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The reactions of 3d transition metal atoms with N2O, producing the metal oxide and N2, have been studied
by means of density functional theory and the coupled cluster method CCSD(T). The importance of charge
transfer in the reaction mechanism has been investigated. For Sc, Ti, and V, the transition state is very reagent-
like, and almost no charge transfer occurs. On the other hand, charge transfer from the metal 4s orbital into
the N2O LUMO becomes more important when moving to the right in the 3d series. The reactions with Sc,
Ti, and V proceed almost without energy barriers, whereas for Mn, Fe barriers around 9 kcal/mol are calculated.
For transition metal atoms with a 3dn4s2 ground-state configuration, a correlation is found between the activation
barriers and the binding energy of the formed metal oxide. The 3dn+14s1 configuration gives rise to a higher
reactivity than the 3dn4s2 configuration.

1. Introduction

Oxidation reactions between transition metal atoms and N2O,
producing the metal oxide and N2, are quite exothermic because
of the high binding energy of the metal oxides and the low
binding energy of oxygen in N2O. Despite the high exother-
micity, most of these reactions are inefficient even at room
temperature, indicating the presence of activation barriers.1-3

Different reaction mechanisms have been proposed to account
for the kinetics of 3d transition metal-N2O reactions.

The inefficiency of the TisN2O reaction was first explained
by means of the oxygen abstraction model.2 In this model, a
neutral oxygen atom is transferred to the metal to form the metal
oxide product. Transition metal atoms (except for Cr and Cu)
are characterized by a 3dn4s2 configuration, whereas their oxides
have 3dn+14s1 configurations. The crossing between the 3dn4s2

and 3dn+14s1 potential energy surfaces is then responsible for
the energy barrier. No such barriers are expected to be
encountered for transition metals in the 3dn+14s1 state, which
explains the increased reactivity of the excited-state atoms.
However, the oxygen abstraction model also implies that the
height of the energy barrier is correlated with the metal
excitation energy to the lowest 3dn+14s1 configuration, thus
predicting the wrong order for the magnitude of the rate
constants of Sc, Ti, V.4

A second model proposed for the reaction mechanism of
metal-N2O reactions is the electron-transfer process.4-6 During
the reaction, an electron transfer occurs from the metal atom to
the N2O LUMO, resulting in the bending of the N2O system
and a weakening of the NsO bond. According to this model,
the activation barrier should vary with the ionization potential
of the metal. This could indeed explain the observed trend for
the rate constantsk(Sc) > k(V) > k(Ti).

For the reactions of N2O with alkali metals, alkaline earth
metals and transition metals Fontijn observed a correlation
between the experimental activation barriers and the sum of
the metal ionization energy and s-p promotion energy of the
metal.7-9 He explained this by means of a semiempirical model

based on resonance theory, where the activated complex is
assumed to be composed of resonance interactions between
covalent and ionic structures. The main resonance structure is
characterized by a covalent interaction between oxygen and the
metal s-orbital. Mixing with excited states (which have metal
p-character) in the activated complex lowers the activation
barrier because the orbital overlap increases and possibly lessens
electron exchange repulsion between metal atom and N2O. The
addition of ionic character (resulting from the interaction
between N2O- and M+) further lowers the energy barrier.

However, when rate constants for the reactions of Mn and
Fe with N2O were experimentally determined, it became clear
that the resonance interaction model does not accurately describe
the energy barriers of these reactions.10,11 The observed dis-
crepancy was ascribed to both the neglect of the specific
d-electron configuration and the electronic structure of the
product metal oxide in the model. It has also been suggested in
studies on oxidation reactions of W and Mo that the electronic
configurations of 3d and 4s electrons should be considered.6,12

Furthermore, Campbell found that for reactions of N2O with
transition metal atoms, there is no correlation between the
activation energy and the other parameters such as ionization
potential, s-p or s-d promotion energy, the metal oxide bond
energy or the exothermicity of the reaction.10

Only one ab initio study on the reaction mechanism of
transition metal ions with N2O has so far been reported: the
reactions of N2O with Sc, Ti and V were treated with density
functional theory (DFT) using the BP86 functional.13 No
transition state structures were found, implying that the energy
barrier for these reactions should be very low (within 3-5 kcal/
mol), in agreement with experiment. However, the calculations
indicate that electron transfer from the metal atoms to N2O is
an essential element of the reaction mechanism, which is in
contradiction with the findings of Campbell.10

This work presents an ab initio study of the reaction of the
transition metal atoms of the entire first row with N2O. Our
objective was to identify trends in the reactivity across the 3d
series. N2O is one of the greenhouse gases and is also involved
in the depletion of stratospheric ozone. Emission reduction of
N2O can be achieved by using heterogeneous catalysts for the
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decomposition or reduction of N2O, often containing transition
metal atoms or ions.14,15 In combustion systems, metal atoms
can be introduced directly in the combustion process to reduce
the N2O emission in exhausts.16 Furthermore, N2O has been
proposed as an intermediate in decomposition and reduction of
NOx by Cu- and Co-catalysts.17 Fundamental insight in the
reactivity of transition metal atoms with N2O will contribute to
the understanding and optimization of possible application
systems.

2. Computational Details

Geometry optimizations were performed based on density
functional theory (DFT) using the B3LYP functional. The
triple-ú basis sets of Ahlrichs (TZV),18 augmented with a
p-polarization function, were used. The unrestricted formalism
has been employed for the open-shell systems. The stationary
points were characterized by vibrational analysis at the same
level. Also, the ZPE (zero-point vibrational energy) was
calculated at this level. The transition state structures all
represent saddlepoints, characterized by one negative eigenvalue
of the Hessian matrix. The intrinsic reaction coordinate (IRC)
was then calculated, starting from the transition state structure
in the direction of both reagents and products, to probe the
reaction path and check if the correct transition state was located.
Atomic charges and spin densities were provided both by
Mulliken population analysis and by Bader analysis.19 The
Mulliken orbital populations were also checked. In the Bader
analysis, covalent bond orders were also calculated.20 All these
calculations were perfomed using the GAUSSIAN 98 package.21

UMPT(2) (Unrestricted second-order Mo¨ller-Plesset pertur-
bation theory) and UCCSD (unrestricted coupled cluster)
geometry optimizations of the transition state structure [CuONN]‡

were also performed, to check the quality of the B3LYP
structure. The same basis sets as in the B3LYP calculations
were used (TZV(P)). All electrons were considered in the
correlation treatments. These calculations were performed by
means of the ACESII code.22

To accurately evaluate the activation barrier, we performed
coupled cluster single point calculations using the B3LYP
structures. These CCSD(T) calculations were performed using
the MOLCAS-4.1 program.23 To be able to describe the 3p-
3d intershell correlation effects,24 new ANO (Atomic Natural
Orbitals) basis sets for the transition metals were constructed.
The starting primitive basis sets were (21s15p10d6f4g). To
construct the ANOs, exactly the same procedure was used as
described by Pou-Amerigo et al.,25 with the exception that now
also the 3s and 3p electrons were included in the correlation
treatment. These basis sets were made in collaboration with B.
J. Persson.26 The number of contracted functions used in the

CCSD(T) calculations was [7s6p5d2f1g]. For N and O, we used
a (14s9p4d3f) primitive set, contracted to [4s3p2d], from the
ANO-L molcas basis set library.27 The CCSD(T) reference wave
function was obtained by performing a ROHF (restricted open
shell Hartree-Fock) calculation. In the CCSD(T) calculations,
the metal 3s, 3p, 3d, and N,O, 2s, and 2p electrons were
considered in the correlation treatment. Finally, scalar relativistic
corrections (Darwin and mass-velocity term) have been added
to the CCSD(T) energies. They were obtained at the ROHF
level using first-order perturbation theory. We note here that
the relativistic effect on the activation barriers never exceeded
0.6 kcal/mol, except in the case of Ni, which will be further
discussed.

It was found that the transition metal atoms and N2O can
form an encounter complex before moving to the transition state.
These MsN2O complexes are however very weak. The activa-
tion barrier of the MsN2O reaction was therefore calculated
as the difference in energy between the transition state structure
and the initial reagents (the transition metal and N2O). For Sc
no encounter complex could be located. Only complexation with
the oxygen side of N2O was considered.

3. Results and Discussion

3.1 Transition State Structures.Structural parameters of
the transition state structures (TS) are collected in Table 1. All
transition state structures are planar (Cs symmetry). N2O is
bound with its oxygen side to the metal, and the N2O system is
bent. There is a marked difference in the structure of the
transition state of both Sc and Ti compared to the other transition
metals (VsCu). The two types of structure are shown in Figure
1. For Sc and Ti, the central nitrogen of N2O points toward the
metal (structure I), while in the case of VsCu, this nitrogen is
bent outward, away from the metal (structure II). The NsN
bond is slightly shorter in structure I compared to free N2O,
whereas a weakening is observed for the other metals (structure
II). In the experimental studies of the NisN2O reaction, it was
found that the two lowest lying Ni states (4s23d8 (3F4) and
4s13d9 (3D3)) are both reactive.28 The transition states on the

TABLE 1: Geometric Parameters (Distances in Å, Angles in Degrees) for Transition Structures M-O-N1-N2 Obtained at the
B3LYP/TZVP Levela

MsO OsN1 N1sN2 MsOsN1 N2sN1sO

Sc(2A′′) 2.312 (0.42) 1.214 (1.64) 1.116 (2.94) 126.3 171.9
Ti(3A′′) 2.251 (0.43) 1.212 (1.63) 1.116 (2.94) 120.9 175.7
V(4A′′) 2.266 (0.39) 1.217 (1.64) 1.123 (2.95) 124.0 168.0
Cr(7A′) 2.242 (0.39) 1.230 (1.63) 1.134 (2.97) 128.7 160.3
Mn(6A′) 2.315 (0.40) 1.250 (1.56) 1.140 (2.90) 104.1 148.5
Fe(5A′) 2.083 (0.50) 1.263 (1.55) 1.137 (2.95) 115.9 150.0
Co(4A′′) 2.026 (0.59) 1.267 (1.46) 1.138 (2.69) 117.2 150.2
Ni(3A′) 1.956 (0.67) 1.282 (1.45) 1.143 (2.63) 117.4 145.9
Ni(3A′′) 1.961 (0.67) 1.278 (1.45) 1.143 (2.63) 117.3 146.6
Cu(2A′) 1.854 (0.89) 1.499 (1.12) 1.141 (2.71) 112.3 125.4

free N2O 1.185 (1.76) 1.123 (2.96) 180.0

a Bader covalent bond orders are shown between brackets.

Figure 1. Structure of the transition state for Sc and Ti (I.) and for
V-Cu (II.).

5480 J. Phys. Chem. A, Vol. 105, No. 22, 2001 Delabie et al.



two surfaces were calculated, they belong to different symmetry
representations. The3A′ structure is characterized by a 4s13d9

configuration, whereas the3A′′ structure is the transition state
on the 4s23d8 surface. The two structures and energies are
however very similar.

According to the Hammond postulate, the transition states
of exothermic reactions resemble the reagents. Indeed, as one
can see from Table 1, the OsN1 covalent bond order in the
transition state structures is not that much smaller than the value
observed in the free N2O molecule (1.76). In Figure 2, the trend
in MsO and OsN1 distances across the 3d series is shown.
Graph 2.A clearly shows that the OsN1 bond distance enlarges
when moving to the right through the 3d row, conform with
the decrease of the OsN1 covalent bond order (see Table 1).
For Sc-Ni, the OsN1 distances in the TS range between 1.21
and 1.28 Å, as compared to 1.18 Å in free N2O. A substantially
smaller OsN1 bond order and longer OsN1 distance (of 1.50

Å) is found for the [CusOsN1sN2]‡ transition state. The
MsO distances vary between 2.31 and 1.85 Å. This bond
distance decreases substantially going from Mn to Cu (see
Figure 2.B), coupled with an increasing MsO bond order. All
these parameters clearly demonstrate that the character of the
transition states is reagent-like but becomes more product-like
when moving to the right in the 3d series, especially for Cu.

The quality of the B3LYP structures of the TS was checked
by comparing with MBPT2 and CCSD structures. Because of
the large computational effort required for a CCSD geometry
optimization, only the structure of the TS of the CusN2O
reaction was checked. We expect that the transition states of
the other metals will be calculated with a similar accuracy. The
activation barrier of the three structures (B3LYP, MBPT2 and
CCSD) was calculated at the CCSD(T) level for comparison.
These structural parameters and activation barriers are shown
in Table 2. One can see that the geometry and activation barrier
of the B3LYP structure are in very good agreement with CCSD
results. On the other hand, the MBPT2 structure is much more
product-like than the CCSD structure. However, the activation
barriers are all around 4 kcal/mol, lower than the experimental
values of 9.5-10.9 kcal/mol.7,29

3.2 Reaction Mechanism.An analysis of the B3LYP
molecular orbitals revealed the important orbital interactions at
the transition states, which are (for Ni) shown in Figure 3. In
what follows, the d-orbitals will be denoted according to the
xyz-orientation shown in Figure 1. The transition metal 3d- and
4s-orbitals interact mainly with the N2O HOMO and LUMO.
The N2O HOMO is aπ-orbital which is antibonding with respect
to the OsN bond but bonding for the NsN bond. The LUMO
is a π*-orbital with antibonding character for both the NsO
and NsN bonds. At the transition state, aσ-interaction occurs
between the metal 4s- and the in-plane N2O LUMO, as shown
in Figure 3A. As one can see, there is a strong bonding
interaction on the oxygen side of N2O, but also a weaker
bonding interaction with N2. The σ-interaction with the N2O
LUMO can lead to the delocalization of electrons from the filled
4s-orbitals on the metal into the empty N2O LUMO. This back-
donation results in a weakening of both the OsN1 and N1sN2

bonds. Second, there are much weaker interactions between the
metal 3d-orbitals and the N2O HOMO, allowing a charge
transfer in the opposite direction: electron donation from the
N2O HOMO to the metal. The metal 3dz2-orbital stabilizes the
in-plane N2O HOMO through aσ-bond (as shown in Figure
3B). Finally, there is a very weakπ-donation from the out-of-
plane N2O π-orbital into the metal 3dyz orbital (Figure 3C).

B3LYP Mulliken and Bader charges on the atoms in the
transition state structure indicate the importance of charge
transfer along the 3d series. They are reported in Table 3,
whereas Figure 4 shows the detailed pattern of the metal charges
in the TS as a function ofZ. Generally, Bader charges are
considered to be more accurate than Mulliken charges, since
the former are less basis set dependent. Our calculations show
more ionic bonds with Bader compared to Mulliken population
analysis. However, the two methods show the same trend along

Figure 2. Trends across the 3d series for geometric parameters of the
transition state structure [MON1N2]‡. (A) OsN1 distance (at the B3LYP/
TZV(P) level) as a function ofZ; (B) M-O distance (at the B3LYP/
TZV(P) level) as a function ofZ; and (C) N2sN1sO angle (at the
B3LYP/TZV(P) level) as a function ofZ.

TABLE 2: Geometric Parameters (Distances in Å, Angles in
Degrees) for the Transition Structure [CusN2O]‡ at Various
Levels of Theory and CCSD(T) Activation Barriers (kcal/
mol) for These Different Structures

MsO OsN1 N1sN2 N2sN1sO
E(CCSD(T))
(with ZPE)

MBPT2/TZVP 1.838 1.547 1.112 132.4 4.3
B3LYP/TZVP 1.854 1.499 1.141 125.4 3.4
CCSD/TZVP 1.899 1.469 1.157 121.2 4.0

Barriers for Transition Metal N2O Reactions J. Phys. Chem. A, Vol. 105, No. 22, 20015481



the 3d series: charge transfer from the metal to N2O becomes
more important when Z increases. This is in accordance with
the increasing product-like character of the transition states with
Z, as shown above. Almost no orbital interactions occur between
Sc,Ti,V, and N2O at the transition state, leading to very small
metal charges. This very small electron transfer is in contradic-
tion with the conclusion of Stirling,13 stating that electron
transfer is an essential factor in the reaction mechanism of Sc,-
Ti,V with N2O.30 However, the covalent character of the M-O
bond increases significantly when moving to the right through
the 3d series. This is, as shown above, attended by a decrease
of the M-O distance, especially from Mn to Cu (see Figure
2.B). Charge transfer from the metal toward N2O becomes then
more important, due to the increasing metal 4s-N2O LUMO
back-donation. This back-donation clearly overrules the small
donation from the N2O HOMO to the metal. For Ni and Cu, a
partial charge-transfer mechanism is indeed operative: the Bader

charges on the metal become 0.40 and 0.56, respectively. Bader
charges on oxygen and nitrogen are also given in Table 3. As
one can see, the charge donated by the metal is distributed
mainly over oxygen and the terminal nitrogen.

It can be expected that the effect of charge transfer in the
transition states is also reflected in the OsN1sN2 angles. The
N2O- ion is bent, as opposed to the neutral linear N2O
molecule.31 The vertical electron affinity of N2O is negative
(-51.42 kcal/mol32), which means that this process is highly
unfavorable. The adiabatic process, on the other hand, is
favorable, as shown by the experimental electron affinity of
+5.07 kcal/mol.32,33The course of the OsN1sN2 angle in the
TS along the 3d series is represented in Figure 2.C and Table
1. Indeed, the pattern is conform with the trend in charge
transfer. The transition states of Sc, Ti, and V exhibit OsN1s
N2 angles around 170 degrees, in correspondence with the small
amount of charge transfer for these metals. The OsN1sN2 angle
generally decreases with the number of d-electrons, to a value
of only 125 degrees for Cu, and even shows the same kink at
Mn.

The B3LYP atomic spin densities for the TS are also shown
in Table 3. For ScsCo, the spin density is mainly concentrated
on the metal atom, showing again the reagent-like character of
these transition state structures and the small amount of charge
transfer. In the case of Ni, B3LYP shows that a considerable
amount of spin density (28% of the total spin) is also found on
N2O, due to the partial metal 4s-N2O LUMO charge transfer.
For Cu, however, 89% of the total spin is transferred from Cu
to N2O at the transition state.

Before the transition state is reached, the metal atom and N2O
form a very weak complex. The structural parameters of the
energy minimum structures are shown in Table 4, with the
exception of Sc because no stable Sc-N2O complex was found.

Figure 3. Bonding orbital interactions at the transition state structure [NiON1N2]‡: (A) σ-interaction between the Ni 4s and the N2O in-plane
LUMO; (B) σ-interaction between the Ni 3dz2 and the N2O in-plane HOMO; and (C)π-interaction between the Ni 3dyz and the N2O out-of-plane
HOMO.

TABLE 3: Mulliken and Bader Charges and Spin Densities (between brackets) for Atoms in the MsOsN1sN2 Transition
States, Obtained at the B3LYP/TZVP Level

Mulliken Bader

M M O N1 N2

Sc(2A′′) -0.02 (-1.00) 0.14 (-0.94) -0.53 (-0.01) 0.17 (-0.01) 0.21 (-0.04)
Ti(3A′′) -0.08 (-1.99) 0.10 (-1.98) -0.51 (-0.01) 0.19 (0.00) 0.23 (-0.01)
V(4A′′) 0.00 (-3.11) 0.21 (-3.13) -0.52 (0.02) 0.17 (0.06) 0.13 (0.04)
Cr(7A′) 0.14 (-5.76) 0.27 (-5.62) -0.53 (-0.07) 0.17 (-0.12) 0.07 (-0.18)
Mn(6A′) 0.18 (-5.17) 0.37 (-5.15) -0.55 (0.00) 0.17 (0.08) 0.00 (0.07)
Fe(5A′) 0.13 (-3.64) 0.33 (-3.98) -0.55 (-0.02) 0.16 (0.00) 0.04 (0.00)
Co(4A′′) 0.13 (-2.62) 0.31 (-2.59) -0.53 (-0.03) 0.17 (-0.13) 0.06 (-0.24)
Ni(3A′) 0.20 (-1.51) 0.42 (-1.44) -0.55 (-0.05) 0.15 (-0.17) -0.01 (-0.33)
Ni(3A′′) 0.20 (-1.53) 0.40 (-1.45) -0.55 (-0.05) 0.15 (-0.18) -0.01 (-0.32)
Cu(2A′) 0.38 (-0.11) 0.56 (-0.11) -0.58 (-0.31) 0.07 (-0.10) -0.06 (-0.46)
free N2O -0.36 (0.00) 0.15 (0.00) 0.20 (0.00)

Figure 4. The metal charge (B3LYP/TZV(P), Bader and Mulliken)
in the TS and the ionization potential40,41 of the metal as a function of
Z.
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The MsO distances are much longer in the encounter complex
than those in the transition state structure, the MsOsN1 angle
is bent. The OsN1sN2 bond angle remains around 180 degrees
(see Table 4), pointing to the absence of charge transfer in these
encounter complexes. Indeed, the Bader charges on the metal
(not reported here) remain close to zero in all cases.

As shown in Table 5, the MsN2O binding energies calculated
with DFT and CCSD(T) are all very low, varying around-1
kcal/mol. The CosN2O complex is not stable at the CCSD(T)
level. As one can see from comparing column 1 and 2 in Table
5, the ZPE (zero-point vibrational energy) correction of the
binding energy is always smaller than 0.5 kcal/mol.

The reaction coordinate at the region of the energy barrier is
a linear combination of several internal coordinates: the MsO
bond stretching, the OsN1sN2 bending and the MsOsN1

bending. For the reactions with ScsV, the OsN1sN2 bending
seems the most important, whereas for CrsNi, the MsO
stretching becomes more important. On the other hand, in the
reaction with Cu the OsN1 stretching is predominant at the
region of the energy barrier.

3.3 Activation Barriers. In Table 5, we have also reported
the activation barriers calculated at the B3LYP and CCSD(T)
level. We report the values without and with ZPE correction.
The ZPE correction reduces the activation energies. It is a small
correction (0.7 kcal/mol) for Sc and increases when going to
the right in the 3d series. At the CCSD(T) level, no ZPE could
be calculated; therefore, the B3LYP ZPE's are used to correct
the CCSD(T) activation barriers. We can now compare the
B3LYP and CCSD(T) activation barriers to the experimental
values in Table 5. For the atoms Sc, Ti, V, and Mn, the
activation barriers are in reasonable agreement with experiment,
both at the B3LYP and CCSD(T) level. We note that for the
reaction of V and Ti with N2O, the energy of the transition
state is lower than that of the energy of the reagents. A barrier

is therefore only observed with respect to the energy of the
M-N2O complex. For Cr, Fe, Co, and Ni, the CCSD(T)
activation barriers differ significantly from the B3LYP results.
B3LYP tends to underestimate the activation barrier. On the
other hand, with the exception of Cu and Ni, the CCSD(T)
activation barriers are in close agreement with experiment.

The calculated activation energy for the reaction with Cu is
somewhat smaller than the experimental estimate, both at the
B3LYP and CCSD(T) level. We note that the CCSD(T)
reference wave function also demonstrates the large charge
transfer at the transition state of this reaction: an ion-pair
transition state structure is calculated.

The NisN2O reaction seems to be difficult to treat, not only
theoretically but also experimentally. In the experimental studies
of the Ni-N2O reaction, it was found that the two lowest lying
Ni states (4s23d8 3F4) and 4s13d9 (3D3)) react with rate constants
equal within experimental uncertainty.28,34 An Arrhenius fit of
the measured rate constants was complicated due to a competing
termolecular reaction. Assuming a negligibly small contribution
of this reaction at 2.5 Torr, an activation barrier of 2.3 kcal/
mol was estimated.28 On the other hand, theoretically, the Ni
atom is difficult to describe due to large correlation effects
related to near-degeneracies. The Ni atom ground-state config-
uration is, without consideration of spin-orbit coupling,
4s13d9 (3D), with a 4s23d8 (3F) state lying only 0.7 kcal/mol
above the ground-state level.35 CCSD(T), in combination with
these basis sets, wrongly predicts a 4s23d8 ground state, which
is calculated 4 kcal/mol more stable than the 4s13d9 state. The
3d94s1 configuration is the most reactive, with a CCSD(T)
activation barrier of 7.7 kcal/mol. The B3LYP results showed
that the charge transfer from Ni 4s to N2O π* was only partial.
However, the charge transfer is estimated much larger in the
CCSD(T) reference wave function, such that an ion-pair
transition state structure (as for Cu) is calculated. The non-
relativistic CCSD(T) activation barrier is slightly lower, i.e.,
5.9 kcal/mol. The activation barrier on the 4s23d8 surface is
calculated to be significantly higher: 12.5 kcal/mol (estimated
with regard to the energy of the 4s23d8 Ni atom and N2O).

The reaction of Cr with N2O involves a change in spin,
because the ground state of Cr is7S3, whereas CrO has a5Π
ground state. We did not attempt to find the point of intersection
of the septet and quintet surfaces but report here only the
transition state located on the septet surface. Because the
transition states of the 3d MsN2O reactions are all very reagent-
like, it is reasonable to assume that the crossing between septet
and quintet surfaces occurs after the transition state. An

TABLE 4: Geometric Parameters (Distances in Å, Angles in
Degrees) for Energetic Minima MsOsN1sN2 Obtained at
the B3LYP/TZVP Level

MsO OsN1 N1sN2 MsOsN1 N2sN1sO

Ti(3A′′) 2.461 1.202 1.118 126.1 175.6
V(4A′′) 2.329 1.201 1.118 129.1 177.0
Cr(7A′) 2.472 1.194 1.120 108.0 178.4
Mn(5A′) 4.555 1.185 1.122 115.7 179.9
Fe(4A) 3.836 1.185 1.122 144.2 179.8
Co(4A′′) 2.472 1.194 1.120 124.7 178.4
Ni(3A′) 2.383 1.195 1.120 122.1 177.9
Cu(2A′) 3.271 1.186 1.122 117.8 179.5

TABLE 5: Binding Energies (B. E.) and Activation Barriers ( Eb) at the B3LYP/TZVP and CCSD(T) Levels and Experimenta
(kcal/mol)

B3LYP CCSD(T)

B. E. Eb B. E. Eb

no ZPE with ZPE no ZPE withZPE no ZPE with ZPE no ZPE withZPE experimentEb

Sc(2A′′) / / 1.9 1.2 / / 0.0 -0.7 1.84,8

Ti(3A′′) 0.4 0.1 1.3 0.5 -2.9 -3.2 -1.2 -2.0 2.44,8

V(4A′′) -1.5 -1.9 -1.2 -2.5 -1.1 -1.5 0.0 -1.3 2.4;4,8 2.228

Cr(7A′) -0.2 -0.1 2.2 1.0 -1.2 -1.1 4.9 3.7 4.3;42 4.728

Mn(6A′) 0.0 0.0 9.0 7.8 -0.9 -0.9 10.5 9.3 10.110

Fe(5A′) -0.1 -0.0 6.7 5.3 -1.4 -1.5 11.3 9.9 10.1;11 11.13

Co(4A′′) -0.4 -0.3 5.9 4.4 1.7 1.8 11.2 9.7 11.228

Ni(3A′) -1.3 1.7 2.5 1.0 -1.4 -1.8 9.2 7.7 (2.728)
Ni(3$A′′) / / 3.7 2.2 / / 14.0 12.5 /
Cu(2A′) -1.1 -1.1 6.8 4.3 -1.5 -1.5 5.9 3.4 9.5;7 10.929

a For the B3LYP results, values with and without inclusion of the ZPE are shown. Activation barriers (Eb) calculated from the Arrhenius activation
energyEa with the formula Eb ) Ea - nRTaV, with n ) 0.5 and TaV ) (T1T2)0.5, where T1 and T2 are respectively the lowest and highest temperature
of the measurements.8
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activation barrier of 3.7 kcal/mol is then calculated, in good
agreement with the experimental values (4.3 and 4.7 kcal/mol).

3.4 Reactivity along the 3d Series.The entire set of data of
activation barriers of all the 3d transition metal atoms allows
us to explore the trend in reactivity across the 3d series, and to
check possible correlations between the activation barrier and
various physicochemical parameters. According to the charge-
transfer mechanism, a correlation between the activation barrier
and the ionization potential of the transition metal atom could
be expected. No such correlation was observed, using either
the experimental or the CCSD(T) activation barriers. Along the
same line, one would also expect that the charge transferred
from the metal to N2O increases when the ionization potential
decreases. The course of the ionization potential of the transition
metals along the 3d series is depicted in Figure 4, together with
the metal charge at the TS. It is clear that there is no direct
correlation between the metal charge in the TS and the ionization
potential of the 3d transition metal. On the contrary, transition
metal atoms with a low ionization potential (Sc, Ti, V, Cr)
exhibit the lowest metal charges in the TS.

The semiempirical resonance model of Fontijn predicts that
one should observe a correlation between the activation barrier
and the sum of the ionization potential and s-p promotion
energy. Campbell already showed that there is no such correla-
tion,10,11,28 and our results confirm Campbell’s findings. The
resonance interaction model can therefore not be expected to
accurately predict the energy barriers for the 3d transition metals.

On the other hand, a reasonable correlation between the
CCSD(T) activation barrier and the binding energy36 of the
formed metal oxide can be observed (as shown in Figure 5), at
least for the transition metals with a 3dn4s2 configuration. The
binding energy of the transition metal oxide determines the
exothermicity of the reaction. The most exothermic reactions
thus proceed with the smallest energy barriers. Both experi-
mental and theoretical studies have indicated that the binding
energy of the first transition row oxides decreases (with a small
deviation for Fe) as the atomic weight increases.36,37The ScO,
TiO, and VO bonds have triple bond character, with binding
energies of more than 148 kcal/mol.36,37 The reactions of Sc,
Ti, and V with N2O are therefore very exotherm and proceed
via very low energy barriers (below 2 kcal/mol). Much higher
barriers are encountered for MnsCo (around 9 kcal/mol), since
the oxides of MnsCo display only a double bond, resulting in
smaller binding energies (between 88 and 96 kcal/mol,36,37). The
diminishing reagent-like character of the transition state structure
going from Sc to Cu (as demonstrated in the previous section)
is also in agreement with the decrease in exothermicity across
the 3d series.

As can be seen from Figure 5, the activation barrier for
reactions with atoms in a 3dn+14s1 configuration (Cr, Cu, and
Ni 3d9) is much lower than predicted by the regression line. It
has indeed been found that the dn+1s1 electron configuration is
more reactive than the dns2 configuration.6,12,38,39The 4s orbital
is much larger than 3d. Therefore, a diffuse closed s shell in
the s2 configuration causes electronic repulsive effects, reducing
the reactivity.12,39

4. Conclusions

In summary, the reactions of 3d transition metal atoms with
N2O have been studied using theoretical calculations. The
transition state structures were determined and characterized at
the DFT-B3LYP level. It was shown that the transition state
structure becomes less reagent-like when moving to the right
in the 3d row. For ScsV, almost no charge transfer from the
transition metal toward N2O occurs at the transition state. On
the other hand, charge-transfer becomes more important in the
reactions with CrsCu, due to interaction between the metal 4s
and the in-plane N2O LUMO.

The activation barrier is reasonably well described at the
CCSD(T) level, using the B3LYP structures. A good correlation
between the activation barrier and the binding energy of the
formed transition metal oxide was found: large binding energies
result in a high exothermicity of the reaction and, apparently, a
low energy barrier. As such, reactions with Sc, Ti, and V are
characterized by the lowest activation barriers (below 2 kcal/
mol). Atoms with a 3dn+14s1 configuration deviate from the
trend. This configuration is much more reactive than 3dn4s2.
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