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ONIOM calculations for the direct catalytic decomposition mechanism of NO, and NO by Cu-ZSM-5
were carried out. In two layer calculations, Density Functional Theory and Universal Force Field were
employed for the high and low level models, respectively. AH° and AG° evaluations were performed in
order to determine the thermodynamically more favored way for catalytic decomposition of NO, and NO.
The results show that a novel copper k? mononitrosyl species (Z-2Cu-k2NO) is in equilibrium with the
Z-2CuNO and Z-2CuON species. According to our results, the Z-2Cu-k>NO species is the intermediary
key of the direct catalytic decomposition mechanism of NO, and NO by Cu-ZSM-5.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Although the NO, and NO (NOy) play an important role as
precursor of tropospheric ozone [1], they are extremely harmful
contaminants to the environments [2,3]. The global NOx emissions
have increased approximately from 12 Tg Nyr~1, before the indus-
trial development, to 40-50 Tg N yr~! nowadays [4,5]. The high NOy
concentrations are responsible for photochemical smoke, green
house effect, acid rain and many respiratory diseases in every-
where [6-8]. The NO, decomposition to N, and O, (deNOy) is a
very important process in the environmental catalysis field. Despite
their thermodynamic instability, the NOy decomposition to N, and
0, is kinetically unfavorable implying that efficient catalysts are
necessary to eliminate the NOy [9-11].

Porous materials have gained acceptance as catalysts for the
industrial and environmental applications [12-17]. Among these,
zeolites are one of the most studied catalysts for the deNOy reaction
[18-20]. On the other hand, when transition metals are embedded
into a zeolite, they show higher catalytic activity and selectivity
for deNOy. For example, Co-exchanged zeolite [21,22], Pd-MOR
[23-26] and Fe-ZSM-5 [21,27] showed high activity for the selec-
tive catalytic reduction (SCR) of NOy. Specially, the Cu-ZSM-5
system has shown the highest catalytic activity for the direct cat-
alytic decomposition of NOy (DCD-NOy) to produce N, and O,
[28-30]. As reduction agent is not necessary, the DCD-NOy pro-
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cess is an attractive way to remove the NOy [31]. Despite the
considerable experimental efforts have been made to understand
the Cu-ZSM-5 catalytic behavior [30,32-38], the mechanism and
active site nature still remain unclear [31]. Infrared (IR) stud-
ies at room temperature have shown the coexistence of the
species: Z-Cu*(NO), Z-Cu*(NO),, Z-Cu%*(NO), and Z-Cu2*0~(NO),
as well as adsorbed N,O, NO,, N,O3, and NOs3~ [9,27,39,40]
(where Z=ZSM-5). On the other hand, in situ IR studies have
shown two bands corresponding to NO adsorbed on Z-Cu*(NO)
and Z-Cu2*(NO) with stretching frequencies of 1814cm~! and
1905 cm™1, respectively. Bands at 1825 and 1730 cm~! have been
assigned to symmetric and asymmetric normal modes of dinitrosyl
species (Z-Cu*(NO),) and bands at 1624 and 1565 cm™!, to bridg-
ing and chelating coordination modes of Z-Cu?*(NO3~) species
[9,41-43].

Different reaction mechanisms for DCD-NOy by Cu-ZSM-5 have
been proposed in the literature. Some authors [9,39,40,44-47] have
proposed that two NO molecules absorb on the active site (Z-Cu)
to produce Z-CuO species and N, 0. The N,O molecules can either
react with Z-CuO to produce Z-CuO, and N, [39,40,44,45,47] or
react with the active site and decompose in adsorbed O atoms and
N, [46]. The adsorbed O atoms can react with NO, to produce NO3,
which decomposes in adsorbed O, and free NO. In general, the
active sites are regenerated by O, desorption. On the other hand,
different type of active sites have been proposed too, such as ZCuO
[48], where the reaction mechanism takes place through a pathway
that involve two NO molecules with ZCuO to produce Z-CuO, and
N,O through a ZCu(OONNO)-like transition state. Consequently,
the latter discussion suggests that there is no agreement in
the literature about the most probable way for the DCD-NOy,
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Table 1
Geometrical parameters, net charges and energy changes for the Cu* and Z-Cu systems.
System Cu-01 (A) Cu-02 (f\) 01-Cu-02 (degree) Qcy a.u. AErumo-nomo? (kcal mol—1) AEP (kcalmol~1)
ICu* - - - 1.00 114.1 -
3Cu* - - - 1.00 - 68.7
Z-'Cu 1.989 2.040 74.8 0.94 86.5 -
Z-3Cu 1.947 1.993 74.9 0.73 - 41.4
2 Band gap.

b Energy changes for the transition between the singlet to triplet state.

mechanism, whereby more experimental and theoretical
researches are necessary.

To explain the catalytic activity, several theoretical calculations
have been devoted to analyze the NO decomposition over Cu-ZSM-
5 [39,40,44,45,49-55]. Schneider and coworkers [45] simulated a
single Si site (T-site) model of the ZSM-5 using the local spin den-
sity approximation (LSDA) and valence double-{ plus polarization
Slater-type basis set. These authors proposed an Eley-Rideal type
process, where one NO is adsorbed in an activated O-down confor-
mation Z-CuON to form the isonitrosyl intermediates (reaction (1)).
Z-CuONreacts with asecond NO to form a triplet state intermediate
which produces N, O (reaction (2)).

Z-Cu + NO — Z-CuON 1)
Z-CuON + NO — Z-CuO + N0 2)

However, Schneider and coworkers [45] were unable to identify
areaction pathway to produce Z-CuO and N, O from the Z-Cu(NO),
or Z-CuNO. These results suggest that the Z-Cu(NO), or Z-CuNO
are not intermediates in the NO decomposition mechanism. On the
other hand, Bell and coworkers [39,40] calculated the AG° and AH°
values for many possible elementary reactions using Density Func-
tional Theory (DFT) and statistical mechanics. Bell proposed a four
reaction pathway:

Z-Cu + NO — Z-CuNO (3)
Z-CuNO + NO — Z-CuO + N,0 (4)
Z-CuO + N0 — Z-Cu-05 + N, (5)
Z-CuO5 — Z-Cu + O, (6)

Building a reliable system to model the zeolite active site could
be a very hard work in terms of time and computational expense.
A large number of atoms are necessary to represent correctly the
zeolite cavity, thereby making difficult the use of quantum mech-
anism methodologies to study these systems. Recent development
of hybrid methods such as embedded cluster or combined quan-
tum mechanics/molecular mechanics (QM/MM) [56-58] has been
used to study the adsorption properties and reaction mechan-
ics of organic and inorganic molecules over different types of
zeolite catalysts. In particular, the ONIOM (Our-own-N-layer Inte-
grated molecular Orbital + molecular mechanics) method [59-61]
has shown considerable promise for the study of zeolite using min-
imal computational requirements [17,62-65]. With this approach,
large models can be used in order to investigate confinement effects
and non-local interactions between the adsorbates and zeolite. The
confinement effects are explicitly included and therefore, accurate
results could be reached with less expensive models.

The present work was undertaken in order to help in the under-
standing of the chemistry associated with the NO, decomposition
over Cu-ZSM-5 catalyst. We analyze using ONIOM-DFT methods,
three proposed mechanisms in the literature, by Schneider and
coworkers [44,45,49], Chakraborty and coworkers [39,40] and Igle-
sia coworkers [46]. Thermodynamic and energetic aspects of the
proposed mechanisms are analyzed to gain insight into the NOy
decomposition reactions over Cu-ZSM-5 catalyst.

2. Computational details

All calculations were carried out using the two layer ONIOM
methodology [62-65] from the Gaussian-03 (G03) package [66].
The Universal Force Field (UFF) [67] for the low level and DFT
(B3LYP) with the basis set 6-311++G(d,p) [68] for the high level cal-
culations were employed. Calculated vibrational frequencies were
scaled by a factor of 0.9679 [69]. The electronic charge distribu-
tion was analyzed using the natural bond orbital (NBO) scheme
[70,71]. Thermodynamic property calculations (free energy (AG°)
and enthalpy (AH°)) were performed at 850 Kand 2 atm to simulate
the experimental conditions [38,46,72].

In the ZSM-5 unit cell, there are 12 different T-sites. According
to theoretical studies [27,73,74], the T12 site is the most favorable
location for the substitution of Si by an Al atom. The negative charge
created by the substitution is compensated by H* (Brgnsted site)
which can be exchanged by Cu*. The high level model used in this
work consists in five tetrahedrons (5T, see Fig. 1) which contain the
T12 site. One Cu atom is placed on the T12 (Z-1Cu, the superscript
indicates the spin multiplicity) representing the exchanged Cu*.
The real model has 217 atoms, 10 atoms at high level and 207 atoms
at low level (see Fig. 1). The cluster was saturated with H atoms to
satisfy the edge atom valences and also, H atoms were used as link
between the high and low level models. Similar models have been
used in the literature to study the Cu-ZSM-5 catalyst [39,45,48-51].

3. Results and discussion
3.1. Characterization of Cu-ZSM-5 and NO-Cu-ZSM-5 systems

According to the literature [75-77], aggregates of Cu* atoms
(pairs) are formed at low Si/Al ratios due to the interaction between
to interchanged Cu* atoms. In this work, we are interested in cat-
alysts with high Si/Al ratios and very dispersed Al atoms where no
interaction between Cu* must be found. Thus, only the structure
and behavior of monovalent atomically dispersed, single Cu ions in
cationic sites will be discussed. Table 1 shows geometrical param-
eters, net charges and energy changes for the free Cu* atom and
Z-Cu system in the singlet and triplet states. The Cu-O distances
(see Fig. 1 and Table 1) in triplet state (Z-3Cu) are shorter than that
in singlet state (Z-1Cu) and the net charge on Cu in Z-3Cu (0.73e)
is lower than that in Z-1Cu (0.94e). The singlet — triplet transition
energy (AE) is greater for gas phase Cu* than for Z-Cu. According
to these results, it is clear that the zeolitic framework helps in the
stabilization of excited states. The stabilization of the triplet state
by the zeolitic framework is due to the fact that the transition elec-
tronic configuration d®s! in the Cu reduces the repulsion between
the electrons of the d orbital and the zeolitic O atoms.

It is well known that Z-Cu exhibits a strong N, adsorption
at room temperature (AH° =—17.9 kcal mol~1) [78]. According to
Fourier transformed IR (FTIR) studies [42], the band at 2295 cm™!
corresponds to the stretching frequency (vnn) of N, adsorbed on
Z-1Cu. Table 2 shows AH°, geometries and vibrational frequencies
for N, and H, molecules adsorbed on free Cu* atom and Z-1Cu
(see Fig. 2). For the 1Cu*-N, system, the calculated vyy and Ny
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Fig. 1. Cu-ZSM-5 model (Z-Cu). Minimum energy structure (a) front view and (b) lateral view. High level, ball-stick. Low level, tube. O, red; Si, grey; Al, pink; Cu, orange.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 2

AH°, geometrical parameters, net charges and vibrational frequencies for the adsorption of N, and H, on atomic 'Cu*and Z-'Cu.
System AH° (kcalmol-1) Cu-X2 (f\) X-Xa (A) Cu-X-X? (degree) Qcy a.u. vxx (cm~1)
1Cu*-N, -22.7 1.945 1.096 180.0 0.99 2366 + 37
Z-'Cu-N, -20.3 1.850 1.102 179.5 0.95 2298 + 37
1Cu*-k?H, -16.7 1.750 0.787 77.0 0.97 3677 + 37
Z-1Cu-k?H, -19.3 1.623 0.815 75.5 0.90 3273 £ 37

2 X=Nor H. Free N;: N-N=1.095 A vnn=2367cm™; Free Hy: H-H= 0.744f\; Vuu=4276cm™1.

bond distance are similar to the free N, which indicates a poor -
back donation from the Cu* d electrons to the N, antibonding "
orbital. However, the vyy obtained in the Z-1Cu-N, system is lower
(69 cm~1) than the corresponding values for free N,. This suggests
a considerable -back donation from the Cu d electrons to the N
antibonding 7" orbitals. The N, stretching frequency (2298 cm~1!)
and the AH° (—20.3 kcal mol~1) values calculated herein are in good
agreement with the experimental values reported by Datka and
coworkers [42], and Kuroda [78]. Experimental studies have shown
that Z-1Cu exhibits a strong H, adsorption at room temperature
with a band located at 3300 cm~! (shift of 1000 cm~! with respect
to the free H,), assigned to the H, stretching frequency (vyy) [79].
In order to test if our model is able to reproduce this shift, the

adsorption of H, on the Z-1Cu was performed. The results show
that, on the Z-1Cu the H, bond length increases with respect to free
H,. The theoretical vyy shift for Z-1Cu-k2H, is 1003 cm~! which
is in good agreement with the experimental results of Kazansky
and Pidko [79]. The H; frequency shift for the Cu*-k2H, system
is lower than the corresponding to the Z-1Cu-k2H, system. This
result shows clearly the electronic effects of the zeolitic framework
on the adsorption properties and also, that the Z-!Cu model and the
methodology employed seem to be appropriate for modeling the
Cu-ZSM-5 catalysts active site.

Table 3 shows some geometrical parameters, net charges, and
calculated vibrational frequencies for the adsorption of one NO,
two NO, NO, and NO3 molecules on Z-!Cu. The minimum energy

Fig. 2. Minimum energy structures: (a) k! -N; mode and (b) k2-H, mode. High level, ball-stick. Low level, tube. O, red; Si, grey; Al, pink; Cu, orange; N, blue and H, white.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)



58 R. Izquierdo et al. / Journal of Molecular Catalysis A: Chemical 348 (2011) 55-62

Table 3

Geometrical parameters, net charges and vibrational frequencies for NO, NO, and NO3 adsorption on Z-'Cu.

System N-O0 (f\) 0-N-0 (degree) vno? (cm™1) vno2? (cm™1) vNno2€ (cm™1) Vnos? (ecm™1) vnos € (cm™1)

NO 1.148 - 1916

NO- 1.248 - 1401

NO; 1.193 134.4 1346 1647

NOy~ 1.258 116.8 1291 1255

NO3 1.234 120.0 1094 1072

NOs~ 1.260 120.0 1030 1333

System Cu-NO(A) CuN-O(A) Cu-N-O CuO-N(A) Cu-ON(A) Cu-O-N Qe au.  Qnoal. Qoyal. vno(cm™')  wno (cm1)
(degree) (degree)

Z-2CuNO 1.802 1.158 150.4 1.02 -0.16 1830

Z-2CuON 1.167 1.915 143.6 0.99 -0.10 1703

Z-2Cu-k2NO 1.900 1.207 739 1.207 1.975 70.9 113 -0.31 1532

Z-1Cu(NO), 1.968 1.150 126.0 1.05 -0.10 0.10 1701¢ 18570

Z-'Cu(NO)(ON)  1.869 1.166 110.3 1.137 2.545 122.4 1.00 -0.23 -0.14 1665¢ 1869°

Z-1Cu(ON), 1.175 1.968 136.8 1.00 1610¢ 1748

System Cu-ON (f\) CuO-N (f\) ON-0 (1:\) Cu-O-N (degree) 0O-N-0 (degree) Qcy a.u. Qno2 a.u. vno2 (cm™1)

Z-2Cu-NO; 1.805 1.354 1.179 125.0 116.2 1.29 -0.56 16052

Z-2Cu-k%NO; 2.032 1.278 1.191 68.6 124.9 1.25 -0.47 15902

Z-%Cu-k3NO; 2.012 1.263 1.261 94.2 1103 133 -0.60 1362¢

System Cu-ON (/:\) CuO-N (f\) ON-0 (f\) Cu-O-N (degree) 0-N-O (degree) Qcy au. Qnos a.u. Vnos (em~1)

Z-2Cu-k3NO3 2.006 1.293 1.190 91.7 124.2 1.37 -0.63 16122

a Stretching frequency.
b Symmetric stretching vibration.
¢ Asymmetric stretching vibration.

structures are displayed on Figs. 3 and 4. In all cases, the angles
Cu-N-O and Cu-O-N are lower than 180°, indicating that NO
behaves like an anion. The anionic character of the adsorbed NO
molecule can be noticed by the negative net charge values Qno and
Qon (see Table 3). As expected, the Cu charge is positive and close to
+1. The calculated vyg for Z-2CuNO (1830cm™1) is in good agree-
ment with the experimental values 1814cm~! [9] and 1812 cm™!
[42] considering the theoretical standard deviation of +37 cm™!

[69]. The vno is 86cm~! lower (red shift) than the corresponding
to free NO due to the 1-back donation from Cu* d electrons to NO.
As the -back donation increases, the N-O distance increases and
the vno decreases. The calculated vyg for Z-2Cu-NO; (1605cm™1)
and Z-2Cu-k3NOj3 (1612 cm™1) obtained herein are in reasonable
agreement with the experimental values of 1630 cm~1 [44,80] and
1624 cm! [41] for [CuNO,]* and [CuNO3]* species, respectively.

Fig. 3. Minimum energy structures: (a) k! -NO mode by the N atom, (b) k' -NO mode by the O atom and (c) k2-NO mode. High level, ball-stick. Low level, tube. O, red; Si,
grey; Al, pink; Cu, orange and N, blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig.4. Optimized structures: (a) Z-'Cu(NO)3, (b) Z-'Cu(NO)(ON), (c) Z-'Cu(ON)3, (d) Z-'CuONNO, (e) Z-2Cu-k2NO3, (f) Z-2Cu-«3NO; and (g) Z-2Cu-k>NO0s. O, red; Si, grey;
Al pink; Cu, orange and N, blue. The low level is not shown for better understanding. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of the article.)

For the adsorption of two NO molecules, only three struc-
tures are possible: by the N atoms (Z'Cu(NO),), by the O atoms
(Z'Cu(ON),) and a mixed form (Z-'Cu(NO)(ON)). The calculated
vno values of 1857 and 1701 cm~! for Z-1Cu(NO), are in good
agreement with the experimental values of 1825 and 1730cm™!
[9,10], and correspond to the asymmetric and symmetric stretching
vibrations, respectively. For Z-1Cu(ON), and Z-1Cu(NO)(ON), the
calculated frequencies were 1610 cm~?, 1748 cm~! and 1665 cm™!,
1869 cm~! respectively. Despite that the higher frequency of each
species are in agreement with the experimental values, the lower
ones are far from then. These results suggest that the species
Z-1Cu(ON), and Z-1Cu(NO)(ON) could not exist or they are minori-
ties and not observable at experimental conditions.

3.2. Thermodynamic and NOy interaction with Cu-ZSM-5

Tables 4 and 5 show the AH° and AG° values at 850K and
2 atm for some relevant reactions for NOy decomposition by Z-1Cu.
According to the reactions (7) and (9), the adsorption of one
NO by the N atom, Z-2CuNO (AH°=-30.8kcalmol-1) is ther-
modynamically more favorable than the corresponding by the
O atom, Z-2CuON (AH°=-14.8 kcalmol~1). These results are a
consequence of the better overlapping between the N p orbitals
with Cu orbitals than the overlapping between O and Cu orbitals
and therefore, the interactions by the N atom are energetically
more favorable than the interactions by the O atom. The calcu-
lated value of —30.8kcalmol~! is in good agreement with the
values reported in the literature of —23.9kcalmol~! [42], and
—29.9kcalmol~! [27]. According to our calculations, adsorption
and desorption of one NO molecule by Z-'Cu are barrierless pro-
cesses (see Supplementary Material, Figs. A1 and A2). The Z-2CuNO

and Z-2CuON species can adsorb a second NO by the N or O
to form Z-1Cu(NO);, Z-1Cu(NO)(ON) and Z-1Cu(ON), (reactions
(10)-(13)). While in general, the adsorption enthalpy of a second
NO molecule is negative, the Gibbs free energy is positive and
greater than the corresponding to the first NO molecule. Thus,
under normal operating conditions, the equilibrium fraction of
Z-1Cu(NO),, Z-1Cu(NO)(ON) and Z-1Cu(ON), will be small com-
pared to that of Z-2CuNO or Z-2CuON. Due to the high adsorption
energy of the first NO molecule, the Z-1Cu(NO),, Z-1Cu(NO)(ON)
and Z-'Cu(ON), net formation reactions (reactions (15)-(17))
are exothermic, but are not very spontaneous at 850 K. At room
temperature, pressure calculations (298K and 1atm) show that
the formation of Z-2CuNO (reaction (7), AG°=-18.1kcalmol-1),
Z-2CuON (reaction (9), AG°=-3.1kcalmol-1), and Z-1Cu(NO),
(reaction (15), AG® = —5.6 kcal mol~1) species are spontaneous and
therefore all these species could be present at the reaction site
simultaneously. Clearly, at high temperatures the equilibrium frac-
tion of species such as Z-1Cu(NO),, Z-1Cu(ON), or Z-1Cu(NO)(ON)
will be low compared to that of Z-2CuNO or Z-2CuON. This result is
consistent with experimental IR studies which show that Z-2CuNO
and Z-1Cu(NO), species coexist in equilibrium at room tempera-
ture [9,42,43] but not at 773K [39]. Increasing the temperature,
the Z-1Cu(NO), concentration decreases faster than the Z-2CuNO
or Z-2CuON concentration.

Additionally to the Z-2CuNO and Z-2CuON species, another local
minimum was found where the NO is bonded to the Cu atom by
the N and O atoms (Z-2Cu-k2NO). Starting from Z-'Cu and NO,
the Z-2Cu-k2NO formation is exothermic (reaction (8)). As far as
we know, this is the first time that a k2NO adsorption is reported.
The NO interaction with the metallic center produces an enlarge-
ment of the N-O distance from 1.15 to 1.21A and a strong red
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Table 4
AH° and AG° (kcal mol~1) values at 850.15 K and 2 atm for NO adsorption and N, 0,
N, formation.

Reaction AH° AG
NO adsorption

Z-'Cu(s) +NOg) = Z-?CuNOys (7) -30.8 -6.9
Z—ICU(S) +NOg) = Z—ZCU—KZNO(S) (8) -19.2 6.6
Z-'Cugs) +NO(g) = Z- CuON(s) (9) -14.8 6.9
Z- ZCuNO(SH—NO(g)ﬁ Z-'Cu(NO)ys (10) -0.7 28.1
Z-2CuNO(s) +NO(g) = Z-'Cu(NO)(ON)5 (11) 6.3 36.3
Z-2CuON) +NOg = Z-"Cu( NO)(ON)S) (12) -9.7 225
Z->CuON5) +NOg) = Z~'Cu(ON)y(s (13) -3.5 26.2
Z-2CuON() + NO(g) = = 3CuONNO (s) (14) -03 315
Net reactions for two NO adsorption

Z-'Cu(s) +2NOgg) = Z-'Cu(NO)ys) (15) -315 21.2
Z-'Cu(s) +2NOgg) = Z-'Cu(NO)(ON)() (16) —245 29.4
Z-"Cu(s) +2NO(g) = Z-'Cu(ON)ys) (17) -18.4 33.1
Interconvertion net reactions

Z-2CuNOg) = Z-2Cu-k?NOy (18) 11.0 11.7
Z-2Cu-k*NO() = Z-*CuON (19) 4.6 33
N, O formation

Z-2CuNOy5) +NOyg) = Z~'CuOy5) + N2 Oy (20) 33.8 474
Z- ZCuNO(5)+NO<g); Z- 3Cu0(5)+N20(g) (21) 9.0 19.6
Z- CuON(s) +NO(g) = Z-'CuOs) + N2 O (22) 17.8 336
Z-2CuON5) +NOg) = Z->CuOys) + N2 Oy (23) -6.9 5.8
Z-'Cu(NO)y5) = Z-'CuO(s) + N2 O(g) (24) 345 19.2
Z-'Cu(NO)(ON)s) = Z-'CuOys) + N2 Oy (25) 27.5 11.1
Z-'Cu(ON)y5) = Z-'CuO(s) + N2 O(g) (26) 214 7.4
Z-3CuONNO;) = Z->CuOy) + N2 Oy (27) -6.6 -25.7

Net reactions for N, O formation from two NO adsorption

Z-'Cug) +2NOgg) = Z-'CuOy,) + N, Ogg) (28) 3.0 405
Z-'Cugs) +2NOgg) = Z-3CuOg) + N> O (29) 217 12.8
Z-'CuO) = Z->CuOy) (30) -24.7 -27.7

N, formation

Z-! QU0 + N3Oy = Z-! Cu-kc! Oty + Noggy (31 —238 -341
Z-3Cu0(g) + Ny Oyg) = Z-3Cu-k 02(5)+N2(g) (32) ~142 ~318
Z- CUO(S +N20(g)‘* Z-1Cu-k 02(5)+N2(g) (33) —34.5 —40.1
Z-3CuOg) + N2Og) = Z—3Cu-Kk2Oy5) + Nog)  (34) —23.7 -326
Z—lCu(s) 4 N2Og) = Z-'CuONy) (35) ~19.38 11.0
Z-1CuONy) = Z-'CuOys) + Nogg) (36) 454 538
Z-'CuONy(5) = Z->CuO(s) + No(g) (37) 20.6 -21.9
Z-1Cugg)+ N2Ogy = Z-'CuOys) + Ny (38) 25.6 16.8
z-! CU(S) + NzO(g] = Z*3Cu0(5) + Nz(g) (39) 0.8 -10.9

Table 5
AH° and AG° (kcal mol~1) values at 850.15 K and 2 atm for NO,, NO3 formation and
0O, desorption.

Reaction AH® AG®

NO, formation

Z-'CuO(5) +NO(g) = Z-2Cu-NOys (40) —66.1 -41.5
Z- 3CUO(5]+NO(g)‘* Z-2Cu- NOz(s) (4]) —-41.4 -13.8
Z-'CuO(s) +NOgg) = Z-*Cu-« NOZ(S) (42) -72.7 —44.2
Z- CuO )+ NOg) = Z-?Cu-k*NOys (43) -47.9 -16.5
Z- CuO(s)+N0(g); Z-2Cu- K3N02(5) (44) -77.5 -47.8
Z-3Cu0(s) + NOgg) = Z-2Cu-Kk>NOy (45) -52.7 -20.0
NO; desorption

Z-2Cu-NOy() = Z-'Cugs) +NO> (46) 185 34.1
Z-2Cu-Kk*NOy) = Z-'Cugs) + NO, (47) 25.1 36.7
Z-2Cu-k>NOys) = Z-'Cus) +NO, (48) 29.8 40.3
NOj3 formation

Z-'CuOs) + NOy(g) = Z-?Cu-k>NOs) (49) -76.9 -81.7

Z-3Cu0(s) + NOy(g) = Z-2Cu-Kk>NOs(q) (50) -52.2 -54.0
NO3 decomposition

Z-2Cu-NOys) = Z-Cu-! 0y +NOg) (51) 75.2 38.4
Z-2Cu-k>NOs() = Z->Cu-k' Oy +NOg) (52) 59.9 12.8
z 2cyu- K3N03(5 = Z-1Cu-k20y5) + NO(g) (53) 64.4 32.3
Z-2Cu-k3NOs(g) = Z-3Cu-k20s5) + NOg) (54) 50.4 12.1
(6] desorption
Z-1Cu-K' Oy = Z-'Cugsy+ ' Oagg) (55) 33.1 9.9
Z-3Cu-k 02(5)‘:, Z- 1CU(5) 302(g) (56) 9.8 —4.86
Z-1Cu-K205) = Z-'Cusy + ' Oggg) (57) 439 16.4
(58)2—3Cu—|<202(5)=2 1Cugey +30yg) 193 —41
0, displacement by NO
(59)Z- ICu- K102(5)+N0(g)~yz ZCUNO(S)"']Oz(g) 2.4 3.1
(60)2-! Cu-20y5) +NOyy) = Z-2CuNOy5 + Oy 13.1 9.2
(61)Z-3Cu—k! Oy(s) + NOg) = Z-2CuNOy¢) +3 Oy 209 117
(62)Z Z-3Cu-k 02(5)+N0(g)ﬁ2 ZCUNO(5)+302(E) -11.5 -11.0

Z-'Cu +NO
0 —
0.0:
—A -5 T
i : Z'TS2
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Fig. 5. Potential energy surface (PES) of Z-2CuNO, Z-2CuON and Z-2Cu-k2NO
speciesinterconversion. The relative energies are with respect to Z-' Cu+ NO species.

shift of 384 cm~1 (1532 cm~1) which indicates considerable charge
transferred from the Cu to NO molecule. In order to explore if the
Z-2CuNO, Z-2Cu-k2NO and Z-2CuON species are interconnected
by a reaction pathway, a potential energy surface calculation was
performed (see Fig. 5). The results indicate that in a first step, the
Z-2CuNO (at the left of Fig. 5) could be converted to Z-2Cu-k2NO
passing through the Z-2TS1 transition structure with an activa-
tion energy of 14 kcalmol~! (imaginary frequency of —358cm™1).
Analogously, the Z-2Cu-«k2NO could be converted to Z-2CuON
passing through the Z-2TS2 transition structure with a less activa-
tion energy of 8.9 kcalmol~! (imaginary frequency of —323cm~1)
(see Fig.5). These moderate values obtained for the activation ener-
gies indicate that the Z-2CuNO, Z-2CuON and Z-2Cu-k2NO species
could be present simultaneously at the reaction site in a dynamic
equilibrium.

There is some evidence in the literature that N, O is formed dur-
ing the reduction of NO [38,41,44-46,72]. To shed some light on
this problem, we have undertaken quantum chemical modeling of
the N, O formation (reactions (20)-(30)). The NO adsorbed (NO,4s)
on Z-1Cu (Z-2CuNO or Z-2CuON) can react with one NO molecule
to produce N0 plus Z-CuO. Some authors [44-46] have proposed
that this reaction can occur in two steps; first, the formation of some
kind of Z-1Cu(NO), species followed by the decomposition of this
species in N0 and one adsorbed O atom (O,q;). According to the
results presented in Table 4, the most favorable reactions for N,O
formation are the reactions (23) and (27), and the less favorable are
20 and 22. This is a consequence of the fact that the Z-3CuO species
is energetically more stable than Z-1CuO species. Consequently,
reactions with Z-1CuO species formation are thermodynamically
less favorable than those with Z-3CuO species formation. Schnei-
der and coworkers [44,45] proposed that the N, O is produced by
the interaction of Z-2CuON species with NO, while Bell and cowork-
ers [39,40] proposed that the interaction of Z-2CuNO with NO to
produce N,O. They reported that both paths are thermodynami-
cally favorable and therefore possible reactions of the mechanism.
Our results show that both species Z-2CuON and Z-2CuNO are
interconnected through the Z-2Cu-k2NO species with moderate
values of activation energies. Therefore, there are two possibili-
ties for N,O formation: first, the Z-2CuON as well as Z-2CuNO
species coexist at the experimental reaction conditions, intercon-
nected by Z-2Cu-«2NO and the N,O is produced by both species.
Second, at the first step the NO is adsorbed only by the N atom pro-
ducing the Z-2CuNO species, which changes to Z-2CuON through
Z-2Cu-k2NO intermediate. The NO interacts with Z-2CuON to pro-
duce the corresponding products.
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According to Schneider and coworkers [45], NO reacts with
Z-2CuON to produce the Z-3CuONNO species, which decomposes
to N,O and Z-CuO with an activation barrier of 7kcalmol!.
Although, this reaction has a low activation barrier, at 850K it is
only slightly exothermic (reaction (14)) and the positive AG value
indicates that this is in an unfavorable process. Unfortunately, the
reaction pathway with the Z-2CuNO species has not been reported
yet. Therefore, it is not possible to conclude which pathway is the
most feasible. The aforementioned results seem to indicate that
there is a compromise between kinetic and thermodynamic in the
N,O formation. High temperatures favor the kinetic but disfavor
the thermodynamic of the reaction.

According to the proposed mechanisms in the literature, the N,
formation can occur from N,O and Z-31Cu0O [39,40,44,45] (reac-
tions (31)-(34)) or from N, O decomposition by the active site [46]
reactions (35)-(37). In general, N,O decomposition by Z-31Cu0 is
thermodynamically more favored than the corresponding by the
active site. The calculations show that the overall reaction of Z-1Cu
with one N,0 molecule to produce Z-3CuO plus one N, molecule
(reaction (39)) (AH°=+0.8 kcal mol~'and AG°=-10.9kcalmol-1)
is thermodynamically more favored than the corresponding
to the singlet state product formation Z-1CuO (reaction (38))
(AH°=+25.6kcalmol~! and AG°=+16.8 kcal mol—1). This is a con-
sequence of the greater stability of Z-3CuO with respect to the
Z-1Cu0 species. According to the former discussion, the N,O
decomposition is thermodynamically feasible by two paths: reac-
tion (35) followed by (37) or the reduction by the Z-3CuO or Z-1Cu0O
species (reactions (31)-(34)). As we have not determined activation
barriers, it is not possible to conclude which pathway is the most
probable.

In the mechanisms proposed in the literature [39,40,44-46]
the active site, Z-1Cu, is regenerated by O, desorption (reactions
(55)-(58)). Herein, the calculated AH° value for O, adsorption
(reverse reaction (58)) —19.3 kcal mol~! is in good agreement with
the experimental value of —18 kcalmol~1 [46] pointing out that if
Z-Cu is the active site, the O, will be adsorbed in a k? mode. As
expected, the O, desorption (reactions (56) and (58)) is thermody-
namically favored at 850 K. However, the O, displacement by NO
(reactions (61)and (62)) are more favored thermodynamically than
the corresponding to O, desorption therefore it is likely that in the
reaction condition the active site is regenerated by reaction (61) or
(62) instead of O, desorption.

Iglesia and coworkers [46] have proposed a series of reactions
among NO, O, and NO, to guarantee the quasi-equilibrium nature
for the O, desorption. NO interacts with 0,45 on Z-1Cu (reactions
(40)-(45), Table 5) to form NO,, which in a second step is liber-
ated (reactions (46)-(48)). After that, NOjs is formed (reactions (49)
and (50)) followed by its decomposition (reactions (51)-(54)) and,
in a final step, O, is desorbed (reactions (55)-(58)). Table 5 shows
that NO, formation from Z-13CuO plus NO is thermodynamically
favored but its desorption is not (reactions (46)-(48)) in agree-
ment with previously published results [39]. On the other hand,
the NO3 formation (reactions (49) and (50)) is thermodynamically
very favorable but its decomposition into Z-CuO, plus NO is not.
According to the above discussion, it seems likely that the NO, and
NO;3; formation from a thermodynamic standpoint is the driving
force of the O, formation in the mechanism proposed by Iglesia
and coworkers [46].

4. Conclusions

Using DFT-ONIOM calculations we have examined the struc-
tural, geometric, vibrational and thermodynamic properties of
some possible intermediates involved in the DCD-NOy catalyzed
by the Cu-ZSM-5. The most relevant aspects of this work are:

(a) Calculations of vibrational frequencies for the interaction of the
Z-Cu system with N5, Hy, NO, NO, and NO3 molecules as well as
the N, NO and O, adsorption heats, show good agreement with
experimental data. This suggests that a representative model
and adequate methodology have been selected.

(b) For the first time the Z-2Cu-k2NO species which is in a
dynamic equilibrium with the Z-2CuNO and Z-2CuON species
isreported. The low activation barriers (13.9 and 8.8 kcal mol~1)
for the pathways connecting the Z-2CuNO, Z-2CuON and
Z-2Cu-k2NO point out that both Z-2Cu-NO and Z-2Cu-ON
species could be present at the reaction conditions.

(c) The analysis of the AH° and AG° shows, from a thermodynamic
standpoint, that active site is regenerated by the reaction of O,
displacement by NO and in lesser extent by the O, desorption.

(d) Desorption of NO, and NO3 decomposition reactions is not ther-
modynamically favored, if these processes occur in the reaction
medium it is because the reactions are kinetically controlled.
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