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Density functional calculations have been performed on the ground-state, spin-conserving reactions between
N.O and Sc, Ti, and V atom. We have defined a reaction coordinaté)(ldond distance) along which we

have investigated the reaction mechanism. Smooth reaction curves and significant exothermicity for each
reaction have been obtained. It has been demonstrated that electron transfer from the metal aj@nis to N

an essential ingredient of the mechanism. This facilitates the bending ofh,@enllecule, the NO bond
weakening, and an @P) dissociation without surface crossing. Furthermore via3tk hybridization
occurring on the metal atoms the’4dectron is transferred to the dissociating O atom, thus connecting the
reactant and product channels without any energy barrier on a single potential energy surface. It has been
found that charge transfer from,® toward the metal atom compensates theddctron transfer donated by

the metal atom, resulting in a net’4slectron transfer. We have found that when the number of 3d electrons
equals 3 (in the case of vanadium), the reaction exhibits a mechanism different from the reactions with Sc or
Ti, and this can be explained by considering the Pauli repulsion between the interacting orbitals. We have
shown that the mechanism predicted in this work is in good accordance with the soetatizdn-transfer

model, whereas only elements of the so-callig@ct abstractionmodel can be invoked to account for the
predicted mechanism.

1. Introduction excitation energies of the metal atoms, which suggest&ghe
) N o ) < kri < kv order. This however does not agree with the

Reactions of transition metals with nitrogen oxides and other experimentally measured ordég(< ky < ksd.1° On the other
small oxygen-containing molecules have attracted great attentionhang, this mechanism can explain the increased reactivity of
due to the role these processes play in different fields of {he excited-state atoms.
chemistry: catalytic activation of the-NO bond, oxidation of The electron-transfer (ET) mechanism is another model that
transition metals, kinetics of corrosion, and chemistry of the phas peen frequently invoked to explain the kinetic data of the
earth’s atmosphere (see refs1l5 and references therein). These e + N,O reaction€:° This mechanism is a modification of
reactions can be formulated as MeOX = MeO + X, where  the so-called harpoon mechaniéfn.According to the ET
Me stands for the metal atom and X is generally B, CO, mechanism, at a certain distance the potential energy surface
NO, etc. These reactions have been extensively investigatedresponsible for the interaction of the ground-state neutral
by several groups with different methods, such as beam-gasreactants crosses the surface corresponding to the interaction
chemiluminescence, or laser-induced fluorescence techniquesgf the Mer + OX~ ion pair. This means that when the reactants
General COI’]C|USIOI’]S haVe been draWn fI’0m ana|yZIng the klnetIC approach each Other, at the Crossing p0|nt an e|ectr0n transfer
data of the oxygen abstraction process frogfONG,, or NO occurs. The reaction then takes place on the ionic surface and
by neutral metal atoms of Sc, Ti, or V. Three different the MeO formation is completed by arr@bstraction to Mé.
mechanisms have been proposed to account for the observedhe crossing point can be estimated from the metal ionization
features of the kinetics: the general inefficiency of the reactions energy and the electron affinity of the OX molecule. In addition,
(small preexponentials in the kinetic equations which indicate for a given OX molecule, the order of the reaction rates can be
that a Iarge fraction of the collisions is 6|aStiC) and the less than predicted by Comparing the metal ionization energiesy and also
2—4 kcal/mol activation energies. for a given metal, the electron affinities of the OX molecules

In the surface-crossing modéf (also called the direct  determine the order of rates within this model. For the Me
abstraction mechanisinit is assumed that a neutral O atom is N,O reactions, this model correctly predicts the rate okder
transferred to the metal atom, and the electronic state of the < ky < kso!® Moreover, this model can explain the increased
metal atom is important. The ground state of the Sc, Ti, or V reactivity of the excited metal atoms: the ionization energy of
can be written as 438d", wheren = 1, 2, and 3, respectively.  an excited atom is smaller than that of the ground-state atom;
The lowest electronic configurations of the MeO reaction the crossing of the neutral and ion-pair surfaces occurs in farther
products however correlate asymptotically with the lowest regions, which means a more efficient reaction. Nevertheless
excited 483d"*! atomic states. Thus, the reaction path should the model gives incorrect orders when we consider the reactions
go over the barrier where the?®s" and the 483d""! surfaces of a certain metal atom with different OX molecufé€s?
cross. According to this model, the order of the reaction rates  The third method was introduced by Futerko and Fotitiji?
with a given OX molecule can be estimated by considering the and is called the resonance interaction model. In this model
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the Arrhenius parameters and rate constants are estimated by ‘ i ' '
taking into account the ionization potential, thepsexcitation
energies of the metal atoms, the electron affinity gONand

the bond energy in the MeO molecule. It has been shown that
although for main group metals it performs well, the model does
not correctly predict the properties of the reactions of transition
metals, mainly due to the fact that it neglects the metal d
electrons and the electronic structure of the product MeO.

In our study we have performed density functional calcula-
tions in order to determine ground-state reaction paths for the
Me + N,O interactions, where M is Sc, Ti, or V. Knowledge —oass |
about the electronic structure of the reaction intermediates can
be very important for understanding and explaining chemical
reactivities and reaction routes. Our purposes hence were (&)  _gsso . ; .
to characterize efficient reaction paths and locate significant o e & o

Distance between the N and O atorns of the breaking NO bond (in A)

points on the potential energy surfaces; (b) to analyze the e 1. Reaction energy curve for the Sctad) + N,O(S*)
electronic changes during the reactions and determine thergaction.

reaction mechanism; and (c) to compare the derived mechanism
with those deduced from the experiments.

~945.30

-945.35 |

~945.40

Total energy (in a.u.}

2. Computational Details °

The density functional calculations have been performed with 193497 % /m\ ]
the deMon program packatfevithin the LCGTO-DF formal- *0-0 ./ & 1Y ./‘

ism18 The Becke88 nonlocal exchardfeand the Perdew86
nonlocal correlatiof? gradient corrections were added to the
Vosko—Wilk —Nusair local type exchangeorrelation func-
tionaP! throughout the calculations. The orbitals were expanded
using a 9s/6p/1d Gaussian basis for N and O and 15s/9p/5d
basis for the transition metal atoms. The contraction pattern
was (5211/411/1) for N and O, while for the metal atoms the
contraction pattern was (63321/5211/41). Uncontracted auxil-

iary basis sets were used to fit the charge densities and the 15 20 25
eXChangeCOfre'ation pOtentia'. Their patterns were (10,5,5) Distance between the N and O atoms of the breaking NO bond (in A)
for the metal atoms and (7,5,2) for the nitrogen and oxygen Figure 2. Reaction energy curve for the Ti(8sF) + N.O('Z)
atoms. The basis set superposition error (BSSE) was estimatedeaction.

in several stages of the reactions. It was found that this error , , —
is always smaller than 3 kcal/mol. Although fluctuations within
this value cannot be predicted correctly, the steepness of the
reaction curves indicates that energy barriers are likely not ~1126.80 ¢
masked by BSSE alone. The grid for the numerical integration
of the exchangecorrelation terms had 64 radial points and 50,
110, or 194 angular points, depending on the distance from the
nucleus. The algorithm following the reaction coordinate was
the steepest descent method. We set the threshold of the
maximum atomic displacement to 0.02 au, providing in this way
that the optimization can effectively scan the fine details of the
potential energy surface.
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3. Results
-1128.80 L L L L
. 1.0 15 2.0 2.5 3.0
3.1. Overall Features of the ReactionsWe have assumed Distance between the N and O atoms of the breaking NO bond (in A}
that there are two main reaction paths for the reactions: one isFigure 3. Reaction energy curve for the V@sF) + NO(Z*)
when the metal atom approaches the ® bond from a “side- reaction.

on” direction, the other route is when the arrangement of the

four atoms is close to a collinear (“end-on”) geometry. To without any energy barrier, producing.ldnd MeO. We note
model the oxygen abstraction from the “side-on” direction, we that we cannot exclude the possibility that there is a barrier on
placed the metal atoms at a distance of 2.5 A from both the these curves, but its height should be withinskcal/mol due
oxygen and the N atoms of the-ND bond and allowed the to the error sources of our methodology. At the end of the
systems to relax. Figures 1, 2, and 3 represent the calculatedoptimizations we found that the two products formed a weak
reaction curves along with the most important geometrical N,—MeO complex. Table 1 shows the energy values obtained
arrangements. Since we found that the-® bond length for the reactions. It can be seen that the order of the
increased monotonically as the optimization proceeded, we exothermicity is Ti> V > Sc, irrespective of whether we take
chose the N-O bond distance as the independent variable and into account the extra stabilization caused by the final complex
we plotted the total energy with respect to this variable. In all formation. The calculated reaction energies are in good
three cases the geometry optimizations yielded smooth curvesagreement with the experimental reaction enthalpies in the case
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TABLE 1: Reaction Energies and Stabilities of the Final
Products (in kcal/mol)
reaction stability of the
metal atom energy-® reaction enerdgy final complex
Sc 107.7 (126t 4) 112.9 5.2 |
Ti 117.8 (121+ 3) 131.0 13.2 -
\Y 112.4 (113+ 7) 122.0 9.6
aCalculated as the difference between the energy of the isolated
products and the initial reagents; atomic energies are calculated using 'I.J
nonspherical electron densities and integral numbers for occupying the
b
d

atomic orbitals® The experimentalAH3q, values are in parentheses a
(from ref 10).¢ Estimated from the height of the reaction curves; the

reaction energies calculated in this way involve the extra energy from

the final complex formation.
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Figure 5. a) Charge transfer from the metal atom toward the in-plane
LUMO (3x) of N;O. (b) Charge transfer from the in-plane HOMO
(27) of N2O to the metal atom. (c) Orbital interaction responsible for
the different atomic motion in the ¥ N;O reaction (d) Charge transfer
‘ from the V atom to the in-plane LUMO (8 of NO via 4s-3d hybrid.
18 20 25 0 inefficiency of these reactions can be related to the fact that a
Distance between the N and O atoms of the breaking NO bond (in A) large number of resultless (elastic) collisions take place with
Figure 4. Metal-central nitrogen distance curves for the reactions.  not only the inert N part of an NO molecule but also the more
) ) ) ) ) reactive N-O part from unsuited directions. Thus from here
of Tiand V, while for Sc we predicted a slightly underestimated ,, \ye focus our discussion on the reaction path started from
value. Comparison of the atomic rearrangements of the threene «sige-on” arrangements in order to elucidate the mechanism
reactions reveals a striking difference between the reaction of ¢ iha effective channel.
V and those of the other two metals: although in all cases the 3 5 Reaaction Mechanism.Analyzing the orbitals revealed
bending of NO is a very typical and essential step, when the e following mechanism for the reaction of Sc and Ti. A
metal atom is V, the central N atom ot tilts away fromthe  cparq6 transfer witl spin (spin up) occurs at the initial stage
metal atom, whereas in the other two cases it bends toward they¢ ihe reaction from the metal atom to the in-plane LUMO of
metal atom. In Flgure 4 the MeN distances are plotted against n.o (37), which has anti-bonding character for both the ®
the reaction coordinate. This figure clearly shows the different ;4 the N-N bonds (see Figure 5a). Population of this orbital
deformation of NO for V compared to Sc and Ti. The pqyever bends the molecule, because the optimal state of the
consequence of the differing motion is that complex formation N,O~ ion is bent (with destabilized NO and N-N bonds)23
takes place between the V atom and the terminal N atom of the |, 5 ition, formation of a bent 20~ ion is a favorable process,
N.O molecule, whereas in the other two cases the MeO molecule,g shown by the experimental electron affinity: 5.07 kcalffol
interacts with the lNmolecule via the N atom participating in -t the sign see ref 24). On the other hand, the vertical electron
the breaking of the NO link. Apart from this fact, the forms  a¢inity of N,O is —51.42 kcal/mol (this value was obtained by
of the reaction curves are very similar. Itis interesting to note ;mpining experimental and MCSCF/CI reslls We have
that a S'E”'Iar reaction curve was obtained for the HICO, also estimated theoretically these electron affinity values and
reactior?? The similarity can be explained by the fact thatCO  gniained 0.48 kcalimol for the adiabatic an@5.99 kcal/mol
and NO are isoelectronic and their electron structures are ¢, he vertical processes. It is obvious that the trend is the
analogous. We have also peEformed“ calculations on the gyme for the experimental and theoretical affinities, although
reactions taking place from an “end-on An't'al arrangement e theoretical values do not agree with the experimental ones
(with a metai-oxygen distance of 2.5 A) and found the (qye to the fact that our methodology was not designed for such
following: Sc and Ti can abstract an O atom froraNfrom calculation: further basis set improvement and ZPVE correc-
this initial structure, whereas V cannot; in each case we had 10515 would be necessary). The trend discussed here clearly
displace the atoms of XD from the perfect collinear arrange-  gpoys that the PO molecule cannot keep its linear structure
ment, filting the molecule slightly in order to avoid getting \yhen jts LUMO is populated. This charge transfer will form
trapped at the saddle point; the reactions required many moregne of the  orbitals of the metal oxide. As the reaction further
optimization steps to proceed; final complex formations did not proceeds, the in-plane HOMO of,® (27) starts to populate
occur dug to the initial arrangement (the metal atom cannot 5, empty metal d orbital allowed by symmetry (Figure 5b). This
interact with the N molecule). It suggests that the direction of  harge transfer is responsible for the formation of the metal
the approaching metal atom plays an important role in the ,iqe gy orbital. At the same time another charge transfer starts
reaction efficiency. Therefore the experimentally observed .o 4 4s5-3d hybrid orbital ofg spin (spin down) toward the

Distance between the metal and the central N atoms (in A)

o
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07 — - T . T , | . occupation of atomic orbitaf. It can be easily seen that the
postulate of spin conservation bears a close relation to the
problems raised by the direct abstraction model (crossing of
surfaces resulting from electronic states having different spin).
On the other hand, the electron-transfer mechanism requires
4 thorough orbital considerations. There are two essential prob-
— mz::]‘f_snc lems often emphasized in connection with the reaction between
- - transition metals and XD, and both problems correspond

o o
t o

L B
1

o
IS
T

Partial charge of the metal atoms
(=]
w
T

S E e Metal =V
r basically to the question of spin conservation:
o2 ] (i) The diabatic (spin-conserving) dissociation ofON
0.1 N I+ I + 1
N,O(Z") = Ny('Z;") + O(D)
0.0 - 1
! . L . ' . ! . produces an unreactive, excited-state oxygen atom, well above
15 20 25 3.0 the adiabatic N*Z4') + OCP) surface. This has been consid-
Distance between the N and O atoms of the breaking NO bond ered as a severe Constraint in the N’rENzO reaction§,’9v10

Figure 6. Partial charge of the metal atoms during the reactions. because the @D) state correlates with the high-energy MeO
states, whereas the MeO ground and low-energy states correlate

3 orbital of N;O. Due to this charge transfer the’4sbital to the OPP) atomic state. It has been therefore assumed that a

quickly becomes empty. Rolling down on the potential energy hopping from the D) surface to the GP) surface is partly

surface, the NO bond is further destabilized, then breaks responsible for the slow reaction rate.

because of the formation of the new M® molecule. By (if) The atomic asymptote of the transition metal atoms in

contrast, the NN bond starts to strengthen again. After the the low-lying states of the MeO reaction product id3tE*!

N—O bond breaks, the Nand the MeO formation is completed  instead of the ground state?8s" configuration. As discussed

and the two reaction products form a weak complex, giving in the Introduction, this controversy stimulated the development

rise to a small additional stabilization of the system. of the surface-crossing mechanism.

When the reagent metal atom is vanadium, at the initial stage  Our calculation revealed that the initial electron transfer from
of the reaction the previously described.gdi— 37n,0 Charge the metal atom toward the J® molecule yields a pD~ ion
transfer occurs. However, charge back-donation froi® o (Mulliken population analysis indicated ca. 8.&ansferred to
the metal d orbital is unfavorable, because this orbital is N,O, and the bending of the molecule also shows this fact).
occupied by an electron (Pauli repulsion). The other empty d The dissociation of a bent - however follows this spin-
orbitals are not available for this overlap because of their conserving route:
symmetry. Hence the #D0 molecule tilts away from the metal

atom (Figure 5c). This motion certainly counteracts the initial N,OCA") — N2(129+) + 0 (°P)
dmetal — 37n,0 Charge transfer. Instead, the vanadium atom
interacts with the 3,0 orbital for botha andj spins via 4s- The bond between the metal and oxygen atoms in all three MeO

3d hybrids, which are however mainly composed of the 4s metal molecules can be represented as a transition between the ionic
orbital (Figure 5d). In this way, both the-\NN and N-O bonds and covalent bond, due to the large electronegativity of oxygen
weaken. In the following stages, the part starts to shift away  and the large charge separation in the moleciflds. this sense
from the O atom, which allows the MeD bond formation. the ground state of the ScO, TiO, and VO correlates with the
Careful inspection of the orbitals revealed that the elsctron ionic Me™(4st3d") + O~ (2P) states; consequently the dissocia-
of vanadium was not transferred to theONmolecule, while tion of No O™ can be connected to the MeO formation without
the 4¢ orbital was already empty in a quite early period of the any surface crossing. This fact underlines the importance of
reaction. It is seen from the structures of Figure 3 that in the the charge transfer during the reaction: in this way the
final weak complex the Mis bonded to the MeO via the dissociation of MO is directly coupled to the M@~ formation
terminal N atom through which the charge donation from V without barrier coming from surface crossings.
occurred. The initial charge transfer is an essential, integral part of the
To emphasize the importance of charge transfer, we plotted mechanism. To demonstrate this, we present Figure 7, where
the partial charges of the reacting metal atoms with respect tothe potential energy curves describing the interaction of a linear
the reaction coordinate in Figure 6. As it is seen all three metal N,O molecule and (48d") and (433d""1) metal atoms are
atoms become strongly positive at the beginning of the reactionsdepicted. The geometry of & was fixed at the equilibrium
and then slowly stabilize around 0:58.6Ce. The initial jump geometry ¢(NN) = 1.150 A, d(NO) = 1.200 A), and the
of the three curves indicates similar electronic processes at thedistance between the metal atom and the center of th© N
early stages of the reactions. On the other hand the slightly bond was varied. Due to the linearity of®, no charge transfer
different curve for V shows that this metal can stabilize its partial can occur from the metals to the,® LUMO, because the
charge in a later stage of the reaction due to the different vertical electronegativity of bO is highly negative. As is
mechanism. This stage corresponds to the region of the potentiaklearly seen from the graphs, the interactions of both the ground
energy surface where the distance between thard V-0 state and the excited-state metal atoms with the line@r &te
fragments is the largest during the reaction. As the reaction repulsive, except for the Sc%F) case, where the curve is
further proceeds, the stronger interaction with thenidlecule slightly attractive with—8.8 kcal/mol depth. From the behavior
increases the partial charge of V. of the curves we can deduce that neither the ground state nor
3.3. Discussion of the Mechanisms.In this section we the excited state of the metal atoms can interact with tf@ N
examine the electronic reorganization and its roles in detail. without charge transfer. This observation strongly supports the
When analyzing reaction mechanisms from an electronic point ET model, namely, that charge transfer is an indispensable
of view, we have to consider two important factors: spins and element of the mechanism. In addition, Figure 7 demonstrates



Reactions of Sc, Ti, and ¥ N,O J. Phys. Chem. A, Vol. 102, No. 32, 199869

T . — configuration of %280237*90115 (considering only the levels

~—— withground state Sc - deriving from the valence atomic orbitals). The two highest
— — with excited state Sc

orbitals are almost solely composed of the metal 4s and 3d
orbitals, respectively, and the configuration correlates with the
excited neutral Ti(48d®) and ionic Ti"(4s!3P) states. It
follows therefore that the 4lectron of the metal atom should
be transferred to the JO molecule during the reaction. It is
important to see that the same charge transfer can be predicted
from the lowest ionization process of Ti (or the other two
metals): Ti(4383P) — TiT(4s'3P) + e. It is seen that the
] characteristic feature is the loss of thé é&ctron for all three
~50.0 » ‘ ! ! metals. This scheme (simple’4dectron transfer from the metal
12 17 22 27 atom toward the BD molecule) would be completely in
accordance with the ET mechanism. However the calculation
vt clearly demonstrated that at first charge transfer occurs from
\\ gt the 3d orbitals because of their more favorable orientations
and symmetry properties. This process corresponds to a higher
ionization process. In the following steps43d hybridization
occurs and the charge transfers are taking place via these hybrid
orbitals for botho. andg spins. Formation of the hybrid orbitals
is facilitated by the continuously decreasing local symmetry
around the metal atom. Nonetheless the back-donation from
N»O to the metal 3d orbitals compensates the initial loss®of d
electrons, whereas thefalectron is irreversibly transferred to
the NbO molecule (and later exclusively to the O atom) via the
500 S ———— T 4s-3d hybrid. Since 4s3d hybridization means a certain
degree of excitation, we can expect that this process introduces
\ e an energy barrier in the reaction curve. The fact that this energy
— withground state V. | barrier is overcompensated by the formation of the new bonds
T With excited state ¥ in our calculation (as the smooth energy curves show) can
probably be associated with the tendency of the DF methodology
to overstabilize the configurations where electrons are on the
nd orbitals instead of the more diffusa+1)s orbital?’28 It
follows that the energies required for the-Bd hybridization
occurring in each reaction are underestimated. It is however
difficult to estimate the degree of excitation involved in the
hybridization; consequently the estimation of the introduced
1 error is complicated. We speculate that this error can be a few
. ) . R (3—5) kcal/mol in energy, which (together with BSSE) however
Dis::me ofthe ::e:al atom fiﬁn e N__ffbond ) can effectively mask reaction barriers having heights within this
region. On the other hand, we do not expect that the overall
Figure 7. Interaction curves of ground- and excited-state Sc, Ti, and mechanism would be influenced by this error. As for the V
V atoms with a linear O molecule. atom, the somewhat different atomic motions do not change
substantially the foregoing mechanism: apart from the initial
3d— 3z electron transfer, the 488d hybrids play a role in the
charge donations. The difference between the mechanisms is
that the p orbital of the middle nitrogen atom does not participate

Although both the adiabatic dissociation of neutraO\and in the orbital-overlapping processes owing to the direction of

the adiabatic MeO formation involve crossing of surfaces N20 bending. ) ) )
evolving from different spin states, the complete reaction is not _ In summary the mechanism governing the oxygen abstraction
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that the excited, but neutral Sc, Ti, or V atoms are not reactive
enough to interact with the NO bond, which indicates that
the pure direct abstraction mechanism (without taking into
account charge flow) cannot be applied for these reactions.

spin-forbidden: from N>O by Sc, Ti, or V has two important ingredients: (i)
electron transfer from the metals to theN molecule via
N20(12+) 4 2SHL=ntlyga N2(129+) 4+ BH=mla0 initially 3d, then 4s-3d hybrid orbitals, which promotes the

N—O bond weakening and the Qlissociation without surface

As we have shown, the dissociation of® takes place on a cro.ssing; (ii) electron trans_f_er from,® toward the.me_tal atom
single potential energy surface; therefore it follows that the MeO Which compensates the initiel charge transfer, yielding a net
formation with O (2P) anion coming from BD~ should also 4¢ electron loss of the metals. This orbital interaction is also
take place without jumping to another surface. The smooth re_sponsible for the different motion of;® during the reaction
energy curves strongly indicate such processes. Closer inspecW'th V.

tion of the electronic orbitals in different stages of the reactions  According to our calculations, the ET model serves as a useful
however revealed that small excitations should occur becausescheme to explain the NO cleavage, where the direct abstrac-
4s—3d hybridization has an important role during the reaction. tion model in its original form cannot be applied. However
Let us investigate the metal oxide formation by taking the elements of this model (excitation and its role in the charge
reaction of Ti as an example. Ground-state TiO has an electrontransfer due to the hybridization) are necessary to complete the
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ET mechanism. We also found that the collinear arrangementthe calculations is the consequence of neglecting the thermal

is not suitable for the effective charge transfers. The orbital motions. Nevertheless the vibrational motions glONeven

overlaps in this geometry are not efficient to bend th€®N  facilitate the reactions. Especially shift along the bending

molecule, which is a prerequisite for the reaction. Thus we normal mode increases the electron affinity ofO\l assisting

conclude that the “side-on” initial arrangement is the favorable in this way the charge donations from the metal atom.

structure for the reaction, while the collinear approach is not

effective for the oxygen abstraction, and this fact plays an  Acknowledgment. Financial support from the Hungarian

important role in the low efficiency of the reactions. Research Foundation (OTKA, grant No. F016937) is gratefully
acknowledged.

4. Summary
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