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1 | INTRODUCTION

The activation of dioxygen for its application as an eco-friendly, and low-cost oxidant represents one of the greatest challenges in chemical technology
[1-4]. Methane represents the dominant component of natural and shale gases and its transformation into liquid valuable products as methanol is in
high demand. Naturally occurring systems are able to activate dioxygen for direct oxidation of methane to methanol over methane monooxygenase [5].
However, there is no technology available that oxidizes methane directly to methanol with dioxygen in satisfactory yields. Methane is transformed into
synthesis gas (H, and CO) which is subsequently either catalytically converted to methanol or by Fischer-Tropsch synthesis processed into liquid hydro-
carbons [6]. Thus, processing methane to valuable products is energetically, technologically, and investably very demanding. Concluding, the direct route
of oxidation of methane to methanol would represent a significant step ahead in methane utilization if employing a cheap oxidant such as dioxygen.
Recently, intensive research in this area has been focused on the activity of Fe and Cu cations stabilized in aluminosilicate matrices of zeolites. Cur-
rently, the most efficient catalysts are Cu cations and Cu oxide clusters stabilized in zeolite matrices. However, they still show a very low methanol pro-
ductivity over these systems both in cyclic stoichiometric and continuous modes [2-3, 7-10]. In addition, steam has to be employed to release
methanol into the gas phase. Subsequently, the presence of water vapor leads to a blockage and destruction of the active centers. Thus, the zeolite cat-
alysts under these conditions are not suitable for methane transformations at the industrial scale. The previously discovered activity [11] regarding the
direct oxidation of methane to methanol over isolated Fe cations stabilized in zeolite matrices by the a-oxygen formed by the decomposition of N,O is
highly inspirational. However, it is only of academic interest and does not represent a real basis for a possible technological application either.

Very recently, a breakthrough [12] in the activation of dioxygen [4] has been achieved. The distant binuclear cationic Fe(ll) centers in Fe-ferrierite
are on the one hand close enough to cooperate in a four electron process of the activation of dioxygen but on the other hand far enough that a for-
mation of an oxo-bridge species known for metalloenzymes [4,5] is not possible and splitting dioxygen occurs even at room temperature [4].

The cleavage of dioxygen results in the formation of a pair of very active oxygen species called the a-oxygen (i.e., [Fe(IV) = O]%%) [1, 4, 13-15].
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The a-oxygen formed on isolated Fe cations is known for its exceptional properties regarding the direct oxidation of methane to methanol [11, 16]
and benzene to phenol [17, 18]. However, until now it has been possible to prepare the a-oxygen exclusively by the abstraction of the oxygen atom
from N,O over isolated iron species in ZSM-5 [11, 16-19], ferrierite [13-15], SSZ-13 [20], and the beta zeolite [1, 19]. Furthermore, we have also
shown the corresponding exceptional oxidation properties of the a-oxygen atoms created on distant binuclear Co(ll) and Ni(ll) centers accommo-
dated in the adjacent g cationic sites [21-23] of ferrierite formed by the decomposition of N,O [15]. Moreover, the unique oxidation properties
concerning the direct oxidation of methane to methanol at room temperature were recently confirmed also for a pair of the a-oxygen atoms pre-
pared by splitting dioxygen over the distant binuclear Fe(ll) sites stabilized in the adjacent g cationic sites of the ferrierite matrix [4]. These oxidized
centers when employed for the direct oxidation of methane to methanol feature an additional advantage that is an easy release of the oxidation
products from the system without the necessity of water or water-organic medium extraction of the oxidation products [4, 15]. These results make
the distant binuclear Fe(ll) sites stabilized in a zeolite matrix a highly promising material for the direct methane oxidation [4, 15].

The density-functional theory (DFT) calculated barriers of splitting dioxygen (25 kcal/mol) [4] and abstracting oxygen from N,O (15 kcal/mol)
[15] over Fe-ferrierite reveal facile oxidations of the Fe(ll) cations of Fe-ferrierite to yield the a-oxygen. However, Fe(ll) cations are sensitive to
the conditions of (a) the introduction into the zeolite matrix and (b) the reaction. Therefore, it is very difficult to prepare highly loaded
Fe(ll) zeolites with the exclusive presence of bare Fe(ll) cations. Thus, there is an important question whether splitting dioxygen is unique to dis-
tant binuclear Fe(ll) sites or represents a general property of transition metal cations able to perform the M(ll) — M(IV) redox cycle when arranged
in the distant binuclear site. If the latter is true, it opens the possibility of the development of exceptionally active and tunable systems with higher
concentrations of the active sites for the direct oxidation of methane.

In this article, we use periodic DFT calculations to investigate the effect of the type of transition metal cation (Co(ll), Mn(ll), and Fe(ll)) accom-
modated in the adjacent g cationic sites of ferrierite on the activity of the distant binuclear M(ll) sites in splitting dioxygen and the mechanism of
the cleavage of dioxygen. The obtained results clearly evidence that the capability of splitting dioxygen is most likely a general feature of the dis-
tant binuclear M(ll) sites of cations able to carry out the M(Il) — M(IV) redox cycle. This result suggests the possibility of developing highly active
tunable systems capable of splitting dioxygen. Such substances represent a base for the development of materials for the direct oxidation of

methane or even bulkier molecules.

2 | COMPUTATIONAL MODELS AND METHODS
21 | Computational models

Two models, Co-FER and Mn-FER, featuring a super cell composed of two unit cells along the ¢ dimension (i.e., a = 18.651, b = 14.173, and
¢ = 14.808 A) with the P1 symmetry are used for the distant binuclear Me(ll) (Me(ll) = Co(ll) and Mn(ll), respectively) centers. Each model contains
four Al/Si substitutions forming two 2 sites [4, 14, 15, 21, 24] with the four Al atoms located in the T2 [25] sites of the two adjacent six rings
accommodating two Me(ll) cations. The starting structure was generated from the experimental structure (orthorhombic, space group Immm, cell
parameters a = 18.651, b = 14.173, and ¢ = 7.404 A) of ferrierite determined by neutron diffraction [26].

2.2 | Electronic structure calculations

Periodic DFT calculations were carried out by using the Vienna Ab initio Simulation Package (VASP) code [27-30]. The high-spin electron configu-
ration d57d2] was used for the Co species of the Co-FER model. The high-spin electron configuration d51d0] and other possible spin states were
employed for the Mn species of the Mn-FER model. The spin state S (S = N/2; N is the number of unpaired electrons) was fixed during the molec-
ular dynamics (MD) simulations and optimizations. Moreover, for all the optimized structures for both the Co-FER and Mn-FER models, the spin
state used was verified that it really corresponds to the ground state. The Kohn-Sham equations were solved variationally in a plane-wave basis
set using the projector-augmented wave method of Blochl [31], as adapted by Kresse and Joubert [32]. The exchange-correlation energy was
described by the Perdew-Burke-Ernzerhof [33] generalized gradient approximation functional. Brillouin zone sampling was restricted to the I'
point. A plane-wave cutoff of 600 eV and the density-dependent energy correction (dDsC) dispersion correction [34, 35] were used for the geom-
etry optimizations, and a smaller cutoff of 400 eV and the DFT-D2 method [36] were used for the MD simulations.

2.3 | Molecular dynamics

MD simulations were carried out on the Co-FER and Mn-FER models. The MD computations used the exact Hellmann-Feynman forces acting on
atoms and applied the statistics of canonical ensemble to the motion of the atomic nuclei [37] by using the Verlet velocity algorithm [38, 39] to
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integrate Newton's equations of motion. The time step for the integration of the equations of motion was 1 fs. The simulations were run for
10 000 fs at 400 K. Visual inspection of the structures along the MD trajectories showed that the duration of the MD simulations was long
enough, because it included both the rearrangements of the local structures of the ferrierite framework (up to ca. 2000 fs) and a long period
(ca. 8000 fs) when the system fluctuated around the equilibrium and “snapshots” were collected and optimized. Similar time lengths were used
for MD simulations of cationic sites in zeolites [4, 15, 40-42]. The MD simulations serve to obtain the rearranged local structures (details are pro-
vided in our prior studies [14, 24]). The rearrangement can be monitored by visual inspection. No physical quantity is derived from the MD trajec-
tories. The structures of 20 distinct snapshots collected at 500, 1000, 1500, ... 10 000 fs of the MD simulations were optimized for the two

computational models.

24 | Geometry optimizations

The collected snapshots were optimized. The atomic positions were optimized at constant volume by using a conjugate-gradient algorithm mini-
mization of energies and forces, whereas the lattice parameters were fixed at their experimental values. The 20 optimized snapshots differ in the

structure and energy and only the most stable structure for each of the two investigated models was then used for the subsequent calculations.

3 | RESULTS
3.1 | Splitting dioxygen over the distant binuclear Co(ll) sites

An O,(g) molecule that is in a triplet state adsorbs on one of the Co(ll) cations to yield a [Co OO ono...Co]’ monodentate complex 2’ with the O, moi-
ety in a triplet state. The calculated adsorption energy is —6.5 kcal/mol. 2 either undergoes a spin crossover to give a [Co OOp,ono...Co] monodentate
complex 2 (the energy drops by 3.3 kcal/mol) which has the O, moiety in a singlet state, or rearranges its structure to form a [Co OO,...Co]’
bidentate complex 3’ (the calculated adsorption energy is —4.9 kcal/mol). In the latter case, a spin change occurs and a [Co OOy,;...Co] bidentate
complex 3 with the O, moiety in a singlet state is yielded. 3 is more stable than 3’ by 5.6 kcal/mol. The bidentate complex 3 is more stable, how-
ever, the O, moiety of the slightly less stable monodentate complex 2 is better positioned for the interaction with the other Co(ll) located in the
adjacent 2 site. Subsequently, dioxygen is cleaved via a [Co—O—O—Co] transition state TS to yield a [Co=0 O=Co] complex 4 in a concerted
manner. Both Co in 4 are oxidized to form a pair of the a-oxygen atoms. The calculated reaction energy of the reaction from 1 + O,(g) to give 4 is
—13.4 kcal/mol (Table 1). The calculated barrier of the cleavage of dioxygen is 24.3 kcal/mol (Table 1), indicating that splitting dioxygen should be
facile.
The optimized structures of 1, 2, 3, TS, and 4 and the energy profile of splitting dioxygen are shown in Figure 1.

3.2 | Splitting dioxygen over the distant binuclear Mn(ll) sites

An O,(g) molecule that is in a triplet state adsorbs on one of the Mn(ll) cations of 1 (S = 10/2) and a spin change occurs concomitantly on the
Mn(ll) cation with the adsorbed O, to yield a [Mn OO ono..-Mn]’ monodentate complex 2 (S = 10/2) with the O, moiety in a triplet state. The cal-
culated adsorption energy is —11.3 kcal/mol. 2’ either undergoes a spin crossover to give a [Mn OOono...Mn] monodentate complex 2 (S = 8/2)
which has the O, moiety in a singlet state releasing 6.2 kcal/mol, or rearranges its structure to form a [Mn OO,...Mn]’ bidentate complex 3’
(S = 10/2) releasing 1.9 kcal/mol. In the latter case, a spin change occurs and a [Mn OOy,...Mn] bidentate complex 3 (S = 8/2) with the O, moiety
in a singlet state is yielded. 3 is more stable than 3’ by 8.1 kcal/mol. The bidentate complex 3 is more stable, however, the O, moiety of the less

TABLE 1 Barrier AEacts,? reaction

Model AE, AE, AE AAE,
energy AER,b reverse barrier AEacto,¢ and AcTL R AcT2 ACT
AAEpcr (.., AEacty — AEacT1) Co-FER 24.3 -134 27.2 2.9

Mn-FER 36.8 -28.4 43.9 71

Fe-FERY 24.9 -24.7 28.0 3.1

Note: The energies are in kcal/mol.

®The calculated barrier of the cleavage of dioxygen.

bThe reaction energy of splitting dioxygen (i.e., the reaction from 1 + O,(g) to give 4).
“The calculated barrier of the recombination of dioxygen (i.e., 4 to yield 3).

%The data for the Fe-FER model are taken from our prior study [4].
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FIGURE 1 Co-FER model. Optimized structures for (A) the two adjacent 2 sites of Co-ferrierite 1 after molecular dynamics (MD)
simulations, (B) the monodentate [Co OO,,one...Co] complex 2, (C) the bidentate [Co OO,,...Co] complex 3, (D) the [Co—O—0—Co] transition
state TS, and (E) the [Co=0 O=Co] product 4. The distances are in A. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow,

and cobalt atoms in green. Schematic energy profile (in kilocalorie per mol) for the spin state S = 6/2 (2’ and 3’ are S = 8/2) for (F) the formation of
the Co=0 O=Co product 4

stable monodentate complex 2 is better positioned for the interaction with the other Mn(ll) located in the adjacent 2 site. Subsequently, dio-
xygen is cleaved via a [Mn—O—0O—Mn] transition state TS (S = 8/2) to yield a [Mn=0 O=Mn]’' complex 4’ (S = 8/2) in a concerted manner. The
formation of 4’ is slightly endothermic by 0.8 kcal/mol but 4’ undergoes a spin crossover to give 4 (S = 6/2) which is more stable than 4’ by
29.2 kcal/mol. Both Mn in 4 are oxidized to form a pair of the a-oxygen atoms. The calculated reaction energy of the reaction from 1 + O,(g) to
give 4 is —28.4 kcal/mol (Table 1). The calculated barrier of the cleavage of dioxygen is 36.8 kcal/mol (Table 1), indicating that splitting dioxygen is
sluggish. The optimized structures of 1, 2, 3, TS, and 4 and the energy profile of splitting dioxygen are shown in Figure 2.

4 | DISCUSSION

The optimized structures of 1, 2, 3, TS, and 4 and the energy profile of splitting dioxygen are shown in Figure 3 for the Fe-FER model of our prior
study [4] for better clarity and intelligibility of Discussion.

Our periodic DFT calculations show that all the three M(Il) (M(I1) = Co(ll), Fe(ll), and Mn(ll)) cations accommodated in two adjacent 52 sites of
ferrierite are able to cleave dioxygen to yield a pair of the a-oxygen atoms. The calculated reaction mechanisms are the same for the Co-FER and
Fe-FER models. The calculated barriers AExct1 of splitting dioxygen (Table 1 and Figures 1 and 3) are almost identical (24 and 25 kcal/mol,
respectively) while the reaction energy of the reaction from 1 + O5(g) to give 4 (Table 1 and Figures 1 and 3) significantly differs (-13 and
—25 kcal/mol, respectively). Because of the very similar reaction barriers, splitting dioxygen over the distant binuclear Co(ll) and Fe(ll) centers
should be similarly fast.

The cleavage of dioxygen for the Mn-FER model is more complicated since two spin changes occur during the course of the reaction. The
spin state of 1 is S = 10/2 but upon adsorption of dioxygen the distant binuclear center undergoes a spin crossover to yield 2 or 3 with S = 8/2.
TS (S = 8/2) also lies on one potential energy surface together with 2 and 3. The calculated barrier of 37 kcal/mol (Table 1 and Figure 2) is
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FIGURE 2 Mn-FER model. Optimized structures for (A) the two adjacent 32 sites of Mn-ferrierite 1 (S = 10/2) after molecular dynamics (MD)
simulations, (B) the monodentate [Mn OO,ono-.-Mn] complex 2 (S = 8/2), (C) the bidentate [Mn OOy,;...Mn] complex 3 (S = 8/2), (D) the
[Mn—O—O—Mn] transition state TS (S = 8/2), and (E) the [Mn=0 O=Mn] product 4 (S = 6/2). The distances are in A. Silicon atoms are in gray,
oxygen atoms in red, aluminum atoms in yellow, and manganese atoms in orange. Schematic energy profile (in kilocalorie per mol) for the spin
states S = 10/2 blue profile, S = 8/2 red profile, and S = 6/2 green profile for (F) the formation of the Mn=0 O=Mn product 4

significantly higher by 12 kcal/mol that those calculated for the Co-FER and Fe-FER models indicating that the splitting dioxygen over the distant
binuclear Mn(ll) centers should be markedly slower relative to Co(ll) and Fe(ll). When a pair of the a-oxygen species is formed, the distant
binuclear center undergoes another spin change since 4 has its ground state S = 6/2. We also localized the corresponding transition state with
S = 6/2 but it is higher in energy that the TS with S = 8/2 by 10 kcal/mol. The cleavage of dioxygen over the distant binuclear Mn(ll) center is the
most exothermic among the three investigated cations.

The barrier of the cleavage of dioxygen predominantly determines the activity in splitting dioxygen which in turn is essential for tuning the
zeolite systems with the distant binuclear M(ll) centers as catalysts for the direct oxidation of methane. Nevertheless, the recombination of dio-
xygen has to be taken in the account as well. The corresponding energy barrier is included in Table 1. The reverse barrier AExcT, correlates well
with the barrier AEacT, of splitting dioxygen (Table 1). The AExct, values are larger than the AExcTq ones by 3 (Co-FER and Fe-FER) — 7 (Mn-
FER) kcal/mol (i.e., the AAEscT values in Table 1). The AAEacT values also correspond to the difference in stability of the product 4 and the bid-
entate complex 3. Since 4 is more stable than the bidentate complex 3 by 3 kcal/mol or more for all the three cations (Table 1), the equilibrium is
strongly shifted toward the product 4 establishing essentially the exclusive presence of 4 in the zeolite after the oxidation of the Fe(ll) cations by
dioxygen.

The results discussed above show that the capability of splitting dioxygen is most likely general for the distant binuclear M(ll) sites capable of
the M(ll) — M(IV) redox cycle proposing the possibility of developing M-zeolite based systems for the activation of dioxygen employed for direct
oxidations using other transition metal cations than Fe.

The tendency of Fe(ll) cations in zeolite matrices to form Fe oxides is well known and can represent a limitation on the preparation of highly
active (i.e., with high Fe loadings) and stable systems for the activation of dioxygen, and subsequently, the oxidation of methane. The possibility
of replacing Fe(ll) by other more stable cations (e.g., Co(ll) ones) represents a good starting point for the development of technologically applicable
systems. Moreover, employing various M(ll) cations able to perform the M(ll) — M(IV) redox cycle may allow the optimization of the properties of
the catalytic system toward the direct oxidation of methane and other molecules of interest using dioxygen.
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FIGURE 3 Fe-FER model. Optimized structures for (A) the two adjacent 2 sites of Fe-ferrierite 1 after molecular dynamics (MD) simulations,
(B) the monodentate [Fe OOnono...Fe] complex 2, (C) the bidentate [Fe OOy,;...Fe] complex 3, (D) the [Fe—O—O—Fe] transition state TS, and

(E) the [Fe=0O O=Fe] product 4. The distances are in A. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow, and iron

atoms in violet. Schematic energy (in kilocalorie per mol) profile for the spin state S = 8/2 (2’ and 3’ are S = 10/2) for (F) the formation of the
Fe=0O O=Fe product 4

5 | CONCLUSIONS

The distant binuclear cationic Fe(ll) centers in Fe-ferrierite were shown to split dioxygen at room temperature and directly oxidize methane
to methanol at room temperature as well. Theoretical modeling clearly shows that this breakthrough in the activation of dioxygen is not
limited exclusively to Fe(ll) cations but the ability of dioxygen splitting represents a general property of the distant binuclear M(Il) centers
capable of the M(Il) — M(IV) redox cycle with the M..M distance of ca 7.4 A stabilized in M-ferrierite. Our results reveal that the distant
binuclear M(Il) (M(Il) = Co(ll), Mn(ll), and Fe(ll)) sites located in two adjacent j sites of ferrierite can split dioxygen and form a pair of the
a-oxygen species which were reported to be very active in the oxidation of methane to methanol. This suggests the possibility of developing
M-zeolite based tunable systems for the activation of dioxygen for direct oxidations using various transition metal cations in various zeolite
matrices.
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