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Abstract 

We have performed density functional calculations to investigate the bimolecular CH 4 + N O  x ( x =  1, 2) and the 
trimolecular NO + CH 4 + NO 2 reactions which can be assumed to occur in the vicinity of an active site on a de-NO x 
catalyst. We have shown that the trimolecular reactions can take place very smoothly on a singlet energy hypersurface, while 
the bimolecular reactions producing unstable radicals are not favorable. We have explained these results with the high 
energy of the reaction products in the bimolecular reactions and the formation of HNO x molecules yielding negative 
stabilization energy in the trimolecular reactions with the extra NO x molecules which can be considered as spin traps in 
these processes. We present the geometrical changes together with the electronic changes occurring in the reactions. The 
significance of this study is that we could demonstrate that the increased concentration of the reaction partners due to an 
active site of the catalyst allows reactions which otherwise would be unlikely. 
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1. Introduction 

From the global environmental point of view, 
removal of nitrogen oxides (NO x) from exhaust 
gases is significant because compounds are 
thought to have important role in acid rain and 
photochemical smog formation or in the ozone 
layer depletion [1]. The various metal-ex- 
changed zeolites are recent candidates for effec- 
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tive removal of the different compounds (see, 
e.g., [2-17]). Some of these catalysts, however, 
not only decompose the gases, but can very 
successfully reduce them using hydrocarbons 
(such as methane) even in the presence of ex- 
cess oxygen [8]. The importance of these reac- 
tions cannot be overestimated. In particular, uti- 
lizing CH 4 as a reductant is advantageous be- 
cause methane can be found in every combus- 
tion exhaust and this hydrocarbon showed high 
activity in certain systems [11,13]. 

Based on the experimental results and the 
theoretical studies, we can point out the signifi- 
cance of two important roles of a catalyst in a 
given process: it gathers the reaction partners 
around the active sites and it lowers the reaction 
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barriers. As for the former, this is an indispens- 
able element for an effective process, while the 
latter is very important in the reaction rate 
increase. Utilization of these advantages is 
therefore very important in catalyst research. To 
demonstrate and analyze the importance of these 
effects in the de-NO x process, we have exam- 
ined the reactions of NO and NO 2 with methane. 
In this study, we focused on the consequences 
of the concentration (or collecting) effect of an 
active site, which means that in the vicinity of 
the active site, the concentration of the reaction 
partners is higher than in the farther regions and 
the increased concentration opens new reaction 
routes which otherwise are not possible. In this 
study, we followed bi- and trimolecular reaction 
paths which can be assumed near the active site. 
While in gas phase the energetically favorable 
reaction is 

C H  4 + NO x ~ CH 3 + H N O  x (1) 

since the NO x molecule can more easily form a 
bond with the outer H atoms than the inner 
carbon atom, in the vicinity of the active site of 
a de-NO x catalyst, reactions which produce 
CHaNO x species can also take place because, 
for instance, CH3NO 2 molecules can be sup- 
posed as an active intermediate in, e.g., Cu-MFI 
[18]. It is important to note that we could not 
find similar theoretical or experimental studies 
published in the last fifteen years. In addition, 
experimental investigations on the reaction of 
NO x molecules with hydrocarbon radicals (like 
methyl radical) can only be found [19,20]. 

We chose the density functional method 
[21,22] for our investigations. This method is 
not as expensive computationally as the tradi- 
tional Hartree-Fock based correlation methods, 
but it can take into account the electron correla- 
tion which is very important for systems which 
contain high electronegativity elements like 
oxygen and nitrogen. This approach has also 
been proved to be very effective for similar 
systems [23,24]. In addition, when we describe 
chemical reactions, the electron correlation can- 
not be neglected. 

The organization of our paper is the follow- 
ing: after the computational details, we discuss 
the reliability of our models, analyze the bi- 
molecular C H  4 + N O  x reactions and compare 
them with the trimolecular C H  4 + NO + N O  2 

reactions. In the last part, we would like to 
summarize the conclusions which can be drawn 
from the results. 

2. Computational details 

All density functional (DF) calculations de- 
scribed here were performed using the self-con- 
sistent Kohn-Sham procedure [22] as imple- 
mented in the DMol program package [25] of 
Biosym Technologies, Inc. (The description of 
the technical details is given in [26] and [27].) 
The calculations were carried out at two levels 
of the approximations for the exchange-correla- 
tion potential. We used local density approxima- 
tion with the Janak-Moruzzi-Will iams ( J ~ )  

functional [28] for the energy curve calculations 
and geometry optimizations. In order to calcu- 
late accurate energy values, we applied the 
Becke-Lee-Yang-Par r  (BLYP) non-local func- 
tional [29] for the optimized geometry obtained 
from local calculations. We used double- 
numerical + polarization functions (DNP) basis 
set for all the calculations. This set is of Gauss- 
ian 6-31G** quality, a standard basis set in 
quantum chemistry. The geometry optimizations 
were performed with the aid of analytical gradi- 
ents using the Broyden-Fletcher-Goldfarb-  
Shanno (BFGS) algorithm [30]. We accepted 
the optimized geometries when the norm of the 
gradient vector was less than 0.001 a.u. The 
calculated energy differences are not free from 
the basis set superposition error, but this error is 
minimized by the quality of the basis set used in 
the calculations [26]. 

3. The models 

In this paper, we theoretically investigate bi- 
and trimolecular reactions between C H  4 and 



M. Yamadaya et al. / Catalysis Today 35 (1997) 189-196 191 

NO x molecules, which can be assumed to take 
place on the active site of an appropriate cata- 
lyst. However, we do not explicitly take into 
account the active site. What we therefore cal- 
culate are apparently gas-phase reactions, but 
we emphasize again, that these types of reac- 
tions are either not the energetically favorable 
or not the likely reactions in gas phase. 
Notwithstanding, experimental findings of the 
CH3NO x species [18] make these reactions 
probable when using different catalysts, al- 
though there is no unanimously accepted reac- 
tion mechanism for their formations. In order to 
suggest possible reaction steps which can ex- 
plain the unique role of the active site in the 
de-NO, process, we calculated different reac- 
tion paths and their energy profiles for these 
reactions. From these curves and other results, 
such as the geometries and the electronic struc- 
ture changes, we can understand the reaction 
mechanism and the importance of the active 
sites. 

4. Bimolecular reaction of C H  4 and NO x 
(x  = 1, 2) 

Although in gas phase reaction (1) seems to 
be favorable, in the catalytic de-NO x process, 
the C H  3 intermediates also have an important 
role [18]. An obvious assumption is that bi- 
molecular reactions between c n  4 and NO x yield 
these species. In order to describe these reac- 
tions, we performed the following series of 
calculations: the reaction energy profile for both 
the C H  4 + NO and the CH 4 + NO 2 reactions 
was estimated with respect to the carbon- 
nitrogen distance, while all the other atomic 
positions were fully optimized at the local ex- 
change-correlation level. We also determined 
the non-local energy curves using the local ge- 
ometries for every carbon-nitrogen distance 
which we consider as more reliable than the 
local curves. The reason for this procedure is 
that it is a well-known fact, that while the local 
approximation produces acceptable geometries, 

the non-local corrections are indispensable for 
the energy and energy difference estimation [31]. 
Nevertheless we present both the local and 
non-local results to demonstrate the differences. 

Table 1 shows the calculated energies for the 
two different bimolecular reactions, while Fig. 1 
connects them with the corresponding geome- 
tries. The energies represent the relative or sta- 
bilization energies of the systems compared to 
the starting point, so the horizontal 'zero' line 
corresponds to the isolated gas phase C H  4 + 

NO x molecules. We can see that first we ob- 
tained a large energy barrier for the transition 
state and then a local minimum point for both 
reactions. These high energy barriers clearly 
show that the bimolecular reactions are energet- 
ically not favorable, both at the local and at 
non-local levels. 

From the calculations, we have obtained the 
following two reaction equations: 

CH 4 + NO -~ CH2NO + H 2 (2) 

C H  4 -F N O  2 ~ C H 3 N O  2 -4- H (3) 

It is interesting to see that in Eq. (2), H 2 is 
formed. This is very unusual under the experi- 
mental conditions and this result makes this 
reaction very unlikely. For the sake of compari- 
son, we analyzed both reactions. 

From Fig. 1, we can understand the main 
steps of the (2) and (3) reactions. It appears that 
the NO forms a shorter bond with the methylene 
group and also the C - N  distance in the CH4-NO 
system is shorter in the transition state than for 
the CH4-NO 2 system. In the transition state of 
Eq. (3), from the arrangement of the H atoms, 
we can see the two, which will form the H 2 

molecule, while in the transition state of (3) 

Table 1 
Relative energy values (in kcal /mol)  of the transition and final 
states in the bimolecular reactions 

CH 4 + NO (Eq. (2)) CH 4 + NO 2 (Eq. (3)) 

Local Non-local Local Non-local 

Transition state + 61.9 + 88.0 + 45.5 + 64.3 
Final state + 14.4 +25.1 +32.8 +49.4 
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Fig. 1. The geometrical and electronic changes during the bimolecular reactions. 

three of the H atoms and the carbon atom form 
a plane which indicates a strong similarity to the 
organic substitution reactions. We can also ob- 
serve that after the transition states the H 2 
molecule or the outermost hydrogen atom sepa- 
rated completely in the C H  4 + NO and the C H  4 

+ NO 2 systems, respectively, while the new, 
strong C - N  bonds formed. In order to under- 
stand why the bimolecular reactions are not  

favorable, let us turn to Fig. 1 again, which 
presents the spin density of the relevant config- 
urations for both reactions. The spin density 
(pS(r)) is the difference of the densities of ct 
and [3 electrons: 

pS(r) = p~(r)  - p~(r) (4) 

It is well known that the nitrogen oxides 
which contain one nitrogen atom are doublets, 
that is they have an unpaired electron on their 
highest (singly) occupied orbital. This single 
electron generates a spin-density around the 
molecule which more or less shows the shape of 
the highest occupied orbital. Following the 
changes of the spin density, we can analyze the 

forming and breaking bonds as well as the 
stability of the different configurations, since 
this excess spin cannot disappear during the 
reactions. It can easily be seen that during the 
reactions the original spin density was 'trans- 
ferred' from the NO x molecule to the formed 
CH2NO molecule and to the H atom, while in 
the transition state it covers all the CHa-NO x 
systems. The spin density of the CH2NO 
molecule, however, is mainly localized on the 
NO part of the molecule which indicates that 
the single electron does not take part in the 
C - N  bond formation. 

Comparison between the energy profiles of 
the reactions of c a  4 w i t h  N O  o r  N O  2 reveals 
similar trends for these processes with similar 
energy curves. Table 1 summarizes the most 
important energy values for the curves. From 
these values, we can see only slight differences 
between the two reactions: the new C - N  and 
H - H  bonds can stabilize the CH2NO + H 2 sys- 
tem in a higher degree than the C - N  bond alone 
does for the CH3NO2+ H system ( + 2 5  and 
+50  kcal /mol ,  respectively, at the non-local 



M. Yamadaya et al. / Catalysis Today 35 (1997) 189-196 193 

level), although, for the latter system, the en- 
ergy barrier is lower. Another interesting differ- 
ence between the two systems is that the local 
minimum point for the CHa-NO system corre- 
sponds to a somewhat smaller C - N  bond dis- 
tance (1.30 .~) than the minimum C - N  distance 
in the C H  4 + N O  2 system (1.47 .~), but the 
calculated C - N  bond lengths are in good agree- 
ment with those of the calculated gas-phase 
(isolated) CH2NO and CH3NO 2 molecules. 
This means that the reaction products are well 
separated and do not perturb each other. 

Now it is easy to understand why we could 
not obtain negative stabilization energies: local- 
izing the single electron in a high energy radical 
or around a proton produces a much less stable 
system than having an electron on a large NO x 
orbital together with the stable C H  4 molecule; 
moreover, this instability cannot be compen- 
sated by the new C - N  and H - H  bond forma- 
tions. Nevertheless, the most important common 
feature of the two bimolecular reactions is the 
presence of a high energy barrier followed by a 
local minimum point along the C - N  bond for- 
marion curves. This minimum structure, how- 
ever, corresponds to a less stable state as com- 
pared to the initial, well-separated CH4-NO x 
systems due to the new radical formation. 

5. Trimolecular  NO + C H  4 + NO 2 reac t ions  

It is evident, that if we can stabilize the 
forming radicals in statu nascendi, we can ob- 
tain a more stable state for our reaction system. 
In the vicinity of a catalytic active site we can 
assume another NO, molecule due to the gath- 
ering effect of the catalyst. This molecule can 
be an ideal spin trap, considering the fact that 
the NO x molecule itself is a radical. 

Certainly, we can suppose different combina- 
tions for this trimolecular reaction. We have 
investigated two of them with the stoichiometry 
of c n  4 + NO + NO 2 because this stoichiom- 
etry has been accepted as an important combina- 
tion of the molecules in the de-NO, processes 

[13]. The calculation procedure was similar to 
the bimolecular calculations. At different, fixed 
C - N  1 bond distances, where N 1 is the nitrogen 
atom of the NO x molecule which will form the 
C - N  bond, we calculated the optimum geome- 
try as well as the stabilization energy of the 
total system including the other NO x molecule. 
The initial N 2 - C  distance, where N 2 is the 
nitrogen atom of the trapping NO x molecule, 
was more than 3.0 ,~ and the three central N, C, 
and N atoms lay in line. However, there is an 
essential difference between the bi- and tri- 
molecular reactions. The bimolecular reactions 
take place on a doublet energy hypersurface, 
whereas the trimolecular reactions need a transi- 
tion between triplet and singlet states. This is so 
because after the excess spin is trapped by a 
NO x molecule in the trimolecular process, no 
uncompensated spin can be found in our sys- 
tem, while at the starting point, both NOx 
molecules have a single, unpaired electron on 
their highest (singly) occupied orbitals, which 
can be interpreted as a triplet state. In our 
calculations, the triplet-singlet mixing (transi- 
tions) occurred at larger ( >  2.2 ,~) C - N  1 dis- 
tances, which means that we could analyze the 
singlet energy curves only. 

From the calculations, we obtained the ener- 
gies and the geometrical changes presented in 
Table 2 and Fig. 2, respectively. From these we 
could deduce the following routes: 

N202 + CH 4 + N10 ~ CH3N10 + HN202 

N 2 0  + C H  4 + N 1 0 2  - +  C H 3 N 1 0 2  + H N 2 0  

(s) 

(6) 

Table 2 
Relative energy values (in kcal /mol)  of the transition and final 
states in the trimolecular reactions 

NO 2 + C H  4 + N O  N O + C H  4 + N O  2 
(Eq. (5)) (Eq. (6)) 

Local Non-local Local Non-local 

Transition state + 4.5 + 22.9 + 2.7 + 18.9 
Final state - 31.5 - 10.1 - 26.2 - 8.4 
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Fig. 2. The geometrical and electronic changes during the trimolecular reactions. 

In reaction (5), the NO 2 plays the role of the 
spin trap, whereas in reaction (6), the NO 
molecule will trap the excess spin. (The super- 
script 1 or 2 indicates the different role of the 
nitrogen atoms, similarly to the previous para- 
graph.) We note that no CH2NO formation 
occurs in these processes. 

Table 2 shows the predicted energies at both 
the local and non-local levels for reactions (5) 
and (6). It can easily be ascertained from these 
values that both trimolecular reactions can take 
place, resulting in negative stabilization ener- 
gies after small energy barriers. The data pre- 
sented here clearly illustrate the difference be- 
tween the bi- and trimolecular reactions. Since 
the trimolecular reactions do not produce free 
radicals, these processes are energetically favor- 
able (with about - 8 - 1 0  kca l /mo l  non-local 
stabilization energy). Moreover, the height of 
the energy barriers for the reactions is very 
small (around + 20 kca l /mo l  at the non-local 
level), which makes these reactions theoretically 
very likely. 

Fig. 2 shows the most important configura- 
tions similarly to Fig. 1. A close inspection of 
the geometry data reveals that the trimolecular 
reactions run similarly to the bimolecular (3) 

process; namely, they reflect a radical substitu- 
tion mechanism, but in this case the leaving H 
atom forms a new bond consecutively with the 
spin-trap NO x molecule. This step is responsi- 
ble for the negative stabilization energies. The 
geometry of the formed CH3NO x molecules is 
in accordance with the theoretical gas phase 
geometry for cases of both NO and NO 2. We 
note that in the minimum points the N a - c  

o 

distances are larger than 4 A, which means that 
after the reaction, the reaction products are 
completely separated. 

In order to illustrate the electronic changes 
during the reactions, we also present the molec- 
ular orbitals in Fig. 2. This figure shows the 
highest occupied molecular orbital (HOMO) for 
the transition states and the final configurations, 
together with the two singly occupied molecular 
orbitals (SOMOs) for the initial geometries. (In 
the trimolecular cases, no spin density can be 
found after the reactions reached the singlet 
energy hypersurface so we cannot use the spin 
density plots for analysis.) From this figure we 
can understand how the two SOMOs combined 
with the C H  4 orbitals and form new lower lying 
orbitals and HOMOs for the CH3NO and the 
HNO molecules in the reaction (5) and (6), 
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respectively. (It is interesting to note that the 
HOMO orbitals belong to the molecules which 
formed from the NO molecule in both cases.) 
We can also see that, in the transition state, the 
leaving H atom is overlapping with the NO 2 
5 A  1 orbital (in reaction (5)) or with the NO -rr * 
orbital (in reaction (6)), which is essential for 
the new N - H  bond formation. Of course, the 
lower lying orbitals also take part in the forma- 
tion of the new molecules, but the highest or- 
bitals play the most interesting role in the cat- 
alytic processes. 

6. Conclusions 

We have examined bi- and trimolecular reac- 
tions which we assumed to take place on the 
active site of a de-NO~ catalysts, due to its 
concentrating effect, in order to account for the 
formation of some experimentally found species 
and experimental stoichiometry. The density 
functional calculations revealed that the tri- 
molecular reactions can run smoothly, despite 
the fact that this type of reaction is very un- 
likely in gas phase, whereas the bimolecular 
reactions were proved to be unfavorable ener- 
getically. The key result of this study was that 
the formation of  a high energy radical (CH2NO 
molecule and H atom in our cases) is responsi- 
ble for the high energy barrier and positive 
stabilization energy, while in the trimolecular 
reactions, the leaving H atom can form a stable 
bond with any NO x molecule. This simultane- 
ous bond breaking and forming eliminates the 
high energy barrier and can stabilize both the 
transition state and the final state. Our results 
therefore suggest that, if we can realize the high 
concentration of the NO x and c a  4 molecules, 
we can carry out such trimolecular reactions. In 
addition, another outcome is that we can assume 
trimolecular or quasi-trimolecular reactions oc- 
curring on a de-NO x catalyst when CH3NO x 
intermediates are found. Certainly, we have to 
keep in mind that one of the most important 
effects of a catalyst is that it can modify (lower) 

the energy barriers of a particular process, or it 
can open a new reaction route for this process. 
We therefore think that our calculated energy 
barriers can be considered as an upper bound 
for the real reaction hindrances and the reaction 
heats are very approximate. It follows that these 
results are highly qualitative, but still provide 
important information about the details of the 
reactions. 

Similar studies have not been carried out to 
the best of our knowledge. We think that our 
results may provide new insight into the de-NO x 
processes. It is also hoped that our proposed 
mechanism can serve as an initial point for 
further studies. Some possible extensions can be 
the inclusion of the active site orbitals into the 
calculations or description of other possible re- 
actions with or without the active sites, like 
reactions of NOx molecules with other hydro- 
carbon molecules. We believe that our approach 
will further stimulate theoretical and experimen- 
tal investigations. 
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