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The electronic structure aspects of the M (1S,3P) + N2O(X1Σ+) (M ) Be, Mg, Ca) reactions are investigated
using the CASSCF/MRMP2 (complete active space SCF and the multireference Møller-Plesset perturbation
theory of the second order) computational methodology. The lowest adiabatic 11A′ and 13A′ potential energy
surfaces (PESs) favor the bending dissociation mechanism of N2O in all studied cases. The rate-limiting
channels are determined by the classical barriers that decrease in the series Be (8.9)> Mg (7.0) > Ca (1.2)
kcal/mol, whereas the spin-forbidden reaction channels are found to be less important. A comparison with
elaborated kinetic results (Plane et al.J. Phys. Chem.1990, 94, 5255;Gas-Phase Metal Reactions; Elsevier:
Amsterdam, 1992; Vinckier et al.J. Phys. Chem. A1999, 103, 5328) on the Ca (1S) + N2O(X1Σ+) reaction
is presented, and the differences in the kinetic behavior of the title reactions are discussed. Our results also
indicate that the techniques based on the multiconfigurational wave functions are unavoidable if a correct
topology of the PESs governing these reactions is needed.

1. Introduction

In view of its pertinent role in the “global change” context
where nitrous oxide is considered as a greenhouse gas and a
stratospheric ozone depletion substance,1 its kinetic behavior
has been widely investigated. Particular attention has been paid
to its reactions with metal atoms2 M

that have recently been proposed as an efficient means of
reducing the emission of the greenhouse gas N2O.3 Other
applications are based on the fact that these reactions are highly
exotermic, leading to the product metal oxide formation in the
excited states that may cause a strong chemiluminescence. In
this way, such reactions can be suitable candidates for the
development of chemical lasers in which the population
inversion is obtained by means of a pure chemical reaction.4

The mechanisms and kinetics of these reactions thus form a
very interesting topic due to a possibility of the formation of
the excited states and in view of the high reaction exothermici-
ties coupled with large values of their Arrhenius activation
energies.

To treat the reactions involving metal atoms and to derive
reaction cross-sections and activation barriers, two semiempirical
models have been proposed. Within the “harpoon” model,5 the
electron jump from a metal atom triggers the ion pair recom-
bination reaction. The reaction cross section then depends on
the ionization potentials (IP) of the metal atom and on the
electron affinity (EA) of the N2O molecule. However, as it has
been recently shown,6 the EAN2O is firmly negative (ca.-6 kcal/
mol), which implies that a long-range electron transfer from M
to N2O must be ruled out. The second model is a semiempirical
configuration interaction model proposed by Fontijn and co-
workers.7 This model assumes that the reaction of any metal
atom with N2O is governed by the activated complex composed

of three resonating structures that are formed by (i) a covalent
interaction of the oxygen atom of N2O with the s-orbital of the
metal, (ii) interactions involving excited states of M having a
p-character, and (iii) interactions between the ionized species
M+ and N2O-. Fairly good correlations were obtained between
the theoretical activation barriers and the experimental values.7d

Several ab initio and DFT studies on reaction 1 have been
performed.8 Still a major challenge is the treatment of closed
shell ns2 systems such as the group 2 atom/N2O reactions. There
is quite some evidence that these reactions occur along several
reaction paths each with its own activation barrier.9 This may
lead in some cases to a non-Arrhenius behavior depending on
relative barrier heights and the temperature range covered by
the experiment. The purpose of this work is to provide a basic
information on the lowest adiabatic singlet and triplet PESs of
the title reactions and features of these PESs that control the
reaction kinetics.

2. Computational Methods

The multiconfigurational self-consistent field (MCSCF) wave
functions of the CASSCF,10a,botherwise referred to as FORS10c

type, were used throughout this study. The active orbitals,
labeled inCs symmetry, were selected as follows: [8a′-15a′,
1a′′-4a′′],12 [12a′-19a′, 2a′′-5a′′],12 and [16a′-23a′, 3a′′-
6a′′]12 to describe reaction 1 with M) Be, Mg, and Ca atoms,
respectively. The stationary points on the ground (11A′ ≡ 1A′)
and the first excited (13A′ ≡ 3A′) PESs were fully optimized
and characterized by the harmonic vibrational frequencies at
the CASSCF(12/12) level. The lowest energy reaction path was
mapped out using the intrinsic reaction coordinate (irc) method
to determine the landscape of the studied PESs, and to
investigate the triplet state energetics along the lowest energy
path on the1A′ PES. Dynamical electron correlation was
accounted for by means of the MRMP211 calculations in which
all electrons except the 1s were correlated. The O, N, Be, and
Mg atomic basis sets were the standard 6-311G basis, supple-
mented with three d- and one f-type polarization functions,
namely,R ) 1.02, 0.255, 0.06375, and 0.260, respectively, on
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Be (6-311G(3df)) andR ) 0.70, 0.175, 0.04375, 0.20, respec-
tively, on Mg (6-311G(3df)), and a single polarization and a
diffuse-type function on N and O atoms (6-311+G(d)) to
account for a possibility of an electron transfer from metal
atoms. All the results presented below for reaction 1 with M)
Ca were obtained using the SBKJC effective core potential
(ECP) and basis set,12 referred to hereafter as SBK(d), aug-
mented by single d polarization13 function on all atoms:R )
0.8 on N and O andR ) 0.229 on Ca. The energy barriers
quoted in the text include the harmonic zero-point energy
corrections. The results presented below were obtained using
the GAMESS14 and MOLPRO15 programs.

3. Results and Discussion

The portion of the1A′ PES that correlates reactants and
products of reaction 1 comprises very shallow minima occupied
by the weakly bound complexesI on the entrance channel, and
the linearII and the T-shapedIII complexes (the former resides
in the global minimum of the1A′ PES) on the exit channel.
Figure 1 and Table 1 report the molecular geometries of these
structures. These reactant and product wells are connected, along
the lowest energy channel of reaction 1, via transition state
structuresTSS,cis located ca. 8.9 kcal/mol (TSBe

S,cis), 7.0 kcal/
mol (TSMg

S,cis), and 1.2 kcal/mol (TSCa
S,cis) above the correspond-

ing energy minimaI on the entrance channel. On the other hand,
there exists a higher-energy reaction channel on the ground-
state PES through the transition structureTSS,trans located ca.
15.5, 17.6, and 3.9 kcal/mol aboveI for reaction 1 with Be,
Mg, and Ca atoms, respectively. It is worth mentioning that
the earlier study on the Mg+ N2O reaction8d has found similar
reaction pathways on the1A′ PES with the barriers equal to
11.7 and 23.2 kcal/mol for the lower and higher energy channels,
respectively, using the Møller-Plesset second-order perturbation
theory (MP2) and the coupled cluster (CCSD(T)) calculations;
however, the topology of the studied PES turned out to be rather
different: the MP2 (CCSD(T)) methods reveal a two-step
mechanism via a stable intermediate cyclic complex NNOMg,
but the CASSCF(12/12) PES corresponds to a single-step
process. Because at least two electronic configurations are
important in the intermediate regions (see, e.g. the molecular
orbital (MO) occupation numbers in Figure 2), single-config-
uration-based methods may result in highly distorted PESs. We
therefore consider the results based on the application of the
CASSCF(12/12) computational methodology to be likely more
accurate.

The portion of the3A′ PES on the entrance channel of reaction
1 correlating with the N2O(X1Σ+) + M(3P) asymptote comprises
energy minima occupied by structuresIT that, in contrast to
the analogous structuresIS on the ground-state PES, are

characterized by shorter M‚‚‚O distances of 1.818 Å (IBe
T ),

2.439 Å (IMg
T ), and 2.370 Å (ICa

T ) (cf. 4.602 Å (IBe
S ), 5.330 Å (

IMg
S ), and 5.157 Å (ICa

T )). These energy minima are connected
to the reaction products on the3A′ PES via transition structures
TST. In fact, small energy barriersI T f TST on the CASSCF-
(12/12) PESs disappear when the dynamic electron correlation
is taken into account. This indicates that reaction 1 with M)
Be, Mg, Ca along the3A′ PES is virtually barrierless, because
no s-p promotion energy, which is necessary for the intrinsic
barrier formation in the group 2+ N2O reactions, is required
on the3A′ PES. A surprisingly high activation energy of 9.9
kcal/mol for the Mg(3P) + N2O reaction has been found in a
time-resolved laser pumping experiment.16 Consistent with the
earlier ab initio study by Yarkony,8a the present calculations
show the absence of the barrier in this case, and this is in line

Figure 1. Schematic diagrams of the CASSCF(12/12)-optimized structures relevant to reaction 1.

TABLE 1: CASSCF(12/12)-Optimized Structures Relevant
to Reaction 1

structurea r1 r2 r3 θ1 θ2 energyb

IBe
S 1.116 1.203 4.602 180.0 87.0 0.0

IMg
S 1.131 1.204 5.330 180.0 103.1 0.0

ICa
S 1.143 1.231 5.157 180.0 148.6 0.0

IBe
T 1.104 1.235 1.818 177.0 116.5 49.3

IMg
T 1.111 1.217 2.439 178.9 126.3 55.2

ICa
T 1.134 1.246 3.370 177.9 135.6 36.0

TSBe
S,cis 1.122 1.278 1.783 149.8 106.9 9.5

TSMg
S,cis 1.137 1.278 2.219 143.7 98.0 7.9

TSCa
S,cis 1.151 1.287 2.349 152.1 112.9 2.2

TSBe
S,trans 1.107 1.300 1.653 158.7 165.3 16.0

TSMg
S,trans 1.122 1.319 2.102 148.8 91.2 19.0

TSCa
S,trans 1.143 1.299 2.190 155.4 111.1 5.0

TSBe
T 1.109 1.258 1.722 165.1 103.5 45.9

TSMg
T 1.118 1.265 2.148 157.2 103.7 53.5

TSCa
T 1.139 1.273 2.254 161.2 118.3 34.5

II Be
S 1.104 1.340 1.735 -97.6

II Mg
S 1.106 1.756 2.481 -22.3

III Be
T 1.073 1.476 3.771 -51.2

III Mg
T 1.107 1.897 3.614 -18.2

VMg
S/T 1.210 1.270 2.204 133.2 122.5 24.0

VCa
S/T c 1.294 1.268 2.200 123.8 79.0 6.8

IV Be
T 1.214 1.229 1.522 133.8 141.1 -3.3

IV Mg
T 1.234 1.258 2.059 136.4 80.1 22.7

IV Ca
T 1.255 1.298 2.273 134.5 76.2 -1.0

TSBe
a,T 1.198 1.296 1.625 129.8 95.9 13.8

TSMg
a,T 1.210 1.270 2.040 133.2 122.4 28.6

TSCa
a,T 1.230 1.317 2.196 130.4 133.1 3.9

a The bond lengths (r) are given in ångstroms; the bond angles (θ),
in degrees. For the definition of the geometrical parameters see Figure
1. b The MR-MP2 energies with respect to the structureI (E(MRMP2IBe

S )
) -198.888617 au,E(MRMP2IMg

S ) ) -384.047841 au,E(ECP
MRMP2 ICa

S ) )
-36.098282 au), in kcal/mol, without correction for zero-point energy.
c VCa

S/T structure optimized at the CASSCF(6/6) level.
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with the large reaction cross section measured by Dagdigian17

(see also discussion in ref 9b). Geometrically, the tripletTST

are rather similar to their singletTS S,transcounterparts but appear
to be more reactant-like. In particular, the M‚‚‚O and N‚‚‚O
distances and the NNO angle are equal to 1.722 Å, 1.258 Å,
and 165° in TSBe

T (cf. 1.653 Å, 1.300 Å, and 158.8° in TSBe
S ),

2.148 Å, 1.265 Å, and 157° in TSMg
T (cf. 2.102 Å, 1.319 Å, and

148° in TSMg
S ), and 2.254 Å, 1.273 Å, and 161° in TSCa

T (cf.
2.190 Å, 1.299 Å, and 155° in TSCa

S ) (see Table 1).
The electron rearrangement process in the transition state

regions involves a charge transfer from either the s- or p-orbital
of the 1S (TSS) or 3P (TST) metal atom, respectively, to the
in-plane 2p-π orbital of N2O. This is reflected in the changes
of the electronic configuration of the ground adiabatic state from
the neutral to a charge-transfer ionic one when passing over
these barriers. The key molecular orbitals (MOs) that signifi-
cantly change their occupation numbers are shown in Figure 2.
The structure of the wave functions in the intermediate regions
indicates that the ground adiabatic state is dominated by both
the “neutral” and the “ionic” configurations. These configura-
tions are of utmost importance in the Fontijn model, which is
apparently successful7d in prediction of the potential barriers
heights.

Because the N2O(X1Σ+) + Mg(1S) reaction yields the MgO
product in both singlet and triplet states,9a it is essential to know
where the crossing between the1A′ and3A′ PES takes place. If
the crossing occurs at the entrance channel, it could dramatically
affect the reaction rate and its temperature dependence. To
address this question, the3A′ energetics has been mapped as a
function of the irc on the1A′ PES. The results indicate that
along the lowest energy reaction pathway, the crossing does
not occur at the entrance channel, where the singlet-triplet
energy separation is rather large (the singlet-triplet energy gap
at theTSS geometry is equal to ca. 6 kcal/mol). However, it
may take place at the exit channel associated with the ionic
portion of the ground-state PES, i.e., after the passage over the
TSS structure, as schematically shown in Figure 3a. This
indicates that the reaction along its lowest energy channel is
likely to be described using conventional terms.

Because it has previously been assumed that the lowest
reaction barrier arises from the crossing of a singlet and a triplet
PESs,9a the present study has in particular been focused on the
investigation of this possibility, i.e., on the search of the1A′/
3A′ crossing at the entrance channel. The results indicate that

Figure 2. Shape of the “key” MOs (SA-CASSCF natural set) at the
transition state geometries of the M(1S) + N2O(X1Σ+) (a) and M(3P)
+ N2O(X1Σ+) (b) reactions. Numbers in parentheses indicate electron
occupancies.

Figure 3. Schematic representation of the potential energy profile of reaction 1 along its spin-allowed (a) and spin-forbidden (b) reaction channels.
The zero of energy corresponds to the ground-state reactant asymptote.
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the3A′ PES actually crosses the entrance channel of reaction 1
at higher energies as compared to the minimum energy path,
as indicated in Figure 3b. The energy-minimized crossing point
VMg

S/T on the1A′/3A′ crossing seam, which can be regarded as a
local minimum on the seam, has been located atr1 ) 1.210 Å,
r2 ) 1.270 Å, r3 ) 2.204 Å,θ1 ) 133°, andθ1 ) 123°. It is
characterized by a rather stretched N-N bond of 1.210 Å, as
compared to the transition state structure (cf. Table 1) and also
a rather bent N-N-O moiety. Energetically, theVMg

S/T structure
is placed ca. 24 kcal/mol aboveIMg

S , implying that it is not
accessible under the experimental conditions employed in refs
9b and 19. By way of contrast, the analogousVCa

S/T structure (r1

) 1.230 Å,r2 ) 1.334 Å,r3 ) 2.263 Å,θ1 ) 117°, θ1 ) 72°)
is placed 4.5 kcal/mol above the lowest lying saddle point,
TSCa

S,cis, and could be part of the reaction mechanism. Note that
the VS/T structures were obtained at the CASSCF level with
subsequent energy evaluations using MRMP2, where the states
remain (nearly) degenerate. A re-optimization of the corre-
sponding structures at the correlated levels of theory might lower
their energies with respect to the asymptotes. The rest of the
nonadiabatic pathway via the singlet-triplet crossing takes place
on the ionic portion of the3A′ PES, which exhibits a potential
minimum at structureIV . The later is connected to the reaction
products by the transition structureTSa

T with energy barriers of
17.0 kcal/mol (M) Be), 5.9 kcal/mol (M) Mg), and 4.8 kcal/
mol (M ) Ca).

Summarizing, we conclude that there are actually at least four
distinct reaction pathways of reaction 1, namely

Obviously, reaction pathway 2 is the most favorable. The
resulting barrier height of 1.2 kcal/mol for the Ca reaction is in
fairly good agreement with the value of 1.6 kcal/mol derived
from the kinetic data.9e The experimental data on the Mg (1S)
+ N2O activation energy turn out to be rather uncertain.
Although the earlier study of Brekenridge et al.18 estimated its
magnitude in the range 15-20 kcal/mol, subsequent measure-
ments in our group19 and the measurements by Plane et al.9b

resulted in lower values of 10.6 and 9.6 kcal/mol, respectively
(cf. also 9.2 kcal/mol determined as the threshold translational
energy).9a Overall, the reaction barrier to the Mg reaction is
consistently much higher as compared to the lowest energy
barrier of the Ca reaction. We are not aware of any previous
reports on the Be+ N2O reaction. The calculated barrier heights
of M(1S)+ N2O reactions decrease in the same order as decrease
the ionization potentials of M atoms: IPBe ) 9.32 > IPMg )
7.65 > IPCa ) 6.11 eV.2

Although the reaction with Mg atoms shows a simple
Arrhenius behavior, the analogous reaction with Ca atoms
exhibits a pronounced non-Arrhenius regime. The presence of
a curvature on the Arrhenius plot is usually associated with a

mechanistic changeover due to an activation of higher-energy
reaction channels that gain their importance as temperature
increases. Though there exist distinct reaction channels with
appreciably different activation barriers in both the Mg+ N2O
and Ca+ N2O reactions, the reaction channels with higher
activation energies are only accessible in the latter case. The
nonlinear least-squares fits of the two-channel model rate
equation to the data for the Ca reaction resulted in the reaction
barriers for the two different reaction channels of 1.2 and 5.4
kcal/mol9e that are in favorable agreement with the reaction
barrier heights of 1.2 and 3.9 kcal/mol in reaction channels 2
and 3 obtained in the present work. From these theoretical
barriers Arrhenius activation energies for both channels can be
calculated to be 1.7 and 4.4 kcal/mol, respectively. With these
Arrhenius parameters a statistical analysis was performed on
the experimental data9e of the rate constantkCa/N2O as a function
of the temperature. As one can see in Figure 4, a fairly good
agreement was obtained for the temperatures below 750 K with
a determination coefficientR2 ) 0.955. The overall expression
is given in following equation:

It should be pointed out, however, that at the increased
temperatures the value ofkCa/N2O is underestimated by eq 6,
especially if also the measurements up to 1015 K of ref 9d are
taken into account. This deviation is due presumably to the
contributions of the reaction mechanisms that involve nonadia-
batic transitions betwen the ground and the first excited singlet
and/or triplet PESs and implies that the latter cannot be neglected
in the modeling of the reaction in the broad temperature range.
Note that the preexponential factor in the first term of this
expression differs by about a factor of 10 from the preexpo-
nential factor in the second term. Taking proper account of the
alternative reaction mechanisms that contribute at higher ener-
gies may significantly alter this result.

A striking non-Arrhenius behavior displayed by similar
reactions has been attributed in the past to an increase of a
vertical electron affinity of the N2O molecule under the
excitation of its doubly degenerate bending mode, which enables
a close-range electron transfer to occur at the elevated temper-
atures.20 Our preliminary CASSCF(12/12) calculations indicate
the presence of a seam of conical intersection of the ground 1
1A′ and the first excited 21A′ PESs in the N2O + M systems
at nuclear arrangements characterized by a strongly bent NNO

M(1S) + N2O(X1Σ+) f I S f TSS,cisf II f

MO + N2(X
1Σ+

g) (2)

M(1S) + N2O(X1Σ+) f I S f TSS,trans f II f

MO + N2(X
1Σ+

g) (3)

M(3P) + N2O(X1Σ+) f I T f TST f II f

MO + N2(X
1Σ+

g) (4)

M(1S) + N2O(X1Σ+) f VS/T f IV T f TSa
T f

MO + N2(X
1Σ+

g) (5)

Figure 4. Comparison between experimentaly determined rate constant
kCa/N2O

9e and fitted values on the basis of the two channel path (eq 6).

kCa/N2O
) (3.6( 0.07)× 10-10 exp(-4.4 kcal mol-1/RT) +

(2.1( 0.03)× 10-11 exp(-1.7 kcal mol-1/RT) (6)
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moiety. The energy-minimized point on this 11A′/2 1A′ seam
in the N2O + Ca system is found atrNN ) 1.226 Å, rNO )
1.557 Å,rCaO ) 2.290 Å,θNNO ) 119.5°, andθCaNO ) 71.8°,
dihCaNNO) 180°. The presence of a conical intersection between
these two PESs that describe the “neutral” and “ionic” reactants
offers a support to this earlier interpretation and adds further
insight into the role of the electron-transfer mechanism in the
process. However, a more elaborate study is required to explore
this possibility in a quantitative way.

From the above, the following major conclusions should be
emphasized: (i) the reactivities of M(1S) and M(3P) atoms
toward N2O are strikingly different; (i) the lowest1A′ and3A′
PESs that correlate reactants to products favor the bending
dissociation mechanism of N2O in all studied cases; (iii)
although the topology of the low lying PESs of the group 2+
N2O reactions appear to be rather similar, the magnitude of the
barrier heights on the1A′ are remarkably different. In the Mg
+ N2O case, only the lowest adiabatic reaction channel via the
saddle pointTSS,ciswith the barrier of 7.0 kcal/mol is accessible
under the experimental conditions employed in studies.9b,19By
way of contrast, at least three different reaction channels could
be operative in the temperature range 300-1000 K employed
in the previous studies on the Ca+ N2O reaction. These are
the two adiabatic channels viaTSS,cisandTSS,transwith activation
barriers of 1.2 and 3.9 kcal/mol, respectively, and the reaction
path through a singlet-triplet intersection located a few kcal/
mol above the reactant energy minimum. We believe that these
results will augment the mechanistic picture of reaction 1 derived
from the experimental data.
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