1532 J. Phys. Chem. A997,101,1532-1541

Reaction of a Mo Atom with Hj, N2, and O, A Density Functional Study

Ana Martrnez Andreas M. K&ster,* and Dennis R. Salahub*

Département de Chimie, Unérsitede Montreal, C. P. 6128, Succursale Centre-Ville, Morate
Quebec H3C 3J7, Canada

Receied: June 21, 1996; In Final Form: Nember 22, 1996

The reactivity of a Mo atom with B Ny, and Q is investigated with the all-electron Linear Combination of
Gaussian Type-OrbitalsKohn—Shanmt-Density Functional Theory (LCGTO-KS-DFT) method. We used
MoH, to validate the DFT methodology, comparing with accurate relativistic Cl results. After this validation
we studied the reaction of a Mo atom with, ldnd Q in order to obtain an explanation of the different
observed reactivities. The equilibrium geometries are characterized by their binding energies, electronic states,
and harmonic frequencies. For MgWe found two local minima under the dissociation limit on the quintet
surface that are very weakly bonded. For Ma@ found several local minima on different potential energy
surfaces. The lowest minimum for this system is a bent structure on the triplet potential energy surface. A
detailed analysis of the molecular orbitals is given. We suggest a two-step charge transfer process as the
mechanism of the reaction, and we found that the Mo atom is always the electron donor. The theoretical
explanation of the experimental results provide a better understanding of the electronic structure and the
reaction mechanism.

Introduction lying electronic states of Mol where L, is a diatomic

Th fivity of I tal clust . topic of . homonuclear molecule. Related work on small clusters will
e reactivity of small metal clusters is a topic of major . reported elsewhere.

interest because these clusters can be used as models in the study . .
There are many theoretical works about the reaction of

of the reactivity of metal centers in catalytic processes. For o .
4 Yue p transition metal atoms with the hydrogen molecifie¢? The

example, the fixation of nitrogen, a very important process in h tical inf i bout th A b ized
nature and in industry, always requires a transition metal as a. eoretical informalion about (N€se Systems can be summarize

catalyst. The biological catalyst (the nitrogenase enzyme) in the fo_IIowing points. First, itis necessary to i_nc!ude electron
contains Mo and Fe atoms. In the industrial process for the corrglatlon, when the problem of_the dissociation of H .

synthesis of ammonia fromaand H (Haber-Bosch process), studled._ Second, the m_etal atom is more able to react if it is
an Fe metal catalyst is used. The study efddemisorption present in .the d?s' configuration t.han In th.erﬁzs.z conflgu-

on transition metal clusters provides a possibility to improve ration. Third, there are two possible bonding situations, bent
our understanding of the factors that influence nitrogen fixation. (Cy symmetry) and lineart, symmetry) structures. For the

The investigation of physisorption and chemisorption on clusters, lberl;t cgmplex?s, the f(r)]rn%t,l’on gf Sl’d hlyb”d b_onds IS |mpo|rta_nt.
as well as the incorporation of atoms and molecules into n both complexes, the orbitals play an important role in

clustersl—® has become possible due to the spectacular progressﬁthfeI dISSO::rI]atIOP re?r(]:tlofnt.h mrg" (I;Iel?tIVIStIC eflfectsh may
in cluster research. The developments of both theory and Influénce the strength of the ond (for example, when

experiments will provide more knowledge of many properties the comparison between Pd and Pt is r_na}de_), and fifth, the
of atomic aggregates. reaction is dlﬁergnt when the metal atom is ionized. All these
One of the most important questions about the behavior of factors are also important for reactions on Mo atom clusters.

. X A . .~ Recently, Li and Balasubramanidnreported the electronic
clusters is the change in reactivity as a function of cluster size. . .
X - - states and the potential energy surfaces of Mo with Fhey
Particularly, the reactivity of transition metal clusters reveals a

dramatic size dependené. Lian et al® reported an experi- performed complete active space MCSCF (CASSCF) followed
mental study using resonance fluorescence excitation foundby multireference s!ngles and doubles cpnflguranon interaction
significant differences in the reactivity of Mo atoms and clusters. (MRSDCI) calculations, and they also include the relativistic
) . . CI (RCI) method. They found that the ground state of the ivloH
For example, Mo atoms and dimers show no reaction with H . ; .
and N, whereas both react with,Gpontaneously. Mo atoms molecule is &B; bent state, with an MeH bond distance of
react with GH4 but do not react with Nk while Mo dimers 1.67 A_ and an_I+Mo—H bopd angle of 11%
present the reverse behavior. On the other hand; Ms a In this work, in order to validate our methodology, we present
great reactivity with N2 They discussed the possible origins & nonrelativistic density functional study of the interaction of
of this behavior using the valence electronic structures of Mo the Mo atom with H. 'As we will see later, our results are in
and Ma, and reported that dimers and clusters have mechanisms3ood agreement with the above Cl results for the properties
for reducing repulsive interactions that are not available to @nd relative energies of the various local minima involved.
atoms. In order to find the link between electronic structure Relativistic effects are not crucial for the qualitative description
and reactivity, it is necessary to perform reliable electronic ©Of these species (although, as discussed in ref 18;-sphit
structure calculations. In this paper we will focus on the low- ¢oupling provides a mechanism for hopping between states of
different multiplicities in the surface crossing region).
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to dissociate B whereas Ni and Co do not present dissociative TABLE 1: Some Electronic Configurations of the Mo Atom
reactions. The difference between different metals in their and Their Energies Relative to the Ground State. %Uf
ability to react with N must be explained with a systematic Eteﬁlﬂt%g;hfebg'%éel;g\e’a gé%s\lj\?érg”flé}Eg?cr':l;nsgésgr?dnd
study of the electronic structures of the metal and the molecule. perdew for Correlation2929 Compared to Experimental
Following this idea, Siegbahn and Blomb&gerformed a Data’ and Available CI Results'8

theoretical study using the complete active space self consistent AE (kcal/mol)

field method, followed by a multireference contracted CI

calculations. They reported that the more stable structures are

atomic configuration of Mo  EXP clP LSDA GGA

in the end-on approach, in agreement with most of the metal 4dP58(’S) 0.0 0.0 0.0 0.0
complexes that are well characterized experimentally. Baus- Ad5S(°S) 30.80 3345 2887  25.79
chlicheret al.2* reported a CASSCF study of FgNFeCO, and AF54(D) 5769 6162 5462 5549
FeN,. They found similar reactivity behavior of Nand CO 2 Experimental data from ref 33.MRSDCI calculations were done

in the side-on bonding geometry. using multireference singles and doubles by Li and Balasubramanian,

As we pointed out before, Liagt al8 reported a very detailed ref 18.

experimental study about the reaction of the Mo atom and dimer
with several small molecules. In order to explain the behavior
of the Mo atoms with some of those molecules, we have
performed a density functional study of the interaction of the
Mo atom with K, N2, and Q. After validating our methodology

on MoH,, we studied MoN and MoQ in order to obtain an
explanation of the different reactivity behaviors. We report bond
distances, equilibrium geometries, binding energies, electronic

states, and harmonic frequencies for MoNoN, and MoQ Full geometry optimization without symmetry constraints

to validate our approach and to study the reactivity of the Mo have been performed, starting from several initial geometries

atom. For these systems we observed spin flips as a Conse:, 1, ate different minima on the potential energy surface (PES).
quence of a charge transfer process. The Mo atom is always

oo Geometries were optimized using the method of Broyden-
the electron donor. For Molwe found, after two Spin flips,  ¢eicher. Goldfarb-Shanno (BFGS)r the conjugate gradient
the thermodynamically unstable side-on complex as the product

of the reaction. For Mo@ the Q molecule is completely mtlarghgrdder to discriminate minima from other critical points on
dissociated after two spin flips, and the M@ bonds are P

formed. A comparison and explanation of the experimental the potential energy surface, a vibrational analysis was per-
- A comp P . P formed using numerical differentiation (two-point finite differ-
results is given. We also present a detailed study of the

molecular orbitals and spin densities which could be useful for ences) of the gradlent;;, using a displacement (GSTEP) equal
; to 0.02 au and a density convergence threshold equalt® 10
future studies of these systems.

The effects of the GSTEP and the density convergence threshold
in vibrational analyses have been discussed elsewhegince
the geometries were optimized at the local level, the vibrations
The program packages deMon-#@nd deMon-properti@é were palculate;d in the LSDA approximation too. The tot'al
were used to perform all the calculations. The Linear Combina- €nergies (available on request) include the nonlocal gradient
tion of Gaussian-Type Orbitalkohn—Sham-Density Func- corrections.
tional Theory (LCGTO-KSDFT) method is implemented in this . .
program. The local spin-density approximation (LSDA) of Results and Discussion
Density-Functional-Theory (DFT) was included as in Vosko,  This section is organized into three subsections. Section A
Wilk, and Nusaif” while the Generalized Gradient Approxima-  discusses the comparison of some of our results with other
tion (GGA) calculations used the gradient terms of Perdew and available experimental and theoretical values. Since in this work
Wang for exchang& and Perdew for correlatiot?:3° Full we performed nonrelativistic density functional calculations, it
geometry optimization was performed at the LSDA level and is important to assure that the relativistic effects are not
the GGA potential was included self consistently for the final important for the qualitative description of the studied reactions
energy evaluation. (except, as already noted, for the important role of sqirbit
The Gaussian orbital basis sBtshat we have used are coupling in intersystem crossing). We used Mdbr this test
(633321/53211*/53%) for molybdenum, (41) for hydrogen, because accurate relativistic MRSDCI results are available in
(621/41/1*) for nitrogen, and (621/41/1*) for oxygen. The the literature’® Sections B and C describe our results of the
auxiliary funtion set used to fit the charge density and the geometry optimization of MoNand MoQ. In section D we
exchange-correlation potential is (5,5;5,5) for molybdenum, (4;4) present molecular orbital diagrams and spin densities for MoN
for hydrogen, (4,3;4,3) for nitrogen, and (4,3;4,3) for oxygen. and MoQ and we discuss the nature of the bonding in these
In this notation, the charge density and the exchange-correlationmolecules.
auxiliary function sets are separated by a semicolon. Following A. Geometry Optimization of MoH,. In Table 1, we
the notation K;,kz; 11,12), the number of s-type Gaussians for present some selected electronic configurations of the Mo atom
the charge density (exchange-correlation) fit is represented byand their relative energy differences to the ground state. We
ki (I1), while kz (I2) gives the number of s- p- and d-type compare our results at LSDA and GGA levels with experimental
Gaussians in the charge density (exchange-correlation) auxiliarydata3® The electronic ground state configuratiofgdl that we
function set. To study the influence of polarization functions found is the same as the experimental one. The calculated
on the hydrogen atoms, we also used a (41/1*) basis set inenergy differences relative to tA8 ground state are all smaller
combination with a (4,1;4,1) auxiliary function set for the H than the experimental ones. The error lies between 2 and 5
atom. Our calculations showed that the contribution of the kcal/mol. This error is small enough for a reliable assignment
polarization functions in the MOs of the MeHhs well as the of the atomic states of the Mo atom. In this table, we also
Mulliken population of these functions are negligible. compare with CI calculations reported by Li and Balasubra-

The charge density was fitted analytically, while the exchange-
correlation potential was fitted numerically on a gfi(deMon
option FINEF® comprised of 32 radial shells and 26 angular
points per shel? At the end of each SCF procedure, the
exchange-correlation contribution to the energy gradients were
calculated by numerical integration on an augmented set of grid
points consisting of the same 32 radial shells with 50, 110, or
194 angular grid points.

Computational Details
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MoH TABLE 2: Our Results and Available Cl Results for the
2 Ground State Optimized Geometry of MoH,. The Energy
AE (kcalimol)  2S+1=1  25+1=3 2541=5  28+1=7 Differences Are with Respect to Mo (S) + H,

i Cl LSDA AE? (kcal/mol)
state Re(A) 6Oc(deg) R.(A) 6O.(deg) CP LSDA GGA
B¢ 1.67 116 1.72 105 —-6.9 —16.56 —10.64

aEnergy differences with respect to M8) + H.. " MRSDCI
calculations were done using multireferences singles and doubles by
Li and Balasubramanian, ref 18Note that our choice of axes
interchanges the labels;Bnd B with respect to the choice of ref 18.

1.7
46.2

25.8

quintet, which lies 10.6 kcal/mol under the dissociation limit
of the separate@s Mo atom and the 54 The formation of two
Mo—H bonds has reduced the multiplicity; the magnetic moment
of the system is reduced by (see ref 36 for other examples
of the interplay between chemisorption and magnetism). The
ground state is a bent structure, where thge riblecule is
completely dissociated. We find also bent minima on the singlet
and the triplet PES, however these states are less stable than
the quintet and lie 11.7 and 46.4 kcal/mol (triplet and singlet,
respectively) above the dissociation limit.

Also for comparison, in Table 2 we compare the ground state
Figure 1. Optimized geometries of Motfor different spin multiplici- optimized geometry of Moklwith available CI results. The
ties. The geometries were obtained at the LSDA level (Vosko, Wilk, optimized geometry LSDA has a longer bond distance and a

and Nu;aﬁﬁébydm(]ilnimizatio? o:‘&t)he tg’t"’“ energ_);f, without ?ynlzmel/try N smaller bond angle than the CI geometry. This could be due
constraints. Bond distances (in A) and energy differences (in kcal/mo L : .

at the GGA level (Perdew and Wang for exchaiged Per_dew for_ to re;gtlvtl_stlc ?fIﬁCtS’ t?_| residual fcorrelatlol!: ;a_rrorg‘,, or_t(‘;)_ a
correlatio®39 are also shown. The GGA results are single-point COMbInauon or these. However, for a qualitative description

calculations with the geometry optimized at the LSDA level. of the reactivity of the Mo atom with small molecules, these
rather small differences are not crucial. The energy differences

maniant® They used relativistic effective core potentials and reported in Table 2 are with respect to M8)] + H,. For the

an MRSDCI in their calculations. In Table 1 we see that the °B; ground staté,the Kohn-Sham electronic configuration is

Cl energy differences between the atomic states are all largeridentical with the predominant configuration in the CI. In Figure

than the experimental ones. The error of the CI calculations 1, one can also see that there is no linear minimum below the

and of our calculations are in the same acceptable range withdissociation limit and there is no bent minimum on the septet

respect to experiment. potential energy surface. These results are in agreement with

In Figure 1, we present our optimized geometries for MoH the CI calculations.

As discussed above, these geometries are fully optimized at the In Table 3, molecular structures, symmetry point groups,

LSDA level. Bond distances at the LSDA level and energy electronic states, relative energies at LSDA and GGA levels,

differences at the GGA level with respect to M&)+ H; are and electronic configurations of the most stable geometries of

also shown. For Moklthe most stable spin multiplicity is the triplet, quintet, and septet states are summarized. We also

23.3

1.7

TABLE 3: Molecular Structures, Symmetry Point Groups, Electronic States, Relative Energies at the LSDA Level (Vosko,
Wilk, and Nusair?’) and at the GGA Level (Perdew and Wang for Exchang® and Perdew for Correlation2°39, and Electronic
Configuration of the Most Stable Geometries of Septet, Quintet, Triplet, and Singlet Spin States of Mol The GGA Results
Are Single-Point Calculations with the Geometry Optimized at the LSDA Level. For Comparison, Available CI Energy
Differenced® Are Listed, Too

point AE (kcal/mol)
structure group state Cl LSDA GGA configuration
1.73
) soasn Ca, 5B, —6.90 ~18.29 ~10.64 b2 &2 bl ol &t at
. 0.77 Mo (’S) + H, (*=g") 0.0 0.0 0.0
‘o—e
L2 3 2.2 11
Yioo20 Ca, B1 27.0 4.81 11.69 & b2 & ol bt
- D 555" 16.60 19.38 23.34 02 62 0L 0L 2t ot
.—.—. oh g : : : 404 0g 0g T 7
0.77
‘ o Mo (3S) + Ha (12" 33.45 28.87 25.79

)105.01 Ca singlet 41.0 33.50 46.16
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TABLE 4: Molecular Structure, Electronic Ground States, MoN
and Harmonic Frequencies (in inverse centimeters) of the 2
Quintet, Triplet, and Singlet States of MoH,. All AE (kcalimol)  28+1=1  28+1=3 28+41=5  25+1=7
Vibrational Studies Were Performed at the LSDA Level
(Vosko, Wilk, and Nusair?") J
structure state harmonic frequencies assignment
C8) 112
1.73
258 P
) 104.81 SBl 419 a Q *
' 1778 b
1793 a : 1.87 1.16
1.72
B 493 a 1.1
)108.20 1 1823 h |
1834 a
6.3 i 265
| (9 112
171 0.0 QD +ee
)105.01 singlet 421 a I 205
1812 & 1.7 1.20
1842 a |
3.5 Q—ee
present the Cl energy differences. For the quintet ground state, 1.%01.16
the GGA energy difference is around 4 kcal/mol more stabilizing rjgyre 2. Optimized geometries of MoNor different spin multiplici-
than the Cl value. The next quintet, the linear structfky, ties. The geometries were obtained at the LSDA level (Vosko, Wilk,

state, is at 23.3 kcal/mol above the dissociation limit (M8)( and Nusait’), by minimization of the total energy, without symmetry
+ Hy). For this excited quintet state, the difference between constraints. Bond distances (in A) and energy differences (in kcal/mol)
the Cl and the GGA values is around 7 kcal/mol. Unfortunately, at the GGA level (Perdew and Wang for exchatiged Perdew for
there are no experimental results for these systems. HoweverCOTelation®*) are also shown. The GGA results are single-point
. . . . calculations with the geometry optimized at the LSDA level.
if we consider the errors with respect to the experimental values
for the Mo atom in Table 1, we can expect that our results are changes in the spin state of the Mo atom only. Essentially
not far away from the experimental ones. The linear quintet nonbonding orbitals are involved which results in similar sets
structure lies under the quintet dissociation limit. The same of harmonic frequencies.
result is found with the CI calculations. All these results indicate ~ As we can see from this comparison, our results are overall
that the GGA values are in reasonable agreement with the Clin good agreement with the experimental (for the atom) and
results for the quintet states. relativistic Cl values reported befot&. The (scalar) relativistic
In Figure 1 and in Table 3, we also report the lowest triplet effects are not crucial for a qualitative description of these
structure that we found. This is a beif; state which lies at reactions, and we can use this methodology in order to explain
11.7 kcal/mol above the dissociation limit. In the CI calcula- the experimental behavior. Within the density functional theory,
tions, three triplets were found between 27 and 34 kcal/mol we can study the reactivity of transition metal atoms, using the
above the dissociation limit. During our optimization of the optimized geometries and the vibrational analysis calculations
bent3B; state, we first used fractional occupation of the orbitals at the LSDA level. It is relevant to test different initial
in order to obtain SCF convergence. We found a structure, 31 geometries with different spin multiplicities during the geometry
kcal/mol above the dissociation limit, with the same geometry optimization procedure. For the final energy evaluation, it is
and with four fractionally occupied orbitals. Comparing this important to include the GGA corrections.
value with the CI result that we also present in Table 3 for this B. Geometry Optimization of MoN,. The optimized
3B, state, we can see that the value for this “average” state fits geometries of Mol are shown in Figure 2. We started from
well with the CI calculations that we are using in the severalinitial geometries and multiplicities and we found several
comparison. However when we improved the calculation, we critical points on the different PES. Bond distances at the LSDA
obtained the above mentioné®, state with integer occupation level and GGA energy differences with respect to the dissocia-
numbers. Further investigation of both theoretical approachestion limit (Mo (’S) + N,) are also shown.
would be necessary to clarify this situation. For the septet states, no minima were found. For the quintet
In Figure 1 and Table 3 we see that the lowest singlet state states, Figure 2 and Table 5 show two different minima with
that we found is a bent structure. When this geometry was similar stability, the linear and the bent structures, both with
optimized, we used fractional occupation numbers in order to the N, molecularly bonded to the Mo atom. We can see
obtain convergence. We did not try to get integer occupation immediately that the bonding is different from the Mosystem,
numbers for this system because it is a highly excited state thatsince the energy difference for MgNwith respect to the
lies 46.2 kcal/mol above the dissociation limit. For this reason dissociation limit is very small{3.5 and—1.7 kcal/mol for
we cannot assign the electronic state. This energy differencethe linear and the bent structures respectively). These energies
is quite close to the results of the Cl calculations, and the fall into the “weak interaction” category, similar to the energies
geometries are very similar. of the hydrogen bond or Mulliken charge transfer complékes
We verified that the optimized geometries are minima by and, contrary to the case of strongly bond systéh&may
performing vibrational analyses. In Table 4 we report results not be reliable even at the GGA level. There is still a tendency
for the most stable structures of the quintet, triplet, and singlet. to overbind such situations with currently available functionals.
The calculated frequencies indicate that all the structures haveHence, we are not overly concerned that the experimental
similar metat-hydrogen bonding. To a first approximation the result§ showed no reactivity of Mo with N A quantitative
differences in the electronic structure of these systems involve treatment must await the development of improved functionals.
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TABLE 5: Molecular Structures, Symmetry Point Groups,
Electronic States, Relative Energies at the LSDA Level
(Vosko, Wilk, and Nusair?”) and at the GGA Level (Perdew
and Wang for Exchangé® and Perdew for Correlation?9:39,
and Electronic Configuration of the Most Stable Geometries
of Sepet, Quintet, Triplet, and Singlet Spin States of Mok
The GGA Results Are Single-Point Calculations with the
Geometry Optimized at the LSDA Level

point AE (kcal/mol)
structure group state LSDA GGA configuration
‘ﬂ’.l'_m. Cev 5 ~20.06 —3.47 o%r?alototot
2.05
.:Il_zo Ca 5B1 —19.20 —167 Zpgalnial
. + 1.12 (7
o—o Mo (’S) + 00 00
Nz (=g")
1.68
)104.70 Co A1 ~2010 629 22 21
1.71
)97.12 Ca 3B: ~1066 1111 212 2 bt 4l

In Figure 2 and Table 5 we can see that the dissociation limit
on the quintet PES (M&®8) + N,) is 25.8 kcal/mol less stable
than the dissociation limit on the septet PES (M8)(+ Ny).

On the singlet and the triplet PES, we found bent minima with
the Nb molecule completely dissociated. These structures are
thermodynamically unstable with respect to the septet dissocia-
tion limit but stable with respect to the quintet dissociation limit.
Hence, the reaction between Mo anglldading to a metastable
triplet or singlet could be possible, if the Mo atom is in an
excited quintet state.

In Table 6, we present the LSDA vibrational harmonic
frequencies of the most stable structures of Malith different
multiplicities. We also present the harmonic frequency of the
N2 molecule for comparison. As we can see in this table, the
experimental value of the Nstretching frequency is 2358.57
cm ! 4land the LSDA value is 2363 crh, in good agreement.
Table 6 shows that the vibrational harmonic frequencies are
positive, indicating that the structures are minima on the different
PES. The calculated frequencies could help guide future
experimental characterization of some of these states, if they
can be isolated. We note that the-N bond distances as well

as the highest frequencies of these structures indicate that the

N-N bond is weakened from the first to the last structure in
Table 5.

C. Geometry Optimization of MoO,. The optimized
geometries of Mo@are shown in Figure 3. We started from
several initial geometries and multiplicities and we found several
critical points on the different PES. Bond distances at the local
level and energy differences at the nonlocal level with respect
to the dissociation limit (Mo™S) + O,) are also shown.

In contrast with MoN, for MoO, we can see in Figure 3
that we found many local minima which are thermodynamically
stable. For the nonet state no minima were found, so we will
exclude this PES from the following discussion. The ground
state is a triplet bent structure which has a binding energy of
144 Kkcal/mol. In further contrast with MaiNall of the most
stable structures of Mofhave lost the covalent-©0 bond, in
favor of Mo—O bonding (whereas the NN bond remained
intact for the most stable structures of MgN

Martinez et al.

MOOZ
AE
2S+1=1  2841=3  28+1=5 2S41=7 25+1=9
{kcal/mol)
7,
oéo () 122
+
31.99 1.29
1.90
1.78 1.25 —J)-e

O—ee

Figure 3. Optimized geometries of MoGJor different spin multiplici-
ties. The geometries were obtained at the LSDA level (Vosko, Wilk,
and Nusait’), by minimization of the total energy, without symmetry
constraints. Bond distances (in A) and energy differences (in kcal/mol)
at the GGA level (Perdew and Wang for exchaligand Perdew for
correlatio®3) are also shown. The GGA results are single-point
calculations with the geometry optimized at the LSDA level.

TABLE 6: Molecular Structure, Electronic Ground State,
and Harmonic Frequencies (in inverse centimeters) of the
Quintet, Triplet, and Singlet States of MoN,. For
Comparison, the Experimental and the Calculated Harmonic
Frequency of N, Is Also Reported. All Vibrational Studies
Were Performed at the LSDA Level (Vosko, Wilk, and
Nusair??)

structure state harmonic frequencies assignment
‘ 1.90 1.16 51 322 .
505 ot
2003 o"
2.05
1.20 5By 427 a
' 477 h
1748 a
1.68
1A1 469 a
) 104.70 990 b
1078 a
1.71
3B, 347 a
)9712 814 Q
1032 a
112
DY 2363
(1.10) (2358.57)

we can see that the M@0 bond distance is similar, but the
O—0 bond length increases with the multiplicity. In this case,
it seems that the molecular orbitals of the Molecule are
affected by the exchange of spin multiplicities. The covalent

The bent structure is the most stable structure on all PES. bonds between the Mo atom and the oxygen atoms are formed
The ground state is a triplet followed by a singlet and a quintet. while the spins pair up, reducing the overall multiplicity. The
Comparing the singlet, the triplet and the quintet bent structures, effect of chemisorption on the metal magnetism has also been
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TABLE 7: Molecular Structures, Symmetry Point Groups, Electronic States, Relative Energies at the LSDA Level (Vosko,
Wilk, and Nusair??) and at the GGA Level (Perdew and Wang for Exchang® and Perdew for Correlation2°39, and Electronic
Configuration of the Most Stable Geometries of Septet, Quintet, Triplet, and Singlet Spin States of Mo The GGA Results
Are Single-Point Calculations with the Geometry Optimized at the LSDA Level

point AE (kcal/mol)
structure group state LSDA GGA configuration
172
Juses Ca B, ~164.83 —143.75 b2 & b &t b
1.72
) 110.62 Ca, A1 —151.43 —127.56
1.77
) o Ca 5A, ~106.07 ~93.54 B2 12 bl i b
2.42
131 Cs A" —36.00 —27.28 d,aaa,adaa
2.05
® .% Cu Mo ('S) + Oz (°%4) 0.0 0.0

: . 36 TABLE 8: Molecular Structure, Electronic Ground State,
studied by Fournieet al™®. For example, they reported that and Harmonic Frequencies (in inverse centimeters) of the

the addition of the carbon atom reduces the spin magnetic Septet, Quintet, Triplet, and Singlet States of MoQ. All
moment of pure nickel by either 2 or s depending on the  Vibrational Studies Were Performed at the LSDA Level

system. (Vosko, Wilk, and Nusair??)

In Figure 3, we can see that the septet bent structure is  structure state harmonic frequencies assignment
completely distorted. The ©0 bond distance is longer than .
the O-0O bond distance of the isolated molecule, but it is not %72 B2 ggg g
dissociated. We will explain the distorsion of this structure with )115-85 067 a

the molecular orbitals in the next section.
On the triplet PES, another bent minimum with molecularly
bound Q lies between the two linear structurBsy, and Co,.
The GGA energy difference between the two bent triplet ;4 A, 238

structures (molecular and dissociative) is 106 kcal/mol. This ) 110,62 936 ﬁ
result indicates that the dissociative reaction gfith the Mo 982 a
atom is strongly preferred over the molecular adsorption.
For all PES with different spin multiplicities that we studied,
the general behavior is that the linear structures are less stable
than the bent structures. L7 A ggg a
In Table 7 we summarize the information for MaOWe )151.03 835 g
can see that the stability order is the same at LSDA and GGA
levels. TheC,, structures are the most stable ones for the
singlet, the triplet, and the quintet PES. For the septet spin
state, the most stable structure h@s symmetry. All the
structures are thermodynamically stable. The energy difference ,,, A" 233 a
with respect to the dissociation limit (M3dg) + Oy) is very 131 512 a
large for all theC,, structures that we present in Figure 3 and 05 1204 d
Table 7. For the distorted septet, the energy difference is not
as large as for the other triangular structures. In this section we presented the geometry optimization of

In Table 8 we present the vibrational analysis for the most MoN; and MoQ. We found several differences between these
stable MoQ structures. The geometry is almost the same for two systems. For Mog@all the optimized structures are more
the singlet and the triplet, and the vibrational analysis is in stable than the dissociation limit, while for Mghnly two
agreement with that. For the quintet the-O bond length is structures lie beneath the dissociation limit. In Figures 2 and 3
longer than in the other two states and the vibrational analysis we also can see that the dissociation energies of the Mtz¥le
reflects this difference. The smallest normal mode of the quintet structures are very small, while for Me@hey are very large.
is bigger than the smallest normal modes of the singlet and the Thermodynamically, Mo@is very stable while Mo is not.
triplet. Furthermore, for the singlet and the triplet, the other This is consistent with the experimental results of Léral.8,
two frequencies are very close to each other, while for the who found no reactivity between Mo and Bnd large reactivity
quintet they are separated. For the septet bent structure, thédbetween Mo and @ We will explain the different bond
normal modes of vibration indicate that the two MO bond situation with molecular orbital diagrams, and we will propose
distances are different. We hope that this information will be a possible reaction mechanism in the next section.
useful for future experimental investigations. D. Molecular Orbitals and Spin Densities. In order to
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Figure 4. Molecular orbital correlation diagram of MeNquintet to
triplet) with C,, symmetry. Orbital symmetries and eigenvalues (in eV)
at the GGA level (Perdew and Wang for exchafigand Perdew for
correlatio®39 are presented. The GGA results are single-point
calculations with the geometry optimized at the LSDA level. The spin
flip is indicated by an arrow in the orbital diagram of the quintet.
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strong N-N bond, and the reaction is a weak adsorption
between Mo and Non the quintet surface.

In Figure 4, we present the molecular orbital correlation
diagram of the Mo (quintet to triplet) withC,, symmetry.
The N, molecule is not dissociated in the quintet state but it is
in the triplet, as can be seen in Figure 2 and Table 5. When
we change from the quintet to the triplet, we can see the
stabilization of the N-N antibonding and the destabilization
of the N—N bonding orbitals. The second step of the reaction
occurs when anothex electron is formally transfered, with a
change in the multiplicity from quintet to triplet. In the quintet,
there is a nonbonding; @rbital (at 5.16 eV) on the Mo atom
that lies only 0.11 eV above an arbital. The a orbital is
bonding in the Me-N bond and antibonding in the-\N bond.
The charge transfer goes from thgreonbonding orbital into
the g orbital, as we indicate in Figure 4. As a consequence of
this charge transfer toza* antibonding orbital of N, the N—N
bond is weakened. Because this orbital is also a bondingMo
orbital, the charge transfer generates covalentMdonds too.
However, this second electron transfer is thermodynamically
unstable, as Figure 2 and Table 5 indicate. Figure 4 shows
that the highestorbital of the quintet is replaced by a trbital
of the triplet. From our calculation we are not able to follow
this orbital exchange because we have only optimized minima
structures on the triplet and quintet PES. The charge transfer
from the Mo atom to the pimolecule is the main process. The
first electron that is transferred generates a weak adsorption
between Mo and Pl The second electron that is transferred
weakens the NN bond and induces the dissociation of the
molecule. The weak adsorption and the dissociation gf N
seems to be a two-step process with an electron transfer from
Mo to N, that is connected with a spin flip. However, this

explain the reaction between the Mo atom and these smallProcess is thermodynamically unfavorable.

molecules, we have analyzed the molecular orbital diagrams.

The first step of the reaction between the Mo atom and the N
molecule can formally be viewed as the transfer ofialectron
from the Mo atom into an antibonding orbital of the.NThis

In Figures 5 and 6, we present spin density plots of the
triangular quintet state and triplet state of Mgkespectively.
We indicate in each figure the position of the atoms. In the
MoN; quintet, the negative spin density is distributed over the

charge transfer is connected with a spin flip, changing the whole N> molecule in an antibonding™ orbital (b orbital in

multiplicity of the system from a septet to a quintet. The Mo

Figure 4). The spin flip from the quintet to the triplet changes

atom can only react as an electron donor because the electrorihe spin density, since in the triplet state the unpaired electrons
pairing on the Mo atom is energetically unfavorable due to the are delocalized over the whole system, as can be seen in Figure

coulombic interaction. The behavior of the Mo atom to avoid
electron pairing manifests itself in the states of the low-lying

6. The o spin density is now distributed over the whole
covalently bonded system. This new distribution of the spin

atomic configurations as well as in the experimental observa- density is mostly due to the new singly occupigdobital in
tion 8 since Mo atoms show no reactivity toward electron donors the triplet state (see Figure 4).

like NHs. This first electron transfer to Ncannot break the

0.05~

In the reaction of the Mo atom with Qthe first step is a

-6
Spin density plot of the triangular MaNjuintet state. All values are in atomic units.

Figure 5.
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Figure 6. Spin density plot of the triangular MaNriplet state. All values are in atomic units.
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Figure 7. Spin density plot of the&Cs MoO, septet state. All values are in atomic units.

weak adsorption of the (triplet) on the Mo atom on the septet  are antibonding between the Mo atom and the molecule, and
surface. This first step of the reaction occurs when.a&tectron antibonding within the molecule. Comparing the septet and the
is formally transferred from the Mo atom into the antibonding quintet minimum of MoQ (Figure 8, right side), one can see
m* system of the Q. The electron transfer is connected with a several differences with the correlation diagram of MolFirst,
spin flip, which changes the multipicity from a nonet to a septet. the correspondance of septet and quintet orbitals is more difficult
Contrary to the previously discussed reaction of Mo with N for the MoQ, system than for the MoN system. More
the first charge transfer step in the reaction of the Mo with O importantly, the classification of the orbitals changes due to the
stabilizes the system considerably and break€thsymmetry. change in the geometry. As an example, we find that the highest
The break in the symmetry can be easily understood when oneoccupied orbital of the Mo@septet is antibonding between Mo
looks at the spin density of the septet system (Figure 7). Oneand Q and antibonding in the £ From the orbital topography
oxygen atom has positive and the other negative spin density.we assign this orbital to the lowest orbital of the Moquintet
The reason for these different spin densities on the oxygen atomghat we present in Figure 8. The explanation for this shift of
lies in the charge transfer from the Mo atom into the partially the orbital is the fact that the antibondidgtype orbital from
filled antibondingz* system of the @ molecule. the side-on complex of the MgGeptet changes to a bonding

In Figures 8 and 9, we present the molecular orbital diagrams z-type orbital in the Mo@ quintet. This change of side-on
of the most stable Mo@structures on the septet, quintet, and complex orbitals to Me-O bonding orbitals is the reason for
triplet PES of MoQ. When we compare the molecular orbital the energetic stabilization of the Me@Quintet compared with
diagram of the Mo@ septet (Figure 8, left side) with that of the septet. In the Mopsystem, this mechanism is not working
the MoN, quintet (Figure 4, left side) we see a very similar because the NN bond is not dissociated even in the triplet
structure in the order of the molecular orbitals. The lowest lying state. From the orbital picture we see that the Madplet is
molecular orbitals are bonding between the Mo atom and the still a side-on complex. In Figure 9 the molecular orbital
molecule and bonding in the molecule. The next class of correlation diagram from the MoQ@uintet to the triplet ground
molecular orbitals is bonding between the Mo and the molecule state is presented. The topography of the orbitals changes only
and antibonding in the molecule. After these orbitals we find little from the quintet to the triplet. However, somebonding
more or less nonbonding orbitals. The highest occupied orbitals between the oxygens in the quintet is substituted tpnding
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Figure 8. Molecular orbital correlation diagram of the MeQseptet Figure 9. Molecular orbital correlation diagram of the MeQuintet
to quintet) withCs andC,, symmetry, respectively. Orbital symmetries 1O triplet) with C,, symmetry. Orbital symmetries and eigenvalues (in
and eigenvalues (in eV) at the GGA level (Perdew and Wang for €V) at the GGA level (Perdew and Wang for exchafigmd Perdew
exchang® and Perdew for correlatién®) are presented. The GGA  for correlatiori®*) are presented. The GGA results are single-point
results are single-point calculations with the geometry optimized at the calculations with the geometry optimized at the LSDA level.
LSDA level.
) ) ) ) ) and that the scalar relativistic effects are not crucial for a
in the triplet. This change of bonding results in a shorter gyajitative descriptions of these reactions. For the geometry
distance between the two oxygen atoms in the triplet compared optimization, the local exchange-correlation potentials can be
to the quintet. ) S used. As already is well-known, GGA potentials must be used
In Figure 10 we present the spin density distribution in the 5 optain the correct energetic order of the optimized MoH
MoO; quintet. Similar to the Mobltriplet, theo spin density  girycures.
is distributed over the whole molecule. After this validation of the methodology, we studied the
reactions of a Mo atom with Nand Q in order to obtain an
explanation of the different observed reactivities. For this study,
In this paper, we presented a density functional study of the we scanned the different PES of these reactions to find local
reaction between a Mo atom anc,HN,, and Q. We used minima. For MoN we found only two local minima under the
MoH, to validate the DFT methodology, comparing with dissociation limit on the quintet surface. Both structures, linear
accurate relativistic Cl results. From this comparison, we can and bent, are very weakly bonded, and caution is required.
see that DFT methods are suitable for the study of this system For MoO, we found several local minima on the septet,

Summary and Conclusions
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Figure 10. Spin density plot of theC,, MoO, quintet state. All values are in atomic units.
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quintet, triplet, and singlet PES, which are thermodynamically

stable. The lowest minimum that we found is a bent structure
on the triplet PES. For this system, we suggest a two-step

J. Phys. Chem. A, Vol. 101, No. 8, 1997541

(9) Mitchell, S. A. Personal comunication, 1994.

(10) Siegbahn, P. E. M.; Blomberg, M. R. A.; Bauschlicher, C.JV.
Chem. Phys1984 81, 1373.

(11) Ruiz, M. E.; Garcia-Prieto, J.; Novaro, @. Chem. Phys1984

reaction path, which goes over the bent minimum on the septetgo, 1529.

PES to the bent minimum on the quintet one. This structure

can be stabilized in a following step, changing from the quintet
to the triplet bent structure. The breaking of tbg symmetry
in the septet minimum is very interesting. The analysis of the

(12) Garcia-Prieto, J.; Ruiz, M. E.; Poulain, E.; Ozin, G. A.; Novaro,
J. Chem. Physl984 81, 5920.
(13) Garcia-Prieto, J.; Ruiz, M. E.; Novaro, @.Am. Chen. S0d.985
107, 5635.

(14) Novaro, O.; Garcia-Prieto, J.; Poulain, E.; Ruiz, M. E.Mol.

O.

spin density and the molecular orbitals shows that this symmetry Struct.. THEOCHEM1986 135 79.

breaking is due to the partial filling of the antibondintjorbital

(15) Balasubramanian, KChem. Phys. Lett1987 135, 288.
(16) Balasubramanian, K.; Feng, P. Y.; Liao, MZChem. Phys1988

in the & molecule. For the systems that we presented, the gg 6955,

covalent bonds are formed while the spins pair up, reducing

the overall multiplicity.

From this study, we can see that the different reactivities of

N, and Q with the Mo atom are due to the different bond
strengths of these molecules. For the Ma§stem, the @

molecule is completely dissociated after two spin flips, and the

Mo—O bonds are formed. For the Mghsystem, we found

(17) Balasubramanian, K.; Wang, J.Z.Chem. Phys1989 91, 7761.

(18) Li, J.; Balasubramanian, K. Phys. Chem199Q 94, 545.

(19) Poulain, E.; Colmenares-Landin, F.; Castillo, S.; Novaral. ®ol.
Struct. THEOCHEML99Q 210, 337.

(20) Martinez-Magadan, J. M.; Ramirez-Solis, A.; Novaro,@hem.
Phys. Lett.1991 186, 107.

(21) Colmenares-Landin, F.; Castillo, S.; Martinez-Magadan, J.
Novaro, O.; Poulain, EChem. Phys. Lettl992 189 378.

(22) sanchez, M.; Ruette, F.; Hernandez, AJJPhys. Chem1992

M.

the thermodynamically unstable side-on complex as the productges, 823-828.

of the reaction, even after two spin flips. The Mo atom is
always the electron donor in these reactions.

(23) Siegbahn, P. E. M.; Blomberg, M. R. £&hem. Phys1984 87,
189.

(24) Bauschlicher, C. W.; Pettersson, L. G. M.; Siegbahn, P. E].M.

The theoretical explanation of the experimental results that chem. phys1987 87, 2129.

we presented in this paper provide a better understanding of

(25) DEMON: User's guide, version 1.0 beta, Biosym Technologies:

the electronic structure and the reaction mechanism of the Mo San Diego, 1992.

atom with B, N, and Q.

Acknowledgment. The authors would like to thank Drs.
Patrizia Calaminici and Alberto Vela for helpful discussions.
We would like to acknowledge the Laboratorio de Supercom-
puto y Visualizacion en Paralelo at UAM-Iztapalapa’ ftit®)
for providing computer time on the Silicon Graphics Power
Challenge computer, and to DGSCA/UNAM (Meo) for
providing computer time on the CRAY YMP 4/432. Support
from NSERC (Canada) and the VW-Stiftung (Germany) is
gratefully acknowledged.

References and Notes

(1) Hintermann, A.; Manninen, MPhys. Re. B 1983 27, 7262.

(2) Ekardt, W.Phys. Re. B. 1988 37, 9993.

(3) Upton, T. H.Phys. Re. Lett. 1986 56, 2168.

(4) Robles, J.;Tiguez, M. P.; Alonso, J. A.; Mananes, &. Phys. D
1989 13, 269.

(5) Fournier, RInt. J. Quantum. Chenl994 52, 973.

(6) Geusic, M. E.; Morse, M. D.; Smalley, R. E.Chem. Physl985
82, 590.

(7) Morse, M. D.; Geusic, M. E.; Heath, J. R.; Smalley, RIEChem.
Phys.1985 82, 2293.

(8) Lian, L.; Mitchell, S. A.; Rayner, D. MJ. Phys. Cheml994 98,
11 637.

(26) Koster, A. M.; Leboeuf, M.; Salahub, D. R. deMon-properties,
Universitede Montreal, 1995.

(27) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(28) Perdew, J. P.; Wang, Yhys. Re. B. 1986 33, 8800.

(29) Perdew, J. PPhys. Re. B. 1986 33, 8822.

(30) Perdew, J. PPhys. Re. B. 1986 34, 7406E.

(31) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,&n. J.
Chem.1992 70, 560.

(32) Becke, A. D.J. Chem. Phys1988 88, 2547.

(33) Schlegel, H. B.Ab-initio Methods in Quantum Chemistry-I
Wiley: New York, 1987.

(34) Marfnez, A.; Vela, A.; Salahub, D. Rnt. J. Quantum Chemin
press.

(35) Moore, C. EAtomic Energy Leels. As Deried from the Analyses
of Optical SpectraUnited States Department of Commerce. National Bureau
of Standards: Washington, D.C., 1949.

(36) Fournier, R.; Andzelm, J.; Goursot, A.; Russo, N.; Salahub, D. R.
J. Chem. Phys1995 93, 2919.

(37) Harris, D. C.; Bertolucci, M. DSymmetry and spectroscopy. An
introduction to vibrational and electronic spectroscopyDover Publica-
tions: New York, 1989.

(38) Ruiz, E.; Salahub, D. R.; Vela, A. Am. Chem. S0d.995 117,
1141.

(39) Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, I.; St-Amant,
A.; Ushio, J. InDensity Functional Methods in Chemistityabanowski, J.,
Andzelm, J., Eds.; Springer-Verlag: Berlin, 1991.

(40) Ziegler, T.Chem. Re. 1991, 91, 651.

(41) Huber, K. P.; Herzberg, GMolecular Spectra and Molecular
Structure Van Nostrand-Reinhold: New York, 1979; Vol 4.



