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Coupling nitrosyls as the first step in the reduction of NO 
on metal surfaces: the special role of rhodium 
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The adsorption of NO and its coupling to yield NzOz on Rh(lOO), Pd(100) and Pt(100) surfaces is analyzed using extended 
Hiickel calculations. It appears that the Blyholder model is a valid description of the chemisorption of NO on Rh(100). There is 
substantial weakening of the NO bond on this surface. However, in the case of Pd(100) and Pt(lOO), the N-O overlap population 
increases upon chemisorption. For some of the geometries studied, the results indicate that for rhodium surfaces the coupled 
product has significant N-N double bond character, best described by the 6rr electron system, hyponitrite. For rhodium surfaces 
the dimerization of chemisorbed NO seems to be a viable initial step in the NO reduction mechanism. 

1. Introduction 

The catalytic reduction of nitric oxide over 
transition-metal surfaces plays a central role in 
air pollution alleviation. For this purpose, 
rhodium was introduced into general usage in US 
automotive catalysts in 1981 to meet the stringent 
standards for NO, emissions which went into 
effect that year. Until that time, catalysts contain- 
ing platinum and palladium had been used to 
oxidize CO and hydrocarbons [l]. The character- 
istic of the three-way catalyst (TWC) is the re- 
moval of all three regulated pollutants (HC, CO 
and NO,). 

The role of rhodium in the TWC has not been 
fully elucidated as yet, but it is clear that it plays 
a key function in the NO reduction, outperform- 
ing the other components of the TWC. In this 
regard, the study of rhodium-platinum alloys is 
instructive. Recent work with Rh,,5-Pt,, alloys 
clearly indicates that for an NO and CO gas 
mixture, the CO molecules adsorb preferentially 
on Pt sites, whereas the NO molecules adsorb 
primarily on Rh sites [2]. Further, looking at the 

* To whom correspondence should be addressed. 

NO + CO versus NO + H, reduction rates on 
various transition-metal surfaces, it has been 
found that the latter pathway is fastest for both 
platinum and palladium surfaces, thus producing 
ammonia rather than dinitrogen. This tendency is 
reversed for rhodium, iridium and ruthenium sur- 
faces [31. 

Nitric oxide chemisorption on transition-metal 
surfaces has been studied extensively 14-131. In 
discrete complexes and on surfaces, the NO lig- 
and may bind linearly or bent. At the molecular 
level these bonding modes may be described as 
M-(NO)+ for the linear case, and M-(NO)- for 
the bent form [11,14-171. On surfaces the picture 
is complicated by the dissociative adsorption of 
NO. This latter process eventually leads to re- 
combination and desorption of N, and 0,. It is 
generally accepted that NO dissociation is a pre- 
requisite for its efficient reduction over metal 
surfaces. Since dissociative chemisorption is the 
trend for group 9 metal surfaces [18-211 but not 
group 10 surfaces [4,22-26,9], this argument could 
account for the difference in reactivity between 
Rh (group 91, Pd and Pt surfaces (group 10). At 
low coverages, it appears that NO adsorbs mostly 
on bridging sites for Pd [9,26,27], Pt [28-301 and 
Rh [31]. 
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Upon increasing the coverage, this picture be- 
comes much more complex. To illustrate this with 
a single example, we mention the work of Somor- 
jai and coworkers, who reported at least five 
different NO species on Rh(ll1) using high-reso- 
lution EELS [6]. The presence of pairs of nitro- 
syls has recurrently been reported for various 
surfaces [27,32-421. This geometry, particularly 
favorable for an N-N coupling, leading to the 
formation of dinitrogen dioxide, has received rel- 
atively little attention. In this respect, one should 
remember the gas-phase reactions of NO with 
H,, CO, SO, and 0,. These involve third-order 
reaction rates, proportional to the square of the 
nitric oxide concentration, strongly suggesting a 
nitrosyl-dinitrogen dioxide pre-equilibrium [43]. 
The presence of such a pre-equilibrium was pro- 
posed as early as 1918 by Bodenstein to account 
for the third-order rate constant for the reaction 
between NO and 0, to form NO, [44]. 

The formation of NO dimers has been ob- 
served in the condensed phase and in the gas 
phase. Three different experimental structural 
determinations for N,O, have been reported 
[45-481. The crystal structure of dinitrogen diox- 
ide was resolved crystallographically by Lipscomb 
[45]. The N-N bond length is unusually long, 2.18 
A. Dinerman and Ewing deduced the structure of 
gas-phase N,O, by performing contour analyses 
of two IR bands [46]. In this study, the N-N bond 
length was found to be 1.75 A. A second experi- 
mental structural determination of N,O, in th,e 
gas phase suggests a N-N bond length of 2.33 A 
[47]. Several ab initio full geometry optimizations 
have been performed. At the SCF level of theoq, 
N-N bond distances of 1.7862 [48] and 1.615 A 
[49] were obtained. Inclusion of electron correla- 
tion leads to an N-N distance of 2.186 A at the 
MP2 level of theory [50]. A metastable form of 
N,O, with an N-N distance of 1.25 A has been 
suggested to serve as an important intermediate 
in the high pressure reaction 2N0 --+ N, + 0, 
[511. 

The presence of a dinitrogen dioxide ligand 
coordinated to a metal fragment has been re- 
ported only on a couple of occasions [52,531. To 
our knowledge, two theoretical analyses have been 
carried out on molecular systems to simulate the 

coupling of two cis-coordinated nitrosyl ligands 
on a metal template, leading to a dinitrogen 
dioxide with a N-N bond. For the tetrahedral 
complex [FeCl,(NO),l, the reaction was pre- 
dicted to be symmetry allowed [54], as well as for 
[ReCl,(NO),l. In this latter case the reaction was 
predicted to be symmetry forbidden for d5 or 
higher electron count [55]. Experimental evidence 
strongly suggests that for complexes of rhodium, 
palladium and cobalt containing two cis nitrosyls, 
one linear and one bent, only the rhodium com- 
plexes are capable of disproportionation of NO, 
yielding N, and 0, [56]. 

In the field of surface science, adsorbed dini- 
trosyls have been detected for oxide-supported 
MOO, [32-341, CrO, supported on silica 137,351, 
Rh adsorbed on alumina [36], Rh exchanged into 
Y zeolites [38], CuI exchanged into ZSMS zeo- 
lites [41], evaporated nickel surfaces [57], as well 
as Pd(100) [27], Pd(ll1) [39] and Pt(ll1) surfaces 
[40,42]. However, an IR study using isotopic mix- 
tures of NO suggests that the dimer interpreta- 
tion is wrong in this latter case [28]. 

2. Goal 

Starting from several adsorption geometries of 
linear NO, this study will concentrate on the 
formation of dinitrogen dioxide, N,O,, adsorbed 
on Rh, Pd and Pt surfaces. We shall focus on the 
strength of the N-N and N-O interactions to 
determine if this intermediate is a reasonable one 
in the reaction pathway leading to N, and 0,. 
Further, the dissociative versus molecular adsorp- 
tion of nitrosyl on the above surfaces will be 
discussed. 

3. Methodology 

The simplest general picture of NO chemi- 
sorption in the linear form fits the Blyholder 
model [58] - electron donation from the 5u- 
orbital into suitable transition-metal d orbitals 
and back-donation from the metal orbitals into 
the very low lying 2a orbitals which contain one 
electron. Both depopulation of the 5a orbital and 
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population of the 2~ orbitals contribute to form 
a strong M-N bond and weaken the N-O bond. 

Closely related theoretical studies have shown 
that differences between various surface orienta- 
tions of a given metal are smaller than those 
arising from changing the metal 1591. Therefore, 
we chose the (100) face of three fee structures of 
rhodium, palladium and platinum, modeling the 
surfaces with a three-layer two-dimensional slab. 
The near$st-neighbor separation is 2.4893, 2.75 
and 2.77 A for rhodium, palladium and platinum 
respectively [60]. 

The analysis was carried out using the ex- 
tended Hiickel tight-binding methodology [61-661. 
In order to trace the adsorbate-surface interac- 
tions, a fragment molecular orbital (FM01 analy- 
sis was performed using densities of states (DOS) 
and crystal orbital overlap population (COOP) 
and their decompositions [67]. Further computa- 
tional details are listed in the appendix. The 
extended Hiickel method is approximate, best at 
indicating trends in bonding and identi~ing the 
most important interactions. 

Although the saturation coverage of NO on 
Rh(100) is 0.65 ML, this study used a hypotheti- 
cal coverage of 1.0 ML for most starting geome- 

Table 1 
Bonding characteristics for on-top M(N0) and bridging M(N,O,) 

tries. Such a high coverage was dictated by com- 
putational economy. However, we have previously 
shown that both overlap populations and electron 
densities of the FMO’s are mostly coverage inde- 
pendent 1681, and we have also obtained similar 
results with a calculated coverage of 0.67. On the 
other hand, the binding energy of the substrate 
decreases with increasing coverage, but this is not 
relevant in the present study 159,681. It should be 
pointed out that the bridging site preference for 
linear nitrosyls on Rh(l~), deduced by compar- 
ing the different binding energies, has been 
demonstrated previously by this group [681. The 
consequences of NO bending on this same sur- 
face [68] as well as on Ni(ll1) [69] have been 
studied in detail with the extended Hiickel 
methodolo~. 

4. Geometry 

The geometry of the absorbed coupled dinitro- 
gen dioxide was chosen so as to be able to ob- 
serve changes in NaN overlap population. Rather 
than using 2.18 A as reported in the crystal 
structure of dinitrogen dioxide 1451, we set a N-N 

NO c) on-top On-top on-top Bridging Bridging Bridging N,O, d, 
Rh(N0) Pd(N0) Pt(N0) Rh(N,O,) Pd(N,O,) Pt(N,O,) 

FM0 occupation a) 
5a+ 2.00 1.74 1.76 1.70 1.89 1.90 1.89 2.00 
5a- 2.00 1.72 1.78 1.68 1.61 1.55 1.43 2.00 
2x; 2.00 1.11 0.54 0.35 1.74 1.19 1.36 0.00 
2r; 0.00 1.05 0.44 0.32 1.79 0.31 0.48 2.00 
2r; 0.00 1.12 0.24 0.32 0.49 0.08 0.17 0.00 
2r: 0.00 1.06 0.13 0.28 0.03 0.02 0.03 0.00 

0L:erlap population 

M-N 0.85 0.56 0.73 0.63 0.52 0.64 
N-N 0.00 0.00 0.00 0.00 0.72 0.61 0.62 0.61 
N-O 1.13 0.87 1.24 1.23 0.80 1.06 1.03 0.95 

AE b, 1.41 1.08 1.12 0.68 

a) The FMO’s are listed in order of decreasing energy for the starting geometry 1. It should be noted that the same ordering leaves 
the Z?rz orbital formally empty in the coupled dinitrosyl of geometry 2. 

b, Corresponds to the difference in energy (eV1 between the coupled product bridging M(N,O,) and the corres~nding uncoupled 
geometry on-top M(NO) AE = Ebridgins M(N,O,) - ~7&,~_~,,~ M(N0). 

‘) See geometry 1. 
d, See geometry 2. 
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bond length of 1.44 A and a N-N-O angle of 
120“. The reasons for this choice of distance, 
shorter than in the gas-phase N,O,, are: 6) the 
adsorbed NaO,, as we will show later, may have a 
stronger N-N bond, (ii) this adsorbed species 
should be regarded as an intermediate on the 
reaction pathway leading from NO to N,, and 
(iii) both Casewit and Rappt [543 and we [55] 
have used such short distances in related molecu- 
lar calculations (1.53 and 1.44 A respectively). 
Both N-O bond length and M-N distances werz 
kept constant for all calculations: 1.17 and 1.8 A 
respectively. A molecular calculation was carried 
out for both starting geometry 1 and the coupled 
product 2. 

2.6893 A apart, corresponding to the nearest 
neighbor separation in ~~1~). At this distance, 
the splitting of the 5cr+ and 5u- and the 2~: 
and 27~; FMO’s is barely noticeable. On the 
other hand, the 25-F and 2~; are split by 0.35 
eV, the overlap of the 27r,, orbitals begins to be 
substantial at this separation. 

As the nitrosyl molecules approach each other, 
the N-N bonding orbitals are stabilized. This is 
the case for the 5a+, 27’r,+ and 2~; orbitals. 
Conversely, the orbitals which bear N-N anti- 
bonding character are shifted up in energy as 
both nitrogen atoms approach each other. This 
reaction is symmetry forbidden for an electron 
count of 22, eleven electrons per nitrosyl (see fig. 
1). However, the HOMO-LIJMO gap is very 
small for both the pair of nitrosyls (geometry 1) 
(0.15 eV) and the coupled dinitrogen dioxide 
geometry 2 (0.12 eV). The two-electron assign- 
ment in the 275; orbital (2a,) in geometry 1 can 
therefore be regarded as arbitrary. From a ther- 

1.17 Aij 
N 2.6693A % 

1” ’ 

* 

‘\; N&,A 
1.44 A 

2 

Computed FM0 occupations and overlap popula- 
tions are presented in table 1. 

As an FM0 analysis will be carried out, it is 
necessary to have a good picture of the fragment 
orbitals involved in the interaction between the 
substrate and the surface. We included two nitro- 
syls per unit cell, to have the same number of 
FMO’s in the starting geometry as in the coupled 
product A Walsh diagram for the coupling reac- $ -7 

tion of two nitrosyls is presented in fig. 1. The & 

reaction coordinate, sketched at the bottom of 
i; 

fig. 1, consists of an approach of the two N ends 
of the two NO’s, the oxygen atoms barely moving 
in the same direction. For both geometries 1 and -I I 

2, we introduce labels for the FMO’s reminiscent 
of their origin, derived from 5a and 2~ orbitals. 
The two linear combinations of 5a will be de- 
noted 5a+ and 5a- for the in- and out-of-phase 
combinations. Bringing the two nitrosyls together 
in the yz plane lifts the degeneracy of the 2~~ 
and 2”; orbitals. Again, these orbitals form in- 
and out-of-phase combinations as the two nitrosyl 
molecules come into action. In the starting geom- 
etry, both nitrosyls lie parallel to each other at 

-15 ’ 1 I I I 

2.69 2.38 1.75 1.44 

N-N distance 6) 

Fig. 1. Walsh diagram for the coupling of two NO molecules 
involving the formation of an N-N bond. 

5 



modynamic point of view, the coupled product 2 
is disfavored by N 0.7 eV. 

5. monolayer of NO and N,O, 

Moving to a monolayer of NO molecules, the 
molecular orbitals we saw above eventually grow 
into a band. With a square mor$ayer of nitrosyls 
having a cell constant of 2.6893 A, these bands do 
pick up some dispersion (see fig. 2a), but the 
individual FMO’s are still easily identifiable. The 
same applies to a square monolayer of dinitrogen 
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dioxides with a cell constant of 3.8032 A, result- 
ing from a pairwise coupling of nitrosyl molecules 
as depicted in 2 (see fig. 2b). 

6. Clean metal slabs 

Let us now consider the clean metal surfaces. 
The calculated density of states for a three-layer 
rhodium slab shows a quite wide d band between 
- 7.0 and - 13.0 eV. The dispersed s and p bands 
lie mostly above the d band, with some penetra- 
tion into it (fig. 3a). Moving on to a palladium 
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Fig. 2. (a) Total DOS of square NO monolayer with a 2.6893 A separation. (b) Total DOS of N,O, monolayer with a 3.8032 A 

separation. 
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slab, fig. 3b, we see that the d band is significantly 
narrower, - 11.0 to - 13.0 eV. The platinum sIab 
is intermediate with a d band width of 3.5 eV 
between - 9.2 and - 12.7 eV (fig. 34. Whether 
the use of a three-layer slab model to represent 
the surface is appropriate has been discussed by 
this group in great detail earlier [59,68,69]. Be- 
cause of the adsorbate’s high coverage, we tried a 
five-layer slab in a couple of cases. The results 
were very similar with those obtained with a 
three-layer slab, which are consistently reported 
in this paper. 

7. Interactions turned on 

We now turn on the interaction between the 
adsorbates and the metal surfaces. The stabiliza- 

tion energy for an interaction goes as 

If the orbital energies dominate, as we think is 
the case for the three metal slabs, we can esti- 
mate the strengths of adsorbate-substrate inter- 
actions by focusing on the energy differences 
Ef -E:. This assumption was assessed with a 
molecular calculation. By varying the metal or- 
bital exponents 5 while keeping the ionization 
potentials Hii constant, we showed that the reso- 
nance integrals Hjj did not vary significantly. 
Thus, for identical geometries but different metal 
slabs, the energy term seems to dominate in the 
second-order perturbation expression (1). 

Before studying specific adsorption geome- 
tries, one can qualitatively estimate the value of 
the denominator in eq. (11 by inspecting the dif- 

4i7 

DOS 

(4 

DOS 

lb) 

DOS 

(cl 
Fig. 3. Total DOS of a M(100) three layer slab. The straight lines correspond to the molecular orbitals of N,Oz (geometry 2): (a) 

M = Rh, (b) M = Pd, and (c) M = Pt. 
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ference in energy between the individual F&IO’s 
of the substrate and the clean metal surfaces. 
This is depicted in fig. 3 for the starting situation 
of vertical nitrosyls superimposed over a rhodium 
three-layer slab (fig. 3a), a palladium three-layer 
slab (fig. 3b), and a platinum three-layer slab (fig. 
3~). The same process is repeated for the FMO’s 
of N,O, and the various metal slabs, figs. 4a, 4b 
and 4c, for rhodium, palladium and platinum 
respectively. 

From fig. 3a, we predict a good interaction for 
all 5cr and 2~ levels of NO adsorbed on Rh(l~). 
As all these levels are all located “in the d band”, 
a good interaction is expected. The palladium 
situation is quite different, fig. 3b. Since the d 
band is significantly narrower for palladium than 
for rhodium, the 27r levels are expected to inter- 
act only weakly with the d band. The 5a levels lie 
at the top of the d band, and their interaction 

with the palladium slab is expected to be good. 
The platinum situation is intermediate between 
rhodium and palladium, fig. 36. Again, the width 
of the d band allows prediction of the strength of 
interaction: the 5a levels interact very strongly, 
whereas the 27~ levels, lying slightly above the d 
band, should interact moderately with the plat- 
inum slab. 

The same analysis can be carried out for the 
coupled product adsorbed on the various metal 
slabs, fig. 4. The 27rT level is shifted up in energy 
to 3.68 eV upon coupling. Its interaction with 
either metal slab will be insignificant. For the 
rhodium slab, all other levels are expected to 
interact strongly with the metal surface, fig. 4a. 
Since for the palladium case only the 50+ level 
lies within the d band, no other level will interact 
very significantly with the slab, fig. 4b. Finally, for 
N,O, adsorbed on platinum, except for the 277; 

DOS 

(b) 

DOS 

fc) 

Fig. 4. Total DOS of a M(lOO) three layer slab. The straight tines correspond to the molecular orbitals of NO: (a) M = Rh, (b> 
M = Pd, and (c> M = Pt. 
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and 27r;, all other levels lie in the d band, and, 
therefore, their interaction with the metal slab is 
expected to be good (fig. 4~). 

8. Specific adsorptions 

Let us now turn to specific adsorption geome- 
tries for both substrates under study. Three start- 
ing coverages for linear nitrosyl adsorbed on 
M( 100) surfaces of fee metals were chosen: on-top 
p(1 x l)NO + M(lOO) [referred to as on-top 
M(NO)] (fig. 5a), bridging p(1 X 1)NO + M(100) 
[bridging M(NO)] (fig. 5b), and cis-bridging (2 X 
2)N0 f M(l~) [c&-bridging M(NO)] (fig. 5~). 
These geometries seem to cover the range of 
experimentally determined and conceptually rea- 
sonable adsorptions for a linear nitrosyl interact- 
ing with the (100) face of an fee metal. The 
calculations were carried out with the three metal 
slabs (M = Rh,, Pd, Pt). Keeping the metal- 
nitrogen (1.8 A) and nitrogen-oxygen distances 
(1.17 A) constant, the nitrosyl adsorbates were 
tilted pairwise to form dimers with a nitrogen- 
nitrogen distance of 1.44 A and an N-N-O angle 
of 120”, as in 2. From the on-top M(N0) situa- 
tion, fig. 5a, by bending the nitrosyls pairwise 
towards each other, a bridging dinitrogen dioxide 
species is formed: bridging ~(2 X 2)N,O, + 
M(lOO) [bridging M(N,O,)] (fig. 5d). Two cou- 
pled geometries were studied starting from the 
bridging M(N0) situation, fig. 5b. In the first, two 
nitrosyls were tilted pairwise so as to have the 
oxygen-nitrogen vectors point towards a single 
metal atom, on-top c(2 X 2)N,O, + M(100) [on- 
top M(N,O,)], fig. 5e. The second alternative 
involves the fo~ation of a N,O, unit embedded 
in the fourfold hohow of the fee (100) surface: 
cap p(2 x l)N,O, + M(100) [cap M(N,O,)] (fig. 
5f). Finally, starting from the cis-bridging M(N0) 
situation, fig. 5c, a coupling as depicted in fig. 5g 
was studied leading to cis-cap p(2 x 2)N,O, + 
M(100) [cis-cap M(N,O,)]. It should be noted 
that a similar geometry was reported recently for 
an fee Pd(100) surface [27]. 

By inspecting the various FM03 and the group 
orbitals of same symmetry on the surface, it is 
possible to estimate the relative magnitude of the 

overlap integrals and therefore the numerator of 
the pe~urbation theory expression (I). 

The local bonding interactions for both on-top 
M(N0) and bridging M(N,O,), the correspond- 
ing coupled product, are depicted in figs. 6a and 
b, respectively. Relevant electron densities of the 
substrate FMO’s and overlap populations for both 
situations are summarized in table 1. 

Let us analyze the on-top M(N0) situation 
first. As both 50 and 2~ levels are in resonance 
with the d band of the rhodium slab, the interac- 
tion is expected to be good. Indeed, both 50 
orbitals donate N 0.25 electrons upon interacting 
with the rhodium slab. Each 27~ orbital hosts 
over 1.0 electron once the interaction is turned 
on. Since these four orbitals share two electrons 
before interaction with the slab, they have for- 
mally received N 0.5 electrons upon chemisorp- 
tion. The on-top Rh(N0) thus fits nicely the 
Blyholder picture: c-donation from the nitrosyl to 

(al 

Fig. 6. (a) Relevant adsorbate-surface interactions for on-top 
M(N0). (b) Reievant adsorbate-surface interactions for 

bridging M(N,O,). 
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the surface and rr-backbonding from the metal 
orbitals into the rr* orbitals of the adsorbate. 
The N-O bond is significantly weakened as a 
result: the overlap population is reduced from 
1.13, computed for a pair of NO molecules 
(geometry l), to 0.87 for on-top Rh(N0) (see 
table 1). Both these interactions cooperate to 
form a strong Rh-N interaction; the correspond- 
ing overlap population is 0.85. Considering both 
these overlap populations, one could argue that 
the canonical structure M=N=O is more appropri- 
ate than M-N=0 for this chemisorption system. 
This qualitative conclusion is also based on some 
model calculations by us on discrete molecules. 
Although the coverage is at its maximum, no 
N-N bonding is in evidence. 

The bonding picture changes dramatically with 
the palladium slab. The 50 orbitals interact effi- 
ciently with the d band of the palladium slab; 
N 0.25 electrons are donated. As the 27r levels lie 
w 2 eV above the top of the d band, no back- 
donation from the metal slab to the adsorbate is 
observed. On the contrary, electrons are trans- 
ferred to the metal. This is caused by the fact that 

part of the two electrons present in the antibond- 
ing 27r levels have been “dumped” into the d 
band at the Fermi level. A consequence is a 
relatively small Pd-N overlap population, 0.56, 
and a strengthening of the N-O bond. The corre- 
sponding overlap population increases from 1.13 
in geometry 1 to 1.24 for on-top Pd(N0) (table 1). 

The on-top Pt(N0) case follows closely the 
palladium situation. Again, in this case, the 27r 
levels of the free NO lie N 1 eV above the Fermi 
level and part of the electron density is trans- 
ferred to the metal slab, resulting in a strengthen- 
ing of the N-O bond upon interaction (table 1). 
To illustrate our point, the total DOS as well as 
the projected 27rz FM0 are depicted in figs. 7a, 
7b and 7c for on-top M(NO), M=Rh, Pd and Pt 
respectively. For on-top Pd(N0) and on-top 
Pt(NO), since the N-O interaction is compara- 
tively strong and the M-N interaction is weak, 
the M-N=0 representation is appropriate. 

Clearly, the behavior of the N-O overlap pop- 
ulation for the rhodium case differs dramatically 
from both other slabs. This observation alone 
accounts for the tendency of rhodium to cleave a 

DOS 

(a) (b) 

-17 

-19 l- . . . . . . . . . 
-2, ,.:’ 

-23 

DOS 

(cl 
Fig. 7. Total DOS (dotted line) and the projected 27rx + FM0 (striped area, magnified) for (a) on-top Rh(NO), (b) on-top Pd(NO), 

and (c) on-top Pt(N0). 
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nitrosyl into its atomic components. As we shall 
see, this trend is independent of adsorption ge- 
ometry. 

8.2. Bridging M(N202) 

Having analyzed the on-top M(N0) interac- 
tions in detail, we move on to the corresponding 
coupled product, bridging M(N,O,). The local 
adsorbate-surface interactions for this geometry 
are depicted in fig. 6b. These allow qualitative 
prediction of the magnitude of the overlap inte- 
grals responsible for bonding. Keeping in mind 
the energy terms dominating the perturbation 
expression (vide supra), the resulting electron oc- 
cupations for the FMO’s listed in table 1 come as 
no big surprise. 

Comparing the overlap populations between 
the on-top M(N0) and the bridging M(N,O,), we 
observe a significant N-N interaction, at the cost 
of both M-N and N-O interactions (see table 1). 

As for the uncoupled case, both bridging 
Pt(N,O,) and bridging Pd(N,O,) have an in- 
creased N-O overlap population, 1.06 and 1.03 
respectively, with respect to the free ligand of 
geometry 2 (0.95). On the other hand, for both 
bridging Pt(N,O,) and bridging Pd(N,O,), the 
N-N overlap population, 0.61 and 0.62 respec- 
tively, is close to the value for the free dini- 
trogen dioxide (geometry 2, 0.61). The bridging 
RMN,O,) situation differs quite dramatically; the 
N-N bond overlap population is 0.72, higher than 
that of free N,O,. 

We can rationalize these overlap populations 
by looking at the FM0 orbital occupations. The 
HOMO of the dinitrogen dioxide molecule corre- 
sponds to the 27rz (see fig. 1). This orbital has a 
poor overlap with the slab, giving rise to a narrow 
projected DOS, which lies mostly above the Fermi 
level for both bridging PdCN,O,) and bridging 
Pt(N,OJ. The 27r;, which has a better overlap 
with the slab than 27rz, gets populated to various 
degrees. For both bridging Pd(N0) and bridging 
Pt(NO), 2~; lies above the Fermi level before 
interaction. It picks up some bandwidth upon 
interaction and, eventually, levels are populated, 
Predictably, the 27r; is most populated in bridg- 
ing RhfN,O,I. As both the 27rz and 2~; are 

strongly populated in the bridging Rh(N,O,), by 
1.79 and 1.74 electrons respectively, one could 
argue that the most appropriate description of 
the adsorbate is as a hyponitrite dianion with a 
6rr electron system. It should be noted that in 
this case both N-N and N-O overlap populations 
point towards a 67~ electron system with a N-N 
double bond and a N-O single bond, as in hy- 
ponitrite (geometry 3). 

‘Nz+J’ 

3 

The computed N-N and N-O overlap popula- 
tions for this 67r electron system are 0.80 and 
0.62, respectively. 

8.3. Other adsorption geometries of MONO) 

The rhodium slab clearly differs from both 
palladium and platinum ones in its ability either 
to cleave the adsorbed NO or to reduce the 
coupled product dinitrogen dioxide (geometry 2) 
to h~onitrite (geometry 3). We shall present the 
results for the other geometries by comparing 
their respective overlap populations. 

Let us concentrate on the three starting ge- 
ometries on-top M(NO), bridging M(N0) and 
cis-bridging M(NO), with M = Rh, Pt and Pt. 
Table 2 summarizes the overlap populations. To 
make it easier to compare the three slabs, we 

Table 2 

Overlap populations for M(NO) 

Overlap population 

M-N N-O 

On-top Rh(N0) 0.85 0.87 

Bridging Rh(N0) 0.61 0.85 

C&-bridging Rh(N0) 0.54 a) 0.91 

On-top Pd(N0) 0.56 1.24 

Bridging Pd(N0) 0.44 1.16 

Cis-bridging Pd(N0) 0.39 a) 1.22 

On-top Pt(N0) 0.73 1.23 

Bridging Pt(NO) 0.57 1.06 

Cis-bridging Pt(N0) 0.52 a) 1.11 

a) Corresponds to the average overlap population for both 
~n~quivalent M-N bonds. 
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0.207- 

Pd 
(b) 

Pt 

0 on-top M(N0) bridging M(N202) 0 cap M(N202) 

Fig. 8. Overlap population for three metal slabs and three 

adsorption geometries of NO. (a) M-N overlap population. 

(b) Difference in N-O overlap population N-O overlap popu- 

lation of a pair of NO molecules of geometry 1 and M(NO). 

plotted the M-N and N-O overlap populations 
for the three metals and all the adsorption ge- 
ometries on two graphs. In fig. 8a, the M-N 
overlap populations are presented for all three 
metal slabs with the three starting geometries. In 
fig. 8b, rather than plotting the N-O overlap 
population, we plotted the difference in overlap 
population between a pair of dinitrosyls (geome- 
try 1) and the N-O overlap population in the 
various adsorption geometries M(N0). 

It is immediately apparent from fig. 8 that for 
all three starting geometries, on-top M(NO), 
bridging M(N0) and cis-bridging M(NO), the 

N-O overlap population is smallest for M=Rh. In 
all three geometries there is a significant amount 
of backbonding which contributes to destabilize 
the N-O bond when NO is adsorbed on Rh. 
Concerning the M-N overlap population, fig. 8b, 
the on-top M(N0) situation gives rise to the best 
interaction between either slab and the adsorbed 
NO. On-top Rh(N0) stands out clearly: a strong 
M-N overlap population coupled to a small N-O 
overlap population. However, in bridging Pt(N0) 
as well as cis-bridging Pt(NO), the N-O overlap 
population, 1.06 and 1.11, is lower than that of a 
pair of NO molecules of geometry 1 (1.13). This 
overlap population remains much greater than in 
the corresponding rhodium analogs, bridging 
Rh(N0) and cis-bridging Rh(N0) (0.85 and 0.91 
respectively). 

8.4. Other adsorption geometries of M(N,O,) 

Let us turn now to the coupled product. Four 
geometries were considered (see figs. 5d-5g) and 
their respective M-N, N-O and N-N overlap 
populations are presented in table 3 and com- 
pared in figs. 9a, 9b and 9c respectively. 

Table 3 

Bonding characteristics for M(N,O,) 

Overlap population AE =) 

M-N N-O N-N 

Bridging Rh(N,O,) 0.63 

On-top Rh(N,OJ 0.38 

Cap Rh(N@,) 0.43 

Cis-cap Rh(N,O,) 0.34 b, 

Bridging Pd(N,O,) 0.52 

On-top Pd(N,O,) 0.27 

Cap Pd(N,OJ 0.36 

Cis-bridging Pd(N,O,) 0.24 b, 

Bridging Pt(N,O,) 
On-top Pt(N,O,) 

Cap Pt(N,O,) 
Cis-cap Pt(N,Oa) 

0.64 1.03 0.62 1.12 

0.39 1.04 0.64 4.42 

0.44 0.95 0.59 3.52 

0.33 b, 1.08 0.53 2.40 

0.80 0.72 1.41 

0.85 0.73 4.61 

0.79 0.79 4.40 

0.81 0.65 1.88 

1.06 0.61 1.08 

0.99 0.72 3.67 

1.02 0.57 2.40 

1.06 0.63 1.48 

a) Corresponds to the difference in energy (eV) between the 

coupled product M(N,O,) and the corresponding uncou- 

pled geometry M(N0) (see fig. 5) AE = EMCNZ02) - E,(,,,. 
h, Corresponds to the average overlap population for both 

unequivalent M-N bonds. 
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Fig. 9. Overlap populations for three metal slabs, M = Rh, Pd, 
Pt, and four adsorption geometries of N,O, (geome~ 2). (a} 
M-N overlap population. (b) Difference in N-O overlap 
population between dinitrogen dioxyde and M(N,O,). (c) 
Difference in N-N overlap population between dinitrogen 

dioxyde and M(N,O,). 

For all these geometries the N-O overlap pop- 
ulation remains fairly constant as a function of 
the metal. This N-O overlap population is con- 
sistently smallest for N,O, adsorbed on Rh, no 
matter what the adsorption geometry is (see fig. 
9b). Further, it is smaller than the N-O overlap 
population of the free N,O,. For the other two 
slabs, palladium and platinum, the corresponding 
overlap population is generally greater than that 
in the free dinitrogen dioxide molecule, indicative 
of a strong N-O bond. 

Looking at the N-N interaction, fig. 9c, we 
conclude that the overlap population is very much 
dependent on the adsorption geometry. It ap- 
pears that both bridging M(N,O,) and on-top 
M(N,O,) situations give rise to a strong N-N 
interaction, and this regardless of the metal. 

Finally, from a slab-adsorbate point of view, 
fig. 9a, the bridging M(N,O,) situation gives rise 
to the strongest M-N interaction. It should be 
mentioned that all coupling reactions are unfa- 
vorable, from energetic considerations. The cou- 
pling path from on-top M(N0) to bridging 
M(N,O,) seems to be most probable to us, since 
the differences in energy are smallest (see table 
3). Total energies are not a strong point of ex- 
tended Hiickel calculations. 

9. Conclusion 

For all three adsorption geometries of NO on 
these metal slabs, we have shown by analyzing the 
N-O overlap population that the dissociative 
chemisorption is favored for rhodium surfaces. 
From our calculations, for both palladium and 
platinum slabs, it appears that the N-O bond is 
strengthened as the electron in the 27r” orbital is 
dumped to the metal slab upon interaction. 

We suggest that both on-top M(N,O,) and 
bridging Rh(N,O,) should have a strong N-N 
interaction, as well as a weakened NO interaction 
with respect to dinitrogen dioxide (geometry 2) 
making them good candidates as intermediates in 
the rhodium-mediated reduction of NO. From an 
energetic point of view, only the coupling path 
from on-top RMNO) to bridging Rh(N,O,) seems 
to be a reasonable route, one which could lead to 
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the formation of dinitrogen and oxygen from ni- 
trosyls adsorbed on a rhodium surface. 

We believe that it is mainly the width of the d 
band as well as the Fermi energy of the metal 
slab which determines the ability to couple pairs 
of nitrosyls, reducing them to a hyponitrite 
(geometry 3). We are currently studying with the 
same methodology supported transition metals as 
well as various doping agents to explore the 
prospects of finding a substitute for rhodium in 
the TWC. 
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Appendix 

Tight-bind~g extended Hiickel calculations, 
with a weighted Hjj approximation, have been 
applied throughout this paper. The Hii’s for tran- 
sition metals as well as nitrogen and oxygen were 
obtained from earlier work [68,70]. The Fermi 
energies for three-layer slabs computed with these 
values, using the extended Hiickel methodology, 
are much larger than the experimental work func- 
tions of the metal slabs. It is our belief, however, 
that these rough computations give correct trends 
and electron shifts. Extended Hiickel parameters 
for all atoms used are listed in table 4. 

The geometrical assumptions concerning the 
bond lengths (in Zurgstriims) used throughout this 
paper include the following: M-N 1.80, and NO 
1.17 A. The three-layer two-dimensional sIab of 
the fee metai st~ctures used nearest neighbor 
separations of 2.6892 for rhodium, 2.75 for palla- 
dium and 2.76 A for platinum [60]. 

A mesh of 64 k points was used in all calcuia- 
tions. To test the convergence, a mesh of 196 k 

points was used in several cases and no differ- 
ences were observed. The k points were gener- 

Table 4 
Extended Hiickel parameters 

Atom Orbital Hii (eV) .$l t2 ct c2 

N 2s - 23.95 1.95 

2P - 10.95 1.95 

0 2s - 27.61 2.28 

2P - 11.01 2.28 

Rh 5s - 7.31 2.13 
5P -3.39 2.10 
4d - 10.35 4.29 1.97 0.5807 0.5685 

Pd 5s -7.24 2.19 

5P -3.68 2.15 
4d -11.90 5.98 2.61 0.55 0.67 

Pt 6s -9.15 2.55 

6P -4.38 2.55 
5d -11.00 6.01 2.70 0.63 0.55 

ated according to the geometrical method of 
Biihm and Ramirez [71]. 
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