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Table S1. Coordination of copper and palladium oxygen-bridged cation pairs to DS6 rings in the straight/zig-zag channel of ZSM-5 and relative

stability for different Al positions.

Cation Al site M-Oz bonds, A M-O bonds, ~/MOM, M-M AE, kJ mol™
A deg distance, A

(Cu-O-Cu)”* 17,19’ 1.934; 2.221 (Cul) 1747, 1.747 118.0 2.995 0.0
_AIO(SiO)-Al-  1.931;2.078; 2.696 (Cu2)
T9, T11° 1.969; 2.067; 2.635 (Cul) 1.729; 1.730 156.6 3.387 -71.0
_AIOSiO)-Al-  1.999; 2.215 (Cu2)
T9, T11° 1.964; 2.066 (Cul) 1.730; 1.732 154.4 3.377 -49.0
_AIO(SiO)-Al-  1.904 ; 2.249 (Cu2)
T9, T12’ 1.983; 1.991; 2.686 (Cul) 1.715; 1.715  154.7 3.348 -69.0
_AIO(SiO)s-Al-  1.883; 2.027(Cu2)
T11, T11” 1.959 ; 2.005 (Cul) 1.749 ; 1.749 89.6 2.466 +76.0
_AIO(SiO)-Al-  1.958 ; 2.003 (Cu2)

(Cu-O-Cu)2+ T7 1.956; 2.164; 2.982 (Cul) 1.743; 1.744 120.0 3.021
-AlO(Si0),-Al-  2.008; 2.051; 2.808 (Cu2)

(Cu-OH-Cu)>* T9, T11’ 1.994; 2.024 (Cul) 1.849; 1.860 127.5 3.326
_AIO(SiO)3-Al-  1.931;2.223 (Cu2)

(Pd-O-Pd)2+ T7, T 2.201; 2.230 (Pd1) 1.834; 1.861  128.7 3.331 0.0
-AlO(Si0),-Al-  2.060; 2.263; 2.802 (Pd2)
T9, T11” 2.091; 2.140 (Pd1) 1.856; 1.866 114.2 3.125 -35.0



-AlO(SiO);-Al-  2.049; 2.240 (Pd2)

T9, T11° 2.089; 2.440; 2.905 (Pdl) 1.852; 1.858 114.3 3.116 97.0
-AlO(Si0),-Al-  2.077; 2.157 (Pd2)
T9, T12’ 2.092;2.276 (Pdl) 1.880;1.849 114.7° 3.140 55.0
-AlO(SiO)4-Al-  2.045;2.219 (Pd2)
T11, T11° 2.129; 2.200 (Pdl) 1.869; 1.87 84.4 2.570 74.0
-AlO(SiO),-Al-  2.130; 2.201 (Pd2)

(Pd-O-Pd)*" T7 2.167; 2.159 (Pdl) 1.834;1.843 130.9 3.344
-AlO(SiO),-Al-  2.203; 2.302; 2.749; 2.864 (Pd2)

(Pd-OH-Pd)™™ T8, T11’ 2.195;2.215 (Pdl) 1.979;2.018 105.5 3.182 0.0
-AlO(Si0),-Al-  2.128; 2.311 (Pd2)

(Pd-OH-Pd)**  T9, T11’ 2.135;2.369; 2.750 (Pd1) 1.971;2.016 119.6 3.445 -13.0

-AlO(SiO);-Al-  2.115;2.209 (Pd2)

* — configurations at the 10MR of the straight channel



The relative energy in Table S1 is calculated by taking the ONIOM energy of the zeolite
model with (MOM)2+, where M=Cu, Pd and Al substitution is at sites T7,T9 as a reference
zero. Only models with identical high and low-layer can be compared: the number and type
of atoms should be the same, but their positions differ. The ONIOM energy is calculated as

implemented in Gaussian 09:
Eoxiom = E(QM) + E(MM) + E(QM/MM),

where QM is the “high layer” of the ONIOM model, treated at quantum mechanical level, or
DFT; the “low layer” is described by Molecular Mechanics, MM. The third term E(QM/MM)

corresponds to the interaction between high layer and the low layer.

Figure S1. Coordination of cations in S6-1. a) Al at site T4 and Cu®" seen from the direction
of the sinusoidal channel. b) Al at site T7 and Pd*" seen through the straight channel. ¢) Al at
site T4 and PAOH" with the hydrogen bond denoted. Color legend: Oxygen atoms are blue
balls, Si— brown, Al — green, Cu — red, Pd — dark blue-green, hydrogen atoms are small grey

balls.



Figure S2. Deformation density maps of palladium cation dimers. a) Al positioned at T7; b)
Al positioned at T11,T11°. Dark violet mesh describes regions of increased electron density;

blue-green mesh describes regions of depleted electron density.
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Figure S3. Energy barriers and reaction enthalpies for NO reduction to N,O on [Pd(OH)Pd]**
in ZSM-5 and subsequent reduction to N,. -H" denotes a proton transfer back to a Bronsted
acid site in Pd-H-ZSM-5. Arrows denote the reaction enthalpies and the oxygen desorption

energy. The red line marks a spin-forbidden path of N,O reduction on a reduced [Pd-Pd]*"



site; the green line marks a spin-allowed reaction by adsorption of N,O on a “fresh”

[PAd(OH)PA]*" site.

In the first reaction step of 2NO reduction to N,O on [Pd(OH)Pd]*" an energy barrier
of 73 kJ mol™ was calculated, as shown in Figure S2 and it is weakly exothermic by 31 kJ
mol”'. Molecular dynamics simulations indicate that the oxygen release and restoration of a
Brensted acid site proceed simultaneously with N,O formation and the N,O molecule
remains adsorbed on a (Pd-Pd)*" dimer. There are two possible routes for the reduction of
N,O, which is the rate-determining step: (i) direct reduction with oxygen transfer to (Pd-Pd)*"
dimer; (ii) reduction on another (Pd-OH-Pd)*" site. The first reaction proceeds with lower
energy barrier of 114 kJ mol™, but it is spin-forbidden. Spin-forbidden processes rely on the
spin-orbit coupling which is stronger in heavy metal cations. Due to strong interaction with
framework oxygen atoms, spin density and charges of Pd cation dimers are more delocalized
than they are for copper cations. Thus it is more likely that the palladium cations in ZSM-5
allow the lower energy path, than the copper cations. For the spin-allowed route on a fresh
(Pd-OH-Pd)*" site a higher energy barrier of 156 kJ mol™ is calculated, the reaction is less

exothermic, and additional energy of 34 kJ mol™ is needed for O, desorption.
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Figure S4. Transition states and reaction intermediates in the methane to methanol reaction
on Pd-ZSM-5. a) transition state structure for T9T11’ Al substitution, broad Pd-O-Pd angle;
b) transition state structure for TI1T11* Al substitution, narrow Pd-O-Pd angle; c) and ¢)
reaction intermediates for broad Pd-O-Pd angle; d) and f) reaction intermediates for narrow
Pd-O-Pd angle.




Figure S4. Transition states and reaction intermediates in the methane to methanol reaction
on Cu-ZSM-5. a) transition state structure for T9T11° Al substitution, broad Cu-O-Cu angle;
b) transition state structure for T11T11” Al substitution, narrow Cu-O-Cu angle; ¢) and e)
reaction intermediates for broad Cu-O-Cu angle; d) and f) reaction intermediates for narrow
Cu-O-Cu angle.
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Figure S5. Reaction intermediates in NO decomposition. a) adsorption of 2NO molecules on
[Pd-Pd]*"; b) transition state to N,O formation; ¢) oxygen-bonded N,O (after reorientation);
d) N, release and hydro-peroxide formation e) restored active site in a spin-forbidden
reaction; f) restored active site in a spin-allowed reaction
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