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a b s t r a c t

Density functional theory calculations were used to explore the reservation and catalytic properties of
the exceptionally active triplet oxygen species in microporous ZSM-5 zeolite. It was found that the triplet
oxygen species in H-form ZSM-5 zeolite can be reserved in the form of the more stable singlet oxygen
species commonly found in solid-state materials, and moreover the single oxygen species is facile to be
photolyzed into the triplet oxygen species without destructions to zeolite frameworks. It thus provides
eywords:
ensity functional
ethane oxidation

eservation
riplet oxygen species

a route to store the triplet oxygen species ready for catalytic uses. On the contrary, the metal-exchanged
ZSM-5 zeolites are proven to be unsuitable reservoirs to the triplet oxygen species due to the comparable
instability of the singlet species. The activation barrier of methane hydroxylation catalyzed by the triplet
oxygen species in H-form ZSM-5 zeolite was calculated to be 7.12 kcal mol−1, which is much lower than
that in Fe-exchanged ZSM-5 zeolite and will proceed at room temperature. Combined with the previous
results, it was shown that the triplet oxygen species anchored by the isolated Brönsted acidic sites in

pote
eolite catalysis H-form ZSM-5 zeolite are

. Introduction

Owing to its excellent performance in a variety of oxidation
rocesses, the active triplet oxygen species O(3P) has recently
eceived increasing attention from both experimental and theoreti-
al aspects [1–10]. The reaction process between the triplet oxygen
pecies O(3P) and CH3Cl was monitored and evidenced by the
nfrared spectroscopic technique, and combined with the ab initio
alculations the structures and vibrational spectrum of CH3ClO sin-
let and CH3Cl· · ·O triplet were resolved [2]. Using quantum Monte
arlo and density functional theory, Grossman et al. [4] revealed
hat the triplet oxygen species O(3P) is an effective oxidant for the
eaction of cyclopentadiene conversion into 2-cyclopenenone and
-cyclopentenone. As is well-known to us, the selective oxidation
f light alkanes such as methane and propane represents one of

oday’s biggest challenges [11,12]. The recent studies [3,8,9] showed
hat triplet oxygen species O(3P) plays an important role in this
esearch area. Tanner et al. [3] found that the microwave irradi-
tion of the He/O2 mixture generated the triplet oxygen species,
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ntially excellent oxidants for varieties of important processes.
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which reacts efficiently with olefins to produce epoxides or aldehy-
des. The liquid-phase photolysis of 1,2-benzodiphenylene sulfoxide
or dibenzothiophene sulfoxide can also generate the triplet oxygen
species [9]. The sulfoxide photochemistry was rationalized with the
primary formation of the triplet oxygen species in which the charge-
transfer interaction between the triplet oxygen species and sub-
strates (e.g., alkanes) preceded the oxidation process. The acyclic
alkanes were found efficiently hydroxylated by the triplet oxygen
species, whose reaction activity was compared with ozone (O3) [8].

To best of our knowledge, effective methods are much lacking
as to how to reserve and store the triplet oxygen species due
to its exceptionally high activity. It thus seriously hampers the
further researches and applications. Zeolites are an important
class of industrial materials used throughout the petroleum
refining, petrochemical and chemical industries. A good example
is microporous zeolite ZSM-5, developed by Mobil Oil [13], is
an aluminosilcate with high Si/Al ratios [14,15]. Previously, the
present authors [16] found that the singlet N2O molecules at the
Brönsted acidic sites of ZSM-5 zeolite can be photolyzed into the
triplet state and meanwhile release the triplet oxygen species
which was anchored by the Brönsted acidic sites. The produced
triplet oxygen species is capable of oxidizing CO into CO2. In the

present work, the effective reservation method of the exceptionally
active triplet oxygen species in solid-state materials (e.g., ZSM-5
zeolite) was explored by first-principle calculations; i.e., in the
form of the singlet state commonly found in solid-state materials.
Note that the reserved singlet oxygen species should be facile to be

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:dicpyanggang@yahoo.com.cn
mailto:xhbao@dicp.ac.cn
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Fig. 1. 5T clusters representing the H-ZSM-5 zeolite with the triplet and single

evived to form the active triplet oxygen species ready for catalytic
ses. With the catalytic triplet oxygen species in ZSM-5 zeolite,
he C–H activation process of methane (CH4) was investigated. On
uch basis, the potential applications of the triplet oxygen species
n ZSM-5 zeolite were discussed by comparing its reaction activity

ith the current Fe-ZSM-5 zeolite catalysts.

. Computational details

.1. Cluster models

To study the dependence of theoretical results on cluster sizes,
hree different cluster models were employed in this work: (1) 5T
luster model (5T, see Fig. 1). This cluster model was used in our
revious zeolite calculations and obtained reliable results [17–19].
he boundary Si and O atoms were saturated by H atoms, which
ere oriented in the direction of what would normally be the next

ramework atoms. The corresponding Si–H and O–H distances were
ltered to 1.500 and 1.000 Å, respectively. In order to retain the
ocal structure of ZSM-5 zeolite, the boundary Si and O atoms were
xed in their crystallographic positions. (2) 7T cluster model (7T,
ee Fig. 2) [16]. This cluster model was larger than 5T cluster model
nd the boundary atoms were treated in the same way as in 5T clus-

er model. (3) Embedded cluster model (Em, see Fig. 3). This cluster

odel is much larger in size than 5T and 7T cluster models. The Em
luster contains altogether 25T sites and a complete 10-membered
traight channel. The (OSiO3)2Al(OSiH3)2 fragment was designated
s the active site of H-form ZSM-5 zeolite (H-ZSM-5) whereas the

Fig. 2. 7T clusters representing the H-ZSM-5 zeolite with the triplet and singlet oxyg
en species adsorbed at the Brönsted acidic sites. (a) O(3P)-5T and (b) O(1S)-5T.

rest as the environment. Analogous to the 5T and 7T cluster mod-
els, the boundary Si and O atoms were saturated by H atoms, which
were oriented in the direction of what would normally be the next
framework atoms; the corresponding Si–H and O–H distances were
altered to 1.500 and 1.000 Å, respectively. Except for the environ-
mental atoms, all the atoms including the adsorbents were fully
relaxed during the geometry optimizations.

2.2. Theoretical methods

First principles density functional calculations were performed
using the B3LYP functional [20,21] under Gaussian 98 program [22].
The B3LYP method has been proven to be reliable to treat the excited
states [23–26]. The transition states were determined using the
Synchronous Transit Quasi Newton (STQN) technique, followed by
frequency calculations to ensure that only one imaginary vibration
corresponds to the transition state. The 6-31G(d) basis set was used
to describe the 5T, 7T, the active sites of the Em cluster model as
well as the adsorbents (e.g., the triplet and singlet oxygen species
as well as the methane molecule). As to the environmental atoms
in the Em cluster model, they were treated with 3-21G basis set.

3. Results and discussion
3.1. O(3P) and O(1S) at the acidic site of H-ZSM-5 zeolite

As described in Computational details, the adsorption of the
triplet and singlet oxygen species at the acidic sites of H-ZSM-5

en species adsorbed at the Brönsted acidic sites. (a) O(3P)-7T and (b) O(1S)-7T.
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ig. 3. Em clusters of H-ZSM-5 zeolite adsorbed with the triplet and singlet oxyge
he right), respectively. (a) O(3P)-Em and (b) O(1S)-Em.

eolite was studied by three different cluster models, see Figs. 1–3.
ome distances of 5T and 7T clusters were given in Figs. 1 and 2,
espectively, from where it can be found that the geometric param-
ters of these two cluster models are rather close to each other.
ccordingly, 5T and 7T cluster models are comparable to obtain
eliable results. The Hz–O36 bond in O(3P)-7T (Fig. 2(a)) was opti-
ized to be 1.005 Å, slightly elongated than the distance of 0.974 Å

n H-ZSM-5 zeolite [16]. It was caused by the formation of strong
ydrogen bonding of Hz–Oe with the distance equalling 1.715 Å.
he Oe–O32 distance was calculated at 2.235 Å in O(3P)-7T, indicat-
ng that these two O atoms show attractions instead of repulsions
owards each other, or else the Oe atom will be pushed far away from
he O32 atom at the acidic site. In addition, the adsorption energies
f the triplet oxygen species on the 5T and 7T clusters were com-
uted to be −11.17 and −11.29 kcal mol−1, respectively. It is obvious
hat the Hz–O36 hydrogen bond alone is not sufficient to cause such
arge adsorption energies, thus confirming the attractive interac-
ions present between the Oe and O32 atoms. The spin density (Sd)
as found primarily localized on the Oe atom (Sd = 1.84), with the

est distributed to the O32 atom (Sd = 0.17). As to the singlet oxygen
pecies in H-ZSM-5 zeolite (Figs. 1(b) and 2(b)), the acidic Hz atom
s bonded with the Oe atom instead of the lattice O32 atom as in

he case of the triplet oxygen species. The Hz–Oe bond lengths are
qual to 1.003 Å in O(1S)-7T. The Hz–O36 distance was optimized at
.733 Å in O(1S)-7T, suggesting that these two atoms are no longer
onded. Instead, direct bond was found to have formed between
he Oe and O32 atoms. Its distance was optimized to be 1.483 Å in
ies. Presentations along the straight channel (one the left) and zigzag channel (on

O(1S)-7T, very close to the O–O distance of 1.480 Å in the binuclear
iron peroxide species in TS-1 and Fe/ZSM-5 zeolite [19,27,28]. That
is, the HO2

− peroxide species was formed in O(1S)-7T.
Fig. 3(a) and (b) shows the two-layer embedded (Em) clusters

adsorbed with the triplet and singlet oxygen species, respectively.
In consistency with the 5T and 7T results, the acidic Hz atom forms
direct bond with the O36 atom and hydrogen bond with the Oe

atom in O(3P)-Em whereas in the reverse situations in O(1S)-Em.
Moreover, direct Oe–O32 bond was formed in the case of O(1S)-Em
with its distance optimized at 1.481 Å. The Em distances are rather
close to those of 5T and 7T clusters except the O36–Hz distance
where the deviation between the Em and 5T/7T clusters amounts
to 0.158/0.107 Å. Albeit this deviation, the geometries of the active
sites in Em clusters can be regarded to resemble those of 5T and 7T
clusters, see Figs. 1–3.

3.2. The reservation of the triplet oxygen species in H-ZSM-5
zeolite

The energy difference between the triplet and singlet oxy-
gen species was defined as Ed = E[O(3P)] − E[O(1S)]. For 5T, 7T
and Em clusters, the Ed values were calculated at 17.04, 18.85,

16.08 kcal mol−1, respectively, agreeing with the geometric data
that the results of the three cluster models are close to each other.
The singlet oxygen species in H-ZSM zeolite was found to be lower
in energy and thus more stable than the triplet oxygen species.
In gas phase; i.e., in the absence of zeolites, the Ed value was
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cheme 1. Interconversions between the triplet and singlet oxygen species in H-
SM-5 zeolite.

alculated to be −64.77 kcal mol−1, which is consistent with the
act that the ground state of the oxygen atom in gas phase is the
riplet. However, the presence of H-ZSM-5 zeolite reverses the
equence of the relative stabilities of the gas-phase singlet and
riplet oxygen species and greatly enhances the stability of the
inglet oxygen species, the predominant oxygen species found in
olid-state materials. In H-ZSM-5 zeolite, the singlet oxygen species
s now favoured over the triplet oxygen species and becomes the
round state for the oxygen atom, which may be the prerequisite
o be reserved in solid-state materials such as H-ZSM-5 zeolite.

oreover, the geometry-optimization processes indicated that
he quench of the radical in O(3P)-7T will gradually evolve into
(1S)-7T and the excitation of O(1S)-7T will gradually lead to the

ormation of O(3P)-7T. Therefore, the triplet and singlet oxygen
pecies in H-ZSM-5 zeolite can be interconverted, as represented
y Scheme 1. The triplet oxygen species in H-ZSM-5 zeolite is
eady to be quenched into the singlet state, which is the common
nd stable oxygen species in solid-state materials. It thus provides
route to store the exceptionally triplet oxygen species.

In 7T clusters, the wavelength for the excitation of triplet and
inglet oxygen was calculated to be 1517.8 nm. It corresponds to
he vibrational frequency of 6586.7 cm−1. All the calculated lat-
ice vibrations of zeolites were found to be below 1200.0 cm−1,
n agreement with the experimental results [29–31]. In addi-
ion, the vibration of 6586.7 cm−1 is also far beyond the hydroxyl
ibrations of Brönsted acidic sites and defect sites [32,33]. Accord-
ngly, the excitation of the singlet oxygen species in H-ZSM-5
eolite will not bring about destructions to the zeolite frame-
orks, which ensures the effective excitations of the singlet oxygen

pecies in H-ZSM-5 zeolite and the cyclic utilizations of zeolite
atalysts.
.3. O(3P) and O(1S) in Na-ZSM-5 zeolite

Fig. 4 depicted the triplet and singlet oxygen species in Na-
xchanged ZSM-5 zeolite. Before adsorption, the Na–O36 and

Fig. 4. 7T clusters representing the Na-exchanged ZSM-5 zeolite with adsorption o
obiology A: Chemistry 202 (2009) 122–127 125

Na–O32, Na–O32* and Na–O14 distances were optimized at 2.176,
2.255, 2.953 and 3.632 Å, and due to the O(3P) adsorption (Fig. 4(a))
these distances change slightly with their exact values of 2.199,
2.278, 2.986 and 3.601 Å, respectively. Note that the asterisk in
Na–O32* was used to differentiate the two O32 atoms, see the
details in Fig. 4(a). It indicates that the adsorption of the triplet
oxygen species exerts an inconspicuous influence on the geome-
try of Na-ZSM-5 zeolite. In O(3P)-Na-7T (Fig. 4(a)), the Oe atom
forms direct bond with the Na ion. In agreement with the O(3P)-
7T results, the spin density (Sd) is mainly localized on the Oe

atom (Sd = 1.85), with the rest on another lattice oxygen atom
of O14 (Sd = 0.17). In O(1S)-Na-7T (Fig. 4(b)), the Na–O36 and
Na–O32, Na–O32* and Na–O14 distances were optimized at 2.362,
2.219, 3.348 and 3.266 Å, respectively, showing noticeable differ-
ences from the values in O(3P)-Na-7T. The Oe–O14 distance was
remarkably shortened from 2.313 Å in O(3P)-Na-7T to 1.528 Å in
O(1S)-Na-7T, indicating that direct Oe–O14 bond has formed in the
case of the O(1S) species. However, the distances showed that the
interaction between the Oe and O32 atoms in H-ZSM-5 zeolite is
stronger than that between the Oe and O14 atoms in Na-exchanged
ZSM-5 zeolite.

Albeit the formation of the direct Na–Oe bond in O(3P)-Na-7T,
the adsorption energy of the triplet oxygen species amounts to
−11.31 kcal mol−1 and is much lower than expected. The superfi-
cial geometries of O(3P)-Na-7T and O(1S)-Na-7T are alike to each
other, as deduced from the structures shown in Fig. 4(a) and (b).
The geometry-optimization procedures indicated that the triplet
and singlet oxygen species in Na-exchanged ZSM-5 zeolite can
be interconverted just as the situations in H-form zeolite. How-
ever, the relative stability of the singlet oxygen species over the
triplet oxygen species has not been improved at all in Na-exchanged
ZSM-5 zeolite, for O(1S)-Na-7T was calculated even slightly higher
in energy than O(3P)-Na-7T with the energy of 0.47 kcal mol−1.
Accordingly, the exceptionally active triplet oxygen species cannot
be reserved in form of the singlet oxygen species in Na-exchanged
zeolites but can in H-form zeolites.

3.4. Activation of the C–H bond in methane by O(3P) in ZSM-5
zeolite

Upon methane (CH4) adsorption, the geometries of the CH4 and
O(3P)-7T fragments remain almost intact, and the two shortest

(H3C–)H–Oe distances were optimized at 2.837 and 3.055 Å, respec-
tively, see CH4–O(3P)-7T in Fig. 5(a). In addition, the spin densities
(Sd) on the Oe and O32 atoms in CH4–O(3P)-7T are equal to 1.84
and 0.17, respectively, exactly identical to the values in O(3P)-7T.
As expected, the adsorption energy of methane on O(3P)-7T is very

f the triplet and singlet oxygen species. (a) O(3P)-Na-7T and (b) O(1S)-Na-7T.
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ig. 5. The structures of reactant, product and transition state (TS) for the
-abstraction reaction in methane catalyzed by O(3P)/H-ZSM-5 zeolite. (a)
H4–O(3P)-7T, (b) CH4–OH-7T, and (c) TS-7T.

light and was calculated to be −1.25 kcal mol−1. The product of the
-abstraction process (CH3–OH-7T) was shown in Fig. 5(b), where
ne H atom of methane was transferred to the Oe atom of the
(3P)-7T fragment. The C–H and H–Oe distances were optimized
t 2.136 and 0.993 Å, respectively. The spin densities (Sd) are dis-
ributed mainly on the Oe and C atoms with the exact values of 0.95
nd 1.07, respectively, different from the situations in O(3P)-7T or
H4–O(3P)-7T where the spin densities are mainly localized on the
e atom. The transition state structure was determined and shown

n Fig. 5(c), which is characterized by the only imaginary frequency
t −1338.37 cm−1. The activation barrier of the H-abstraction reac-
ion in methane was calculated to be 7.12 kcal mol−1, which is small
nough to be easily crossed over at room temperatures. The forma-
ion of the Fe–OH species in methane adsorbed Fe/ZSM-5 zeolite
ystems requires an activation barrier over 30.0 kcal mol−1 [34–36].
ccordingly, the triplet oxygen species O(3P) in microporous zeo-
ites will greatly lower the energy barrier of the C–H activation in
ethane. Moreover, the isolated Brönsted acidic sites in H-ZSM-5

eolite will restrict the further oxidation of methane to a certain
egree and meanwhile offer an ideal locale for the catalytic pro-
esses to take place [16].

[
[

obiology A: Chemistry 202 (2009) 122–127

4. Conclusions

This work reported a density functional theory investigation on
the reservation and catalytic properties of the exceptionally active
triplet oxygen species in solid-state materials. The microporous
ZSM-5 zeolite was used as the exemplified solid-state materials due
to its wide application in catalytic aspects.

The triplet and singlet oxygen species in H-ZSM-5 zeolite can
be interconverted. In H-ZSM-5 zeolite, the singlet oxygen species is
the ground state and lower by ca. 17.0 kcal mol−1 than the triplet
oxygen species, quite different from the situations in gas phase
where the triplet oxygen species is the ground state and preferred
by 64.77 kcal mol−1. It indicates that the triplet oxygen species in
H-ZSM-5 zeolite can be reserved in the form of the singlet oxygen
species commonly found in solid-state materials. The HO2

− per-
oxide species was formed in the singlet oxygen species adsorbed
H-ZSM-5 zeolite. Moreover, the excitation of the singlet oxygen
species to the triplet oxygen species will not bring about destruc-
tions to the zeolites, thus providing a practical route to store and
reserve the exceptionally triplet oxygen species.

In Na-exchanged ZSM-5 zeolite, the triplet and singlet oxygen
species can be interconverted as well. However, the singlet oxygen
species is slightly higher in energy than the triplet oxygen species,
suggesting that the metal-exchanged zeolites may not be the suit-
able reservoirs to store the exceptionally triplet oxygen species in
the form of the singlet species.

Methane is facile to be hydroxylated in H-ZSM-5 zeolite, with
the activation barrier much lower than the currently focused cat-
alysts of Fe-ZSM-5 zeolite. Combined with the previous results of
CO oxidation [16], it was found that the triplet oxygen species at
the isolated Brönsted acidic sites in H-ZSM-5 zeolite are excellent
oxidant to varieties of important reactions.
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