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Summary: Vibrational spectra have been computed by means of the B3LYP hybrid density 
functional in order to interpret the experiments [J. Phys. Chem. B 2002, 106, 6358], particularly 
regarding a transient 1225 cm−1 absorption during accumulation of NO2 in MgO supported BaO. The 
degree of generality of results is tested by comparing (NO2)x(MO)9 for x=1, 2 and M=Mg, Ca. 
Finger prints are produced for the single bidentate M2+−[ONO]−−M2+ surface nitrite ion, a novel 
single monodentate [Oclus−NO2]2− ion, and the chemisorbed nitrite/nitrate ion pair, i.e., M2+ − 
[ONO]−−M2++ [Oclus−NO2]−. The results suggest the novel monodentate [Oclus− NO2]2− to be 
responsible for the experimentally observed 1225 cm-1 absorption, being a transient towards surface 
nitrate rather than nitrite formation. This result is consistent with a mechanistic periodic DFT study 
concerning the initial loading of NO2 in BaO. 
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Introduction 
 

The cluster concept is at the heart of 
environmental catalysis technology, as well as its 
importance in many applied fields of research, such 
as environmental catalysis [1-3], while providing an 
efficient means to understand, e.g. deterioration 
processes. Nitrogen dioxide is one of the most 
environmental pollutants, primary pollutants are 
those released directly into the atmosphere from the 
source in harmful form. Secondary pollutants, by 
contrast, are modified to hazardous form and then 
formed by chemical reactions as components of the 
air mix and interact. Solar radiation often provides 
the energy for these reactions. Nitrogen oxides are 
highly reactive gases formed when nitrogen in fuel or 
combustion air is heated to temperatures above 650 

ºC in the presence of oxygen. The initial product, 
nitric oxide (NO), oxidizes further in the atmosphere 
to nitrogen dioxide (NO2) [4, 5]. The interest 
originates mainly from the use of MgO and CaO in 
‘‘NOx storage/reduction’’ catalysts consumption, 
which has the engine working under lean (oxygen 
excess) conditions [6]. Under lean conditions  
 

NO is oxidized to NO2 over the MgO and 
stored in the form of nitrate or nitrite in the NOx 
storing material [7]. The emissions of NO and NO2 
have proved to be very much influenced by operating 
conditions [8, 9], and many heterogeneous and 
homogeneous reactions are important for the 
formation and destruction of NO and NO2. Vehicle 
exhaust and other combustion emissions are the main 
source of nitrogen oxides NOx, which affect the 
environment negatively.  

The present work attempts to address this 
issue by examining the NOx storage mechanism over 
MgO and CaO clusters by means of quantum 
chemistry. The setting is provided by experimental 
and theoretical studies. Experimental input is taken 
from two investigations on the vibrational spectra of 
NOx species observed during calcination of barium 
nitrate Ba(NO3)2(s) [10], and during deposition of 
NO2 on MgO supported BaO [11], while very 
relevant theoretical aspects are found in 
investigations, which concern the actual NOx loading 
mechanism. Key observations are (a) the 
enhancement in stability observed when molecular 
NO2 is added pair-wise to an MgO (001) surface [12], 
and similar features observed for the BaO (100) 
substrate [13], which combined provide a possible 
comprehensive mechanistic understanding of the NO2 
storage in alkaline earth oxides. While these studies 
are internally consistent and point towards a general 
understanding, there remain questions regarding the 
applicability of the computational model as semi-
infinite crystal surfaces are taken to model the active 
catalyst, which suggests that NOx reacted with B2+ to 
produce barium nitrate Ba(NO3)2. A series of alkaline 
earth oxide cluster studies have been undertaken in 
order to take this aspect into account. Thus, initial 
investigation [14] demonstrated how the stabilities of 
alkaline earth oxide clusters increase with increasing 
size, and the applicability of the B3LYP hybrid 
density functional [15−17] for such cluster 
calculations was tested. In a subsequent study, 
relative stabilities of isomers were at focus [18], 
while in a recent comparative study [19], structure 
and chemisorptions energies of NO2 was addressed. 
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A subsequent study will address the CO2 (ads), 
structure and stability at MgO(s) and CaO(s). Two 
adsorbed NO2 species were characterized in our 
previous study [19] by two routes, one corresponding 
to a surface nitrite, and a second NO3

2− species with 
sp3 hybridized nitrogen. 
 

The aims of this study is twofold: (a) the 
enhancement of NO2(ads) stability upon pair-wise 
adsorption for alkaline earth oxide clusters is 
addressed [12,13] taking (MgO)9 and (CaO)9 as 
representatives. It is found that the NO2 pairwise is 
energetically much more favourable than the single 
NO2, and (b) Significantly, the connection between 
theoretical and experimental vibration spectra [10, 
11] for positive identification of adsorbed species is 
sought. 
 
Computational Method 
 

The computational procedure employed in 
the present study follows that outlined in [14, 18, 19], 
as implemented in the Gaussian 98 program package 
[20]. Thus the B3LYP hybrid density functional was 
employed throughout. Indeed, it may be stated that it 
was precisely in order to produce semi-quantitative 
results for chemisorptions that this choice was first 
made. This description of the electronic degrees of 
freedom has been exploited extensively, as extensive 
experience has been gained at our laboratory 
regarding its applicability to small and medium size 
molecules, and intuition has been developed. This 
study addresses clusters, and comparatively small 
basis sets are employed for cost efficiency. This 
study focuses on the (MgO)9 and (CaO)9 clusters. 
These models of the hexagonal ring stack and slab 
shaped clusters be good representatives of the 
corresponding oxide clusters and therefore these were 
employed to investigate differential properties of 
(MgO)9 and (CaO)9 toward the adsorption of NO2. 
The calculations regarding to total energies, bond 
lengths, angles and vibrational frequencies for 
isolated NO2, NO2

−, NO3 and NO3
− gases as listed in 

Table- 1, and compared with experiment [21−24]. 
Very good agreement with measured quantities is 
obtained. The 6-311G basis sets for B3LYP method 
are employed for Mg and Ca. In case of the latter, 
this implies inclusion of one (d) polarization 
function, and for the N and O atoms, the 6-31+G(d) 
basis set was used. Vibration spectra were computed 
from analytical Hessian and validation of possible 
stationary states on the potential energy surface were 
made by checking for any imaginary frequencies.  
 

Table-1: Geometries (Å), frequencies (cm−1) and 
energies (au) for NO2, NO2

−, and NO3
− calculated at 

Becke3LYP/6−311G(d) basis set. 
Species R(N−O) ONO ω(asym) ω(sym) ω(bend) Energy 
NO2

(a) 1.194 134.2 º 1706 1399 766 -205.13271 
NO2

− (b 1.265 115.9 º 1303 1364 803 -205.18695 
NO3

− 1.259 119.9 º 1431 1068 716 -280.42517 
(a) Exp. R(N−O) = 1.193 Å, ∠ ONO = 134.1○, ω(asym) = 1618, ω(sym) = 1318, ω(bend) 
= 750 [21]. 
(b) Exp. R(N−O) = 1.236 Å, ∠ ONO = 115.4○ [22], ω(asym) = 1250,  ω(sym) = 1335 
[23,24]. 

 

Adsorption energies of NO2 onto the 
(MgO)9 and (CaO)9 cluster models were calculated 
using the following equation: 
 

∆Eads = E(NO2 ) + E(slab, cylinder surface) – E(NO2 
adsorbed surface)  (1)  
 

where E(NO2) is the energy of a isolated NO2, E(slab, 
cylinder surface) is the energy of the optimized 
(MgO)9 and (CaO)9 cluster slab and cylinder and 
E(NO2 adsorbed surface) is the total energy of 
adsorbed system.    
 

Results and Discussion 
 

Structural Characteristics of Single and Pairwise 
NO2 Adsorption to (MO)x  
 

In a recent study the chemisorption of NO2 
onto an O2−

surf site was described, and particularly the 
discriminating radical nature NO2 as adsorbate was 
emphasized. Two adsorption configurations were 
investigated for single NO2 adsorption, corresponding 
to surface a NO2

− nitrite, and a novel NO3
2− species. 

The difference between Fig. 1(b) and Fig. 1(c) is the 
NO2 binds with two Mg atoms in a bridging bidentate 
configuration in Fig. 1(b), while NO2 binds with one 
oxygen atom in a monodentate configuration in Fig. 
1(c). In addition, binding as M2+−ONO−M2+ forming 
a surface nitrite can be interpreted as producing an 
electron vacancy in the O2− ions, i.e. a delocalized O− 
hole, while the reaction O2−− NO2 was found to 
localize the odd electron mainly on the adsorbate, 
resulting in an sp3 hybridized nitrogen. The two 
surface species are depicted in Fig. 1 and Fig. 2 
together with the bare clusters and the pairwise 
adsorption situation on (MgO)9 and (CaO)9 
respectively. 

 

It was examined NO2 pair adsorption 
behaviour over the (MgO)9 and (CaO)9 surface 
clusters by considering NO2 binds on cations forming 
nitrite (NO2

−) and NO2 binds on anions producing 
nitrates (NO3

−). Hence, the addition of second NO2 
causes a pronounced surface relaxation which 
changed of bond lengths and bond angles, as 
presented in Table- 2, and the resulting geometries 
are displayed in Fig. 1(d) and Fig. 2(d) for (MgO)9 
and (CaO)9 respectively. The structural properties of 
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the three NO2 surface species, in order to contrast the 
structural features of the novel NO3

2− species with the 
more conventional nitrite and nitrate species found 
for pairwise adsorption onto the (MgO)9 and (CaO)9 
clusters become of interest. The structural parameters 
are presented in Table- 2. Note, how the (MgO)9 
cylinder in Fig. 1 (a) is practically unaltered upon 
addition of the single NO2 to form either the NO3

2− or 
the NO2

− surface species [see, Fig. 1(b) right and Fig. 
1 (c)]. This is in contrast to the formation of the 
nitrite/nitrate pair [Fig. 1(d)], which completely 
distorts the oxide cluster. This distortion prevails 
upon removal of the nitrate like NO2 (ads) species, 
leaving the chemisorbed nitrite form [Fig. 1(b) left]. 
Interestingly, in case of NO2 adsorption to (CaO)9, 
the slab shape [Fig. 2(a-d)] of the oxide cluster is 
preserved throughout. 

 

 
 
Fig. 1: The optimized structures of (a) the bare 

(MgO)9 cluster (b) the bidentate nitrite 
species (c) the NO3

2− species, and (d) the 
chemisorbed nitrite-nitrate pair at the 
(MgO)9 cluster are depicted. The degree of 
cluster distortion in (d) compared to (a) is 
emphasized, as the tilted geometry in the 
NO3

2− surface species, indicative of an sp3 
hybridized nitrogen.  Oxygen atoms of NO2 
are in red and nitrogen atoms are in blue. 

Table-2: Structural parameters a of nitrite (NO2
−), 

nitrates (NO3
−) and NO3

2− on (MgO)9 and (CaO)9. 
Compare Fig. 1 and Fig. 2. 

Species R(N−O) R(NO2−Msurf) ∠ ONO ∠ ON−Msurf  
Nitrite on (MgO)9  

a=1.21 a=2.15 124º α =118º  
b=1.23 b=2.53 β =130º  (fig. 1b, 

right) 1.27 2.07 117º 128º  
Nitrite on (CaO)9  

a=1.25 a=2.37 115º α =118º  (fig. 2b) b=1.27 b=2.50 β =149º  
a=1.27 a=2.41 115 º α =130º  (fig. 2d) a=1.26 a=2.44  β =138º  

Species R(N−O) R(N−Osurf) ∠ ONO ∠ NO−Osurf 
Tilt 

angle 
NO3

2− on (MgO)9 

(fig. 1c) 1.30 1.45 125º 110º 133º 
NO3

−on (MgO)9 
a=1.27 1.31 125º α =121º 180º (fig. 1d) b=1.21   β =114º  

NO3
2−on (CaO)9 

(fig. 2c) 1.29 1.51 120º 110º 132º 
NO3

−on (CaO)9 
(fig. 2d) 1.24 1.32 125º 118º 180º 

a Bond lengths are in angstroms and angles are in degrees. M=Mg, CaO. 
 
Odd-Even Effect in the Chemisorption Energy of NO2 
to (MO)x, M=Mg, Ca 
 

NO2 binding energies for the single and 
pairwise adsorptions are also included in Fig. 1 and 
Fig. 2. Compared to NO2 binding energies for the 
single NO2 pair adsorption interacts with the (MgO)9 
and (CaO)9 clusters more strongly. A striking result 
for the binding of the second NO2 molecule comes 
out significantly more exothermic than the first, i.e. 
0.36 eV and 1.66 eV for the initial nitrite formation 
on (MgO)9 and (CaO)9, respectively, while 2.82 eV 
and 3.64 eV were obtained respectively for the 
pairwise adsorption. 
 

It is noted that while the absolute numbers 
are significantly different, the stabilizations upon 
adding the second NO2 are of the same magnitude, 
i.e. 2.46 eV versus 1.98 eV. 
 

The coverage dependence of chemisorption 
energy was investigated in order to test the generality 
of this feature. Thus, the evolution of stability upon 
adding one, two and three CO2 molecules to form the 
corresponding carbonates CO3

2− was investigated for 
a subsequent study.  
 

Hence, it may be concluded that it is the 
pairing up of the odd electron in the case of 
adsorption of the NO2 radical, which results in the 
enhanced chemical stability of the average NO2 
adsorption energy for the resulting nitrite/nitrate pair. 
 

It is deduced that this effect is similar to 
what has been known for metal clusters, i.e. a cluster 
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which having the unpaired electron in the vicinity of 
the binding sit displays a significantly stronger 
binding to a radical adsorbate than does a cluster, 
where the electrons are all paired up [25]. In case of 
the latter, no sink for the extra electron was the cause 
for the poor binding, which effectively left electron in 
an anti-bonding cluster orbital. Here, a second NO2 
molecule accepts the excess electron, as a nitrite-
nitrate pair is formed. 
 

 
 
Fig. 2: The optimized structures of (a) the bare 

(CaO)9 cluster (b) the bidentate nitrite 
species (c) the NO3

2− species, and (d) the 
chemisorbed nitrite-nitrate pair at the (CaO)9 
cluster are depicted. Note, how the slab 
shape substrate is conserved throughout (a-
d), and the tilted geometry in the NO3

2− 
surface species, indicative of an sp3 
hybridized nitrogen. The corresponding 
adsorption energies De are showing. Oxygen 
atoms of NO2 are in red and nitrogen atoms 
are in blue. 

Vibration Frequency Characteristics of Single and 
Pairwise NO2 Adsorption on (MO)x 
 

It is inferred from the above results that 
energetic and structural properties have been 
acquired regarding single and pairwise NO2 
adsorption. Here, connection between theoretical 
predictions and reality are sought by comparing 
computed and measured vibration spectra. Thus, in 
Table- 3 the characteristic vibration frequencies are 
displayed in conjunction with those of the bare 
clusters. It is noted that the formation of stable the 
respective NO3

2−, nitrite and nitrate species preserve 
their integrates irrespective of substrate. 
Chemisorption on (MgO)9 cluster causes a much 
more pronounced red shift (441 cm−1) of the 
asymmetric and weaker red shift (292 cm−1) of the 
symmetric stretches, so the two bands separated by 
only 149 cm−1, while at a (CaO)9 cluster (Fig. 2), both 
modes are further red-shifted by 157 cm−1 (Table- 3). 
This becomes particularly important, injunction with 
the fact that it displays characteristic absorption at 
1104 (1113) and 1268 (1269) cm−1 on the MgO 
(CaO) clusters, whereas the nitrites and nitrates 
produce vibration frequencies at 1363(1376), 
1312(1317), 791(792) cm−1 and at 1635(1576), 
1317(1349), 1028(1028) cm−1, respectively on the 
Mg9O9 (Ca9O9) clusters. Hence, neither nitrite nor 
nitrate displays any vibration frequencies in the 
window between 1100 and 1300 cm−1, which is 
precisely where the highest vibration frequencies on 
the novel NO3

2− species show up.  
 
Table-3: Vibrational frequency ω in cm−1 for free 
NO2, the NO3

2− surface species, and the nitrite/nitrate 
pair on (MgO)9 and (CaO)9 clusters. 

Species ω1(sym) ω2(bend) ω3(asym 
NO2 1396 749 1709 

NO2 on (MgO)9 
NO3

2− 1104 700 1268 
NO2 on (CaO)9  810  

NO3
2− 1113 696 1269 

  746  
2(NO2) on (MgO)9 

NO2
− 1363 791 1312 

NO3
− 1635 1028(C3ν) 1317(C2ν) 

  792(C2ν) 763(C2ν) 
  695(C2ν)  

2(NO2) on (CaO)9 
NO2

− 1376 792 1317 
NO3

− 1349(C2ν) 792(C3ν) 1576 
 1028(C3ν) 724(Cs)  
  703(C2ν)  

 
Experimentally, two vibration spectroscopy 

were determined the values of NOx related 
compounds on alkaline earth oxides, as property of 
the lean burn catalyst component BaO.  One 
suggested that in a Ba(NO3)2(s) calcinations study, 
the transition between the original compound and the 
intermediate NOx related compounds were monitored 
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by means of Raman Spectroscopy [10]. Frequencies 
at 1634, 1357−1406, and 1047 cm−1 were found to 
correspond to bulk nitrate. Subsequent measurements 
during calcinations registered the evolution of a new 
doublet at 1335 and 1050 cm−1. With the laps of time, 
a shoulder feature emerged at 1235 cm−1, and this 
absorption, assigned to a particular nitro species (see, 
e.g.  ref. 10), remained for as long as there was any 
NOx left in the sample. It suggested here, that the 
novel NO3

2− species may very well be the cause of 
this 1235 cm−1 band. And a second is the most 
relevant study by Hess and Lunsford [11], which 
monitors the accumulation of NO2 in MgO supported 
BaO. During the first 3 minutes of exposure, 
absorptions at 1327, 1225, and 811 cm−1 emerged, 
suggestive of formation of surface nitrites and NO3

2− 
species. Subsequently, an additional band at 1051 
cm−1 emerged, taken to indicate increasing 
concentrations of nitrates. The final spectrum 
displayed all the characteristic features of bulk 
Ba(NO3)2. 
 

Based on the above results that the region of 
the 1225(1235) cm−1 is the novel NO3

2− surface 
species. At low NO2(ads) coverages, this species is 
expected to coexists with surface nitrites, which in 
turn would be the cause of the 1327 cm−1 absorption 
band. 
 
Conclusions 
 

A mechanistic understanding of the loading 
of NO2 in BaO has previously been presented based 
on initial nitrite formation, and transient 
accumulation of nitrite/nitrate pairs. Periodic Density 
functional theory was employed in order to quantify 
the relative stabilities of intermediates during this 
process [11]. This approach and understanding was 
found to be consistent with interpretations of the NO2 
loading on MgO supported BaO by means of Raman 
Spectroscopy [13]. Building on investigations 
regarding inherent properties of alkaline earth oxide 
clusters [14, 18] in conjunction with claimed 
understanding of NO2 to cluster chemisorptions [19], 
we have addressed here the enhancement in binding 
energy upon pairwise NO2 adsorption reported for 
MgO (001) surface [12]. In addition, the formation of 
a nitrite/nitrate pair, is strongly with respect to single 
NO2 adsorption. The computed in stability for a 
single adsorbed nitrite is 0.36 eV and (1.66 eV) for 
Mg9O9 (Ca9O9), pairs adsorption displays a 2.82 eV 
(3.64 eV) stability. 
 

Structures of single and pairwise 
chemisorbed NO2(ads) were optimized and vibration 
frequencies were determined in order to make 

connection with experiment, and indeed, the results 
are in agreement with the experimental inter-
pretations [11] regarding the presence of nitrite and 
nitrate species. But more than that, an alternative 
interpretation as to the origin of a 1225 (1235) cm−1 
band was proposed to correspond to the novel 
NO3

2−
surf surface species [2, 13, 19]. This adsorption 

is at frequency window where neither nitrite nor 
nitrate possess any absorptions, while NO3

2−
surf 

displays one at 1268 and 1269 cm−1 on the (MgO)9 
and (CaO)9 clusters, respectively. The fact that this 
vibration frequency is fairly independent of oxide 
cluster cation is taken to infer support for the 
observation of a novel NO3

2− molecular anion with its 
own integrity and of general importance. The sp3 
hybridization of N+ has been assumed in the case of 
structures [see, Fig. 1(c) and Fig. 2 (c)], leads to 
bound to three O−, which stabilized by surrounding 
cations. 
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