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METALLOZEOLITES

» methane
: hydroxylation

METALLOENZYMES

E.l. Solomon et al. Nature. 536 (2016) 317-321. doi:10.1038/nature19059
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o-ueHTp B FeZSM-5

E. V. Starokon, M. V. Parfenoy, S. E. Malykhin, and G. |. Panov
J. Phys. Chem. C 2011, 115, 12554. doi: 10.1021/jp203022s

dopmmnpoBaHME aKTUBHOIO LIEHTPA:

(Fe"), + N,0 — (Fe" — 0"7),_ + N,

Supported by Pirngruber/resonant inelastic X-ray scattering -
RIXS

Unsupported by Solomon/ UV-vis-MCD
(Fe(IV)=0)

RIXS: G.D. Pirngruber et al, Catal. Today., 2007, 126, 127. doi:
10.1016/j.cattod.2006.09.021

UV-vis-MCD: B. E. R. Snyder, P. Vanelderen, M. L. Bols, S. D.
Hallaert, L. H. Bottger, L. Ungur, K. Pierloot, R. A.
Schoonheydt, B. F. Sels & E. I. Solomon, Nature, 2016, 536,
317. doi:10.1038/nature19059
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CtpyKkTtypa ZSM-5 (MFI)

Structural Building Units (SBU)
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CtpyKkTtypa ZSM-5 (MFI)
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CtpyKTypa SSZ-13 (CHA)

R-3m (166)
a=13.675A; b=13.675A; c=14.767 A;
a=90°% B =90°v=120° 7



Reaction scheme [FeO]** + CH,

E, =25 ki/mol
Zeolite: SSZ-13 (CHA)

Goltl F. et al. // ACS Catal. 2016. Vol. 6, Ne 12. P. 8404—-8409.
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Gaussian pacyeTbl



Moaenb 4MR
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Moaenb 4MR
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Moaenb 4MR
Ferryl route
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Moaenb 4MR
Oxyl route
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Ferryl route

1 1 |1 B I
Fe'V=0 + H-CH; —=> FeV=0 + H-CH; = Fe!l-OH + CH,

Oxyl route
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Fe"-Os + H-CH, = Fe'-O+ + H-CH, = Fe'"-OH + CH,
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FeV=0 + H-CH; => Fe'l-O« + H-CH, =) Fe"-OH + CH;
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AMR extended model

Ferryl Oxyl
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VASP pacyeThl



AMR (four-membered oxygen ring)
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5MR (five-membered oxygen ring)
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5MR.v2 (five-membered oxygen ring)
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6MR (six-membered oxygen ring)
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6MR.v2 (six-membered oxygen ring)
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6MR: cluster vs periodic

MMM3aunn CTpyKTypsbl FeZSM-5



BAnaHmMe akCManbHOIMo J1MraHaa Ha
akTMBHOCTb rpynnbl [FeO(H,0),L. ]%*
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Figure 8. C—H bond-cleavage energy as a function of percentage o
lone pair contribution to the 36* T orbital in isolated [FeO(H,0),-
(L,)]** complexes. The nature of L,, is indicated, and [o0] repre-
sents the complex with removed axial ligand. The dashed line (with
slope 11.47 kJmol ! and intercept 0.89 kJmol ') has been obtained
by linear regression from the calculated values.

L,, = [0], BF5, H,0, H,S, CH,CN, NH,

Bernasconi L., Louwerse M.J., Baerends E.J. // Eur. J. Inorg. Chem. 2007. Vol. 2, Ne 19. P. 3023-3033.
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BboiBOAbI

e [l[pegnoxeHa MmoAeNb CBEPXAaKTMBHONO B peaKUMM OTpbiBa aTOMa
BOZOpOAa OT MeTaHa (Hambonee sHepreTM4yecku 3aTPATHOW CTaauU
OKucneHua meTtaHa) B ueonute ZSM-5. B 3toMm mopgenn [FeO]?*
CTabnnnmsmpoBaHa B KAaTUOH-OOMEHHOWM MO3MLUM YETbIPEXYSIEHHOIO
KO/bL, PACNONIOKEHHOWM Ha nepece4yeHMm  OCHOBHOIMO U
CMHYCOWAA/IbHOIO KaHa/I0B.

* AKTUBHOCTb OKCO-LeHTpoB Tuna [FeO]?* B peaKuuMm OKUCNEHNA METaHa
cBA3aHa ¢ opMMPOBaHMEM CMUH-NONAPU3OBAHHOTO coctosaHua [FeO]%*
C KUCZIOPOAOM CO CMUHOM aHTUNAPANNENbHbIM CAMHY MeTanna. Ans
rpynnbl [FeO]?* B yeTblpéxylieHHOM UMKne ueonuta ZSM-5 paHHoe
COCTOsAHMe obpa3yeTca ewe A0 CaMOnN peaKkuun.

* BbIIO  MOKa3aHO, YTO MUCNoAb3yemasa B AUTepaType MoAefb
LWEeCTUYNEHHOTO LUMKAA He y4dyuTbiBaeT o06pa3oBaHME aKCUMabHOIO
NNraHaa, NosiBJIeHNEe KOTOPOro NMOHUMKaeT akTUBHOCTb KaTa/IMTUYECKOro
LLeHTpa.



NTepaluMoHHaA cxema pacyeTos B DFT

Initial Guess
p(r)

]

Calculate Effective Potential
Verr(K) = Ven(1) + [ £25:dY + Vice[p (1))

Y
Solve Kohn-Sham Equations

n o2 o=
[- Zln,vi T UP-'T] Vi=E€j Vi

'

Evaluate the Electron Density & Total Energy
pm) =X; i) = Eulpm] =...

Converged?

Output Quantities
po(r), Eilpo(r)] — Forces, Eigenvalues, ...
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MeToabl MCNo/ib3yemble Npu pacyeTax

NnepexoaHOro COCTOAHWMA

Second Order Saddle Point

Transition
Structure B

Transition Structure A
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[TONCK KPUTUYECKUX TOYEK Ha MOBEPXHOCTU
NOTEHUMAIbHOW SHEPT M

Ecnun Vi(xy)=0, TOo X, KpUTUYECKaA TOYKaA.

Ona déyHKumm f(x) reccnaHom _HE%I%IBBETCFI %tﬂpameHme:

02f

a_lez 0x10x, 0x10xy,
L )

H=|0x,0x,  o9x2 0x,0x,,
02f 0k 02f
0x,0x1 0x,0x5 ﬁ%

ECcnn reccnaH NoNOXKUTENBHO ONpeaesieH, TO Xy — TOYKa /10Ka/IbHOr0 MUHUMYMa;
Ecan oTpuuaTenbHO onpeaeneH, To — MaKCUMYMa;

ECan He ABNnAeTCcA 3HaKoonpeaeNeHHbIM U HeBbIPOXAEHHbIM, TO Xo — CEA/TI0BAA TOYKA.
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Ana 3agayv min f(x):
X

lcnonb3yeTca UTepauMOHHbIN NPOLLeCC:

f(xx

- VfT(xk)p B

p) = f(xy) -

1 T
5P Hf (x;)p

OueHKka ana X1 = X — a(H 1 (x )V (x,)), roe a—
NONONHUTENbHBIM MHOXUTENb.



CuHTtes a-0O [1aHoBa

* The FeZSM-5 catalyst was prepared by impregnation of the parent
HZSM-5 zeolite (Si/Al = 25; C,, < 0.01 wt %) with a FeCl, solution. To
obtain a high concentration of a-sites (C,); the sample calcined in air
at 550°C was additionally heated in vacuum at 900°C.

 Starokon E. V. et al. // J. Phys. Chem. C. American Chemical Society
(ACS), 2011. Vol. 115, Ne 5. P. 2155-2161.



o-ueHTp B Fe/ZSM-5
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K.A. Dubkov, N.S. Ovanesyan, A.A. Shteinman, E.V. Starokon, G.I. Panov.
Journal of Catalysis 207, 341-352 (2002). doi:10.1006/jcat.2002.3552



Moaenb 4MR
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