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Abstract

Through density functional calculations, it was found that the Bronsted acidic sites in microporous zeolites (e.g., ZSM-5) can stabilize
and anchor the active triplet oxygen species [i.e., O(*P)], thus providing an ideal locale for the related catalytic processes. An exemplified
catalytic cycle was proposed here. The 419.3 nm photolysis of singlet N,O leads to the formation of triplet N,O, which releases the O(°P)
species almost without energy barrier. The O(°P) species produced this way efficiently oxidizes CO into triplet CO», with the activation
barrier computed to be 0.13 kcal mol™! (zero point energy corrected).

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Up to date, the selective oxidations of aliphatic and
aromatic hydrocarbons still represent one of the most
challenged topics to us all [1]. Varieties of catalytic sys-
tems have been exploited [1-14], including the Cu or Fe-
exchanged H-ZSM-5 zeolite with N,O as the oxidant
[4-14]. For the Fe/H-ZSM-5 catalysts, most researchers
[4-12] have arrived to the agreement that the presence of
some extra-framework Fe ions is indispensable to the for-
mation of active “o-oxygen” species. The “o-oxygen” spe-
cies was generated by the decomposition of N,O on the Fe
sites, which then reacted with the incoming hydrocarbons
and completed the oxidation cycle. Kubanek et al. [5]
and Kiwi-Minsker et al. [6] found that the catalytic perfor-
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mances are quantitatively correlated with the contents of
the Fe sites in Fe/H-ZSM-5 zeolite. On the contrary, Burch
and Howitt [13] and Pietrzyk et al. [14] insisted that in the
absence of the Fe species, the selective oxidation reaction
can also take place due to the catalytic roles played by
the Bronsted acidic sites.

Using quantum Monte-Carlo and density functional
theory, Grossman et al. [15] revealed that the triplet oxygen
species of O(*P) is an effective oxidant for the conversion of
cyclopentadiene into 2-cyclopenenone or 3-cyclopente-
none. Using vacuum-ultraviolet laser-induced fluorescence
(VUV-LIF) technique, it was found that the O(*P) species
can be obtained through the photolysis of singlet N,O
[16]. As indicated by Chang and Yarknoy [17] and Monfort
et al. [18], the direct dissociation of the singlet N,O to form
the OC’P) species is spin-forbidden. Enlightened by the
above results, a catalytic oxidation system with the singlet
N>O and H-ZSM-5 zeolite as the starting materials was
designed in the present communication, see the catalytic
processes sketched in Fig. 1: (1) The singlet N,O molecule
was adsorbed on H-ZSM-5 zeolite and then excited to the
triplet state, i.e., in the form of N,O(CIT). (2) The triplet
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Fig. 1. The energy profile for reactions related with O(*P) species anchored by H-ZSM-5 zeolite.

N,OC’II) was decomposed and released the active O(*P)
species, which was anchored tightly by H-ZSM-5 zeolite.
(3) To test the catalytic reactivity of the O(’P) species,
the oxidation of carbon monoxide was chosen as the model
reaction, which will produce the triplet CO,. (4) The CO,
molecule in triplet state was converted into singlet state,
thus completing the whole catalytic cycle. Note that it is
also a way to convert the harmful N,O into the useful
intermediate of the triplet oxygen species.

2. Computational details

First principles density functional calculations were per-
formed using the B3LYP/6-31G(d) methods [19,20] imple-
mented in Gaussian98 program [21]. In zeolite calculations,
the B3LYP method can obtain comparable results with
MP2 method and provide good description of reaction pro-
files [22]. Accordingly, the B3LYP functional was widely
used in the previous zeolite calculations [7-9,11,23,24].
To confirm the validity of 6-31G(d) basis set in dealing
with the triplet species, two larger basis sets of 6-311G(d,
p) and 6-311++G(d, p) were also employed to study the
N,O(*IT) dissociation reactions in bare models. Noting that
in the present work, the cluster models with and without
the inclusion of H-ZSM-5 zeolite frameworks were desig-
nated as zeolite and bare models, respectively. All the tran-
sition states were determined utilizing the Synchronous
Transit Quasi Newton (STQN) technique, followed by fre-
quency calculations ensuring that only one imaginary
vibration corresponds to the transition state. The zero
point energy (ZPE) corrections were made in the calcula-
tions of activation barriers and reaction heats.

The structures of H-ZSM-5 zeolite were represented
with clusters containing seven T sites (Fig. 2), with the Al

atom occupying one of the T12 sites. Our zeolite models
are larger than the usually adopted five T ones [9,23,24].
To retain the local structures of H-ZSM-5 zeolite, the
boundary Si and O atoms were fixed in their crystallo-
graphic positions as reported by Olson et al. [25] and
Hodgson et al. [26].

3. Results and discussion

To better understand the role of H-ZSM-5 zeolite, the
reactions described in Fig. 1 were first studied with bare
models, see Fig. S1. In N,O('Z"), the O,-N, and N»-N;
distances and O;-N,-N3 angle were optimized at 1.194
and 1.135A and 179.94°, respectively (Table 1 and
Fig. S2). The wavelength for the excitation of N,O('Z™)
to the triplet state was calculated to be 424.0 nm, which is
of the same order with the experimental value of 193 nm
[16]. Compared with N,O('="), N,OC’IT) has larger O;—
N, and N,—Nj; distances of 1.281 and 1.216 A and a smaller
0,-N,—Nj3 angle of 121.79°. The triplet N,O is ready to
decompose into N, and O(’P) fragments, since the activa-
tion barrier was calculated at 2.58 kcal mol™" after ZPE
corrections. The transition state has the negative frequency
of —673.8 cm~!. The O;-N, distances in the transition state
and product were equilibrated at 1.506 and 3.001 A, respec-
tively. The N,—Nj3 bond in the product is typical of triple
bond (Table 1). The reaction heat of N>O(’IT) dissociation
amounts to —21.38 kcal mol ™! after ZPE corrections (Table
S1). As shown in Table S2, the larger basis sets exert uncon-
spicuous effects on the geometries; however, some changes
were observed in the activation barriers, which equal 2.97
and 2.78 kcal mol~! with 6-311G(d, p) and 6-311++G(d,
p) basis sets, respectively. The effect of basis sets on the
activation barrier is not so distinct as that of zero point
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Fig. 2. Cluster models representing reactions of N,O decomposition and CO oxidation in H-ZSM-5 zeolite.
Table 1
Geometries and stabilization energies for reactions related with O(’P) species
01N, (0,-C)/A N,-N; (C-05)/A 0,-N>-N; (0,-C,-03)/° AEg,/kcal mol ™'
Bare Zeolite Bare Zeolite Bare Zeolite
N,O('z™) 1.194 1.202 1.135 1.128 179.94 178.40 ~5.94
N20(3l'l) 1.281 1.322 1.216 1.202 121.79 120.88 -5.17
TS1 1.506 1.443 1.157 1.171 118.70 119.12 —8.30
N,/O(CP) 3.001 3.130 1.106 1.105 162.56 141.35 —12.52
O(’P) —11.29
CO/O(’P) 2.585 2.407 1.137 1.136 141.98 141.26 —13.49
TS2 2.178 2.142 1.138 1.367 123.53 131.98 —13.57
C02(3H) 1.261 1.251 1.237 1.248 118.44 119.53 —4.80
C02(12+) 1.169 1.176 1.169 1.162 179.80 176.98 —6.61

energies (ZPE), and therefore the 6-31G(d) basis was used
exclusively in the following discussions. The separation of
O(P) and N, fragments in the product is endothermic
and needs energy of 0.38 kcalmol™'. Afterwards, the
incoming CO molecule attacks the O(°P) species, with the
0,-C, and C,-0s distancees in the initial structure opti-
mized at 2.585 and 1.137 A, respectively. This oxidation
reaction produces triplet CO,, where two C-O distances
and OCO angle were calculated at 1.237, 1.261 A and
118.44°, respectively. The transition state has O-C, dis-
tance of 2.178 A with the only imaginary vibration of
—112.6 cm™!. The activation barrier was calculated to be
0.18 kcal mol ! after ZPE corrections. CO,(*IT) will be con-
verted into the singlet state and meanwhile release the light

with a theoretical wavelength of 289.7 nm. It is worth not-
ing that at the singlet state, N,O and CO, are linear mole-
cules whereas they are both severely curved at the triplet
state (Table 1).

In H-ZSM-5 zeolite cluster (Fig. 2a), the O3s-Hz distance
was equilibrated at 0.974 A, consistent with the B3LYP/6-
31G(d, p) values of ca. 0.970 A [27]. Upon N,O('Zh)
adsorption (Fig. 2b), the O;—-N, and Oz¢-Hz bonds were
slightly elongated whereas the N,—Nj3 bond slightly short-
ened. Hydrogen bond was formed between Hz and O,
atoms with the distance of 1.903 A. The N,O('X") adsorp-
tion process is thermodynamically favoured by energy of
—5.94 kcal mol~'. With the exposure to the light with a the-
oretical wavelength of 419.3 nm, the adsorbed N,O('Z™)
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will be converted to the triplet state (Fig. 2c), where stronger
hydrogen bonding is formed as evidenced by the shorter O;—
Hz distance of 1.881 A. The O;—N,; distance in adsorbed
N>O(’IT) equals 1.322 Aandis larger than that in bare mod-
els. As a result, the activation barrier becomes smaller and
equals 0.55 kcal mol ™", 15.0% of that in bare models. After
ZPE corrections, the activation barrier is equal to
—0.19 kcal mol ™", implying that the N,O(’IT) dissociation
takes place automatically [16,28]. The N,O(’IT) dissociation
reaction has an early transition state (Fig. 2d) with the O,—
N, distance of 1.443 A shorter than the value of 1.506 A in
bare models. As to the product of N,O(’IT) dissociation
reaction (Fig. 2e), the O(°P) and N, fragments were parted
with the O;—N, distance of 3.130 A. Besides the negative
vibration of —517.7cm™!, the transition state of the
N,O(CI) dissociation reaction was substantiated by the
results of intrinsic reaction coordinate (IRC) computations
(Fig. 3). The IRC results were obtained by fixing the O;—N,
distance at different values, and all the other geometric
parameters such as the O;N,Nj3 angle were freely optimized
and will change synchronously with the elongation of the
0,-N, distance. Contrary to the endothermic process in
bare models, the desorption of N, from O(*P)/H-ZSM-5
zeolite is exothermic (—1.60 kcal mol™"). H-ZSM-5 zeolite
well stabilizes the active O(°P) species through the strong
hydrogen bonding (Hz-O;: 1.715 A).

The structure of CO adsorption on O(°*P)/H-ZSM-5 zeo-
lite was shown in Fig. 2f. The 0,-C; distance was calcu-
lated to be 2.407 A and is shorter than the value in bare
models (Table 1). The adsorption energy of CO was
obtained at —3.31 kcal mol~'. As a result of the shortened
0,-C, distance compared with bare models, the activation
barrier is less than that in bare models and equals
0.13 kcal mol™" after the inclusion of ZPE corrections.
Similar to the N,O(’IT) dissociation process, the CO oxida-
tion (Fig. 2g) also has an early transition state with the O;-
C, distance of 2.142 A. The characteristic frequency of the
transition state was situated at —75.0 cm~'. The transition
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Fig. 3. Intrinsic reaction coordinate of N,O(CI) dissociation in H-ZSM-5
zeolite.

state is highly stabilized by the forceful hydrogen bonding
with the acidic Hz site (Hz-O;: 1.664 A), at the expense of
the elongation of OszsHz distance. In the product
(Fig. 2h), the interaction with H-ZSM-5 zeolite becomes
weakened, with the Hz-O, distance optimized at 1.903 A.
The difference between the two C-O distances of
CO,(’TI) was neglectable (0.003 A), whereas in bare models
it amounts to 0.024 A (Table 1). The wavelength for the
conversion from triplet state to singlet state (Fig. 2i) was
calculated to be 284.5 nm. The adsorbed singlet CO, is
almost linear with the C-O bond towards the acidic Hz site
elongated by 0.014 A than the other. The Hz-O; hydrogen
bond was equilibrated at 1.909 A which is slightly longer
than that in triplet state. The catalytic cycle was completed
with CO,('Z") desorbed from H-ZSM-5 zeolite, requiring
an energy of 6.61 kcal mol™". In this way, H-ZSM-5 zeolite
is restored to the original state and prepared for the next
catalytic cycle, see Fig. 1.

As aforementioned, H-ZSM-5 zeolite exerts remarkable
influences on the catalytic processes, €.g., lowing the activa-
tion barriers of N,O(II) decomposition and CO oxidation
reactions and turning the endothermic N, and O(°P) sepa-
ration process into exothermic. The related geometric
parameters were also greatly affected, and the details can
be found in Table 1. However, we consider that the most
important role of H-ZSM-5 zeolite is to provide an ideal
locale for the catalytic processes to take place. The reac-
tants, intermediates, products as well as transition states
are highly stabilized by the presence of H-ZSM-5 zeolite,
which can be estimated with the equation below:

Ea = E(X/H-ZSM-5) — E(H-ZSM-5) — E(X) (1)

where E(X/H-ZSM-5) represents the energy of zeolite mod-
els adsorbed with X species, whereas E(X) and E(H-ZSM-
5) denote the energies of X species in bare models and H-
ZSM-5 zeolite, respectively.

The stabilization energies (Eg,) of all the investigated
species were calculated and listed in Table 1. The uniformly
negative values indicate that all the species are stabilized by
H-ZSM-5 zeolite. It is well-known that the triplet O species
is quite active; however, it is highly stabilized by H-ZSM-5
zeolite with the large stabilization energy of —11.29 kcal
mol~'. Among all the species, the transition states are usu-
ally considered as the most unstable. Owing to the presence
of H-ZSM-5 zeolite, the two transition states are well sta-
bilized with the stabilization energies calculated at —8.30
and —13.57 kcal mol !, respectively. The large stabilization
energies ensure the preferential adsorption on the Bronsted
acidic sites, which is differentiated essentially from the
irregular collisions in the absence of H-ZSM-5 zeolite.

On Fe/H-ZSM-5 zeolite, the release of active “a-oxy-
gen” species by N,O('Z") decomposition necessitates
energy barriers beyond 30.0 kcal mol™" [8,29]. The direct
decomposition of N,O('=") was also considered, both in
bare and zeolite models, and the results show that it is an
implausible way to obtain active oxygen species [17,18].
As Fig. 1 shows, each elementary step requires energy well
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below 30.0 kcal mol~'. Accordingly, the catalytic cycle pro-
posed here is practical, where the active O(°P) species, gen-
erated by N>O('Z") excitation followed by decomposition,
is an efficient oxidant such as the presently studied CO oxi-
dation reaction.

4. Concluding remarks

In this work, a catalytic cycle was proposed with the aid
of density functional calculations. At the Bronsted acidic
sites of nanostructural ZSM-5 zeolite, the singlet N,O
was photolyzed with the wavelength of 419.3 nm to form
the triplet N,O, which is ready to decompose into the N,
and O(®P) species. The active O(*P) species is an efficient
oxidant and can catalyze many types of reactions such as
the presently studied CO oxidation to form CO,. The
results showed that the Bronsted acidic sites in ZSM-5 zeo-
lite can effectively stabilize and anchor the active O(*P) spe-
cies as well as other related species. Accordingly, the
nanostructural zeolites provide an ideal locale for the
related catalytic processes to take place.

Appendix A. Supplementary information available

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.micromeso.
2007.12.002.
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