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S1. Computational methodologies 

All calculations were carried out using Gaussian03 and Gaussian09 programs of 

suite1,2. In accord with the previous work3, the H-form ZSM-5 zeolite was represented 

by 33-T cluster models (Fig. 1a), where the heteroatom (M = Fe, Al) occupies one of 

the T12 sites. The (OSiO)M(OHSiO)(OSiH2) fragment of zeolites as well as 

adsorbent species were defined as the high-level region and calculated at the 

B3LYP/bs1 level of theory, whereas the rest were referred to the low-level region 

treated by B3LYP/3-21G method3,4. In bs1, the 6-31+G(d,p) basis set was used for all 

elements except Fe that was described by the LANL2DZ effective core potential 

(ECP) basis set5. The iron-associated structures were considered at the sextet state 

(total spin = 5/2) because of the lower energies than the corresponding quartet ones, 

which is in agreement with the previously reported results5-15. As shown in Fig. 1b, 

the three-coordinated Al and Fe sites in the framework (ML, M = Al, Fe) were 

constructed by removing one neighboring O atom from the corresponding H-form 

ZSM-5 zeolites16-19, and the same computational schemes as in the H-form zeolites 

were applied to the three-coordinated framework Al and Fe structures. In order to 

facilitate the understanding of the Lewis acidity of such Al and Fe species, the Wiberg 

bond indices that have been recognized as an effective method to measure bond 

strengths20 were calculated by use of natural bond orbital (NBO) program21. 

On basis of the optimized structures, the single-point energy calculations were 

performed with the two-layer ONIOM(M06L/bs2:B3LYP/6-31G(d)) scheme3. 

M06L22,23 is a recently developed meta-GGA (Generalized Gradient Approximation) 

functional that accounts for dispersive interactions. In bs2, the 6-311++G(d,p) basis 

set was chosen for all elements, while Fe as an exception was described by the 

LanL2TZ(f) ECP basis set24. 
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S2. Configuration distortions of the Brønsted (MB) and Lewis (ML) 

acidic sites (M = Al, Fe) 

For the framework Lewis acidic sites (Fig. 1b), the deviation degree of the metal 

centers (M = Al, Fe) from the O1O2O3 plane can be characterized by the parameter 

M defined as1, 

ΛM = average [φ(O1O3O2M), φ(O3O2O1M), φ(O2O1O3M)]     (1) 

The Al value is calculated to be 11.71o (Table S1) and accordingly, the Al 

center of the framework Lewis acidic site (AlL) adopts a configuration that distorts 

somewhat from the experimentally postulated planar triangle2, probably due to the 

strain force enforced by the associated zeolite framework. In the Al(OH)3 molecule 

with no extraneous strain force (Fig. S1), each of the φ(O1O3O2Al), φ(O3O2O1Al), 

φ(O2O1O3Al) dihedrals is optimized to equal exactly 0o, indicating the perfectly 

planar triangle. This corroborates that the configurational distortion of AlL is caused 

by the associated zeolite framework. As shown in Table 1, the framework Fe-O bond 

lengths in zeolites are even larger [3-5], and a more significantly strain force is 

assumed. As a result, a larger configurational distortion is predicted for the FeL 

center, which is consistent with the calculated Fe value at 34.55o. 
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Fig. S1. Optimized structure of Al(OH)3. Selected distances are given in Å. 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. The average M-O bond distances (r, in Å) in the Brønsted (MB) and Lewis 

(ML) acidic sites of [M]-ZSM-5 zeolites as well as the deviation degrees of M centers 

from the O1O2O3 planes (, in degrees) in their Lewis (ML) acidic sites (M = Al, Fe) 

 Lewis (ML) Brønsted (MB) 
 Al-O Al  Fe-O Fe  Al-O Fe-O 

B3LYP/bs1:B3LYP/3-21G 1.665 11.71 1.765 34.55 1.717 1.805 

Experimental a  planar   1.651.75  
a J. Am. Chem. Soc. 2003, 125, 7435-7442. 
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S3. O3 decompostion 

Besides N2O, O3 has also been used for generation of the α-oxygen species that 

shows catalysis for the benzene hydroxylation reaction. As shown in Fig. S2, the 

reaction mechanism of O3 decomposition resembles that of N2O decomposition 

discussed in the text. The ONIOM(B3LYP/bs2:B3LYP/6-31G*) energy calculations 

give a neglectable energy barrier of 0.7 kcal mol-1. This is in agreement with the 

single-point energy results at the ONIOM(M06L/bs2:B3LYP/6-31G*) level (-1.7 kcal 

mol-1). 

The calculated <S2> values are given in Table S2, which are very close to the 

expected values. It thus indicates that the spin contaminations can be neglected in our 

calculations. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. The ONIOM(M06L:B3LYP) energy diagram of O3 decomposition over the 

Fe Lewis acidic site of [Fe]-ZSM-5 zeolite as well as the local structures of energy 

minima and transition states. Selected distances are given in Å. 
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Table S2. The spin densities and <S2> values for structures of O3 decomposition 

over framework Fe Lewis acidic site of [Fe]-ZSM-5 zeolitea 

 1 2 TS1 3 4 

s(Fe) 4.182 3.728 3.408 2.567 3.224 

Expected <S2> 8.750 8.750 8.750 8.750 8.750 

Calculated <S2> 8.750 8.751 8.756 8.752 8.750 
a Calculated at the ONIOM(M06L:B3LYP)//B3LYP level. 
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S4. Stability of the α-oxygen species 

As demonstrated in the text, N2O decomposition on framework Fe Lewis acidic 

site (FeL, 1) results in the formation of the α-oxygen species (4, Fig. 4b). Different 

from the case of framework Al Lewis acidic site (Fig. 4a), the α-oxygen species of 

framework Fe Lewis acidic site is self-stable and can induce chemical reactions such 

as the presently investigated benzene hydroxylation. 

The stability of the α-oxygen species (E1) corresponding to framework Fe 

Lewis acidic site is evaluated by, 

(E1) = E(4)  E(1)  E(O)                                         (1) 

where E(4) and E(1) are respectively the energies of structures 4 and 1, while E(O) 

represents the energy of the oxygen atom (O). 

   As to the extra-lattice Fe site [1], the stability of the α-oxygen species (E2) can 

also be obtained in the same way. Then the stability difference of the α-oxygen 

species between framework and extra-framework Fe sites is written as, 

E = E1  E2                                                 (2) 

The E value is calculated to be 13.5 kcal mol-1. Accordingly, the α-oxygen 

species of framework Fe Lewis acidic site is less stable and hence should be more 

catalytically active. This explains why the adsorption of benzene on the α-oxygen 

species of framework Fe Lewis acidic site results in the direct formation of O4-C1 

bond and zeolites with framework Fe sites show superior catalysis for the benzene 

hydroxylation reaction [2-6]. 
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Fig. S3. The local structures of N2O adsorption on the Lewis acidic sites of [Al]- 

and [Fe]-ZSM-5 zeolites. Selected bond lengths are given in Å, and their bond 

orders are also shown (in parentheses). 
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Fig. S4. Structures of N2O adsorption on the Brønsted acidic sites (MB) of 

[M]-ZSM-5 zeoiltes (X = Al, Fe). Selected distances are given in Å, and the bond 

distances of gas-phase N2O are shown in parentheses. 

 

 

 

 



 12

Fig. S5. The adsorption configuration of benzene on the -oxygen site 

of the framework Al Lewis acidic site of [Al]-ZSM-5 zeolite. 
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