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The low-lying electronic states of the NiH2 molecule were investigated by using the MCQDPT2 method. In
order to accurately describe the strong correlation derived from the nickel 3d9 super-configuration, a set of
diffuse secondary 3d′ orbitals were included in the active space, yielding a large active space of 12 electrons
in 13 orbitals. It is shown that the absolute minimum energy configuration of NiH2 is bent, in agreement with
the experimental observation. The global ground state is1A1 (or A1 in the spin-orbit coupling case), whereas
the lowest linear state is3∆g (or 3g). Some other cheaper single-configurational and multi-configurational
methods were also used to study both states, and their shortcomings are discussed. Our theoretical results
suggest that the arrangement of the experimental frequencies of NiH2 and NiD2 may be incorrect.

I. Introduction

NiH2 plays an important role in the widely used nickel-
hydrogen batteries. Nevertheless, although NiH2 is the simplest
triatomic nickel(II) molecule, its electronic structure is, in fact,
very involved and not fully understood. In the 1920s, Schlenk
and Weichselfelder1,2 reported the existence of NiH2 for the first
time. During the past three decades, there have been some
experimental3 and theoretical3-14 studies on the NiH2 molecule.
It has been found experimentally that the stable structure of
NiH2 is bent,3 but the theoretical results are quite different from
each other. In the early multireference configuration interaction
(MR-CI)5-7 and semiempirical MINDO8 computations, as well
as the recent complete active space multi-configuration self-
consistent field (CASSCF),3 second-order Møller-Plesset per-
turbation theory (MP2),13 and density functional tight-binding
(DFTB)14 computations, a linear ground configuration was
obtained, in contrast with the experimental observation. By using
density functional theory (DFT) and quadratic configuration
interaction with single and double excitations (QCISD), Barron
et al.11 reported a bent ground state1A1, but the energy
difference between the two geometries (and its sign) showed a
strong dependence on the basis sets and the methods. Subse-
quently, Barysz and Papadopoulos12 obtained the bent ground
state again by using complete active-space second-order per-
turbation theory (CASPT2) with a large active space (12
electrons in 11 orbitals) but they neither described the active
orbitals in detail nor explained why this active space was used.
In addition, it seems that Filatov et al.9 also correctly obtained
the bent ground state1A1 using a semiempirical method, but
their lowest linear state was not3∆g as in the other theoretical
researches.

Among these previous theoretical studies, it should be noted
that the strong correlation derived from nickel 3d orbitals has
neither been paid much attention to nor discussed in detail. As
an investigation of the strong correlation problem, we have
performed three groups of multi-configurational tests.

• State-averaged CASSCF (SA-CASSCF)15,16with an active
space of 12 electrons in 8 orbitals (i.e., Ni 3d4s+ H 1s + H
1s), denoted as (12,8), and subsequent internal-contracted MR-
CI with single and double excitations as well as Davidson’s
correction (ic-MR-CISD+Q),17 computed using the MOLPRO
program package.18 The resulting numbers of configuration state
functions (CSFs) in reference space and external space are on
the order of 101 and 105, respectively.

• Some researchers believe that the nickel 4p orbitals should
be included in the active space in order to obtain better excitation
energies. This will result in SA-CASSCF with an active space
of 12 electrons in 11 orbitals (i.e., Ni 3d4s4p+ H 1s+ H 1s),
denoted as (12,11). In the subsequent ic-MR-CISD+Q calcula-
tion, the occupation restriction of 4pn is applied wheren ) 0-2.
The resulting numbers of CSFs in reference space and external
space are on the order of 103 and 106, respectively.

• The graphical unitary group approach (GUGA)-based SA-
CASSCF19 with an active space of 12 electrons in 13 orbitals
(Ni 3d4s3d′ + H 1s+ H 1s; see later explanation about the 3d′
orbitals), denoted as (12,13), and subsequent second-order multi-
configurational quasi-degenerate perturbation theory (MC-
QDPT2),20 computed using the PC-GAMESS program pack-
age.21 Compared with the second method, the main difference
is that the nickel 4p orbitals are replaced by nickel 3d′. The
resulting numbers of CSFs in reference space and external space
are, respectively, on the order of 105 and 107.

The tests were made assuming a linear structure, and the bond
length of 1.55 Å was used. The basis sets will be described
later.

The detailed results are given in the Supporting Information
I. Compared with the MCQDPT2(12,13) excitation energies, it
is found that the energies of gerade states are fairly good with
the mean absolute error (MAE) of only 0.07 eV, but the MAEs
of ungerade states of both ic-MR-CISD+Q(12,8) and ic-MR-
CISD+Q(12,11) are 0.45 and 0.24 eV, respectively. The reason
is that the gerade states come from the Ni 3d8 super-configu-
ration, whereas the ungerade states from Ni 3d9. It is well-known
that 3d orbitals occupied withn + 1 electrons are more diffuse
than the ones withn electrons,22,23 resulting in the correlation
energy inaccuracy in the ungerade states of linear NiH2 being
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much larger than that in the gerade states. Therefore the distinct
occupations and radial extensions of the 3d orbitals in 3d9 and
3d8 super-configurations require a fine and balanced description
of the different electron correlation effects.

The situation in bent NiH2 is similar, but it is much more
complex because the linear symmetry disappears and the gerade
and ungerade orbitals as well as the states from the linear
configuration mix with each other.

As a remedy for this problem, it has been suggested to simply
shift the potential energy surfaces (PESs) by an energy which
is estimated from the atomic (or ionic) separation. However,
this scheme is questionable for the whole PES because the
energy correction changes along with the structure.24 As for the
bent configuration, it is impossible to obtain the empirical energy
correction since strong interactions and mixtures exist between
the two kinds of super-configuration.

As another method, if the (12,8) active space is still used,
the MR-CI wave function should be truncated to include higher-
order excitations than doubles, which is not available up to now.
A particularly useful ansatz is to introduce into the active orbital
space a set of diffuse secondary 3d′ orbitals formed by a linear
combination of Ni 3d and 4d.22 For NiH2, it yields a large active
space (12,13) which renders the subsequent MR-CI treatment
of dynamical correlation effects computationally too demanding.
Luckily, there are several multireference second-order perturba-
tion theory (MR-PT2) methods25 developed which can utilize
this large active space perfectly.

In this paper, we use MCQDPT2,20 a multi-state MR-PT2
method, to study the low-lying electronic states of possible linear
and bent NiH2 structures.

II. Computational Details

As explained above, 13 orbitals (corresponding to Ni 3d4s3d′
+ H 1s+ H 1s) with 12 electrons are used as the active space,
whereas the inner 4 orbitals (i.e., Ni 3s3p) are always doubly
occupied and the electrons therein are correlated.

This is a two-step computation. For linear NiH2, the SA-
CASSCF(12,13) calculations are performed first to guarantee
the required degeneracy of the relevant states. This is ac-
complished by using theC2h point group instead ofD2h due to
the restriction of the PC-GAMESS program21 that only states
with the same spin multiplicity and same symmetry can be
handled simultaneously. Likewise,Cs symmetry with theσh

plane in thex-direction is used for bent NiH2 in order to ensure
the quasi-degeneracy underC2V symmetry. The map relation of
D∞h, D2h, C2h, C2V, andCs

26 is shown in Table 1. With the help
of the relation, we can determine the full symmetry of each
electronic state. The MCQDPT2 computations with semidirect
integral transformation are then performed by diagonalizing over
a basis of several MR-PT2 roots, which ensures that the avoided
crossings of states with the same symmetry are treated correctly.
In addition, to avoid the effect of intruder states, a suggested
energy denominator shift of 0.0227 is used.

Both the scalar relativistic effects and spin-orbit coupling
(SOC) are important for nickel systems.28 So in the second step,
SOC29 is treated via the state-interaction approach at the SA-
CASSCF(12,8) theory level by MOLPRO18 with theD2h or C2V
point group for linear or bent NiH2, where the CASSCF diagonal
matrix elements are replaced by the MCQDPT2 energies.

Since PC-GAMESS has no all-electron scalar relativistic
methods such as the popular Douglas-Kroll-Hess (DKH)30,31

or zero-order regular approximated (ZORA),32 the relativistic
effective core potential (RECP) of Dolg et al.33 is used for Ni
to replace the inner 10 core electrons. The exponents of the
valence basis are taken from all-electronic cc-pwCVQZ-DK34

by deleting the first seven s-, four p- (which correspond to the
1s2s2p core orbitals and their densities on the higher orbitals
are less than 10-8), and allh-functions (because PC-GAMESS
does not supporth basis functions), and are recontracted at the
ic-MR-CISD level of theory by using MOLPRO,18 leading to
(17s16p13d4f3g)/[8s8p7d4f3g]. This RECP basis set is used in
the scalar computation, whereas in the SOC computation the
original all-electronic cc-pwCVQZ-DK basis set is used. For
H, the cc-pVQZ and cc-pVQZ-DK35 basis sets are, respectively,
used in the scalar and SOC computations.

In the computation of possibly linear NiH2, the potential
energy curves (PECs) ofΛ-S or Ω states are obtained by
connecting the calculated energy points for a series of selected
bond distances between the nickel and hydrogen atoms with
the aid of the avoided-crossing rule between electronic states
of the same irreducible representation in the single or double
D∞h point group. From the PECs, the adiabatic excitation energy
(Te) and the bond length (Re) can be obtained by cubic spline
interpretation.

For bent NiH2, the bond lengthRNi-H is first fixed at the
linear minimum of the (I)3∆g state, and only the angleθH-Ni-H

is changed from 60° to 180°. The computation of the equilibrium
geometry structure of the candidate ground states in the bent
configuration is not as simple as in the linear one. In particular,
both the analytic and the numerical gradients for MCQDPT2
are not supported by the present version of PC-GAMESS,21 so
the geometry optimization process is driven by hand:RNi-H

andθH-Ni-H are optimized alternately until the energy differ-
ence, step change, and gradient are less than 5× 10-7, 3 ×
10-4, and 4× 10-4 a.u., respectively.

At the minima of both linear and bent NiH2, the MCQDPT2
vibrational frequencies can be obtained by finite difference
method with the displacement of 0.02 Bohr. This procedure is
still driven by hand, and the point group symmetry is not used.

III. Results and Discussion

Since we have determined as shown later that the ground
state of NiH2 is bent, the results of calculations on the linear
form are given in the supplemental Supporting Information II.
These include the PECs of 14 gerade and 6 ungerade low-lying
Λ-S states as well as 26 gerade and 12 ungerade low-lyingΩ
states of linear NiH2, the corresponding spectroscopic constants,
the dominant configurations, and the Mulliken atomic orbital
population analysis.

The lowest state obtained for linear NiH2 is (I)3∆g, which is
in line with the early theoretical results.11,12Its equilibrium bond
length is 1.540 Å, significantly larger than the theoretical value
of about 1.51 Å12 previously computed by the scalar relativistic
CASPT2(12,11) method. After the SOC is taken into account,
the lowestΩ state of linear structure is (I)3g, which is basically
a pure 3g component of (I)3∆g.

TABLE 1: Map Relation of D∞h, D2h, C2h, C2W, and Cs Point
Groups26

D∞h (C∞z) D2h (C2z) C2h (C2z) C2V (C2z) Cs (σhx)

∑+
g Ag Ag A1 A′

∑-
g B1g Ag B2 A′

∏g, Φg B3g + B2g 2Bg A2 + B1 2A′′
∆g, Γg Ag + B1g 2Ag A1 + B2 2A′
∑+

u B1u Au B1 A′′
∏u B3u + B2u 2Bu A1 + B2 2A′
∆u Au + B1u 2Au A2 + B1 2A′′

Low-Lying Electronic States of NiH2 J. Phys. Chem. A, Vol. 112, No. 17, 20084101



Using MCQDPT2(12,13) with a fixed Ni-H bond length of
1.540 Å and temporarily ignoring the SOC, the angleθH-Ni-H

was changed from 60° to 180°. The variations of the energy
are shown in Figure 1. It can be seen that both the (I)1A1 and
(I)3B1 states may be the ground state, although the latter is a
bit lower. Then both of their geometries were completely
optimized at the MCQDPT2(12,13) level of theory and the

results are given in Table 2. Results of other less accurate
methods, which will be described later, are also given in this
table. It is found that the (I)1A1 state lies below the (I)3∆g state
by about 2192 cm-1, whereas the (I)3B1 state is 1568 cm-1

higher than (I)1A1. So, still ignoring SOC, NiH2 has a bent
ground state (I)1A1 which is more stable than the linear state
(I)3∆g. This is in line with the result of Barysz and Papadopou-

Figure 1. Energy variations of bent NiH2 with the bending angleθH-Ni-H. The bond lengthRNi-H is fixed at 1.540 Å and SOC is neglected.
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los12 in which the reported energy difference between (I)1A1

and (I)3∆g is 1889 cm-1. At the equilibrium structures of
MCQDPT2(12,13), CASSCF(12,13) gives a linear configuration
which is about 3200 cm-1 lower than the bent ones. This result
is very similar to the one reported by Li et al.3 In that paper,
the CASSCF(12,12) method (written as CASSCF(6× 6) in ref
3, i.e., six occupied and six virtual orbitals) was used. Both of
the CASSCF results demonstrate that the absent dynamical
correlation energy cannot be neglected.

The equilibrium bond length and bond angle of (I)1A1 are
1.397 Å and 79.3°, respectively, being close to the values of
1.404 Å and 72.8° reported by Barysz and Papadopoulos,12

whereas the (I)3B1 state has a longer bond length (1.522 Å)
and larger bond angle (135.3°). Li et al.3 reported experimental
bond angles of 92° for NiH2 and 87° for NiD2. However, both
the angles are not accurate since they were estimated from the
intensities. Mulliken population analysis shows that the atomic-
like nickel 3d orbitals are occupied by 8.76 electrons in the
(I)1A1 state, which means that this state is related to the linear
states with ungerade symmetry (cf. Table 2 in Supporting
Information II). From the map relation betweenD∞h andC2V in
Table 1, we can conclude that the bent ground state (I)1A1 comes
from the symmetry-broken (I)1Πu state. So the essence of the
ground-state problem of NiH2 is how to compute the different
correlation energies in nickel 3d9 and 3d8 super-configurations
accurately. Obviously, the1A1 branch of (I)1Πu has two avoided
crossings at aboutθH-Ni-H ) 165° with the 1A1 branches of
(I)1Σ+

g and (I)1∆g states and many conical intersections which
can be estimated from Figure 1.

According to the theory of vibronic interactions, the distortion
of the linear NiH2 molecule is a result of either Renner-Teller
(RT) or pseudo Jahn-Teller (PJT) effects.36 It is found from
Figure 1 that the (I)3B2 state comes from (I)3Σ-

g instead of (I)3∆g

and has an avoided crossing at aboutθH-Ni-H ) 160° with the
3B2 branch of (I)3∆g. Since both the3A1 and 3B2 branches of
(I)3∆g are stable at the pointθH-Ni-H ) 180°, which corresponds
to the linear structure, the origin of distortion of linear NiH2

can only be the PJT effect.
Because of SOC, the (I)1A1 state becomes A1, and the (I)3B1

state splits into three components (A1, B2, and A2). Their
MCQDPT2(12,13)-SOC energies (computed at the correspond-
ing equilibrium structures of theΛ-S state) relative to the linear

(I)3g state are listed in Table 3. Now the ground spinor state is
(I)A1, being 1509 cm-1 lower than the (I)3g state. Since (I)A1
is characterized mainly by (I)1A1 (99%), its equilibrium bond
length and bond angle are estimated to remain unchanged.

There are not sufficiently accurate experimental results up
to now so that the accuracies of the computed energies and
structures can be known. However, a rough estimate may be
obtained from the theoretical research of the diatomic molecule
NiH37 where the low-lying electronic states were studied using
the all-electron scalar relativistic multi-state CASPT2(11,12)
method with SOC. Compared with the available experimental
values, the MAEs ofTe andRe of the diatomic NiH molecule
were about 800 cm-1 and 0.03 Å, respectively.37 As for linear
NiH2, the MAEs of the presentTe andRe differ by 312 cm-1

and 0.004 Å, respectively, compared with our early unpublished
results where the all-electron scalar relativistic basis sets are
the same as the ones in ref 37. In summation, it is expected
that our results of NiH2 should have an accuracy similar to that
in the case of NiH,37 that is, about 800 cm-1 and 0.03 Å.

Both the bent (I)1A1 and the linear (I)3∆g states have also
been optimized by using some cheaper theoretical methods. The
single-configurational methods include Hartree-Fock (HF),
DFT with local density approximation (LDA) VWN functional
V38 (donated as VWN5), with generalized gradient approxima-
tion (GGA) BLYP,39,40 and with hybrid functional B3LYP40,41

(in which VWN functional III and V38 are used for local
correlation, denoted, respectively, as B3LYP3 and B3LYP5),
coupled-cluster with single and double excitations (CCSD),42

and CCSD with perturbative triples corrections, that is, CCSD-
(T).43 The single-reference configuration of (I)3∆g corresponds
to nickel (3dδ)3(3dσ),1 while for (I)1A1, the lowest five a1, two
b1 and b2, and one a2 molecular orbitals are fully occupied. The
multi-configurational method used is internal-contracted mul-
tireference average quadratic single and double coupled-cluster
(ic-MR-AQCC)44 with the active space of (12,8). These
geometry optimization computations were carried out by using
MOLPRO,18 and the results are also listed in Table 2.

It can be seen that all the methods except the single-reference
HF method give fairly good equilibrium structures for the (I)1A1

and (I)3∆g states; however, the estimated energy gaps between
the two states are very different from each other. HF gives the
largest positive gap, whereas VWN5 gives the lowest negative
gap. BLYP reduces the gap of VWN5 by half, but the value is
still much larger than the one derived from MCQDPT2(12,13).
Since an exact exchange (which has the same form as HF) is
incorporated into the functional,41 B3LYP reduces the gap of
BLYP further. However, this correction is overestimated so
much that (I)3∆g becomes the ground state. CCSD improves
the gap of HF considerably, but still cannot capture the right
ground state. As the most accurate single-configurational method
used in this work, CCSD(T) gives the bent structure with an
energy gap of-625 cm-1. However, if SOC is taken into
account, the gap will be changed to about 60 cm-1 so the linear

TABLE 2: Energies and Structures of Some Low-LyingΛ-S
States of NiH2

state method
Te

(cm-1)
RNi-H

(Å)
θH-Ni-H

(degree)

(I)1A1 MCQDPT2(12,13) -2192 1.397 79.3
ic-MR-AQCC(12,8) 718 1.421 84.7
HF 26406 1.554 119.4
VWN5 -10941 1.399 76.7
BLYP -5084 1.428 87.6
B3LYP3 & B3LYP5 1127, 1170 1.423 90.2
CCSD 2926 1.434 86.4
CCSD(T) -625 1.430 83.9
CASPT2(12,11)a -1889 1.404 72.8

(I)3B1 MCQDPT2(12,13) -624 1.522 135.3
(I)3∆g MCQDPT2(12,13) 0 1.540 180.0

ic-MR-AQCC(12,8) 0 1.552 180.0
HF 0 1.614 180.0
VWN5 0 1.533 180.0
BLYP 0 1.557 180.0
B3LYP3 & B3LYP5 0 1.559 180.0
CCSD 0 1.554 180.0
CCSD(T) 0 1.550 180.0
CASPT2(12,11)a 0 1.51 180.0

a Ref 12.

TABLE 3: Energies and Components of Some Low-Lying
Spinor Electronic States of NiH2 Computed at the
Corresponding Equilibrium Structures of the Λ-S State

state
Te

(cm-1)
componentsa

(%)

bent (I)A1 -1509 (I)1A1 (99)
(II)A 1 -235 (I)3B1 (86) + (I)3B2 (11) + (I)3A2 (3)
(I)A2 -220 (I)3B1 (86) + (I)3B2 (13)
(I)B2 -77 (I)3B1 (90) + (I)3A2 (9)

linear (I)3g 0 (I)3∆g (98) + (I)3Φg (2)

a Weights lower than 2% are not listed.
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state (I)3g will be the ground state. It means in the single-
configuration picture, the coupled-cluster method with higher-
order excitations should be used in order to predict the right
ground state of NiH2. The multi-configurational method ic-MR-
AQCC(12,8) also predicts a linear structure. It is found that
the relative energy difference of (I)1A1 between ic-MR-AQCC-
(12,8) and MCQDPT2(12,13) is about 2900 cm-1, being close
to the MAE difference of about 3000 cm-1 between gerade and
ungerade states of ic-MR-CISD+Q(12,8) (cf. Table 1 in
Supporting Information I). As explained above, these theoretical
departures should be attributed to the lack of consideration of
the strong correlation from nickel 3d9. In the cases of both
CCSD and ic-MR-AQCC(12,8), for instance, there are two
electrons excited into the nickel 3d′ (or 4d) orbitals at most, so
the correlation treatment is not sufficient. Obviously the higher-
order excitations to nickel 3d′ orbitals are not negligible.

It is noted that a bent ground state (I)1A1 was obtained by
using B3LYP3 and QCISD in ref 11. In fact, as pointed out by
Barysz and Papadopoulos,12 the results in ref 11 strongly depend
on the basis sets and the Hamiltonians. Since we have used
much larger basis sets and taken the scalar relativistic effects
into account, our B3LYP3 and CCSD results should be more
accurate than the early ones of B3LYP3 and QCISD. The
theoretical computations in ref 11 captured the right ground state
of NiH2 just because of their small basis sets and the lack of
the scalar relativistic effects. With better basis sets and scalar
relativistic effects, the methods erroneously give a linear
structure.

At the corresponding equilibrium structure of each theoretical
method, that is, MCQDPT2(12,13), ic-MR-AQCC(12,8), CCSD,
CCSD(T), and B3LYP5, the vibrational frequencies are com-
puted. The theoretical and experimental frequencies of NiH2,
NiHD, and NiD2 are summarized in Table 4. The anharmonic
effects are so strong, as mentioned in ref 3, that our harmonic
frequencies cannot be directly compared with the experimental
values. In order to approximate anharmonic effects, a vibrational
self-consistent field (VSCF)45 computation was carried out at
the B3LYP5 level of theory. For each vibrational mode, the
anharmonicity correction has little to do with the selected
Hamiltonians as well as the basis sets, and it is almost a constant
within the accuracy we desire (for example, refer to Table 5 in
ref 46). Thus we can apply this anharmonicity correction derived
from B3LYP5 to the other harmonic frequencies.

After introducing the anharmonic effects, the frequencies of
B3LYP5 are in excellent agreement with the experimental
values, with the MAEs of symmetric stretching (ν1), bending
(ν2), and asymmetric stretching (ν3) modes of only 20, 32, and

19 cm-1, respectively. It must be admitted, however, that this
agreement may be an artifact of the approximate method used
to treat the severe anharmonicity of this system. CCSD also
obtains good frequencies. However, the frequencies of CCSD-
(T) become a little worse than the ones of CCSD. Since all the
frequencies of CCSD(T) are less than the corresponding ones
of CCSD, we believe this departure may be a result of the non-
variational triples in CCSD(T) which makes the PES flatter than
that of CCSD (for example, see the case of the multi-
configurationalC2 molecule in ref 47). ic-MR-AQCC(12,8)
gives a bit better symmetric and asymmetric stretching frequen-
cies, but the bending frequencies are very bad. Theν2 frequen-
cies of MCQDPT2(12,13) are fairly good, whereas theν1 and
ν3 frequencies are, respectively, about 115 and 224 cm-1 larger
in average. This is a surprising result because the present
MCQDPT2(12,13) calculations, using a large active space,
should be more accurate than all the other methods.

An interesting thing is that, for NiH2 and NiD2, both
MCQDPT2(12,13) and CCSD(T) predict a largerν3 (harmonic
and anharmonic) frequency thanν1. The experimental assign-
ment3 was simply derived from a CASSCF(12,12) computation
instead of experimental analysis. In their theoretical computation,
the very important dynamical correlation energy was not taken
into account, and we cannot judge whether the 12 active orbitals
include the nickel 3d′ (or 4d) ones, so the arrangement of the
frequencies remains to be clarified by future more accurate
experimental and theoretical research.

Conclusions

The complicated electronic structure of systems containing
3d-metal atoms is a challenge for modern quantum chemistry
techniques, because the distinct 3dn and 3dn+1 super-configura-
tions cannot easily be described in balance by using regular
theoretical methods. In this paper, the PECs and spectroscopic
constants of the low-lying electronic states of NiH2 are
calculated within the MCQDPT2 framework with a large active
space of CAS(12,13), taking the strong correlation into account,
and including the relativistic effects. At this level of theory,
we find the1A1 state with bent structure is more stable than the
linear 3∆g state, which is in line with the experimental
measurement. The computed structure and vibrational frequen-
cies are compared with experimental and other theoretical
methods. Our results indicate, in the theoretical frameworks of
CC or MR-CI with small active space, higher-order excitations
than perturbative triples would have to be included in the wave
function in order to take the strong correlation into account.

TABLE 4: Theoretical Vibrational Frequencies of the (I)1A1 State Compared with Experimental Values

MCQ DPT2 (12,1 3) ic-M R-A QCC (12,8 ) CCS D CCS D(T) B3L YP5

frequency
(cm-1) harm. VSC F har m. VSC F har m. VSCF har m. VSCF har m. VSCF expt.c

NiH2 ν1 (sym. str.)a 2224 215 9 2097 2032 2102 2037 1941 1876 2102 2037 2007
ν2 (bend)a 913 876 391 354 727 690 665 628 776 739 771
ν3 (asym. str.)b 2373 227 2 2086 1985 2100 1999 2058 1957 2091 1990 1969

NiH D ν1 (sym. str.)a 2302 218 4 2091 1973 2101 1983 2003 1885 2104 1986 1988
ν2 (bend)a 782 722 339 279 630 570 577 517 677 617 624
ν3 (asym. str.)b 1640 159 1 1492 1443 1499 1450 1423 1374 1502 1453 1435

NiD2 ν1 (sym. str.)a 1595 156 3 1498 1466 1501 1469 1386 1354 1506 1474 1445
ν2 (bend)a 646 636 278 268 517 507 473 463 555 545 602
ν3 (asym. str.)b 1690 163 8 1486 1434 1497 1445 1466 1414 1496 1444 1426

MA E ν1 (sym. str.) 227 155 82 20 88 20 46 108 91 20
ν2 (bend) 115 79 330 365 45 77 94 130 35 32
ν3 (asym. str.) 291 224 78 11 89 21 47 28 86 19

a For NiH2/NiD2 and NiHD, the vibrational modes are, respectively, a1 and a′. b For NiH2/NiD2 and NiHD, the vibrational modes are, respectively,
b2 and a′. c Ref 3.
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Our frequency results predict that the experimental stretching
frequencies of NiH2 and NiD2 should be reanalyzed with a more
accurate investigation of the vibrational anharmonicity.
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