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Abstract

Metal peroxide species are the active sites in lots of solid-state and enzyme catalytic systems. With density functional calculations, the
configurations of peroxide and superoxide anions in Fe/ZSM-5 zeolite were first resolved. The presence of superoxide anion was vali-
dated, which is less stabilized than the peroxide anion, especially at higher temperatures. It acts as the precursor to the active peroxide
anion. Raman frequencies of these two species were analyzed considering '80/'°0 isotope effects. The present results are in fine agree-

ment with previous theoretical and experimental results.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phenol and methanol constitute two important interme-
diates in today’s chemical industries. However, several
problems and drawbacks are currently present in the
related manufacturing processes. Taking phenol as exam-
ple, it is heavily dependent on the market demand of ace-
tone, since they were co-produced in 1:1 ratio through
the conventional three-step process via cumene. Fe/ZSM-
5 zeolite seems to be a potential catalyst for replacing the
tedious and energy-costing process, thus evolving into a
research focus [1]. When treated with the oxidant N,O,
the Fe/ZSM-5 catalyst generates the so-called “a-oxygen”
at the iron sites [2], which can be selectively inserted into
the C—H bonds. Accordingly, the oxidation of benzene into
phenol is completed within a single step.

Up to date, no agreement has been reached as to the
nature of active sites in Fe/ZSM-5 zeolite. Analogous to
the enzymatic system of methane monooxygenase
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(MMO), the hydroxylation process catalyzed by Fe/
ZSM-5 zeolite can proceed at quite low temperatures.
Many characterization techniques such as *’Al MAS
NMR, CO-TPR, ESR, EXAFS, FT-IR, and Mdssbauer
[2-5] detected the binuclear, oxygen-bridged iron species
present in Fe/ZSM-5 zeolite, which much resemble the
active sites in MMO. Besides the single bridging oxygen
species [6,7], two bridging oxygen species such as superox-
ide (O;) and peroxide (O3") ions have been implicated to
be the possible forms of adsorbed oxygen. The ESR exper-
iments evidenced the formation of superoxide ions in
Fe/ZSM-5 zeolite at 77 K [3,8]. At the temperature goes
up, the superoxide ions are likely to convert into the perox-
ide ions, which become silent in the ESR spectra but active
in the Raman spectra [9,10].

Recently, Prof. C. Li has given a report related with Fe/
ZSM-5 zeolite, concluding that with the aid of UV-Raman
technique, they also observed the presence of peroxo anion
in Fe/ZSM-5 zeolite; however, they and their collaborators
failed to obtain its configuration. The peroxide anion was
also found in other metal-exchanged zeolites; e.g., Co/
ZSM-5 [3,8]. In metal oxide systems such as La,O; and
Ba/MgO, the peroxide ions are closely involved in the cat-
alytic processes of nitric oxide decomposition and methane
oxidation [11,12]. Owing to the presence of superoxide and
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peroxide ions, the zeolite-like Ca,Al;oSi4O35 exhibits high
activity for the oxidation of hydrocarbons [13]. The sym-
metric superoxide ions are likely to be present in enzyme
MMO when activated by oxygen [14]. As indicated in
Ref. [15], the active peroxide ions were converted from
an unknown metastable compound. Therefore, it is of high
value to investigate the structures of superoxide and perox-
ide species. Raman frequencies were also performed and
analyzed for these two species, considering the '0/'°0O iso-
tope effect. To understand the catalytic processes, the inter-
conversion between superoxide and peroxide species was
also discussed, meanwhile resolving the unknown metasta-
ble compound mentioned above.

2. Computational details

The local ZSM-5 structures were represented by 5T
clusters, with the Al atom occupying one of the T12 sites,
see Fig. 1. The present clusters have been used in our pre-
vious work [7,16], which are slightly larger than the usually
adopted ones [17] by replacing six terminal Si-H groups
with Si-OH groups. In order to remain the local structure
of ZSM-5 zeolite, the boundary Si and O atoms were fixed
in their crystallographic positions.

First principle density functional calculations were per-
formed under Gaussian98 program [18], using B3LYP
functional. All the atoms except Fe were modelled with
the commonly used 6-31G(d) basis. As to the element of
Fe, its core electrons were represented by LANL2DZ effec-
tive core potential, and the valence electrons were described
by LANL2DZ basis supplemented with one f-function [16].
The Fe atoms were considered at high-spin (sextet) states.
(S?) values were computed for all the cluster models, con-
firming that the spin contaminations are neglectable.

3. Results and discussion

The H/ZSM-5 zeolite cluster was depicted in Fig. 1,
where the bridging H-O;3¢ distance was optimized at

Fig. 1. The H-form ZSM-5 zeolite cluster.

Fig. 2. Tron superoxide species in Fe/ZSM-5 zeolite ( 'Conf).

0.976 A. The value is close to those of 0.969-0.980 A
obtained at BLYP/DNP and B3LYP/6-31G(d, p) theoreti-
cal levels [19]. The Brensted acidic proton can be
exchanged by the binuclear Fe species, see Fig. 2 ('Conf)
and Fig. 3 (*Conf). The coordination environments of the
Fe, site are similar in 'Conf and *Conf, which is also appli-
cable to the Fe, site. The Fe, site forms direct bonds with
two lattice O atoms (O3, and Os3¢) with the distances at ca.
2.1 A, which is consistent with the previous theoretical and
XAFS experimental data [6,7,17]. There are three extra-
framework oxygen atoms (O, O, and O,) around the
Fe, site, among which the hydroxyl group displays
the greatest interplay with the Fe, site as evidenced by
the shortest Fe;—O distance at 1.809 A. The interacting
strength between Oy, and Fe; is comparable to that of lat-
tice O atoms. The Fe;—O,. distance was calculated to be
1.909 A in 2Conf whereas 2.910 A in 'Conf, suggesting
direct Fe—O bonds formed in the former whereas only weak
interactions present in the latter. It is the only difference in

1.672

Fig. 3. Iron peroxide species in Fe/ZSM-5 zeolite ( >Conf).
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Table 1
Superoxide and peroxide species

0, 0; H,0, 05 in 'Conf 03} in *Conf
0-0 distance, A 1.215 1.353 1.456 1.352 1.480
Mulliken charge 0.000 —1.000 —2.000 —1.317 —1.981
Spin density 2.000 1.000 0.000 1.135 0.691
Vo o, cm”! 1509.4 1103.1 875 1007.3 807.4

the Fe; coordination environments of these two configura-
tions (ICOI’lf and 2Conf). As to the Fe, site, it is also
bonded to two lattice O atoms (O3, and Oiy); hgwever,
their bonds are elongated by approximately 0.1 A com-
pared with those of the Fe,; site. Analogous to the Fe; site,
three extra-lattice O atoms (O, O, and O4) are present
nearby the Fe, site. The Fe-Oq4 distance is equal to
1.67 A characteristic of Fe=O double bond [6,7]. Unlike
the Fe, site in 'Conf, the Fe, sites in both configurations
form direct bonds with two bridging O atoms, with the
Fe,-O distances optimized at 2.107 and 2.131 A in 'Conf,
and 2.059 and 2.235 A in *Conf, respectively.

As aforementioned, the binuclear Fe species are con-
nected by two bridging O atoms (O, and O,) in the Fe-
exchanged ZSM-5 zeolite. The O,—O, distances were opti-
mized at 1.352 A in 'Conf and 1.480 A in Conlf, respec-
tively. The oxygen molecule (O,), the superoxide anion
(O;) and the hydrogen peroxide molecule was geometry-
optimized under the same theoretical method as elucidated
in the part of Computational details. The O-O distances in
these three species were calculated to be 1.215, 1.353 and
1.456 A (Table 1), respectively, indicating the gradual elon-
gation of O-O distance as more negative charges were
imposed. It can also be observed that the O-O distances
in 'Conf and 2Conf are close to those in O, and H0,,
respectively. The Mulliken charges on the O; ions (x =1
or 2) in 'Conf and *Conf were calculated at —1.317 and
—1.981 |e| [20], which are also close to those in O;
and H,0,, respectively. The two bridging O atoms (O
and O,) are neighboring to the high-spin Fe; and Fe; sites,
and therefore it is inevitable to be spin contaminated and
“share” some of the spin densities of the Fe sites. Accord-
ingly, the spin densities on O, and O, will deviate from the
presumed values (see Table 1). However, the changing ten-
dency can still well represent that the O3 species in 'Conf
and “Conf are described as the superoxide (O, ) and perox-
ide (03) ions respectively, combining the theoretical
results of O-O distances and Mulliken charges on O5 .

The free O, molecule is inactive in Raman spectra; how-
ever, it has a theoretical value at 1509.4 cm ™' [21], agreeing
with the experimental value at 1556 cm ™! for gas-phase and
physisorbed O, species [10]. The vo_o Raman frequencies
were calculated to be 1007.3 and 807.4cm' in 'Conf
and “Conf, which are in good consistency with the experi-
mental values within the range 1015-1180 cm ™' [22] and
around 800 cm ™! [14], respectively. Gao et al. [10] ascribed
the peak at 730 cm™! to the peroxide ions in Fe/ZSM-5
zeolite. According to our calculated Raman spectra, there

are at least 13 peaks within the range of 630-830 cm ™.

Some are comparable, and the one at 778.2 cm™' is very
intense and about 3.5 times as strong as that of the perox-
ide anion. The Raman peak at 778.2 cm™' was ascribed to
the stretching mode of Fe=04 double bond, which is also
closely related with the binuclear Fe species. Accordingly,
it becomes very difficult to assign the experimental Raman
spectra even with the aid of 'O isotopes. The vibrations of
O in Fe/ZSM-5 zeolite deviate much from those in O,
and H,O, (Table 1), as a result of the interplays between
the binuclear Fe site and zeolite framework. Moreover,
the iron superoxide and peroxide species exert different
influences although slightly on the zeolite frameworks.
For example, one Si—O-Al stretching mode was computed
to fall at 1012.3 and 1008.3 cm™! in 'Conf and >Conf,
respectively. 'O isotope effects were also considered in
the present Raman spectral calculations, and O'*-O'8
vibrates at 949.6 and 763.8 cm~' in !Conf and 2Conf,
respectively. According to our theoretical results, the red
shifts due to the O'® isotope effects equal 57.7 and
43.6 cm™! for the superoxide and peroxide species, respec-
tively. The values are in good agreement with those
obtained from the reduced mass, at 57.0 and 45.7 cm™ !,
respectively.

At298.15 K and 1 atm, 'Conf is less stable compared to
2Conf with the energy difference (Egyy) calculated to be
6.1 kImol~!. Corrected with the zero-point energy
(ZPE), the energy difference amounts to 8.0 kJ mol .
The energy difference (Eg;y) at other temperatures can be
estimated with the inclusion of thermal corrections. At
lower temperatures such as 77 K in Refs. [3,8,9], the energy
difference (E4;) was obtained to be around 5.0 kJ mol~!. Tt
suggests that in comparison with the iron peroxide anion,
the superoxide anion is relatively more stable at lower tem-
peratures. As the temperature or the reaction time
increases, the superoxide ions will be gradually converted
into the more stable peroxide ions, in perfect agreement
with the previous experimental results [9]. Therefore, the
unknown metastable species pointed out in Ref. [14] should
be attributed to the superoxide species, which acts as the
precursor to the active peroxide anion during catalytic pro-
cesses [15].
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