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ABSTRACT: Activation of dioxygen is of extreme importance due to ~ Splitting dioxygen at room temperature
its potential for transformation of methane to valuable products and

applications in other selective oxidation reactions. Distant binuclear

cationic Fe(II) centers in Fe-ferrierite were shown to split dioxygen at P

room temperature to form a pair of very active oxygen species (i.e., a- “
oxygens) and subsequently oxidize methane to methanol at room
temperature as well. Our study reveals that the activity in splitting
dioxygen represents a general property of the distant binuclear
cationic Fe(II) centers stabilized in the aluminosilicate matrix.
Computational models of the ferrierite, beta, A, and mordenite
zeolites with various Al sitings in the rings forming the cationic sites
were investigated by periodic DFT calculations including molecular
dynamics simulations. The results reveal that the Fe(Il) sites
stabilized in various zeolite matrices can split dioxygen if the two
cationic sites forming the distant binuclear Fe(II) centers (i) face each other, (ii) are parallel, and (iii) are axial, and (iv) the Fe---Fe
distance lies in a narrow range from ca. 7 to ca. 8 A (ca. 7—ca. 10 A for the distance between the two rings (forming the
corresponding cationic sites) in empty zeolites since this distance is equal to or larger than the Fe---Fe distances). Our study opens
the possibility of developing Fe-zeolite-based systems for the dioxygen activation employed for direct oxidations using various zeolite
matrices.

Fe(ll) sites parallel and axial very reactive oxygens formed

KEYWORDS: alpha oxygen, oxidation of methane, utilization of methane, selective oxidation of hydrocarbons,
direct oxidation of hydrocarbons, transition metal-exchanged zeolites, density functional theory, ferrierite, beta zeolite

1. INTRODUCTION Recently, intensive research in this area has been focused on
the activity of Fe and Cu cations and oxide clusters stabilized
in aluminosilicate matrices of zeolites. In this case, methanol is
produced by direct methane oxidation in a three-step reaction
process consisting of (i) oxidative activation, (ii) methane
reaction, and (iii) steam-aided methanol desorption. A
subsequent regeneration by oxidative treatment of the Cu-
zeolite usually restores the activity, as can be seen in reports of
the reaction with multiple cycles.”® The oxidative activation of
the catalyst is an important bottleneck for the continuous
production of methanol via methane oxidation on Cu-zeolites.”
At the present time, the reported systems provide methanol
yields per gram of the catalyst up to 200 ymol g”" in a single

Activation of dioxygen for its employment as an abundant, eco-
friendly, and low-cost oxidant represents one of the greatest
challenges in oxidation catalysis.'~* Naturally occurring
systems are able to activate dioxygen for direct oxidation
reactions over metalloenzymes, for example, oxidation of
methane to methanol over methane monooxygenase.” Master-
ing the activation of dioxygen, especially for utilization of
methane to produce valuable products on an industrial scale, is
highly desirable. Methane represents the dominant component
of natural and shale gases, and its transformation to liquid
valuable products such as methanol is in high demand.
Currently, processing methane into the required products is
energetically, technologically, and investably very demanding.
Methane is transformed into synthesis gas (H, and CO) which Received:  October 14, 2020
is subsequently either catalytically converted to methanol or by Revised:  January 20, 2021
Fischer—Tropsch synthesis processed into liquid hydro- Published: February $, 2021
carbons.® Thus, a direct route of oxidation of methane to

methanol would represent a huge leap forward in methane

utilization if employing a cheap oxidant such as dioxygen.
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reactive cycle.” Nevertheless, the highest values of the
methanol yield per cycle are reached for (i) cycles lasting for
hours and (ii) changing operation temperatures typically from
ca. 180—200 °C for the methane oxidation and/or methanol
release and 400—450 °C for the formation of Cu-oxo species.
Although the production of methanol per gram of the catalysts
or copper is an important parameter which provides the
information on the activity of the Cu centers and their
concentration in the zeolite matrix, the time-related activity of
the catalysts (the yield of methanol per gram of the catalyst per
hour) is the key parameter from the point of view of the
production process. In this case, long-time cycles for methanol
production with variations of temperature do not provide
significant yields. Although a marked improvement has been
reached and an isothermal process of the oxidation of methane
over Cu-zeolites has been developed, the yields obtained are
too low to be promising for industrial application as they show
a very low methanol productivity (2.6—3.3 mgcuson gcatalyst_l
h™1).>*!713 The continuous direct conversion of CH, to
CH,;OH on Cu-based catalysts has only been achieved even
with lower methanol yields (60—520 ugcuson gcatalyst_l
h™!).>®'* Therefore, the currently reported systems can be
regarded as unrealistic or at least unpromising as the base for
the technology of methane utilization."> The previously
discovered activity'® 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 does not represent a real basis for a possible technological
application of the production of methanol from methane either
as the price of N,O is higher than that of methanol.”'”"® Thus,
there is plenty of room for improvements of the catalysts.
Moreover, there is a significant need of new reaction systems
enabling the isothermal oxidation of methane and not
requiring the assistance of water or the water—organic medium
for the extraction of methoxy groups strongly bound to the
catalyst.

Very recently, a breakthrough'” in the dioxygen activation
has been achieved." Two cooperating distant Fe cations
stabilized in Fe-zeolite of the ferrierite topology (FER)
undergo an Fe(II) — Fe(IV) redox cycle. The distant
binuclear cationic Fe(Il) centers in Fe-ferrierite are, on the
one hand, close enough to cooperate in a four-electron process
of dioxygen activation but, on the other hand, far enough that a
formation of an oxo-bridge species known for metal-
loenzymes™ is not possible and splitting dioxygen occurs
even at room temperature.’ The cleavage of dioxygen results in
the formation of a pair of very active oxygen species called the
a-oxygen (ie., [Fe(IV)=0]%*")."**"** The a-oxygen on
isolated Fe cations is known for its exceptional properties
regarding the direct oxidation of methane to methanol'®** and
benzene to phenol.24’25 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,'** 7% ferrierite,”*** $SZ-13,”” and the beta
zeolite."”° 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
prepared by splitting dioxygen over the distant binuclear Fe(II)
sites stabilized in the ferrierite matrix." 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
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oxidation products.”?* These results make the distant

binuclear Fe(II) sites stabilized in a zeolite matrix a highly
promising material for the direct methane oxidation.”**

The DFT-calculated barriers of splitting dioxygen (25 keal/
mol)* and abstracting oxygen from N,O (15 kcal/mol)** over
Fe-ferrierite reveal facile oxidations of the Fe(Il) cations of Fe-
ferrierite to yield the a-oxygen. However, there is a question
whether the low barriers result from the unique topology of the
ferrierite zeolite and the Al organization™® (especially the Al
siting in the rings forming the cationic sites) in the ferrierite
used or if the activity regarding splitting dioxygen represents a
general property of the distant binuclear Fe(II) centers
stabilized in the aluminosilicate matrix. If the latter is true, it
can represent a highly promising base for the development of
exceptionally active systems with higher concentrations of the
active sites for the direct oxidation of methane. Moreover,
splitting dioxygen over the distant binuclear Fe(II) centers
located at the opposite sides of the wall of larger channels
potentially opens the possibility of using the a-oxygen atoms
also for the direct oxidation of bulkier molecules with a
restricted access to the a-oxygen atoms through eight-rings
(i.e., via the ferrierite side channel).

The activity in splitting dioxygen of the distant binuclear
Fe(Il) centers in zeolites can be, in general, affected by a
number of structural parameters, for example, the distance of
the rings accommodating Fe(1I) and their mutual geometrical
position (ie, facing or not facing each other, parallel or
nonparallel, and if parallel, whether axial or nonaxial).
However, also the local arrangement of Fe(II) in the cationic
sites may play a role. This local arrangement is**"*****° not
given only by the structure of the zeolite rin§ accommodating
Fe(II) but also by the Al siting in this ring.2 We have shown
that the formation of the distant binuclear M(II) cationic
centers in zeolites requires fulfilling three conditions:"** (i)
The presence of two rings able to form close cationic sites for
bare divalent cations. The two rings must face each other. (ii)
Each of the two rings has to contain two Al atoms (four Al
atoms in total, i.e., two Al pairs”®). (iii) The two cationic sites
must be occupied by two divalent cations.

The availability of zeolite matrices with suitable Al
organizations””*"** required for the stabilization of high
concentrations of the distant binuclear Fe(II) sites is essential
to answer the questions regarding the uniqueness of the
ferrierite topology and concerning the effects of (i) the Al
siting in the rings forming the cationic sites, (ii) the distance,
and (iii) the mutual geometrical position of the rings
accommodating Fe(II) on the activity of the distant binuclear
Fe(II) sites in dioxygen splitting. The known Al organizations
for the topologies used for our investigation are discussed
below 283132

The activity in splitting dioxygen was proven for the distant
binuclear Fe sites formed by two Fe(II) cations located in the
adjacent f cationic sites of ferrierite. Al pairs forming these
cationic site are created only bz the Al(T2)—Si—Si—Al(T2)
sequences (ie, B2°"*7%%)*'7>° Their ability to form the
distant binuclear active sites able to split dioxygen has already
been confirmed.” There have been no reports that the f
cationic site in ferrierite is composed of Al(T4)—Si—Si—
Al(T4) sequences (i.e., B1°"*7*%) to the best of our
knowledge.

The Si/Al ratio of the ferrierite sample used in our previous
study”' (Tosoh Corporation, Japan) is 8.6, implying that there
are, in average, 3.75 Al atoms per unit cell. The previous
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investigation revealed that the concentration of Al pairs in the
a site is low (10% of all the Al atoms),”"** so only a very small
fraction of the « sites are able to form binuclear Fe(II)
structures. It should be noted that other ferrierites exhibit
similar Al distributions at best.’”*> Some ferrierite matrices
feature significantly lower concentrations of Al pairs.”"**

A total of 25% of all the Al atoms in mordenite with Si/Al
8.8 form the /3 cationic site.”"**** However, the Al siting in the
rings forming the f sites is not known, and therefore,
mordenite cannot be employed to experimentally study the
effect of the Al organization on splitting dioxygen.

Our prior study of beta zeolites showed that, in maximum,
ca. 30—40% of all the Al atoms created the 3 cationic site.*
However, it should be noted that there are four double six-
rings, each forming two possible 3 cationic sites per unit cell,
and only four of the f cationic sites are located at the opposite
sides of the wall of the 12-ring channel. Therefore, only a
smaller fraction of the J sites are able to form binuclear Fe(II)
structures even in Al-rich beta zeolites.”"*>*°

Recently, a significant step ahead in the development of
methods allowing the control of the Al organization in zeolites
has been made.’”***® However, it should be noted that
syntheses of zeolites of different topologies with the controlled
Al organization would require a long-term highly complex and
demanding research. This clearly evidences that a computa-
tional approach represents the only way permitting to answer
the questions raised above.

In this article, we use periodic DFT calculations to
investigate the effect of (i) the Al siting in the rings forming
the cationic sites, (ii) the distance, and (iii) the mutual
geometrical position of the rings accommodating Fe(1I) on the
activity of the distant binuclear Fe(Il) sites in splitting
dioxygen. The ferrierite, mordenite, beta, and A zeolites were
employed for this purpose. The obtained results clearly
evidence that the capability of splitting dioxygen is general
for the distant binuclear Fe(II) sites with suitable parameters.
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

2.1. Computational Models. Seven models with the P1
symmetry are used for the distant binuclear Fe(Il) centers
located in various cationic sites of four zeolites. The FER,, and
FERy,5, models employ one and two (along the ¢ dimension),
respectively, unit cells of ferrierite and feature two Fe(Il)
cations located in two adjacent a*"*** and pB1,°"*7*
respectively, cationic sites. The BEAprsprs and BEAgr;srg
models use two (along the b dimension) unit cells of the
beta zeolite and contain two Fe(II) cations accommodated in
two f3 cationic sites’ facing each other across the 12-ring
channel. Two different Al sitings in the six-rings forming the
cationic sites are used: (i) AI(TS), AI(TS), AI(T6), and
AI(T6) for the BEAyrssrs model and (ii) AI(T7), Al(T7),
AI(T8), and AI(T8) for the BEA 1473 model. The LTA model
uses two unit cells of the A zeolite and includes two Fe(II)
cations accommodated in two adjacent six-rings. It should be
noted that LTA is only a model structure featuring two
adjacent cationic sites which are not parallel, and therefore,
only two Al atoms in each of the six-rings are used. The
MORgr 411 and MORgr3473 models employ two (along the ¢
dimension) unit cells of mordenite and incorporate two Fe(II)
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cations bound in two adjacent f3 cationic sites.”* Al(T1)—
Si(T1)-Si(T3)-Si(T3)—Al(T1) and Al(T3)-Si(T3)-Si-
(T1)—Si(T1)—AI(T3) sequences in the eight-rings forming
the f cationic sites are employed in the MORgri4r; and
MORr3473, respectively, models. The MOR models based on
the other possible Al sitings in the eight-ring are not used since
our calculations reveal that either the Fe cations are
coordinated in a different ring or the coordination of the
Fe(Il) cations is pseudo-tetrahedral with a closed coordination
sphere and therefore not meeting experimentally observed
spectra of Co(II) cations in this site.”*

The starting geometries of FER,, FERg 5, BEAgrspre
BEAgr7prs) LTA, MORyrpr1, and MORpgrypry are generated
from the experimental structures of the corresponding zeolites.
FER,, and FERgp: orthorhombic, space group Immm, and
cell parameters a = 18.651, b = 14.173, and ¢ = 7.404 AY
BEAgrspre and BEAgrsrg: polymorph A of the beta zeolite,
tetragonal, space group P4,22, and cell parameters a = b =
12.6320 and ¢ = 26.1860 A;*® LTA: cubic, space group Pm3m,
and cell parameters a = b = ¢ = 11.9190 A;%® MORgry47; and
MORgr3pr3: orthorhombic, space group Cmcm, and cell
parameters a = 18.2560, b = 20.5340, and ¢ = 7.5420 A.*

2.2. Electronic Structure Calculations. Periodic DFT
calculations were performed by employing the Vienna Ab
initio Simulation Package (VASP) code.””~* The high-spin
electron configuration d57d1] was used for the Fe species
accommodated in the zeolite.* Moreover, for all the calculated
optimized structures for all of the seven computational models,
the electron configuration 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,” as adapted by
Kresse and Joubert."" The exchange—correlation energy was
described by the Perdew—Burke—Ernzerhof” (PBE) general-
ized gradient approximation functional. Brillouin zone
sampling was restricted to the T point.* A plane-wave cutoff
of 600 eV and the density-dependent energy correction
(dDsC) dispersion correction”®*” were used for the geometry
optimizations, and a smaller cutoff of 400 eV and the DFT-D2
method*® were used for the molecular dynamics (MD)
simulations.”

2.3. Molecular Dynamics. MD simulations were carried
out on the seven models. The MD computations used the
exact Hellmann—Feynman forces acting on atoms and applied
the statistics of the canonical ensemble to the motion of the
atomic nuclei*’ using the Verlet velocity algorithm®”*' to
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.”*>*%°>*> The MD simulations serve to obtain the
rearranged local structures (details are provided in our prior
studies”"*?). The structures of 20 distinct snapshots collected
at 500, 1000, 1500, ... 10,000 fs of the MD simulations were
optimized for the seven computational models.*

2.4. Geometry Optimizations. The collected snapshots
were optimized. The atomic positions were optimized at

https://dx.doi.org/10.1021/acscatal.0c04459
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Table 1. Stabilization Energies” (AE) in kcal/mol of the Cationic Sites Accommodating Fe(II) for the Seven Models

FER,, FERg 4 BEAgrsp16 BEAs1p18 LTA MORyri411 MORy13413
12.3 0.4 3.9 12 0.8 11.0 2.6

“The difference between the energies of the model relaxed by MD simulations and subsequently optimized and the model which was not relaxed by
MD simulations but simply optimized using the starting structure.

Fe(1)-0(3) 1.964
Fe(1)-0(4) 2.216
Fe(1)-0(5) 2.057
Fe(1)-0(6) 2.058

Fe(1)-0(3) 1.997
Fe(1)-0(4) 2.198
Fe(1)-0(5) 2.132

Fe(2)-0(7) 2.060 Fe(1)-0(6) 2.005

Fe(2)-0(8) 2.056
Fe(2)-0(9) 2.196
Fe(2)-0(10) 1.973

Fe(2)-0(7) 2.012
Fe(2)-0(8) 2.125
Fe(2)-0(9) 2.189

Fe(1)...Fe(2) 5.597 Fe(2)-0(10) 1.998

Fe(1)...Fe(2) 5.638

Figure 1. Optimized structures of ferrierite before (left) and after (right) the DFT molecular dynamics simulations for two adjacent a (FER,,
model) sites. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron atoms are in blue, and oxygen atoms are in red.

Fe(1)-0(3) 2.016
Fe(1)-0(4) 2.021
Fe(1)-0(5) 2.014
Fe(1)-0(6) 2.010

Fe(1)-0(3) 2.016
Fe(1)-0(4) 2.011
Fe(1)-0(5) 2.008
Fe(1)-0(6) 2.018
Fe(2)-0(7) 2.016
Fe(2)-0(8) 2.019
Fe(2)-0(9) 2.013
Fe(2)-0(10) 2.012

Fe(2)-0(7) 2.027
Fe(2)-0(8) 2.010
Fe(2)-0(9) 2.013
Fe(2)-0(10) 2.028
Fe(1)...Fe(2) 7.385

Fe(1)...Fe(2) 7.419

Figure 2. Optimized structures of ferrierite before (left) and after (right) the DFT molecular dynamics simulations for two adjacent f1 (FER4
model) sites. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron atoms are in blue, and oxygen atoms are in red.

constant volume using a conjugate-gradient algorithm not relaxed by employing MD simulations but simply
minimization of energies and forces, whereas the lattice optimized using the starting geometries. The stabilization is
parameters were fixed at their experimental values.” The significant for the MORyr 47, and FER,, models, while it is
most stable structure for each of the seven investigated models moderate for the remaining five models (Table 1).
was then used for the subsequent calculations of all the 3.1.1. FER,, and FERy;;, Models. The optimized structures
complexes, transition states, and products. before and after the MD calculations are shown in Figures 1
In addition, all the seven models were optimized using the and 2, respectively.
starting geometries without employing MD simulations. Ten The FER,, model significantly rearranges (AE = 12 kcal/
different starting positions of the Fe(1l) cations were used for mol), while the FER; 5 model is almost unchanged by the
each of the models. The most stable structure for each of the MD calculations. The Fe(II) cations in the former coordinate
seven investigated models was employed for evaluating the to three oxygen atoms of two AlO,~ tetrahedra and one oxygen
stabilization energies. atom of an SiO, tetrahedron before the rearrangement, and
only after the rearrangement, this model features the
3. RESULTS proper”*’ coordination of Fe(II) to four oxygen atoms of
3.1. Structure and Stability of the Fe(ll) Cationic two AlO,” tetrahedra (Figure 1). Conversely, the Fe(Il)
Sites. Our MD simulations of the seven models and cations in the latter possess the proper coordination to four
subsequent optimizations of the selected MD snapshots led oxygen atoms of two AlO,  tetrahedra before and after the
to energy stabilizations relative to the seven models which were MD calculations (Figure 2).
2343 https://dx.doi.org/10.1021/acscatal.0c04459
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Table 2. Mutual Geometrical Position of the Two Cationic Sites, Fe*Fe” and Two Ringb Distances, Barrier AE,1;,” Reaction
Energy AEg,” Reverse Barrier AE,cr,,° and AAE, ¢y (ice., AEscr, — AEscr)

pubs.acs.org/acscatalysis

model facing/ parallel axial Fe--Fe (A) ring-ring (A) AEucq (kcal/mol) AEg (kcal/mol)  AEucry (keal/mol)  AAE,cr (kcal/mol)

FER,, yes yes yes 5.638 6.5

FERy 41 yes yes yes 7.419 7.4 21.3 —23.3 23.7 2.4
FERj° yes yes yes 7.40S 7.4 24.9 —24.7 28.0 3.1
BEAgrspre yes yes yes 7.627 9.5 31.4 -33.0 39.2 7.8
BEAg17p1s yes yes yes 7.611 9.5 31.2 -32.6 36.4 52
LTA yes no 7.327 7.6 61.6 -27.7 62.4 0.8
MORyri411 yes yes yes 7.261 7.5 15.0 -19.2 22.9 7.9
MORyr3473 yes yes no 7.550 7.5

“The Fe--Fe distance after the MD simulations. “The distance between the two rings (forming the corresponding cationic sites) in empty zeolites
derived from results of diffraction experiments. “The calculated barrier of the cleavage of dioxygen. “The reaction energy of the reaction from 1 +
0,(g) to give 4. “The calculated barrier of the recombination of dioxygen (i.e., 4 to yield 3).fWhether facing each other. #The data for the FERp,
model are taken from our prior study.”

Fe(1)-0(3) 2.040
Fe(1)-0(4) 1.979
Fe(1)-0(5) 1.979
Fe(1)-0(6) 2.041

Fe(1)-0(3) 2.014
Fe(1)-0(4) 1.996
Fe(1)-0(5) 2.001
Fe(1)-0(6) 2.009

Fe(2)-0(7) 2.013
Fe(2)-0(8) 1.983
Fe(2)-0(9) 1.983
Fe(2)-0(10) 2.016

Fe(2)-0(7) 2.006
Fe(2)-0(8) 2.008
Fe(2)-0(9) 2.009
Fe(2)-0(10) 2.002

Fe(1)...Fe(2) 7.862 Fe(1)...Fe(2) 7.627

Figure 3. Optimized structures of the beta zeolite before (left) and after (right) the DFT molecular dynamics simulations for two opposite TS and
PT6 (BEArssrs model) sites across the 12-ring channel. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron
atoms are in blue, and oxygen atoms are in red.

Fe(1)-0(3) 1.946
Fe(1)-0(4) 2.142
Fe(1)-0(5) 2.140
Fe(1)-0(6) 1.945

Fe(1)-0(3) 1.946
Fe(1)-0(4) 2.138
Fe(1)-0(5) 2.129
Fe(1)-0(6) 1.944

Fe(2)-0(7) 1.941
Fe(2)-0(8) 2.138
Fe(2)-0(9) 2.138
Fe(2)-0(10) 1.940

Fe(2)-0(7) 1.941
Fe(2)-0(8) 2.153
Fe(2)-0(9) 2.153
Fe(2)-0(10) 1.939

Fe(1)...Fe(2) 7.738 Fe(1)...Fe(2) 7.611

Figure 4. Optimized structures of the beta zeolite before (left) and after (right) the DFT molecular dynamics simulations for two opposite #T7 and
PT8 (BEAyr,4r model) sites across the 12-ring channel. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron
atoms in are blue, and oxygen atoms are in red.

a Cationic sites of ferrierite are located on the wall of the 10-
ring main channel. Two adjacent « cationic sites (FER,,) are
located at the opposite sides of the wall of the main channel.
The mutual geometrical position of the two cationic sites (i.e.,
facing or not facing each other, parallel or nonparallel, and if
parallel, whether axial or nonaxial) and the corresponding Fe--

Fe distance after the MD calculations are summarized in Table
2. f Cationic sites of ferrierite are present on the wall of the
eight-ring channel. Two adjacent 1 cationic sites (FERg4)
are present at the opposite sides of the wall of the eight-ring
channel. The mutual geometrical position of the two cationic
sites and the Fe---Fe distance are shown in Table 2. The Fe—O
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Figure S. Optimized structures of the A zeolite before (left) and after (right) the DFT molecular dynamics simulations for two adjacent six-ring
(LTA model) sites. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron atoms are in blue, and oxygen atoms are in

red.

Fe(1)-0(3) 2.023
Fe(1)-0(4) 2.097
Fe(1)-0(5) 2.284
Fe(1)-0(6) 2.044

Fe(2)-0(7) 2.024
Fe(2)-0(8) 2.100
Fe(2)-0(9) 2.281
Fe(2)-0(10) 2.043

Fe(1)...Fe(2) 6.295

Fe(1)-0(3) 2.059
Fe(1)-0(4) 2.042
Fe(1)-0(5) 2.202

Fe(2)-0(6) 2.225
Fe(2)-0(7) 2.042
Fe(2)-0(8) 2.074

Fe(1)...Fe(2) 7.261

Figure 6. Optimized structures of mordenite before (left) and after (right) the DFT molecular dynamics simulations for two adjacent fT1
(MOR/;TWH model) sites. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron atoms are in blue, and oxygen

atoms are in red.

Fe(1)-0(3) 2.218
Fe(1)-0(4) 2.133
Fe(1)-0(5) 2.141
Fe(1)-0(6) 2.200

Fe(2)-0(7) 2.218
Fe(2)-0(8) 2.133
Fe(2)-0(9) 2.141
Fe(2)-0(10) 2.200

Fe(1)...Fe(2) 7.542

Fe(1)-0(3) 2.185
Fe(1)-0(4) 2.127
Fe(1)-0(5) 2.126
Fe(1)-0(6) 2.194

Fe(2)-0(7) 2.164
Fe(2)-0(8) 2.135
Fe(2)-0(9) 2.140
Fe(2)-0(10) 2.166

Fe(1)...Fe(2) 7.550

Figure 7. Optimized structures of mordenite before (left) and after (right) the DFT molecular dynamics simulations for two adjacent ST3
(MORgy3573 model) sites. The distances are in A. Silicon atoms are in gray, aluminum atoms are in yellow, iron atoms are in blue, and oxygen

atoms are in red.

bond lengths in FER,, (Figure 1) optimized after the MD
simulations range from 2.00 to 2.20 A (four Fe—O bonds are
shorter than the other four), while all the eight Fe—O bond
lengths are almost identical (2.01 to 2.03 A) in FERyy
(Figure 2).

3.1.2. BEAsrssre and BEAgrzsrs Models. The optimized
structures before and after the MD calculations are shown in

Figures 3 and 4, respectively.

2345

Both the models of the beta zeolite moderately rearrange
(AE 1—4 kcal/mol), and only the BEAgrspre model
possesses the proper” ">’ coordination of Fe(II) to four oxygen
atoms of two AlO,  tetrahedra before and after the MD
calculations. Conversely, Fe(II) in BEArsrs ligates to two O
atoms of two AlO,” tetrahedra and two O atoms of two SiO,
tetrahedra before and after the MD calculations. The same
results were obtained for Co(II)-exchanged beta zeolites in our
prior study.*® The reason why the BEAgr7prs model does not
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Figure 8. FERj, 5 model. Optimized structures for the (A) two adjacent 1 sites of Fe-ferrierite 1 after molecular dynamics (MD) simulations, (B)
monodentate [Fe OO,,,,,"*Fe] complex 2, (C) bidentate [Fe OO,;-Fe] complex 3, (D) [Fe—O—O—Fe] transition state TS, and (E) [Fe=0
O=Fe] product 4. The distances are in A. Silicon atoms are in gray, oxygen atoms are in red, aluminum atoms are in yellow, and iron atoms are in
blue. Schematic energy profile (in kilocalorie per mol) for (F) the formation of the Fe==0 O=Fe product 4.

rearrange in order for Fe(II) to bind to four O atoms of two
AlO,™ tetrahedra, most likely, is that the six-rings forming TS5
and fT6 cationic sites create a rigid double six-ring (..,
hexagonal prism) with another six-ring. The stabilization
energy obtained from the proper binding of Fe(II) to four O
atoms of two AlO,” tetrahedra is most likely smaller than the
energy needed to deform the structure of the double six-ring to
permit the proper binding of Fe(II).

J Cationic sites of the beta zeolite are located on the wall of
the 12-ring channel. Two opposite # cationic sites (TS and
PT6 of BEAsrssrs and fT7 and T8 of BEAsr 4rg) are present
at the opposite sides of the wall of the 12-ring channel. The
mutual geometrical position of the two cationic sites and the
Fe---Fe distance are shown in Table 2. All the Fe—O, bond
lengths of the BEA;rs5rs model (Figure 3) are almost identical
(2.00-2.01 A), while the Fe—O, bonds are significantly
shorter (1.94—1.95 A) than the Fe—QOg; bonds (2.13—2.15 A)
in the BEAgr;4r3 model (Figure 4).

3.1.3. LTA Model. The optimized structures before and after
the MD calculations are shown in Figure S.

The Fe(II) cations coordinate to two oxygen atoms of two
AlO,” tetrahedra and one oxygen atom of an SiO, tetrahedron
before the rearrangement (Figure S), and after the rearrange-
ment (AE = 1 kcal/mol), they ligate to three oxygen atoms of
two AlO,” tetrahedra and one oxygen atom of an SiO,
tetrahedron.
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Two closest six-rings across the LTA supercage can create
two adjacent cationic sites. These rings face each other, but the
sites are not parallel (Table 2). Two Fe—O, bonds and one
Fe—Og; bond are significantly shorter (1.96—2.06 A) than the
one Fe—O, bond (2.30 to 2.32 A).

3.1.4. MORyri5r1 and MORyrs4r3 Models. The optimized
structures before and after the MD calculations are shown in
Figures 6 and 7, respectively.

The MORgy pr; model greatly rearranges (AE = 11 kcal/
mol), while the MORyr3473 model only moderately changes
(AE = 3 kcal/mol) by the MD calculations. The Fe(II) cations
in the former coordinate to two oxygen atoms of an AlO,”
tetrahedron and two oxygen atoms of a SiO, tetrahedron
before the MD calculations, while they ligate to two oxygen
atoms of two AlO,” tetrahedra and one oxygen atom of an
SiO, tetrahedron. Conversely, the latter features the prop-
er’* coordination of Fe(Il) to four oxygen atoms of two
AlO,” tetrahedra before and after the MD calculations.

J Cationic sites in the mordenite structure are located at the
bottom of the mordenite pocket. They are accessible only
through eight-rings from the main channel. The mutual
geometrical position of the two cationic sites and the Fe:--Fe
distance are shown in Table 2. The Fe—O, bonds are
significantly shorter (2.04—2.07 A) than the Fe—Og bonds
(2.20-2.23 A) in the MORgr 41 model, while all the Fe—O
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Figure 9. BEA 5516 model. Optimized structures for the (A) two opposite fT5 and ST6 sites of the Fe-beta zeolite 1 after molecular dynamics
(MD) simulations, (B) monodentate [Fe OO,,,,,--Fe] complex 2, (C) bidentate [Fe OOy,;+-Fe] complex 3, (D) [Fe—O—O—Fe] transition state
TS, and (E) [Fe=0 O=Fe] product 4. The distances are in A. Silicon atoms are in gray, oxygen atoms are in red, aluminum atoms are in yellow,
and iron atoms are in blue. Schematic energy profile (in kilocalorie per mol) for (F) the formation of the Fe==0 O=Fe product 4.

bond lengths of the MORyr34r; model are almost identical
(2.13-2.19 A).

3.2. Splitting Dioxygen. 3.2.1. FER;;;; Model. Dioxygen,
which is a triplet adsorbs on one of the Fe(II) cations to yield

a [Fe OO,,ono-Fe]’ monodentate complex 2" possessing the
O, moiety in a triplet state. The calculated adsorption energy is
—10.8 kcal/mol. 2’ either undergoes a spin change to yield a
[Fe OO, 010 "Fe] monodentate complex 2 (the energy drops
by 2.5 kcal/mol) which has the O, moiety in a singlet state or
rearranges its structure to form a [Fe OO;-Fe]’ bidentate
complex 3’ (the calculated adsorption energy is —16.9 kcal/
mol). In the latter case, a spin crossover takes place and a [Fe
OO,;+-Fe] bidentate complex 3 with the O, moiety in a singlet
state is yielded. 3 is more stable than 3’ by 4.0 kcal/mol. The
bidentate complex 3 is more stable; however, the O, moiety of
the less stable monodentate complex 2 is better positioned to
interact with the other Fe(Il) located in the adjacent f1 site.
Afterward, a cleavage of dioxygen occurs via a [Fe—O—O—Fe]
transition state TS to form a [Fe==0 O=Fe] complex 4 in a
concerted manner. Both Fe 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 —23.3 kcal/mol (Table 2).
The calculated barrier of the cleavage of dioxygen is 21.3 kcal/
mol (Table 2), indicating that this system is calculated to be
capable of splitting dioxygen. The optimized structures of 1, 2,
3, TS, and 4 and the energy profile of splitting dioxygen are
shown in Figure 8.
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Our calculations reveal that the [Fe=0 O=Fe] complex 4
with eight unpaired electrons really represents the ground
state. The iterative Hirshfeld charges® are +1.75 for the Fe
cation and —0.39 for the a-oxygen atom, revealing that the
complex 4 corresponds mainly to the [Fe(IV)=0 O=
Fe(IV)]* structure balanced by four Al atoms of the zeolite
framework.

3.2.2. BEAsrssre BEAsrzprs LTA, and MORgrsr Models.
Figures 9—12 show that the mechanism of the dioxygen
cleavage to yield a pair of the a-oxygen atoms is the same as
that for the FERg 5 model. The difference is that we could
locate a [Fe OO, Fe]’ monodentate complex 2’ for
neither BEAgrspre nor BEAgrsprg. In addition, the bidentate
[Fe OO;Fe]’ complex 3’ with the O, moiety in a triplet
state is more stable than 3 which has the O, moiety in a singlet
state for MORgripr;. The calculated reaction energies (Table
2) of the reaction from 1 + O,(g) to give 4 are —33.0, —32.6,
—22.7, and —19.2 kcal/mol for BEAyrspre) BEAgrprs, LTA,
and MORgry 1y, respectively. The calculated barriers (Table 2)
of the cleavage of dioxygen are 31.4, 31.2, 61.6, and 15.0 kcal/
mol, respectively, indicating that the beta zeolite and,
especially, the mordenite with Fe(I) in two adjacent fT1
sites are calculated to be capable of splitting dioxygen, while
the A zeolite is not. The optimized structures of 1, 2, 3, TS,
and 4 and the energy profile of splitting dioxygen are shown in
Figures 9—12 for the BEAgrsprs, BEAgrsprs, LTA, and
MORyr 411 models, respectively.
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Figure 10. BEA;5rs model. Optimized structures for the (A) two opposite fT7 and T8 sites of the Fe-beta zeolite 1 after molecular dynamics
(MD) simulations, (B) monodentate [Fe OO,,,,:-Fe] complex 2, (C) bidentate [Fe OOy, +-Fe] complex 3, (D) [Fe—O—O—Fe] transition state
TS, and (E) [Fe=0 O=Fe] product 4. The distances are in A. Silicon atoms are in gray, oxygen atoms are in red, aluminum atoms are in yellow,
and iron atoms are in blue. Schematic energy profile (in kilocalorie per mol) for (F) the formation of the Fe==0 O=Fe product 4.

3.2.3. FER,, and MORrssr; Models. The results of our
calculations for the FER,, (Figure 13A) and MORgrspr;
models (Figure 13B) reveal that the cleavage of dioxygen
cannot occur. We could locate a [Fe—O—O—Fe] transition
state TS for neither FER,,, nor MORyr347s3.

4. DISCUSSION

The results of our DFT calculations clearly show that (i) the
local structure of the two cationic sites forming the distant
binuclear Fe(II) sites and (ii) the mutual geometrical position
of these two Fe(II) sites only roughly reflect the structure of
the zeolite without the presence of divalent cations in the rings
forming the cationic sites (hereafter the “empty” zeolite). The
optimized structures of 1, 2, 3, TS, and 4 and the energy
profile of splitting dioxygen are shown in Figure 14 for the
FERy,5, model of our prior study” for better clarity and
intelligibility of the discussion.

Binding the cation often causes a significant rearrangement
of the site to get the optimal Fe—O distances and the ligation
of Fe to four O atoms of two AlO,” tetrahedra if the structure
of the zeolite allows. This is in sound agreement with the
previous FTIR experiments coupled with periodic DFT
calculations including MD simulations regarding the siting of
divalent cations in ferrierite.”’ Nevertheless, although a
significant rearrangement of the cationic site can occur, the
mutual geometrical position of the cationic sites (i.e., facing or
not facing each other, parallel or nonparallel, and if parallel,
whether axial or nonaxial) related to the structure of the
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“empty” zeolite is preserved if the cationic site is formed by a
six-ring. Conversely, the rearrangement of an eight-ring caused
by cation binding can induce such a rearrangement of the local
structure that the mutual geometrical position of the cationic
sites changes relative to the “empty” zeolite. Such a
rearrangement can be hardly suggested based only on the
structure of the “empty” zeolite. Moreover, even for six-rings
forming cationic sites, the final arrangement of the distant
binuclear Fe(Il) sites can be far from those based only on
empty six-rings. Although the mutual geometrical position of
the cationic sites is preserved, the Fe--Fe distance can be
significantly shortened compared to the distance of the empty
six-rings for some zeolites (Table 2). For example, the distance
between the planes of the two 6-rings at the opposite sides of
the wall of the 12-ring channel of the beta zeolite is ca. 9.5 A,
while the calculated Fe---Fe distances are significantly shorter
(7.63 and 7.61 A for the BEAgrsr and BEAsr srg models,
respectively). The distance between the two empty rings
represents only the largest possible distance of the cations. The
Fe---Fe distance cannot be derived from results of diffraction
experiments but can be inferred from periodic DFT
calculations including MD simulations (or other global
optimizations), allowing a possible rearrangement of the
cationic sites. Moreover, this theoretical treatment is also
required to determine the mutual geometrical position of the
two cationic sites created by two eight-rings as this cannot be
obtained from results of diffraction experiments either.

https://dx.doi.org/10.1021/acscatal.0c04459
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Figure 11. LTA model. Optimized structures for the (A) two adjacent six-ring sites of the Fe-A zeolite 1 after molecular dynamics (MD)
simulations, (B) monodentate [Fe OO,,,,,*Fe] complex 2, (C) bidentate [Fe OOy, --Fe] complex 3, (D) [Fe—O—O—Fe] transition state TS, and
(E) [Fe=0 O=Fe] product 4. The distances are in A. Silicon atoms are in gray, oxygen atoms are in red, aluminum atoms are in yellow, and iron
atoms are in blue. Schematic energy profile (in kilocalorie per mol) for (F) the formation of the Fe==0 O="Fe product 4.

The results obtained clearly indicate that the capability of
splitting dioxygen at room temperature is not unique to Fe-
ferrierite* but the distant binuclear Fe(II) centers able to
cleave dioxygen can be, in general, prepared in zeolite matrices
with various topologies (note that procedures to obtain the Al
distribution required for the preparation of these sites are not
discussed here). However, splitting dioxygen can occur only
for some arrangements of the two Fe(II) sites. The distance
between two Fe cations is without any doubt one of the key
parameters controlling the activity of the centers in splitting
dioxygen. Because several distant binuclear Fe(II) centers
formed in various zeolites differ in the Fe---Fe distance while
the two sites face each other and are parallel and axial, the
effect of the Fe--Fe distance is discussed first. The distances
between the two Fe cations in the distant binuclear sites and
the corresponding energy barriers for splitting dioxygen are
listed in Table 2. It is clear that for some zeolites, the distance
between the two cations can be significantly shortened
compared to the distance of the empty rings. This can be
explained by the fact that the optimum Fe(II)—Opgg distances
and the preferential binding of Fe(II) to oxygen atoms of two
AlO,” tetrahedra can be reached only when the cation is
located above the ring plane. If the Fe---Fe distance is too short
(5.64 A for the FER,,, model; Figure 1 and Table 2), then the
u-peroxo diiron species (Figure 13A) is formed and the
cleavage of dioxygen cannot occur. This arrangement (Figure
13A) might resemble the oxidized form of the active site of the
methane monooxygenase and the CuO,Cu bridging species
suggested as the active site for direct oxidation of methane over
Cu-zeolites.”™"? Although the activity of such p-peroxo diiron
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species in the oxidation reaction cannot be excluded, an
investigation of this type of dioxygen activation is out of the
scope of this study.

The calculated barriers are plotted against the Fe---Fe
distances in Figure 15. We can estimate, based on this plot and
Table 2, that there is an optimum distance of around 7—7.3 A
between the two Fe(II) cations corresponding to the lowest
barrier for splitting dioxygen. The Fe--Fe distance of 7.261 A
calculated for the mordenite zeolite with two adjacent T1
cationic sites (MOR gy, ) is most likely close to the ideal Fe---
Fe distance for splitting dioxygen as the calculated barrier of
15.0 kcal/mol (Table 2) is very low. On the one hand, if the
Fe---Fe distance is significantly smaller than ca. 7 A, then an
oxo-bridge species can form and splitting cannot occur. On the
other hand, if the Fe---Fe distance is markedly larger than ca. 8
A, then the zeolite is incapable of splitting dioxygen as well
since the corresponding transition state TS cannot form.

Not only the Fe--Fe distance but also the mutual
geometrical position of the cationic sites (i.e., facing or not
facing each other, parallel or nonparallel, and if paralle],
whether axial or nonaxial) are crucial for splitting dioxygen to
occur with a low barrier. As calculated for the FERgp,
FERﬁZﬂZJ BEAﬂTSﬁTé) BEAﬂT7ﬁT8) and MORﬂTIﬂTl models, the
transition states of the cleavage of dioxygen are approximately
linear. The crucial role of the linear arrangement, given by the
position of the two Fe cations, is illustrated by the Fe-A zeolite
(the LTA model). Although an Fe--Fe distance of 7.33 A
(Table 2) fits well into the region of a low barrier for splitting
dioxygen (Figure 15), the calculated barrier of 62 kcal/mol
(Table 2) is more than twice higher. The nonparallel mutual
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Figure 13. Optimized structures for the (A) y-peroxo diiron (FER,, model) structure and (B) [Fe==O O=Fe] (MORgr3r; model) product 4
The distances are in A. Silicon atoms are in gray, oxygen atoms are in red, aluminum atoms are in yellow, and iron atoms are in blue.

geometrical position results in a nonlinear transition state and
makes the Fe-A zeolite incapable of splitting dioxygen.
Similarly, while the two adjacent ST3 sites of mordenite are
parallel, they do not have a common axis. This mutual
arrangement prohibits splitting dioxygen to occur despite the

fact that a Fe---Fe distance of 7.55 A (Table 2) still lies in the
range of lower barriers (Figure 15).

The Al siting in the rings forming the cationic sites is
another parameter which can affect the arrangement of the

cations in their sites and thus splitting dioxygen as well. The
reason is that various Al sitings in the rings can result in
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different rearrangements of the cationic site upon binding the
divalent cation.

Divalent cations are charge-balanced by two Al atoms
located in the ring forming the corresponding cationic site.
Periodic DFT calculations including molecular dynamics
showed that divalent cations preferred the proper coordination
to four oxygen atoms of two AlO,” tetrahedra.”"”*™*° The
proper binding of the divalent cation can lead to a significant
rearrangement of the cationic site and, therefore, also to a
marked change in the local structure of the cationic site. The
rearrangement of the cationic sites is reflected in the

https://dx.doi.org/10.1021/acscatal.0c04459
ACS Catal. 2021, 11, 2340—2355
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stabilization energies (Table 1). The stabilization energy is the
difference between the additional binding energy of the
divalent cation due to the preferential binding to oxygen
atoms of two AlO,” tetrahedra and the energy needed to
deform the structure of the zeolite framework to permit the
preferential binding of the divalent cation. The proper
coordination of the divalent cation to four oxygen atoms of
two AlO,” tetrahedra can be reached only for the cationic sites
for which the additional binding energy is larger than the
energy needed to deform the structure (i.e, FER,, FERy g,
FERj,, BEAsrspme and MORsrasrs).> 277" The rearrange-
ment of cationic sites upon binding divalent cations was
confirmed by FTIR spectroscopy for ferrierite.”’
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The rearrangement of cationic sites is calculated only for the
structure 1 featuring two Fe(II) cations for each computational
model. The subsequent calculations of the complexes 2 and 3,
the transition state TS, and the product 4 for each
computational model use the corresponding previously
rearranged structure 1 as the starting geometry already
featuring the preferential binding of Fe(II) to oxygen atoms
of two AlO,™ tetrahedra.

In addition, the rearrangement of the cationic sites can also
cause a change in the mutual geometrical position (i.e., facing
or not facing each other, parallel or nonparallel, and if parallel,
whether axial or nonaxial) and the Fe--Fe distance of the
cationic sites forming the distant binuclear sites.

Our results (Figures 1—7 and Table 2) clearly show that the
variability of the Al siting can result in the rearrangement of the
cationic site for both six-rings and eight-rings but the effect of
the Al siting on the cleavage of dioxygen is negligible for six-
rings, while is decisive for eight-rings. The explanation of the
different influence of the Al siting on six-rings and eight-rings is
the conservation of the mutual geometrical position (including
the Fe---Fe distance) of the cationic sites formed by six-rings
after their rearrangement with respect to the structure of the
“empty” zeolite. The plane of the rearranged cationic site
formed by a six-ring is identical/close to that of the same six-
ring of the “empty” zeolite. This does not have to hold for
cationic sites formed by eight-rings. The latter are formed by
eight oxygen atoms, and when a divalent cation binds, it is

https://dx.doi.org/10.1021/acscatal.0c04459
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coordinated to only three (Figure 6) or four (Figure 7) oxygen
atoms. Accordingly, the formed cationic sites can possess
different planes depending on the Al siting in that eight-ring
(Figures 6 and 7). Consequently, the mutual geometrical
position of the cationic sites created by eight-rings can change
relative to the “empty” zeolite upon binding divalent cations.
Therefore, we can conclude that since the mutual geometrical
position and the Fe--Fe distance of the two Fe(Il) cations
creating the distant binuclear Fe species are the same for all the
Al sitings in the six-ring forming the corresponding cationic
site of the same zeolite (i.e., 1 and B2 of ferrierite and TS/
BT6 and PT7/BT8 of the beta zeolite), the capability of
splitting dioxygen is identical, regardless of the Al siting in that
six-ring (Table 2). Conversely, since the mutual geometrical
position and the Fe--Fe distance of the two Fe(Il) cations
differ for various Al sitings in eight-rings, the ability to cleave
dioxygen differs as well (Table 2).

The individual computational models are discussed in detail
in the subsequent paragraphs 4.1 and 4.2.

4.1. FERﬂ‘lﬂ'l' FERﬂZﬁZI BEAﬁTSﬂTﬁl BEAﬁT7ﬂT8' and
MORr14r1 Models Permitting the Formation of a Pair
of the a-oxygen Atoms. The two cationic sites of the
FERg, (Figure 2), FERp, 5 (Figure 14), BEAg1s476 (Figure
3), BEAgrssrs (Figure 4), and MORyry 41, (Figure 6) models
face each other and are parallel and axial. The distances of the
two Fe(Il) cations lie in a narrow range (Table 2). The
smallest Fe---Fe distance of 7.26 A of MORgy 41, corresponds
to the lowest barrier of 15.0 kcal/mol, while the largest Fe---Fe
distance of 7.63 A relates to the highest barrier of 31.4 kcal/
mol (Table 2 and Figure 15). Our periodic DFT calculations
reveal that the structure of the mordenite zeolite with two
adjacent #T1 cationic sites (MORgr4r) is most likely close to
the ideal structure for splitting dioxygen as the calculated
barrier of 15.0 kcal/mol (Table 2) is very low.

4.2. FER,, LTA, and MORr35; Models Prohibiting
the Creation of a Pair of the a-oxygen Atoms. The
distance between two Fe(II) cations is calculated to be 5.64 A
in FER,, (Figure 1 and Table 2). The two cations are too close
to each other to allow the formation of a pair of the a-oxygen
atoms. Instead, a y-peroxo diiron structure is created (Figure
13A).

The two Fe(II) cations in LTA are 7.33 A from each other
(Figure S and Table 2). The two rings forming the adjacent
cationic sites face each other, but they are not parallel, causing
a larger distance of 4.86 A of the two a-oxygen atoms in the
[Fe=0 O=Fe] product 4 (Figure 11E). This value is the
second largest among all the models used. Therefore, because
of the nonparallel adjacent cationic sites, the geometry of the
[Fe—O—0O—Fe] transition state TS differs from those of the
other calculated transition states, and the corresponding barrier
is calculated to be 61.6 kcal/mol (Table 2). This value is very
high showing that the A zeolite with Fe(II) in two closest six-
rings across the LTA supercage is calculated to be incapable of
splitting dioxygen. This result clearly shows the crucial
importance of the requirement for the two sites forming the
distant binuclear species to be parallel.

The two Fe(Il) cations in MORgpssr; are 7.55 A apart
(Figure 7 and Table 2); however, while the two adjacent fT3
sites face each other and are parallel, they do not have a
common axis. The distance of the two a@-oxygen atoms is
calculated to be 5.36 A in the [Fe=0 O=Fe] product 4
(Figure 13B). This value is the largest among all the models
used and prohibits the occurrence of splitting dioxygen over
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mordenite with the distant binuclear Fe(II) species stabilized
in two adjacent PT3 sites. The large O--O distance is
consistent with the fact that we could locate no [Fe—O—0O—
Fe] transition state TS for MORgr3475.

4.3. Effect of the Al Siting in the Rings Forming the
Cationic Sites. Comparison of Figure 8F (FERg;) and
Figure 14F (FERgy,) reveals that the effect of the Al siting in
the rings forming the cationic sites is essentially negligible, only
the barrier is somewhat higher for FERg,. Similarly,
comparison of Figures 9F (BEA,;TS/;M) and 10F (BEA/,»U/;Ts)
shows a negligible influence of the Al siting in the rings
creating the cationic sites as well. Conversely, Figure 12F
(MORgry47;) reveals that the mordenite with Fe(II) in two
adjacent BT1 sites is calculated to be capable of splitting
dioxygen, while Figure 13B (MOR/,»M/,»B) shows that the same
zeolite with Fe(Il) in two adjacent T3 sites is not. We can
safely conclude that the Al siting in the rings creating the
cationic sites has a negligible effect on splitting dioxygen if the
local structures of the cationic sites are very similar and their
mutual geometrical positions are the same for a particular
zeolite (i.e., f1 and B2 of ferrierite and STS/BT6 and BT7/
PT8 of the beta zeolite). However, if the structures and the
mutual geometrical positions of the cationic sites with various
Al sitings in the rings creating these centers for a particular
zeolite significantly differ, then the effect on splitting dioxygen
can be huge. Therefore, the influence of the Al siting in the
rings forming the cationic sites on the cleavage of dioxygen is
only indirect through the change in the local structure of the
active centers and their mutual geometrical positions.

4.4. Structural Parameters Allowing Splitting Dioxy-
gen over the Distant Binuclear Fe(ll) Species. The results
of our periodic DFT calculations reveal that the activity
regarding splitting dioxygen represents a general property of
the distant binuclear Fe(Il) centers stabilized in the
aluminosilicate matrix if four conditions are fulfilled. The
two cationic sites forming the distant binuclear Fe(II) centers
have to (i) face each other, (ii) be parallel, and (iii) be axial.
(iv) The Fe---Fe distance has to lie in a narrow range from ca. 7
to ca. 8 A.

The activity in splitting dioxygen, which is determined
predominantly by the barrier of this reaction, is essential for
the development of the zeolite systems with the distant
binuclear Fe(II) centers as catalysts for the direct oxidation of
methane. Nevertheless, the recombination of dioxygen has to
be taken in the account as well. The corresponding energy
barrier is included in Table 2. The reverse barrier AE,cr,
correlates well with the barrier AE,cr; of splitting dioxygen
(Table 2) because both the processes depend on the Fe--Fe
distance. The AE,cr, values are larger than the AE,ct, ones
by 1 (LTA)—8 (MORyp4r;) keal/mol (ie, the AAE,cr
values in Table 2). The AAE,¢r values also correspond to
the difference in stability of the product 4 and the bidentate
complex 3 (3’ for MORyr 4ry). 4 is more stable than the
bidentate complex 3 (3" for MORyr4r;) for all the
computational models (Table 2), indicating that the
equilibrium is shifted toward the product 4. For the
computational models of interest (i.e., excluding the LTA
model owing to the huge barrier and the FERy 4 model
because of the absence of ferrierite with the corresponding Al
siting), 4 is more stable than 3 by 3 (FERgpy)—10
(MORgryp71) keal/mol establishing, essentially, the exclusive
presence of 4 in the zeolite after the oxidation of the Fe(II)
cations by dioxygen.

https://dx.doi.org/10.1021/acscatal.0c04459
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The results discussed above show that the capability of
splitting dioxygen is general for the distant binuclear Fe(II)
sites. Although the Fe---Fe distance is crucial for the ability of
the zeolite to split dioxygen, the proper mutual geometrical
position (ie., facing or not facing each other, parallel or
nonparallel, and if parallel, whether axial or nonaxial) of the
two cationic sites forming the distant binuclear sites is also
essential to allow the formation of an approximately linear
transition state TS which is a key to the occurrence of the
cleavage of dioxygen. Our calculations reveal that both these
required parameters could be reached in other zeolite
topologies and thus suggest the possibility of developing Fe-
zeolite-based systems for the dioxygen activation employed for
direct oxidations using other zeolite matrices. From the
topological point of view, there are a number of possible
zeolite candidates which are able to form distant binuclear
Fe(II) sites active in splitting dioxygen. Nevertheless, the
accommodation of two cooperating Fe(II) cations forming
distant binuclear sites requires a specific organization of Al
atoms in the framework. The two adjacent/opposite zeolite
rings have to contain two framework Al atoms each (i.e., four
Al atoms in total). This requires both a high relative
concentration of Al atoms in the form of Al pairs and a high
total concentration of Al atoms in the framework. To the best
of our knowledge, the number of such Si-rich zeolite matrices
is limited at the present time. Therefore, the development of
new materials possessing the capability of splitting dioxygen
will require syntheses of zeolite matrices with the desired Al
organizations. Because the preparation of zeolites with the
desired concentration and siting of the Al pairs forming the
cationic sites is difficult and very time-demanding, suitable
DEFT calculations are an essential part of the development of
Fe-zeolite systems for splitting dioxygen and subsequent
applications. Nevertheless, a preliminary selection of appro-
priate zeolite structural types can be made based on the
analysis of the topology of the zeolite framework. Promising
zeolite materials should meet the criteria as follows: they can
be prepared with (i) high enough concentrations of Al atoms
in the framework (Si/Al < ca. 10 depending on the topology),
(i) high enough concentrations of Al pairs, allowing a
significant presence of two adjacent/opposite rings with two
Al pairs (this has to be estimated individually for each specific
topology), for details see our prior studies,”*"** and (iii) two
six-rings facing each other, being parallel and axial with the
distance between the two rings in empty zeolites in the range
from ca. 7 to ca. 10 A It should be noted that the
corresponding Fe---Fe distance can be significantly shorter
compared to that of the empty rings. Nevertheless, the
maximum distance is not strictly given. Moreover, eight-rings
can form the distant binuclear sites with the axial arrangements
as well. Following these criteria represents the starting point in
the process of the development of highly active catalysts for
direct oxidation reactions using dioxygen (including that of
methane to methanol) and, moreover, with the possibility of
tuning their properties for individual oxidation reactions. It
should be noted that the application of dioxygen as the oxidant
is highly desirable due to the economic, safety (compare with
H,0,), and environmental (compare with N,0) reasons. The
utilization of O, as the oxidant can be regarded as a key factor
for the development of new technologies fulfilling the
requirements on green and sustainable chemical production.
Nevertheless, in the case of bulkier molecules than methane,
the accessibility of the active oxygen species by these
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molecules, that is, the location of the distant binuclear Fe(II)
sites in the zeolite channel system (eight-, ten-, or twelve-ring
channel), should be decisive. We can safely conclude that the
selection of suitable zeolite structures is only the first, and
probably simplest, step in this process which has to be followed
by a preparation of zeolite matrices with the Al content and the
Al organization, allowing the formation of the adequate
concentrations of the distant binuclear cationic Fe(II) centers.

5. CONCLUSIONS

The distant binuclear cationic Fe(II) centers in Fe-zeolite of
the ferrierite topology 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 matrices of the ferrierite topology. Periodic DFT
calculations including MD simulations of the distant binuclear
Fe(II) centers accommodated in the ferrierite, beta, A, and
mordenite zeolites with various Al sitings in the rings forming
the cationic sites were employed to study the effects of (i) the
Al siting in the rings forming the cationic sites, (ii) the
distance, and (iii) the mutual geometrical position of the rings
accommodating Fe(II) on the activity of the distant binuclear
Fe(II) sites in splitting dioxygen.

Our results reveal that the distant binuclear Fe(II) sites with
suitable parameters accommodated in various zeolites can split
dioxygen and form a pair of oxygen species called the a-
oxygen, which were reported to be very active in the oxidation
of methane to methanol. Therefore, the ability to cleave
dioxygen represents a general property of the distant binuclear
Fe(II) centers stabilized in aluminosilicate matrices, thus
suggesting the possibility of developing Fe-zeolite-based
systems for the dioxygen activation for direct oxidations
using various zeolite matrices. The suitable parameters are
found to be the two cationic sites forming the distant binuclear
Fe(II) centers have to (i) face each other, (ii) be parallel, and
(iii) be axial. (iv) The Fe---Fe distance has to lie in a narrow
range from ca. 7 to ca. 8 A (ca. 7—ca. 10 A for the distance
between the two rings (forming the corresponding cationic
sites) in empty zeolites since this distance is equal or larger
than the Fe---Fe distances). The a-oxygen atoms formed by
splitting dioxygen over the distant binuclear Fe(Il) sites were
reported to be highly active in the oxidation of methane to
methanol even at room temperature, and moreover, methanol
was released from the active sites with no need of an effluent in
contrast to the other systems. Thus, the capability of various
zeolite structures, allowing a formation of the distant binuclear
Fe(Il) sites active in the activation of dioxygen, opens the
possibility of developing highly active and selective systems
employed for the direct oxidation of (i) methane to methanol
and (ii) other organic compounds to valuable oxidation
products. Such systems will have tunable properties, that is, (i)
the transport properties, (ii) the accessibilities of the active a-
oxygen atoms, (iii) the barriers of the cleavage of dioxygen and
the recombination of dioxygen, and (iv) the reactivities of the
corresponding a-oxygen atoms in oxidation reactions. Never-
theless, the candidate zeolite materials for the direct oxidation
by the a-oxygens formed by splitting dioxygen should also
fulfill other requirements. They have to be preparable with
high enough concentrations of Al atoms in the framework (Si/
Al < ca. 10 depending on the topology), and moreover, a large
part of the framework Al should correspond to Al pairs,

https://dx.doi.org/10.1021/acscatal.0c04459
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allowing a significant presence of two adjacent/opposite rings
with two Al pairs able to accommodate two Fe(II) cations.
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