PHYSICAL REVIEW B VOLUME 56, NUMBER 11 15 SEPTEMBER 1997-I

Interaction mechanism of N, with the Cr (110 surface
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The interaction of N with the Cr(110 surface is analyzed using tlad initio Hartree-Fock method and a
CrsN, cluster. Our results indicate that the tilted state is energetically favored over perpendicular adsorption.
The Mulliken surface»N, charge transfer, overlap populations as well as N-N distances increase in the tilted
configuration. We also analyze the stretching frequencies, geometrical parameters, natural bond orbital popu-
lations, density of states, orbital energies, charge-density distribution and orbital contours. We propose a model
to explain the catalytic dissociation of,n the Cr(110) surface[S0163-182607)05135-1

. INTRODUCTION are weakly bonding and the ,N1my are strongly
antibonding.®

The reaction of nitrogen with transition-metal surfaces is Both experimental and theoreti€af-?? studies have
of considerable theoretical and technological importance. Ishown that N is weakly chemisorbed via one nitrogen atom
has practical importance in the preparation of nitride coatand oriented with its intramolecular axis nearly perpendicu-
ings, the stability of ceramic-metal interfaces, and plays afar to most transition-metal surfaces, such as ¥jt19-21
important role in understanding the processes of heterogd?d® Ru**"W,*2*Re!® and Ir!® The perpendicular geom-
neously catalyzed ammonia synthesis. Although the dissoci®try is also described by the Blyholder modetowever,
tion of N, is an important phase in determining the rate ofother experiments have shown thaj I8 strongly chemi-
synthesis of ammonia using iron as a catalyst, the mech&orbed on Fe111),*7%°Cr (111),%” and Cr(110 (Ref. 28
nism is still not well understood. A correct characterizationWith its intramolecular axis parallel to the surfaces, i.e., as
of the molecular states involved in the mechanism of disso7-bonded N.?°

ciation of a molecule on a metal surface may facilitate future 1he adsorption of diatomic molecules such as CO apd N
progress in the field of heterogeneous catalysis. on metal surfaces has been extensively studied by core va-

A comparison of nitrogen molecule chemisorption and!€Nc€ photoemissiofi. Despite considerable knowledge of
dissociation with that of isoelectronic carbon monoxide diatomic-metal interactions, however, there are still unan-
may provide useful information on how,Nnteracts with swered questions regarding the assignment of the observed

metal surfaces assumina different bondin cometrie spectra, including the origin of strong satellite lines observed
¢ h d ,I roni Y e GBIt | g"ﬁ]( Yor several transition-metal surfaces. Whereas, photoelectron
strengins, and electronic configurations.It 1s well known spectroscopy mainly probes the electronic properties of ad-

that CO is adsorbed with the carbon atom closest to the Su%’orbates, vibrational spectroscé?))has also provided rich

fa_ce. On most densely packed metal surfaces CO is adsorbgtt, mation on bonding sites, geometries, and underlying
with the molecular axis parallel to the surface normal. On theyjectronic properties. In weakly chemisorbed sysfsihd-32

Fe (100 and Cr(110 surfaces, however, a CO tilted mo- g,ch as CO/Cu and MNi there has been controvefdyin
lecular state is also observ@dhb initio Hartree-Fock(HF)  identifying the nature of the valence electron spectra. Hes-
self-consistent-field calculations predict that the tilted stat&ett, Plummer, and Messmiéobserved that the appearance
may occur on all the dissociative surfaem the linear  of satellite lines due to multielectron excitation in the weakly
metal-CO complex, the interaction is described by the Bly-chemisorbed systems mentioned above is always accompa-
holder modelin which the bond is formed by electron trans- nied by an unusual shift of the molecular vibrational frequen-
fer from the 5 orbital of CO to unoccupied metal orbitals, cies dependent on the molecular coverage. The vibrational
accompanied by back donation of electrons from occudied frequencies decrease with increasing coverage in contrast to
orbitals into the unoccupied2orbitals of CO. A similar the predictions of dipole-dipole coupling thed®/lt is pro-
picture can be used to describe the bonding of the metal witposed that these properties can be qualitatively understood as
N,. For the nitrogen molecule, the molecular orbitals thata consequence of the lack ofs2-metal bonding in the
participate predominantly in bonding to the surface are theround state. Instead of2 -metal bonding, the $ orbital
donating orbitals 3, and 2o, that are essentially nonbond- would be responsible for the bond to the substrate leading to
ing with respect to the molecular borfthe N, 304 orbitals  a decrease of the C-O stretching frequency as molecular cov-
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erage increases. Experiments also indicate a negative shikistence of a weakly bound molecular state with a heat of
and substantial broadening of the vibrational spectra of thesgesorption of~0.15 eV.
molecules that is dependent upon the strength of chemisorp- Some of the recent work has focused on various aspects
tion on the metal surfaces. Uebaroposed a unified theory of adsorbates, substrates, and their interactions. These in-
which enables us to understand the electronic and vibrationalude cluster models of the energy of vacancy formation in
properties in terms of the occupancy of the low-lying®2  metals}? electronic structure of atomic adsorbates from x-ray
level in the neutral ground state and in the vibrational excitedabsorption spectroscopy, threshold effects and higher excited
state of chemisorbed molecules. Also discussed are thfates;’ autonization as a tool for interpretation of x-ray ab-
changes of vibrational frequencies with coverage due t&orption spectré critical size for a metal-nonmetal transi-
charge transfer between ther? level and the metal. tion in transition-metal clustef®, surface relaxation of
Adsorption of molecular nitrogen and its subsequent disiransition-metal surfaces with a nearly filledband;® one-
sociation into atomic nitrogen on R&11) has been studied dimensional image state on stepped transition métals,

in some detaif®3” Two weakly chemisorbed molecular,N brational and orientation factors in selective probing of in-

states have been identified mainly via high—resolutiontr_armlecula_r potentials In physisorbed molecdfesand
higher excited states in x-ray absorption spectra of

electron-energy-loss spectroscoyREELS and thermal- 9
; 38 . adsorbate®’
desorption spectroscopy>8In the so-calledy state, with an ; . : .
adsorotion enthaloy of-0.25 eV the molecules are In this work, we investigate the perpendicu(a and the
pt Py ) ’ N uies tilted (@) states, with freedom of orientation, of,Mdsorp-

terminally bonded 1o f|rstl—layer Fe atorﬁ’s.The slightly tion on the Cr(110 surface. To represent the surface we
stronger bzgu"m,'a state, with an adsorption enthalphy of .,njger a model formed of five Cr atoms. We investigate
~0.32 eV;™which is the precursor to Ndissociation on the  charge transfer, interatomic distances, binding energies, acti-
surface, has been attributed t@ h-bonded to the surfac®.  yation energies, stretching frequencies, Fermi levels, back
While the y state has recently been found to have a vibragonation, densities of states, and orbital eigenvalues. Paul-
tional N-N stretching frequency of 2100 ch® the a state  ing’s theory of nonsynchronized resonahée® is used to
exhibits an unusually low stretching frequency of analyze the catalytic mechanism of Nissociation on the Cr
1490 cmi?, which in turn was used to infer, together with (110) surface. Based on the resonating valence bond theory,
x-ray photoemission spectrosco¥PS) results, ar-bonded  the present study presents a consistent description of the mo-
state?® According to theory and experimenig,and y states  lecular states involved in the interaction which correlates
are separated by an activation barrier that has been detewell with experiments. The mechanism is based on resonant
mined experimentally to be approximately 0.21 #The states of chemical bonds involving atoms of the molecule
separation ofx and y states by an activation barrier allows and the surface. There is a two-stage electron transfer to and
one to depopulate selectively thestate at higher tempera- from the surface involving an intermediate predissociative
ture (above 110 K, while at lower temperaturgelow 77 K state with large charge transfer in which the molecule is in-
« and y states are both populatddAngle-resolved photo- clined with respect to the surface. With an adequate compre-
electron spectra excited by synchrotron radiation were obhension of the molecular states it may be possible to test new
tained for adsorbed Non Fe(111) as a function of tempera- catalytic surfaces where the molecules are positioned in ori-
ture by Freundetal?® which indicated that the two
previously identified phases of moleculag,N.e., they and

a phases, can be clearly differentiated by their photoemis-
sion characteristics. The phase can be shown to consist of
N, molecules oriented perpendicular to the surface plane
whereas thex-phase spectrum is only consistent with the
N, axis inclined from the surface normal. These findings are
in agreement with HREELS and XPS experiments thainN

the a phase is “r-bonded” to the surfaceAb initio gener-
alized valence-bond calculations of the excited state pf N
suggested that this state may be stabilized by thé¢1#&)
surface resulting in the species responsible for the
phase—a “r-bonding” state.

Dowben et al*° investigated dissociative adsorption of
N, on Cr (110 and FeCryg (110 and reported that small
concentrations of elemental iron at the surface reduces the
probability of dissociative nitrogen adsorption. Since geo-
metrical arguments, based on the distribution of chromium
clusters of sufficient size to dissociate ap fNolecule, can-
not explain the decrease in dissociation probability, these
authors have concluded that the presence of iron decreases
the chemical activity of Cr for breaking the,Nbond via
electronic structure effects. Dowben, Ruppender, and
Grunzé' investigated the adsorption of nitrogen molecule on  FIG. 1. Perpendicular configuration of,Mdsorption on GN,
Cr (110 at 100 K and found strong evidence to support thecluster model representation of the @10 surface.
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analysis, the finite-size effecive Cr atoms to represent the
(110 surfacd are expected to be minimal. We base this view
in part on our earlier work“using smaller clusters for other
transition-metal surfaces with adsorbed diatomic molecules.
In that work a comparative analysis among various geom-
etries of the calculated charge transfer yielded reasonable
results also in agreement with experiment.

In Tables I-V we give results at the stationary points of
the full geometry optimization of the €M, cluster which is
used to model the adsorption of, n the Cr(110) surface.

(A frozen core description for Nis used throughout.In
these tables we give information regarding the configuration
with N, perpendicular to the surface ang Mclined nearly
parallel to the surface. For each adsorption geom@ligs. 1
and 2, Table)lwe give the bond lengtR(N-N); the adsorp-
tion heightR(N-surface, which is the perpendicular distance
from the surfaceFig. 1) to the first nitrogenN1), the dis-
tance between Crl and the projection of N1 on the Cr1-Cr2
axis R(Cri-Pr(N)), as well as the angle between the N-N
bond axis and the surface determined by atg@sl, Cr2,
Cr3, Cr4, and the clockwise rotation angle of the nearly
entations that permit greater efficiency in the dissociatiorParallel N, bond axis from the short axis toward the long-
process. axis direction. In Table Il we give the Mullikéf overlap
populations and charge transfer from the surface, the N
stretching frequency calculated at the fully optimized geom-
etry, as well as the binding energy corresponding to the ge-

The calculations were carried out wihussian 92> us-  ometries given in Table .
ing the restricted HF method with effective core potentials In this and subsequent sections we analyze the effect of
and the basis sets of Hay and WatiThe Cr(110 surface tilting the N-N axis on the interatomic distances, Mulliken
was described by five Cr aton(Bigs. 1 and 2 The Cr(110 overlap populations, charge transfer, and stretching frequen-
surface geometry was fixed at the experimental bulk valuesies. The adsorption geomet(fig. 2) at the fourfold site
whereas the adsorbed or dissociatedgdometry was opti- with the N-N axis nearly parallel to the surface forming an
mized to yield interatomic distances, angles, and dihedraingle of 14.2° with respect to the surfaeth a small shift
angles. In addition to Mulliken population analysis, a natural0.04 A along the short axisrom the center of the plane
bond orbital populatiorfNBO) analysis® has been used to (formed by Crl, Cr2, Cr3, Cj4was the most stable geom-
determine charges and orbital population of thgNgrclus-  etry (lowest total energywith a binding energy about three
ter. The NBO is an alternative to conventional Mulliken times larger than that calculated at the fourfold vertical po-
population analysi¥ that provides an improved electron dis- sition (Table I)). The inclination of the vertical position, until
tribution. an angle of 14.2° with respect to the surface is attained,

There are serious limitations to the cluster quantunresults in increased charge transfer (6-47.79) from the
chemical method. These shortcomings include the imposesurface to N, an increase oR(N-N) (1.34-1.43 A), re-
boundary conditions, the charge accumulated in the tingluction of the R(surf-N) surface-nitrogen distance
metal cluster, and the extreme discretization of energy statgd.07—1.00 A), and increase of Mulliken overlap popula-
in the cluster. However, the purpose here is to compare thiéon (0.244-0.299) as we go from the perpendicular to the
charge transfer between the adsorbed molecule and the meearly parallel configuration. A reduction of the N1-surface
tallic surface for different geometries. In such a comparativenteraction distance with corresponding increase of-Ni

FIG. 2. Near parallel configuration of Nadsorption on GN,
cluster model representation of the @10 surface.

Il. COMPUTATIONAL DETAILS

TABLE |. Optimized geometry for the GN, cluster representation of the C¥10) surface.

N, R(N-N)P
Geometr§ orientation A) R(surf-N)¢ R(Cri-Pr(N))¢ (e )
g Near parallel 1.428 0.996 1.482 14.18 59.08
h Perpendicular 1.343 1.066 1.440 90.0 0.0

@0ptimized geometry maintaining fixed C-Cr experimental interatomic distances.

b.S4R(N-N), R(surf-N), R(Cri-Pr(N)), i=1,2, indicates molecular nitrogen interatomic distan@mstroms perpendicular height of N
above surface, and the distances betweén(iGr 1) and the projection of N on the Cr1-Cr2 axis.

€Angle (degrees between N bond axis and the surface.

fClockwise rotation anglédegreesof nearly parallel N bond axis from short axis towards long-axis direction.

9Near parallel indicates Nwith nearly parallel inclination to surface along short axis.

hperpendicular indicates,Nberpendicular to surface.
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TABLE II. Mulliken overlap population, surfaceN, charge transfer and Nstretching frequencies for €M, cluster representation of
the Cr(110 surface.

N, Binding
N, Overlap Charge stretch energy
Geometr§ orientation populatiol? transfef frequency (eV)
e Near parallel 0.244 —-0.79 1220 5.44
(2359
[26708°
h Perpendicular 0.299 -0.47 1.74

#0ptimized geometries described in Table I.

Mulliken N1-N2 overlap population.

“Mulliken surface-N, charge transfer.

dN, stretching frequency in cit (frequency determined in fully optimized near parallel configuration
N, with near parallel inclination to surface along short axis.

fExperimental free gaseous, Ntretching frequency.

90ur calculated free Nstretching frequency.

AN, perpendicular to surface.

bond length indicates that the N1-surface bond was strengthransition-metal compounds containing nitrogen with bond
ened whereas the molecular-NN bond was weakened. The order of 1. The N-N bond length of 1.42 A calculated in the
stretching frequency of 1220 ¢rh calculated at the fully nearly parallel configuration is characteristic of a single
optimized geometry, is smallestimated 50% reduction bond>* Stretching frequencies of 2400 cm® have been
compared to the stretching frequencies corresponding to adbserved for nitrogen molecule with bond order larger than
sorption of molecular Blon Ni (100), Ru (100, and W(100 1. We note that the experimental bond length of the free N-N
surface$,*" which are on the order of 2200-2330¢ch molecule is approximately 1.098 A, whereas, in transition-
(closer than that of the experimental free nitrogen moleculenetal compounds we find this distance to bd.2 A for
2359 cm'Y) suggesting, according to our previous motél, N=N and larger (1.3 A) for N—N. Our calculated bond
nondissociative Ni, Ru, and W surfaces as opposed to a dislistance for the free nitrogen molecule is 1.139 A and cor-
sociative Cr(110 surface. The small stretching frequency responding stretching frequency is 2670¢m

calculated for M adsorption on the chromium surface can be In Table Il we give the Mulliken and NBO atomic charge
correlated with weakening of the-NN bond. Stretching fre- as well as Mulliken overlap population for the {8l cluster.
quencies of approximately 1100 cthhave been observed in In the perpendicular configuration N1 is closer to Crl and

TABLE 1ll. Mulliken and natural bond orbital atomic charge and overlap population fgNgCcluster.

N, Mulliken and
orientation NBO population Mulliken overlap population
Crl-N1 Cr2-N1 Cr3-N1 Cr4-N1
Crl Cr2 Cr3 Cr4 N1 N2 / / / /
Cr1-N2 Cr2-N2 Cr3-N2 Cr4-N2
Nearly parallel 0.36 0.16 0.05 -0.111
orientation
Mulliken 0.17 0.31 0.21 0.22 —0.48 -0.3 / / / /
population
analysis
—0.08 0.15 -0.02 0.36
NBO 0.19 0.39 0.12 0.23 -0.62 —0.49
Perpendicular 0.22 0.19 0.02 0.02
geometry
Mulliken 0.16 0.16 0.11 0.11 —0.52 0.056 / / / /
population
analysis
0.01 0.01 0.00 0.00

NBO 0.20 0.32 0.14 0.14 —0.69 0.02
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TABLE IV. Variation of Mulliken charges and overlap population with inclination.

Angle?

(deg 5 55 63 68 72 80 85
q(N1) —-0.51 —0.50 —0.50 —0.50 —0.49 —0.46 —0.46
q(N2) 0.05 —-0.24 —0.28 —0.29 —0.30 —0.31 —0.31
q(Crl) 0.11 0.17 0.16 0.17 0.17 0.17 0.17
q(Cr2) 0.23 0.20 0.25 0.27 0.30 0.33 0.34
q(Cr3) 0.13 0.22 0.22 0.22 0.22 0.20 0.19
q(Cr4) 0.18 0.20 0.24 0.24 0.23 0.21 0.19
Ouv(N2-Cr4) 0.00 0.24 0.30 0.32 0.35 0.38 0.39
Ov(N2-Cr2 0.00 0.15 0.16 0.16 0.15 0.15 0.14
Ov(N2-Cr)) 0.00 0.04 0.06 0.01 0.07 0.09 0.08

4nclination angle with respect to surface normglan Ov indicate Mulliken atomic and overlap populations, respectively.

Cr2 and both the Cr1-N1 and Cr2-N1 separations are 1.72 Arom 2.44 to 2.77 A and 2.83 to 3.56 A, respectively, which
The latter species also have the same ovdla@0 whereas is not favorable for enhanced bonding interaction. The over-
N1 is more distant2.24 and 2.99 Afrom the(Cr3, Cr4 and  laps in the nearly parallel configuration between Cr4-N2 and
Cr5 atoms, respectively, with corresponding negligibly smallbetween Cr2-N2 are 0.36 and 0.15, respectively, increasing
(0.09) overlaps(Figs. 1 and 2 The overlap between N2 and in the same order as their respective bond lengths. As ex-
the surface chromium atoms, in the perpendicular positionpected, with larger interatomic distances in the parallel con-
where N2 is at distances of 2.44 and 2.83 A from (Bel, figuration the Cr1-N2 and Cr3-N2 Mulliken overlap popula-
Cr2) and (Cr3,Cr9 atoms, respectively, is also negligibly tions are negligibly small. We note that the largest Mulliken
small. When the nitrogen molecule inclines with an angle ofoverlap population of N2-Cr20.36) has increased consider-
14.2° with respect to the surface there is a small reduction imbly from its value in the perpendicular configurati@021).

the surface-N1 distance and a slight shift of N1 along the In the following sections we analyze and compare in more
short axis. The largest changes in interatomic distances codetail the Mulliken and NBO atomic and orbital populations
respond to the N2-surface distance changes with inclinatiorfor the perpendicular, near parallel as well as the entire in-
The N2-Cr2 interatomic distance is reduced from 2.44 A inclination process. In Table V we give the occupation of the
the perpendicular configuration to 1.96 A in the nearly par-NBO in the perpendicular and inclingd4.2 9 configura-
allel configuration. Similarly, the N2-Cr4 bond distance istions. We first note that in the €M, perpendicular configu-
substantially reduced from 2.83 to 1.71 A. As opposed taation, N,, has 10.68 valence electrons, i.e., 0.68 electrons
Cr2 and Cr4, the Cr1-N2 and Cr3-N2 distances increasenore than in the free N In the inclined C¢N, configuration

TABLE V. Natural atomic orbital occupancies in near parallel and perpendicular configurations. Values in parentheses correspond to
nearly perpendicular configuration. Values without parentheses correspond to nearly parallel configuration.

Orb Crl Cr2 Cr3 Cr4 Cr5 N1 N2
4s 0.94 0.66 1.24 0.78 1.02
(0.95 (0.82 (1.22 (1.23 (1.5
dxy 0.70 1.04 1.06 1.10 .32
(0.23 (1.99 (0.59 (0.49 (0.10
dxz 1.57 0.96 0.52 0.68 0.91
(1.81 (0.12 (0.56 (0.63 (1.00
dyz 1.22 1.28 1.32 0.47 1.16
(0.50 0.73 (1.17 (0.98 (0.49
dx?—y? 1.02 1.02 0.75 1.02 1.45
(1.69 (0.39 (1.36 (1.45 (1.82
dz 0.24 0.51 0.83 1.53 0.81
(0.52 (1.59 (0.91 (0.95 (1.19
2s 1.65 1.74
(1.60) (1.83
px 1.20 1.02
(1.42 (0.29
py 1.34 1.39
(1.20 (1.02
pz 1.43 1.33

(1.47 (1.89
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N, has 11.10 electrons, i.e., 1.10 more electrons than free NTables Il and IV we note that the NBO of N1 and N2 have
In the parallel configuration jhas 0.42 more electrons than @ total occupancy of 3.44 electrons in the perpendicular con-
in the perpendicular orientation. These NBO data show thafiguration and 3.39 electrons in the inclined orientation
there is a net charge transfer from the surface to the adsorbdnich indicates a small donation of 0.05 electrons between

nitrogen molecule, perhaps considerable back donatiorj1® tWo configurations. The free,Mas 3.46 electrons in the
which would be important for explaining the substantial 2s orbital so that its participation in the interaction with the

; C : chromium surface appears to be negligibly small. The largest
\é\f{?;léi?rl]ggﬂg;llj;\éybond, and significant reduction of the changeg0.45 and 0.16in the Cr(4s) orbital between per-

pendicular and parallel configurations occurs for Cr4 and for
We note from the NBO analysigable V) that the second Cr2 which follows again the order of decreasing interatomic

Zlggger;(NZ) oflthe adsc?rbtid n|trogend_rno|IeCL(I§|g.t2)t.has5 4 r-N distances. The total NBO@2 occupancy of N1 and N2
.98 valence electrons in the perpendicular orientation, 5.4§.,05 from 3.31 to 2.76 electrons in going from the perpen-

electrons in the inclined orientation and 5 electrons in th&jic jar orientation to the inclined orientation indicating a
free nitrogen molecule. As expected from our previousysnation of 0.55 electrons. Freg Nas only 2.54 electrons in
analysis of Cr-N interatomic distances, in the near parallefne o, orbital, indicating that there is nog2 donation from
configuration, the N2 atom, which is nearest to the surfacgree N, to the perpendicular or inclined configurations. The
chromium atoms Cr4 and Cr2, is apparently a stronger paic(4p) occupation is small in both perpendicular and paral-
ticipant in bonding, back donation, and general chargete| configurations(0.1-0.3.

transfer effects with the surface Cr atoms. Analysis of the The #(p,) and m(py) orbitals of the adsorbed nitrogen
o(2s+2p,) orbitals indicates that there are 6.75 electrons inmolecule have 3.93 electrons in the perpendicular and 4.95
the CgN, perpendicular configuration and 6.15 electrons inelectrons in the near parallel configuration. The number of
the inclined configuration yielding a net donation of 0.60 electrons in the perpendicular configuration is closer to the
from the vertical to the inclinednear parallél orientation. number of electrons in free Nand indicates a large dona-

We observe from Table V that in the perpendicular orien-tion (~1 electron to the adsorbed Nin the parallel orien-
tation the nitrogen atom N(closest to the surfagdas in its  tation, in these so-calleg-bonded systems. The much larger
o(2s+2p,) orbital approximately the same number of elec-back donatior(increase ofr antibonding orbital population
trons (~3.0) found in the free nitrogen molecule. The nega-in the nearly parallel configuration would explain the weak-
tive N1 charggNBO (—0.62), MK (—0.48), see Table Il ening of the N—N bonds and the larger binding energies in
may thus have its origin in other interactions, such7s this configuration. As the N2 atom inclines towards Cr2,
interactions with the surface. Alternatively, in going from the Cr4, the strong interaction between the increasing negatively
perpendicular to the nearly parallel configuration, the occucharged N2 atom and the positively charged Cr4 and Cr2
pation of the N2o(2s+2p,) orbital decreases from 3.67 to atoms of the surface favors the parallel configuration, lower-
3.07 whereas the occupation of thg2p,+2p,) orbitals ing the total energy of the system.
increases from 1.31 to 2.41. In the inclined configurations In the following sections, we analyze the HOMRighest
the N2 atomwhich is closer to the surface chromium atoms occupied molecular orbitglLUMO (lowest unoccupied mo-
becomes negatively charged. Table IV shows that assN lecular orfbita), Fermi energy, composition of bonding or-
inclined towards the surface chromium atoms, the N2 chargeitals, density of states, charge densities, and contour plots
diminishes, becomes negative with inclination and stabilizesor the perpendicular and near-parallel configurations. In Fig.
at ~—0.31 as it gets close to the surface. During the incli-3 we show the orbital energies for the bare cluster represen-
nation of N,, the N1 atom(which is initially closest to the tation of the Cr(110 surface as well as the g\, cluster
surface does not change substantially, but becomes slightlyepresentation of the perpendicular and near-parallel configu-
more positive during the course of reaction. As the adsorbechtions. Proceeding from the perpendicular to the near-
N, is inclined, the chromium atoms whose charges are mogsarallel configuration there is a lowering of the orbital en-
affected are Cr4 and Cr2, in the same order as the reducticargy levels. In the near-parallel configuration the Fermi
of interatomic distances. As previously discussed, the Cr3energy(HOMO) is lower than in the perpendicular configu-
N2, Crl1-N2 distances are larger and consequently theation. The LUMO energy level in the parallel configuration
charges on Crl and Cr3 are not as affected with inclinationis also lower than in the perpendicular configuration. Lower-
remaining at~0.2. The Cr3-N2 and Cr1-N2 overlap remains ing of the Fermi and LUMO energies in the near-parallel
essentially small or negligible during the entire inclination configuration facilitates the occupation of the &htibonding
process to the parallel position. The Cr4 and Cr2 chargeerbitals localized above the Fermi level and occupation of
increase to~0.35 for Cr2~0.21 for Cr4 with inclination to  the bonding orbitals of the transition-metal surface, and
the parallel configuration. The Mulliken overlap population weakening the N-N bond. In the parallel configuration the
also increases substantially with approach to the parallel corenergy levels are more closely spaced and piled up at the
figuration becoming~0.38 for Cr4-N2 overlap and-0.15  Fermi level. Most of the orbitals have a mixture of both N
for Cr2-N2 overlap. We note that beyond the transition bar-and Cr components in both the parallel and perpendicular
rier at ~50° the large negative N2 charge 0.23) and the configurations. However, the mixing of N and Cr orbitals is
large positive Cr charg€0.23 combined with a shorter larger in the parallel configuration.

Cr4-N2 distance with inclination, will introduce a substantial The NBO bond orbital method also indicates, in the near-
electrostatic interaction contribution which is coincident with parallel configuration, Cr2-N2 and Cr4-N2 bonding which
a steep lowering of the energy and stabilization of the sysalso correspond to the closest chromium-nitrogen inter-
tem. atomic distances. The Cr2-N2 bonding orbital is mostly N2
Concentrating attention now only on thes Drbitals of (4% s 96% p) with Cr (14%s, 8% p, 78%d) participation.
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FIG. 4. Charge-density overlap plot for the perpendicular con-
figuration in the N1, N2, Cr3, Cr4 plane.

bands—and is higher at the Fermi level. The well-separated
peaks observed in the bare cluster and the perpendicular con-
figurations are not so clearly defined in the near-parallel con-
figuration. On the other hand, we have high density of states
near the HOMO and LUMO in both parallel and perpendicu-
lar configurations. The enhanced mixing of N and Cr orbital
components in the near-parallel configuration partially
smears out the density of states, which is more clearly sepa-
rated in the bare cluster and perpendicular state, which could
explain some of the difficulties in analyzing much of the
experimental photoelectron valence spectra.

In Figs. 4—8 we show the charge densities and contour
plots for the perpendicular and near-parallel configurations.
Figure 4 shows the charge-density overlap gpsrpendicu-
lar configuration in the N1, N2, Cr3, Cr4 plane indicating
negligible molecular interaction between the N atoms and

FIG. 3. (a) Orbital SCF energies for the bare cluster as well asthe Cr surface atoms, as expected, due to the large inter-

the perpendicular and near parallel configuratigfsE. is the

atomic distances. Figure 5 shows the charge-density overlap

HOMO or Fermi energy (b) Density of states for the bare cluster
as well as the perpendicular and near-parallel configurations.

The Cr4-N2 natural bond orbital is also mostly a N2 orbital
(6%, 94%p) with Cr (6%s, 46%p, 46%d) participation.

Further investigation of the adsorbed-Bhromium sur-
face bonding in the nearly parallel configuration indicates
that the Cr2-N2 and Cr4-N2 bonding orbitals have
Cr2(d(m)), Cr2(d(o)) and N2Ap(o)) and NAp(w)) com-
ponents and can thus have both and o contributions.
Analysis of the largest bond hybrid coefficients indicate that
for both the Cr2-N2 and Cr4-N2 bond orbitatsjnteractions
should be dominant, in agreement with our previous analy-
sis.

Analysis of the density of states obtained by transforming
the discrete energy levels using Gaussian distributions for
the bare cluster as well as the perpendicular and parallel
configurations indicates that the major changes in the density
of states occurs in the parallel configurations. In these con-

figurations the spacing of the energy levels diminishes and FIG. 5. Charge-density overlap plot of the perpendicular con-

the density-of-states is less peaked—tending more towardgyuration in the N1, N2, Cr1, Cr2 plane.
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FIG. 6. Charge-density overlap plot of the near parallel configu-
ration in the N1, N2, Cr4, Cr3 plane.

plot (perpendicular configuratigrin the N1, N2, Crl, Cr2
plane indicating molecular-orbital interaction between the
nearest N1 nitrogen atom and the Cr surf&Cel,Cr2 at-
oms, as expected, due to the smaller surface chromium-
nitrogen distancesFig. 1). Figure 6 shows the charge- FIG. 8. Orbital contour plot indicating Cr1-N1 molecular-orbital
density overlap(near-parallel configurationn the N1, N2, interaction.
Cr3, Cr4 plane indicating strong molecular interaction be-
tween the nearest nitrog€N2) atom and Cr4 surface chro- molecular-orbital interaction between N2 and Crl due to the
mium atom as compared to, for example, the Cr3-N2arge interatomic distance and absence of orbital alignment.
molecular-orbital interaction. We note that the N2-Cr4 mo-
lecular orbitals are also better oriented/aligned for enhanced
molecular-orbital interaction. Figure 7 shows an orbital con-
tour (below the Fermi leve] in the near-parallel configura- In contrast to more complex, computationally expensive
tion, indicating the molecular-orbital interaction between Crdand conventional calculations of two- and three-dimensional
and N2, which has inclined from its distant perpendicularreaction trajectories we propose a simple general mddgl
position to a closer more favorable aligned position for9) for the mechanism of dissociation of,Mn transition-
molecular-orbital interaction. Figure 8 shows an orbital con-metal surfaces. It is a process of electron transfer—
tour plot, in the near-parallel configuration, indicating the M (meta)—N, and N.—metal via resonant states in analogy
molecular-orbital interaction between N1 and Crl. There is avith Pauling’s schematic modgl.It is used to explain the
similar interaction in the perpendicular configuration sincemotion of a negative chardgelectron through a metal as the
the N1 and Crl distance and alignment is not significantlycovalent bonds resonate from one position to another
modified. Also in this near-parallel configuration there is nowhereas in the presence of an applied electromagnetic field
the electrons tend to move in the appropriate direction from
atom to atom by a succession of shifts by single bonds.
According to Pauling® unsynchronized resonance re-
quires that the atom receiving a bod* or M) have an
orbital available for its receptiofoccupied inM 7). It is the
existence of this orbital—the metallic orbital—in addition to
the orbitals required for occupancy by unshared electron
pairs and bonding electrons, by all or many of the atoms in a
condensed phase, that permits the unsynchronized resonance
of covalent bonds that gives rise to metallic properties. The
back donatior{charge transferfrom surface Cr atoms to the
adsorbed B of ~1 electron previously discussed would

IV. CATALYSIS MODEL

T T )
M—M Mt MM M M

FIG. 7. Orhital contour plot indicating Cr4-N2 molecular-orbital FIG. 9. Model for catalytic dissociation of Non transition-
interaction. metal surfaces.
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contribute to creating the! ¥, M, M states required for the on 3d transition-metal surfacés? This potential barrier be-
unsynchronized resonance model fop Neterogeneously tween the vertical and horizontal orientations is snf@l04
catalyzed dissociation on transition-metal surfaces. OueV) and indicates that horizontal orientations are strongly
model also indicates the formation of the covalent bondgavored, in agreement with experiment.
required for the motion of negative charges through the reso-
nant states described above leading to dissociation,airN
the metal surface as the charge returns to the surface restor-
ing its electrical neutrality. The interaction of N with the Cr (110 surface yields

In the first step of our modelFig. 9 the M-M bond  useful insight regarding the mechanism of adsorption of di-
(whereM designates surface transition-metal atésntrans-  atomic molecules on@®metal surfaces. We have proposed a
ferred to an antibonding orbital of Nwhich becomes a model to explain the dissociation of,Nby considering that
Lewis acid after receiving electrons from the metal. The surthe atoms of the surface participate in the unsynchronized
face must have available, however, electrons for this backesonating valence bond mechanism involving atoms of the
donation. The inclination of the molecule diminishes themolecule and the surface based on the closed cycle of
strength of the N-N bond leading to another phase where surface~molecule, followed by moleculesurface charge
the electron returns to the surface thereby restoring the eletransfer, with an intermediate state, with a large charge trans-
trical neutrality of the catalyst. When,Nnclines to the par- fer, in which the molecule is inclined to the surface. Our
allel position (Fig. 2), N1 is slightly shifted from its cen- results of Mulliken overlap population analysis, N-N dis-
trosymmetric position~0.04 A along the short axis. The tances, stretching frequencies, natural bond orbital popula-
reduction of symmetry is often related to the increase of thdions, density of states, orbital energies, charge-density dis-
activity of the process due to a lifting of degeneracy or antribution, and orbital contours confirms the existence of the
increase of entropy. A detailed analysis of the experimentaliited molecular state, which is identified as the precursor
energetic shifts of the ionic state of the adsorbed moleculstate of the dissociation.
with respect to the gas phase indicates a nonsymmetric co-
ordination site(with respect to the internuclear akisf N, in
the « phase®® With the inclination of the molecule, which as
previously discussed, results in a more favorable configura- A.C.P. and C.A.T. acknowledge financial assistance from
tion, there is an increase of negative charge on the N2 atonGNPQ (Brasil). A.C.P. also thanks FinefBrasil) for sup-
the one nearest the surface having a formal positive charggort. T.C.G. acknowledges financial assistance from CAPes.
Analysis of relative energies versus inclination angle, indi-W.A.L. was supported in part by the Director, Office of En-
cates a small potential barrier at approximately 30° from theergy Research, Office of Basic Energy Sciences Chemical
perpendicular axis to the surface. We have previously used &ciences Division of the U. S. Department of Energy under
similar model to describe successfully the dissociation of CAContract No. DE-AC03-76SF00098.
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