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Adiabatic potential energy surfaces of the three lowest lying singlet states, X˜ 1A′ 2 1A′, and 11A′′, of N2O
have been computed as a function of theRN2-O bond distance and the Jacobi angle. The calculations are
performed using the complete-active-space self-consistent field (CASSCF) and the multireference configuration
interaction (MRCI) electronic structure methods. It is shown that there is a wide avoided crossing between
the ground, X˜ 1A′, and lowest excited, 21A′, electronic state. This avoided crossing is thought to give rise to
a seam of conical intersection at other N-N separations. Both excited state surfaces display important conical
intersections at linear geometries. The transition dipole moment surfaces for the two excitation processes
(2 1A′ r X̃ 1A′ and 11A′′ r X̃ 1A′) are also presented. These calculations provide the basic data needed to
compute the dynamics of the N2O + hν f N2 + O(1D) photodissociation process for photon frequencies in
the range 5.2 eV (240 nm) to 7.3 eV (170 nm).

1. Introduction

The nitrous oxide molecule plays an important role in both
atmospheric and combustion chemistry. The photodissociation
process

which produces nitrogen in its ground electronic state, N2(X̃
1∑g

+), and electronically excited state oxygen O(1D), is of
particular interest.

The above reaction is important both atmospherically and in
combustion because it is a source of highly reactive oxygen
atoms in their first excited electronic state. Of more practical
application, the photodissociation of N2O is often used in the
laboratory as a source of O(1D) atoms for reaction dynamics
and kinetics experiments.1-3 The main benefits of using the
photodissociation process as a source of O(1D) are that it
comprises the major oxygen dissociation channel and that the
other partner in the photodissociation process, N2, is chemically
inert.

The photodissociation of N2O has received a great deal of
experimental interest.4-10 The ultraviolet absorption spectrum
of N2O is a very broad peak with superimposed diffuse structure
which runs from about 5.2 to 7.3 eV (170 to 240 nm) and with
a maximum near 6.9 eV (180 nm).11 More detailed dynamics
experiments have been carried out in the long-wavelength tail,
6.4 or 6.1 eV (193 or 205 nm), to measure the energetics and
spatial distributions of the photofragments. The experiments
have shown that the N2 produced is highly rotationally excited,
mainly vibrationally cold, and that the average anisotropy
parameter,â, is approximately 0.5. Recent experiments4-6 have
shown that there are added complexities involved in the
photodissociation dynamics. Neyer et al.4 have determined the
J-dependent spatial anisotropy for the N2 fragment. They have
shown that whileâ is positive for all rotational states (J ) 40-

90), the anisotropy decreases for increasing rotational state. The
correlations between the speed and angular distributions of the
O(1D) fragment have been measured by Suzuki et al.6 Their
results indicate that there are multiple paths to dissociation and
point to the fact that there may be orbital alignment of the O(1D)
products. From the experimental studies, it is obvious that the
photodissociation of N2O represents a very rich dynamical
process.

Despite the experimental interest in N2O, there has been little
recent theoretical study of this system12-19 focusing on the
dissociation process of eq 1; most theoretical studies20,21 have
examined the spin-forbidden process involving the quenching
of O(1D) to O(3P) by collisions with N2. The most recent ab
initio study of N2O by Hopper12 provides an excellent overview
of the low-lying excited state potential energy surfaces. How-
ever, no transition dipole moments have been computed and
the calculations were performed at an insufficient number of
nuclear geometries to permit subsequent dynamical calculations.
It is now possible to compute more accurate potential energy
surfaces than those reported by Hopper15 years ago and to
provide a fuller sampling of the nuclear geometries needed to
perform the subsequent dynamics.

In the current article, we present new potential energy
surfaces, and the transition dipole moment surfaces between
them, for the three lowest singlet states of N2O, X̃ 1A′ 2 1A′,
and 1 1A′′. Section 2 provides a description of the ab initio
methods used for the calculations. The potential energy surfaces
and the transition dipole moment surfaces, and their implications
for the photodissociation dynamics of N2O, are discussed in
section 3. A full time-dependent wavepacket treatment of the
N2O photodissociation dynamics will be presented in a forth-
coming paper. The conclusions of the work are given in section
4.

2. Computational Methods

The calculations described in this paper were performed using
the MOLPRO ab initio molecular electronic structure program.22
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We have used the state-averaged complete active space self-
consistent field (CASSCF)23,24and multireference configuration
interaction (MRCI)25,26methods. State-averaged calculations are
necessary in order to obtain a common set of orbitals which
can subsequently be used for the transition dipole moment
calculations. The state-averaging procedure also has the advan-
tage that the different electronic states are treated in a balanced
manner. The calculations were performed over a grid of nuclear
geometries. Once the grid of ab initio points had been obtained,
the potential energy surfaces were interpolated using the
reproducing kernel Hilbert space method,27,28while the transition
dipole moment surfaces were interpolated using a spline fitting
procedure.

The calculations have been performed using the augmented
correlation consistent valence double zeta (avdz) basis set of
Dunning.29,30 This basis consists of the correlation consistent
valence double zeta basis of Dunning augmented by (1s1p)
diffuse functions and by 1d polarization function. Previous
calculations on N2O by Hopper12 utilized the double zeta plus
polarization (DZP) basis of Dunning.31 Theoretical investigations
of similar species, e.g. O3,32-35 and OCS,37 have shown that a
DZP basis set gives a reliable description of the lowest potential
energy surfaces and the shapes of the transition dipole moment
surfaces. The present study is the first to compute the transition
dipole moments, 21A′ r X̃ 1A′ and 11A′′ r X 1A′. The shapes
of the transition dipole moment surfaces and their relative values
will be of particular interest in connection with the photodis-
sociation process.

The full-valence active space would comprise all 2s and 2p
orbitals. This active space involves 17 electrons distributed
around 12 active orbitals. Alternatively, as has been used in
calculations for ozone32,33,36 and OCS,37 an active space
comprising only the 2p valence orbitals can be utilized. The
number of configuration state functions (CSF’s) for these two
active spaces are 35 793 for A′ symmetry and 34 992 for A′′
symmetry for the full-valence active space, while for the reduced
active space, the number of CSF’s is 2688 and 2604 for A′ and
A′′ symmetries, respectively. We present CASSCF results for
both active spaces and conclude that the inclusion of the 2s
orbitals is not needed. Therefore, subsequent MRCI calculations
only utilize CASSCF orbitals calculated using the smaller active
space. It was not computationally feasible to include all
configurations during the MRCI calculations, so only excitations
from the main contributing CSF’s at the CASSCF level
(contribution greater than 0.05) were included which reduced
the number of configurations to around 600 000.

The ground state of N2O is linear and belongs to theC∞V
point group. The molecular orbitals and the electronic config-
uration of the ground state valence orbitals can be described as
(4σ)2(5σ)2(6σ)2(1π)4(7σ)2(2π)4(3π)0(8σ)0(9σ)0 in the notation of
this point group. However, all electronic structure calculations
were performed using theCs symmetry group which is the
appropriate group for bent geometries. InCs symmetry, the
molecular orbitals and the electron occupancies of the ground
state can be described as (4a′)2(5a′)2(6a′)2(7a′)2(1a′′)2(8a′)2-
(2a′′)2(9a′)2(10a′)0(3a′′)0(11a′)0(12a′)0. These orbitals will be
useful for the description of the major contributions to the
various states. In the linear configuration, i.e.C∞V symmetry,
the ground state has1Σ+ symmetry. It correlates in a bent nuclear
geometry with a state of1A′ symmetry (the X˜ 1A′ state). The
lowest excited state, 11A′′, correlates in linear geometries with
a state of1Σ- symmetry at bond lengths within the Franck-
Condon region while correlating with a1Π state for long N-O
bond lengths. Finally, the 21A′ state (second excited state) is

associated with a1∆ state for bond lengths within the Franck-
Condon region while correlating with a1Π state asymptotically
and at very short bond lengths (less than 3.1 bohr). These
assignments will become more clear in the discussion of the
potential energy surfaces and transition dipole moments in the
following section.

3. Results and Discussion

3.1. Potential Energy Surfaces.The three lowest singlet
potential energy surfaces of N2O were computed using the
MRCI method together with the Davidson correction39 for size
consistency. We have used the Jacobi coordinate system in the
present work. Figure 1 shows the chosen coordinate system;
note that the molecule is linear forθ ) 0° and thatθ is restricted
to values 0e θ e π/2. In all the calculations, the N2 bond
distance was held fixed at the experimental value in N2O of
2.131 99 bohr. This is justified by the fact that the N2 bond
distance contracts less then 3% (from 2.131 99 bohr in N2O to
2.074 16 bohr in N2) during the photodissociation process.
Hence, no significant contribution is expected from the stretch-
ing of the N-N bond. Accordingly, the photodissociation of
N2O produces vibrationally cold N2;7 the amount ofV ) 1 is
less than 2% of theV ) 0 product.

Our computed bond dissociation energies at a variety of levels
of theory are given in Table 1 and compared with previous
calculations and with the experimental results. Note that the
geometry of N2O has not been optimized in the present
calculations as the main goal is to produce reliable potential
energy surfaces over a wide range of geometries. However, it
is worth comparing the bond dissociation energy as defined from

Figure 1. Definition of the Jacobi coordinate system used in the present
work. Also shown are the directions of they- andz-axes used in defining
the transition dipole moment.

TABLE 1: Bond Dissociation Energies for N2O for Various
Methods

method De (eV)

CASSCF1a,b 2.014
CASSCF2a,c 2.578
MR-CIa,d 3.487
Hoppere 3.12
experimentalDo

f 3.639
experimentalDe

g 3.785

a The bond dissociation energies are defined relative to the following
(unoptimized) geometries: X˜ 1A′ minimum (R,r,θ) ) (3.3,2.131 99,180),
asymptote (1000,2.131 99,180).b State-averaged CASSCF with 2p
orbitals active. Two A′ and one A′′ states were averaged with equal
weights.c State-averaged CASSCF with 2s and 2p orbitals active. Two
A′ and one A′′ states were averaged with equal weights.d Internally
contracted MRCI with CASSCF1 as reference. Includes Davidson
correction.e MCSCF/CI using double zeta plus d-polarization functions
at the geometry (R,r,θ) ) (3.303 805, 2.131 99,0) from ref 12.
f Reference 40.g Obtained after correcting for the zero-point energies
using the harmonic approximation and frequencies from ref 41.
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the minimum in the potential energy surface, (R,r,θ) )
(3.3,2.13199,0), with previous results in order to extract a
measure of the reliability of the present calculations. Neither
of the CASSCF calculations provides a reliable estimate of the
bond dissociation energy. However, once the nondynamical
correlation is included via the MRCI ansatz, we obtain a
dissociation energy, 3.487 eV, which is within 8% of the
experimental dissociation energy of 3.785 eV. On the basis of
this good agreement, we have decided that omitting the 2s

orbitals from the active space is an adequate approximation for
the present study.

Figure 2 presents two cuts through the three lowest singlet
surfaces. In Figure 2A, the Jacobi angle is held fixed at 0°, i.e.,
linear, and the N2-O bond distance is varied. The figure shows
that all three surfaces dissociate adiabatically to yield N2(X̃ 1Σg

+)
and O(1D). Figure 1B shows the variation of the three lowest
singlet surfaces as a function of the Jacobi angleθ and with
the N2-O separation held fixed at its equilibrium value in the
ground state (R ) 3.334 bohr). An avoided crossing between
the two lowest1A′ states is clearly seen to be present. This
avoided crossing is discussed further below, and we speculate
that in other geometries it becomes a seam of conical intersec-
tion.

The contour diagram of the potential energy surface for the
ground, X̃1A′, electronic state is shown in Figure 3. The figure
is based on the computation of the energy at 130 different
geometries over a grid representing 13 different bond lengths
for RN2-O (from 2.9 to 6.0 bohr) and 10 different Jacobi angles
with a 10° spacing. These points are then interpolated using
the reproducing kernel Hilbert space method27,28 to give the
contour plot illustrated. The ground state geometry is linear as
seen by the deep well, depth 3.487 eV, for the Jacobi angle of
0°. There is a ridge in the potential surface running between
(RN2-O,θ) ) (2.9,50°) and (3.5,60°). This feature is due to the
interaction with the low-lying 21A′ state. It will be discussed
below and is being further investigated. Note that a cut through
the potential taken at a Jacobi angle of 90° would show a
maximum at long range (R ≈ 4.3 bohr) and a minimum at a
smaller value of the Jacobi scattering coordinate (R≈ 2.9 bohr).

Figure 2. Cuts through the three lowest singlet state potentials: (A,
top) variation of the potentials with Jacobi coordinateR in the N-N-O
collinear geometry; (B, bottom) variation of the potentials with Jacobi
angle and with the N2-O separation fixed at the ground state
equilibrium value (3.334 bohr). All energies are defined relative to the
minimum energy at the ground state equilibrium separation.

Figure 3. Contour plot of the adiabatic potential energy surface for
the X̃ 1A′ ground electronic state of N2O as a function of Jacobi
coordinatesR and θ with rN2 ) 2.131 99 bohr. The lowest energy
contour is a 0.1 eV above the computed minimum of the surface and
the contours are spaced at 0.2 eV intervals. The depth of the well in
the surface is 3.487 eV.
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The contour diagrams of the two excited singlet states, 11A′′
and 21A′, are illustrated in Figure 4 and 5, respectively, and
have been obtained by the same methods as were used for the
ground state surface. A minimum energy seam on the 21A′
surface which corresponds with the X˜ 1A′ maximum seam is
clearly visible in Figure 5. Both excited state surfaces have a
maximum near 3.65 bohr for linear geometries. For the 11A′′
state this represents a conical intersection between the1Σ- state
and the A′′ component of the1Π state. On the other hand, the
linear maximum on the 21A′ surface represents a conical
intersection between the1∆ state and the A′ component of the
1Π state.

The position of the minimum on the ground state surface,
i.e., the Franck-Condon geometry, is marked on both of the
excited state surface contour plots (Figure 4 and 5). From the
contour plots, it is clear that as N2O dissociates, substantial
torque will be imparted to the N2 fragment resulting in high
rotational excitation. This qualitative observation is borne out
in the experimental results where the rotational state distributions
of the N2 photofragment peaks nearJ ) 70. The conical
intersections on the two excited electronic state surfaces lie close
to the Franck-Condon geometries, (R,θ) ) (3.35,0°), and will
clearly have an important effect on the photodissociation
dynamics. Their main effect on the dynamics will be to distort
the adiabatic surfaces so as to create a torque in the departing
N2 diatomic fragment.

Figure 6 shows cuts through the X˜ 1A′ and 21A′ potential
energy surfaces as a function of Jacobi angle for fixedRN2-O

bond lengths of 3.1, 3.0, and 2.9 bohr near their seam of
intersection. The two state approach to within 0.5 eV. While
this avoided crossing at bent geometries has been seen before,

see Hopper,12 no extensive examination of this region has been
carried out. Preliminary CASSCF calculations with the avdz
basis set show that the states can approach to within 0.001 eV
(our threshhold for minimum energy difference convergence)
for geometries which allow the N-N bond distance to relax.
This illustrates that either a non-symmetry-related conical
intersection or a very sharp avoided crossing is located in this
region of nuclear geometries. Further studies of the region as a
function of all three Jacobi variables are currently underway.

The calculated vertical excitation energies along with Hop-
per’s12 previous results are given in Table 2. The detailed
dynamics experiments have been carried out at photon energies
of 6.4 or 6.0 eV (193 or 205 nm). From our computed vertical
excitation energies of 7.28 and 7.35 eV to the 11A′′ and 21A′
states, it seems unlikely that vibrationally cold N2O, where most

Figure 4. Contour plot of the adiabatic potential energy surface for
the 1 1A′′ excited electronic state of N2O as a function of Jacobi
coordinatesR and θ with rN2 ) 2.131 99 bohr. The lowest energy
contour is at 0.1 eV above the asymptotic energy and the contours are
spaced at 0.2 eV intervals.

Figure 5. Contour plot of the adiabatic potential energy surface for
the 2 1A′ excited electronic state of N2O as a function of Jacobi
coordinatesR and θ with rN2 ) 2.131 99 bohr. The lowest energy
contour is at 0.1 eV above the asymptotic energy and the contours are
spaced at 0.2 eV intervals.

TABLE 2: Vertical Excitation Energies for N 2O for Various
Methods

method 21A′ Te (eV) 1 1A′′ Te (eV)

CASSCF1a,b 7.765 7.255
CASSCF2a,c 7.684 7.468
MR-CIa,d 7.352 7.280
Hoppere 7.7 7.6

a The vertical excitation energies are defined relative to the following
(unoptimized) ground state X˜ 1A′ geometry minimum (R,r,θ) )
(3.3,2.131 99,180).b State-averaged CASSCF with 2p orbitals active.
Two A′ and one A′′ states were averaged with equal weights.c State-
averaged CASSCF with 2s and 2p orbitals active. Two A′ and one A′′
states were averaged with equal weights.d Internally contracted MRCI
with CASSCF1 as reference. Includes Davidson correction.e MCSCF/
CI using double zeta plus d-polarization plus diffuse functions from
ref 12.

11092 J. Phys. Chem. A, Vol. 103, No. 50, 1999 Brown et al.



of the wave function resides close to the Franck-Condon region,
can be photodissociated with a high probability at these photon
energies. This conclusion is also supported by the previous
calculations of Hopper.12 However, even for a modest bending
angle of 10° these vertical excitation energies are reduced to
6.7 and 6.5 eV, respectively. Therefore, if the bending mode of
the ground state were excited, resulting in the wave function
being delocalized to bent geometries, the probability of excita-
tion at the photon energies of 6.4 or 6.0 eV (193 or 205 nm)
could become more significant. The probability of hot-band
excitation as a major contributor in the experimental photodis-
sociation signal has been discussed extensively by Neyer et al.4

and our results support this conclusion. These speculations will
be tested more rigorously in the subsequent dynamical study
of the photodissociation process.38

3.2. Transition Dipole Moment Surfaces.Figure 7 presents
a contour plot of the magnitude of the transition dipole moment
surface for the 11A′′ r X̃ 1A′ transition which is responsible
for the first absorption band of the system. This transition dipole
moment points in a direction perpendicular to the plane of the
N2O molecule, i.e., along thex-axis. For linear geometries and
bond lengths less than 3.65 bohr where the 11A′′ state correlates
with the 1Σ- state, the transition dipole moment is zero by
symmetry.

The transition dipole moment surface for the 21A′ r X̃ 1A′
transition which is responsible for the second absorption band
of the system is shown as a contour plot in Figure 8. This
transition moment is a vector field with ay-component and a

Figure 7. Contour plot of the transition dipole moment surface for
the 11A′′ r X̃ 1A′ transition as a function of Jacobi coordinatesR and
θ with rN2 ) 2.131 99 bohr. The transition dipole is perpendicular to
the molecular plane and is given in atomic units. The value of the lowest
contour is 0.01 au and the contour spacing is 0.01 au.

Figure 6. Cuts through the X˜ 1A′ and 21A′ potential energy surfaces
of N2O as a function of Jacobi angle with the N2-O bond distance set
equal to 3.1 (b), 3.0 (0), and 2.9 (]) bohr. The energy is relative to
the minimum in the X˜ 1A′ state.

Figure 8. Contour plot of the magnitude of the transition dipole
moment for the 21A′ r X̃ 1A′ transition as a function of Jacobi
coordinatesR and θ with rN2 ) 2.131 99 bohr. The direction of the
transition dipole moment varies but it is always in the molecular plane.
The magnitude of the transition moment is given in atomic units. The
transition dipole is perpendicular to the molecular plane and is given
in atomic units. The value of the lowest contour is 0.01 au and the
contour spacing is 0.02 au.
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z-component which are both located in the plane of the molecule.
Therefore, we identify this transition as a “parallel” transition.
Only the magnitude of the vector field is illustrated in Figure
8. It is interesting to note that the transition dipole moment
surface shows two distinct maxima and the minimum seam
between them corresponds directly with the maximum (mini-
mum) energy seam seen on the X˜ 1A′ (2 1A′) surface. For linear
geometries and bond lengths between 3.1 and 3.65 bohr where
the 2 1A′ state should correlate with a state of1∆ symmetry,
the transition dipole moment should be zero by symmetry.
However, since we have performed the calculations usingCs

symmetry, there is some symmetry contamination and, while
the transition moment is small, it is not identically zero.

The relative contributions of they- andz-components to the
2 1A′ r X̃ 1A′ transition dipole moment are illustrated in Figure
9 for a fixedRN2-O bond length of 3.3 bohr. It is readily apparent
that both the magnitude of the transition dipole moment and its
direction in theyz-plane vary as a function of nuclear geometry.
While the scalar properties (magnitude) of the dipole moment
are important for understanding the form of the absorption
spectrum, the vector properties of the transition dipole moments
are of utmost importance if one wants to understand the finer
details of the photodissociation dynamics.42,43

While knowledge of the vector properties is needed for a
detailed understanding of the dynamics, a simple comparison
of the relative importance of these two transitions can be made
by comparing their maximum transition moment amplitudes.
The 2 1A′ r X̃ 1A′ maximum transition moment of 0.48 is
approximately 8 times larger than the 11A′′ r X̃ 1A′ transition
moment. Therefore, we expect dissociation via the 21A′ state
to be the major contributor to the photodissociation cross section.

Note that this simple argument does not take into account
Franck-Condon factors but since the 21A′ r X̃ 1A′ transition
moment is globally larger than the 11A′′ r X̃ 1A′ transition
moment, the qualitative argument holds. We note that the
magnitudes of the transition dipole moment surfaces must still
be considered to be somewhat uncertain as it is much more
difficult to obtain converged results for this quantity than for
the electronic energies of the system.

4. Conclusions

These calculations represent the first systematic treatment of
the lowest singlet potential energy surfaces for the N2O molecule
and of the transition dipole moment functions connecting them.

The contour plots clearly show the presence of a conical
intersection very close to the Franck-Condon geometry in each
of the lowest two electronic excited state potential energy
surfaces. These conical intersections will clearly have an
important effect on the dissociation dynamics on the surfaces
and may be a major factor leading to the high rotational
excitation observed in the N2 photofragments.

The present work has also more clearly revealed another seam
of avoided crossing of the two lowest1A′ symmetry surfaces.
There is clear evidence that on further examination this seam
of avoided crossing found with the N-N separation held fixed
at rN-N ) 2.131 99 bohr will reveal a locus of non-symmetry-
related conical intersection between these two surfaces. This
locus is far removed from the Franck-Condon geometry and
is not expected to have any significant effect on the photodis-
sociation dynamics. However, it is likely to be important in N2

+ O collision dynamics.
In a subsequent publication, the potential energy surfaces and

the transition dipole moment surfaces will be used to study the
photodissociation of N2O using time-dependent wavepacket
techniques. This will hopefully confirm the qualitative arguments
presented in this paper by providing a quantitative comparison
between theory and experiment.
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