

S13).
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Figure 2. Catalytic activities of the graphite-supported p-nitrido-bridged iron
phthalocyanine dimer (1/G) in the oxidation of methane and ethane. a, Time-dependent
change in the concentration of each oxidized product during the oxidation of methane (1.0
MPa) under the catalysis of 1/G (19 uM as 1) in an aqueous solution (3.0 mL) containing
H>0: (189 mM) and TFA (51 mM) at 60 °C. b, Stepwise oxidation reactions of methane and
ethane. ¢, Definitions of the effective total turnover number (TTNes) of the catalyst in
methane and ethane oxidation, and effective methane oxidation number (MCNesr). d, Time-
dependent variation in the TTNefr of 1/G in methane and ethane oxidation. e, Comparison of
the TTNesr of 1/G in methane and ethane oxidation with those of reference samples (171" and
its 1e"-reduced species, 1 loaded on silica supports). Error bars in a, d, and e indicate the S.D.
of three independent reactions conducted using different batches of 1/G.
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Figure 3. Comparison of catalytic methane oxidation activities of natural and artificial
metal-oxo-based molecular catalysts. a, Summary of the results of methane oxidation.
Reactions were performed under 1.0 MPa CH4 pressure using a graphite-supported catalyst
(1/G or Fe(IDPc¢/G containing 19 uM of the catalyst) in an aqueous solution (3.0 mL)
containing H>O> (189 mM or 945 mM) and TFA (51 mM) at the given temperature or the
reaction conditions. The results of the reactions in the absence of CHs (under N»; 1.0 MPa)
are summarized in Table S3 in the Supplementary Information. The details of the reaction
conducted under photoirradiation are provided in the Supplementary Information. b,
Comparison of the turnover frequencies of MMOs and certain artificial metal-oxo-based
molecular catalysts. The turnover frequencies of efficient molecular catalysts reported to date
(Refs. 17, 20, and 30) were calculated based on their total turnover numbers. The turnover
frequencies of 1/G calculated based on both the effective total turnover number (TTNesr) and
the effective methane oxidation number (MCNesr) are shown.
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Figure 4. Elucidation of the roles of the graphite support and double-decker structure
of the p-nitrido-bridged iron phthalocyanine dimer in the high methane oxidation
activity of 1/G. a, Comparison of the cyclic voltammograms of 1 in a 400 uM solution (top)
and the p-nitrido-bridged iron phthalocyanine dimer adsorbed on the graphite basal plane in a
pyrolytic graphite electrode (bottom, black line). The blue dashed line in the bottom
voltammograms represents the results obtained with a bare pyrolytic graphite electrode
(without 1). All voltammograms were recorded in a pyridine solution containing 100 mM

"BusN*PFs~ (TBAPFs) at 20 °C at the scan rate of 0.1

V/s. b, Comparison of the SOMO

energy levels for the p-nitrido-bridged iron phthalocyanine dimer, 1 (neutral species, in a
pyridine solution), and for 1 adsorbed on the graphite surface (1/HOPG) with the Fermi level
of graphite obtained based on the absolute redox potentials calculated from the cyclic
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voltammograms. ¢, Charge density difference for the adsorption of 1 on the surface of
graphene. Electron accumulation and depletion are represented by yellow and blue areas,
respectively (isovalue is set to 5.0 x 10™* A7), d, Comparison of spin-up (positive values)
and spin-down (negative values) density of states (DOS) projected on the Fe atom closer to G
before (blue) and after (red) adsorption. The Fermi level is set to 0 eV. A close-up view of
the Fermi level is also shown. A new state is generated at £ = —0.58 eV upon adsorption. The
charge density isosurface corresponding to the state is shown in the inset (isovalue is set to
3.0 x 10* A7), e, Proposed reactions involved in the high methane conversion under the
catalysis of 1/G based on the reaction of loxe. f, A lower SOMO level of the high-valent iron-
oxo species of the p-nitrido-bridged iron phthalocyanine dimer could be achieved through its
interaction with graphite. This is likely to favor the proton-coupled electron transfer from
methane.
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