












B. Structure and reaction mechanism for neutral
MmOn+NH3

1. Experimental results

Figure 1�c� displays the mass spectrum of reactants and
products for the reaction of VmOn clusters with NH3, gener-
ated by 26.5 eV single photon ionization. VmOn clusters are
much more reactive with NH3 than they are with NOx. Many
association products are observed when NH3 is added to the
fast flow reactor. Products VONH3, VO2�NH3�1,2,
VO2�NH3�H, VO3�NH3�H2, V2O4NH3, V2O5NH3,
V2O5�NH3�H, V2O6�NH3�H2, etc., are readily detected. They
are generated from association reactions,

MmOnH0,1,2 + NH3 → MmOnH0,1,2NH3, �3�

and are stabilized by collisions with third bodies �Table II�.
Mostly oxygen-stable and oxygen-rich clusters are in-

volved in these association reactions. An additional hydro-
gen�s� is observed in some of the products �e.g.,
VO3�NH3�H2, V2O5�NH3�H, etc.�. These clusters most likely
arise from the association of ammonia with corresponding
VmOnHx clusters �e.g., VO3H2, V2O5H, etc., see Fig. 1�a��.
Since the features of association product VmOnHx�NH3� clus-
ters �Fig. 1�c�� are similar to those for VmOnHx clusters in the
absence of NH3 in the reaction cell �Fig. 1�a��, they can be
assigned as arising directly from the original VmOnHx spe-
cies in the beam. The additional hydrogen atoms could also
come from the dissociation of NH3 molecules and attach-
ment of xH to the corresponding clusters, for example in the
reaction VO3+NH3→VO3NH3, and then VO3NH3+2H
→VO3�NH3�H2.

TamOn clusters behave in a similar fashion to VmOn clus-
ters for the reactions TamOn+NH3. Figure 2�a� displays the

TamOn cluster distribution �lower spectrum� and Fig. 2�c�
displays reaction products �upper spectrum� when NH3 is
added to the reaction cell. Association products are observed
as listed in Table II. These products are also generated from
association reactions �Eq. �3��. Mostly oxygen-stable and
oxygen-rich clusters are involved in the association
products. Similar to VmOn�NH3�yHx clusters, observed
TamOn�NH3�yHx clusters arise mostly from association of
ammonia with a corresponding TamOnHx cluster �e.g.,
TaO3H2, Ta2O5H, etc., see Fig. 2�a��.

2. Theoretical results

Figure 4 displays the results of DFT calculations for the
lowest energy structures of the reaction products for
VmOn�H�0,1,2+NH3. In each case, the addition of NH3 to any
cluster is followed by a hydrogen transfer to form H�VmOn�
and a VuNH2 moiety in intermediate structures. On the
basis of our calculations, the association energies for
VO3 /TaO3+NH3 to form HVO3NH2 and HTO3NH2 are 2.0
and 2.1 eV, respectively. Hydrogen transfers from NH3 to
VO3 and TaO3 are a thermodynamically available without
barriers. As shown in Fig. 5, several transition states are
involved in the hydrogen transfer from NH3 to the O atom of
V2O5 for formation of the lowest energy structure for
HO�V2O4�NH2. The overall reaction is barrierless. Such
structures and mechanisms are consistent with those pro-
posed by many authors,8,14,17,18,29 based on condensed phase
experiments and DFT calculations. Further dissociation of
the NH2 moiety is found to be less favorable. The NH2 moi-
ety preferentially binds to the vanadium atom via a VuN
bond. Comparing Figs. 1�c� and 2�c�, one notes that the as-
sociation products are similar for both VmOn and TamOn

FIG. 4. DFT results showing the most stable structures
for reaction products �a� VO2NH3, �b� HVO2�NH3�, �c�
VO3NH3, �d� H2VO3H2�NH3�, �e� V2O4NH3, and �f�
V2O5NH3. DFT calculations for TamOn clusters reveal
similar structures.
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clusters reacting with NH3, indicating that association ener-
gies and structures for VmOn /NH3 and TamOn /NH3 products
should be similar. On the basis of our DFT calculations, as-
sociation enthalpies ��Hreact�298 K�� for NH3+TamOn clus-
ters fall within �15% of those calculated for NH3+VmOn

clusters.
Anstrom et al.26 calculate NH3 adsorption forming a sta-

bilized NH4
+ unit which corresponds to the ammonia mol-

ecule interaction with a VOH site. These theoretical results
find an adsorption energy between 7 and 30 kcal/mol for
molecular NH3 on V2O5 �0 0 1�.26,27 In our experiments, we
find that vanadium oxide clusters can readily adsorb H atoms
and such clusters are present in the molecular beam as
VmOnHx �VO2H, VO3H2, V2O5H, and V2O6H2�, especially
for oxygen-rich clusters. The presented calculated structures
displayed in Fig. 4 clearly show a preference for a NH2

species �and an H transfer to O� rather than an NH4 species
for the absorbed ammonia on both VmOnH0.1,2 and
TamOnH0,1,2 cluster series. Separate and specific calculations
�e.g., with periodic boundary conditions� for ionic species
are not applied because a consistent set of calculated ener-
gies, structures, and chemistries for a true comparison of
systems behavior is required.

Experimentally, the abundance of products in the reac-
tion MmOn+NH3 suggests that the interaction of MmOn with
ammonia is much stronger than the interaction of MmOn with
NO. These experimental results imply that in the condensed
phase, the SCR proceeds according to an Eley–Rideal type
mechanism in which ammonia is adsorbed on the catalyst in
the first step. DFT calculations suggest that the association
energy for NH3 and MmOn is in general larger than the asso-
ciation energy for NO and MmOn. Therefore, in a competi-
tive environment, ammonia will be preferentially adsorbed

on a vanadium oxide surface as the first step, rather than NO
in the SCR process. DFT calculations also imply that ammo-
nia adsorbs on VmOn clusters and then dissociates to form an
NH2 moiety via H transfer from NH3 to an O atom of VmOn.
The formation of an NH2 moiety will favor NO adsorption
through NuN bond formation, as is required for final prod-
uct N2 formation. The addition of an NO:NH3 �9:1� mixture
is examined in the next section.

C. Structure and reaction mechanism for neutral
MmOn+NO:NH3 „9:1…

1. Experimental results

To study the reactions of MmOn clusters in the presence
of NO and NH3, a mixture of NO:NH3 is added to the fast
flow reaction cell with a ratio of concentration 9:1. Figure
1�d� displays the mass spectrum of reactants and products for
the reaction of VmOn clusters with NO:NH3, generated by
26.5 eV single photon ionization. When compared to Fig.
1�c�, one finds that the two mass spectra are nearly identical.
The VmOn cluster system behaves as if only NH3 were
present in the reactor; in other words, no combined VmOn

+NH3 /NO adducts are detected in the mass spectrum.
Figure 2�d� displays the mass spectrum of TamOn clus-

ters and their products when the same 9:1 ratio of NO:NH3

is added to the reactor. One can observe that a new cluster
series is found that contains the adduct of both an NO and an
NH3 molecule to form the products TaO2�NH3�NO,
TaO3�NH3�NO, Ta2O5�NH3�NO, and Ta2O6�NH3�NO com-
pared to Fig. 2�c�. The general reaction is

FIG. 5. DFT calculated potential energy surface for the
V2O5+NH3 reaction. Structures are the optimized ge-
ometries of the reaction intermediates and transition
states. Relative energies are in eV.
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TamOn + NO:NH3�9:1� → TamOn�NH3�NO. �4�

These reactions are also explored with different NO:NH3

ratios beginning at 1:1. The low concentration of NO proved
to be insufficient to compete with the strong reactivity of
NH3, and TamOn�NH3�NO signals in the mass spectra are
very weak. Signal intensities of the TamOn�NH3�NO prod-
ucts are relatively stronger at 9:1 ratio of NO:NH3.

Based on different behavior in the experiments for the
vanadium and tantalum cluster series, one might conclude
from these experimental results that tantalum oxide clusters
are more active with the gas mixture and might be a better
catalyst for the SCR of NO using ammonia. In order to ex-
plore and elucidate this interpretation, the reaction mecha-
nism and potential energy surface for the MO3+NO:NH3

reaction system is explored via the DFT methods described
above.

2. Theoretical results

Oxygen-rich VmOn and TamOn clusters are more reactive
with NO than oxygen deficient and stable clusters; for ex-
ample, most of the association products MmOnNO �VO3NO,
TaO3NO, TaO4NO, Ta2O6NO, Ta3O8NO, etc.� are generated
for oxygen-rich clusters. The mixed association product
TaO3�NH3�NO is observed in the reaction of TamOn

+NH3 /NO. In our previous studies,39,40,43 we found that VO3

can be considered as an active center for larger clusters, rep-
resented as structures VO3�V2O5�n. Therefore, we select the
relatively small clusters VO3 and TaO3 to model the reaction
systems of VmOn /TamOn and NH3 /NO. To calculate the
structures, mechanisms, and surfaces for coadsorption of NO
and ammonia on both VmOn and TamOn clusters, we start
from the lowest energy structure for one ammonia molecule
on an MO3 cluster and add an NO molecule to the system.
The lowest energy structures calculated favor the placement
of NO and NH3 in the same region of the cluster.

Based on the calculation results for the reaction VO3

+NO:NH3 �9:1�, the reaction begins with the optimized
structure of VO3+NH3 �R HOVO2NH2� as shown in Fig. 6.
The reaction starts by introducing an NO molecule to form
intermediate 1 in which the N from the NH2 radical and the
N from the NO are weakly bound. Via transition structure
1/2, a lowest energy intermediate 2 with two moieties,
ONNH2 and HOVO2, is formed. The two moieties can then
separate and proceed to product 3 consisting of two separate
molecules. A free ONNH2 molecule now is produced. Final
production of N2+H2O from ONNH3 involves a complex
mechanism that has no barrier with respect to the final prod-
uct formation reaction ONNH2→N2+H2O, as discussed in
the literature.1,58,59 Our calculations show that vanadium ox-
ide clusters form a weakly bound intermediate 2 that can
separate into 3 HOVO2+ONNH2 and can then follow the
reaction pathway to form products P N2+H2O in an overall
barrierless reaction. We suggest that these latter steps are the
reason that no intermediate product species, involving a
VmOn cluster with both NO and ammonia molecules, are
observed in the mass spectrum �Fig. 1�d��. Thus, VmOn clus-
ters can react with NO and NH3 to generate N2 and H2O.

The above described mechanistic steps represent the be-
havior of a good catalyst that does not form stable interme-
diates, but forms weakly bound complexes available for fur-
ther reaction. As with the condensed phase system, the
product HOVO2 could further react with O2 to complete a
catalytic cycle under certain conditions through following
reactions �5� and �6�:

VO3 + NO + NH3 → HOVO2 + N2 + H2O, �5�

2HOVO2 + 1/2O2 → H2O + 2VO3. �6�

The same calculations for tantalum oxide clusters are
also conducted. The reaction between NO and ammonia sup-
ported by TamOn clusters starts with the optimized structure

FIG. 6. DFT calculated potential energy surface for the VO3+NO:NH3 reaction. Structures are the optimized geometries of the reaction intermediates and
transition states. Relative energies are in eV.
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of the model system TaO3+NH3 �R HOTaO2NH2� as shown
in Fig. 7. The reaction proceeds in a very similar way to that
for vanadium oxide clusters up to transition structure 1/2:
adding an NO molecule forms intermediate 1 in which the N
of the NH2 radical and the N of the NO radical are weakly
bound. The difference between the VO3 and TaO3 reactions
occurs via transition structure 1/2, leading to a very stable
lowest energy intermediate 2 ��HO�2TaOONNH� for the Ta
species. Here, the vanadium oxide intermediate 2 �Fig. 6�
partitions into two separate radicals whereas the tantalum
oxide intermediate 2 �Fig. 7� forms a stable complex via
hydrogen transfer. Generation of product 3 H2TaO3

+ONNH is thermodynamically and kinetically unavailable
for the tantalum oxide reaction. The calculation results sug-
gest that the reaction should not proceed to form the final
products N2+H2O. This formation of a stable intermediate
for tantalum oxide clusters implies that tantalum oxide clus-
ters should not be a good catalyst for the SCR of NO with
ammonia in the condensed phase. The formation of ionic
intermediate species of the form �NH4

+��MmOn
−� is a higher

energy pathway than the formation of the radical like species
�HOMmOn−1��NH2��NO�.

The potential energy surface for the reaction
HOVO2NH2+NO �Fig. 6� shows that the reaction has two
intermediates HOVO2NH2NO �1� and �HOVO2��ONNH2�
�2�. The lower energy intermediate �2� can dissociate into
HOVO2+ONNH2 �3� without an overall barrier. Intermedi-
ate 3 can in turn dissociate into products �P� VO3H+N2

+H2O. This reaction pathway is consistent with the observed
mass spectral data for VmOn+NH3+NO reactions and the
mechanism suggested explains the observations. Next con-
sider the potential energy surface for the comparable reaction
with TaO3 �Fig. 7�. A stable local minimum energy interme-
diate structure, HOTaO2NH2NO �1�, is again found but this
is connected through a transition state to a lower energy in-

termediate �HO�2TaOONNH �2� and a higher energy inter-
mediate HOTaO2NH2NO �4�. Intermediates 2 and 4 here
connect to intermediates 3 and 5, respectively, both of which
are higher in energy than the reactants. Thus, the reaction
stops at �HO�2TaOONNH �2� rather than going on to prod-
ucts TaO3H+N2+H2O. For TaO3, a structure similar to the
VO3 reaction �HOVO2��ONNH2� �Fig. 6, 2�, cannot be
found for the potential surface for HOTaO2NH2+NO be-
cause a second H atom transfers to the TaO3 moiety to form
the lowest energy intermediate �HO�2TaOONNH �Fig. 7, 2�.
Therefore, the reaction HOTaO2NH2+NO cannot go through
the same reaction pathway as HOVO2NH2+NO and the re-
action to N2+H2O does not proceed.

What we have discussed shows that the DFT reaction
potential energy surface and structure calculations do indeed
indicate that the VmOn cluster system is the reactive one and
does model the condensed phase vanadium oxide promoted
reaction as stated in the Introduction. Also, based on the DFT
results, the TamOn system would not be a good catalyst since
the intermediates do not readily yield products due to dy-
namic effects, i.e., reaction barriers. The experimental obser-
vations of cluster reaction intermediates and products are
consistent with the calculated reaction behavior of the clus-
ters and the condensed phase behavior of the modeled VmOn

catalyst. Experiments were also conducted using neutral
NbmOn clusters and the results matched those obtained for
VmOn clusters.

V. CONCLUSIONS

In the present work, the reactivity of neutral vanadium
and tantalum oxide clusters toward NO, NH3, and an
NO /NH3 mixture is explored experimentally and theoreti-
cally. Our motivation is to understand possible molecular
level mechanisms for the SCR of NO by NH3 in condensed

FIG. 7. DFT calculated potential energy surface for
TaO3+NO:NH3 reaction. Structures are the optimized
geometries of the reaction intermediates and transition
states. Relative energies are in eV.
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phase catalytic reactions. We find that oxygen-rich VmOn and
TamOn clusters are more reactive toward NO than oxygen
deficient and stable clusters. If ammonia is added to the fast
flow reactor in place of NOx, both VmOn and TamOn clusters
behave in a similar manner and form many association prod-
ucts identified in the observed mass spectra. If a gas mixture
of NO:NH3 �9:1� is added to the reactor, the two cluster
systems behave differently. The mass spectrum of VmOn

clusters reveals no new products for the coadsorption of NO
and NH3. TamOn clusters, on the other hand, form a new
cluster series that does involve coadsorption of NO and NH3.
DFT calculations suggest that TamOn clusters form stable
cluster complexes based on the coadsorption of NO and am-
monia and that these products are thermodynamically and
kinetically stable. VmOn clusters form weakly bound com-
plexes that can follow the reaction path toward end products
N2+H2O. Thus, cluster intermediates involving NO+NH3

are not observed in the mass spectrum. Overall, our results
suggest that vanadium oxide should make a better catalyst
for the SCR of NO with NH3 than tantalum oxide. Both our
theoretical and experimental results support a radical reac-
tion mechanism in which NH2 is the important moiety for the
VmOn based catalytic conversion of NO and NH3 to N2 and
H2O. A complete catalytic cycle is generated if the hydro-
genated oxygen-rich site reacts with ambient oxygen to form
water and the original catalyst.
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