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High level ab initio calculations have been performed to study the mechanism of NO decomposition by
NHs" and NH;* in the gas phase, N + NO — N, + H;0O" and NH," + NO — N,H + H3;O". The density
functional theory was used to search for possible reaction pathways. The multiconfigurational second-order
perturbation (CASPT2) method is applied to the most energetically favorable pathways to obtain more accurate
energy diagrams. NO reacts with NHand NH,™ by producing nitrogernitrogen bound complexes and by
donating protons/hydrogens to the O atom to weaken th®Kond and to tighten the-NN bond. Maximum
activation energies for these reactions were estimated as 55.3 and 77.3 kcal/mol.

1. Introduction (V5+=O) 4 (V4+—OH) + NH; + NO

Selective catalytic reduction (SCR) of NO by N3 a very —(V*"=0) + (V*'~0) =:NH," + NO
important reaction from an environmental point of viéWhe o o
process is widely used because it enables removal of NO under — (V7 —OH) + (V" =OH) + N, + H,0
mild conditions at low cost. NO is catalytically decomposed (ref 6) (3)
by NHs into N, and HO, and the industrial catalysts are based
on a V05 Surface, e.g. YO5—WO3 and \b,05—MoOj3 Supported where (\P+=O) and (VH—_O)_ are the oxidized and reduced
by TiO,.2 It is strongly desired that the reaction mechanisms Sites of the \Os surface, respectively. There is little experi-
and the roles of these catalysts be clarified to improve the Mental evidence to support these reactions. .
efficiency of NO decomposition. Several groups have proposed N this paper, as an approach to understanding the SCR
that SCR proceeds in the same way as NO decomposition bymecharllsm, we rla_ve studied the NO decomposmon reactions
NH; in the gas phaseln the gas phase, the reaction proceeds by NH;™ and NH‘ in the gas phase. The .mechanlsm of thesg
via an intermediate, NBNO. The activated species reacting gas-phase reactions has never been examined. We report reaction

. . . S pathways, intermediate products, and rate-determining steps
directly with NO is Nk, which is produced from thermally obtained by high level ab initio calculations for the following
decomposed NE

NO decomposition reactions:

NH; — NH, + H NH, + NO— NH,NO— N, + H,0 (1) NH3++NO—>N2+H30+ 4)
The importance of this mechanism on the catalyst is still being NH4+ +NO—NH + "'30+ (5)

debated. The NBNO is detected as a major intermediate at

temperatures above that of the SCR conditior8Q0 °C); 2. Computational Details

however, it has never been observed under SCR conditions

(<250°C).* This suggests that the active molecule, i not When the NO decomposition reactions 4 and 5 take place,

involved in SCR. and th hani f catalvtic d it an N-O triple bond and three NH bonds are broken, and an
involved in » and the mechanism or catalytic decomposttion triple bond and three ©H bonds are formed. The change

of NO may differ entirely from the gas-phase reaction. It has ;,, ihe number of X%-H bonds is achieved by proton/hydrogen
been proposed that the active species reacting with NO in the,ansfers from NH or NH4+ to the O atom, and this leads to

SCR must be Nt or NH," instead of NH, the weakening and finally to the cleaving of the-® bond.
The cleaving of N-H and N—O bonds leads to an increase in
(V¥*=0)+ (v, =0) =*NH," + NO free valences on the two N atoms, and the-M bond is

produced and strengthened. Thus, reactions 4 and 5 will be
mainly driven by the proton/hydrogen transfer process. Because
A A e + of the variation in the proton/hydrogen transfer sites, many
(V7 =OH) + (v"=0) -*NH; NO reaction pathways are possible. Among them, the most energeti-
A 4t cally favorable pathway is regarded as the probable one.
(V7 =OH) + (V" =OH) + N, + H,0 For the purpose of searching for the most favorable reaction
@) pathways, equilibrium and transition state structures for reactions
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Figure 1. Energy diagram for the NO decomposition reactionsNH NO — N, + H3O", calculated by BLYP/cc-pVDZ. Energies are in kcal/mol
and relative to the reactants WH+ NO.

4 and 5 are determined. Density functional theory (DFT), summarized in Figure 1. The first process in NO decomposition,
employing Becke's exchan§and Lee-Yang—Parr’s correla- which is common to all the pathways, is a barrierless\NN

tion functionals (BLYP) was used with cc-pVD2 in these association to NeNO* (minl), and this process is followed
calculations. Only for the most favorable pathway for each by multiply branched processes of proton or hydrogen atom
reaction, the geometries are reoptimized at the level of the transfers and isomerizations of [NNO*] molecules. As seen
complete active space self-consistent-field (CASSCF) méthod in the energy diagram, all of the proton or hydrogen atom trans-
using cc-pVDZ. The active space consists of 10 electrons fer processes need fairly large activation energies. Hence, the
distributed among 10 orbitals (10,10) for reaction 4, and (7,7) barrier heights for these processes determine the preferred
for reaction 5. All geometries have been fully optimized without pathways. The transition state structures for proton or hydrogen
symmetry constraints. Each transition state is verified to connecttransfer processes with four-membered ringSZ%, TS3, TS7,

with two minima before and after the transition state. That is, andTS9) are relatively stable compared with those with three-
the transition state geometry is slightly deformed in accord with membered ringsT(S1, TS4, TS6, andTS8). The most favorable

the transition vector with an imaginary frequency and it is reaction pathway (solid line in Figure 1) is obtained by connect-
confirmed by subsequent optimizations that the transition stateing those transition states.

leads to the minima depicted in Figures 3 and 6. Using the  Figure 2 shows the energy diagram for the most favorable
optimized geometries, single-point calculations were carried out pathway computed by CASPT2, CASSCF, and B3LYP. Figure
to estimate the energies using the multiconfigurational second-3 ghows geometries optimized by CASSCF. The firstNN
order perturbation (CASPT2) methddwith aug-cc-pVDZ:? interacting intermediatenini, is an ion-molecule complex of
The active spaces were (10,10) and (11,11) f_or reactions 4 andNH3 and NO" which is produced by an electron transfer from
5, respectively. In this system, it is rather difficult to keep the NQ to NHs*. In the complex, NH no longer has the planar
active electrons and orbitals consistent throughout the entire geometry observed in N#, and the N-O distance is substan-
reaction paths. The active space was chosen to include sevenia|y shortened compared with that in free NO. The two nitrogen
electrons distributed among seven orbitals (7,7) for NO in both 5:0ms interact through the lone pair of blahd the unoccupied
reactions. In addition, three electrons in three orbitals (3,3) for .« orpital of NO+. This N—=N coordinate bond accounts for
NHz™ and four. electrons in four orbitals (4,4) for NHwere the quite long bond length of 2.372 Minl changes to an
chosen a1ss active. _ intermediate with tight NN bond,min3, via TS2. In the earlier

B3LYP™ optimization with aug-cc-pVDZ was performed  gaqe of this process, the complex changes its nature back to
only along the most favorable paths in order to compare with NH3*—NO by which N=O and N-N bonds are produced. In
CASPT2 results. The DFT calculations were performed using ine |ater stage, a proton transfers from N1 to O3 by which the
Gaussian 98 packagé&sGeometry optimization by CASSCF N—H and N-O bonds are reorganized to-M and O-H
was carried out with HONDOS; andlCASPTZ single-point  ponds, and the &rbital of O3 changes to &pSince the N2
energy calculations with MOLCAS.4:%. 03 bond loses and the-\N bond gainsz-bonding character-
istics, the former becomes relatively weak and the latter becomes
strong to make the planar geometrymin3. Min3 takes ecis-
Reaction: [NHz" + NO — N, + H30™ ]. Several reaction form around the terminal NO bond, and isomerizes to the more

athways were determined by the BLYP method and are stabletransform, min4. Min4 undergoes a hydrogen atom

p Y

3. Results and Discussion
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Figure 2. Energy diagram for the NO decomposition reactionsNH- NO — N, + H3;O". Energies are in kcal/mol and relative to the reactants
NHs" + NO. Top, middle and bottom values were calculated by CASPT2(10,10)/aug-cc-pVDZ//CASSCF(10,10)/cc-pVDZ, CASSCF(10,10)/aug-
cc-pVDZ//ICASSCF(10,10)/cc-pVDZ, and B3LYP/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ. The states marked with a star are calculated by B3LYP/
aug-cc-pVDZ//B3LYP/cc-pVDZ. An arrow means a partial bond formed by charge transfer.

TABLE 1: N—N and N—O Bond Distances Optimized by
CASSCF and B3LYP in Angstrom in the Reaction 4

B3LYP is proved to give slightly higher activation barriers than
CASPT2, although DFT is generally considered to underestimate

N—N distance N-O distance the energy of a transition statéThe quite different picture is
minl 2.372(2.019) 1.068(1.104) found in the description oTS10. The geometry omin7 and
Ts2 1.488(1.452) 1.229(1.214) TS10 by B3LYP/aug-cc-pVDZ is not converged so that the
?S”S‘?’ i%gg&gigg igég&gﬂ% structures optimized by B3LYP/cc-pVDZ are adopted for the
mind 1.259(1.253) 1.324(1.300) energy estimation with aug-cc-pVDZ basis sets. Then the energy
Ts7 1.218(1.224) 1.494(1.457) of TS10 becomes lower than that afin7. BLYP also yields
min7 1.098(1.107) 2.902(2.295) very low barrier height of 2.5 kcal/mol foFS10as shown in
1810 1130 10 s ape| Figure 1. On the other hand, CASPT2 and CASSCF predict

that the barrier is considerably higher, ca. 18 kcal/mol. This

“B3LYP values are in parentheses. difference may come from the poor description of DFT on the

weakly bound complex. According to the CASPT2 results, the
first proton-transfer process has an activation barrier of 55.3
kcal/mol, which is the rate-determining step. The hydrogen
transfer and the second proton-transfer processes require 50.1
and 17.9 kcal/mol, respectively. The activation barrier corre-

and HO. The HO abstracts H from NH*, in the structure sponding to the internal rotation is smaller than those of proton/

min8 N, and HO™ interact weakly. The changes of electronic hydroge_n transfers. _

states, as well as the nature of the molecules, are well reflected Reaction: [NHz" + NO — NzH + H30"]. Using the same

in the bond length. The NN and N-O bond distances opti-  Strategy as that used for reaction 4, reaction pathways were

mized by CASSCF and B3LYP are summarized in Table 1. examined by BLYP calculations. The energy diagram is shown
There is a considerable difference between the relative in Figure 4. In contrast to reaction 4, the—N bonding

energies by CASSCF and CASPT2. The differences are largeprocesses need large activation energies and are comparable or

in the structuresTS2-TS7, which indicates that dynamical —more difficult than the proton/hydrogen transfer processes. There

correlations are important in estimating the energies of thiN  are two pathways to form the firstA\N bond intermediate from

bonding molecules of this system. However, their activation NO and NH": the negatively charged O atom of NO abstracts

energies agree comparatively well except for the first hydrogen a proton from NH* to produceminl, and thes* orbital in

transfer process. As a whole, the dynamical correlation correc-NO as HOMO accepts a hydrogen atom to produie2. The

tion by CASPT2 decreases the activation energies of CASSCF.latter reaction is preferable because the starting compieg

Comparing the energies by CASPT2 and B3LYP in Figure 2, is more stable thaminl and the activation barrier is smaller

transfer from N1 to O3 aTS7. In the process, the hydrogen
atom transfers to O3 to construct sp anéabitals on the two
nitrogen atoms and oxygen atom, respectively. This process
completes the formation of an=xN triple bond and cleavage

of an N—O bond, and the produatin7 is a complex of NH™
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Figure 3. Geometries of equilibrium and transition state structures determined by CASSCF(10,10)/cc-pVDZ for the NO decomposition reaction
NHs" + NO — N, + H3O" (bond lengths and angles in angstrom and degree, respectively). Bold values indicate net charge on each atom.
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Figure 4. Energy diagram for the NO decomposition reaction/NH- NO — N,H + H3;O%, calculated by BLYP/cc-pVDZ. Energies are in
kcal/mol and relative to the reactants NH+ NO.

than that of the former. This NN bonding reaction followed ammonium hydrogens interacts with atom N2 of NOTIB2 a

by proton/hydrogen transfer reactions produces the reactionhydrogen atom transfers to N2, and N1 and N2 come closer

pathway depicted by a solid line in Figure 4. and formmin3. The NN distance irmin3, 1.464 A, is quite
The energy diagram by CASPT2 for the most favorable normal for an N-N single bond. The electronic structure,

pathway is shown in Figure 5 and the optimized structures are however, indicates a fractional bond order for thisMNllinkage.

given in Figure 6. The first intermediatenin2, is an ion- The N—N bond inmin3 consists of a doubly occupiedand a

molecule complex of N and NO, where one of the singly occupiedo* orbital, both arising from the lone pair
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Figure 5. Energy diagram for the NO decomposition reactionsNH NO — N,H + H;O". Top, middle and bottom values were calculated by

CASPT2(11,11)/aug-cc-pVDZ/ICASSCF(7,7)/cc-pVDZ, CASSCF(11,11)/aug-cc-pVDZ/ICASSCF(7,7)/cc-pVDZ, and B3LYP/aug-cc-pVDZ//B3LYP/
aug-cc-pVDZ. An arrow means a partial bond formed by charge transfer.
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Figure 6. Geometries of equilibrium and transition state structures determined by CASSCF(7,7)/cc-pVDZ for the NO decomposition reaction
NHs" + NO — N;H+ H3O" (bond lengths and angles in angstrom and degree, respectively). Bold values indicate net charge on each atom.

orbitals of NH; and HNO'. According to B3LYP/aug-cc-pvVDZ  to N—N and N-O—H. The N-N and N-O bond lengths
optimization, N-N bond length inTS2 is 2.347 A, which is computed by CASSCF are 1.313 and 1.350 A, respectively,
quite longer than that of CASSCF. The structure has one indicating that the formal bond order of each will be 1.5 and
imaginary frequency of 917i.Zm~1. The N-N bond inmin3 1.0. InTS7, a hydrogen atom transfers to the O3 atom first,
is 1.562 A, which is slightly longer compared to that of and then the LD produced abstracts a proton from N1. In the
CASSCF. From this intermediate, first proton transfer takes final intermediate min6, Hz;O" is formed and the proton of
place inTS4, and the N-H and N=O bonds are reorganized HsO™" interacts weakly with an N atom of M. The N—N and
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TABLE 2: N —N and N—O Bond Distances Optimized by
CASSCF and B3LYP in Angstrom in the Reaction 3

N—N distance N-O distance

min2 3.177(3.023) 1.157(1.146)
Ts2 1.629(2.347) 1.210(1.151)
min3 1.464(1.562) 1.259(1.230)
Ts4 1.443(1.419) 1.258(1.293)
min5 1.313(1.323) 1.350(1.358)
Ts7 1.287(1.301) 1.582(1.588)
min6é 1.213(1.192) 3.329(2.527)

aB3LYP values are in parentheses.

N—O bond distances optimized by CASSCF and B3LYP are
summarized in Table 2.

CASPT2 shows that thES2 energy at the CASSCF geometry
is more stable than that ofin3. There may exist a CASPT2
barrier to the connection @hin2 with min3. Even in this case
the barrier height must be very low. Therefore, the proo@s®

Kobayashi et al.

but it must play a crucial role in SCR. The reaction mechanisms
on the catalyst as well as the formation of these active molecules
will be studied by calculations using an appropriate model of

the catalyst surface.

4. Conclusions

The mechanisms of NO decomposition with N+and NH;™
have been studied, these species being proposed as activated
molecules in SCRS The most favorable pathway was deter-
mined by DFT calculations, and the energy profile was
characterized by CASPT2 calculations. NHwvas found to be
reactive toward NO; Ngi" ionizes NO and produces-NN
interacting complexninl without an energy barrier. However,
the proton-transfer processes to complete the NO decomposition
are high energy processes, of which the largest activation energy
is 55.3 kcal/mol. NH*t is much less reactive toward NO than
NH3*; the N--N bond cannot be formed until NH itself is

— min5 should be a one-step reaction. This is the rate- activated. The maximum barrier height is estimated as 77.3 kcal/
determining step, and the activation energy amounts to 77.3mol for the N-N bonding procesmin2 — min5. The energy
kcal/mol. The proton-transfer processin5 — min6 has an barriers for reactions 4 and 5 suggest that NO is not decomposed
activation energy of 32.7 kcal/mol. The activation barriers easily by NH™ and NH," in the absence of a catalyst.
predicted by B3LYP are again relatively high compared to those
by CASPT2. Acknowledgment. This research was supported in part
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2, NHs* is active in the sense that it ionizes NO and produces References and Notes

the N---N associated complexinl without an energy barrier
and with large exothermicity. Both NO and NHhave radical

electrons on the nitrogen and the radicals react immediately once
they meet. However, further reactions via proton/hydrogen
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In this study, we have not taken into account the interactions
of intermediates and transition states with the catalyst surface,
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