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We present a high level ab initio study of NiO and its ions, NiO+ and NiO−. Employing variational
multireference configuration interaction (MRCI) and single reference coupled-cluster methods com-
bined with basis sets of quintuple quality, 54, 20, and 10 bound states of NiO, NiO+, and NiO−

have been studied. For all these states, complete potential energy curves have been constructed at
the MRCI level of theory; in addition, for the ground states of the three species core subvalence
(3s23p6/Ni) and scalar relativistic effects have been taken into account. We report energetics, spec-
troscopic parameters, dipole moments, and spin-orbit coupling constants. The agreement with ex-
periment is in the case of NiO good, but certain discrepancies that need further investigation have
arisen in the case of the anion whose ground state remains computationally a tantalizing matter. The
cation is experimentally almost entirely unexplored, therefore, the study of many states shall prove
valuable to further investigators. The ground state symmetry, bond distances, and binding energies of
NiO and NiO+ are (existing experimental values in parenthesis), X3�−(X3�−), re = 1.606 (1.62712)
Å, D0 = 88.5 (89.2 ± 0.7) kcal/mol, and X4�−(?), re = 1.60(?) Å, D0 = 55 (62.4 ± 2.4) kcal/mol,
respectively. The ground state of NiO− is 4�− (but 2� experimentally) with D0 = 85–87 (89.2 ±
0.7) kcal/mol. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789416]

I. INTRODUCTION

The present first principles study of nickel mono-oxide
and its charged species, NiO and NiO±, leads to the last chap-
ter in our group’s theoretical research in this particular class
of diatomic molecules, ScO0,±, TiO0,±, CrO0,±, MnO0,± (Ref.
1), VO0,± (Ref. 2), FeO0,± (Ref. 3), and CoO0,± (Ref. 4).

As the number of valence electrons to be correlated in-
creases from scandium (3d14s2, 3e−) to nickel (3d84s2, 10e−),
so does the degree of computational effort for obtaining ac-
curate results. The systems become ever more demanding,
sometimes unable to succumb even to such high level ab initio
methods as those presently employed. Another difficulty, om-
nipresent in the transition metals, arises from the large number
of molecular states interacting with each other and crowded
within a rather narrow energy window, owing to the high spa-
tial (L) and spin multiplicity (2S + 1) of the ground and low-
lying excited states of the metals: (Sc: 2D, 4F), (Ti: 3F, 5F),
(V: 4F, 6D), (Cr: 7S, 5S, 5D), (Mn: 6S, 6D), (Fe: 5D, 5F), (Co,
4F, 4F), (Ni, 3D, 3F); see also Ref. 5.

The experimental work on NiO is rather extended num-
bering 14 publications.6–19 The earliest of those is by Rosen6

who was the first to report an harmonic frequency for the
ground state of NiO in 1945, ωe = 615 cm−1. In 1961,
Grimely et al.7 made an estimation for the binding energy,
D0 = 85.5 ± 5 kcal/mol, which was reevaluated in more
recent years to 89.2 ± 0.7 kcal/mol by Watson and co-
workers.13 In 1988, the ground state symmetry of NiO was
established by Srdanov and Harris9 through laser induced flu-
orescence spectroscopy as 3�−. In 1992, the excited state
A3� at T0 = 4337 cm−1, and re = 1.6449 Å was reported,

a)E-mail mavridis@chem.uoa.gr.

along with ground state data by Ram and Bernath11 using
Fourier transform emission spectroscopy. The properties of
the 3� state were further investigated by Friedman–Hill and
Field12 in 1992 through fluorescence spectrometry. In more
recent years, workers have studied several excited singlets and
triplets of �, �, and � space symmetry, but the assignment of
these excited states is not always certain.15, 17, 18 Their results
along with the rest of the experimental data on NiO are sum-
marized in Table I. For the X3�− ground state, we know the
bond length re = 1.6271291(31) Å,14 the harmonic frequency
ωe = 825.7 cm−1 (Ref. 16), the binding energy D0 = 89.2
± 0.7 kcal/mol,13 and the electron affinity EA = 1.455
± 0.005 eV.18 No experimental measurement for the dipole
moment exists. For the A3� excited state, we have a re

= 1.64489(6) Å, ωe = 780.8 cm−1, T0 = 4337.5554(12) cm−1

all from Ref. 11, while the spin-orbit (SO) coupling constant
A ranges from ∼280 (Ref. 11) to ∼350 (Refs. 12 and 17) to
∼480 cm−1 (Ref. 15). The A3� state is found to be inverted.11

An excited state close to the 3� at T0 = 5243 ± 8017 or 5226
± 4018 with re = 1.66(2) Å and a SO coupling constant 3A
= 968 ± 80 cm−1 (Ref. 17) is of 3�3 symmetry. Within the
low-lying excited spectrum, we also find a 1�17 state with re

= 1.600(6) Å, ωe = 615 ± 15 cm−1 at T0 = 7582 ± 80 cm−1,
and a state of unknown symmetry at T0 = 2525 ± 40 cm−1

and re = 1.66 ± 0.01 Å.18 The existence of this 1� state at
∼7500 cm−1 by Wu and Wang15 and Moravec and Jarrold17

is doubted by Lineberger and co-workers,18 who propose in-
stead a state of triplet multiplicity either of a �, �, or � spa-
tial symmetry in this range of excitation energy.

Concerning the theoretical work on NiO, we traced
seven ab initio20–24, 26, 31 and eight density functional theory
(DFT)16, 25, 27–30, 32, 33 publications. As early as 1978 Walch
and Goddard20 studied 25 states of NiO, 10 singlets, 11
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TABLE I. Experimental results from the literature for the ground and excited states of 58Ni16O. Dissociation
energies (D0), bond distances re (Å), harmonic frequencies ωe (cm−1), and excitation energies T0 (cm−1).

Statea D0 re ωe T0

(X)b 615
Xc 85.5 ± 5
χ (3�−)d 837.61 ± 1.1
χ 3�−e 1.627 839.1
X f 66.0 ± 1.8
X3�−g 1.62712(4) 839.1 0.0
A3�g 1.64489(6) 780.8 4337.5554(12)
X3�−h 1.6271 839.69 0.0
3�i

h 1.6450 777 4300
3�−h 1.7288 600(=�G1/2) 16 000
Xi 89.2 ± 0.7
X3�− j 1.6271291(31)
X3�−k 800 ± 50 0.0
A3�2

k 3468 ± 320
A3�1

k 3952 ± 400
A3�0

k 4436 ± 800
a1�k 680 ± 60 7582 ± 320
B3�k 10 001 ± 240
b1�+k 14 518 ± 800
c1�k 19 196 ± 800
Xl 825.7
3�1

m 4294
3�4

m 3468–4275
3�3

m 5243 ± 80
3�2

m 6210 ± 80
1�m 1.600(6) 615(15) 7582 ± 80
23�0

m 9437 ± 80
23�1

m 9840 ± 80
23�2

m 10 082 ± 80
X3�−n 825 0.0
?n 1.66(1) 2525 ± 40
3�2

n 3912 ± 40
3�1

n 4325 ± 40
(3�)n 1.66(2) 5226 ± 40
3(�,�,�)4,3,2

n 1.66(2) 7654 ± 50
3(�,�,�)3,2,1

n 1.66(2) 8227 ± 60
3(�,�,�)2,1,0

n 1.66(2) 8783 ± 50
1�1

n 1.66(2) 10 090 ± 50

aAssignments in parentheses show uncertainty.
bReference 6; exploded wire spectroscopy.
cReference 7; mass spectrometry, also IE(NiO) = 9.5 ± 0.3 eV.
dReference 8; vibrational analysis, also ωexe = 5.92 ± 0.6 cm−1.
eReference 9; laser induced fluorescence spectroscopy, also ωexe = 5.4 cm−1, αe = 0.0044 cm−1 and spin-orbit coupling constant
∼50 cm−1.
fReference 10; guided ion beam mass spectrometry, D0

0 value.
gReference 11; Fourier transform emission spectroscopy, also αe(X3�−) = 0.004335(50) and αe(A3�) = 0.004830(76) cm−1

and SO(A3�) = −283.3713(16) cm−1.
hReference 12; fluorescence spectrometry. re values from Be = 0.50800(3) (X3�−), 0.497 (3�i), 0.45 (3�−) cm−1. Also
ωexe(χ3�−) = 5.73 cm−1 and SO A(3�i) = −349.21(5) cm−1.
iReference 13; mass spectrometry.
jReference 14; millimeter and sub-millimeter spectrometry.
kReference 15; photoelectron spectroscopy (PES), also EA(NiO) = 1.46(2) eV and SO A(3�) ∼ 480 cm−1.
lReference 16; FT-IR spectroscopy.
mReference 17; PES, also EA(NiO) = 1.470(3) eV and SO constants 2A(3�) = ∼ 700, 3A(3�) = 968 ± 80, 2A(23�) = 411
± 30 cm−1

.
nReference 18; PES, also EA(NiO) = 1.455 ± 0.005 eV and SO constant A(3�) = 405 ± 30 cm−1.

triplets, and 4 quintets around an internuclear distance of
2.7–5.0 bohrs. They performed generalized valence bond
calculations, GVB-CI(SD), using the nickel basis set by
Wachters and an augmented DZ basis set for O combined

with semi-empirical Ar-like core pseudopotentials. For the
ground state X3�−, they found re = 1.60 Å, De = 89.9
kcal/mol, and ωe = 841 cm−1, therefore, D0 = De−ωe/2
= 88.7 kcal/mol. Notice the perfect match of experimental
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TABLE II. Total energies E (Eh), bond distances re (Å), dissociation energies De (kcal/mol), harmonic frequencies, and anharmonicity corrections ωe, ωexe

(cm−1), rotational-vibrational coupling constants αe × 103 (cm−1), and dipole moments μ (D) of the X 3�− of 58Ni16O at various levels of theory.

Methoda,b −E re De ωe ωexe αe 〈μ〉/μFF
c

MRCI 1582.30240 1.608 77.1 940 4.4 3.2 3.79/5.05
MRCI+Q 1582.35965 1.601 83.7 972 4.5 2.9 /5.21
MRCI+DKH2 1594.55409 1.596 83.2 947 5.2 3.5 3.75/5.06
MRCI+DKH2+Q 1594.61192 1.590 89.6 971 4.5 3.2 /4.87
C-MRCI 1582.71474 1.609 71.4 941 4.8 3.3 3.82/5.01
C-MRCI+Q 1582.81565 1.599 78.3 979 4.2 2.9 /5.21
C-MRCI+DKH2 1594.96742 1.597 77.6 946 5.2 3.5 3.78/4.66
C-MRCI+DKH2+Q 1595.06905 1.589 84.3 974 4.0 3.3 /4.87
ACPF 1582.36428 1.599 85.4 972 3.8 2.9 3.54/5.13
ACPF+DKH2 1594.61668 1.590 91.3 973 4.5 3.2 3.49/4.90
C-ACPF 1582.83296 1.597 81.4 985 3.9 2.8 3.45/5.06
C-ACPF+DKH2 1595.08669 1.587 87.3 983 4.2 3.2 3.40/4.65
RCCSD(T) 1582.39365 1.622 89.5 892 3.7 3.3 /4.93
RCCSD(T)+DKH2 1594.64474 1.605 94.1 918 3.5 3.3 /4.71
C-RCCSD(T) 1582.87730 1.622 87.3 904 3.4 3.1 /4.83
C-RCCSD(T)+DKH2 1595.12940 1.606 91.8 931 4.0 3.2 /4.64
MRCI-L 1582.32996 1.600 89.3 1011(=�G1/2) 4.97/4.81
MRCI-L+Q 1582.37228 1.596 90.0 1040(=�G1/2) /4.49
MRCI-L+DKH2 1594.58102 1.591 94.9 1000(=�G1/2) 4.81/4.54
MRCI-L+DKH2+Q 1594.62359 1.586 95.3 1000(=�G1/2) /4.34
Exptd 1.62712 89.2 ± 0.7e 825.5 5.73 4.33

aState specific calculations.
bThe symbols +Q, DKH2, C-, ACPF, and -L, refer to the Davidson correction for unlinked clusters, second order Douglas–Kroll–Hess correction, core effects (3s23p6), averaged
coupled pair functional, and enlarged reference space, respectively; for details see text.
c〈μ〉 refers to expectation value, μFF to the finite field approach; field strength 10−5 a.u.
dSee Table I.
eD0 value.

and theoretical D0 values, certainly coincidental. In 1985,
Bauschlicher et al.21 performed multireference configuration
interaction (MRCI)/[8s7p4d/Ni3s3p1d/O] calculations around
equilibrium for eight states of NiO, spanning an energy range
of ∼16 000 cm−1. For the ground state, they calculate at
the MRCI (MRCI+Q) level re(X3�−) = 1.70 (1.67) Å, ωe

= 700 (690) cm−1 while for the experimentally first (3�i) ex-
cited state, re = 1.74 (1.69) Å, ωe = 670 (640) cm−1, and
Te = 3260 (4180) cm−1. In 1987, Dolg et al.23 studied the
ground state of NiO with MRCI/[6s5p4d1f/Ni6s4p2d/O] calcu-
lations and adjusted pseudopotentials for the Ni atom. For the
ground state, they report re = 1.591 Å, De = 60.6 kcal/mol,
ωe = 848 cm−1, and μ = 6.70 D. There seems to be a se-
vere underestimation of the binding energy as compared to
the experimental value and an overshooting for the dipole mo-
ment (vide infra). Eight years later, Bauschlicher and Maitre26

studied the ground states of the 3d-metal oxides and sulfides,
from Sc to Cu by multireference averaged coupled pair func-
tional (MR-ACPF) and coupled cluster (CCSD(T)) methods,
employing a [7s6p4d3f2g/Maug-cc-pVQZ/O,S] basis set. For
NiO (X3�−), they give re = 1.626 Å, ωe = 850 cm−1, De

(D0) = 86.5 (85.3) kcal/mol, and μ = 3.91 D. The latest
ab initio work by Baranowska et al.31 focuses exclusively
on the dipole moment. Using a fixed re = 1.626 Å and sin-
gle point calculations with reduced sized basis sets, they give
a non-relativistic multiconfigurational second-order perturba-
tion method (CASPT2)/CCSD(T) μ = 5.373/4.768 D while
the corresponding relativistic value is μ = 5.732/4.789 D. No-
tice that while relativity increases the dipole moment by 0.36

D at the CASPT2 level does not affect the CC value, and is
in itself a rather conflicting finding. As we will see in
Sec. III (see Table II), scalar relativistic effects reduce the
dipole moment calculated by the finite field approach by 0.2–
0.3 D in all methods employed. It suggests as well the inap-
propriateness of the CASPT2 method for tackling problems
of such complexity as the NiO.

Experimental work on NiO+ is very limited. The only
available data are the binding energy of the ground state and
the ionization energy (IE) of NiO, most by the Armentrout
research group through guided ion beam spectrometry.10, 34–36

The first measurement of the IE was by Grimely et al.7 via
mass spectroscopy in 1961; it was found to be 9.5 ± 0.3
eV. A very recent measurement of the binding energy in
2003 gave D0 = 61.6 ± 4.6 kcal/mol,36 while an IE de-
duced in 1990 from a D0 = 63.2 ± 1.6 kcal/mol35 is 8.77
± 0.18 eV.35

The theoretical work is limited to two ab initio37, 40 and
three DFT29, 38, 39 publications. The first work published in
1988 by Carter and Goddard37 predicted a 2� as the ground
state of NiO+ using GVBCI(Opt)/∼DZP calculations.
Later on the ground state was determined theoretically as
4�−.38, 40 The most recent and worth noticing ab initio work
is that by Nakao et al.40 These researchers studied around
equilibrium 16 states, eight quartets and eight doublets,
at the MRCI/[6s5p3d1f + Stuttgart small core relativistic
pseudopotentials/Ni aug-cc-pVTZ/O] level. They report D0,
re, and ωe values and their results are compared with ours
later on.
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The anion, NiO−, has been studied by photoelectron
spectroscopy (PES) around 1997 by Wu and Wand15 and
Moravec and Jarrold,17 and more recently by Ramond et al.18

All researchers predict a X2�3/2 ground state for NiO− with
a spin-orbit splitting of 2A(2�) = 260 ± 4017 (or 275
± 30 cm−1).18 The bond length for the X2�3/2 state is found
to be re = 1.668(4) Å and the harmonic frequency ωe = 660
± 40 cm−1 (Ref. 17). An excited state of 4�− symmetry is
thought to lie about 903 ± 30 cm−1 higher with ωe = 760
± 40 cm−1, while a tentatively assigned 2�+ state is believed
to lie even lower at T0(2�+) = 565 ± 160 cm−1 (Ref. 17).

There are no ab initio publications on NiO−; the the-
oretical work on the anion is confined to DFT calculations
only,28, 33 which mainly focus in the 2� and 4�− states.

The above chronicle of the experimental and theoretical
work on NiO and NiO± outlines the history of the molecule
and highlights the gaps that need be filled. In an attempt to
that direction, we have performed a high level ab initio theo-
retical study for all three species, NiO, NiO+, and NiO−. In
that matter, we calculated through variational all electron mul-
tireference methods 54, 20, and 10 states of NiO, NiO+, and
NiO−, respectively. For the ground states of these species, we
have also performed coupled-cluster calculations along with
scalar relativistic and subvalence (core, 3s23p6) calculations.
Potential energy curves (PEC), total energies, dissociation en-
ergies, spectroscopic parameters (re, ωe, ωexe, αe), excitation
energies, dipole moments (NiO), and Mulliken charges are re-
ported along with spin-orbit constants for selected states.

The structure of the paper is as follows: Sec. II refers to
computational details, Sec. III to results and discussion on the
three species, NiO (Sec. III A), NiO+ (Sec. III B), and NiO−

(Sec. III C), whereas Sec. IV epitomizes our findings.

II. COMPUTATIONAL DETAILS

For the Ni atom, the correlation consistent basis
set of quintuple cardinality by Balabanov and Peterson41

was used, cc-pV5Z, along with the corresponding aug-
mented basis set for the O atom.42, 43 Both sets are gen-
erally contracted to a basis set of order 280, that is,
[9s8p6d4f3g2h1i/Ni7s6p5d4f3g2h/O] ≡ A5ζ . The A5ζ basis
set was used for constructing all PECs of NiO and NiO+.
For the special case of NiO−, the use of an augmented ba-
sis set for nickel was deemed as a more balanced choice. Re-
call as well the numerical proximity of the EAs of the Ni and
O atoms, EANi = 1.157 ± 0.010 eV,44 EAO = 1.461 eV.45

Therefore, the A5ζ basis set was enlarged by a series of dif-
fuse functions (1s1p1d1f1g1h1i) centered on Ni, resulting to
a contracted basis set [10s9p7d5f4g3h2i/Ni7s6p5d4f3g2h/O]
≡ AA5ζ , with diffuse functions on both atoms and of or-
der 280 + 49 = 329. The subvalence core electrons of
the metal, 3s23p6, were taken into account by addition
of a set of weighted core functions,41 (2s2p2d1f1g1h1i),
to the A5ζ basis set. This generally contracted ba-
sis set, [11s10p8d5f4g3h2i/Ni7s6p5d4f3g2h/O] ≡ CA5ζ , is
of order 338. The corresponding basis set for the an-
ion, [12s11p9d6f5g4h3i/Ni7s6p5d4f3g2h/O] ≡ CAA5ζ , con-
tains 387 Gaussian functions. Scalar relativistic effects
for the ground states of all the three species were esti-

mated by the second order Douglas–Kroll–Hess (DKH2)
approximation.46, 47 For these relativistic calculations, the cor-
responding relativistic basis sets were employed.41

All PECs have been calculated by the complete ac-
tive space self-consistent field CASSCF + single + dou-
ble replacements (CASSCF+1+2 = MRCI) method under
C2v restrictions. The CASSCF reference wavefunction is de-
fined by allotting 14 (NiO), 13 (NiO+), and 15 (NiO−) elec-
trons to the nine outer orbitals (4s + 3d/Ni + 2p/O). In-
ternally contracted (ic)48 valence MRCI wave functions are
calculated by single + double excitations out of the ref-
erence spaces including the 2s electrons of the O atom.
Of course, all our reported results are of icMRCI quality.
For mainly the ground states of NiO0,±, the single refer-
ence restricted coupled-cluster + singles + doubles + quasi-
perturbative connected triples approach, RCCSD(T),49 was
also employed. The correlation effects of the 3s23p6/Ni elec-
trons were taken into account by including them in the valence
MRCI/CA5ζ and RCCSD(T)/CA5ζ calculations, named C-
MRCI and C-RCCSD(T). For the ground states of NiO and
NiO+ and all the 10 states of NiO−, the inclusion of the 4p
(Ni) and 2s (O) orbitals in the reference space resulted into
much larger expansions, tagged MRCI-L. These calculations
are made possible by limiting the excitations to the 4p space
to singles and doubles. The size of the icMRCI (MRCI), icC-
MRCI (C-MRCI), and icMRCI-L (MRCI-L) expansions for
the X3�− ground state of NiO are 1.2 × 106(1.4 × 108), 4.4
× 106(7.6 × 108), and 6.1 × 107(8.3 × 109) configuration
functions.

Spin-orbit couplings constants (A) are obtained by two
component diagonalization of the Ĥe + ĤSO Hamiltonian
within the Ĥe MRCI/A5ζ eigenvectors, where ĤSO is the full
Breit–Pauli operator. Basis set superposition errors estimated
by the usual counterpoise method,50 are less than 0.4 kcal/mol
around equilibrium, small enough not to be considered any
further. Spectroscopic parameters have been determined by
solving numerically the one-dimensional Schrödinger equa-
tion of the two nuclei. The size non-extensivity error (SNE) is
evaluated by subtracting the sum of the energies of the atoms
from the total energy of the supermolecule at an internuclear
distance of 30 bohrs. We find that for the ground state of NiO,
SNE(X3�−) = 22(6) and 35(11) mEh at the MRCI (+Q)/A5ζ

and C-MRCI(+Q)/CA5ζ level, respectively, where +Q refers
to the Davidson correction.51 To further reduce the SNE, mul-
tireference ACPF52 calculations have been performed for the
ground states of the three species. The SNE is estimated at the
ACPF/A5ζ level to be only 0.20 mEh whereas about the same
(0.26 mEh) is found at the ACPF/CA5ζ level.

All calculations have been carried out by the MOLPRO

2010 suit of codes.53

III. RESULTS AND DISCUSSION

A. NiO

The ground state of nickel is 3F(3d84s2), but taking into
account the spin-orbit interaction the situation changes. As a
matter of fact, the MJ averaged values of 3F4,3,2 and 3D3,2,1

favor the 3D over the 3F by 240 cm−1.54 On the other hand,

Downloaded 11 Feb 2013 to 195.134.76.131. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



054308-5 C. N. Sakellaris and A. Mavridis J. Chem. Phys. 138, 054308 (2013)

the 3DJ terms are found embedded in the 3FJ territory, the 3F4

term becoming the lowest. Energetically speaking, we have
3F4, 3D3, 3D2, 3F3, 3D1, and 3F2 at 0.0, 205, 880, 1332, 1713,
and 2217 cm−1, respectively.54 From now on and for the pur-
poses of the present work, the lowest state of Ni is consid-
ered to be of 3D(3d94s1) symmetry, followed by 3F(3d84s2)
240 cm−1 higher (MJ averaged). From the interaction of the
ground state channels, Ni(3D) + O(3P), we get 27 2S+1


molecular terms of singlet, triplet, and quintet spin multiplic-
ity, 1,3,5(�+, �−[2], �[3], �[2], �) whereas from the second,
Ni(3F) + O(3P), we get 36 states, 1,3,5(�+[2], �−, �[3], �[3],
�[2], �). We have studied all 27 states from the first channel
and 27 out of 36 from the second, a total of 54 states. The
3d84s2 configuration is not conducive to bonding, the 4s2 dis-
tribution prohibiting the formation of any significant, attrac-
tive interaction other than that of van-der-Waals nature. The
equilibrium Mulliken populations of all states considered in-
dicate an ionic picture, that is, an in situ 3d84s1 Ni+ atom.
This is further substantiated by the relatively large charge
transfer from the nickel to the oxygen atom, on the average
more than 0.50e−.

We have attempted to assign most of the experimentally
observed excited states and have calculated a lot more in an
effort to disentangle the complicated excited state spectrum of
NiO. Table II collects our numerical results for the X3�− state
in various methods, while Table III lists results for 54 states at
the state-averaged MRCI+Q/A5ζ level of theory along with
existing experimental data. Figure 1 displays MRCI+Q/A5ζ

PECs for all the 54 bound states of NiO examined presently.
Plain MRCI results for 54 states of NiO are given in

Table S1 of the supplementary material. In addition for these
states MRCI leading configurations and atomic populations
are available in Tables S2 and S3 of the supplementary mate-
rial, respectively.57

1. X3�−

Numerical results from a variety of methods (MRCI,
ACPF, RCCSD(T), MRCI-L) for the X3�− state of NiO are
presented in Table II. First, we analyze the binding energy
De or D0 = De – ωe/2. Our results indicate that, in gen-
eral, +Q effects and scalar relativistic effects (DKH2) both
increase the binding energy, whereas core effects (3s23p6)
act in the opposite direction. For every method, core+DKH2
or core+Q effects practically cancel each other out. For in-
stance, the MRCI+Q and C-MRCI+DKH2+Q De values
differ only slightly, i.e., 83.7 and 84.3 kcal/mol, respec-
tively. With respect to the experimental binding energy, D0

0
= 89.2 ± 0.7 kcal/mol,13 the best value is obtained at the
C-RCCSD(T)+DKH2 level, namely, D0 = 91.8 kcal/mol
− 931/2 cm−1 = 90.5 kcal/mol, in complete agreement with
experiment. On the other hand, our best MRCI number, D0

(C-MRCI+DKH2+Q) = 84.3 kcal/mol − 974/2 cm−1

= 82.9 kcal/mol, stays behind the experimental value by more
than 6 kcal/mol or 7%. However, the MRCI-L+DKH2+Q
D0, corrected for core effects taken from the C-MRCI+Q vs
MRCI+Q results amounting to −5.4 kcal/mol (Table II), be-
comes D0 = (95.3 − 5.4) kcal/mol − 1000/2 cm−1 = 88.5

FIG. 1. State-averaged MRCI+Q/A5ζ adiabatic PECs and energy level dia-
gram (inset) of 54 (=27 from the first + 27 from the second channel) bound
states of NiO. The ordering of the states follows exactly that of Table III. The
adiabatic separation of the blue (3D; 3d94s1) – red (3F; 3d84s2) channel is
∼600 cm−1. All energies are shifted by +1582 Eh.

kcal/mol in excellent agreement with experiment. Also the
C-ACPF+DKH2 dissociation energy, D0 = 87.3 kcal/mol −
983/2 cm−1 = 85.9 kcal/mol, can be considered in fair agree-
ment with experiment. Observe the multireference conver-
gence to the experimental value, D0 = C-MRCI+DKH2+Q
(82.9) → C-ACPF+DKH2 (85.9) → MRCI-L+DKH2+Q
+ core corrections (88.5 kcal/mol); Table II.

We cannot claim success concerning the bond dis-
tance re. Although our best single reference method C-
RCCSD(T)+DKH2 gives a fair value of re = 1.606 Å, 0.02 Å
shorter than the experimental one, the multireference methods
(MRCI, ACPF, MRCI-L) converge at the highest level to re

= 1.590 Å or less. Assuming that the experimental values D0

and re are truthful, the above discussion reveals the difficulty
of obtaining the right numbers for the right reasons, particu-
larly when 3d-transition metals are involved; Refs. 1–4. Obvi-
ously, a plethora of cancellation and “accidental” effects can
lead to wrong or misleading conclusions.

We now turn to the permanent electric dipole moment
of NiO; recall that there is no experimental value. Notice
(Table II) the numerical differences between expectation
value 〈μ〉 and finite field μFF dipole moments, the latter be-
ing always larger by 1–1.5 D. The proposed value nests about
the μFF result, namely, μFF = 4.5 ± 0.2 D, and is more reli-
able for reasons discussed in Ref. 55. In addition, we would
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TABLE III. Total energies E (Eh), bond distances re (Å), harmonic frequencies and anharmonicity corrections ωe, ωexe (cm−1), rotational-vibrational coupling
constants αe × 103 (cm−1), dipole moments μ (D), Mulliken charges on Ni, qNi, and energy separations Te (cm−1) of 54 states of 58Ni16O at the MRCI+Q/A5ζ -
state average level of theory. Experimental values are included for direct comparison.

Statea,b −E re ωe ωexe αe μc qNi Te

X3�− (3D) 1582.34288 1.598 910 5.8 4.4 4.30 0.53 0.0

Expt. [X3�−] 1.62712d 825.7e 5.73f 4.33g 0.0

a5�− (3D) 1582.32555 1.663 731 6.1 5.4 1.31 0.57 3804

Expt. [?]h 1.66(1) 2525 ± 40

A3� (3D) 1582.32063 1.648 736 6.6 3.5 4.45 0.61 4883

Expt. [A3�]g 1.64489(6) 780.8 4337.56

B3� (3D) 1582.31991 1.676 778 6.0 4.1 4.71 0.65 5041

Expt. [3�]h 1.66(2) 5226 ± 40

b1� (3D) 1582.31935 1.627 827 6.6 4.9 4.41 0.50 5165

Expt. [1�]i 1.600(6) 615 ± 15 7582 ± 80

11�+ (3D) 1582.30844 1.666 708 2.4 4.5 4.03 0.54 7559

15� (3D) 1582.30648 1.778 629 2.9 3.5 2.10 0.63 7989

15� (3D) 1582.30524 1.783 613 2.4 3.1 2.48 0.67 8262

11� (3D) 1582.30371 1.725 569 5.8 − 1.5 4.21 0.60 8598

15� (3D) 1582.30268 1.799 612 2.6 3.0 2.54 0.67 8824

13� (3D) 1582.30085 1.776 579 2.6 1.9 2.19 0.65 9223

13�+ (3D) 1582.30084 1.790 620 2.9 3.0 2.25 0.66 9226

11� (3D) 1582.29980 1.750 648 2.9 3.4 4.02 0.61 9454

23� (3D) 1582.29897 1.650 347 − 21.8 1.9 3.33 0.58 9638

Expt. [23�1]i 9840 ± 80

23�− (3D) 1582.29804 1.793 564 8.8 1.1 2.22 0.66 9842

21� (3D) 1582.29673 1.641 1172 94.8 17.4 4.06 0.59 10 129

Expt. [1�1]h 1.66(2) 10 090 ± 50

33� (3D) 1582.29655 1.700 448 − 9.6 8.0 3.26 0.64 10 169

23� (3D) 1582.29399 1.723 737 21.2 7.4 2.06 0.61 10 730

23� (3F) 1582.29324 1.839 562 − 4.9 1.5 2.67 0.70 10 896

Expt. [B3�]j 10 001 ± 240

11�− (3D) 1582.29178 1.788 652 6.6 2.3 2.99 0.64 11 215

43� (3F) 1582.29139 1.769 985 36.7 4.5 3.27 0.68 11 301

25� (3D) 1582.29133 1.871 614 3.1 2.9 2.60 0.69 11 314

15�+ (3D) 1582.29078 1.883 613 3.2 3.0 2.83 0.70 11 434

33� (3F) 1582.29067 1.800 829 30.9 4.9 2.30 0.66 11 458

13� (3F) 1582.28693 1.828 601 2.9 3.1 2.93 0.66 12 280

31� (3D) 1582.28683 1.736 1121 32.4 − 0.8 3.67 0.64 12 301

25� (3D) 1582.28501 1.884 605 3.2 3.1 3.07 0.69 12 701

43� (3F) 1582.28272 1.869 699 2.3 − 0.4 2.57 0.72 13 202

33�− (3F) 1582.27846 1.813 626 1.9 3.4 3.12 0.72 14 139

Expt. [3�−]k 1.7288 600(�G1/2) 16 000

23�+ (3F) 1582.27825 1.850 626 3.2 3.0 3.27 0.68 14 183

15� (3F) 1582.27816 1.916 585 3.1 2.9 3.08 0.71 14 204

11� (3F) 1582.27668 1.827 598 3.0 3.2 2.19 0.66 14 529

53� (3F) 1582.27211 1.876 614 2.7 3.1 2.49 0.70 15 531

33� (3F) 1582.27136 1.834 625 3.3 2.4 3.83 0.77 15 697

21� (3D) 1582.26896 1.688 370 − 4.6 − 3.7 3.75 0.71 16 222

31� (3F) 1582.26503 1.750 1054 31.7 3.9 3.32 0.72 17 087

25�− (3D) 1582.26104 1.828 685 4.5 3.1 2.56 0.75 17 962

21�− (3D) 1582.25853 1.692 852 9.6 5.8 1.89 0.63 18 512

63� (3F) 1582.25266 1.774 777 9.5 4.2 3.34 0.74 19 801

35� (3D) 1582.25028 1.841 630 4.0 3.5 2.84 0.79 20 323

21�+ (3F) 1582.24828 1.728 1015 1.9 − 0.5 3.35 0.62 20 761

41� (3F) 1582.24737 1.768 932 7.2 1.1 3.55 0.65 20 961

21� (3F) 1582.24508 1.736 691 4.2 4.0 2.28 0.68 21 465

25� (3F) 1582.24423 1.855 625 4.1 3.6 3.11 0.80 21 651

41� (3F) 1582.24380 1.758 711 3.9 3.1 3.08 0.65 21 746
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TABLE III. (Continued.)

Statea,b −E re ωe ωexe αe μc qNi Te

Expt. [c1�]j 19 196 ± 800

35� (3F) 1582.23849 1.879 586 3.4 3.3 3.35 0.82 22 911

51� (3F) 1582.23015 1.823 654 3.6 3.1 3.53 0.72 24 742

45� (3F) 1582.23000 1.854 654 3.7 3.2 2.52 0.67 24 774

35�− (3F) 1582.22831 1.872 631 2.9 2.9 2.60 0.68 25 145

25�+ (3F)l 1582.22193 1.883 619 3.2 3.0 2.75 0.69 26 545

61� (3F)l 1582.21811 1.801 703 3.7 3.3 2.51 0.75 27 384

31� (3F)l 1582.21597 1.881 602 2.5 2.9 3.10 0.77 27 852

45� (3F)l 1582.20822 1.872 588 3.0 3.0 2.93 0.69 29 554
55� (3F)l 1582.18533 1.814 645 3.9 3.7 2.40 0.76 34 578

aFor plain MRCI results, see Table S1 of the supplementary material.57

bIn parenthesis, the adiabatic atomic term of Ni atom; the number in front of the spectroscopic symbol counts the total number of states of the same symmetry presently reported.
cDipole moments calculated by the finite field method. Field strengths 10−5 a.u.
dReference 14; millimeter and sub-millimeter spectrometry.
eReference 16; FT-IR spectroscopy.
fReference 12; fluorescence spectrometry.
gReference 11; Fourier transform emission spectroscopy.
hReference 18; photoelectron spectroscopy (PES).
iReference 17; PES.
jReference 15; PES.
kReference 12; fluorescence spectrometry. re value obtained from Be(3�−) = 0.45 cm−1.
lUnbound with respect to their adiabatic channel, Ni(3F) + O(3P).

like to point out the consistency between 〈μ〉 and μFF values
within the MRCI-L ansatz and the suggested number (see the
last four entries of Table II). As a final word we would like to
add that the value μ = 4.5 ± 0.2 D is in conformity with the
C-RCCSD(T)+DKH2 result and the coupled-cluster result of
Ref. 31, μ = 4.8 D.

The leading equilibrium MRCI configuration and Mul-
liken atomic populations are (the 20 inner electrons are sup-
pressed for brevity)

|X3�−〉 ≈ 0.82
∣∣1σ 22σ 23σ 21π2

x 1π2
y 2π1

x 2π1
y 1δ2

+1δ2
−
〉

4s1.004p0.10
z 4p0.03

x 4p0.03
y 3d1.60

z2 3d1.37
xz 3d1.37

yz 3d1.97
x2−y2 3d1.97

xy /Ni

2s1.902p1.39
z 2p1.59

x 2p1.59
y /o.

The bonding in the ground state of NiO is an admixture
of covalent and ionic interactions, considering that there is a
∼0.5 e− Ni-to-O electron transfer according to the Mulliken
analysis. The atomic populations of Ni(3D) and O(3P) at the
non-interacting distance of re = 30 bohrs are

4s1.003d1.00
z2 3d2.00

xz 3d2.00
yz 3d2.00

x2−y2 3d2.00
xy /Ni

2s2.002p2.00
z 2p1.00

x 2p1.00
y /O.

The 2σ and 3σ MRCI orbitals are

2σ ≈ (0.62)3dz2 − (0.71)2pz, and

3σ ≈ (0.66)4s − (0.64)3dz2 − (0.39)2pz.

Of course, the 1σ is entirely the 2s oxygen orbital. Ob-
serve that the 2σ can be thought responsible for the central
Ni–O bond, while the 3σ represents mainly a 4s 3dz2 hybrid
on Ni. Assuming an ionic bonding picture, Ni+–O−, we are
forced to consider the first excited state of Ni+ [a4F(3d84s1)]
interacting with O− (2P). The following valence-bond-Lewis

(vbL) diagram helps in tracing our line of approach concern-
ing the bonding Ni–O interaction in the X3�− state.

2. a5�−, A3�, B3�, b1�

Results for 53 excited states of NiO calculated at the
MRCI+Q/A5ζ -SA approach can be found in Table III; the
X3�− state is also included for reasons of comparison. Disso-
ciation energies De are not given because we suspect that they
can be as much as 20% off as judged from the MRCI+Q/A5ζ -
SA De of the X3�− state vs its experimental value. The rea-
son should be traced to the SA approach, which in the present
case loses some ∼17 mEh of correlation energy at equilib-
rium as compared to the state specific MRCI+Q/A5ζ method
(Table II). Corresponding values at infinity are practically the
same. It should be stated at this point that the dissociation
energy is one of the most interesting and at the same time
problematic property of a diatomic molecule, depending di-
rectly on the adiabatic atoms (see also Ref. 56). The rest of
the properties listed in Table III are pure equilibrium molec-
ular properties, thus, SA techniques can act even beneficiary
through cancellation effects.

We now discuss the first four low-lying states of NiO lo-
cated about 0.5 eV above the X-state, tagged as a5�−, A3�,
B3�, and b1�; Fig. 1 and Table III. Recall that 27 states
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correlate adiabatically to the ground state fragments, all the
PECs of which have been calculated, whereas of the 36 states
related adiabatically to the second channel (3F + 3P), 27 states
have been examined (vide supra; see Fig. 1). According to the
present theoretical work, the first excited state is a5�− at Te

= 3804 cm−1, a rather “dark” state for experimentalists. Sur-
prisingly, it has never been calculated before nor observed; the
only hint of its existence is made by Ramond et al. in 2002.18

These workers tentatively suggested the existence of a state
(no symmetry is given) located at 2525 ± 40 cm−1 at
re = 1.66(1) Å, involving an electron detachment from a
δ orbital. Although the MRCI+Q re value is in excel-
lent agreement with experiment, we locate it more than
∼1000 cm−1 higher than the suggested experimental gap,
at T = 3804 cm−1, a discrepancy that requires further inves-
tigation. It is remarkable, but not surprising, that the plain
MRCI energy separation of the a5�− is Te = 2566 cm−1 (at
re = 1.68 Å), in perfect agreement with the experimental value
(see Table S1 of the supplementary material57). Notice that
the MRCI+Q/A5ζ -SA finite field dipole moment of the a5�−

state, μFF = 1.31 D, is more than 3 times smaller than that of
the proposed dipole moment for the ground state, μFF(X3�−)
= 4.5 ± 0.2 D (vide supra).

The 5�− state is the high spin analogue of the ground
state; its main equilibrium configuration is obtained from the
ground state by replacing the 3σ 2 molecular orbital by two
singly occupied ones, 3σ 1 and 4σ 1 coupled into a triplet. The
MRCI 2σ , 3σ , and 4σ orbitals and Mulliken atomic popula-
tions are given below

2σ ≈ (0.47)3dz2−(0.83)2pz, 3σ ≈ (0.86)3dz2+(0.50)2pz,

4σ ≈ (0.80)4s − (0.36)4pz

4s0.904p0.32
z 4p0.03

x 4p0.03
y 3d1.35

z2 3d1.44
xz 3d1.44

yz 3d1.95
x2−y2 3d1.95

xy /Ni

2s1.942p1.52
z 2p1.52

x 2p1.52
y /O.

Notice that the 4σ is a pure (4s4pz) hybrid centered exclu-
sively on the metal.

The second excited state is of A3� symmetry and has
been studied experimentally by several groups over the years
(vide supra).11, 12, 15, 18 Our calculated properties re, ωe, and Te

1.648 Å, 736 cm−1, and 4883 cm−1, respectively, are in good
agreement with the experiment where re = 1.64489(6) Å,
ωe = 780.8 cm−1, and Te = 4337.5554(12) cm−1, all from
Ref. 11. The A3�i (inverted) gives rise to four SO � compo-
nents, � = 0±, 1, 2. Experimentally, the SO coupling con-
stant A is found to be either 283.3713(16) cm−1 (Ref. 11,
Fourier transform emission spectroscopy), or 349.21(5) cm−1

(Ref. 12, fluorescence spectroscopy), or ∼480 cm−1 (Ref. 15,
PES), or ∼350 cm−1 (Ref. 17, PES), or 405 ± 30 (Ref. 18,
PES), the latter being the latest value. Theoretically, we cal-
culate A = 394 cm−1, which is in accord with the latest exper-
imental measurement. The leading MRCI equilibrium config-
urations and Mulliken atomic distributions are

|A3�〉 ≈ 0.52
∣∣1σ 22σ 23σ 21π2

x 1π2
y 2π1

x 2π2
y 1δ1

+1δ2
−
〉

− 0.43
∣∣1σ 22σ 23σ 21π2

x 1π2
y 2π2

x 2π1
y 1δ2

+1δ1
−
〉

4s0.984p0.11
z 4p0.04

x 4p0.04
y 3d1.40

z2 3d1.66
xz 3d1.83

yz 3d1.69
x2−y2 3d1.57

xy /

2s1.922p1.28
z 2p1.70

x 2p1.68
y .

A total of 0.64e− migrates from Ni to O.
The B3� state follows the A3� at an experimental Te

= 5226 ± 40 and re = 1.66(2) Å.18 The corresponding
MRCI+Q theoretical values are Te = 5041 and re = 1.676 Å,
certainly in good agreement with experiment (Table III).
The experimental SO coupling constant A for the inverted
3�2,3,4 state, assuming as before the simplified relation �T
= A×
×�, is found to be 3A(B3�) = 968 ± 80 cm−1

(Ref. 17), which is at least 70 cm−1 at variance with the the-
oretical 3A = 822 cm−1 value. The main equilibrium config-
uration results from the A3� state but with a “+” instead of a
“−” sign, while the Mulliken populations are also to a great
extent alike.

The last low-lying third excited state is of singlet spin
multiplicity, b1�. This state is found just above the B3� state
at Te = 5165 cm−1, experimentally however some 2000 cm−1

higher, at 7582 ± 80 cm−1 (Ref. 17). Recall, however, that the
existence of the b1� state (Refs. 15 and 17) is doubted by the
Lineberger group,18 proposing instead a state of either 3�,
3�, or 3� symmetry around this excitation energy; see the
Introduction. The two most important MRCI configurations
and the atomic Mulliken distributions are

|b1�〉 ≈ 0.52
∣∣1σ 22σ 23σ 21π2

x 1π2
y

(
2π2

y − 2π2
x

)
1δ2

+1δ2
−
〉

4s1.004p0.11
z 4p0.03

x 4p0.03
y 3d1.45

z2 3d1.47
xz 3d1.47

yz 3d1.97
x2−y2 3d1.96

xy /

2s1.912p1.53
z 2p1.49

x 2p1.49
y .

Worth noticing is that the 11�+ state with a similar configu-
ration as the 1� lies at 7559 cm−1. The leading configurations
of the 1�+ are identical to those of the b1� but with a “+”
sign instead of a “−” one.

3. Higher states

A series of excited states, 23�1 at Te = 9840 ± 80
cm−1 (Ref. 17), 1�1 at Te = 10 090 ± 50 cm−1 (Ref. 18),
B3� at Te = 10 001 ± 240 cm−1 (Ref. 15), 3�− at Te

= 16 000 cm−1 (Ref. 12), and c1� at Te = 19 196 ± 800
cm−1 (Ref. 15) can be identified as the 23� (9638 cm−1), 21�

(10 129 cm−1), 23� (10 896 cm−1), 33�− (14 139 cm−1), and
41� (21 746 cm−1) of Table III. We were unable to pinpoint
the b1�+ state of Ref. 17 located experimentally at 14 518
± 800 cm−1; see Tables I and III. Two 1�+ states are calcu-
lated by us: the first at ∼7559 (see above) and the second at
20 761 cm−1, none of which is even close with the assigned
experimental value of 14 518 cm−1. An excited 1�+ state
has been calculated by Bauschlicher21 at 8340 cm−1 through
MRCI/[8s7p4d/Ni4s3p1d/O] calculations in 1985.

All 27 states from the first channel Ni (3D) + O (3P) are
bound with respect to their adiabatic products whereas the
same holds for 22 out of 27 states from the second channel,
Ni (3F) + O (3P). The five unbound states given at the end
of Table III are 25�+, 61�, 31�, 45�, and 55�. Overall, the
states are quite ionic with an average charge transfer over 54
states from nickel to oxygen, q̄Ni = 0.67 e−. Quite naturally
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the bond length in the quintet states is on the average 0.07 Å
larger than that of the triplets and 0.1 Å of the singlets, r̄quintets

= 1.84 Å, r̄triplets = 1.77 Å, and r̄singlets = 1.74 Å. The bond
length for states correlating to the first channel is about 0.1 Å
shorter than the corresponding average from the second chan-
nel, 1.74 Å as opposed to 1.83 Å. Dipole moments obtained at
the MRCI+Q/A5ζ -SA method, sample a considerable num-
ber of values between 2 and 5 D, the single exception being
the a5�− whose value is ∼1.3 D, the smallest of all studied
states; see Table III.

B. NiO+

The ground state of Ni+ is a2D (d 9) with the first ex-
cited state, a4F (d 8s1), 1.09 eV (MJ averaged) higher.54 From
the interaction of the first channel, Ni+(2D) + O(3P), we
get 18 2S+1
 molecular terms, doublets and quartets, i.e.,
2,4(�+, �−[2], �[3], �[2], �). The second channel, Ni+(4F)
+ O(3P), gives 36 2S+1
 molecular terms, doublets, quar-
tets, and sextets, namely, 2,4,6(�+[2], �−, �[3], �[3], �[2],
�). We have calculated 14 bound states pertaining to the first
channel (7 doublets and 7 quartets) and six more related to the
second (one doublet, one quartet, and four sextets), a total of
20 states; see Fig. 2. Eight more repulsive states are depicted
in Fig. 2 along with an energy level diagram. In Table IV, we
examine the ground state of NiO+(X4�−) in various levels
of theory, whereas numerical results at the MRCI+Q/A5ζ -
SA level are collected in Table V. Although a considerable
number of excited states were studied experimentally for the
neutral species (vide supra), no such findings exist for the
cation.

1. X4�−

As was already mentioned, the only experimental knowl-
edge of NiO+ is its binding energy and an ionization energy,
D0 = 63.2 ± 1.6 kcal/mol and IE = 8.77 ± 0.18 eV obtained
by the Armentrout group.35 A more recent measurement of
the binding energy made by the same group 13 years later
gave, D0 = 61.6 ± 4.6 kcal/mol.36 The ground state symme-
try obtained theoretically in 2001 by Nakao et al.40 as X4�−,
has been definitely confirmed by the present theoretical study.
Unlike the neutral or anion species (see Sec. III C), the ground
state of NiO+ is well separated from its first excited (14�)
state by some 6000 cm−1; see Fig. 2.

Scalar relativistic and core-subvalence effects play
an important role in NiO+ (see also the neutral species).
In all methods, DKH2 effects increase consistently the
binding energy by 6.0 kcal/mol, while decreasing the
bond distance by ∼0.005 Å. On the other hand, core-
subvalence effects (3s23p6) reduce the binding energy by
4.0 and 2.0 kcal/mol at the MRCI and CC methods, re-
spectively (Table IV). Correcting (diminishing) the binding
energy by 4 kcal/mol of the MRCI-L calculation due to
core effects, one obtains De(MRCI-L+DKH2+Q+core)
= 60.5 − 4.0 = 56.5 kcal/mol at re = 1.609 − 0.005
= 1.604 Å. Therefore, according to the state specific re-
sult of Table IV, at the highest level(s) of theory De and

FIG. 2. State-averaged MRCI+Q/A5ζ adiabatic PECs and energy level dia-
gram (inset) of 20 bound states of NiO+ correlating to Ni+(a2D) + O(3P) (14
states) and Ni+(a4F) + O(3P) (6 states). The ordering of the states follows
strictly that of Table V. Eight more PECs of repulsive character correlating
to a4F + 3P are also shown. All energies are shifted by +1581 Eh.

re values are MRCI+DKH2+Q (C-MRCI+DKH2+Q)
[C-ACPF+DKH2] {C-RCCSD(T)+DKH2} |MRCI-
L+DKH2+Q+core correction| = 58.2 (54.2) [55.5] {54.7}
|56.5| kcal/mol, and 1.594 (1.588) [1.590] {1.603} |1.604|
Å, respectively. Corresponding D0 (=De − ωe/2) values
are 56.9 (52.9) [54.2] {53.5} |55.3| kcal/mol. It is safe to
suggest a calculated binding energy of D0

0 = 55 kcal/mol at re

= 1.60 ± 0.01 Å, and ωe = 850 – 900 cm−1. Compared to
a mean experimental value of 62.0 [=(63.2 ± 1.6 + 61.6
± 4.6)/2] kcal/mol,35, 36 our proposed D0 of 55 kcal/mol is
less by (62−55)

62 × 100 ≈ 11% off, a rather acceptable result,
assuming of course that the experimental value is correct.
Once more we would like to emphasize the difficulties of
obtaining relatively accurate results, particularly binding
energies, even for diatomic molecules of the type MX where
M is a 3d-transition metal and X a main group element.
With no doubt the problems increase as we move from Sc
(Z = 21) to Cu (Z = 29); see also Refs. 1–4, and references
therein. The MRCI+DKH2+Q (C-MRCI+DKH2+Q) [C-
ACPF+DKH2] {C-RCCSD(T)+DKH2} |MRCI-L+DKH2
+Q| ionization energy, IE = 8.69 (8.60) [8.84] {9.19} |8.84|
eV are in good agreement with experiment, IEExpt = 8.77
± 0.18 eV.35
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TABLE IV. Total energies E (Eh), bond distances re (Å), dissociation energies De (kcal/mol), harmonic fre-
quencies and anharmonicity corrections ωe, ωexe (cm−1), and rotational-vibrational coupling constants αe × 103

(cm−1) of the X 4�− of 58Ni16O+ at various levels of theory.

Methoda,b −E re De ωe ωexe αe

MRCI 1582.00043 1.611 47.9 871 5.4 5.0
MRCI+Q 1582.04688 1.605 52.0 897 5.5 4.8
MRCI+DKH2 1594.24587 1.599 54.2 894 6.1 4.5
MRCI+DKH2+Q 1594.29246 1.594 58.2 920 8.3 4.9
C-MRCI 1582.41733 1.609 43.7 878 7.0 5.3
C-MRCI+Q 1582.50622 1.596 48.0 924 6.7 5.0
C-MRCI+DKH2 1594.66393 1.598 50.2 898 8.6 5.5
C-MRCI+DKH2+Q 1594.75310 1.588 54.2 938 9.6 5.1
ACPF 1582.04684 1.607 52.5 890 5.6 4.9
ACPF+DKH2 1594.29244 1.595 58.6 914 7.6 4.8
C-ACPF 1582.51501 1.598 49.3 919 6.5 4.9
C-ACPF+DKH2 1594.76197 1.590 55.5 933 9.5 5.1
RCCSD(T) 1582.06249 1.619 50.7 824 4.5 4.7
RCCSD(T)+DKH2 1594.30816 1.607 56.7 846 4.2 4.4
C-RCCSD(T) 1582.54478 1.617 48.8 822 3.5 5.2
C-RCCSD(T)+DKH2 1594.79160 1.603 54.7 854 5.3 4.7
MRCI-L 1582.02190 1.625 56.4 852 4.9 2.8
MRCI-L+Q 1582.05325 1.621 54.5 853 3.1 2.5
MRCI-L+DKH2 1594.26707 1.614 62.6 851 2.6 2.6
MRCI-L+DKH2+Q 1594.29862 1.609 60.5 863 2.3 2.5
Expt. 63.2 ± 1.2c

61.6 ± 4.6d

aState specific calculations.
bSee Table II for explanation of symbols.
cD0 value, Ref. 35; guided ion beam mass spectrometry.
dD0 value, Ref. 36; guided ion beam mass spectrometry.

For the X4�− state, the leading equilibrium MRCI con-
figuration and Mulliken atomic populations are

|X4�−〉 ≈ 0.82
∣∣1σ 22σ 23σ 11π2

x 1π2
y 2π1

x 2π1
y 1δ2

+1δ2
−
〉

4s0.274p0.07
z 4p0.02

x 4p0.02
y 3d1.32

z2 3d1.53
xz 3d1.53

yz 3d1.97
x2−y2 3d1.97

xy /

2s1.932p1.42
z 2p1.42

x 2p1.42
y .

At equilibrium the Mulliken populations on Ni+,
(4s4p)0.383d8.32, show a somewhat mixed picture of the
ground and first excited state configurations (3d84s1; a4F),
with a charge transfer from Ni+ to O of about 0.3 e−. Through
the σ frame we have a hybrid between the corresponding
atomic orbitals of that symmetry, i.e., the 4s, 3d2

z , and to a
lesser extent the 4p. Through the σ frame Ni+ gains about
0.6 e− from the (2s2pz)/O to the (4s4pz3d2

z ) hybrid. In reverse
∼0.9e− migrate from Ni+ (3dxz3dyz) to O (2px2py) through
the π frame.

This bonding picture is in conformity with the composition of
the MRCI σ orbitals, the doubly occupied 2σ and the singly

occupied (anti-bonding) 3σ

2σ ≈ (0.20)4s + (0.51)3dz2 − (0.79)2pz,

3σ ≈ (0.24)4s − (0.84)3dz2 − (0.46)2pz.

2. Higher states

Table V collects MRCI+Q/A5ζ -SA results on 20 bound
states of NiO+, 8 doublets, 8 quartets, and 4 sextets along
with theoretical MRCI/[6s5p3d1f + Stuttgart small core rel-
ativistic pseudopotentials/Niaug-cc-pVTZ/O] results (re, D0,
ωe) from Nakao et al.40 for the doublets and quarters. Figure 2
depicts the 20 bound PECs plus 8 repulsive sextets 6(�+, �−,
�[2], �[2], �, �). Some general remarks are in order at this
point. Although our results are not very accurate, certainly the
ground state is of 4�− symmetry with three closely packed
states A4�, a2�, and b2�, located some 6000 cm−1 higher.
Including the zero point energy, our D0 results are on the aver-
age (over 14 states) smaller than the corresponding D0 values
of Nakao et al.40 by ∼10 kcal/mol; see Table V. For two states
12� and 14� which correlate adiabatically to the first excited
state of Ni(4F), 1.085 eV higher,54 the situation is inverted
because all D0 values of Ref. 40 referred to the ground state
channel, Ni+(2D) + O(3P). The 10 kcal/mol difference in the
D0 values between the present work and that of Nakao et al.40

is mainly due to the relativistic effects included in the latter
work through the relativistic pseudopotentials. For the X4�−,
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TABLE V. MRCI+Q/A5ζ−SA total energies E (Eh), bond distances re (Å), dissociation energies De

(kcal mol−1), harmonic frequencies and anharmonicity corrections ωe, ωexe (cm−1), rotational-vibrational cou-
pling constants αe × 103 (cm−1), Mulliken charges on Ni, qNi, and energy separations Te (cm−1) of 58Ni16O+.
In parentheses, theoretical results from the literature are given.a

Stateb,c −E re De
d ωe ωexe αe qNi Te

X4�−(2D) 1582.04137 1.588 48.6 910 7.5 5.6 1.29 0.0
(1.612) (55.7) (859)

A4�(2D) 1582.01568 1.708 32.5 742 2.5 3.4 1.34 5638
(1.705) (41.3) (740)

a2�(2D) 1582.01298 1.652 30.7 762 10.3 3.3 1.30 6231
(1.667) (40.4) (697)

b2�(2D) 1582.01089 1.659 29.5 650 − 1.3 4.6 1.34 6688
(1.683) (37.2) (675)

12�+(2D) 1582.00776 1.701 27.5 689 2.4 3.2 1.38 7376
(1.708) (36.4) (701)

14�(2D) 1582.00630 1.712 26.5 631 − 2.1 3.1 1.42 7696
(1.707) (35.7) (691)

12�−(2D) 1582.00531 1.581 25.9 370 − 28.1 7.0 1.29 7914
(1.696) (34.8) (543)

14�(2D) 1582.00379 1.731 25.0 646 0.3 2.5 1.44 8247
(1.724) (34.0) (686)

22�(2D) 1581.99826 1.768 21.5 657 − 0.7 2.4 1.42 9461
(1.764) (30.7) (666)

12�(2D) 1581.99742 1.774 21.0 668 2.9 2.7 1.42 9646
(1.771) (30.2) (667)

12�(4F) 1581.99316 1.754 45.2 672 3.1 3.5 1.39 10 580
(1.752) (28.5) (673)

24�(2D) 1581.98883 1.804 15.5 679 3.0 2.9 1.43 11 532
(1.799) (26.0) (684)

22�(2D) 1581.98782 1.768 15.0 615 2.3 2.8 1.39 11 752
(1.769) (25.4) (623)

14�+(2D) 1581.98420 1.822 12.7 673 4.0 3.1 1.45 12 546
(1.818) (22.5) (663)

24�(2D) 1581.97882 1.832 9.3 645 4.1 3.2 1.44 13 728
(1.829) (19.6) (633)

14�(4F) 1581.97073 1.875 31.1 621 4.5 3.4 1.42 15 504
(1.867) (15.5) (605)

16�(4F) 1581.94064 2.164 12.3 226 3.1 4.5 0.91 22 107
16�(4F) 1581.93603 2.374 9.3 201 3.5 5.0 0.93 23 119
16�+(4F) 1581.93416 2.477 8.3 185 3.6 5.0 0.95 23 528
16�(4F) 1581.93330 2.480 7.7 178 3.5 5.0 0.95 23 718

aReference 40; MRCI/[6s5p3d1f + Stuttgart small core relativistic pseudopotentials/Ni aug-cc-pVTZ/O] calculations.
bFor plain MRCI results, see Table S4 of the supplementary material.57

cThe spectral terms in parentheses refer to the corresponding adiabatic Ni+ product 2D(d9) or 4F(d8s1).
dAdiabatic dissociation energy.

it was found presently (see also Sec. III A), that scalar rela-
tivistic effects increase consistently the binding energy by 6.0
kcal/mol. Therefore, it is advisable to boost all our De num-
bers given in Table V by 6.0 kcal/mol; the ensuing De values
are certainly more realistic.

The SO coupling constant A of the three low-lying ex-
cited states of NiO+, A4�, a2�, and b2� is 221, 357, and
130 cm−1, respectively. The A4� splits into four � compo-
nents, i.e., 7/2, 5/2, 3/2, 1/2, while the a2� into two, 3/2 and
1/2 as does the b2�, 5/2 and 3/2. The energy gap for the A4�

and b2� is 2 × A whereas for the a2� just A. With the ex-
ception of the four sextet states 6(�, �, �+, and �) where
the metal seems to accept less than ∼0.1e− from the oxygen
atom, about 0.35–0.40 e− are transferred from Ni+ to O. It
should be observed that all four calculated bound sextets cor-

relate to the second energy channel, with bond energies much
smaller than the doublets and quartets and bond distances by
∼0.7 Å larger (Table V).

As before plain MRCI results for all 20 states of NiO+

can be found in Table S4 of the supplementary material along
with MRCI leading configurations and atomic populations,
Tables S5 and S6 of the supplementary material, respectively.

C. NiO−

The first anion PES study of NiO− was done in 1997 by
Wu and Wang.15 They proposed a 2� as the ground state of
the anion on the assumption that the extra electron is attached
to a π orbital of the neutral’s X3�− leading configuration,
2σ 23σ 21π42π21δ4. At around the same period, Moravec and
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TABLE VI. Experimental results from the literature for the ground and ex-
cited states of 58Ni16O−. Bond distances re (Å), harmonic frequencies ωe

(cm−1), excitation energies Te (cm−1), and electron affinities EA (eV).

State re ωe Te EA

X 2�a 810 ± 50 1.46(2)
X 2�3/2

b 1.668(4) 660 ± 40 0.0 1.470(3)
?2�+b 565 ± 160
4�−b 760 ± 40 903 ± 30
X 2�3/2

c 1.66(1) 1.455 ± 0.005
?Ãc 650 ± 30
?Ã′c 910 ± 40

aReference 15; photoelectron spectroscopy (PES).
bReference 17; PES, also spin-orbit constant 2A(2�) = 260 ± 40 cm−1.
cReference 18; PES, also spin-orbit constant 2A(2�) = 275 ± 30 cm−1.

Jarrold17 examined along with the ground state a low-lying
4�− state at ∼900 cm−1, and a tentatively assigned 2�+ state
lying even lower in energy (∼500 cm−1 above the X2�). They
reported a spin-orbit splitting constant for the 2� state and
confirmed that the 4�− should lie very low in energy. In 2002,
in the most recent PES study, the group of Lineberger18 fo-
cused on the NiO and PtO species; they more or less con-
tribute what is already known for NiO−. All experimental
studies give electron affinity values, the most recent being EA
= 1.455 ± 0.005 eV.18 Table VI collects all experimental data
on NiO−.

From the ground state channel Ni (a3D; 4s13d9)
+ O−(2P), we get 18 2S+1
 molecular terms, i.e., 2,4(�+[2],
�−, �[3], �[2], �). The calculation of 10 states presented
here demanded the use of an augmented basis set on the nickel

atom due to the proximity of the electron affinities of the Ni
and O atoms (vide supra). In Table VII, we list numerical re-
sults for the 2� and 4�− states in various methods, while
Table VIII collects all the states at the MRCI-L+Q/AA5ζ -
SA level of theory. Figure 3 displays PECs of the 10 studied
states of NiO− at the MRCI-L+Q/AA5ζ level.

Although experimentally the ground state of NiO− has
been, presumably, resolved as a 2�,15, 17, 18 our present ex-
tended calculations support a 4�− as the ground state at
the multireference level, with a 2� ∼2000 cm−1 higher; see
Table VII. Investigating the 4�− − 2� ordering further, we
drove the calculations to their limit by choosing not to apply
the restriction in the CASSCF level of calculation and include
in the CI calculation all the configurations with a coefficient
larger than 0.0005. This resulted in a tenfold increase in the
number of configurations in the CASSCF level and a 22%
and 40% increase in the number of contracted configurations
for the 4�− and the 2� states, respectively. The energy, how-
ever, dropped only marginally (∼1 mEh) with respect to the
MRCI-L calculation. This conclusion shows that the initial
MRCI-L calculations were sufficiently large already. There-
fore, at the multireference level the ground state is 4�−. At
the RCCSD(T) level of theory, however, the ground state is
found to be 2� with the 4�− followed by some 2000 cm−1

above, a matching reversal of ordering. Nonetheless, we tend
to be a bit reserved for the coupled-cluster results, for the 2�

is far from being of single reference nature compared to the
4�− (see below). Since the energy window is narrow and the
results of two different approaches are conflicting, we can-
not support a definitive conclusion as to the ground state of
NiO− despite all the efforts. We can state with confidence,

TABLE VII. Total energies E (Eh), bond distances re (Å), dissociation energies De (kcal mol−1), harmonic
frequencies and anharmonicity corrections ωe, ωexe (cm−1), rotational-vibrational coupling constants αe × 103

(cm−1) energy separations Te (cm−1) for the 4�− and 2� states of 58Ni16O− in various methods.

Methoda,b −E re De ωe ωexe αe Te

χ4�−c

MRCI-L 1582.36353 1.665 80.8 728 4.8 2.5 0.0
MRCI-L+Q 1582.41102 1.650 80.8 715 4.4 2.2 0.0
MRCI-L+DKH2 1594.62005 1.657 84.8 768 4.4 2.3 0.0
MRCI-L+DKH2+Q 1594.66880 1.638 85.1 797 4.2 2.4 0.0
ACPF-L 1582.41765 1.640 85.4 796 4.4 2.6 0.0
ACPF-L+DKH2 1594.67189 1.634 84.8 805 4.9 2.4 0.0
RCCSD(T) 1582.43324 1.656 78.7 820 4.5 2.6 0.0
RCCSD(T)+DKH2 1594.68637 1.644 84.9 861 4.3 2.4 0.0
C-RCCSD(T) 1582.91407 1.666 74.9 762 4.2 2.1 0.0
C-RCCSD(T)+DKH2 1595.16791 1.650 80.8 803 4.6 2.4 0.0

a2�c

MRCI-L 1582.35325 1.629 74.3 840 5.1 4.3 2256
MRCI-L+Q 1582.40362 1.606 76.2 960 5.4 4.6 1625
MRCI-L+DKH2 1594.60553 1.629 75.7 864 5.6 4.3 3188
MRCI-L+DKH2+Q 1594.65628 1.605 77.3 878 5.1 4.2 2746
RCCSD(T) 1582.44192 1.646 84.1 805 5.0 4.0 −1906
RCCSD(T)+DKH2 1594.69346 1.634 89.3 819 5.0 4.2 −1556
C-RCCSD(T) 1582.92537 1.647 82.0 801 6.1 4.3 −2481
C-RCCSD(T)+DKH2 1595.17798 1.635 87.1 817 4.9 4.1 −2211

aState specific calculations.
bSee Table II for explanation of symbols.
cThe ordering X4�−, a2� is the result of multireference CI calculations.
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TABLE VIII. MRCI-L+Q/AA5ζ total energies E (Eh), bond distances re

(Å), harmonic frequencies and anharmonicity corrections ωe, ωexe (cm−1),
rotational-vibrational coupling constants αe × 103 (cm−1), Mulliken charges
on Ni, qNi, and energy separations Te (cm−1) of 58Ni16O−.

Statea −E re ωe ωexe αe qNi Te

X4�− 1582.40424 1.651 875 6.1 2.4 −0.22 0
a2� 1582.39645 1.646 774 1.7 4.5 −0.23 1710
14� 1582.39429 1.705 745 3.7 3.5 −0.10 2183
12� 1582.39257 1.672 805 6.6 2.6 −0.30 2562
12�− 1582.39095 1.674 717 4.6 1.0 −0.22 2917
14� 1582.38582 1.717 721 4.2 3.5 −0.14 4042
12� 1582.37396 1.731 682 3.8 3.4 −0.13 6645
22� 1582.35870 1.749 363 3.3 5.9 −0.52 9993
12�+ 1582.35619 1.847 461 6.7 3.2 −0.46 10546
14� 1582.35298 1.880 522 1.4 2.4 −0.44 11251

aFor plain MRCI results, see Table S7 of the supplementary material.57

however, that these two states are close in energy and if a
suggestion must be made, then the 4�− is at best 1625 cm−1

lower than the 2�. For the 2�i, we calculate a spin-orbit cou-
pling constant, 2 × A = 238 cm−1 in good agreement with the
experimental value of 260 ± 40 (Ref. 17) or 275 ± 30 cm−1

(Ref. 18).
The bond distance for the 4�− state converges to re

= 1.65 ± 0.01 Å at all levels of theory; experimentally
it has not been measured. The bond length for the 2� is
1.61 Å at the multireference level or 1.64 Å at the coupled
cluster level. Notice, however, that the bond length derived
from a state average calculation of the 2� is considerably
larger, approaching that of the RCCSD(T), re = 1.646 Å; see
Table VIII. This shows the strongly prevailing multireference
character of the state. Overall the difference with experiment
is at best ∼0.02 Å, re(X2�3/2) = 1.66 ± 0.01 Å,18 a trend
which was also witnessed in the neutral species. The binding
energy is almost equal to that of NiO, as it should according
to the energy conservation relation, D0(NiO−) = D0(NiO)
+ EA(NiO) − EA(O), and because EA(NiO) = 1.455 eV, and
EA(O) = 1.46 eV, the two last terms of the equation cancel
each other out, thus, rendering the D0 (NiO−) = D0 (NiO);
see also a discussion of this point in Ref. 4. Regardless of the
symmetry of the ground state (4�− or 2�), we compute De

= 85(87) kcal/mol at the MRCI (CC) level; see Table VII.
The experimental value is D0 = 89.1 ± 0.7 kcal/mol, ob-
tained from the formula above through the experimental value
of NiO, D0 = 89.2 ± 0.7 kcal/mol.

The elucidation of the bonding in the anion is a stren-
uous task. Recall that a d ns2 configuration cannot provide
strong bonding. The leading MRCI configuration and Mul-
liken atomic populations for the 4�− are

|X4�−〉 ≈ 0.84
∣∣1σ 22σ 23σ 24σ 11π2

x 1π2
y 2π1

x 2π1
y 1δ2

+1δ2
−
〉

4s1.314p0.44
z 4p0.13

x 4p0.13
y 3d1.90

z2 3d1.20
xz 3d1.20

yz 3d1.94
x2−y2 3d1.94

xy /

2s1.792p1.52
z 2p1.70

x 2p1.70
y .

The resulting equilibrium Mulliken population analysis
of the nickel atom shows neither a ground, 3d 94s1 (3D), nor a
first excited state 3d 84s2 (3F), configuration. We rather have a
3d 8.24s1.34p0.7 and a charge transfer from O−-to-Ni of 0.2e−.

The 4s-4p interaction forms a hybrid on the metal with an oc-
cupation of ∼2e−. The MRCI composition of the σ molecular
orbitals is

2σ ≈ (0.41)4s − (0.86)3dz2 ,

3σ ≈ (0.44)4s + (0.38)3dz2 − (0.70)2pz,

4σ ≈ (0.80)4s − (0.68)4pz.

The 2σ is mainly the 3dz2 atomic orbital of Ni, the singly
occupied 4σ orbital is a non-bonding (4s4pz) hybrid, while
the bonding can be ascribed to the 3σ distribution. The 3σ and
4σ molecular orbitals are part of a two-centre-three-electron
bond. The bonding is roughly captured by the following vbL
diagram, considering that the interaction takes place from the
first excited state of nickel, 3F (d 8s2):

The bonding in the 2� is more involved and will not be
discussed here. We, however, give the leading MRCI config-
urations and the Mulliken atomic populations

|a2�〉 ≈ 0.44
∣∣1σ 22σ 23σ 2

(
1π2

x 1π2
y 2π1

x 2π2
y

− 1π1
x 1π2

y 2π2
x 2π2

y

)
1δ2

+1δ2
−
〉

+ 0.30
∣∣1σ 22σ 23σ 14σ 11π2

x 1π2
y 2π1

x 2π2
y 1δ2

+1δ2
−
〉

4s1.404p0.32
z 4p0.13

x 4p0.15
y 3d1.33

z2 3d1.25
xz 3d1.88

yz 3d1.86
x2−y2 3d1.86

xy /Ni

2s1.802p1.38
z 2p1.73

x 2p1.81
y /O.

As before ∼0.2e− migrate from O− to Ni.
The electron affinity calculated at the MRCI-

L+DKH2+Q level, [X3�− (NiO) → 4�− (NiO−)], is
EA = 1.20 eV, or at the C-RCCSD(T)+DKH2, [X3�−(NiO)
→ 2� (NiO−)], EA = 1.30 eV as compared to the experi-
mental value of 1.455 ± 0.005 eV.18

As far as the rest of the excited states are concerned, we
observe from Table VIII that a state located at ∼500 cm−1 and
assigned (tentatively) to 2�+ (Ref. 17), is computed much
higher at Te = 10 546 cm−1. Very close to the (X?)2� state
are three states of 4�, 2�, and 2�− symmetries, 473, 852,
and 1207 cm−1 higher than the 2�; see Table VIII.

The NiO− is computationally the most difficult of all
three species, as usually are all anions compared to the neu-
tral or positively charged species. It may also be the most
obdurate of the MO0,± series due to the fact that it pos-
sesses the maximum number of electrons to be correlated;
compare the 9e− of ScO (3d14s2/Sc2s22p4/ O) to the 17 of
NiO− (3d84s2/Ni2s22p5/O− ). Our results support formally
the X4�− as the ground state and clearly show that the 2�+

is well separated from the ground state by at least
∼10 000 cm−1.

For all calculated states of NiO−, we provide with plain
MRCI results, leading MRCI configurations and Mulliken
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FIG. 3. State-averaged MRCI-L+Q/AA5ζ adiabatic PECs and energy level
diagram (inset) of 10 bound states of NiO−. The ordering follows that of
Table VIII. All energies are shifted by +1582 Eh.

atomic populations, in Tables S7, S8, and S9, respectively,
of the supplementary material.57

IV. SYNOPSIS AND REMARKS

We have employed high level ab initio methods to in-
vestigate the ground and excited states of the NiO0,± species.
In particular, 54, 20, and 10 full PECs have been constructed
for NiO, NiO+, and NiO−, respectively, at the MRCI level of
calculation employing augmented correlation consistent ba-
sis sets of quintuple quality. The ground states of NiO and
NiO± were also examined at the single reference coupled-
cluster RCCSDT(T) level. Further computational variations
included scalar relativity (second order Douglas–Kroll–Hess)
and subvalence core (3s23p6/Ni) effects. We report energetics,
spectroscopic parameters, and dipole moments. An effort was
made to identify the experimentally numerous excited states
to our findings. Our results are summarized below:

(a) NiO: The ground state of NiO was confirmed to be 3�−.
Our estimation for the binding energy is (experimental
values in parenthesis), D0 = 90.5 or 88.5 (89.2 ± 0.7)
kcal/mol at re = 1.59 (1.627) Å. A proposed calculated
dipole moment, unknown experimentally, is μ(χ 3�−)
= 4.5 ± 0.2 D. The first excited state, unobserved ex-
perimentally, is a5�− at Te = 3804 cm−1. The most
thoroughly studied excited state by experimentalists is
the A3� for which we have theoretically (experimen-

tally) re = 1.648(1.645) Å, ωe = 736(780.8) cm−1, Te

= 4883 (4338) cm−1, with a SO coupling constant A
= 394 (405 ± 30) cm−1 in very good agreement with ex-
periment. A next in line 3� state is also found in accord
with experiment at Te = 5041 (5226 ± 40) cm−1, and re

= 1.676 (1.66 ± 0.02) Å. The SO constant is calculated
(experimentally measured) 3A = 822 (968 ± 80) cm−1.
A 1� state is found by us at 5165 cm−1 but experimen-
tally at 7582 ± 80 cm−1; the experimental assignment
is, however, not certain. As far as the rest of the excited
state manifold is concerned, we have 6 experimentally
assigned states which are identified as our (experimen-
tal value in parenthesis) 23� at T = 9638 (9840 ± 80)
cm−1, 21� at T = 10 129 (10 090 ± 50) cm−1, 23� at
T = 10 896 (10 001 ± 240) cm−1, 33�− at T = 14 139
(16 000) cm−1, and 41� at T = 21 746 (19 196 ± 800)
cm−1, whereas an experimentally determined b1�+ state
at 14 518 ± 800 cm−1 was not located. All states show
an ionic bonding picture with a Mulliken Ni-to-O charge
transfer of more than 0.5 e−.

(b) NiO+: The ground state symmetry of NiO+ is experi-
mentally unknown, determined presently as X4�− in ac-
cord with a previous ab initio result. For this state, a bond
distance re = 1.60 Å is recommended and a binding en-
ergy D0 = 55 kcal/mol, which is by ∼6–7 kcal/mol lower
than the experimental value of D0 = 61.6 ± 4.6 or 63.2
± 1.6 kcal/mol. The theoretical ionization energy is IE
= 8.8 eV in good agreement with the experimental value
of 8.77 ± 0.18 eV.

(c) NiO−: Experimentally (photoelectron spectroscopy), the
ground state of NiO− is 2�, but theoretically at the mul-
tireference level the ground state is 4�−, with a 2� found
higher by ∼2000 cm−1. This order, however, is reversed
in the single reference RCCSD(T) calculations. We only
formally propose the 4�− to be the ground state for
NiO− favoring our MRCI results. Theoretically, re(4�−)
= 1.65 ± 0.01 Å while for the 2� the bond length is
found shorter than the experimental value by 0.02 Å at
best, re = 1.64 Å. The SO coupling constant A (experi-
ment in parenthesis) is 2A (2�) = 238 (275 ± 30) cm−1.
An experimentally assigned 2�+ state (but uncertain as
to the symmetry) is located ∼500 cm−1 above the ground
state, is found much higher at 10 546 cm−1. The calcu-
lated EA is ∼0.2 eV lower than the experimental one,
EA = 1.455 ± 0.005 eV.

The “experimental” binding energy of NiO− obtained
through a conservation energy relationship, is identical to that
of the neutral species because EA(O) = EA(NiO). Therefore,
D0(NiO−) = 89 kcal/mol as compared to the calculated values
De = 85 (4�−) or 87 (2�), at the multireference or coupled-
cluster level, respectively.

The calculational vicissitudes of the 3d-MX diatomics
are well known by now. A prominent example was found
presently in the case of the ground state of NiO−, which could
not be established despite our extended efforts (vide supra).
Nonetheless, an attempt is made to assign nine excited states
of NiO and for that matter the agreement with experiment is
good. We believe that the 54 calculated states of NiO should
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provide further experimental stimulus. The case of NiO+ is
totally uncharted experimentally and we hope to have pro-
vided some useful theoretical results as to the ground and
excited state properties. We tried to match the available ex-
perimental data with our calculations and further investigate a
large number of excited states. Given the extent of our calcu-
lations – large (5ζ ) basis sets and state-of-the-art methods,
MRCI and RCCSD(T) – as well as the different computa-
tional “angles” we chose to peer through the molecule (rela-
tivity, core effects, larger reference space), we believe to have
driven our results to their contemporary computational limit.
Despite all discrepancies, this fact makes us hope that any-
one who has an interest in the transition metal mono-oxides,
and the NiO0,± species in particular, shall find the information
contained hither most useful.
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