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The reactions of nitrous oxide with alkali-metal atoms were studied theoretically by means of CASSCF(11/
12)/MR-MP2 calculations. Critical points on the electronic ground-state2A′ potential energy surface (PES)
were determined and characterized by harmonic vibrational frequencies at the CASSCF(11/12) level. The
molecular mechanism is rather consistent involving in each reaction two distinct entrance channels. Small
barriers of 5.9 kcal/mol for Li+ N2O, 1.6 kcal/mol for Na+ N2O, and 1.2 kcal/mol for K+ N2O are
predicted for the lower energy reaction channel, which is mainly determined by the NNO bending vibrational
modeν2. These barriers originate as a result of strong avoided crossings between the two lowest2A′ PESs
that gradually transform the character of the electronic ground state from a neutral to an ionic one in going
from reactants to products. Along this channel, the ground-state PES is fairly isolated and the reaction is
adiabatic. By way of contrast, the reaction along its higher energy channel occurs via nonadiabatic electron
transfer from alkali metal to N2O in the region of the 12A′/22A′ conical intersection and likely contributes to
the observed non-Arrhenius behavior of the reaction rates. These findings provide clarifying insights into the
nature of a number of previous kinetic and spectroscopic observations.

1. Introduction

Nitrous oxide (N2O) is a vital constituent of the Earth’s
atmosphere. It is known to provide the key mechanism regulat-
ing ozone concentration in stratospheric ozone layer and to
participate in processes responsible for the thermal balance of
the Earth.1 Recently, there has been considerable concern about
environmental issues associated with the growth of the N2O
concentration in the atmosphere as a result of human activity,2

and in this global context, considerable efforts have been
devoted to find ways of reducing anthropogenic emission of
greenhouse nitrous oxide gas. Of various available proposals,
the addition of alkali metals to high-temperature industrial
processes or incinerators has been considered as an efficient
means of destroying N2O, thanks to large exothermicity and
rapidity of the corresponding reactions.3 As for an alternative,
the catalytic decomposition on various surfaces involving a
dissociative electron attachment to N2O has also been put
forward.4 Among other applications of the title reactions is their
frequent use in anin situ generation of alkali-metal oxides for
subsequent study of spectra and reactions of these atmospheri-
cally important oxides.5

As is well-known, the oxidation of metal atoms with N2O
proceeds via the following reaction step (M) metal):

A number of available experiments illustrate its mechanistic
complexity. First, this reaction reveals a rather pronounced non-
Arrhenius behavior for M) Li6a and M ) K,6b in contrast to
M ) Na,7 where it shows a simple Arrhenius regime in a wide
temperature range and thus becomes a “kinetic standard” for
the design of new experimental systems for metal reactions.8

The appearance of non-Arrhenius behavior usually suggests an
interplay of two or more reaction channels on the ground
potential energy surface (PES) characterized by different Ar-
rhenius parameters and/or a possibility of electronically nona-
diabatic transitions between different PESs at higher tempera-
tures. Some legitimate questions can then be posed: what is
the molecular mechanism behind reaction 1, which PESs control
the reactivity, and how do(es) the involved reaction channel(s)
structurally look?

A second, no less puzzling, observation is a broad emission
accompanying reaction 1 which extends through the entire
visible region to near-infrared for M) Li and lies at the fringes
of the visible region for heavier congeners.9 The observed
emission was tentatively ascribed to weakly bound states of
covalent nature (B2Π) of alkali-metal oxides,9 which have been
further characterized theoretically.10 These excited states, how-
ever, are energetically unaccessible in reaction 1 under the
employed experimental conditions, and such an assignment has
been recently questioned.11 If involved, how are excited states
then formed here?

The present work, prompted by the questions outlined above,
considers the molecular mechanism of reaction 1 on the basis
of high-levelab initio calculations. Although there have been
some earlier studies on analogous reactions of N2O with
transition metals12 and alkaline-earth-metal atom Mg,13 surpris-
ingly no theoretical data, apart from our preliminary results for
the N2O + Li reaction,14 are available on the title reactions.
The paper is organized as follows: Section 2 provides a
description ofab initio methods employed in the present work,
in sections 3 and 4, we discuss the key electronic structure
features of the N2O + M reaction systems governing the reaction
mechanism, and, finally, section 5 provides a summary of the
work.
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N2O(X1Σ+) + M f MO + N2 (1)

1268 J. Phys. Chem. A2004,108,1268-1274

10.1021/jp0307295 CCC: $27.50 © 2004 American Chemical Society
Published on Web 01/22/2004



2. Computational Approach

Throughout this work, the complete active space self-
consistent field (CASSCF) method15 and the multireference
second-order perturbation theory MR-MP216a-d were employed.
The active space selected for CASSCF computations consisted
of the MOs resulting from 2p orbitals of N and O atoms, and
thens orbitals of the alkali metal and involved 12 active orbitals
for 11 active electrons referred to hereafter as (11/12) active
space, namely, inCs symmetry:

for the representation of reaction 1 with Li, Na, and K atoms,
respectively, which allows a balanced description of various
regions of the lower lying PESs.

Using this (11/12) active space, a full optimization of all local
minima and relevant transition structures on the ground-state
PES with subsequent harmonic vibrational analysis was per-
formed at the CASSCF level. This is expected to provide a
realistic representation of the topography of the ground-state
PES, albeit the inclusion of dynamic correlation is still required
to obtain accurate reaction barriers, which tend to be overesti-
mated by ca. 10-12 kcal/mol at the CASSCF level.17 Dynamic
correlation effects at the key points of the PES governing the
reaction mechanism were accounted for by applying the MR-
MP2 theory. In these MR-MP2 calculations, all the orbitals
except for 1s were correlated. Separate CASSCF calculations
were also carried out as an average over several roots to
rationalize the origins of the reaction barriers. To describe
coupled electronic states, it is necessary, in addition to the
adiabatic energies, to calculate the nonadiabatic coupling matrix
elements (NACMEs),〈Ψa

1|∂/∂Q|Ψa
2〉, whereΨa

1 andΨa
2 are

eigenvectors of the electronic Hamiltonian andQ is the internal
coordinate of the molecule. In this work, the NACMEs in
transition regions were evaluated applying the two- and three-
point finite difference methods18 as implemented in MOLPRO.19

All the geometry optimizations and frequency calculations
were carried out using the GAMESS20 program, whereas partial
cross-sections of the PESs describing reaction 1 were computed
using the MOLPRO program. The latter has also been employed
for optimization of conical intersection (CI) structures. Unless
otherwise noted, energy-minimized CI structures reported in this
work were determined using a smaller (5/6) active space. A
number of test calculations have subsequently been performed
in the CI regions to confirm that the presence of the CI points
is not sensitive to the dynamic correlation effects. Dynamic
correlation in this case was accounted for by using the
multiconfigurational second-order quasidegenarate pertubation
theory (MCQDPT2)16e calculations based on state-averaged
CASSCF references.

The atomic-orbital basis sets employed were of triple-ú
quality, viz., 6-311+G(d) for N, O, Li, and Na atoms, and TZV21

supplemented with one d function (R ) 0.26) for K.

3. Ground-State PES: General Landscape and Reaction
Channels along the NNO Bending Coordinate

A. Entrance and Product Channel Properties.The land-
scape of the ground-state PES displayed in Figure 1 is rather
similar for the reactions of Li, Na, and K atoms. It comprises
entrance and product valleys separated from each other by

transition-state (TS) structures. Geometrical features of all
relevant structures are shown in Figure 2 and listed in Table 1.
StructuresI with binding energies of 1.6, 0.1, and 1.6 kcal/mol

Figure 1. Potential energy profile along the lower energy channel of
reaction 1.

Figure 2. Key structures relevant for reaction 1. Optimized geometrical
parameters are listed in Table 1.

TABLE 1: CASSCF(11/12)-Optimized Geometries for Key
Structures of Reaction 1

structurea r1 r2 r3 θ1 θ2

I Li 1.115 1.210 2.154 178.6 1645
INa 1.118 1.206 5.976 180.0 138.0
IK 1.115 1.210 3.160 179.8 151.8
TSLi 1.132 1.280 1.948 147.8 104.8
TSNa 1.142 1.281 2.339 146.5 98.1
TSK 1.143 1.274 2.763 149.3 109.2.4
II Li 1.106 1.733 2.199
II Na 1.107 2.110 2.631
II K 1.107 1.246 3.279
III Li 1.107 1.725 3.543
III Na 1.107 2.104 3.540
III K 1.107 2.452 3.494
CILi 1.156 1.227 2.203 162.7 56.9
CINa 1.228 1.296 2.364 171.2 60.9
CIK 1.208 1.278 2.795 168.0 57.6
IV Li 1.230 1.273 1.917 136.2 72.3
IV Na 1.228 1.290 2.312 133.9 73.8
IV K 1.221 1.303 2.719 133.5 74.2
TSLi

A 1.207 1.284 1.821 134.2 129.4
TSNa

A 1.206 1.288 2.147 133.7 153.5
TSK

A 1.209 1.295 2.510 132.7 166.5

a See Figure 2 for the definition of the parameters. Bond lengths are
given in angstroms and bond angles in degrees.

[8A′ - 16A′, 1A′′ - 4A′′]11

[12A′ - 20A′, 2A′′ - 5A′′]11

[16A′ - 24A′, 3A′′ - 6A′′]11
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for M ) Li, Na, and K, respectively, occupy a shallow minimum
in the entrance channel and are only marginally stable with
respect to the M+ N2O ground-state asymptote. Therein, the
geometry and vibrational frequencies of the NNO moiety
resemble those of the neutral nitrous oxide rather than anionic
species, implying that no charge transfer occurs in the entrance
channel. By way of contrast, deeper energy wells embody ionic-
type complexes with linear (II ) and T-shaped (III ) geometries,
characterized in each case by substantial charge flow from an
alkali metal to oxygen. StructureII lies in the bottom of the
product valley, representing thus the most stable arrangement
of four atoms. It is slightly more stable for M) Li lying in
this case 6.0 kcal/mol below the product asymptote (cf. 4.2 kcal/
mol for M ) Na, and 2.5 kcal/mol for M) K). The T-shaped
structureIII asymptotically correlates with a cyclic1A1 isomer
of nitrous oxide that is placed ca. 63 kcal/mol22 above the
ground-state linear N2O and does not lie on the minimum-energy
reaction path.

B. Transition-State Structures. 12A′/22A′ Avoided and
Conical Intersections. Ascension from the reactant valley
parallel to the doubly degenerate bending mode of N2O, ν2, leads
to TSs that result from a lifting of the degeneracy ofν2 due to
an interaction of N2O with M. Therefore, the lower energy
reaction channel of reaction 1 is mainly determined by the
normal modeν2. This is in accord with the earlier study on
analogous Mg+ N2O,13a where the reaction coordinate in the
transition region was also found to approximately correspond
to the NNO angle, being dominated by metal-oxygen and
nitrogen-oxygen distances in the entrance and product channels,
respectively. Single imaginary frequencies of 1575i (TSLi), 1234i
(TSNa), and 1920i (TSK) characterize these transition structures
describing the normal mode of predominant NNO bending
character. To gain further insight into the nature and origin of
the reaction barriers, we have analyzed the behavior of the two
lowest electronic states, namely, 12A′ and 22A′, as functions of
the NNO angle using a state-averaged CASSCF procedure in
which equal weights were assigned to each of these states. In
the reactant region, where NNO is not essentially bent, the
ground 12A′ state corresponds to a covalent situation of the

reactants with the unpaired electron residing on thens MO of
a given metal, whose shape for M) Li is shown in Figure 3a,
whereas the lowest lying excited state can be regarded as the
charge-transfer ionic one with the unpaired electron placed on
the nitrous oxide’s LUMO (see Figure 3b). This picture is
actually inversed for essentially bent NNO geometry (θ1 <
155°), where the ionic state becomes lower in energy than the
neutral. The origin of a transition state is thus the change of
predominant configuration of the electronic ground state in going
from the covalent to ionic one as the NNO moiety bends. Such
a change should result in an either avoided or genuine crossing
between these2A′ PESs. Since there is no symmetry reason for
surfaces to cross at bent geometries and the states strongly mix
in the transition region, the surfaces strongly “avoid” each other,
giving rise to a large energy gap of ca. 25 kcal/mol in a region
of closest approach for all considered M atoms. This implies
that the reaction pathways along this channel are likely confined
to the lowest adiabatic PES and, as a consequence, makes a
“harpooning” reaction mechanism23 extremely unlikely. The
latter mechanism, involving a long-range electron transfer from
a metal atom as the first step, which is, of course, an intrinsically
nonadiabatic process, followed by a recombination of ions,
appears to describe well the reactions of the alkaline-earth-metal
atoms Ca and Sr with NO2,23d,24 which, in contrast to N2O,
possess sufficiently large electron affinity (3.15 eV).25 The
reaction along this channel can also be viewed as a “single-
event electron transfer with atom transfer”.26

The computed CASSCF/MR-MP2 reaction barrier heights are
in line with experimental activation energies: 5.9 (3.4( 0.1
kcal/mol)6a for M ) Li, 1.6 (2.8,27a 3.3 ( 0.4,5c 3.2 ( 0.1,27b

3.2 ( 0.8,27c and 3.0( 0.127d kcal/mol) for M ) Na, and 1.2
(1.2 kcal/mol)6b for M ) K with the experimental counterparts
given parenthetically. In cases of M) Li and K, where the
global rate constant of reaction 1 is highly non-Arrhenius, the
values shown above are derived by fitting the kinetic data with
a two-channel model rate equation, where the total rate is set
as the sum of two exponential functions and refers to a lower
energy channel. The barriers decrease in a series from Li to its

Figure 3. A representation of two different singly occupied orbitals (SOMOs) of the N2O + Li reaction system in the two lowest electronic states
that result in avoided crossing and barrier formation in “bending” and “stretching” reaction channels. The corresponding MO patterns of reaction
1 with M ) Na and K are similar and not shown for compactness.
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heavier congeners in parallel with a decrease of their ionization
energies (IEs): IELi ) 5.39, IENa ) 5.14, IEK ) 4.34 eV. The
Mulliken charges on metal atoms in TS structures naturally
follow an opposite trend: Li (+0.1), Na (+0.28), K (+0.41).
A nice empirical correlation between the sums of IEs ands-p
promotion energies of metals, on one hand, and the activation
barriers, on the other hand, as proposed by Fontijn and
co-workers28 to rationalize the nature of the barriers in the
reaction of type 1 can thus be readily understood by taking into
account the fact that the metal’s IEs mainly determine the
reactant energy gap and hence the reaction barriers themselves
in a curve-crossing model if the barriers are controlled by the
interaction of neutral and ionic PESs, which, as we have shown
above, is the case for reaction 1 and most likely for any radical-
molecule combination.29 As a consequence of the fact that
reaction 1 involves an interaction of an open-shell with a closed-
shell species, the barriers along the lowest energy channel are
small, which is not, generally speaking, expected for the reaction
of other kinds of metals with N2O.

It is worth noting that the mechanism of the lower barrier
formation and the energy profiles displayed in Figure 1 show a
certain similarity for all the metals considered. Furthermore,
regardless of the nature of M, which actually affects the barriers
only quantitatively, the structural features of the NNO moiety
within TSLi, TSNa, and TSK are also nearly the same, displaying
the θ1 bond angle of 146.5-147.8° and an approximate 0.1 Å
elongation of the N-O bond distance compared to its value in
free nitrous oxide. This implies that this reaction channel is
mainly determined by the nature of the NNO molecule itself
and is thus reminiscent of the prototype process of dissociative
electron attachment to nitrous oxide which takes place solely
on the NNO PES(s).30 This reaction channel might also be
qualified as a “bending” one, due to a Renner-Teller interaction
that unfolds the degeneracy of the linear2Π anionic state, and
is likely to represent a common way for dissociation of
asymmetric triatomic molecules with 16 valence electrons.31

The presence of same-symmetry conical intersections between
the covalent and ionic PESs linking the entrance and product
channels of reaction 1 is expected to be particularly interesting.
Geometrical parameters of energy-minimized 12A′/22A′ CI
structures are collected in Table 1. These structures are placed
43 (CILi), 65 (CINa), and 53 (CIK) kcal/mol above the corre-
sponding ground-state reactant asymptotes at the CASSCF(5/
6) computational level, and are characterized by a less pro-
nounced bend (θ1 ≈ 163-171°) in the NNO moiety compared
to TS structures. In each of the CI structures, the alkali-metal
atom is placed closer to both nitrogen atoms of NNO, as opposed
to the situation in the TS, where it is linked to the NNO moiety
mainly via an incipient M-O bond. Geometrically, CI structures
are rather similar to the minimum-energy structuresIV occupy-
ing shallow minima on the ionic portion of PESs, with the metal
cation being nearly equally distant from both nitrogens of NNO-

and whose ionic nature could clearly be demonstrated by
inspecting Mulliken charges,+0.53 (IV Li), +0.77 (IV Na), and
+0.96 (IV K), along with molecular geometries of thein situ
NNO (see Table 1) resembling that of the bent local minimim
structure of an isolated anion. The latter structuresIV are placed
10.9 kcal/mol below (IV Li), 4.9 kcal/mol above (IV Na), and
nearly at (IV K) the corresponding ground-state reactant asymp-
totes and connected to the reaction products via TSA structures
with rather low barriers of 2.4 (TSLi), 1.2 (TSNa), and 0.7 (TSK)
kcal/mol on the ionic portion of the total PES.

Further examination of the energies of the 1,22A′ states at a
number of molecular geometries in the vicinity of CASSCF-
optimized CI structures using the MCQDPT2 calculations
reveals that the states remain nearly degenerate to within 1 kcal/
mol; a small energy difference between the 1,22A′ states arises
due to the fact that only single-point calculations at this level
of treatment have been performed. These calculations also
suggest substantial lowering of relative energies of the CI
structures with respect to the corresponding reactant asymptotes
when dynamic electron correlation is taken into account. We

Figure 4. CASSCF(11/12) partial cross-sections of six lowest doublet electronic states for the collinear (two-dimensional) N2O + Li reaction
system as a function of ther(N-O) distance atr(Li-O) ) 1.8 Å. Ther(N-N) bond length is kept fixed at its experimental value in NNO of 1.1284
Å, which is justified by its small (ca. 3%) contraction going to diatomic nitrogen. Primary electron configurations of 11 active electrons are shown
in brackets. The zero energy is set to the ground-state product asymptoteEX2Π ) -191.438275 au. Analogous cross-sections for heavier congeners
in a lower energy region look qualitatively similar and are not shown. They are available as Supporting Information (Figures 6S and 7S).
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therefore suggest that each reaction 1 in its non-Arrhenius
regime occurs via nonadiabatic charge transfer from M to NNO
along the neutral-ionic crossing in the region of the CI
structures. The rest of the nonadiabatic pathway pertains to the
ionic portion of PES and leads from the local minimumIV via
TSA to the reaction products. Speaking of the differences in
observed kinetic behavior of Li, Na, and K reactions, it should
be pointed out that the absence of curvature on the 1/T plot in
the Na reaction does not necessarily indicate the absence of a
higher energy channel in this case,6a but according to the present
results, it could be due to the fact that CINa is located
energetically higher compared to analogous structures in reaction
1 with Li and K atoms, and the contribution of a higher energy
channel, even at higher temperatures, does not dominate the
observed reaction rate.

4. Collinear Reaction Cross-Sections

As well-known, the reaction channels that connect reactant
and product valleys always emanate from stationary points along
vibrational normal modes. What we have seen so far are the
reaction channels directed by the bending mode of N2O ν2.
Apparently, there is another possibility for oxygen atom
abstraction via the N2O symmetric stretch modeν1, largely
corresponding to the N-O stretch, which may exhibit a higher
energy channel. To visualize this channel, Figure 4 displays
partial cross-sections of six lowest doublet states for collinear
approach of M to the oxygen side of NNO as functions of the
N-O distance.

Within this channel, the electronic ground state in the reactant
region has2A1 symmetry inC2V (which corresponds to a2Σ
state inC∞V), whereas in the product region, it possesses2B1

Figure 5. Nonadiabatic coupling matrix elements calculated using two-point (open triangles) and three-point (open squares) finite difference
methods for the collinear NNOLi system as a function of the N-O stretching coordinate atr(Li-O) ) 1.8 Å (a, top) andr(Li-O) ) 1.05 Å (b,
bottom). Energies of the two lower2A′ states using CASSCF(11/10) are shown. The zero energy is set to the ground-state product asymptote.
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(or 2Π) symmetry for M) Li and Na and2A1 symmetry for M
) K. Hence, the reaction in the former cases is symmetry
forbidden for a collinear approach, and the ground state of the
reactants asymptotically correlates with the first lower lying
excited2Σ state of the products. The charge transfer now takes
place from the metalns to the antibondingσ* orbital of the
N-O bond whose shapes are shown in parts c and d,
respectively, of Figure 3, and the resulting reaction barrier
originates by an avoided crossing of the two lowest2Σ states
characterized by these SOMOs. As in the case of a bending
dissociation channel, there is no symmetry reason for the two
surfaces to cross; however, such a crossing might occur via an
accidental degeneration of these PESs. Examination of the
energies of the two lower states as a function of N-O and M-O
distance reveals that, as this distance decreases, these two
collinear2Σ PESs approach each other to a distance of less than
1 kcal/mol atr(M-O) ) 1.05 Å for M ) Li, which is not the
case for other M atoms. Taken together with a strong nonadia-
batic coupling in the transition-state region which increases
sharply when ther(Li-O) separation is decreased (see Figure
5), this finding indicates the possibility of a non-symmetry-
related conical intersection in this region of coordinate space.
The CASSCF(11/12) energy minimum structure of this CI has
further been located atr(N-N) ) 1.093 Å, r(N-O) ) 1.479
Å, and r(Li-O) ) 1.027 Å. This CI, however, is placed
energetically too high, ca. 188 kcal/mol above the reactant
ground-state asymptote due to a substantial amount of repulsion
between O and Li atoms at such compressed geometries, and
could not likely be a part of the reaction mechanism under
experimental conditions described in refs 6 and 7. On the other
hand, derivative coupling in the avoided crossing regions is
found to be large over a wide range ofr(M-O) distances,
implying that the charge transfer along a higher energy nearly
collinear reaction channel directed by the N-O stretching
vibration occurs nonadiabatically. When looking at higher
energy excited-state surfaces that are of2Π symmetry, a series
of adjacent (narrowly avoided) crossings between them could
clearly be seen, implying that the excited-state alkali-metal atom
reactions M(2P)+ N2O along this channel also occur on coupled
PESs.

Finally, we mention that theν2 mode of NNO may be in
Fermi resonance with theν1 mode,32 implying that, at increased
temperatures, their superposition may strongly affect the rate
of reaction 1, giving rise to a rather unusual kinetic behavior.

5. Summarizing Remarks

The reactions of nitrous oxide with three alkali-metal atoms
are investigated using ab initio electronic structure methods. In
all cases considered, the lower energy portions of the ground-
state PESs exibit a similar topography. The calculated energy
barriers, 5.9 kcal/mol for Li, 1.6 kcal/mol for Na, and 1.2 kcal/
mol for K, compare fairly well with the available experimental
values determined for lower temperature ranges. These barriers
are governed by strong avoided crossings between the two lower
2A′ PESs that change the character of the electronic ground-
state wave function from a covalent dominant configuration with
the unpaired electron residing on the metal’sns orbital to an
ionic one with the latter being placed on the oxygen atom. This
electron reorganization takes place at the bent geometry of the
NNO moiety at an NNO bend angle of about 150°, which
facilitates charge transfer. The resulting adiabatic PESs are well
separated from each other, implying that the reaction apparently
takes place solely on the lowest adiabatic surface. By way of
contrast, the reaction along a higher energy channel takes place

via nonadiabatic electron transfer from the metal atom to N2O
along the crossing of neutral and ionic PESs. This channel
becomes operative at increased temperatures and likely deter-
mines the observed non-Arrhenius regime of reaction 1.
Formation of the MO* luminescent products along higher energy
reaction channels is also conceivable due to a close approach
and strong nonadiabatic couplings between the PESs.
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