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Abstract

Measurements of the outermost valence electron orbital momentum profiles of the open shell molecules NO, O, and NO,
have been obtained using electron momentum spectroscopy (EMS). The presently reported experimental momentum profiles
of NO and O, display much improved statistics compared with previously published EMS results while the data for the
HOMO of NO, is the first reported. In the case of NO, the present measurements are considerably different from previous
results and these differences appear to be due to the presence of NO, impurities in the previous work. The EMS
measurements provide a stringent test of basis set effects and the quality of ab initio methods in the description of these open
shell systems. The experimental momentum profiles have been compared with theoretical spherically averaged momentum
profiles from several basis sets calculated at the level of the target Hartree—Fock approximation (THFA) with a range of
basis sets using both unrestricted Hartree~Fock (UHF) and restricted open shell Hartree—Fock (ROHF) methods. Various
configuration interaction calculations such as multi-reference singles and doubles configuration interaction (MRSD-CI),
averaged coupled pair functional (ACPF) and quasi-degenerate variational perturbation theory (QDVPT) calculations of the
full ion-neutral overlap amplitude have also been compared to experiment to investigate the effects of electron correlation
and relaxation. The experimental momentum profiles have further been compared to calculations at the level of the target
Kohn-Sham approximation (TKSA) using density functional theory (DFT) with the local density approximation and also
with gradient corrected exchange—correlation potentials. In addition to momentum profiles, other electronic properties such
as total energies, dipole moments, quadrupole moments and values of the electronic spatial extent have been calculated by
the various theoretical methods and compared to experimental values.

1. Introduction has been demonstrated that the measured electron
impact ionization (e,2e) differential cross sections
provide images of the orbital electron density in
momentum space which correspond very closely to
Hartree—Fock canonical molecular orbitals [2,5].
Thus, EMS measurements provide sensitive experi-
mental tests for quantum mechanical calculations. In

* Corresponding author. particular, the technique has been found to be ex-

Electron momentum spectroscopy (EMS) is a
unique experimental technique for the study of the
electron density distributions (momentum profiles) in
individual atomic and molecular orbitals [1-4]. It
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tremely useful in the evaluation and design of self
consistent field (SCF) as well as correlated molecu-
lar wavefunctions [2,5,6]. In theoretical quantum
chemistry, ab initio wavefunctions are generally opti-
mized using the criterion of energy minimization
according to the variational theorem. However, un-
less an extremely high degree of energy convergence
is achieved [5], energy minimization procedures alone
are often inadequate since they heavily emphasize
the short spatial range (i.e. high momentum) part of
the molecular potential. Due to the well-known prob-
lem of different rates of convergence for electronic
properties [5], wavefunctions that provide low total
energies can often be inadequate for calculating
properties such as dipole moment, {r*) and momen-
tum profiles which are more strongly dependent on
the medium and long-range parts of the charge distri-
bution. EMS measurements of momentum profiles,
being highly sensitive to the longer range spatial (i.e.
low momentum) regions of the wavefunction, pro-
vide an additional practical criterion useful in the
development of ‘‘universal’’ wavefunctions that pro-
vide an adequate model applicable in all regions of
momentum and position space [2,5,6]. Wavefunc-
tions tested in this more stringent fashion are there-
fore likely to be more suitable for the calculation of
a wide range of electronic properties than those
which have been designed with energy optimization
as the sole criterion.

The technique of EMS has been extensively ap-
plied to closed shell molecules [2—4]. In particular,
EMS measurements have been compared with high
level (near SCF limit and MRSD-CI) calculations for
a growing range of closed shell diatomic and small
polyatomic molecules [2,4]. Very recently this work
on closed shell molecules has been extended [7,8] to
include calculations using density functional theory
(DFT). In contrast, open shell molecules have re-
ceived much less attention experimentally because of
their reactive nature and theoretically because of the
more challenging nature of quantum mechanical cal-
culations for such species. In view of the challenging
experimental and theoretical problems associated
with open shell molecules, we have carried out a
detailed experimental and theoretical investigation of
the electron momentum profiles for the outermost
(HOMO) orbitals of NO, O, and NO,. These are
benchmark molecules for quantum chemistry and are

among the most common stable open shell specics.
These molecules are also of importance in processes
such as ozone formation, nitrogen fixation [9], neuro-
transmission [10], smog and acid rain [9].

Previously reported EMS studies of the HOMOs
of NO [11-13] and O, [13,14] show limited statistics
and considerable scatter due to the low cross sections
involved for these partially filled orbitals. In addi-
tion, no theoretical momentum profiles were pre-
sented in the EMS study of O, by Suzuki et al. [14].
The SCF wavefunctions employed in the earlier work
on NO by Brion et al. [11] involved only minimal
and double-zeta basis sets and more advanced calcu-
lations were not considered. Furthermore, the instru-
mental momentum resolution was not always taken
into account in previous work when comparing the
experimental and theoretical momentum profiles. The
adequate incorporation of finite angular acceptances
(i.e. momentum resolution effects) has been found to
be essential for the meaningful comparison of exper-
iment and theory, particularly at lower momentum
[2,15,16]. The experimental and theoretical study of
NO by Fantoni et al. [12] included the use of the
same Kouba and Ohrn unrestricted Hartree—Fock
(UHF) wavefunction [17] presented in the work of
Brion et al. [11]. In contrast, the theoretical treatment
presented in the work of Tossell et al. [13] was
limited in that calculations were presented only with
small basis sets at the restricted open shell Hartree—
Fock (ROHF) level which may not provide an ade-
quate model of open shell molecules. In the ROHF
method [18-20] only the highest orbital is partially
filled and all other electrons are part of an «, 8 pair
that has the same spatial orbital. Alternatively, the
UHF method assigns different spatial orbitals to all
a and B electrons. Because the unpaired electron
affects the o and B spin manifolds differently, the
UHF total energy for the molecule is lower than the
ROHF energy. However, it is well-known that UHF
wavefunctions also contain some degree of spin con-
tamination [18,21] and therefore are not true eigen-
functions of the total spin operator S2.

In order to obtain improved EMS measurements
for the HOMOs of NO and O,, an energy dispersive
multichannel EMS spectrometer was used [7] in the
present work. The multichannel spectrometer has a
much faster data accumulation rate compared with
the earlier reported single channel instrument [22].
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The measurements for NO, were carried out on the
single channel instrument and the present resuits are
the first to be reported. In addition, much larger basis
sets and more complex theoretical methods have
been used for NO and O, to calculate theoretical
momentum profiles which also incorporate the im-
proved resolution folding procedures [16). Theoreti-
cal momentum profiles at the target Hartree—Fock
approximation (THFA) level from both the UHF and
ROHF methods are shown for all molecules. Mo-
mentum profiles from post-Hartree-Fock methods
such as multi-reference singles and doubles configu-
ration interaction (MRSD-CI) methods, averaged
coupled pair functional (ACPF) [23] and quasi-de-
generate variational perturbation theory (QDVPT)
[24,25] are also presented in order to assess the role
of electron correlation and relaxation effects.

An alternative method to the use of Hartree—Fock
or post-Hartree—Fock methods is that of density
functional theory. Duffy et al. [26] and Casida [27]
have recently developed a method for the calculation
of orbital momentum profiles for selected closed
shell atoms and molecules using Kohn—-Sham den-
sity functional theory in the target Kohn—Sham ap-
proximation (TKSA). Casida [27] has shown that the
Kohn—-Sham orbitals evaluated with the exact ex-
change—correlation functional are approximately
Dyson orbitals and, as will be discussed later, may
be related to the EMS cross section. In addition,
density functional results for selected molecular
properties have been shown to be comparable to high
level SCF and MRSD-CI calculations [7,8,28]. DFT
calculations allow considerable computational sav-
ings for larger molecules and with appropriate func-
tionals the calculations have an inherent handling of
the ‘‘correlation’’ of the electrons in an atom or
molecule through the exchange—correlation potential
term of the DFT Hamiltonian [26]. DFT calculations
have been compared to EMS measurements for larger
closed shell molecules such as acetone [7] and ethy-
lene [8] and to species of prototype biochemical
interest such as dimethoxymethane [29} and glycine
[30]. However, no published work to date has com-
pared EMS momentum profiles for open shell
molecules with momentum profiles from DFT. Thus,
TKSA-DFT calculations using the local density ap-
proximation of Vosko et al. [31], the gradient cor-
rected exchange hole term of Perdew and Yue

[32,33], and a combination of the Perdew exchange
and Becke correlation potential functions [34] are
shown for the HOMOs of all three molecules in the
present work.

2. Methods

2.1. Experimental method and theoretical back-
ground

The construction and operation of both the sym-
metric non-coplanar single channel [22] and energy
dispersive multichannel [7] EMS spectrometer used
in the present work have been described in detail and
thus only a brief description will be given here. An
electron beam (30 pA for multichannel EMS and 50
nA for singie channel EMS) ionizes the gaseous
target molecules (~ 107> Torr) at an impact energy
of E,=1200 eV + binding energy. The scattered
and ejected electrons are electron optically retarded,
selected energetically by electrostatic analyzers and
detected in coincidence.

In the symmetric non-coplanar scattering geome-
try, the two outgoing electrons are selected at equal
polar angles (6, = 6, = 45°) relative to the incoming
electron beam and at equal energies (E, = E, = 600
eV). Under these high impact energy and high mo-
mentum transfer conditions, the plane wave impulse
approximation (PWIA) provides a good description
of the collision [3] and the ionized electron essen-
tially undergoes a clean ‘‘knock-out’’ collision. In
the PWIA, the momentum p of the ejected electron
prior to knock-out is related to the out-of-plane
azimuthal angle ¢ (the angle between the two outgo-
ing electrons) as follows [1,3]:

p={(2p, cos 6, - p,)’

+[2p, sin 6, sin(¢/2)]2}l/2, (1)
where p, = ﬁ and p,=2E, in atomic units.
Scanning the impact energy of the incoming electron
allows the binding energy spectrum of the target
molecule to be obtained at a typical energy resolu-
tion of 1.7 eV fwhm for the single channel EMS
spectrometer and 1.4 eV fwhm for the multichannel
EMS instrument. Scanning the azimuthal angle over
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a range of +30° while keeping the impact energy at
a constant value corresponding to the binding energy
of interest allows the experimental momentum pro-
file (XMP) of an electron in the orbital to be deter-
mined using the transformation in Eq. (1). Finite
instrumental half angles of A@= +1.0° and A¢ =
+0.7° for the single channel spectrometer and Af =
+0.6° and A¢ = +1.2° for the multichannel spec-
trometer give a momentum resolution of approxi-
mately 0.1 au in each instrument.

Within the PWIA and the Born-Oppenheimer
approximation, the EMS cross section for randomly
oriented molecules is given by [1-3]

Tems & A K pFN Y2, (2)

where %"~ ') and [¥,") are the total electronic
wavefunctions for the final ion state and the target
molecule ground (initial) state respectively. The cross
section is spherically averaged to account for the
random orientation of the gaseous target molecules
in the collision region [1]. The quantity
(@7 Zind\' 4 »? is the Dyson orbital [6] and is
referred to as an ion-neutral overlap distribution
(OVD). Thus, the EMS cross section is essentially
proportional to the spherical average of the Dyson
orbital in momentum space. Computation of the
OVD is necessary for many-body calculations such
as configuration interaction treatments of electron
correlation and ion state relaxation effects [2,3,5].

An alternative to calculating the full OVD is to
simplify Eq. (2) using the target Hartree~Fock ap-
proximation (THFA). Within the THFA, the many-
body wavefunctions [¥*) and [¥"~') are approxi-
mated as independent particle determinants of ground
state target Hartree—Fock orbitals and the EMS cross
section is thus given by

O'EMS‘IfdQW’,-(P)Izv (3)

where l/Ij( p) is the one-electron momentum space
canonical Hartree—Fock orbital wavefunction for the
j™ electron, corresponding to the orbital from which
the electron was ionized. The quantity l/lj( p) is the
Fourier transform of the more familiar one-electron
position space orbital wavefunction (lfj(r). The inte-
gral in Eq. (3) is known as the spherically averaged
one-electron momentum distribution (MD) and thus,
within the above approximations, electron momen-
tum spectroscopy provides imaging of the canonical

Hartree—Fock orbital electron density in momentum
space.

Recently, Casida [27] has shown that Kohn-Sham
density functional theory provides an alternative ap-
proach to approximating the Dyson orbital in Eq. (2).
This target Kohn-Sham approximation (TKSA) ap-
proach has been shown to give good descriptions of
the experimental momentum profiles of a number of
small molecules [26] and relatively large molecules
[7,8] as measured by EMS. The TKSA gives a result
similar to Eq. (3) in which the canonical Hartree—
Fock orbital is replaced by a momentum space
Kohn-Sham orbital ¢ 3(p). It should be noted that
some accounting of electron correlation effects is
included in the TKSA via the exchange—correlation
potential. A more detailed description of the TKSA-
DFT method may be found elsewhere {26,27].

For meaningful comparison of theory and experi-
ment the calculated overlap distributions or momen-
tum distributions in Egs. (2) and (3), respectively,
must be resolution folded by taking into account the
finite instrumental acceptance angles [15,16]. Each
OVD or MD is normalized before resolution folding
so that integration over all p-space yields a value of
unity. The GW-PG method of Duffy et al. [16] has
been used for momentum resolution folding in the
present work. After momentum resolution folding,
the OVD (Eq. (2)) or the MD (Eq. (3)) is referred to
as a theoretical momentum profile (TMP) and is then
suitable for comparison with the experimental mo-
mentum profile. To account for the double occu-
pancy of the O, X 32; state, all calculated momen-
tum profiles for this molecule have been multiplied
by two.

All multichannel measurements in the present
work were obtained using the ‘‘non-binning’’ mode
[7] in which a triangular response function was used
to collect the coincidence spectrum. The differential
detection efficiency of the non-binning mode (higher
in the middle of the triangle and lower near the two
ends) was advantageous for measurements on the
single, well-separated binding energy peaks of the
HOMOs of NO and O, because the EMS coinci-
dence spectrum is most rapidly collected if the center
of the triangular response function is situated on the
vertical ionization potential of the orbital of interest.
Single channel EMS measurements for the HOMO
of NO, were made at a single binding energy of 11.2
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eV. The NO and NO, samples were obtained from
Matheson gas products while the O, sample was
obtained from Medigas gas products. All gas sam-
ples were of > 99.0% purity. Some additional con-
siderations regarding the handling of the NO gas
sample are discussed in the next section.

2.2. Gas samples and sample handling for NO

Experience in the present work has shown that
great care is needed in handling and introducing NO
gas samples into the spectrometer. In the initial
phases of the present experimental study of the
HOMO XMP of NO using a single channel EMS
spectrometer, surprising and unexpected results were
obtained as shown by the open triangles in Fig. la.
Previous experimental measurements [11-13] of the
momentum profile of the 2w HOMO of NO display
considerable scatter and uncertainties due to the very
low cross section arising from the single occupancy
of the 27 orbital and the broad nature of the mo-
mentum profile. This can be seen in Fig. 1b where
the previous results from Brion et al. [11] (filled
squares), Fantoni et al. [12] (open inverted triangles),
and Tossell et al. [13] (filled diamonds) are shown.
The data from Fantoni et al. [12] is that collected at
800 eV, although some data were also presented at
2600 eV. Within the limited statistics the three ex-
perimental results appear to be in reasonable agree-
ment with each other and with the theoretical mo-
mentum profile (TMP) from the Kouba and Ohm (K
and O-U) calculation [17]. In the original publica-
tions, the K and O-U TMP was thought by Brion et
al. [11] and also by Fantoni et al. [12] to agree well
for shape with the HOMO momentum profiles as
shown in Fig. 1b. It should be noted, however, that
while it was reported [11] that the K and O-U
wavefunction was a CI calculation, it has since been
found that the momentum profile reported in Ref.
[11] and presumably also that in Ref. [12] was calcu-
lated from the leading configuration of the CI wave-
function only and thus was in fact an SCF and not a
ClI treatment. The K and O-U momentum profile
shown in Fig. 1 is also from the leading configura-
tion only. It should also be noted that the previous
measurements [11,12] show very little data in the
low momentum region below p =0.2 au and that
nearly all data points below 0.5 au are higher than

predicted by the K and O-U theory. The measure-
ments of Tossell et al. [13] which are reasonably
consistent with the other experiments [11,12] were in
poor agreement with calculations based on the SCF
wavefunction of Cade and Wahl [35].

A consideration of Fig. 1a and Fig. 1b shows that
in the region above ~ 0.3 au the present single
channel measurements (open triangles) are generally
consistent with the three earlier published experi-
ments [11-13]. However, below ~ 0.3 au the data
points unexpectedly rise as zero momentum is ap-
proached. This is in marked contrast to all calcula-
tions (see Fig. 1 and also Fig. 2 below) which, as
expected from symmetry considerations, show a de-
creasing cross section as zero momentum is ap-
proached. The high data points at low momentum
persisted in repeated measurements, not withstanding
the poor statistics inherent in the case of the single
channel spectrometer. A further measurement in our
laboratory (open circles in Fig. 1a) using the high
precision and improved statistics of a recently built
momentum dispersive multichannel EMS spectrome-
ter [36] produced similar spuriously high results at
low momentum. It is noteworthy that above ~ 0.2
au these measurements (like the earlier data [11-13]
in Fig. 1b) are in close conformity with the less
accurate K and O-U calculation but not with the very
accurate and highly correlated 168-ACPF ion—neu-
tral overlap calculation (dotted line in Fig. 1a) de-
scribed in Section 3 below.

The anomalous behavior in the experimental re-
sults which is manifested particularly at lower mo-
menta has been found to be due to NO, impurities in
the sample gas introduced to the collision chamber,
Consideration of the respective Franck—Condon
widths and the fact that the HOMO ionization poten-
tial of NO, is close to that of NO indicate that any
small NO, impurity would cause the observed spuri-
ous effects particularly at the lowest momenta be-
cause of the very intense s-type NO, HOMO mo-
mentum profile (see Fig. 4 below). Careful consider-
ation of the purity of the commercial gas cylinders
and the results of other spectroscopic experiments
[37] indicated that the NO, impurity observed in the
EMS measurements was not present in the NO cylin-
ders. Clearly, the NO, impurity was being generated
in the stainless steel sample handling and introduc-
tion system of the EMS spectrometers. Since, as is
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well-known, NO is readily oxidized to NO, by
atmospheric oxygen an obvious possibility would be
a leak in the sample system. However, careful leak
testing eliminated this as the cause. A further possi-
bility would be reaction of NO with oxygen contain-

ing species (e.g. H,0, O,, previously studied
molecules, etc.) adsorbed on the walls of the inlet
manifold, valves and leak valve. Initial measure-
ments for NO on the energy dispersive multichannel
EMS instrument 7] also showed a similar *‘turning-
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Fig. 1. (a) Experimental momentum profiles for the 27 orbital of NO from the present work. Shown are the XMPs from a single channel
EMS spectrometer (open triangles), a multichannel momentum dispersive multichanrel EMS spectrometer (open circles) and a multichannel
energy dispersive EMS spectrometer (filled circles). The single channel and momentum dispersive results contain some degree of
contamination from NO, (see Section 2.2 for details). The estimated contribution due to NO, impurity is represented by the NO,
207-QDVPT momentum profile (long dashed line) multiplied by 0.04. Also shown are the calculated theoretical spherically averaged K and
O-U momentum profile [11] (multiplied by a factor of 0.88) and the 168-ACPF momentum profile for NO. (b) Previous experimental
momentumn profiles for the 27 orbital of NO. Shown are the XMPs from Brion et al. [11] (filled squares), Fantoni et al. {12] (open inverted
triangles) and Tossell et al. {13] (filled diamonds). The calculated spherically averaged K and O-U momentum profile is also shown. See text

for further details.
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up”’ at low momentum. However, after repeated
flushing to remove suspected NO, impurities,
overnight stagnation (to allow reaction) and evacua-
tion, very different results, as indicated by the solid
circles in Fig. la, were eventually obtained. These
procedures were repeated daily during the measure-
ments. It can be seen from this high precision data
that the low momentum ‘‘turning-up’’ has essen-
tially gone and also that the XMP is shifted over to
higher momentum below 1.0 au. Furthermore these
measurements are in generally very good agreement
with the shape of the high level 168-ACPF overlap
calculation for NO (see Section 4.1) and in poor
agreement with the shape of the K and O-U treat-
ment. Note that the two calculations are separately
height normalized to the experimental data sets in
Fig. 1a. It can be concluded that the gas sample for
the solid circle data points in Fig. 1a is dominantly
NO. However, some minimal pollution from residual
NO, cannot be discounted and this may be the
reason for the remaining small discrepancy between
the 168-ACPF theory and experiment at the lowest
momenta. The estimated contribution from the (s-
type —see Fig. 4) NO, impurity in the earlier open
circle and open triangle data sets is shown by the
shaded area under the long dashed line in Fig. 1a.
This long dashed line is the 207-QDVPT calculation
for the HOMO of NO, (see Section 3 for a descrip-
tion of this calculation) scaled appropriately. Based
on these observations and a consideration of the
presently reported very high level calculations, we
suggest that the earlier published measurements for
NO [11-13] were also complicated by varying de-
grees of NO, impurity. It should be noted (Fig. 1b)
that these earlier measurements [11-13] all show
higher cross sections at lower momenta than even
the K and O-U calculation. The present work indi-
cates that the apparently good agreement of earlier
measurements with the K and O-U calculation is
fortuitous due to the probable presence of NO, im-
purities.

3. Calculations

Spherically averaged theoretical momentum pro-
files have been calculated for the HOMO of each of
the three molecules using several basis sets of vary-
ing quality within the plane wave impulse and the

target Hartree—Fock approximations (via Eq. (3)). In
order to investigate the role of electron correlation
and relaxation effects, the ion-neutral overlap has
also been calculated (via Eq. (2)) from the MRSD-CI,
ACPF [23] and QDVPT [24,25] wavefunctions for
both the ground and molecuiar ion states. In addi-
tion, TKSA density functional theory calculations
have also been performed for several exchange and
correlation potentials using a variation of the large
basis sets developed by Dunning and co-workers
[38-41]. Various other calculated and experimental
electronic properties for the three molecules are listed
in Tables 1-3. The experimentally derived geome-
tries for NO [42], O, [43] and NO, [44] were used in
all calculations.

It has been suggested that the total energy from
Kohn-Sham DFT is in error because of shifted
orbital energies relative to ionization potentials from
Dyson’s equation [26]. These differences cannot be
avoided because they arise from the use of approxi-
mate functionals in the DFT calculations. If the exact
functionals could be obtained and used, the total
energies from DFT would be comparable to those
from Hartree—Fock and post-Hartree—Fock calcula-
tions.

The dipole moment of NO is of special interest in
quantum mechanical calculations because the pre-
dicted dipole moment reversal [45-47] givesaN~O*
polarity which is counter to that from intuitive elec-
tronegativity arguments. An experimental measure-
ment of the dipole moment [48,49] gave a value of
0.15872 D with an N"O™ polarity as reported by
Gray et al. [50]. While the sign of the dipole moment
for NO is often incorrectly predicted by SCF calcula-
tions, correlated treatments generally give the correct
polarity [46]. Thus, a positive dipole moment for NO
in Table 1 implies a polarity of N~ O". The experi-
mental dipole moment for NO is from Ref. [48].

The degree of spin contamination is important in
assessing the ability of a wavefunction to model an
open shell system. The spin contamination is found
by calculation of the expectation value of 8% If no
spin contamination is present then the expectation
value of §? is 0.75 for NO and NO, and 2.0 for O,.
ROHF calculations are free of spin contamination
while interference from states of higher multiplicity
is always present for UHF calculations. If the spin
contamination becomes large, there may be some
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doubt as to the utility of the UHF results. There is
also some degree of spin contamination involved in
the DFT calculations in the present work, but the
results are not tabulated because of problems with
the calculation of this property from DFT [51].

Details of the calculation methods are described
below. The total number of contracted Gaussian-type
orbital functions (CGTO) used is also given. All
calculations with the STO-G, 6-311 + G* and AUGS5
basis sets (described below) were done at the Uni-
versity of British Columbia with the GAUSSIAN 92
program while all calculations with the 168-CGTO,
210-CGTO and 207-CGTO basis sets were done at
Indiana University with the MELD program. Those
calculations employing the UHF method have the
¢.U”’ extension added to the basis set symbol while
the ‘‘-R’’ extension indicates the ROHF method. The
ROHF calculations done at Indiana University in-
volve both symmetry and equivalence restriction (i.e.
all molecular orbitals are pure o and 7 orbitals).
This symmetry and equivalence restriction affects
the results for NO, making the w, and w, orbitals
equivalent partner functions in the Il irreducible
representation of the C,, point group. Symmetry or
equivalence restrictions were not done with the UHF
calculations from Indiana University or with the
GAUSSIAN 92 calculations. Following the initial
ROHF calculations, frozen core, multi-reference sin-
gles and doubles configuration interaction (MRSD-
CI) and averaged coupled pair functional (ACPF)
calculations were performed on both the neutral
molecules and cation radicals with the neutral sym-
metry restricted ROHF K orbitals [52]. For NO,,
frozen core, quasi-degenerate variational perturbation
theory (QDVPT) calculations were performed for
comparison. MRSD-CI calculations are designated
with the ‘‘-CI'’ extension added to the basis set
symbol while ACPF and QDVPT calculations are
designated with the ‘‘-ACPF’’ and ““-QDVPT"’ ex-
tensions, respectively. The details of the Kohn—-Sham
DFT calculations are described in Section 4.3.

(1u) STO-3G-U and (1r) STO-3G-R: These calcu-
lations employed a minimal basis set (effectively
single zeta). Each function is a contraction of three
Gaussian functions. Both the nitrogen and oxygen
atoms have a (6s,3p)/[2s1p] contraction and thus 10
CGTO are used for NO and O, while 15 CGTO are
employed for NO,. This basis was designed by
Pople and co-workers [53].

(2u) 6-311 + G*-U and (2r) 6-311 + G*-R: These
calculations used an augmented version of the 6-311G
basis of Pople and co-workers [54]. The 6-311 + G *
basis is formed by augmenting the 6-311G with
diffuse s and p functions [55] and spherical d-type
polarization functions [56] on both the nitrogen and
oxygen atoms to produce a (12s,6p,1d)/[5s,4p,1d]
contraction per atom. For NO and O,, a total of 44
CGTO are employed in the calculations while 66
CGTO are used for NO,.

(3u) AUG5-U and (3r) AUGS-R: The basis set for
these calculations was taken from the work of Dun-
ning et al. [38-41). The AUGS basis set used in the
present work is actually a truncated form of Dun-
ning’s aug-cc-pV5Z basis set in which all f, g and h
functions have been removed. This truncation was
adopted to provide compatibility with the density
functional calculations since the DFT program can-
not handle the higher ! functions (see Section 4.2).
Thus, the AUGS5 consists of a (33s,13p,5d)/
[7s,6p,5d] contraction per atom. In addition, the d
functions have been changed from spherical to
Cartesian so that the SCF results from this basis set
can be directly compared with the DFT results from
this basis. Thus, a total of 110 CGTO are used for
NO and O, while 165 CGTO are used for NO,.

(4u) 168-U, (4r) 168-R, (4c) 168-CI and (4a)
168-ACPF: The 168 CGTO basis set for NO and O,
has a (19s,14p,3d,2f,1g) /[7s,8p,3d,2f,1g] contraction
per atom. The primary (18s,13p) functions are taken
from Partridge [57], while the (3d,2f,1g) polarization
functions are from Dunning [38]. The first fourteen s
functions were contracted into two s functions using
the first fourteen 1s and 2s atomic orbital coeffi-
cients. Similarly, the first seven p functions are
contracted into one p function using the first seven
2p atomic orbital coefficients. This contracted basis
set is further augmented by additional diffuse s and p
functions from Partridge’s supplementary functions
for O~(*P) and N~(®P) [57]. All components of the
d, f and g functions are kept in the calculations.

(5u) 207-U, (5r) 207-R, (5¢) 207-CI, (5a) 207-
ACPF and (5q) 207-QDVPT: The 207 CGTO basis
set for NO, is obtained by removing all the g
functions from the 168-CGTO basis sets used for N
and O in NO and O,, thus giving a
(19s,14p,34d,21) /[7s,8p,3d,2f] contraction per atom.

(6u) 210-U, (6r) 210-R, (6¢) 210-CI and (6a)
210-ACPF: This 210 CGTO basis set for NO is the
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augmented correlation consistent, polarized valence
quadruple-zeta basis set (aug-cc-pVQZ) of Dunning
et al. [38-41]. The basis set consists of a
(13s,7p,4d,3f,2g) /16s,5p,4d,3f,2g] contraction per
atom.

4. Results and discussion

4.1. Comparison of experimental and theoretical mo-
mentum profiles

High momentum resolution measurements have
been made of the outermost valence electron experi-
mental momentum profiles (XMPs) for each of NO
(2, Fig. 2), 0, (1m,, Fig. 3) and NO, (6a,, Fig. 4).
The XMPs for NO and O, were collected on an
energy dispersive multichannel EMS spectrometer
while the XMP for NO, was collected with a single
channel instrument. On each figure the mean binding
energy at which each particular XMP was measured
is noted (9.54 eV for NO, 12.30 eV for O, and 11.23
eV for NO,). These values correspond to the vertical
ionization potentials of the lowest lying peaks ob-
served in the photoelectron spectra [58]. The outer-
most XMP for each molecule is well separated in
energy from the rest of the valence ionization mani-
fold, which ensures that all the observed intensity of
the momentum profile is due to ionization to the
lowest lying ion state only and contains no mixing
with other ionization processes. While NO, is known
to exist in equilibrium with its dimer N,O, in the gas
phase, photoelectron spectroscopy [59] has shown
that the dimer concentration is negligible at low
pressures (0.01 Torr) and room temperature. Further-
more, the first PES peak from the dimer was recorded
at low temperatures and did not overlap extensively
with the band from the HOMO of the monomer [59].
Since the present EMS experiments were done at
even lower pressures (~ 10™* Torr) and the dimer
peak at 12.39 eV was not observed in the EMS
binding energy spectra, the present results contain no
detectable contributions from N,0,.

Much better statistics have been obtained in the
present work on NO and O, compared to previous
results on nitric oxide [11-13] and oxygen [13,14].
In addition, the comparison of theory and experiment
was much more limited in previous work [11-13]

because of the small basis sets used and also because
no post-Hartree—Fock calculations were done. No
theoretical momentum profiles were presented in the
earlier work on O, of Suzuki et al. [14]. In the
present work, the three experimental momentum pro-
files are compared on Figs. 2—4 respectively with the
theoretical momentum profiles (TMPs) calculated at
the UHF and ROHF Hartree-Fock level and also
with MRSD-CI, ACPF and QDVPT ion-neutral
overlaps as described in Section 3 above. Selected
properties for each calculation and corresponding
experimental values are shown in Tables 1-3. The
SCF basis sets used range from a very modest
minimal STO-3G basis to the very much larger
168-GTO, 207-GTO and 210-GTO basis sets devel-
oped in the course of the present work. The effects
of many-body correlation and electronic relaxation
are also seen on Figs. 2-4 from the MRSD-CI,
ACPF and QDVPT calculations of the TMPs. The
TMPs from the 210-CI and 210-ACPF treatments are
very similar to their 168-CI and 168-ACPF counter-
parts and therefore these calculations are not shown
on Fig. 2 but the properties are listed in Table 1. It
should be noted that the experimental instrumental
angular resolution has been accounted for in all
theoretical momentum profiles in Figs. 2—4 using the
GW-PG method [16].

Experiment and theory are placed on a common
intensity scale for each molecule by normalizing the
experiment to the 168-ACPF momentum profiles for
NO and O, and the 207-QDVPT momentum profile
for NO, (assuming unit pole strength). Since the
wavefunctions are normalized all of the calculations
are on a common relative intensity scale for each
molecule. However, for profiles such as the NO,
HOMO where s character is dominant (Fig. 4), it is
often more difficult to distinguish the quality of
TMPs than for p-type profiles such as the 27 orbital
of NO and 1w, orbital of O,. A change in relative
intensity at low p is often the only major distinguish-
ing characteristic between two TMPs for dominantly
s-type momentum profiles such as the NO, HOMO.
As such, other normalizations to the XMP could be
selected.

The UHF calculations of the momentum profiles
in Figs. 2-4 show a trend of improving agreement
with experiment as the basis set quality improves
from the STO-3G (curve 1u) which fits the observed
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Fig. 2. Measured and calculated spherically averaged momentum profiles for the 2 orbital of NO (upper panel). The solid circles represent
the experimental energy dispersive multichannel EMS measurements. All calculations have been spherically averaged and folded with the
experimental momentum resolution. See text and Table 1 for details of the wavefunctions and normalization procedures. The lower panels
show the momentum and position density contour maps for an oriented NO molecule calculated at the Hartree—Fock level using the 168-R
basis set. The contours represent 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 99.0% of the maximum density. The side panels (right and

top) show the density along the dashed lines (dashed vertical and horizontal lines) for each density map.
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XMPs very poorly, to the intermediate quality results
(6-311 + G *-U) to the large basis sets (curves 3u,
4u, Su and 6u). There is a ‘“UHF basis set limit’” at
which these Hartree—Fock momentum profiles tend
to converge and little or no further improvement in
shape fit with experiment is seen upon an increase in
basis set size. An improvement in shape fit is brought
about only by use of the ROHF method (curves 3r,
4r, St and 6r). ROHF calculations were also obtained
for all molecules with the STO-3G and 6-311 + G~
basis sets (calculations 1r and 2r, respectively) and
the results are given in Tables 1-3 (these TMPs are
not shown in Figs. 2—4). The STO-3G-R momentum

profiles for O, and NO, are identical to the STO-
3G-U momentum profiles for these two molecules.
However, in all other cases in the present work the
ROHF momentum profiles displayed a higher rela-
tive intensity at low momentum than their UHF
counterparts. This effect is thought to be due to the
influence of the energy minimization constraint in
constructing SCF wavefunctions. For an optimized
UHF wavefunction, the additional flexibility intro-
duced by different a and 8 spin manifolds leads to
a lower total energy and a more contracted r-space
HOMO density than an ROHF wavefunction with
the same basis set. Thus, the ROHF method leads to

Table 1
Calculated and experimental properties for NO X *I1
Basis set and Total energy (8% w(D)® Prnay (W) ©
calculation method * (hartree)
SCEF calculations
lu STO-3G-U —~127.530 0.9660 +0.2492 1.27
Ir STO-3G-R ~127.526 0.7500 +0.1559 1.20
2u 6-311 +G*-U ~129.284 0.8104 —0.3019 0.94
2r 6-311 + G*-R -~129.277 0.7500 —0.3617 0.89
3u AUGS-U ~129.304 0.8024 -0.2391 0.91
3r AUGS5-R - 129.296 0.7500 —0.2873 0.85
4u 168-U ~129.309 0.7984 —0.2440 0.91
4r 168-R -129.299 0.7500 -0.2753 0.86
6u 210-U ~129.307 0.7981 —0.2397 091
6r 210-R ~129.297 0.7500 -0.2689 0.89
post-Hartree—Fock calculations
4c 168-CI —-129.713 0.7500 +0.1388 0.86
4a 168-ACPF -129.730 0.7500 +0.1779 0.85
6¢ 210-C1 - 129.712 0.7500 +0.1432 0.88
6a 210-ACPF ~129.728 0.7500 +0.1805 0.86
DFT calculations ¢
31 AUGS-L - 128.981 - +0.2536 0.77
3p AUGS-P —130.088 - +0.2322 0.76
3b AUGS-BP ~129.967 - +0.2316 0.79
experimental ~129.900 © +0.158 * 08s¢

a

b

non-rotating molecule.

C

Calculations performed at the experimental equilibrium bondlength of 1.151 A (2.175 au), Ref. [42].
A positive dipole moment g implies a polarity of N"O*. Calculated dipole moments are for a non-relativistic, non-vibrating,

The p,,.. corresponds to the value of momentum where the intensity of the momentum profile is at a maximum (see Fig. 2).

4 The total energy from Kohn-Sham DFT has been suggested to be in error because of shifted orbital energies relative to ionization

potentials from Dyson’s equation [26] ~ see also Section 3.

¢

The ‘‘experimental’” total energy is the estimated non-relativistic, non-vibrating, infinite nuclear mass total energy. Total energy obtained

by adding the atomic energies from Ref. [70] to the D,, values from Ref. [49] plus the zero point energy from the frequencies in Ref. {49]. A
numerical Hartree—Fock calculation with the ROHF method was also reported to give a total energy of —129.2991 hartree for NO [71].

' Refs. [48-50].

¢ Present work, +0.05.
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a more diffuse r-space density distribution because
of its additional orbital constraint. For the s-type
HOMO of NO, (Fig. 4), the increased intensity is
concentrated near p =0 and no appreciable shape
difference results between ROHF and UHF TMPs
although ROHF leads to higher intensity at low p
than UHF. It should be also be noted that other
calculated properties differ considerably in the UHF
and ROHF methods (see Tables 1-3). In particular,
as noted above, the UHF method always results in a
lower energy then the ROHF method, but spin con-
tamination can be problematic for UHF wavefunc-
tions. For example, there is a high degree of spin
contamination for the STO-3G-U and 6-311 + G*-U
calculations for NO (Table 1). However, the spin
contamination for UHF calculations on O, and NO,
is reasonably small (Tables 2 and 3).

Post-Hartree—Fock methods such as CI calcula-
tions [2,5,60,61] have often provided a further signif-
icant improvement in the shape fit with the XMP
over Hartree—Fock level calculations, particularly
where second row atoms are involved. From Fig. 2 it
can be seen that a comparably good description of
the observed momentum profile of NO is achieved
by the larger basis set restricted Hartree—Fock
(AUGS5-R (3r), 168-R (4r) and 210-R (6r)) and post-
Hartree~Fock (168-CI (4c) and 168-ACPF (4a)) cal-
culations. Although not shown on Fig. 2, the 210-Cl
and 210-ACPF TMPs give very similar results (see
Table 1). However, there is still a small discrepancy
between the NO XMP and all theory at low momen-
tum below p = 0.4 au. This could be due to a very
small amount of impurity NO, (see Section 2.2)
although it is found (see Section 4.3) that a much

Table 2

Calculated and experimental properties for O, X JZg’
Basis set and Total energy ($H 0.. (r#de P
calculation method * (hartree) (auw) ® (au) ° (au) ¢
SCF calculations

iu STO-3G-U —147.634 2.0034 —0.9307 40.652 1.36

Ir STO-3G-R —147.632 2.0000 —0.9258 40.649 1.36

2u 6-311+G*-U —149.660 2.0488 —0.4304 43.744 1.10

2r 6-311+G*R —149.638 2.0000 —0.4708 43.673 1.07

3u AUGS-U —149.686 2.0488 —0.1574 43.446 1.07

3r AUGS-R —149.663 2.0000 —0.2304 43.385 1.05

4u 168-U —149.691 2.0484 —0.2178 43.446 1.07

4r 168-R —149.667 2.0000 —0.2768 43.386 1.05
post-Hartree—Fock calculations

4c 168-CI —150.133 2.0000 —0.2766 43.337 1.03

4a 168-ACPF —150.146 2.0000 -0.2716 43.410 1.03
DFT calculations ©

31 AUGS5-L —149.338 - —0.3259 43.878 0.96

3p AUGS-P —150.547 - —0.3390 43.924 0.95

3b AUGS-BP —150.418 - -0.3224 43.708 0.98
experimental —150.326 ' -029 ¢ 444+02" 10'

* Calculations performed at the experimental equilibrium bondlength of 1.20748 A (2.28181 au), Ref. [43].

b

moments are for a non-relativistic, non-vibrating, non-rotating molecule.

<
d

e

potentials from Dyson’s equation [26], see also Section 3.

The ‘‘experimental’”’ total energy is the estimated non-relativistic, non-vibrating, infinite nuclear mass total energy. Total energy obtained
by adding the atomic energies from Ref. [70] to the D, values from Ref. [49] plus the zero point energy from the frequencies in Ref. [49].

-4

¢ Recommended value from Ref. [72].

" Ref. [73]

i

Present work, +0.05.

The electronic spatial extent is defined as (r2) = (Zr?), summing over all electrons.
The p,,,, corresponds to the value of momentum where the intensity of the momentum profile is at a maximum (see Fig. 3).
The total energy from Kohn-Sham DFT has been suggested to be in error because of shifted orbital energies relative to ionization

The quadrupole moment is defined as @..=1/2(Tq,(3z? — r?)), summing over all nuclei and electrons. Calculated quadrupole
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Fig. 3. Measured and calculated spherically averaged momentum profiles for the 1, orbital of O, (upper panel). The solid circles represent
the experimental energy dispersive multichannel EMS measurements. All calculations have been spherically averaged and folded with the
experimental momentum resolution. See text and Table 2 for details of the wavefunctions and normalization procedures. The lower panels
show the momentum and position density contour maps for an oriented O, molecule calculated at the Hartree~Fock level using the 168-R
basis set. The contours represent 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 99.0% of the maximum density. The side panels (right and
top) show the density along the dashed lines (dashed vertical and horizontal lines) for each density map.
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Fig. 4. Measured and calculated spherically averaged momentum profiles for the 6a, orbital of NO, (upper panel). The solid circles
represent the experimental single channel EMS measurements. All calculations have been spherically averaged and folded with the
experimental momentum resolution. See text and Table 3 for details of the wavefunctions and normalization procedures. The lower panels
show the momentum and position density contour maps for an oriented NO, molecule calculated at the Hartrce—Fock level using the 207-R
basis set. The contours represent 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 99.0% of the maximum density. The side panels (right and
top) show the density along the dashed lines (dashed vertical and horizontal lines) for each density map.
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Table 3
Calculated and experimental properties for NO, X ’A,

w(D?®

Basis set and Total energy  (§?)
calculation method *  (hartree)

SCF calculations
lu  STO-3G-U
Ir  STO-3G-R
2u 6-311+4G*-U
2r 6-311+G*-R

—201.273 0.7619  +0.2435
—201.268 0.7500 +0.2758
—204.087 07702  +0.7187
—204.078 0.7500 +0.8073

3u  AUGS-U —204.121 07712 +0.6610

3r AUGS-R —204.112 0.7500 +0.7446

S5u 207-U —204.129 07713  +0.6584

5r  207-R —204.120 0.7500 +0.7629
post-Hartree—Fock calculations

5c 207-Cl —204.752 0.7500  +0.4373

5a  207-ACPF —204.795 0.7500 +0.4740

5q 207-QDVPT —204.806 0.7500  +0.4857

DFT calculations ¢

31 AUGS-L —203710 - +0.2689
3p  AUGS-P -205.400 - +0.2668
3b  AUGS-BP -205217 - +0.2463

experimental —205.085 ¢ +0.289 ©

i

Calculations performed at the experimental equilibrium
bondlength of 1.19455 A (2.25737 au) and bond angle of 133.851°,
Ref. [44].

" A positive dipole moment implies a polarity of N* O5. Calcu-
lated dipole moments are for a non-relativistic, non-vibrating,
non-rotating molecule.

‘ The total energy from Kohn—Sham DFT has been suggested to
be in error because of shifted orbital energies relative to ionization
potentials from Dyson’s equation [26]. See also Section 3.

¢ The “experimental”” total energy is the estimated non-relativis-
tic, non-vibrating, infinite nuclear mass total energy. Total energy
obtained by adding the atomic energies from Ref. [70] to the D,
values from Ref. [74] plus the zero point energy from the frequen-
cies in Ref. {74].

* Ref. [75).

better fit is given by a DFT calculation. The 168-CI
(4c) and 168-ACPF (4a) calculations for O, (Fig. 3)
both show a significant improvement in shape over
the ROHF momentum profiles (3r and 4r) but the
experimental momentum profile for O, still shows
slightly less intensity above ~ 1.4 au than is pre-
dicted by all caiculations. It should be noted that the
DFT momentum profiles provide an improved pre-
diction of the intensity in this region (see Section 4.3
for a discussion). Although the 207-CI (5¢c), 207-
ACPF (5a) and 207-QDVPT (5q) post-Hartree—Fock
calculations for NO, are reasonably similar in shape
to the ROHF momentum profiles (3r and 5r), they do

show higher intensity at lower p and fit the XMP
quite well witkin the statistical precision of the data.

Turning to a more detailed consideration of the
various calculations, it can be seen that the minimai
basis set STO-3G-U results are in very poor agree-
ment with both the observed experimental momen-
tum profiles (curves 1u on Figs. 2-4) and electronic
properties (Tables 1-3). For NO, in particular the
STO-3G-U momentum profile exhibits a very differ-
ent s to p ratio from the XMP and the other TMPs.
The poor total energy for all molecules and inaccu-
rate quadrupole {r?). and values for O, reflect the
low degree of basis set saturation in the STO-3G-U
calculations. While the dipole moments for NO and
NO, are closer to experiment than those from sev-
eral large basis sets, it is well known that the STO-3G
often produces accurate dipole moments because of a
fortuitous error cancellation [20].

The 6-311 + G*-U intermediate size basis set
calculation (curve 2u on Figs. 2-4), including dif-
fuse and polarization functions, provides a better
description than the STO-3G-U wavefunction for
each molecule. However, the low momentum regions
of all three XMPs are still underestimated. For NO,
the 6-311 + G *-U momentum profile is comparable
to the results of the larger basis set Hartree—Fock
(UHF and ROHF) calculations. Although in general
improvements are also obtained for other calculated
properties for all three molecules (Tables 1-3) rela-
tive to the STO-3G-U calculation, significant further
improvements occur with larger basis sets.

The AUGS5-U TMP (curves 3u on Figs. 2-4)
provides a further small improvement in shape com-
pared to the 6-311 + G *-U momentum profiles for
NO and O,. The AUGS5-U momentum profile for
NO, differs only in intensity from the 6-311 + G*-U
TMP. Improvements are also seen in most other
properties in Tables 1-3 although @,, for O, from
this calculation is too small.

The UHF momentum profiles from larger basis
sets (curves 3u, 4u, 5u and 6u on Figs. 2-4) tend to
converge. However, there is still some fluctuation in
other properties with basis set size (Tables 1-3). In
particular, there is still variation in total energy at the
millihartree level. The dipole moments of NO and
NO, and the quadrupole moment of O, also vary
significantly with change in basis set size. Of these
UHF calculations, the 168-U provides generally the
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best description of the range of properties considered
here for NO and O, while the 207-U provides the
best description of the properties of NO,.

The ROHF momentum profiles for NO and O,
(curves 3r, 4r and 6r on Figs. 2 and 3) show greater
intensity at low momentum and better agreement
(i.e. shape/p,,,) with the observed XMP than UHF
calculations with the same basis set. Greater intensity
at low momentum is also seen for the ROHF mo-
mentum profiles for NO, (curves 3r and 5r on Fig.
4) than their UHF counterparts. It is of interest that
these ROHF TMPs for NO have much the same
intensity and shape as those from post-Hartree—Fock
methods (curves 4c and 4a). The larger basis set
ROHF momentum profiles for O, and NO, con-
verge (at least for shape and intensity) similar to the
situation for the UHF momentum profiles. For other
electronic properties (Tables 1-3), the ROHF calcu-
lations obviously result in slightly higher total ener-
gies than comparable UHF calculations, but the
ROHF wavefunctions are free of spin contamination.
Post-Hartree—Fock methods are required for further
improvements in the total energy and for the dipole
moments of NO and NO,. The 168-R resuit for O,
provides ©,, and (r?). values comparable to the
higher level post-Hartree—Fock calculations.

The direct calculation of the ion—neutral overlap
including electronic correlation and relaxation by the
MRSD-CI and ACPF methods produces only minor
changes in the level of agreement between the mea-
sured and calculated momentum profiles of NO (Fig.
2). Curves 4¢ and 4a predict only slightly more
intensity at low momentum than the Hartree—Fock
level calculation with the same basis set (4r), with
curve 4a producing (along with 3r and 6r) very
similar results. However, a small discrepancy be-
tween experiment and theory persists at low momen-
tum (see above). Somewhat larger changes in the
level of agreement between experiment and theory
are seen upon calculation of the MRSD-CI and
ACPF momentum profiles for O, (Fig. 3). Curves 4c
and 4a are clearly in closer agreement with the
observed XMi .u wie .oW momentum region than the
Hartree—Fock calculations 3r and 4r (although some
small discrepancy still apparently remains between
experiment and theory in the high momentum region
above 1.5 au). The MRSD-CI and particularly the
ACPF and QDVPT theoretical momentum profiles

for NO, (curves 5c, 5a and 5q on Fig. 4, respec-
tively) also differ considerably from the Hartree—
Fock level calculation (curve 5r) and generally good
agreement can be seen for the 207-ACPF (5a) and
207-QDVPT (5q) momentum profiles to which the
XMP has been normalized. It should also be noted
with the post-Hartree—Fock calculations that there is
a significant improvement in the total energies of all
molecules, as well as for the dipole moments of NO
and NO, and the quadrupole moment of O, (Tables
1-3). However, there is little difference in the {r?).
values of O, relative to the SCF calculations. Since
the post-Hartree—Fock calculations are based on ini-
tial ROHF Hartree—Fock results, they are free of
spin contamination. It should be noted that the post-
Hartree—Fock calculations for NO using the 168-
GTO basis set generally yield better values of the
properties than those using the 210-GTO basis set
for a given type of calculation.

4.2. Density maps in momentum and position space

The momentum and position space density con-
tour maps corresponding to oriented NO, O, and
NO, molecules presented in Figs. 2—4 (bottom pan-
els) are of pedagogical interest and also provide
some insight into the (spherically averaged) experi-
mental and theoretical momentum profiles. These
maps are slices of the orbital electron density (]y?])
through the molecular plane of each oriented
molecule in position space and with momentum per-
pendicular and parallel with respect to the molecular
plane in momentum space. The calculations are based
on the near Hartree—Fock limit results for each
molecule (168-R for NO and O, and 207-R for
NO,) which have been found to provide good de-
scriptions of the XMPs of these molecules at the
SCF level. The origin for the position space maps is
the molecular center of mass and all dimensions are
in atomic units. The side panels on each map show
slices of the momentum or position space density
along the vertical (right panel) and horizontal (top
panel) dotted lines.

The HOMO of NO is predicted (from simple
Hartree—Fock theory) to be a completely antibonding
7" orbital with no s-type contributions. Accord-
ingly, the r-map (Fig. 2) for this molecule displays
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an orbital consisting mainly of atomic p-type func-
tions on each atom. While the general shape of this
orbital is similar to that of the 17, orbital of O, (Fig.
3), the p-type orbital components for NO are not of
equal intensity on N and O. In addition, there is a
““filling-in’’ along the perpendicular ‘‘nodal’’ plane
in p-space. Since the Kouba and Ohrn treatment [17]
was erroneously considered (see Section 2.2) to give
the best fit to the momentum profiles in earlier work
[11] the fact that the corresponding HOMO r-map of
NO became more non-bonding (and hence less anti-
bonding) as the amount of nodal character in the
orbital decreased was thought to be significant. How-
ever, it has been found in the present work that the K
and O-U wavefunction does not provide an accept-
able fit to the NO XMP once the NO, impurity has
been eliminated (see Section 2.2 and Fig. 1). Thus
any deductions [11] arising from the non-bonding or
antibonding character of this orbital predicted using
the Kouba and Ohrn wavefunction are inappropriate.
It should also be noted that while there is some
filling-in along the perpendicular plane, the intensity
at the origin of the p-map is exactly zero (see top
panel). Thus, spherical averaging of this momentum
density should give a momentum profile with zero
intensity at p = 0. In this regard it should be noted
that the calculated spherically averaged momentum
profiles in Fig. 3 have non-zero intensity at p=0
due to the fact that they have been folded with the
instrumental resolution function to compare with ex-
periment.

The simple Hartree—Fock MO picture would pre-
dict the HOMO of O, to be a completely antibond-
ing w" orbital with no s-type contributions. The
nodal planes along r=0 in each direction (one
nodal plane along the bond axis and one perpendicu-
lar to the bond axis) are consistent with this interpre-
tation. The high p,.,, value (1.0 au, see Table 2) for
the 1w, momentum profile of O, is a reflection of
the multiple nodal structure [11,62] of this orbital
Gi.e. p=1hd¢)/dx). Similar considerations apply
to NO. On considering the momentum density map
of O,, the additional lobes are the result of interfer-
ence of the wavefunctions on the atomic centers
reflecting the (anti)bonding nature of the orbital.
Such multiple lobes in momentum space are com-
monly called ‘‘bond oscillations’’ [63—65] and in the
case of diatomic molecules they appear at a spacing

of 2 /bondlength (similar to diffraction spots in a
two slit diffraction experiment).

The p-map for the 6a, orbital of the triatomic
species NO, is more complex than those for the
diatomic molecules NO and O, (Fig. 4). The com-
plexity of the p-map indicates the difficulties that
often arise in interpreting momentum space represen-
tations for larger molecules. The multicenter nature
of this molecule is reflected in the complex oscilla-
tory behavior in momentum space. It should be noted
that the momentum space wavefunction contains all
the symmetry characteristics of the position space
wavefunction with the addition of an inversion cen-
ter and thus the p-map contains a center of symme-
try (even though such a symmetry element is not
present in the C,, point group). Finally, on the
p-map there is a large momentum density at p =0
(top and right panels in the p-map) and thus the
spherically averaged NO, 6a; momentum profile
(Fig. 4) is strongly s-type in contrast to the p-type
momentum profiles of NO and O, ( Figs. 2 and 3).
In the r-map, the HOMO displays the a, symmetry
characteristic of a totally symmetric orbital in the
C,, molecular point group.

4.3. Calculation of the momentum profiles using
density functional theory

Kohn-Sham density functional theory provides
an alternative approach to Hartree—Fock and also in
particular to configuration interaction methods for
calculating theoretical momentum profiles [26,27].
The density functional theory calculations presented
here were obtained by the method of Duffy et al. [26]
using the deMon program [66,67]. Three DFT calcu-
lations are presented here for each of the three
molecules using the AUGS5 orbital basis set (de-
scribed in Section 3), which is a truncated form of
the aug-cc-pV5Z of Dunning et al. [38—41]. Trunca-
tion was necessary because the deMon program is
not equipped to handle f, g, or h functions. It should
also be noted that all calculations which were per-
formed using this basis set were carried out with
six-membered Cartesian d functions. All calculations
used a random extra-fine grid, the (5,4;5,4) auxiliary
basis for fitting the charge density and exchange—
correlation potential, and the energy convergence
was set at 10”7 hartree. Calculations were done with
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the local density approximation [31] as well as with
two non-local potential functions as given by the
gradient corrected exchange hole term of Perdew and
Yue [32,33] and the exchange-correlation potential
correction of Becke and Perdew [33,34]. The Kohn—
Sham orbitals have been extracted from the result
and the EMS cross sections have been calculated
using the TKSA as outlined in Section 2.1. The
instrumental angular resolution effects [15,16] were
then incorporated and the resulting theoretical mo-
mentum profiles are shown in Fig. 5. For purposes of
comparison, MRSD-CI, ACPF and QDVPT momen-
tum profiles for each molecule are also shown. Val-
ues of selected electronic properties from the DFT
calculations are given in Tables 1-3. Calculations in
which the local density approximation of Vosko et
al. [31] was used are designated with the **-L”

extension added to the basis set symbol while those
calculations employing the method of Perdew and
Yue [32,33] have the ‘‘-P’’ extension. Finally, the
Becke—Perdew non-local (i.e. gradient corrected) ex-
change—correlation potential [33,34] calculations are
designated with a “*-BP”’ extension.

While Kohn—Sham DFT momentum profiles of-
ten provide reasonable shapes for the TMPs, it has
been observed that intensities for Kohn—Sham mo-
mentum profiles may not be entirely comparable to
the intensities of TMPs from Hartree—Fock or post-
Hartree—Fock calculations [26,27]. This can occur
because overly spatially diffuse orbitals may result
from some choices for the exchange—correlation
functional in the Kohn-Sham calculations and thus
the momentum profile may be more intense at low p
(by the reciprocity of r- and p-space). All DFT

0.04 Post-Hartree-Fock
Calculations
59 207-QDVPT
5a 207—-ACPF
5¢ 207-Cl
4a 168—-ACPF
0.02 4c 168-Cli
DFT Calculations
> 3b AUG5—-BP
= 3p AUG5-P
v 31 AUGS—L
-
© 0.00 3?
—+
3 NO. 6a
£ 0.3 13p 2 1
® SC Expt
L o.04
=z 0.2
-
O
)
% 0.02 0.1
0.00 0.0

2 0
Momentum (a.u.)

Fig. 5. Measured and calculated spherically averaged DFT momentum profiles for the HOMOs of NO, O, and NO,. The solid circles
represent the experimental multichannel or single channel measurements also shown on Figs. 2—4. Selected MRSD-CI, ACPF and QDVPT
calculated momentum profiles are also shown for comparison with the DFT momentum profiles. All calculations have been spherically
averaged and folded with the experimental momentum resolution. See text and Tables 1-3 for details of the wavefunctions and
normalization procedures. Note that the normalizations of experiment to theory differ from those used in Figs. 2—4.
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momentum profiles in Fig. 5 appear at 100% of their
calculated relative intensity and the XMPs have been
normalized to the DFT TMPs for the present com-
parison (note that different normalizations were se-
lected for Figs. 2—4). It can be seen that the DFT
momentum profiles are more intense at low p than
the MRSD-CI, ACPF and QDVPT results.

It can be seen from Fig. 5 that there is very good
overall agreement between the DFT Target Kohn—
Sham momentum profiles and the experimental mo-
mentum profiles of all three molecules. In terms of
intensity of the DFT momentum profiles, the order-
ing is AUGS-P (curve 3p), AUGS-L (curve 3/) and
AUGS5-BP (curve 3b) for all molecules. For NO,
there are some noticeable shape differences between
the three DFT TMPs, with the Becke—Perdew non-
local calculation (curve 3b) fitting the best. How-
ever, for O, and NO,, the shape differences between
the DFT TMPs from the local density approximation
and those from the non-local potentials are minimal.
Thus, the local density approximation results appear
to be at least as good a model of the momentum
profiles for the HOMOs of O, and NO, as the more
sophisticated non-local potential treatments.

Somewhat better agreement with the shape of the
observed XMP of NO is given by the DFT curve 3b
(Fig. 5) in the low momentum region ( < 0.5 au) than
for the high level post-Hartree—Fock calculations
(see Fig. 5, and also refer to curves 4c and 4a on Fig.
2). Furthermore, the DFT momentum profiles for O,
achieve better agreement in the high momentum
region than the Hartree-Fock and post-Hartree—Fock
calculations (compare Figs. 3 and 5). For NO, the
intensities are different and the shape fit with the
XMP is roughly comparable to those from the
Hartree-Fock and post-Hartree—Fock TMPs (com-
pare Figs. 4 and 5). On comparing other properties,
dipole moments from the DFT calculations ( Tables
1 and 3) are within 0.1 D of experiment. While the
DFT dipole moments for NO, are closer to experi-
ment than those from MRSD-CI or ACPF, the oppo-
site is true for the dipole moment of NO. DFT
quadrupole moments and {r?), values for O, are in
reasonable agreement with the experimental values.
However, it should be noted that some degree of spin
contamination is present in the DFT calculations for
open shell molecules that is not present for the CI
results. The expectation value of $* from the deMon

program is not considered to be meaningful and thus
it has been omitted from the tables. The problems
associated with $§? determination in DFT calcula-
tions have recently been discussed by Wang, Becke
and Smith [51]. In addition, as discussed above, there
is the well-known problem of obtaining absolute
energies from DFT [68,69]. However, it can be said
that the DFT treatments provide quite good values of
the other properties in the present work.

5. Conclusions

The present EMS results for NO and O, are an
improvement over previous measurements and the
data show considerably less scatter. The results for
NO are significantly different from previously pub-
lished measurements in the low momentum region
and the differences can be attributed to contamina-
tion by NO, in the earlier work. In addition, we have
reported the first measurements and calculations for
the XMP for the 6a, HOMO of NO,. A wide range
of Hartree—Fock and high level post-Hartree—Fock
(MRSD-CI, ACPF and QDVPT) calculations have
also been performed and generally good agreement
was obtained between theoretical and experimental
momentum profiles for all three open shell molecules.
At a given Hartree—-Fock level, ROHF calculations
are found to give much better predictions of the
shapes of the momentum profiles than UHF meth-
ods. Post-Hartree—Fock calculations produce only
small changes in the momentum profiles of NO and
O, while the difference is greater in the case of
NO,. The small but significant discrepancies remain-
ing between theory and experiment for O, (at higher
momentum) and NO (at lower momentum) even at
the post-Hartree—Fock level are reduced by the den-
sity functional theory calculations.
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