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The separation between the3B1 and1A1 states of Ni(O2) is computed using density functional theory (DFT),
internally contracted multireference configuration interaction with the multireference analogue of the Davidson
correction (IC-MRCI+Q), and coupled-cluster with single and double (and perturbative) triple excitations
(CCSD(T)) approaches. Although IC-MRCI+Q and DFT both predict a3B1 ground state, the CCSD(T) predicts
a 1A1 ground state. We suggest that the true separation lies between the IC-MRCI+Q and CCSD(T) values,
and that the ground state is likely1A1, despite the IC-MRCI+Q result. We also show that Ni(O2)- has a
quartet ground state and, therefore, the1A1 state of Ni(O2) is probably not observed in the anion photoelectron
spectra.

1. Introduction

In 1993,1 we assigned the ground state of Ni(O2) as 1A1,
where Ni(O2) means nickel bonded to the side of O2, i.e., a
cyclic structure. More recent work,2-4 using density functional
theory (DFT), yields a3B1 ground state, with the1A1 state being
slightly higher in energy. The results of matrix isolation infrared
studies2 are more consistent with the DFT vibrational frequen-
cies of the1A1 state than with those of the3B1 state, thus
suggesting that the1A1 state is the species present in the matrix
and, therefore, possibly the ground state of Ni(O2).

Anion photoelectron spectroscopy of Ni(O2)- yields two
peaks:5 the first peak has a threshold of 0.86 eV, and the higher
peak starts at∼1.8 eV and is very broad. The two closely spaced
states of Ni(O2) predicted from the DFT calculations are not
observed in the anion photoelectron spectra. However, the
calculations of Gutsev et al.3 show that the ground state of
Ni(O2)- is 4B1; therefore, although the observation of the3B1

state of Ni(O2) is highly likely in the anion photoelectron spectra,
the observation of the1A1 state of Ni(O2) is unlikely, because
it is not produced by a one-electron process. (The recent
manuscript of Deng et al.4 reports a4B2 ground state of Ni(O2)-,
however, the conclusion that only the3B1 state of neutral will
be observed in the anion photoelectron spectra is still valid.)
Thus, if the ground state of Ni(O2)- is a quartet, then the anion
photoelectron spectra does not appear to offer much hope in
determining the ground state of the neutral.

Given the difference between the DFT work and our previous
calculations on the identification of ground state and the fact
the 1A1 state is observed in the matrix experiments, we have
performed new high-level calculations on the1A1 and3B1 states
of Ni(O2) and on the doublet and quartet states of Ni(O2)-.

II. Methods

We have performed three types of high-level calculations:
(i) coupled cluster singles and doubles calculations,6,7 including
the effect of connected triples determined using perturbation
theory8,9 (which is denoted UCCSD(T) in Molpro), (ii) internally
contracted10,11 multireference configuration interaction (IC-

MRCI) calculations, and (iii) internally contracted averaged
coupled pair functional12 (IC-ACPF) calculations. For the
IC-MRCI calculations, the effect of higher excitations is
estimated using the multireference analogue of the Davidson
correction (denoted IC-MRCI+Q). In these high-level calcula-
tions, the Ni 3d and 4s and the O 2s and 2p electrons are
correlated. In the CCSD(T) calculations, the orbitals are
determined using the self-consistent-field (SCF) approach,
whereas in the IC-MRCI and IC-ACPF calculations, the orbitals
are determined using the complete-active-space SCF (CASSCF)
approach. The final inactive/active spaces are picked based on
full-valence CASSCF calculations and are described below for
each state; the inactive/active space is denoted by the number
of a1, b1, b2, and a2 inactive orbitals, followed by a slash and
the number of active orbitals in each symmetry. Note that the
core space is (6,2,3,0) and is the same in all calculations. All
configurations from the CASSCF calculations are used as
references in the IC-MRCI and IC-ACPF calculations. Scalar
relativistic effects are included in some calculations using the
Douglas-Kroll-Hess13,14 (DKH) approach. In addition to the
high-level calculation, some calculations are performed using
DFT. The Becke-Perdue8615,16 (BP86) and hybrid17 B3LYP18

functionals are used.
The DFT calculations use the 6-311+G* basis sets.19-22

Excluding one basis set test, in the nonrelativistic CCSD(T),
IC-MRCI, and IC-ACPF calculations, we use the Ni
(20s15p10d6f4g)/[7s6p4d3f2g] averaged atomic natural orbital
set23 and oxygen augmented correlation-consistent polarized
valence triple-ú (aug-cc-pVTZ) set.24,25In the DKH calculations,
the same oxygen primitive set is used; however, the contraction
coefficients are taken from atomic DKH calculations. For nickel,
the primitive set is supplemented with diffuse s and p functions
and the form of the contraction is changed somewhat (see ref
26 for a complete description of the Ni basis set). To investigate
the effect of basis set limitations, one set of CCSD(T) calcula-
tions is performed using a larger basis set. The larger oxygen
basis is the aug-cc-pV quadruple-ú set.24,25The larger Ni set is
derived from the (20s15p10d6f4g) primitive set, which is
supplemented with 3 h functions with exponents of 4.55, 1.82,
and 0.73. The valence basis set is contracted for the3D(3d94s1)
state of Ni. Using a general contraction, the first 16 s primitives
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are contracted to three functions, the first 10 p primitives are
contracted to two functions, and the first 5 d primitives are
contracted to one function; all the remaining primitives are
uncontracted. The polarization functions are contracted using
the natural orbitals from an singles and double CI calculation
on the3D state. The final basis set is [7s7p6d3f2g1h].

The CCSD(T), IC-MRCI, and IC-ACPF calculations are
performed using Molpro,27 whereas the DFT calculations are
performed using Gaussian98.28

III. Results

A. Ni(O2). The geometries of the3B1 and1A1 states of Ni(O2)
are optimized at the CCSD(T) level. The Ni-O and O-O
distances are 1.862 and 1.415 Å, respectively, for the1A1 state.
The analogous values for the3B1 state are 1.887 and 1.362 Å,
respectively. At this geometry, the SCF method places the3B1

state∼48 kcal/mol below the1A1 state (see Table 1). Accounting
for electron correlation at the CCSD level reduces the separation
to ∼9 kcal/mol, and only with the inclusion of the triples
estimate is the1A1 state lower in energy. Expanding the basis
set has almost no effect on the CCSD(T) separation; therefore,
basis set incompleteness should not contribute significantly to
the uncertainty in the computed separation.

Consistent with previous DFT calculations,2,3 the 3B1 state
is below the1A1 state at both the B3LYP and BP86 levels.
Although the DFT order of the states differs from the CCSD-
(T) results, the DFT and CCSD(T) geometries are similar; the
BP86 (B3LYP) values for the3B1 state are 1.861 (1.906) and
1.381 (1.343) Å, and the values for the1A1 state are 1.801
(1.790) and 1.401 (1.385) Å. Computation of the frequencies
is very easy at the DFT level: we take one-half the sum of the
harmonic frequencies as the zero-point energy (ZPE). At the
B3LYP (BP86) level, the ZPE of the singlet state is 0.41 (0.52)
kcal/mol larger than that of the triplet state.

At the BP86 geometries, full-valence CASSCF calculations
are performed for the1A1 and3B1 states. On the basis of these
calculations, the inactive/active spaces are picked to be (4,1,2,0/
2,2,2,2) for the1A1 state and (4,1,1,0/2,2,3,2) for the3B1 state.
Using these inactive/active spaces, the geometries of these two
states are optimized at the IC-MRCI+Q level of theory. The
geometries are similar to CCSD(T) and DFT results; the Ni-O
and O-O distances for the1A1 state are 1.995 and 1.379 Å,
respectively, whereas the analogous values for the3B1 state are
1.922 and 1.375 Å, respectively. The computed separation
between the two states is given in Table 1. The CASSCF value
is much smaller than the SCF result, which actually agrees

reasonably with the CCSD and DFT values. The addition of
more-extensive correlation at the IC-MRCI or IC-MRCI+Q
levels favors the3B1 state, increasing the separation. The IC-
ACPF result, using the same active space as that used in the
IC-MRCI treatment, yields a value between the IC-MRCI and
IC-MRCI+Q results. One concern is that the3B1 state uses a
larger active space than the1A1 state; to test if this has an effect
on the separation, an IC-ACPF calculation with the larger active
space for the1A1 state was performed, which is listed as “IC-
ACPF (big)” in Table 1. Using the larger active space for the
1A1 state makes a small reduction in the separation. The
inclusion of scalar relativistic effects leads to a small increase
in the separation.

B. Ni(O2)-. At the BP86 level, we find four low-lying
states: three quartets and one doublet. The computed separations
are given in Table 2. We find a4B1 ground state, with the4B2

state being 16.4 kcal/mol higher in energy. Thus, our ground
state is consistent with the assignment of Gutsev et al.3 Our
lowest doublet state is2B2, in contrast to the2A1 state reported
by Deng et al.4 We have studied the same four states at the
CCSD(T) level. We are able to optimize the geometry of three
of the states but not the4B1 state. The4B1 state has a 11a1

2-
12a1

14b1
25b2

26b2
11a2

22a2
1 occupation, and we are able to find

two SCF solutions: in one solution, the 1a2 orbital is Ni 3d-
like and the 2a2 orbital is the O2 out-of-planeπ orbital, and in
the second solution, the orbital character is reversed. Unfortu-
nately, the switch in SCF solutions occurs near the equilibrium
geometry, making it impossible to optimize the geometry for
this state. Therefore, we compute the separation between the
states of Ni(O2)- using the BP86 geometry for the4B1 state
and the CCSD(T) geometries for the other three states. At the
CCSD(T) level, the separation between the quartet states is
reduced, but the position of the2B2 state remains approximately
the same.

The geometries of the4B1 and 2B2 states of Ni(O2)- are
optimized at the IC-MRCI+Q level of theory, using inactive/
active spaces of (3,1,1,0/3,2,3,2) and (3,1,2,0/3,2,2,2), respec-
tively. Although the separation between the two states is smaller
than that at the CCSD(T) or BP86 levels, the IC-MRCI+Q
approach also yields a4B1 ground state for Ni(O2)-.

IV. Discussion

The IC-MRCI+Q, CCSD(T), and BP86 levels all predict a
4B1 ground state for Ni(O2)-, which is consistent with the results
of Gutsev et al.,3 who used the DFT approach but with a
functional that was different from that used in our work. Given
the consistency of the results for Ni(O2)-, we conclude that
Ni(O2)- has a quartet ground state and, therefore, the singlet
state of Ni(O2) is probably not observed in the anion photo-
electron spectra. Thus, the anion photoelectron spectra cannot
help in the assignment of the Ni(O2) ground state.

The assignment of the ground state of Ni(O2) based solely
on the calculations is not easy, because the two highest levels
of theorysthe CCSD(T) and IC-MRCI+Qsyield different

TABLE 1: Summary of Computed 1A1-3B1 Separation of
Ni(O2)

method
∆Ea

(kcal/mol)
∆E (DKH)
(kcal/mol)

SCFb +47.72
CCSDb +8.77
CCSD(T)b -8.17
CCSD(T) (big basis set)b -8.16
B3LYP +10.03
BP86 +7.57
BPW91c +7.29
CASSCFd +8.25 +8.35
IC-MRCId +11.77 +11.86
IC-MRCI+Qd +12.78 +12.82
IC-ACPFd +12.31
IC-ACPF (big)d +12.17

a A plus sign indicates that the ground state is3B1. b Computed at
CCSD(T) equilibrium geometries.c From ref 29.d Computed at non-
relativistic IC-MRCI+Q equilibrium geometries.

TABLE 2: Computed Separations for the Low-Lying States
of Ni(O2)-

Computed Separation (kcal/mol)

state BP86 CCSD(T) IC-MRCI+Q
4B1 0.0 0.0a 0.0
4A2 15.4 4.3
4B2 16.4 5.5
2B2 9.8 10.3 5.8

a Computed at BP86 equilibrium geometry.
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assignments. We can probably rule out scalar relativistic or basis
set effects as being sources of uncertainty in the computed
separation. The largest uncertainty is probably in the treatment
of the electron correlation. In principle, the IC-MRCI+Q
approach should be superior to the CCSD(T) approach, because
it can address the multireference character of the1A1 state;
however, the size of the active space is small, because of
restrictions on the size of the CI expansion. Thus, it is not clear
if the IC-MRCI accounts for, relative to a single reference, the
effect of higher excitations as well as the CCSD(T). In this
regard, we note that the IC-MRCI+Q total energies are much
closer to the CCSD values than the CCSD(T) values, which
are significantly lower. Because the IC-MRCI+Q and CCSD
separations are similar, we speculate that the IC-MRCI expan-
sion is too small to include all of the important higher excitation
effects that are included in the CCSD(T) approach. An upper
bound to missing higher excitations in the IC-MRCI+Q
calculation could be obtained by adding the effect of the triplets
computed at the CCSD(T) level, thus yielding a separation of
-4.2 kcal/mol. This value could be an overestimate; therefore,
a conservative view would place the separation between this
value and the 12.78 kcal/mol value that was obtained at the
IC-MRCI+Q level. Because the matrix observations are more
consistent with the1A1 state, we believe that the ground state
of Ni(O2) is probably 1A1, despite the IC-MRCI+Q result.
Clearly, a gas-phase experimental determination of the ground
state or at least a determination of the gas-phase Ni(O2)
frequencies could be very useful.

V. Conclusions

We have studied Ni(O2) and Ni(O2)- at several levels of
theory. The results of all methods used show that Ni(O2)- has
a quartet ground state. This suggests that the anion photoelectron
spectra will not observe the1A1 state of Ni(O2). Although the
density functional theory (DFT) and IC-MRCI+Q levels yield
a 3B1 ground state for Ni(O2), the CCSD(T) approach yields a
1A1 state. The IC-MRCI approach can better account for the
multireference character of the1A1 state, whereas the CCSD-
(T) approach is probably better in regard to accounting for the
higher excitations. Thus, the assignment of the ground state is
not easy. We suggest that the true separation lies between the
IC-MRCI+Q and CCSD(T) values, and that the ground state
is likely 1A1, despite the IC-MRCI+Q result.
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