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Pribeh

Jak jsme objevili neco, co jsme necekali, ze
objevime (tvorba Alfa kysliku z molekularniho
kysliku), kdyz jsme studovali neco jineho
(rozklad N,0), a dale jak se shazime tento
necekany prulomovy vysledek

zkomercializovat (spin-off firma). A navic, nas
nec¢ekany prulomovy objev byl prvné
predpovezen na zaklade kvantove
chemickeho vypoctu a teprve nasledne
overen experimentalné (extremne vzacne).
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Katalyza

Katalyza je chemicky jev, pri kterem latka
zvana katalyzator urychluje nebo umoznuje
prubéh chemické reakce, aniz by se sama v
reakci spotrebovala nebo zmenila.
Katalyzatory pracuji tak, ze meni reakcni
drahu, cimz snizuji energetickou barieru a
usnadnuji reakci. Tento princip je klicovy v
mnoha chemickych a biologickych procesech,
vcetne enzymatickych reakci v zivych
organismech a prumyslové vyrobeé.
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Zeolity

Zeolity jsou hlinitokremicitanove mineraly s
Jedinecnou mikroporezni strukturou, ktera jim
dava schopnost adsorbovat molekuly a
vymenovat kationty, coz z nich cini ucinne

prumyslové katalyzatory. Napriklad, cela
petrochemie je zalozena na zeolitovych
katalyzatorech.
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Zeolity

J. Heyrovsky Institute of Physical Chemistry, Prague




The distant binuclear Fe(ll) cationic sites

1 In 2009, Jisa et al. found a superior activity of Fe-
ferrierite with respect to Fe-beta and Fe-ZSM-S5 in
the N,O decomposition in the absence of NO.

Jisa K. et al. J. Catal. 2009, 262, 27
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The distant binuclear Fe(ll) cationic sites

1 Identified when the superior activity of Fe-ferrierite
relative to Fe-beta and Fe-ZSM-5 was explained

NN in 2010

ISR Skienak S. et al.
J. Catal. 2010,

e(2)-0(7) 2.193

e(2)-0(9) 1.920
e(2)-0(10) 2.192

e(2)-0(8) 1.920 ‘ | 272, 262

J. Heyrovsky Institute of Physical Chemistry, Prague




Formation of the Alpha oxygen from N,O on the
distant binuclear Fe(ll) cationic sites in ferrierite

1 + N,O(g)
0.0

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al. Commun. Chem., 2019, 2:71




The Alpha oxygen from N,O on Fe(ll)
cationic sites in the ZSM-5 zeolite

Discovered by Gennady |. Panov and
collaborators of the Boreskov Institute of
Catalysis, Novosibirsk, Russia in the late 80s
J. Mol. Catal., 1990, 61, 85

formed on Fe(ll)-ZSM-5 from N,0O

unknown structure

the Alpha oxygen is able to selectively oxidize
methane to methanol at ROOM temperature
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Prima oxidace metanu na metanol

Prima oxidace metanu na methanol je obtizna kvuli silné
a nereaktivni vazbé C-H v metanu, jejiz preruseni
vyzaduje vysokou energii, a také kvuli skute¢nosti, ze
produkt, methanol, je reaktivnejsi nez vychozi latka, coz
vede k nadmerné oxidaci na nezadouci produkty, jako je
formaldehyd, kyselina mravenci nebo CO, a voda.
Dosazeni této ,,reakce snu“ vyzaduje peclivou
rovnovahu mezi aktivaci metanu a zabranenim jeho dalsi
oxidaci, €asto pouzitim specifickych katalyzatoru a
mirnych reakcnich podminek k rizeni procesu.

metan je testovaci molekula

J. Heyrovsky Institute of Physical Chemistry, Prague




Prima oxidace metanu na metanol

Prima oxidace metanu na metanol je prumyslové
dulezita, protoze ve srovnani se soucasnym
vicestupnovym procesem syntézniho plynu poskytuje

methanolu, vSestranné chemické suroviny. Tato
jednostupnova metoda snizuje spotrebu energie a
zabranuje velkym kapitalovym investicim. Prima oxidace
navic pomaha vyuzivat hojné zasoby zemniho plynu,
shizuje emise metanu (silneho sklenikoveho plynu) a
nabizi udrzitelnéjsi zpusob skladovani a prepravy
energie.

metan je energeticka surovina (zemni plyn)
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Je mozna komercionalizace Alfa
kysliku pripraveneho z N,O?

V podstate ne, protoze N,O je velmi
drahy.
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Pozorovani

Kolega experimentator pozoroval, ze
molekularnim kyslikem Ize podstatne vice
oxidovat Fe-ferrierite nez Fe-beta a Fe-ZSM-S5.
ProcC? A co se stane pri oxidaci?

Periodickym DFT jsem studoval vsechny
smysluplné moznosti a vyloucil jsem je a tak
zbyla pouze neocekavana moznost = roztrzeni
molekularniho kysliku.
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Formation of the Alpha oxygen from O, on distant

binuclear Fe(ll) cationic sites In ferrierite

The Alpha oxygen is able
to selectively oxidize CH,
at ROOM temperature

The first ever preparation
of the Alpha oxygen

on Fe(ll) from molecular
oxygen O,

economically beneficial,
especially if air can be
used

#l O, is by orders of

magnitude cheaper than
N,O

This reaction had been FIRSTLY PREDICTED COMPUTATIONALLY
before it was verified experimentally. This shows the enormous
PREDICTIVE POWER of periodic DFT calculations.

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al., Sci. Adv. 2020, 6:eaaz9776



Je mozna komercionalizace Alfa
kysliku pripraveneho z O,?

Ano, protoze O, je velmi levny (cca
21 % vzduchu).
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Formation of the Alpha oxygen from O, on distant
binuclear Fe(ll) cationic sites In ferrierite

Professor Yuriy Roman-Leshkov of Massachusetts Institute of
Technology about our study published in Science Advances:

"Recently, Tabor et al. have observed the formation of Fe(IV)=0
from O, at room temperature by a pair of distant Fe(II) centers
stabilized in the matrix of a zeolite. This delicately designed
binuclear Fe(II) site converts methane into methanol at room
temperature using O, as oxidant, representing a breakthrough in
methane oxidation catalysis.”

"The direct methane-to-methanol conversion has been considered
as one of the "holy grail" reactions in the field of catalysis.”

Yuriy Roman-Leshkov et al. in Advanced Energy Materials, 2020, 10,
2002154
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Formation of the Alpha oxygen from O, on distant
binuclear Fe(ll) cationic sites in ferrierite

Dr. Stepan Sklenak together with Dr. Jiri Dedecek and Dr.
Edyta Tabor received the 2020 Czech Intellect award in the
Invention category (Cena spolecnosti Ceska hlava PROJEKT,
cena Invence) for the creation and description of the
structure and reactivity of new, unique types of reaction

cationic centers of transition metals in a zeolite matrix and
their use in the oxidation of methane to methanol. The
Czech Intellect society together with the Office of the
Government of the Czech Republic are the annual
announcers of the awards of the same name - the most
prestigious Czech award for science and research that
scientists in the Czech Republic can achieve.
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Can we prepare the Alpha oxygen
from O, over M-ferrierite with the
distant binuclear M(ll) cationic sites
other than Fe(ll)?

YES!
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Formation of the Alpha oxygen from O, on distant
binuclear Co(ll) cationic sites in ferrierite

Dedecek et al. Int. J.
Quantum Chem. 2021,
121:e26611

Chem. Commun., 2021,
57,3472

This reaction had
been tested
COMPUTATIONALLY
13.8 before it was
1.749 1.749 ; : | 2 ,,"i \"'.‘l performed
1599 ‘ SRR o xperimentally. This

' shows the POWER of
periodic DFT
calculations.

TS

The first ever preparation of the Alpha oxygen on Co(ll) from molecular oxygen O,

The Alpha oxygen is able to selectively oxidize CH, at ROOM temperature
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Formation of the Alpha oxygen from O, on distant
binuclear Mn(ll) cationic sites in ferrierite

Dedecek et al. Int. J.
Quantum Chem. 2021,
121:e26611

Chem. Commun., 2021,
57,3472

This reaction had
been tested
COMPUTATIONALLY

1+ o) I¥A before it was

RV N performed

experimentally. This
shows the POWER of
periodic DFT
calculations.

The first ever preparation of the Alpha oxygen on Mn(ll) from molecular oxygen O,

The Alpha oxygen is able to selectively oxidize CH, at ROOM temperature
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Can we prepare the Alpha oxygen from O,
over M-zeolite other than ferrierite with the
distant binuclear M(Il) cationic sites?

YES!

Difficult to study experimentally because of
the required various zeolites with the defined
Al organization while easy to calculate the
structures on a supercomputer
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Formation of the Alpha oxygen from O, on distant
binuclear Fe(ll) cationic sites in the beta zeolite

Subsequently

Q ) y .
] ' 1,834 . confirmed
a.688 1.275 experimentally
O (:)' ) C

Kornas et al.
Appl. Catal. B
2023, 336,
122915.
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]

Splitting dioxygen somewhat more sluggish than on Fe-ferrierite
The rings are parallel, axial, and the Fe...Fe distance is ca. 7.6 A

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al., ACS Catal. 2021, 11, 2340




Formation of the Alpha oxygen from O, on distant
binuclear Fe(ll) cationic sites in the A zeolite
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Splitting dioxygen does not occur
The rings are not parallel and axial, the Fe...Fe distance is ca. 7.3 A

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al., ACS Catal. 2021, 11, 2340




Formation of the Alpha oxygen from O, on distant
binuclear Fe(ll) cationic sites in mordenite T1T1

Subsequently
confirmed

Fe...O

J aane 1260 2 experimentally

Tarach et al.

J. Phys. Chem.
C 2024,

128, 3759-
3769.
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Splitting dioxygen is very facile
The rings are parallel, and axial, the Fe...Fe distance is ca. 7.3 A

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al., ACS Catal. 2021, 11, 2340




Komercionalizace

1 Patent: Qédeéek J., Tabor E., Sobalik Z.;
Sklenak S., Mlekodaj K.

1 WO2020200336(A1)

1 Start-up company:
https://www.mettoc.com/
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Shrnuti

1 Nutno stédre financovat Spickovy zakladni vyzkum,

jenom a jenom tehdy muze potencionalné prijit prialomovy

vysledek a nasledné mozna prulomova komercionalizace

1  Vypocéty periodickym DFT (zeolitdi a podobnych
krystalickych materiall) ma potencionalné extrémni
prediktivni schopnosti, pokud jsou pouzity kvalitni realistické

vypocetni modely vychazejici z kvalitnich experimentalnich

dat.
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Shrnuti

1 Nutna tésna spoluprace mezi vypoctari a experimentatory

1 Velka ¢ast publikovanych vypoctu zeolitu v literature jsou

alespon z casti chybné
1 Lepsi pripad: technicky spravny vypocet, ale vypocetni
model nema relevanci v realnych materialech

1 Horsi pripad: technicky chybny vypocet
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Role Al v blizké budoucnosti

1 Soucasna Al na nic zcela nového prijit nemuize

1 Navic, velka cast dat, na kterych je soucasna Al

natrénovana jsou alespon castecné chybne

1 Soucasnou Al pouzit napriklad na Pattern recognition

J. Heyrovsky Institute of Physical Chemistry, Prague




Acknowledgments

1 Dr. Jiri Dedecek
1 Dr. Zdenek Sobalik
1 The supercomputer center in Ostrava

J. Heyrovsky Institute of Physical Chemistry, Prague



Methods & Programs

1 Molecular Dynamics (MD) and structure
optimization (OPT):
— Periodic-DFT (VASP program; Prof. Hafner of U Vienna)
1 Spin polarized Periodic-DFT calculations
PBE functional
Projector Augmented Wave method (PAW)
cutoff 600 eV for OPT
cutoff 400 eV for MD
Born Oppenheimer MD
NVT ensemble in MD
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The Alpha oxygen from N,O on Fe(ll)
cationic sites in the ZSM-5 zeolite

The structure of the Alpha oxygen in the Fe-beta
zeolite was determined by Solomon and co-
works in 2016: Nature, 2016, 536, 317

The structure of the Alpha

oxygen determined by Solomon
et al. very close to our
calculated structure in our prior
paper

Sklenak S. et al.

J. Catal. 2010, 272, 262
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Do the distant binuclear M(ll) cationic sites Iin
ferrierite exist also for other transition metals?

Yes, the distant binuclear Co(ll) and Mn(ll) cationic sites
exist in Co-ferrierite and Mn-ferrierite, respectively

0(1)-0(3) 2.162 T n(1)-0(3) 2.264
' | n(1)-0(4) 1.972

n(1)-0(5) 1.973

n(1)-0(6) 2.257

0(2)-0(7) 2.167 —@ q : n(2)-0(7) 2.262 — @

0(2)-0(9) 1.896 N ' n(2)-0(9) 1.974
0(2)-0(10) 2.172 7 n(2)-0(10) 2.257

n(1)...Mn(2) 7.404

Dedecek et al. Int. J. Quantum Chem. 2021, 121:e26611

Can we prepare the Alpha oxygen using N,O on them? Yes!
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Formation of the Alpha oxygen from N,O on the
distant binuclear Co(ll) cationic sites in ferrierite

1'1863.086

TS

9.6
0.0

The first ever preparation of the Alpha oxygen on M(ll) different than Fe(ll)

The Alpha oxygen is able to selectively oxidize CH, at ROOM temperature

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al. Commun. Chem., 2019, 2:71




Formation of the Alpha oxygen from O, on distant
binuclear Fe(ll) cationic sites in mordenite T3T3

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

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

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

Splitting dioxygen does not occur as no TS was found
The rings are parallel but not axial, the Fe...Fe distance is ca. 7.6 A

J. Heyrovsky Institute of Physical Chemistry, Prague Tabor et al., ACS Catal. 2021, 11, 2340




