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Quantum chemical calculations have been performed using density functional theory to model the mechanism
of selective catalytic reduction of NO by Nign vanadium oxide. The reaction is initiated by Nidisorption

on a Brgnsted site modeled as a dimer cluster model representative of vanadium oxide, containing a terminal
V=0 adjacent to a VOH group. The calculations indicate that the adsorbed bdthaves as NH, which

is supported by calculated IR spectra. Subsequently NO reacts with this activated Meld NH,NO and

finally the reaction products Nand HO. The present results give support to a dual-site ERieal-type
mechanism involving a Brgnsted site and agree with isotopic labeling studies.

I. Introduction all three species: NO, Ndjand/or Q. Furthermore, it has been
shown that, among the NHand NO reactants, only NHs
strongly adsorbed® Gasioret al* concluded from both IR and
XPS measurements on single-crystal surfaces@is\that the
SCR proceeds via participation of ammonia adsorbed on
Brgnsted acid sites. The important role of Brgnsted acid sites
in SCR of NO has been confirmed recently by in situ FTIR
studies on titania-supported vana#fial® Odriozola et al®
showed by means of Auger electron spectroscopy and thermal
desorption spectroscopy that NO adsorbs only on titania and
on reduced vanadia, but not on oxidized vanadia surfaces. A

Because of its environmental importance, the selective
catalytic reduction (SCR) of NChy NH3 has been extensively
studied. Important features of the reaction have been sum-
marized in reviewd. Among the various catalysts which are
active in SCR of NO, vanadia-based catalysts are most widely
applied due to their excellent activity, selectivity, and stability.
Most of the industrial SCR catalysts contain the active vanadia
dispersed on Tig which proved to be the most suitable single
oxide support material. Additional components used are SiO
for structural promotion and W¢Xor broadening the temper- - ; . - L .
ature range for reaction. In this light it is not surprising that S'm'l‘% behavior was found using positron-emittitfNO in
most experimental studies on the reaction mechanism have beerrCR:

carried out either on titania-supported vanadia or on pure, According to Ramiset al,'* the reaction proceeds via
unsupported vanadia catalysts. Different reaction mechanismsa@mmonia adsorbed on Lewis sites of vanadia. This mechanism

have been proposed and discussed in the literatdte Both contrasts those described above, where ammonia bound to
the reaction mechanisms and the nature of the active vanadiaBrensted sites was suggested to be crucial.
sites are still debated. Although considerable experimental evidence is available
It is generally accepted that the vanadium-catalyzed SCR of concerning the initial step (ammonia adsorption) of SCR, the
NO proceeds according to the following stoichiometry: subsequent steps have not been clearly elucidated experimentally
so far. Theoretical studies of the thermal dgNfboces3!—28
4NO + 4NH; + O, — 4N, + 6H,0 suggest the reaction of NHvith NO to be a primary product

channel leading to Nand HO, where NHNO has been
Several studie3391213evealed that ammonia adsorbs on both Cconsidered to be a crucial intermediate. The secondary products
Bransted acid sites (associated with @H surface groups) and  from this channel seem to be;N + OH?-2%2424which act as
Lewis acid sites (coordinated form) on vanasiitania catalysts, ~ the chain-branching step allowing the process to pro€eed? >
which gave rise to different suggestions concerning the reaction The objective of the present study is to elucidate the role of
mechanism. Based on IR spectroscopic studies, Taktadp 14 the NH + NO interaction in the heterogeneously catalyzed SCR
proposed a LangmuitHinshelwood-type mechanism involving ~ process. This aim has been brought about by means of a density
NO, adsorbed as N{Os + NO), and NH adsorbed as Ni. functional theory (DFT) investigation with special focus on (i)
In contrast, Inomatat al.3 deduced from gas chromatographic the reaction involving an activated N¥ with an incoming NO
(GC) and IR spectroscopic investigations thatNldcts as the and (ii) the potential energy surface of the adduct;NB.
active ammonia species and reacts with gas phase NO according The finite cluster approximation to an infinite surface of a
to an Eley-Rideal-type mechanism (ERM). Janssanal.’s substrate is widely used in model studies of chemisorption/
further supported this mechanism by isotopic transient studies desorption processes in heterogeneous cata@ysf. This
involving 80, and **N,, which indicated that ammonia does approach is valid when the adsorbate creates rather short-range
not react with @ or O from any source during the reaction; perturbation of a substrate, localized mainly on the active site
nitrogen and nitrous oxide are produced by a reaction involving responsible for substratedsorbate bonding. Assuming these
conditions to prevail, a ¥OgH cluster (sedl. in Figure 1) ofCs

: E‘r’m‘;"ehrg?y %‘?rg:ﬁgcg_egzii‘gf}gz?ﬁogdggefgf?d- symmetry has been taken to model the surface, in which V atoms

+ Swiss Federal Institute of Technology. FAX:41/1/632 11 63. adjacent to the cluster were substituted by terminal H atoms.
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Figure 1. V,0qH clusterl used to model the interaction between NH
and \,Os surfaces. Distances are in angstroms and angles in degrees

use of embedded clusters, this approximate treatment can b
justified as recently demonstrated by Witbal.,3* who showed
that the electronic structure of the oxygen sites is not changed
if the substrate cluster is increased beyoryDyH. Further,
saturation of the peripheral oxygen bonds by hydrogen has only
a minor influence on the oxygen sit&s¥ In a previous worl3

we found that DFT calculations were able to reproduce
accurately both the %0 and the \-OH bond lengths derived
from experimental investigatiorf8. We also showed that NH
may be adsorbed on )05 as a Brgnsted-bound ammonia
yielding 2a and 2b (Figure 2a,b), in agreement with experi-
mental studie€121618 The chemisorption complex of N

in 2a has been found to be energetically favored by 14.2 kcal/
mol compared to that i@b. The adsorption energy of NHbn
V,0gH (25.0 kcal/mol) calculated in a previous stéélggrees
well with NH3 desorption enthalpies derived from temperature-
programmed desorption measurements28 kcal/mot® and
22-28 kcal/mot® carried out over vanadia- and titania-

€
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1), 288 forl + NH3 (Figure 2a,b), and 326 fdr+ NH3; + NO
(Figure 3). The basis sets required by the LCGTO-DFT model
to fit the electron density and the exchangerrelation potential
have been chosen as V(5,5;5,5), H(5,1;5,1), N(5,2;5,2), and
0(5,2;5,2).

Vibrational analyses were carried out analytically on the
optimized structureqd, 2a, and2b derived from calculations
using the Gaussian-94/DFT program pack&ydhe 6-31G*

(for H, N, O) and 6-311G** (for V) basis sets were used in
these calculations. The starting geometry of the various species
used to model the deN@roces® has been taken from previous
calculations performed with the deMon package. The structural
parameters of the six coplanar—® groups bonded to the
vanadium atoms have been kept frozen. Each peak of the
simulated IR spectra has been assumed to exhibit the shape of
a Lorentzian curve in which the width at half-height has been
taken equal to 4 cmi.

The potential energy surfaces of the initial adduct,NB
and its dissociation reactions have been investigated by using
the Gaussian-94/DFT program packdfeThe 6-311+G**
basis sets were used for H, N, and O, and extrafine integration
grids have been taken in these calculations. The initial geometry
of both intermediates and transition states of the relevant reaction
steps were extracted from a previous work of Duan and Plage.
In order to consistently explore the influence of the exchange
correlation part on the energetics, a set of three exchange
correlation functionals have been used: (i) the BeRdlwee-
parameter hybrid method using the Lee, Yang, and Parr
correlation functionaP! (B3LYP), (ii) the Becke's 1988
exchange functiondl and the Perdew and Wang's gradient-
corrected correlation functiorfd(BPW91), and (iii) the BP8646

The calculated harmonic frequencies have been compared
with observed frequencies that contain anharmonic contributions.
Neither the calculation of anharmonic vibrational energy levels
nor experimental determination of harmonic frequencies is
routinely practical for polyatomic molecul&%:55 It requires
detailed knowledge of both quadratic and anharmonic force
constants, and it is only feasible for very small molecules.

Ill. Results and Discussion

The harmonic vibrational frequencies have been calculated
analytically forl, 2a, 2b, NHz, and NH™. Both the ammonia
and the ammonium ion were previously optimized at the same
level of theory used fot, 2a, and2b. The results are listed in
Tables 4, and the simulated IR spectra are displayed in
Figures 3 and 4. Structur@a exhibits harmonic frequencies
that are all positive, where&b has one imaginary frequency

supported vanadia, suggesting nonactivated ammonia adsorption(258i cnT), suggesting thaa is a local minimum an®b a
Furthermore, we have also evidenced the distorted geometryyransition state. The simulated IR spectr@afNHs, and NH*

of the chemisorbed ammonium ié#.

Il. Computational Method

The linear combination of the Gaussian-type orbital-model
core potential-density functional theory (LCGTO-MCP-DFT)
method?~#* and its corresponding deMon packébkeas been
used. The nonlocal gradient corrections as suggested by Becke
for exchange and Perdé®for correlation functionals (BP86)

have been superimposed in Figure 5. A comparison of these
spectra with the in situ IR measured under reaction conditions
supports the suggestion that the SCR reaction is initiated by
NH3 adsorption on a Brgnsted acid site-{@H).1"~1° Adsorbed
ammonia is then activated by the transfer of H to an adjacent
V5= 21216-18 The present calculations agree with earlier
experimental studielwhich uncovered a direct correlation
between the concentration of the Brgnsted acid sites and NO

have been used in this study. All the core and valence electronsconversion, and they are consistent with the observed formation

were explicitly taken into account. The one-electron (orbital)
basis set used in the calculations has been optimized for
LCGTO-MCP-DFT by Godbougt al*” In our case, the V and

H basis sets are of doubfeplus polarization quality, and triple-
plus polarization quality for N and O, the contraction patterns
being V(63321/531/41), H(41/1), N(5211/411/1), and O(5211/
411/1), which leads in the usual six-component d-type Cartesian
Gaussian functions to basis sets of dimension 254 {igure

of new reduced WVOH specie$:12

In a subsequent step, efforts toward elucidating the reaction
involving 2a and an incoming NO have been undertaken. A
plausible initial position of NO has been deduced by sampling
the potential energy surface 8fby performing single-point
calculations. The resulting structudeis displayed in Figure
6. Then 4 has been optimized by freezing the structural
parameters of (i) the oxygen atom bridging the two vanadyl
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Figure 2. (a) NH; adsorption orl. The activated compleXa has aC,, symmetry. Distances are in angstroms and angles in degrees. (b) Alternative
NHs adsorption orl. The transition stat@b has aC,, symmetry. Distances are in angstroms and angles in degrees.

L = S — TABLE 1: IR Frequencies of the Activated Complex
3 NH4V,03(0OH)e 2a Calculated Using the Gaussian-94/DFT
0 F ﬂ ﬂ Program Package and BP86 ExchangeCorrelation
s E M Functional
7 3 frequency (cm?) symmetry intensity mode description
3 3495 B1 w VasymN—Hg?
g “F 3409 Al w VeymN—Hy?
§ sof 2503 Al vs Veym N—H!
5 2228 B2 w VasymN—Hg?
2 4F 1663 Al m OsymN—H
< ok 1568 B1 w yeymN—H
3 1483 Al m OasymN—H
wE 1252 B2 w yeymN—H
E 915 Al m Osym V=0
0E 838 B2 vw OasymV=0
0 F PR STU YT S T WA (U ST SO S T SN ST ST S (NP UNT S S S T S S W S (Y A W ST U U H H b H H
4000 3500 3000 2500 2000 1500 1000 500 *H pointing away from ¥=0. ®H pointing to V=0.
Frequencies cm-! TABLE 2: IR Frequencies of the Transition State

Figure 3. Simulated infrared spectrum &f Each peak of the simulated ’I;Iga\ﬁ;%g?a‘g(ﬁaég ggécgg%eg EUXsclﬂgntggc%ﬁtgg%nn- 94/DFT
IR spectra has been assumed to exhibit the shape of a Lorentzian curvg=;nctional

in which the width at half-height has been taken equal to 4'cm

frequency (cm?)  intensity frequency (crit)  intensity
groups, (ii) the vanadium atoms, and (i) the six planaft® 3479 vw 1417 s
groups bonded to the vanadium centers. This led to the release gggg yw 18?2 ;n
of the adduct ENNO (N—nitrosamide)m.1 (local minimum) 3272 m 627 m
from a V**—OH moiety5 as shown in Figure 7a,b. The heat 2134 Vs 258i vw
of this reaction was found to be equaHd8.2 kcal/mol ¢-17.0 1428 w

kcal/mol including the zero-point energies correction), corre- 10 us was suggested as a primary step in the reaction
sponding to an endothermic process. Unfortunately, there areqachanism leading to Nand HO products®

no experimental data oAHo for the formation of NHNO The VA*—OH species can be reoxidized by either NO er O
reported in the literatur& Note that no experimental evidence g regenerate ¥ =025 the reaction rate is enhanced in the
for the formation of NHNO has been found so far under the presence of @6 Duffy et al5” showed that, in the absence of
SCR conditions. However using a dual-vacuum chamber O,, reoxidation must be accomplished by nitric oxide. The
quadrupole mass spectrometer system Farber and HMarris results of their isotope studies indicate that nitrogen atoms so
observed NENO as a major reaction product of the reaction released end up as ammonriglHz is obtained by using®NO

of NH3 and NO on a vanadium oxide catalyst at 3G@O0 °C. as an incoming species. The structural parameters and the
The formation of NHNO adduct with a minimum lifetime of  corresponding simulated IR spectracadire displayed in Figure
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TABLE 3: IR Frequencies of NH3 Calculated Using the
Gaussian-94/DFT Program Package and BP86
Exchange-Correlation Functional

frequency (crm?) symmetry intensity mode description
3468 Al vw VsymN—H
3332 E VW VasymN—H
1686 Al % 0aN—H
1116 E 'S 0sN—H

TABLE 4: IR Frequencies of NH," Calculated Using the
Gaussian-94/DFT Program Package and BP86
Exchange-Correlation Functional

Gilardoni et al.
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Figure 4. Simulated infrared spectrum &g
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Figure 5. Superposition of simulated infrared spectr&af NHs, and
NH,* .

Figure 6. Initial geometry4 used to model NO reacting witBa.
Distances are in angstroms and valence angles in degrees.

assigned as a hydroxyl on a reduced vanadium cent&t;-V
OH, in perfect agreement with the present calculations.

The calculation of the transition state for this reaction turned
out to be an intricate task, and no convergence could be achieved
using the Gaussian-94/DFT package. However, the barrierless
association of Nlwith NO?! prompted us to concentrate on a
further aspect of the SCR mechanism. Portions of the potential
energy surface of the dissociation reaction of Ni& were
characterized by three different gradient corrected methods, i.e.
B3LYP, BPW91, and BP86. The results are displayed in Tables
5—8, and the structures of both intermediates and transition
states are illustrated in Figure 9. A schematic potential energy
diagram of the NENO dissociation reaction is shown in Figure
10. The qualitative mechanism emerging from these calcula-
tions proceeds initially with the association of an adsorbed

7b and Figure 8, respectively. These calculations indicate thatammonia with NO to form a highly energized MRO (Im.1)

(i) 5is a local minimum (no imaginary frequency exhibited),
(i) neither V—0OH, nor V—0OH, exhibits structural or spectro-
scopic properties similar to those found for the vanadia hydroxyl
group in1, (ii) Hy is stabilized by interaction with the lone
pair of the oxygen atom bonded to,Hiv) Hy and H, are
drastically different, and (v does not release water spontane-
ously. The bond lengths differ by 0.062 A forAD and 0.028

A for O—H. The O-H stretching modes(O—Hz) andv(O—

Hp) are localized at 3612 and 3105 cirespectively, and the
corresponding bending modes at 740 and 943%cnThe new
hydroxyl band we calculated at 3612 chhas also been
observed by Topsget al585%and R. C. Adamst al 5% around
3650-3700 cn1?, through the SCR reaction pathway. It was

adduct, which can undergo a 1,3 H atom migrati¢s 1j,
yielding an HNNOH speciedrfi.2), again with considerable
excess internal energy. This species, which has a trans
conformation with respect to the NN bond and a cis conforma-
tion concerning the NO bond, must isomerize to a cis conforma-
tion of the NN bond and a trans conformatidm(5) of the

NO bond before it can undergo a second 1,3 H atom migration,
yielding N, and HO products. These isomerizations can take
place in either order. Isomerization around the NO bdad)

is performed by simple torsional rotatiolm(3), while isomer-
ization around the NN bondn\.4) occurs by passage through

a linear HNN transition stateq.3). The concerted molecular
H> elimination from the cis-cis HNNOH complex|fn.4) yields
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Figure 7. (a, left) Model of the reaction between adsorbeds;N¥th NO, releasing the moiet$. (b, right) Structure ob.
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Figure 8. Simulated infrared spectrum &f

H. + N2O. The high activation energy, about-300 kcal/mol
(Table 7), probably results from the inability of the system to
exhibit a linear arrangement of the® fragment while keeping
the two H atoms in close proximity. The bond lengths derived
by the BPW91 and BP86 exchangeorrelation functionals are

The relative energies of intermediates and transition states
are listed in Table 7. Again, the BPW91 and BP86 functionals
lead to similar results with a mean deviation close to 0.5 kcal/
mol. On the other hand, the energy barriers derived by using
the B3LYP functional are higher by an amount of2 kcal/
mol. The discrepancy increases to 8 kcal/mol for the energy
of the overall reaction NENO — N, + H»0.

DF methods yield vibrational frequencies that are consistently
closer to experiment than those obtained with the HartFexk
(HF) and MR methods. There is an improvement in going
from the nonlocal functionals to the hybrid density functional
method$45% The latter lead to harmonic frequencies that are
between those calculated with HF (largely overestimated) and
MPn, and pure DF method$1-%* The computed harmonic
frequencies for the intermediates are displayed in Table 8. The
BPW91 and BP86 functionals lead again to similar results for
»(NN) and »(NO) but are slightly different forv(NH) and
»(OH). The frequencies derived by using the B3LYP functional
are higher and drastically different. In this case, the mean
deviations vary from 60 cr for »(NN) andv(NO) to 120 cnt?t
for v(NH) andv(OH) as compared to that estimated by BPW91.

Finally, the mechanism suggested from the above calculations
is in accordance with isotopic labeling stud®¥ and 13N

deviation between the results deduced from these two functionalsPa@sed catalysts Nis primarily formed by a nitrogen atom

is about+0.002 A. On the other hand, the B3LYP functional

leads to shorter bond lengths as compared with BPW91. The

mean deviations vary from0.012 A for S(N—N), 6(O—H),
and 6(N—H) to —0.024 A for 5(O—N). The same trend is

observed for the transition state geometries, but in this case

the mean deviation fod(O—N) is larger 0.054 A). The
valence bond angles calculated by B3LYP differ significantly
from those deduced from BP86 and BPW911((®). The
absolute deviation increases to 2for a(N—N—H) for linear
HNN transition statest$.3 andts.5). The dihedral angles are
equivalent whatever exchangeorrelation functionals are used.

originating from nitric oxide and one from ammonia. The
relevance of the mechanism studied by considering a dimeric
cluster model mimicking the active sites of a vanadium
pentoxide surface certainly has its limitations. Although pos-
sible influences due to the presence of the support or promotors

‘are not taken into account, comparative catalytic studies

performed on titania-supported vanadia and unsupported vanadia
revealed a similar catalytic behavior at temperatures up to 350

°C. Thus it seems that the reaction mechanism governing on

pure vanadia is also relevant for (titania)-supported vanadia and

consequently for the vanadia-based catalysts used in industrial
applications.
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TABLE 5: Structural Parameters (A and deg) of Intermediates in the Dissociation Reaction of NHNO Calculated Using the
Gaussian-94/DFT Program Package and the B3LYP, PW91, and the BP86 Exchang€orrelation Functionals

0- 0- 0- o- - o- o- o- o- o- o- o-
(H—0) (O—N) (N—=N) (N—H1) (N-H2) (H—O—N) (O—N—N) (N—N—H1) (N—N—H2) (H—O—N-N) (O—N—-N—H1) (O—N—N—-H2)

Im.1 1222 133F 1.01% 1.00¢ 114.2 119.® 116.9 0.12 179.9
1233 1.34% 1.027 1.016 114.0 120.3 116.9 0.1 179.9

1.235 1.34F 1.029 1.018 113.9 120.2 116.9 0.1 179.8

Im.2 0.983 1.367 1.236 1.027 106.6 112.¢ 106.2 0.7 180.¢
0.994 1.37P7 1.25¢ 1.03%4 105.9 111.8 105.8 0.0° 180.0
0.997 1.379 1.25r 1.037% 105.7 111.% 105.4 0.0¢ 180.¢
Im.3 0.97¢ 1.393 1.23F 1.028 103.¢¢ 109.8 104.9 180.G¢* 180.¢
0.97& 1410 1.243% 1.039 101.9 109.0 104.F 180.0° 180.0°
0.98F 1.413 1.244 1.038 101.& 108.9 104.0 180.0 180.¢
Im.4 0.983 1.394 1.2268 1.043 109.4 118.4 113.8 0.7 0.7
0.999 1.41P 1.23¢ 1.052 108.& 118.8 113.8 0.0° 0.0°
0.995 1.413 1.23F 1.05% 108.5 118.6 113.5 0.0¢ 0.0¢
Im.5 0.97F 1428 122 1.03% 103.8 112.48 111.8 180.¢¢ 0.7
0.979 1.452 1.229 1.048 102.7 112.% 111.9 180.¢¢ 0.0°
0.98F 1.455 1.23Fr 1.049 102.7 112.4 111.8 180.0 0.C¢

2B3LYP.®PW91.c BP86.

TABLE 6: Structural Parameters (A and deg) of Transition States in the Dissociation Reaction of NeNO Calculated Using the
B3LYP, PW91, and the BP86 Exchange Correlation Functionals

8(H-0) 8(0-N) OS(N-N) O(N-H) aH-O-N) oO-N-N) oa(N-N-H) aH-O-N-N) o(O—N-N-H)

ts.1 1.354 1.29F 1.273 1.02¢ 78.3 102.9 117.9 0. 180.¢
1.36% 1.302 1.286 1.029 78.3 102.7 117.8 0.00 180.¢
1.369 1.303 1.288 1.03r 78.4 102.8 117.4 0.6 180.0
ts.2 0.972 1.438 1.223 1.032 105.2 109.8 105.¢ 86.8 177.4
0.979 1.460 1.239 1.04% 104.2 109.2 104.3 87.0 177.2
0.982 1.463 1.237 1.043 104.x 109.2 104.2 87.C 177.2
ts.3 0.97¢ 1.484 1.193 0.998 105.9 114.8 178.® 0. 180.¢
0.986 1.55% 1.197 1.004 104.6 114.9 176.2 0.06 180.¢¢
0.989 1.55F 1.199 1.006 104.5 114.8 176.2 0.6 180.0
ts.4 0.973 1.469 1212 1.04C¢ 105.2 114.8 1127 67.72 —-0.12
0.98PF 1.508 1.223 1.048 104.¢ 114.% 113.¢0 70.8 -0.2
0.983 1510 1.224 1.05Fr 104.0 114.0 112.9 70.5 —-0.Zx
ts.5 0.972 1.55¢ 1.178 0.997 101.8 110.9 174.3 180.¢ 180.¢
0.987 1.613 1.184 1.024 99.9 110.8 172.% 180.¢¢ 180.¢¢
0.98Z 1.613 1.186 1.004 99.9 110.& 172.6 180.0 180.0
ts.6 0.973 1.850 1.164 1.136 14172 88.9 104.4 180.G 0.
0.982 1.924 1.170¢ 1.140 139.% 88.8 103.3 180.¢ 0.00
0.98%4 1.924 1.17r 1.120 139.5 88.8 103.4 180.0 0.0
ts.7 1.45G 1.25G¢ 1.183 1.466 89.2 127.8 92.2 0. 0.
1.479 1.254 1.198 1.442 88.8 127.6 93.0 0.0° 0.0°
1.478 1.256 1.199 1.450 88.1° 127.* 92.9 0.¢¢ 0.0

aB3LYP. > PW91.cBP86.

TABLE 7: Relative Energies (kcal/mol) of Intermediates and Transition States in the Dissociation Reaction of NfNO
Calculated Using the B3LYP, PW91, and the BP86 ExchangeCorrelation Functionals

B3LYP B3LYP-ZPEC PW91 PW91-ZPEE BP86 BP86-ZPEE
NH2NO 0.00 0.00 0.00 0.00 0.00 0.00
Im.2 2.85 2.33 3.75 3.28 3.41 2.94
Im.3 3.67 3.07 4.67 4.08 441 3.81
Im.4 10.08 10.42 10.09 10.53 9.68 10.11
Im.5 3.03 2.99 3.49 3.51 3.11 3.13
ts.1 32.30 35.04 27.95 30.63 27.29 29.94
ts.2 12.54 13.11 14.49 15.12 14.15 14.76
ts.3 38.93 41.31 36.76 39.36 36.34 38.91
ts.4 13.34 14.38 14.17 15.31 13.73 14.86
ts.5 35.66 37.87 33.25 35.52 32.90 35.14
ts.6 24.20 29.77 2212 27.54 21.10 26.62
ts.7 50.85 56.11 43.31 48.24 42.26 47.33
N2 + H0 —62.47 —66.05 —55.47 —58.79 —54.17 —57.46
N20 + H2 10.96 3.85 6.36 0.36 7.90 1.21

aIncluding the zero-point vibrational energies correction.

IV. Conclusion becomes partly reduced. Gaseous or weakly adsorbed NO
subsequently reacts with this activated {\Heading to the
Quantum chemical calculations carried out on @34 model formation of VV*—OH and NHNO. The NHNO species is

cluster support earlier experimental findings which indicated not observed experimentally under SCR conditions, because it
that the vanadium oxide-catalyzed SCR of NO is initiated by undergoes rapid decomposition, yielding the reaction products
NH3 adsorption on a Bragnsted acid site. The adsorbediH N, and HO. In order to complete the catalytic cycle
activated by transferring an H to the>%=0O site, which OH must be oxidized to ¥=0. The theoretical findings that
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TABLE 8: Vibrational Frequencies (cm~1) of Intermediates in the Dissociation Reaction of NHNO Calculated using the

B3LYP, PW91, and the BP86 ExchangeCorrelation Functionals

w1 w2 w3 Wy wWs We w7 wWs (0]
Im.1d 242 628 712 111G 1226 158% 1606 3472 371C¢
241 594 70 1039 1177 1523 1546 3366 3623
23% 592 699 1033 1173 1515 1537 3342 3601
Im.2¢e 653 665 944 957 1362 1433 1647 3428 3565
638 662 906 909 1309 1390 1567 3339 341%
636 661° 901° 903 1303 1383 1559 3317 3388
Im.3¢ 507 663 9112 963 1328 1437 1689 3416 3789
516 638 853 927 1279 1392 1610 3330 3677
513 636 850 923 1273 1385 160Z 3308 3656
Im.4¢ 483 64 87¢» 95P 1279 1404 1683 3166 3557
509 600 809 922 1229 1340 1618 306 3420
508 59% 806 91F 1223 1334 1607 3034 3393
Im.5¢ 463 613 803 1008 128C 1386 1729 3256 3782
472 569 740 968 122% 1319 1664 3164 3673
467 567 736 964 1217 1313 1657 313¢% 3650

aB3LYP. b PW91.¢c BP86d w1, )/(NHz); w2, p(NHz); w4, V(NN): wWs, p(NHz); wWe, é(NHz); w7, V(No); ws, Vsyn(NH); o, Vasyn(NH). € W4, V(NO);

w7, V(NN); ws, ¥(NH); wg, ¥(OH).

W

Im.2
i H H
bad b} b R
"] - '
. . N ™ a .
(4] : # -
N Hi N N
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