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Abstract: Density functional calculations have been performed to describe reactions of ground-state 3d
transition metal atoms (Sc—Ni) with N,O and NO, molecules. From the analysis of the calculated reaction
surfaces, a general reaction mechanism evolved. The reactions are initiated by electron transfer from metal
to the oxidant molecule, which weakens the N—O bond and facilitates an O~(°P) abstraction. 4s—3d
hybridization taking place in the metal electronic structure plays an essential role in the net 4s? electron
transfer from the metal atom to the nitrogen—oxide molecule. These key steps contribute to connect the
reactant and product channels on a single potential energy surface. The calculations revealed that reaction
with NO; yields stable oxo—nitrosyl insertion products, and their equilibrium structural properties can be
understood by inspecting the 47* metal—oxide orbital occupancies. Correlation is obtained between the
metal 3d ionization energies and the reaction rates as well as activation energies. This correlation provides
additional support for the reaction mechanism called electron-transfer-assisted oxygen abstraction. This
novel mechanism exhibits the basic features of the simple electron transfer and direct abstraction kinetic

models and sheds new light on the so-called resonance interaction model as well.

I. Introduction

Reactions of transition metal (TM) atoms with small nitrogen
oxide molecules are of great experimental and theoretical
significancel 36 The underlying reaction mechanism plays roles
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in several fields of chemistry, such as the catalytic decomposi-
tion of the NQ molecules, the chemistry of the atmosphere,
and the oxidation of the transition metals. It has been found
experimentally that the transition metal atoms cleave theéON
bond of both NO and NQ and form the corresponding metal

oxide molecule according to the following reaction equations:
M + N,O— MO + N, (1)
M + NO, — MO + NO (2)

Two main types of experiment have been carried out to
investigate these reactions: beagas and beambeam ar-
rangements, and low-pressure gas reactor experiments with
chemiluminescence or laser-induced fluorescence detection
techniques. Reaction 1 has been measured for all 3d
TMs 5710.12,13,1618,21,24,28,29,32.33yhereas reaction 2 has been
studied in detail only for S& Ti,>12V,! and Fe?° It has been
found that these reactions show interestingly varied behavior.
In particular, for NQ the bimolecular oxygen abstraction
reactions were measured to be fast even with ground-state atoms.
Moreover, the reactions were found to be temperature indepen-
dent under 1000 K, which implies no activation energy. For
N»O it has been revealed that the reactions are also bimolecular
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Table 1. Experimental Electronic Configurations of the 3d Transition Metal Atoms in Atomic and Oxide Form As Compiled from Refs 54
and 71 (Electron Terms and Multiplicities Are in Parentheses)

metal—-oxide ground state

isolated atom atomic asymptotes
ground first excited jonic ground neutral ionic oxide
metal state state state metal oxygen metal oxygen multiplicity
Sc gd! (?D) sld? (4F) dd! (°D) sld? (M = 4) ©GP) ddl (M = 3) @éP) M=2)
Ti s?d? (°F) sd® (5F) sd? (4F) sd* (M =5) ©P) gd? (M =4) (P) M=3)
\% s2dB (“F) sld* (°D) d* (°D) sld* (M = 6) ©GP) dd3 (M =5) (eP) M=4)
Cr s'd® (’S) 2d* (°D) & (6S) s (M=7) GP) dd* (M = 6) (eP) M=5)
Mn S (6S) ddé (°D) sl (7S) ddé (M = 6) (D) sl (M =7) (%P) M=6)
Fe $d° (°D) std’” (°F) s'd® (°D) sld’ (M =5) (*D) sldé (M = 6) (P) M=5)
Co 2d’ (“F) sld® (“F) &® (°F) Sd’(M=4) (*D) &6 (M = 5) (P) M=4)
Ni s%d® (°D)2 std® (°F) & (°D) S8 (M = 3) (*D) d’ (M = 4) (P) M=3)

a|f averaging over the spinorbit components, the Ni ground state becomes. s

processes with large reaction enthalpies. Despite the large
reaction heat, these reactions are inefficient and usually slow,
as opposed to, e.g., reactions with N@ SOQ. Temperature- M*+ XO
dependent measurements revealed activation energies within the
2—10 kcal/mol domain which are significant compared to the
RT value at room temperature (0.6 kcal/mol). Excited-state metal
atoms were found to react easily.

Three reaction mechanisms have been proposed to explain
these observations. In the electron-transfer (ET) mechatfigi,
the key step is an electron transfer from the metal atom to the
N,O molecule following the harpoon mechanidhThe electron
transfer takes place at a certain distance when the energy of dm(a?dmuﬁts,
the Coulomb interaction between the"Mind NO~ ions can b)
cover the energy difference between the metal ionization and
the N,O electronaffinity potentials (see Figure 1a). The crossing
point (R) and the cross sectioR{r) can be estimated by using
the formula

M+ XO

energy (arbitrary units)

R= &/[4me,(IE — EA)] ©)

energy (arbitrary units)

wheree is the electron charge 4, is the permittivity, IE is
the ionization energy, and EA is the electron affinity. The
mechanism is in accordance with the higher reactivity of the
excited metal atoms because the ionization is easier for these
states, which increases the cross section of the reaction. The
direct abstraction (DA) mechanism (also called the surface Figure 1. Scher_natic potent?al energy curves to illustrate the ET (a) and

. . the DA (b) reaction mechanisms.
crossing moded® assumes that a neutral oxygen atom is
abstracted from the #D. Since the ground state of the 3d TM Neither of these models provides an overall explanation for
atoms (from Sc to Ni) is usually 43d" (except Cr), while in the experimentally found trends in the kinetics of reactions 1
the corresponding oxide the state of the metal atom correlatesand 2 when considering the complete series of the 3d TMs. In
asymptotically with the 48d""? configuration (except Co and  two previous studies, | have performed calculations on the
Ni), this mechanism assumes that the reaction path goes over aeactions of Sc, Ti, and V with }0 and NQ.383° In those
barrier when the £8d" and the 48d'*! surfaces cross (see papers, | attempted to unravel the mechanism of these oxidation
Figure 1b; for the atomic configurations see Table 1). The reactions for these metals. It was shown that the ET mechanism
mechanism by its nature accounts for the increasing reactivity governs the N-O bond breaking, and during the oxide formation
of the excited metal atoms. In the resonance interaction (RI) elements of the DA mechanism work. Very recently, the
model3436 the parameters in the Arrhenius rate equation are activation barriers for the reactions of TM atoms witsO\have
estimated by taking into consideration the ionization potential been estimated by combining B3LYP density functional cal-
and the 4s-4p excitation energy of the metal atom, the electron culations with the coupled cluster methdA correlation was
affinity of the NbO molecule, and the bond energy of the MO found between the activation energies and the binding energy
molecule. In particular, in this model the activation barrier of the formed metal oxide.
depends on the sum of the metal ionization potential and the In this study, the complete set of 3d transition metal atoms
s—p promotion energy of the metal atom. The model accurately (Sc—Ni, open d shell in the neutral state) is considered, and
estimates barriers for reactions with alkali and alkaline earth their reactions with BO and NQ are described and compared.
metal$* but works less successfully for TM atorffsyhich can —
be attributed to the neglect of the d electrons in the model. Eggg g{::“ﬂg ﬁ:f:‘hi'?ny_%ﬁyhi”léﬁ%%% o dor
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Analysis of the calculated potential energy surfaces reveals a

novel reaction mechanism which is called the electron-transfer-
assisted oxygen abstraction. The main feature of this model is
an initial electron transfer followed by 48d hybridization and
further electron transfer. In the later stages of the reaction, a
net 4s electron transfer takes place via partial excitation and
subsequent reorganizations in the metal electron structure.
Besides the detailed description of the reaction mechanism, |
will provide comparison with the ET and DA kinetic models,
which further strengthens the arguments for the proposed
reaction mechanism. In addition, the differences between
reactions 1 and 2 are also presented and discussed.

Il. Computational Details

The potential energy profiles are calculated by solving the Kehn
Sham equations using the B3LYP hybrid functidihals implemented
in the Gaussian98 program sutteSchider’s (14,9,5)/[8,5,3] all-electron
basis sef supplemented with two polarization p functiéhand a
diffuse d functiort® was used for the TM atoms, whereas the 6-8Gt
(2d) basis sétwas chosen for the N and O atoms. The diffuse functions
proved to be indispensable to reproduce the electron affinities of the
nitrogen-oxides. This is very important in the proper description of
the electron transfers occurring in the reactions. The basis set superposi
tion error (BSSE) was estimated in several stages of the reactions. It
was found that this error is always smaller than 3 kcal/mol. The
algorithm following the reaction coordinate was the steepest descent
method. We set the threshold of the maximum atomic displacement to
0.03 au, providing in this way that the optimization can effectively
scan the fine details of the potential energy surface. Transition states
were characterized by the single negative eigenvalue of the corre-
sponding Hessian. Constrained geometry optimization algorithm was
used to follow step-by-step the-ND bond breaking when different
reaction paths were available. Atomic energies are calculated using
nonspherical electron densities and integral numbers for the atomic
orbital occupancies.

Before going into the details of the calculations, it is important to
discuss two problems of the density functional theory in calculations
of transition metal atoms. It is known that present day functionals are
not invariant over the set of densities which belong to the same
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Figure 2. Reaction energy curves for the 3d transition metal atoms and
N2O reactions.

important to note that the above difficulties are significantly attenuated
when the TM atoms are incorporated into molecules and the symmetry

of the complete system is low (usually Cs or often lower in our cases).

Il. Results

degenerate ground state; therefore, different occupancies corresponding A Microscopic Mechanism. 1. EnergeticsThe calculated

to the same atomic state can lead to different enef§ikshas been
also known that the current functionals unduly favor the 3d-rich(4s
3d"1) configurations'’=%° This problem, which is primarily due to the
large correlation energy associated with 3d electrons, renders the
accurate estimation of the &' — 4s'3d"*! excitation very difficult.

ground-state energy curves for the 3d atoms are plotted in
Figures 2 and 3 for pD and NQ, respectively. The metal atom
and the reacting NOmolecule can approach each other in
different arrangements. For0, the reaction taking place from

In the present work, the reaction energies have been obtained with thosea Side'onﬁﬁl,o approach is depicted. The calculations showed

atomic orbital occupations which lead to the lowest energy. It is
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that the collinear geometry is much less favorable, and the
oxygen abstraction requires much more optimization to take
place if it occurs at all. This observation is in accord with the
results of refs 51 and 52, where it was shown for théDD{-
No.O(*=") and the MgtSPP) + N,O(*=") reactions that the
reaction channels are strongly noncollinear. The preference of
noncollinear directions indicates that the inefficiency of th©N
reactions can be related to the fact that the majority of the
collisions are elastic from unsuited entrance angles toward the
N—O bond, besides the resultless collisions with the inert N
part of the molecule. In the present paper the study is restricted
to the examination of the effective channel. For e side-

on 7% o (either in-plane or out-of-plane), the end-gp, and

the 75 directions are the likely initial configurations in

(51) Last, I.; Aguilar, A.; Says, R.; Gonzkz, M.; Gilibert, M.J. Phys. Chem.
1997, 101, 1206.
(52) Yarkony, D. RJ. Chem. Phys1983 78, 6763.
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Table 2. Characterization of the Transition States for the

80 Reactions of TM Atoms with NoO (ZPVE Corrections Are Included)
. 680+ with Sc, M=3 atom E, (calcd) E. (exptl)? M-0 (A) O-N-N (°) vP vt
g “with Ti, M=4 Sc 1.17 2.87 2.340 173 394i 93
= 40 L with V, M=3 Ti 0.42 3.42 2.232 171 350i 97
] ~——— with Cr, M=6 \Y —-2.32 2.56 2.272 168 295i 118
> 204 Cr 7.90 5.04 2.536 155 233i 93
2 Mn 7.71 10.68 2.336 150 288i 92
S ol Fe 4.27 10.61 2.067 150 309i 114
@ Co 2.48 11.66 2.053 148 249i 158
& ] Ni 2.06 2.70 2.011 150 223i 162
Q
0 a Experimental data from ref 38.Imaginary frequencies corresponding
to the reaction routes going through the barrier (mix of® and N-O
10 s 20 o5 30 a5 stretchings and ©N—N bending). The corresponding normal mode
d(N-0) (A) describes the displacement of the metal atom parallel with th® Nixis
(M—0O—N bending).
30 Table 3. Reaction Energies and Stabilities of the Final Complexes
(kcal/mol) (Experimental Values Compiled from Refs 54 and 57
20 with Mn, M=5 Are in Parentheses; ZPVE Corrections Are Included)
= 10 h W!th Fe, M=4 reaction stability of the
= with Co, M=3 a ) b
£ . . atom energy final complex
= 04 e with Ni, M=2
g N2O Sc 113.9 (119.5) 2.32
I 10 Ti 113.3(117.5) 2.29
2 \Y, 104.8 (106.4) 0.20
g 207 Cr 55.0 (59.6) 7.35
O Mn 47.7 (46.3) 3.76
2 %0
= Fe 54.4 (54.1) -
® 404 Co 44.5 (48.8) 8.22
Ni 39.0 (48.1) 135
-50 NO, Sc 83.4 (88.5) 34.3
\ ‘ T \ T Ti 82.9 (86.5) 32.3
1.0 15 2.0 25 3.0 35 \Vj 74.4 (754) 28.2
d(N-0) (A) Cr 24.5 (28.6) 34.8
Figure 3. Reaction energy curves for the 3d transition metal atoms and Mn 17.3(15.3) 21.2
NO; reactions starting from an out-of-plam},%o configuration.M indi- EZ Jz_gg (23.1) 34.3
e ! 1(17.8) 37.8
cates the multiplicity of the surfaces. Ni 8.5 (17.1) 315

reaction 2. The reactions starting from the OUt-Of-plaﬁ'% a Calculated as the difference between the energy of the isolated products
geometry are Show_n in Figure 3 becau_se this_arra_ngeme_nt ha%nd the initial reagents. Experimental vaRied 9.]':1);&:‘ in parentheges.
the largest probability among the collision directions. Since b cCalculated as the difference between the energy of the optimized final
different internal coordinates dominate the reaction coordinate complex and the isolated products. For the reaction between Fe#nd N
as the reactions proceeds, it is not obvious how to plot the final OFe-Nz formation was not observed.
reaction curves. The breaking=ND bond distance is selected (zero-point vibrational energy)-corrected barriers, the corre-
for the horizontal axes in Figures 2 and 3. (In other words, the sponding experimental values, and selected structural and
reaction coordinate is projected onto the-® internal coor- vibrational parameters for the transition states are collected in
dinate as a rational choice for processes involvingONbond Table 2. In the case of Cr, both the quintet and septet curves
cleaving.) Notice, however, that the shape of the curves often are presented in the inset. Looking at the inset, it is seen that at
indicates that other internal coordinates also change considerablythe crossing point the NO bond is somewhat longer than in
at certain regions. The energy scale of the figures is given the activated state, which indicates that the intersection of the
relative to the total energy of the reaction products at infinite two surfaces does not require additional activation. For V and
separation. As we will see, both types of reactions leading to Ni, the symmetry of the transition states and the final states
metal-oxide formation can take place on spin-conserving routes, was obtained to be different, which implied that the reactions
except when the TM atom is chromium. This is related to the occur on two surfaces of the same spin state, which cross. Also
fact that the occupancy of the d shell in ground-state Cr is in these cases, the intersections appear after the transition states
derived from the 48c° state instead of the 3", due to the and do not involve extra activation energy. The curves
well-known preference of half-full occupations. (See Table 1 demonstrate the large exothermicities of all reactions which are
for the electron configurations.) The reactions with N@ere due to the very stable Nand the metatoxide bond formation.
found to proceed on a single curve for a given spin state. In The reaction enthalpies are enhanced by the final, weak complex
contrast, reactions of V and Ni withJ® take place on surfaces  formation between the metabxide and the Wmolecules. The
belonging to different symmetry representations. Note that the calculated activation energies in most cases show only qualita-
study is restricted to investigate the ground-state curves, andtive agreement with the experimental values. The mean absolute
the complete description of every low-lying surface is beyond deviation is 3.7 kcal/mol (which is comparable with the BSSE),
the scope of the present study. The most important energy valuesalthough for Fe and Co we obtained much lower values than
characterizing the transition states and the exothermicity of the the experiment and for V the calculations did not predict an
reactions are summarized in Tables 2 and 3. activation barrier. However, for reactions with TM atoms, this
Figure 2 shows that all reactions except reaction with V go kind of agreement should be considered good because the atomic
through an activation barrier in the initial stage. The ZPVE states of the atoms cannot be described more accurately.
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Table 4. Structural Properties of the Insertion Products of
Reaction 4: Bond Lengths in Angstroms, Bond Angles in Degrees

d(M-0)

atom M (do(M-0)? dN-0)  dM-N)  OMN)  o(MNO)
Sc 1.689(1.669)  1.203  2.066 124.4 167.1
Ti 1.629(1.621)  1.190  1.968 116.7 165.1
v 1.600(1.589)  1.184  1.820 111.0 166.2
cr 1.616 (1.622)  1.174  1.921 180.0 180.0
Mn 1.638(1.642)  1.164  1.849 180.0 180.0
Fe 1.644(1.619)  1.172  1.758 140.3 160.0
Co 1.627(1.632)  1.170 1.759 180.0 180.0
Ni 1.611(1.635)  1.163 1.728 180.0 180.0

aThe M—O distance in the insertion product is compared with the
theoretical M-O bond lengths (in parentheses) in the corresponding oxide
molecule.AFor comparison, the calculateg® distance in a NO molecule
is 1.147 A.

Furthermore, in real situations the reactants have finite kinetic
energy, which may force them to follow other, less favorable

to the calculations, the oxenitrosyl complexes can be bent or
linear. There is an apparent correlation between thevbond
length changes with respect to the original MO bond distances
and the fact that the complex is linear or bent. If the complex
is bent (Sc, Ti, V, and Fe), the MO distances are increased
by the nitrosyl complex formation, while in the linear complexes
the M—O lengths are shorter than in the corresponding MO
molecules. In each case the NO ligand is activated, as shown
by the lengthened (and weakened)-@® bond. The metat
nitrogen distances decrease downward following the size of the
atoms.

Table 3 shows that the calculated reaction energies compare
well with the experimental entries. The mean absolute deviation
is 3.9 kcal/mol for the reactions withJ® and 3.6 kcal/mol for
the NG, cases. This agreement with experiment is very good
for transition metal systems. Note that these deviations are
comparable with that obtained for the activation barriers.

routes. This also contributes to the discrepancy between theory
and experiment. Notice that the calculated values compare well 2. Orbital Aspects. What are the most important electronic
with those obtained in ref 40, owing to the similarity of the factors which govern reactions 1 and 27 Inspection of the orbital
computational methods. The structural and vibrational data Structures in several stages of the reactions reveals similar
presented in Table 2 provide additional information about the mechanisms for the two nitrogemxides. In the following, the
transition states. Going from Sc to Ni, the-ND distance  original orbital symmetry names (s, @, ) will be used,
shortens in the transition state (except for Cr due to its half- although during the reactions this notation is not valid because
filled valence shell in the septet state), while the bending of the whole symmetry of the reacting systems is radically reduced.
the N;O molecule becomes more and more pronounced. In all  N2O. All the reactions are initiated by electron transfer from
cases, the transition state is represented with an imaginarythe metal atoms to the J empty 3r (LUMO) orbital. (The
frequency with large absolute value. It is interesting to see, charge transfer can be observed either by inspecting the shape
however, that the lowest real frequency describing the displace-and composition of the new molecular orbitals or by estimating
ment of the metal atom along an axis parallel with the® partial charges (e.g., Mulliken or other partial charge schemes),
bond is very low, indicating a very wide entrance channel for as was carried out in refs 38 and 39.) This charge transfer has
the reactions from the direction perpendicular to theONbond. three essential consequences: (a) population of felNUMO

The curves in Figure 3 show interesting behavior. While for destabilizes both the NN and, more importantly, the NO
Sc and V smooth, barrierless curves were obtained, for all the bonds because this orbital has antibonding character for these
other six metal atoms the reaction paths exhibited minima and bonds; (b) the SO molecule starts to bend because the optimal

maxima along the NO bond-breaking coordinate. For Ti the
minimum is anr;ﬁ,’o Ti—NO> complex, whereas in the cases of
Cr, Mn, Fe, Co, and Ni the reactions start with a planéb

structure of a negatively charged® is bent-shaped; and (c)
the metat-oxide 3r orbital starts to form from this charge
transfer. Inspection of the orbital overlaps in the transition states

complex formation. These reactions then proceed by going overshows that the extent of the electron donation is increasing when
a barrier. The height of the barriers does not exceed the energygoing from Sc to Ni. This is consistent with the decrease in the
of the reactants, which means that activation is not necessaryNNO bond angles in Table 2. (See also ref 40, where this trend

for these processes. The reactions with ;N@ave smaller
reaction energies than those withQ\ as seen from Table 3.
The metat-oxide and NO reaction products form very stable

has also been observed.) From the size and shape of the metal
atomic orbitals, it is expected that the 4s orbitals dominate the
initial charge transfer. It is surprising, however, that often the

complexes in each case, much stronger than in the reactions3d orbitals also play a role in the charge transfers by forming
with N,O. The bond strength between the metal atom and the hybrid orbitals with the 4s orbital (Sc, V, Cr, Mn, and Fe). As

NO molecule is so large that reaction 2 in fact can be written
as an insertion reaction:

M + NO, — ON—MO (4)
The metal atom inserts into one of the-l® bonds of the N@
molecule. In each case, expect for Ni, the strength of the initial
M—NO, complex is smaller than the strength of the final exo
nitrosyl complex. In contrast, theéo complex between a Ni
atom and a N@molecule is more stable than the product of eq
4, which predicts that in the case of Ni the real product of the
reaction with NQ will be the Ni=NO, complex instead of the

the reactions further proceed, charge transfer starts to take place
in the opposite direction; namely, the HOMO ot M (27)
populates an empty 3d metal orbital available by symmetry.
This orbital overlap is responsible for the formation of the 8
metal-oxide orbital and for the additional weakening of the
N—O bond, because the HOMO is bonding for the ® bond.

For all metals expect Ni, the &4atomic orbital rapidly becomes
empty via charge transfer from 48d hybrid metal orbitals
toward the NO in a relatively early stage of the reactions.
Although in both CoO and NiO the metal atoms keep both s
electrons in their atomic asymptotes (see Table 1), the calcula-
tions showed that, for Co, the/4slectron is transferred to a 3d

insertion compound. Table 4 presents the structural propertiesorbital in the final complex, resulting in a slightly excited CoO

of the final insertion complexes for each atom. In all cases, the
symmetry of the products wass or higher C.,). According
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pronounced. Due to the mutual electron transfers, th©Nond
is further destabilized and then breaks, and the formation of
the metat-oxide bond takes place simultaneously. In the final
stage of the reactions, the weak-"MO complex is formed,
and the oxide and Nformations are completed. The,NMnd
MO parts of the final complex are only weakly perturbed by
the complex formation, as indicated by their slightly lengthened
bonds. In the case of V and Ni, crossing of thé ehd A’
surfaces (within the same spin state) is necessary to facilitate
the ground-state oxide formation.

NO,. Similarly to the NO cases, the reactions start with an
electron transfer toward the empty 8lO, orbital. This orbital
has antibonding nature on both-XD bonds; therefore, this
charge flow weakens the NO interactions. A charge back-
donation starts from the SOMO of NQoward an empty 3d
metal orbital also in the early stage of the reactions. This also
weakens the attacked ND bond, because the SOMO has

the metat-oxide interaction. Therefore, the complexes of Sc,
Ti, and V take bent conformation in order to avoid the large
overlap. Still, this reduced overlap results in slight elongation
in the M—0O bonds, as compared to the corresponding metal
oxide bond length. By contrast, when the*4orbitals are
occupied, the maximized overlap with the NQ*2orbitals
facilitates charge transfer toward the empty N@* 2rbitals,
because in this way the occupancy of the antibonding 4
orbitals can be decreased and the-® bond strengthens. The
shortened M-O distances nicely illustrate this mechanism.
Again there is an exception, Fe. In this case, our calculations
showed that the OFeNO complex has one imaginary frequency
in its linear state, forcing the molecule to bend. This motion is
coupled with a reorganization in the electronic structure, namely
a 10—4x* transition in the metatoxide part, for which the
bent conformation is more favorable.

The common electronic and structural features prompt us to

bonding character for this bond. As the metal atom approachesformulate a general reaction mechanism: the reactions are

the N—O axis, further orbital overlappings take place, and the
attacked N-O bond breaks. In this region of the potential energy
surface, the original 4smetal orbital rapidly becomes empty
via a 3d-4s hybrid orbital in the cases of Sc, Ti, V, Cr, Mn,
Fe, and Co, similarly to the O cases. This gives rise to an
excited CoO asymptote for Co. By contrast, for Ni significant
overlap forms only between the 48d hybrids and the NO
LUMO orbitals for both spin manifolds. Simultaneously, the
metal-oxide bond gradually becomes strong, and then the bond
formation is completed due to further overlaps between the NO
and 3d metal orbitals. The NO and the MO parts form the final,
quite strong complex vias2 —4x*/16 orbital interactions. To
facilitate this interaction, Sc also takes up an excited asymptotic
state by promoting its 4slectron to a 3d state, as was already
shown in ref 39.

Let us now consider the final nitrosyl complexes from the
electronic point of view. At first glance, it is not obvious why
the complexes with more d electrons are linear, whereas in the
cases of Sc, Ti, and V (as well as Fe, but it is an exception) we
obtained bent structures. Naively, one expects larger repulsion
between the NO orbitals and the MO part when more d electrons
are on the metal atom, and bending would effectively reduce
such repulsion. This is the mechanism for simple-NO
nitrosyls in their ground staté$:the nitrosyl complexes are
linear for Sc, Ti, V, Cr, and Fe, whereas they take a bent shape
for Mn, Co, and Ni. Inspection of the orbitals reveals that the
most important interaction which is responsible for the linearity
of the products is the overlap between the ®rbitals of NO
and the 4* orbitals of the metatoxide part (the asterisk
indicates the antibonding nature of the orbitals). NO has one
electron on one of its /2 orbitals. Without discussing the
electronic structure of the oxides in detail (see, e.g., ref 54; note
that the calculations nicely reproduced the ground-state con-
figurations for the oxides), we recall that for Sc, Ti, and V the
antibonding 4* orbital is empty, while in the other oxides this
orbital is occupied by either one or two electrons. The overlap
between the metaloxide 47* and the NO 2r* is maximized
in linear arrangement, while in a bent state this interaction is
not so efficient. Electron donation from NO to the*4orbital

initiated by electron transfer playing a multiple role and then
proceed via overlaps between 3d/3ts metal hybrid and
nitrogen-oxide orbitals. Simultaneous-NO bond breaking and
M—0O formation occur during the reactions, accompanied by a
final complex formation between the products. In brief, both
the ET and the DA mechanisms play roles in the reaction
courses. Note that the pattern of the common transition metal
ligand interaction g-donation, back-donation) bears a resem-
blance to this mechanism.

B. DiscussionlIf we artificially divide reactions 1 and 2 into
an N—O bond-breaking step and a metalide formation step,
we have the following spin-conserving routes:

N,O(Z") — Ny('Z]) + O(D) (5)
NO,(?A,) — NOCII) + O(P) (6)
=AM 4+ oCP)— ¢ "¥IMO 7)
=4M + o(D) — ¢ "¥'MO (8)

Equation 7 is valid for SeCr, whereas eq 8 is valid for Mn
Ni in both types of reactions. The# |n — 4| and 6— |[n — 5]
formulas are simple and concise expressions for the multiplicities
of the metal atomic asymptotes in the oxides and the multiplici-
ties of the metatoxides, respectively, as derived from Table
1. Heren=1, 2, ..., 8 going from Sc to Ni. We have two basic
problems that are often pointed out in connection with reactions
1 and 2, and these problems are essentially related to the
guestion of spin conservatién?:10.1213.17.21

() Reactions 5 and 6 underline a significant difference
between NO and NQ. While NO, decomposition produces
ground-state, reactive €R) atoms on the adiabatic surface, the
spin-conserving, diabatic dissociation ofyields an unre-
active, excited-state @), well above the adiabatic 5&23)
+ O(P) surface. From eq 7 we can see that Sc, Ti, V, and Cr
require OPP) atom for oxide formation. The &F) state
correlates with high-energy excited MO states in their cases. In
contrast, the MaNi group has the!D oxygen asymptote in

is unfavorable when it is completely empty because this weakensth€ir oxide forms. So it is clear that the spin-conserving

(53) Balnchet, C.; Duarte, H. A.; Salahub, D. R.Chem. Phys1997 106,
8778.
(54) Merer, A. JAnnu. Re. Phys. Chem1989 40, 407.

dissociation of MO and NQ provides an oxygen atom in an
atomic state suitable only for a smaller group of 3d TM atoms
in each case, not for all metals.
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Figure 4. Interaction curves for ground- and excited-state Sc and Fe atoms with unpertu®dd)Nand NG (b) molecule. Note that (a) curves with NO
generated for out-of-plane approach of the metal atoms; (b) in the case bfNf@; only the ground-state curve is given because the excitation is not
accompanied by spin change. Energy scales are relative to the total energy of the ground-state atom plus the energy of thexidgogeres are guides

to the eyes.

(i) It is seen that the atomic asymptotes are derived from of the ionic asymptotes of the metal atoms (Table 1), which
the first excited-state configurations, except for Cr and Co. Note are derived by employing the fact that the metakide bonds
that the transition between the?8d" and 433d"! configura- are ionic. It is clear from Table 1 that all oxides havéRa
tions does not require a change in multiplicity for MNi, but oxygen anionic asymptote, and this is the state of the oxygen
it does for the metals in the first half of the 3d row (the anion yielded by the BO~ or NO,~ decomposition. Equations
7 — In— 4] and 6— |n — 5| expressions in both eqs 7 and 8 11-13 thus demonstrate that the dissociation of the charged
take the same values for= 5-8). It follows that for Sc, Ti, nitrogen-oxide molecules can be connected to the metalde
and V, oxide formation by reaction 7 is accompanied by a formations without any intersystem crossing. This underlines
change in the atomic multiplicities, and this is true for chromium the importance of the charge transfer during the reactions: in

owing to the septetquintet transition. this way the dissociation of the nitrogenxides is directly
Comparison of eqs-58 and Table 1 therefore clearly shows coupled to the MO~ formation without barrier coming from
that the spin-conserving-NO bond-breaking and metabxide surface crossings due to altering spin states. Although the ionic

formation steps cannot be coupled in a simple, straightforward ground states for Co an Ni differ from the states given by the
way. On the other hand, the complete reactions are not spin-above formula, their actual ionic ground states can also be
forbidden (not including now the reaction between Cr and connected to the oxide formation without surface crossing.
N2O): To emphasize the importance of the electron transfer in
reactions 1 and 2, Figure 4 is presented. In this figure the
N,O(Z") + "M — Ny('z) + " °MO  (9) potential energy curves describing the interaction of different
ground- and excited-state metal atoms with NFigure 4a)
NO,(°A) + *"°'M — NOCII) + *"°MO  (10) or a NO, (Figure 4b) molecule are plotted. The geometry of
both nitroger-oxide molecules was fixed at their equilibrium
which strongly suggests that these reactions can proceed withougeometry, and the distance between the metal atom and the
crossing surfaces with different spin multiplicities. (The-6n center of the breaking NO bond was varied. The curves for
— 5| expression is the general formula to express the multiplici- Sc and Fe are presented only, for simplicity, but the results are
ties of the reacting ground-state 3d atoms (first excited state characteristic for the other metals, too. Even at a glance, we
for Cr) and oxides.) The calculations revealed that both reactionscan see that the interaction of the metal atoms with a linear
1 and 2 are initiated by an electron transfer from the TM atom N»O is basically repulsive (Figure 4a), whereas significant
to the nitroger-oxide molecule. It turns out that this is a crucial interaction energy is obtained with NQFigure 4b), irrespective
step in coupling the NO bond breaking and the metabxide of whether the metal atom is in its ground or excited state. This
bond formation. Due to this charge transfer, the bond-breaking marked difference can be explained by the fact that the vertical
and formation processes occur on the following spin-conserving electron affinity of NO is highly negative, while that of NO
routes®® is a considerably large, positive valteS” Although the
formation of NO~ ion is a favorable process (its adiabatic
N,O (PA") — N('=]) + O (*P) (11) electronaffinity value is positive value), it requires a substantial
bending of the N-N—O structure. Since the curves in Figure

-l . 2 — 2
N02 ( Al) NO( H) +0 ( P) (12) (56) Experimental electron affinites in kilocalories per mole: adiabatic 5.07
(N20)>> and 52.38 (NQ);57 vertical estimation-51.425 (N,O). Theoretical
7—In=5|p 4+ _ 2 6—|n-5 estimation: for NO, adiabatic 3.53, verticat-35.92; for NQ, adiabatic
=SIM* 4+ 0 ‘P)— ">IMo (13) 52.43, vertical 27.00; in good agreement with recent calculation (Tschumper,
G. S.; Schaefer, H. F., [I0. Chem. Physl997 107, 2529.). We note that,
according to the convention, a positive electron affinity value indicates
favorable negative ion formation, while a negative value indicates that the
ion is not stablé’?
(55) Hopper, D. G.; Wahl, A. C.; Wu, R. L. C,; Tiernan, T. @.Chem. Phys. (57) CRC Handbook of Chemistry and Physié®th ed.; CRC Press: Boca
1976 65, 5474. Raton, FL, 1988.

In eq 13, the 7 |n — 5| expression stands for the multiplicities
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4a are generated by fixing the linearity of theOQNmolecule,

the electron transfer is suppressed in these cases. The remainin
interaction is repulsive. Hence, we can deduce that neither the
ground- nor the excited-state metal atoms are able to interact
with N,O without charge transfer. In other words, electron
transfer is indispensable for the reactions. Moreover, the excited-
state curves prove that promotion alone is not sufficient for
obtaining attractive interaction betweern,Q\ and 3d metal
atoms. For NQ@ the situation is remarkably different. Having
positive vertical electronaffinity for Ng we can infer that the
interaction between the metal atoms with N®ecessarily
involves charge transfer. This underlines the importance of the
electron transfer in this case, too. Since the adiabatic electron
affinity of NO; is much larger than the vertical value, the charge
transfer between the metal atom and the,N@blecule with
fixed geometry is inevitably reduced only.

C. Theory and Experiment. In this section, a detailed
comparison between experiment and theory is given which will
be of additional value in elucidating the mechanism. Usually it
is not straightforward to establish the link between macroscopic
data and a microscopic mechanism. The curves in Figures 2
and 3 represent the potential energy variation only in a single,

ARTICLES
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Figure 5. Logarithmic plots of the bimolecular rate constants (measured,
and estimated from the ET and DA models) for the reactions of the 3d
transition metal atoms with }D. For the calculations of thea-s, the hard-
sphere diameters of the reactants are taken from ref3®8Lines are guides

to the eyes.
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constant values consistently fall between the ET and DA values.
This trend convincingly indicates that the reaction mechanism

successful encounter from a given reactant arrangement (thougts composed of ingredients of both the ET and the DA models.
several others have been tested). Measured rate constants ar@ general, the fundamental reason that neither model is able to

activation energies, however, reflect the average of many
efficient and inefficient collisions. Efficiency largely depends
on numerous parameters such as orientation, relative velocities

account for the mechanism alone is, of course, their oversimpli-
fied nature. Notwithstanding, further reasoning is given below
to rationalize why the pure ET and DA mechanisms over- and

etc. Nevertheless, it is reasonable to discuss our findings in termsunderestimate, respectively, the experimental rates.

of the simple kinetic models described in the Introduction.
Evaluation of these models in the light of the theoretical results
is of primary importance, since these are the kinetic models
which are most frequently invoked to account for the experi-
mental observation. In the ET and DA models, the rate constants
can be estimated by eqgs 14 and 15, respectitfely:

er=Rermy [ 71 (14)
or = Roa’my e = (1)

Here,Rer andRpa are the radii of the cross sections, the square-
rooted term is the average molecular velocity, and finally the
exponential term in eq 15 is the Boltzmann factor in the
threshold (activation) energRRet is calculated using eq 3, while
Roa is estimated from the rigid-sphere molecular diameters of
the reactants. For the DA model, thg values are usually set

to be the lowest excitation energy of the metal at&ier 300

K, the kgt andkpa values of the reactions with A9 are plotted

in Figure 5, using experimental data. For comparison, the
measured rate constants are also displayed in this figure. It is

(i) In the ET model we need the metal ionization energy and
the electron affinity of the reactant partner, as shown by eq 3.
However, the ET approximation breaks down at short inter-
nuclear distance¥6! This is the case for the reactions with
N2O. When the cross section is small, it is not justified to use
either the vertical or the adiabatic electronaffinity values.
Furthermore, the electron transfer can occur from different
orbitals, and other orbitals are excluded from participating in
the charge transfer because of the local symmetry. It follows
that the choice of the appropriate ionization energy is not easy
and requires knowledge of the mechanism. Vertical electron
affinity and higher ionization energy decrease the cross section;
adiabatic electron affinity and lower ionization energies yield
a longer distance for the electron jump. The situation seems to
be different for NQ, though in this case rate constants are
available only for T and F&°. The observed rates of oxidation
are 0.9x 100 and 1.71x 1071 cm¥/s for Ti'? and Fé&°,
respectively. The ET model predicts 1.621071° and 1.03x
1010 cn¥/s values for these metals, which compare nicely with
experiment, especially if we take into further account the large
uncertainties of the measured valdé3? Due to its favorable
vertical electron affinity, N@ has about twice as large an
electron jump distance with 3d metals tharpQ\ which

seen that the ET model predicts quite uniform rate constants. €mphasizes the increased importance of electron transfer in this
In contrast, the rates calculated using the DA formula show ¢ase- Additional support for the preferencg of the ET mechanism
very large variation in order of magnitude, and often unphysi- comes from reactions of Ca and Sr with W where the
cally low values are obtained. It is obvious that the Boltzmann Measured rate constants were even slightly larger than those
factor lowers the DA rates substantially, because the velocity Predicted by the ET model.

_terms are the same and the cross sections are of the same orde('gg) Bourguignon, B.. Gargoura, M.-A: Rostas, J.: TaiebJGPhys. Chem.

in egs 14 and 15. The most important observation which can 1987 91, 2080. .

be made when inspecting Figure 5 is that the experimental rate(60) Soldfield, E. M. Gislason, E. A.; Sabelll, N. H. Chem. Phys985 82

(61) Goldfield, E. M.; Kosmas, A. M.; Gislason, E. A. Chem. Phys1985
82, 3191.

(58) The equations are derived by applying simple-gasetic collision theory.
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(i) In the DA model, the Boltzmann term is very sensitive TM atoms®3 (Note that Cr is omitted here because its reaction
to the magnitude of the activation energy. Even a small changerequires additional intersystem crossing.)
in the activation energy (a few kilocalories per mole) might

result several orders of rate decrease via the exponential Keo = Kun ~ Kee < ki < ki ~ ky < ks (16)
dependence. The choice of thgvalue is therefore critical in

Eco™ Evn ™ Ere ™ Ef; > Es. > E, > Ey 17
this model. From the reaction mechanism, it is known that only Co Mn Fe ™ i s v Ni (17)
partial excitations take place during the reactions to facilitate lun > Voo™ lee ™ 15y > 1y > 1y > lse (18)
the formation of hybrid orbitals. In most cases this hybridization
has a specific role. As is seen from Table 1, metalide Note that the choice of the 3d ionization energy is arbitrary in

formation is accompanied by a#4electron loss from the metal ~ some cases due to the large number of electron terms emanating
atoms (except Co and Ni, vide infra). However, the initial charge from a given orbital configuration. Here | have deliberately
transfer takes place from 4s or -3ds hybrid orbitals, and  selected the one for V which fits into the experimental order.
subsequent hybridizations facilitate the required #ansfer. A very nice picture emerges from this comparison: the rate
On the other hand, in the reactions of Co and Ni, hybridization constant and activation energy orders follow nicely the decreas-
also takes place owing to the local symmetry of the reacting ing order of 3d ionization energies, except that in some cases
environment. In these cases, however, the partial promotiontwo atoms have reversed their order. This provides strong
plays no specific role in coupling the atomic state with the additional support for the mechanism. The comparison also
metal-oxide electronic state. Nevertheless, in most cases thedemonstrates that precise knowledge of the electronic mecha-
promotions required for the hybridizations do not follow the Nism enables us to identify the appropriate physical observable

lowest excitation energy routes. Therefore, employing the lowest IN rationalizing the reaction mechanism. _
promotion energy value in eq 15 is not appropriate. In addition, The mechanism discussed here helps to elucidate an aspect

the atomic excitation energies are no longer valid when the atom ©f the RI__mg;Qamsm (see Introduction) advanced by Futerko
is placed in a reactive chemical environment. This is illustrated ar_u:] Fﬁntun% flnr:hls moo:efl_ the_rea_lctpn barrg:‘r;]s plroport|onal
qualitatively in Figure 1B, where thAE value is necessarily with the sum of the metal first ionization and the lowestps

smaller than the original excitation energy. Although smaller '?ié(r:\zaljls:aﬁnehrg\llisﬁzor;};aasgrgi]r Te?(?:ig;c;m;’eﬁljg;);?g; the
E. values would increase the predictkgh values, it is very y ' ’

e . o . RI model is often able to predict activation energies for even
difficult to estimate the degree of the excitation which one . . . .
. . . . ! TM atoms in good agreement with experiment. This can be
should take into account to obtain reliable predictions. A first . S .

L - L - _explained by the fact that ionization froa d shell is equal
approximation is that the energy barriers arising du_e to hopping with ionization from an s shell (this is usually the lowest
frorr_1 one surface to anothe_r are roug_hly proportional to_the ionization process) plus an extra excitation to reach the higher
excitation energy. However, it is more likely that the chemical

) . ' ; ionized configuration. This extra excitation energy is usually
environment influences the atoms to a quite different extent. .- ier than the-sp promotion energy. Nonetheless, the fact

On the basis of the reaction mechanism, it is desirable to that a 3d ionization is also a sum of an ionization and an
establish a correlation between the rates or activation energiesexcitation energy perhaps gives a clue why the validity of the
and simple measurable quantities. This can be done for theRl model can be extended from alkaline and alkaline earth
reactions with MO only, because of the limited number of metals (where-sp promotion is the only possibility) to transition
experimental data for the oxidations with BQf the ET is the metals.
dominant mechanism, the order of the reaction rates for a given In light of the results, it is useful to consider further possible
OX molecule can be predicted by comparing the metal ionization experiments which might provide additional information about
energies; also for a given metal the electron affinities of the the reactions. In this context, reactions of 3d TM atoms with
OX molecules determine the rate order. If the DA mechanism CO; serve as analogies for both® and NQ. For CQ, both
governs the rate-limiting elementary step, then the order of the gas-kinetic'!12.2--2326.27:3064nd matrix-isolation (MI) studi€s ¢
reaction rates can be estimated by considering the excitationhave been conducted. Briefly, it has been found from MI
energies. It turns out that taking the lowest ionization processesmeasurements that metals on the left side of the 3d row are
from a 3d orbital provides a good correlation. There are two able to cleave the €0 bond and insert into it, forming O€
observations which support this choice: (i) The 3d orbitals play MO type complex molecules, whereas metals at the right side
arole in the transition states via-43d hybrids. (ii) It was found ~ ©f the row produce M-CO, complexes without insertion. Given
that the entrance channel is wide along the N0 angle (see that the activation energies for the gas-phase reactions of TM

the discussion of Table 2, above). It can be shown that (63) Moore C. EAtomic Energy Leels As Deried From the Analyses of Optical

displacement of the metal atom along this coordinate toward S?fectrau.s. rl]\!ational BL(J:I’eag oé Starrdards Circ. 467; Governmenthrinting

. . . . ice: Washington, DC, 1949; Vol. 1. lonization energies in electron-
the N—O bond center increases the 3d cgntnbuuon in the volts: Sc, 8.0: Ti, 9.9: V. 8.7: Mn, 14.3: Fe, 10.8; Co, 13.0- Ni, 8.8.
overlap between the metal ang®ILUMO orbitals. Below, a (64) Campbell, M. LPhys. Chem. Chem. Phyk999 1, 3731.

. . . . 65) Galan, F.; Fouassier, M.; Tranquille, M.; Mascetti, J.pddal. J. Phys.
comparison is given for the experimental rate constants (300( ) Chem.1997 101, 2626. . P Y

i i i i 2 iani i (66) Papai, |.; Mascetti, J.; Fournier, Rl. Phys. Chem1997, 101, 4465.
K), thg activation energies of J reaction$2 and the ionization (67) Mascetti, 3 Galan. F.-Bai. | Coord. Chern. Re 1999 196- 195 557.
energies necessary for the removal of a 3d electron from the (68) Hirschfelder, J. O.; Curtis, C. F.; Bird, R. Blolecular Theory of Gases
and Liquids Wiley: New York, 1954.
(69) Barua, A. K.; Rai Dastidar, T. KI. Chem. Phys1965 43, 4140.
)
)

(62) Experimental rates and activation energies were compiled from the following (70) Fischer, C. FThe Hartree-Fock Method for AtomsWiley: New York,
papers: Sc, V, ref 21; Ti, ref 12; Mn (extrapolated data for room- 1977.
temperature rate), ref 16; Fe (extrapolated data for room-temperature rate), (71) Langhoff, S. R.; Bauschlicher, C. W., &nnu. Re. Phys. Chem1988
ref 16, see also ref 17; Co, Ni, ref 33. 39, 181.
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atoms with CQ and NO are similar or they are larger for additional bonds between the reactants. Significant 3tk
CO,, 11122128yt the exothermicity of the O reactions is much  hybridization takes place on the metal atom, facilitating in this
larger, it is expected that reaction 1 with ground-state TM atoms way a net 4éelectron transfer to the nitrogemxide molecule.
can be also observed under MI circumstances. Fop, Né@ It was shown that the NO bond breaking and the MO bond
can also expect reactions and formation of exoergic insertion formation is coupled without crossing of surfaces belonging to
products as eq 4 dictates. Although energetically accessible,different spin states (except for Cr). The reaction mechanism
insertion reactions for Ni with N@presumably will not take postulated for both the 0 and NQ reactions involves the
place because the predicted barriers span a very large reactiofyrincipal motifs of the ET and the DA kinetic models. A suitable
coordinate reglon involving significant structural changes and name, electron-transfer-assisted oxygen abstraction, is proposed
because the?, intermediate product is more stable than the for the mechanism. The pattern of the mechanism indicates that
final insertion compound. Thus, stable N\NO; complex  the key steps (mutual charge transfers with multiple roted s
formation is expected to be observed. hybridization to facilitate the appropriate orbital configuration,

In conclusion, the general reaction mechanism which works etc.) operating during the reaction course may govern other

during the oxidation reactions of the 3d metal atoms WitON  oxidation reactions of TM atoms, where the oxidant molecules
and NQ is governed by both electron transfer and partial ¢an he CcG, SO, O, NO, or CO.

excitation on the metal atom. | call these reactions electron-

It w I hown that the structure of the final insertion
transfer-assisted oxygen abstraction, emphasizing the importance as aiso sno at the structure o e final Insertio
of both simple kinetic models in the mechanism. products in reaction 4 can be rationalized by considering the

occupancy of the #* antibonding metat-oxide orbitals.
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Reactions of ground-state 3d TM atoms withkNand NQ
are modeled by means of density functional theory. The
calculations revealed that the reactions are initiated by an
electron transfer from the metal atom to the oxidant molecule
assisting the N-O bond weakening and the ¥P) abstraction
to the metal atom without surface crossing. Charge back-
donation from the oxidant to the metal atom follows, forming JA0118946
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