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Abstract

Quantum chemistry calculations were carried out using the ONIOM2 methodology at two different levels of calculation,
B3LYP for the high level and UFF for the low level. These calculations were performed on Cu/SAPO-11, NO-Cu/SAPO-11,
NH;-Cu/SAPO-11 and NO + NH;-Cu/SAPO-11 to investigate the reaction pathway of the selective catalytic reduction of
nitrogen oxides by ammonia in the presence of Cu/SAPO-11.NH,NO is formed, and then is decomposed into N, and H,0
over Cu/SAPO-11 for the catalytic reduction of NO in two steps. The adsorption energy AE, 4 of NO, NH; on Cu/SAPO-11
and the change of energy of the reduction reaction are presented. The energy profile of the formation of NH,NO-Cu/
SAPO-H key intermediate is shown. Some relevant charges and bond indexes were calculated. On adsorbing NH; or NO
on Cu/SAPO-11 there is charge transfer to the aggregates. Vibrational frequencies of adsorbed NH, NO and of NH,NO-
Cu/SAPO-11cluster are reported. The importance of adsorbing NH; previously to the reduction of NO is emphasized.
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1 Introduction

Over the last decades, nitrogen oxides (NOx) discharged
by motor vehicles and stationary sources are revealed to
be dominant air contaminants. The lessening of environ-
mentally dangerous NOx compounds, responsible for the
photochemical smog and acid rain, haze and the various
options ozone depletion, represents an important task for
conservational science and catalysis [1-3]. To control NOx
emissions, several technologies have been developed, the
selective catalytic reduction of NOx (SCR) with reducing
agents (H,, CO, hydrocarbons and NH;) to form N, and
H,0 or CO, and H,0 being one of the most encouraging
techniques [1-9]. Among the various options, selective
catalytic reduction with ammonia (NH; — SCR) is the most
practical and selective method [1-3, 10, 11].

Applications of copper in catalysis are governed by
both the relatively easy reducibility of Cu(ll) species, usu-
ally the stable precursor ones, and the reversibility among
its different oxidation states, principally between Cu(ll)
and Cu(l). The inorganic matrix employed as support (e.g.,
alumina, silica, zeolites), also plays an important role [8].
In this regard, the structures of silico-aluminophosphates
(SAPO) are attractive materials in catalysis, for being flex-
ible and porous substrates that can accommodate atoms,
due to their medium acidic properties and their selectiv-
ity. Copper can also form small aggregates and its use as
catalyst, supported on different SAPO structures, has been
reported [7, 8, 12].

Mathisen et al. [8] described the use of Cu/SAPO-5 and
Cu/SAPO-11 catalysts in the selective catalytic reduction
(SCR) of NOx by propene. Employing in situ XAS and IR, it
was found that in both ion exchanged SAPO-5 and SAPO-11,
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the Cu is present as Cu(ll) in a octahedral structure (tetrag-
onally-distorted). A portion of the loaded Cu(ll) is reduced
thermally in helium, and a further part of Cu(ll) is reduced
by propene to Cu(l) or to Cu (0) particles. Mathisen and co-
workers [8] also outlined that in both catalysts, NOx species
oxidize Cu(l) back to Cu(ll), however to a fewer extent. They
stated that the de-NOx activity of these catalysts is ruled by
the high reducibility of Cu(ll), the reversibility of the copper
valence states and the structural properties of the original
material used in the preparation of the catalysts. The authors
reported that it is particularly notable that the Cu/SAPO-11
prepared by hydrothermal ion exchange displays a very
acute pre-edge signal in XAS analysis that is distinctive of a
monomeric linear Cu(l) in a double coordination.

Hoang and coworkers [12] stated that +2 is the original
oxidation state of Cu after calcination in air at 400 °C, inde-
pendently of the type of the support. The Cu?* cations are
stabilized in zeolite Y and SAPO-5, while on Al,O; support
they are quantitatively reduced by hydrogen to metallic
copper. The authors obtained results analogous to Mathisen
et al. [8], when comparing the TPR of the samples calcined
in air and that of samples treated additionally in argon.
In zeolite Y and SAPO-5, the Cu?* cations are stabilized in
two distinct forms. The stable Cu?* ions can be reduced in
hydrogen to form Cu®, although they are not auto-reduced
by pre-treatment in argon at 650 °C. On the other hand, the
weakly stabilized Cu?* ions, could be auto-reduced by pre-
treatment in argon at 650 °C producing Cu™ and become
completely reduced in hydrogen to metallic Cu [12].

Xue et al. [7] prepared by ion exchange a series of Cu/
SAPO-34 catalyst samples with various Cu contents for selec-
tive catalytic reduction of NO by NH;. The authors concluded
that the active sites for the NH; SCR reaction, in the tempera-
ture range 100-200 °C are specifically the isolated Cu?" sites,
in connection with the six-ring window and displaced into
the ellipsoidal cavity of SAPO-34 structure.

Li et al. [13] proposed a theoretical study of the NH;-SCR
reaction mechanism over H-form zeolites based on an over-
all reaction scheme previously suggested by Richter [14] that
can be expressed as follows:

2NO + 0, — 2NO, (1)
NO + NO, — N,O, Q)
N,0; + H,0 — 2HNO, 3)
NH;(ads) + HNO, — NH,NO,(ads) (4)
NH,NO,(ads) — NH,NO(ads) + H,0 (5)
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NH,NO(ads) — N, + H,0 (6)

The reaction steps (4-6) take place on the Brensted acid
sites of the H-form zeolites [13].

In general, the SCR reaction mechanism of NOx by NH;
over H-form zeolites consists of the oxidation of NO to NO,
(or NO,") and the subsequent decomposition of NH,NO,
formed by the reaction of adsorbed NH,* and NO, (or
NO,7) [13, 15, 16]. This mechanism also relates to metal
exchanged zeolites. Nevertheless, the activation barrier of
the decomposition of NH,NO, in the gas phase is about
42.0 kcal/mol [17] being much larger than the apparent
activation energy of this SCR reaction measured up to
13-14 kcal/mol [18, 19].

By means of Density Functional Theory calculations, Li
et al. [13] found that the selective catalytic reduction of NO
involves two sequential steps on H-form zeolites. First, NO
is directly oxidized to NO, by O,, followed by the produc-
tion of N,O5 or N,O, by further reaction with NO. Then
N,O; and/or N,O, react with NH; to form NH,NO in the gas
phase with an activation barrier of 15.6 kcal/mol at 373 °K.
NH,NO decomposes to N, and H,0 on the Brgnsted acid
site by a push—pull hydrogen transfer mechanism. Direct
decomposition of NH,NO in the gas phase goes through
a high-energy barrier (more than 32 kcal/mol) [1] by virtue
of the trouble of intramolecular hydrogen transfer. Nev-
ertheless, over zeolites, the framework serves as both a
hydrogen acceptor and donor, which significantly dimin-
ish the energy barrier of the decomposition. Li et al. [13]
suggested that NH,NO is the main intermediary, which
comes from the reaction of NH; and N,O; (or N,O,) rather
than the NH,NO,. More recently, Mao and co-workers [20]
also proposed the NH,NO species as the intermediate in a
DFT study of SCR of NOx by NH; over Cu-SAPO-34. Li et al.
[21] mentioned a HNNOH species formed from NH,NO
in an experimental and theoretical study of NH;-SCR on
Cu-SAPO-18.

It must be taken into account that different catalytic
reactions pathways could occur in the SCR-NH; of NO.
Either, NH; adsorption or NO adsorption could the first
step in the reaction mechanism, depending of the metal
in the exchanged zeolite catalysts [22]. Further reaction
with adsorbed or gas phase reactants would depend on
which is the surface species involved in the first step.

We have previously published theoretical studies on
small Au-clusters, supported on silico-aluminophospates
molecular sieves (SAPO-11) [23]. Similarly, we have
reported preliminary theoretical results on Cu/SAPO-11
[24]. In this work we present a theoretical study of Cu/
SAPO-11 in the selective catalytic reduction of NO with
NH; (NO SCR-NH;). The obtained theoretical results sug-
gest the NH,NO species as an intermediate on the NH;-SCR
of NO in coincidence with Li et al. [13].
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2 Computational details and models

Gaussian-03 program [25] ONIOM2 methodology (our
own n-layered integrated molecular orbital and molec-
ular mechanics using the two-layered scheme) was
employed to obtain all the geometry optimizations
and energy calculations to get the lower energy struc-
tures. For the high level (designated by spheres in all
Figures), it was utilized the DFT approach, by means of
B3LYP functional with the full-electron 3-21G* basis set
for H, N and O and LANL2DZ with its pseudo potentials
for the rest of the atoms of the SAPO-11 ring, i.e. Si, Al,
P, composed by 6 oxo-tetrahedrons and Cu. All reactive
and adsorbed molecules were incorporated in the high
level. Universal force field approach (UFF) was employed
for the low level (represented by sticks in the Figures).
H atoms were used as frontier atoms in the ONIOM?2
calculations. The silico-aluminophosphates molecular
sieves (SAPO) model contains 506 atoms and was already
described in preceding works [26-28]. Even though the
charge of model of SAPO-11 is neutral, the balance of the
valence of SAPO-11 high level (HL) atoms on the model
system is negative, to benefit the interaction with Cu
[23].

Net charges were determined in accord to the Miil-
liken approach. The bond indexes (Bl) were calculated
applying Wiberg Bl in the natural atomic orbital basis
approximation. Vibrational frequencies of N=0O, N-0O,
NH were also calculated. Frequencies and Bl values were
calculated using only the high level model. Usually, the
quality of the results using ONIOM is analogous to those

computed with periodical calculations ([26-28] and ref-
erences therein) and with the advantageous lower com-
putational cost, as compared with similarly constrained
clusters [25]. Furthermore, it has been shown in the
literature that the computed adsorption energies with
ONIOM method correlate well with experimental results
([28] and references therein). ONIOM calculations reveal
the support effect and large distance interactions, which
are not considered in the case of the unsupported clus-
ter (the gas phase) [29].

3 Results and discussion
3.1 Cu/SAPO-11 monoatomic model

The optimized most stable structure of Cu/SAPO-11 is
shown in Fig. 1. The trends observed in Au/SAPO-11
already reported by Griffe et al. in a previous publication
[24] are also reproduced in this work. The Si-O and Al-O
bond distances (BD) on the anchoring surface sites are
enlarged when passing from SAPO-11 to Cu/SAPO-11.
That is, Si-O changes from 1.63 and 1.59,to 1.71 and 1.69
Aand AI-O from 1.75 and 1.67, to 1.79 and 1.79 A on going
from SAPO-11 to Cu/SAPO-11. With respect to the bond
angle (BA), there is a contraction; Si-O1-Al is decreased
from 142.3° to 133.0° and Si-0O33-Al from 157.1° to 137.1°
(See Table 1). The rest of properties of the substrate remain
almost invariant. Cu interacts with SAPO-11 producing
only a localized geometrical rearrangement evidenced
by BD and BA changes as has been described previously
[24]. The Cu monomeric species displayed in Fig. 1, has
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Fig. 1 Leftis the optimized lowest energy structure of Cu/SAPO-11 cluster. Right is a detail of the high level atoms
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Table 1 Relevant bond

° Bond/angle SAPO-11 Cu/SAPO-11 NH;-Cu/SAPO-11 NO-Cu/SAPO-11 NH,NO-
distances and angles of SAPO- Cu/SAPO-
11, Cu/SAPO-11, NH;-Cu/ H
SAPO-11, NO-Cu/SAPO-11,
and NH,NO-Cu/SAPO-11-H 01-AI25 1.75 A 1.79 A 1.81A 1.80 A 1.81A
(SeeFigs.1,2,3,4) 01-5i23 163 A 171 A 1.70 A 168 A 163 A

Al25-01-5i23 142.3° 133.0° 132.7° 132.9° 131.1°
033-AI27 1.67 A 1.79 A 1.78 A 1.76 A 1.74 A
033-5i26 1.59 A 1.69 A 1.68 A 1.66 A 1.63 A
Al27-033-5i26  157.1° 137.1° 134.2° 138.0° 139.4°
Cu-01 1.89 A 1.94 A 1.98 A 2.12A
Cu-033 1.98 A 2.09 A 2.13A 233A

bond distances of Cu-O1=1.89 and Cu-033=1.98 A
respectively.

In Cu/SAPO-11 the net charge of Cu is +0.88 and the
bonding oxygen atoms O1 and 033 of the support are
reduced from —0.9 and —1.08 in SAPO-11to —1.10 in both
oxygens in Cu/SAPO-11.Thus, there is charge transference
from Cu to the bonding oxygen atoms of the surface.
According to Bl values in Table 2, the Cu-O1 bond (0.195)
is stronger than Cu-033 bond (0.133).

3.2 Cluster NH;-Cu/SAPO-11 geometry
and adsorption energy

The optimized lowest energy structure resulting from the
interaction of NH; with Cu/SAPO-11 cluster is shown in
Fig. 2.

The NH; adsorption presents an energy difference of
AE, 4, —55.11 kcal/mol. The AE,4; is the energy change, cal-
culated according to the following equation:

Cu/SAPO-11 + NH; — NH;—Cu/SAPO-11 (7)

The NH; adsorption energy is defined as:

AEads = ENH3—Cu/SAPO-11_<E[Cu/SAPO-11] + ENH3)

where AE, . is the NH; adsorption energy on Cu/SAPO-
11; and Expz_cusapo-11/ Ercussapo-11y @and Eyys are the total
ONIOM energies of the NH;-Cu/SAPO-11 and the Cu/
SAPO-11 aggregates, and of the free NH;.

The energy changes AE, for all the other equations are
calculated in the same way.

The Cu-N BD is 2.0 A and the N-H BD’s are 1.02, 1.04 and
1.02 A. The interaction of NH, with Cu/SAPO-11 has a slight

Table 2 Some relevant calculated properties and net charges of SAPO-11, Cu/SAPO-11, NH;-Cu/SAPO-11, NO-Cu/SAPO-11 and NH,NO-

Cu/SAPO-11-H aggregates (See Figs. 1, 2, 3, 4)

Charges SAPO-11 Cu/SAPO-11 NH;-Cu/SAPO NO-Cu/SAPO NH,NO-Cu/SAPO-H
dey +0.88 +0.76 +0.48 +041
gbo, -0.90 -1.10 -1.09 -1.10 -1.10
aboss -1.08 -1.10 -1.11 -1.12 -1.10
Anat -0.92(-0.82) +0.25 (+0.07) —0.53(~0.51)
AHa2r H43 +0.45,+0.40
(+0.37,+032)

Angs +0.07 (+0.14)
doss +0.28 (-0.07) —0.24(-0.28)
Bond Bond indexes
Cu-01 0.195 0.17 0.11 0.07
Cu-033 0.133 0.11 0.08 0.04
CuN41(NH;) 0.27 0.40 0.024
Cu-N45(NO) 0.193
N-O1 0.07

2.37 1.622
N-N 1.363
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Fig.2 Left is the optimized minimum energy structure of the interaction of NH; with Cu/SAPO-11 cluster. Right is a detail of the high level

atoms

influence on the geometrical properties of Cu/SAPO-11
cluster as revealed by Table 1. It is observed that only the
Al-O1-Si angle is widened.

Mulliken charges of significant atoms and Bl of their
bonds were calculated and can be observed in Table 2.
The total charge of NH; molecule changes from 0.00 in
the free species to +0.39 in the NH;—Cu/SAPO-11 cluster.
Cu atom is reduced from +0.88 to + 0.76 when passing
from Cu/SAPO-11 to NH;-Cu/SAPO-11, inferring that there
is a charge transfer from NH; to Cu. Cu-O1 and Cu-033 BI
values diminish to 0.170 au (0.195) and 0.110 au (0.133)
due to the interaction Cu-N (0.27 au).

The calculated IR NH; absorption frequencies (vyy;) of
the NH;-Cu/SAPO-11 cluster shows stretching vibration
bands of 1296.65; 1673.91; 1736.03; 3086.99; 3467.70;
3997.72; 3999.72; 4001.66 cm~'. The values of the
3086.99-4001.66 range correspond to NH symmetric and
anti-symmetric vibrations, 1736 cm™! NH, to scissor vibra-
tions and the low vibrational frequencies at 744-370 cm™"
range could be due to torsion, rock and waging frequen-
cies [30, 311.

3.3 Cluster NO-Cu/SAPO-11 geometry
and adsorption energy

Figure 3 displays the optimized most stable structure
resulting from the interaction of NO with Cu/SAPO-
11 cluster. The NO is adsorbed on Cu/SAPO-11 with a
AE=-57.98 kcal/mol (see Fig. 3) in agreement with Eq. 8.

Cu/SAPO-11 + NO — NO—Cu/SAPO-11 (8)

Regarding the adsorption energies, AEyq is slightly
larger than AE 3.

Cu-NO BD is 1.92 A and the Cu-N-O angle is 136.25°.
The interaction of NO with Cu/SAPO-11 produces a
decrease in Al-O and Si-O BD and an increase of one of
the angles. The adsorption of NO on Cu/SAPO-11 causes a
greater effect on some local geometrical properties than
that of NH; (See Table 1).

Mulliken charges of relevant atoms were calculated (See
Table 2). The Cu atom is reduced from +0.88 in Cu/SAPO-
11 to +0.48 in the NO-Cu/SAPO-11 aggregate after the
adsorption of NO molecule, while the free NO molecule
charge is oxidized from 0.00 to +0.53. The 033 is slightly
reduced from —1.10 to — 1.12. Comparing the NH; and NO
adsorption, the Cu reduction process in NO adsorption is
more marked than the NH; interaction with Cu. Similarly
the oxidation process of NO is more significant than that
of the NH; in Cu/SAPO-11. Bl values presented in Table 2
indicate the Cu-O1 and Cu-033 weakened bonds (from
0.20 and 0.13 to 0.11 and 0.08 au) due to the enhanced
Cu-NO bond (0.40 au). NO Bl is 2.37 au as a strong bond
and the N has a weak interaction with O1 of the substrate.
In conformity to Mulliken charges and Bl values, the NO
molecule shows a more stable interaction to the surface.

NO-Cu/SAPO-11 is more stable than NH;-Cu/SAPO-11
(AE=-57.98 kcal/mol vs. —55.11 kcal/mol). NO-Cu/SAPO
11 hardly reacts with NH;, although NH;-Cu/SAPO-11
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Fig.3 Leftis the optimized most stable structure of the interaction of NO with Cu/SAPO-11 cluster. Right is a detail of the high level atoms

reacts with NO and therefore the reaction of gas-phase
NO with NH;—Cu/SAPO-11 is more suitable and conveni-
ent, as it was revealed by our calculations. That is, in our
study a pathway comprising as first step the NH; adsorp-
tion arises since the reaction only occurs when NH; is pre-
viously adsorbed.

Infrared absorption frequency of NO—Cu/SAPO-11 was
calculated and presents a peak at 1915 cm™". This vibra-
tional frequency agrees with the band experimentally
reported at 1904 cm™' assigned to Cu™>-NO species in
Cu-ZSM5 and Cu-mordenite catalysts [32, 33]. These stud-
ies have suggested that NO coordinates either to Cu(ll) or
Cu(l) but not to Cu-metal [32, 33].

3.4 The NH;-SCR of NO in NO + NH;-Cu/SAPO-11
modeled reaction

In Fig. 4, the optimized lowest energy structure resulting
of the selective catalytic reduction of nitrogen monoxide
NO with NH;-Cu/SAPO-11 aggregate is presented. In this
figure the Nitrosamide species, NH,NO, can be noticed.
NH,NO-Cu/SAPO-11-H is attained with a total difference
energy of AE;=—130.0 kcal/mol in agreement with Eq. 9.

NH;—Cu/SAPO-11 + NO — NH,NO—-Cu/SAPO-11-H  (9)

Li et al. [13] and Mao et al. [20] have reported the pres-
ence of NH,NO species. They suggest that the catalytic
reduction of NO consists of two consecutive steps on
H-form zeolites: First, NO is oxidized to NO, by O,, fol-
lowed by the formation of N,O; or N,O, which reacts with
NHj; to produce NH,NO. In our results, the NH,NO species
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is obtained directly through the reduction of NO by the
NH;—Cu/SAPO-11 cluster, where one of the H (H44) from
NH; interacts with the O17 of the substrate (see Fig. 4
right). This fact could suggest that an extraordinary acti-
vation of the NH; is produced by its interaction with Cu/
SAPO-11 substrate, therefore promoting the direct NO
reduction.

In NH,NO-Cu/SAPO- H, i.e, the product of the SCR
of NO with NH;-Cu/SAPO-11 (Table 1), changes upon
the reduction reaction occur beyond the atoms/bonds
directly linked to Cu, i.e., the O-Si BD’s of the substrate are
decreased and even the Al27-033 BD is diminished (see
Fig. 4 right).

NH,NO-Cu/SAPO-11 was calculated after eliminating
the H bonded to the O of the substrate of NH,NO-Cu/
SAPO-11-H, that is eliminating H44 (Fig. 4 right) in order
to compare with NH,NO 4+ Cu/SAPO11 adsorption (that
is the modeled interaction of free NH,NO molecule with
Cu/SAPO-11) and likewise with the direct decomposition
to N, +H,0. NH,NO-Cu/SAPO-11 assembly is very simi-
lar to the most stable structure resulting from Cu/SAPO-
11+ NH,NO interaction displayed in Fig. 5, not only by
comparing the geometrical properties but also from the
point of view of the calculated properties, as it is pre-
sented in Table 3. The charges and bond indexes of some
selected bonds of NH,NO-Cu/SAPO-11 and NH,NO + Cu/
SAPO species are quite similar. This feature validates the
presence of the NH,NO species in our calculation and its
direct attainment through the reduction of NO by the
NH;-Cu/SAPO-11 cluster, since when the remaining H
is eliminated the two clusters are comparable. The dif-
ference of Cu charge in NH,NO-Cu/SAPO-11-H (+0.41)
with respect to NH,NO-Cu/SAPO-11 and NH,NO + Cu/
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Fig.4 Leftis the lowest energy structure of the reaction of NH;—-Cu/SAPO-11 cluster with NO. Right is a detail of the high level atoms
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Fig.5 Leftis the optimized lowest energy structure of NH,NO + Cu/SAPO-11cluster obtained by reaction of Cu/SAPO-11+NH,NO. Right is a

detail of the high level atoms

SAPO (+0.82) is due to the presence of the H atom from
de NHj; in the first aggregate.

The decomposition process of the NH,NO-Cu/SAPO-
11 to form N, and H,0 was calculated and shows an
energy change of AE=-33.7 kcal/mol. The products of
the decomposition reaction are more stable than the
intermediate species (See Fig. 6) according to Eq. 10:

NH,NO—Cu/SAPO-11 — N, + H,0 + Cu/SAPO-11  (10)

Thus, the NH,NO decomposition to N, +H,0 is favored
by the Cu/SAPO-11 structure.

Li [13] proposed that the SCR reaction of NOx consists
of two successive stages. The first leads to formation of
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Table 3 Some relevant calculated properties and net charges of NH,NO, NH,NO-Cu/SAPO-H, NH,NO + Cu/SAPO and NH,NO-Cu/SAPO-11

Charges NH,NO NH,NO-Cu/SAPO-11-H NH,NO +Cu/SAPO NH,NO-Cu/SAPO
qCu +0.41 +0.82 +0.81
qbO1 -1.10 -1.09 -1.09
qb033 -1.10 -1.10 -1.10
qN41 -0.51 -0.53 -0.49 -0.48
qH42 +0.32 +0.45 +0.44 +0.44
qH43 +0.34 + 0.40 +0.48 +0.48
qN45 +0.14 +0.07 +0.12 +0.11
qO046 -0.28 -0.24 -0.22 -0.23
Bond Indexes
Cu-01 0.07 0.16 0.16
Cu-033 0.04 0.10 0.10
Cu-N41 0.02 0.02 0.014
N41-H42 0.80 0.74 0.73 0.73
N41-H43 0.81 0.78 0.73 0.73
Cu-N45(NO) 0.19 0.18 0.18
N45-01 0.01 0.01 0.01
N45-046 1.71 1.62 1.57 1.57
N-N 1.34 1.36 1.45 1.45
TET 7 7r7
b —r— ’\\/ \
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Fig.6 Left is the ground state optimal geometry of (N,+H,0)+Cu/SAPO-11 obtained by reduction of the obtained specie NH,NO-Cu/

SAPO-11. Right is a detail of the high level atoms

NH,NO in the gas phase. The second stage is the catalytic
decomposition of NH,NO to produce N, +H,O0. This pro-
posed mechanism comprises 4 steps. Richter et al. [14]
suggested an overall reaction pathway of 6 steps. Our
model includes only two overall steps, since NO is directly
reduced to NH,NO +H, bypassing the oxidation of NO to
NO, by 0,, and the formation of N,O; or N,O, which would
react with NH; to produce NH,NO.
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Li [13] reported that the presence of sufficient Bronsted
acid sites on the exchanged H-form zeolites ensures the
push—pull hydrogen transfer mechanism. A new route for
formation of NH,NO with low activation energy might
enhance the SCR activity of zeolite based catalysts [13].

In the present study the Cu/SAPO-11 is shown to serve
as both, a hydrogen acceptor and donor, which significantly
promotes the formation of the NH,NO-Cu/SAPO-11-H
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(Fig. 4) and posterior decomposition to N, and H,O (Fig. 6).In
NH,NO-Cu/SAPO-11-H, an H from the NHj; is bonded to an
O of the substrate (H44-017 in Fig. 4 right) confirming the H
acceptor behavior of Cu/SAPO-11. In the same way this sub-
strate could enhance a low activation energy decomposition
of NH,NO to N, +H,0 for the motives presented above. Par-
ticularly the NH;—-Cu/SAPO-11 aggregate activation is fun-
damental to the first stage, by achieving the NH,NO species.

Table 4 displays the calculated vibrational frequencies
in cm™' for NH,NO-Cu/SAPO-11, NH,NO + Cu/SAPO (see
Fig. 5) and NH,NO. The assignments presented in Table 4
are based on those reported by Harrison [31]. The most
important calculated frequencies of NH,NO-Cu/SAPO-11
and NH,NO + Cu/SAPO are coincident with those reported
by Harrison at 3520, 3357, 1675, 1585, 1239, 1113, 662, 614
and329cm™'[31].The frequencies disclosed on Table 4 also
confirm the presence of NH,NO species in the NH,NO-Cu/
SAPO-11 and NH,NO-Cu/SAPO-11-H aggregates.

3.5 Formation mechanism of NH,NO-Cu/SAPO-H

The transition state of the formation of NH,NO-Cu/SAPO-H
was calculated using the synchronous transit-guided quasi-
Newton QST2 method included in the Gaussian package
[25]. The reaction path that connects the transition state
with the respective product and reactants were achieved
using the intrinsic reaction coordinates (IRC) calculations
(see Fig. 7a).

We have the following reactions in agreement with our
calculations:

NH;—Cu/SAPO + NO — NH,—NO-Cu/SAPO-H(TS) (11)

NH,—NO—-Cu/SAPO—H(TS) — NH,NO—-Cu/SAPO-H (12)

The activation energy for Reaction 11 is AE* _
+61.34 kcal/mol, then the transition state NH,-NO-Cu/

Table 4 Calculated vibrational frequencies in cm™ of NH,NO-Cu/
SAPO, NH,NO +Cu/SAPO and NH,NO

Assignment NH,NO-Cu/SAPO  NH,NO+Cu/SAPO NH,NO

NHa-str 3505 3519 3644

NHs-str 3316 3290 3417

NOstr/NNH,bend 1659 1659 1606

NH,sci 1444 1478 1378

NH,bend/NNH- 1262 1283 1136
,bend

NNH,bend/NNstr 1225, 1152 1227,1162

NH, torsion 566 553 551

NH, rock 488 498

NH, wag 476 471 434

SAPO-H(TS) relax to the product (Reaction 12) with an
energy change AE=-191.34 kcal/mol. The optimized
structures of the minima and the transition state are
shown in Fig. 7a and the energy profile for the formation
of NH,NO-Cu/SAPO-H is displayed in Fig. 7b.

The large energy change AE of the transition state relax-
ation to the product, confirms the significant role of the
substrate that serves as a hydrogen acceptor, promoting
the formation of the NH,NO-Cu/SAPO-11-H (Figs. 4, 7a,
b) and posterior decomposition to N, and H,0O (Fig. 6) as
stated in Sect. 3.4. In NH,NO-Cu/SAPO-11-H, an H atom
from the NH; is bonded to an O atom of the substrate
(H44-017 in Fig. 4 right) corroborating the H acceptor
behavior of Cu/SAPO-11.We suggest that the NH,NO-Cu/
SAPO-H is the key intermediate in the formation of NH,NO
in our calculated model.

3.6 The modeled N,0,-Cu/SAPO-11

The first two steps of the overall reaction pathway pro-
posed by Richter [14] and commented by Li [13] have been
modeled on Cu/SAPO-11:

NO—Cu/SAPO-11 + O — NO,—CuSAPO-11 (13)

NO,—CuSAPO-11 + NO — N,0,—CuSAPO-11 (14)

with the purpose of reproducing part of the mechanism
described by Li [13] and mentioned above, consisting of
two consecutive steps. The first step involves the direct
oxidation of NO to NO, and the subsequent combination
of NO,—~CuSAPO-11 with another NO molecule to give
N,O;—CuSAPO-11.

The N,0;-CuSAPO-11 model coming from the two
steps proposed by Richter is attained [14], however, the
second reaction does not proceed straightforward. The
N-N BD in N,0;,-CuSAPO-11 is larger than reported for
pure N,05 (1.95 A vs. 1.85-1.89 A) [34-36]. This aggre-
gate was calculated and the difference energy of AE is
large, given that, the first step NO-Cu/SAPO + O pre-
sents a great energy difference (see Fig. 8). In the second
step, the NO,—CuSAPO-11 cluster is stable and therefore
the reaction with the NO molecule is achieved but not
straightaway.

The reaction:

N,O; + Cu/SAPO-11 — N,O; + Cu-SAPO-11 (15)

was also calculated and modeled. The optimized lowest
energy structure of N,O; + Cu/SAPO-11 cluster is shown
in Fig. 9. The difference energy AE of this reaction is
—65.95 kcal/mol.

In Table 5 it is indicated a comparative Cu-O and other
relevant interactions, charges of N,O;, N,O;—Cu/SAPO and
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Fig.7 a Geometries of minima and transition state involved in the formation of NH,NO-Cu/SAPO-11. b Energy profile of the NO+NH;+Cu/
SAPO-11 modeled reaction

N,O;+Cu/SAPO. Although the geometries of these aggre- 4 Conclusions

gates are not identical, as shown in Figs. 8 and 9, there are

similarities in common bonds, suggesting that the N,O; spe-  DFT calculations have been performed to investigate the
cies could also be obtained on Cu/SAPQ, althoughnotbya  possible mechanism of the SCR of NO by NH; over Cu/
direct reaction.
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Fig.9 Left is the ground state optimal geometry of N,O; +Cu/SAPO-11 cluster obtained by reaction of Cu/SAPO-11+N,0;. Right is a detail

of the high level atoms

SAPO-11.The geometry optimizations and energy calcu-
lations were done using Gaussian-03 program ONIOM?2
methodology by means of the two-layer model. It was
shown that Cu interacts with SAPO-11 producing a local-
ized geometrical rearrangement evidenced by BD and
BA changes and charge transfer from Cu to the bonding
oxygen atoms on the surface. The interaction of NH; with
Cu/SAPO-11 (NH;-Cu/SAPO) has a minor influence on
the geometrical properties of Cu/SAPO-11 cluster. NH;
gas does not react with NO in NO-Cu/SAPO-11, whereas
NO gas is reduced by NH;-Cu/SAPO-11. Therefore, the

reaction of NO with NH;-Cu/SAPO-11 is more probable,
suggesting that NH; should be previously adsorbed on
Cu/SAPO. The Cu/SAPO-11 cluster could function by a
push-pull hydrogen transfer mechanism that serves
as both, a hydrogen acceptor and donor, which signifi-
cantly favors the formation of the NH,NO-Cu/SAPO-11-H
and its posterior catalytic decomposition to N, and H,0.
This fact is corroborated by the calculation of NH,...
NO-Cu/SAPO-H(TS) with a large energy change AE of the
transition state relaxation to the product, verifying the
significant role of the substrate. The reaction pathway of
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Table 5 Some relevant calculated properties and net charges of N,0O3, N,0;-Cu/SAPO and N,0;+Cu/SAPO

Charges N,O; N,0;-Cu/SAPO N,O;+Cu/SAPO
qCu +0.80 +0.81
qbO1 -1.10 -1.10
qb033 -1.11 -1.10
qN41 +0.14 +0.29 +0.17
042 -0.16 +0.08 +0.05
qO043 -0.17 -0.13 -0.18
qN44 +0.19 +0.19 +0.23
qO045 -0.01 -0.29 -0.08
Bond Bond indexes

Cu-01 0.18 0.18
Cu-033 0.11 0.12
Cu-N41 <0.01 <0.01
Cu-N44 0.01 0.01
N41-N44 0.50 0.42 0.55
N41-042 1.59 2.25 1.55
N44-043 1.57 1.68 1.62
N44-045 2.16 1.39 2.04
N-N

In the case of N,0; and N,O5 + Cu/SAPO N44-045 corresponds to N=0O while in the case of -N,0;-Cu/SAPO N41-042 is the N=O

SCR-NHj; of NO proposed in this study via NH,NO species
consists of two steps, vis-a-vis previous mechanisms of
four and six steps in SCR of NOx on H-zeolites. In the first
step NH,NO composite is obtained straightforward by
the reduction of NO by the NH;-Cu/SAPO-11 cluster. In
the second step the decomposition of NH,NO to N, and
H,O is achieved. Vibrational frequencies of the most sig-
nificant species are calculated and serve to identify the
intermediate compounds and to endorse the presence
of NH,NO species.
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