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Ar-NiCO and Ne-NiCO have been predicted as novel neutral noble gas charge-transfer complexes, with
binding energies of 7.70 and 2.16 kcal/mol, respectively, by the highly correlated coupled-cluster singles and
doubles including a perturbational estimate of triple excitations calculations. The calculated shifts in the Ni-
C-O bending frequency are 48 and 36 cm-1 for Ar-NiCO and Ne-NiCO, while the corresponding
experimental matrix shifts are 46 and 36 cm-1, respectively. The anharmonicity effects for these frequencies
are verified to be very small. The interaction between a noble gas atom and NiCO is discussed through
natural population analyses and the electron density difference map. We further examined the noble gas
matrix effects on the geometrical structure and vibrational frequencies of NiCO by performing density functional
theory calculations for the Ng31-NiCO (Ng ) Ar, Ne, He) system. The present results will inspire the further
experimental investigation on the complexes of noble gas and transition metal compounds generated in the
matrix isolation experiments.

I. Introduction

In the matrix isolation infrared spectroscopy, vibrational
spectra for weakly bound complexes can be recorded by utilizing
the environmental matrix medium to eliminate the excess energy
of the target species. This methodology is based on the
nonreactivity of the matrix medium, and the frequency shifts
from the gas phase are considered to be relatively small,
typically less than 0.5%. According to the recent review on
vibrational frequencies in binary unsaturated transition metal
carbonyl compounds,1 most spectroscopic data on the transition
metal species have been determined using the matrix isolation
technique. Noble gases are often used as the matrix medium
because of their nonreactivity as a chemical species.

Although noble gases have difficulty making a chemical bond
with other atoms, several compounds containing heavier noble
gas elements, Xe or Kr, have been anticipated and prepared.
On the other hand, the lighter noble gas elements, Ar, Ne, and
He, are expected to be less reactive than the heavier ones
because of the larger ionization energy, and actually, compounds
containing Ar, Ne, or He have not been synthesized for a long
time. The breakthrough came from theoretical consideration by
Frenking and co-workers,2 who predicted the existence of Ng-
BeO (Ng) Ar, Ne, He) based on ab initio calculations. This
prediction was realized, in part, by Thompson and Andrews,
who detected the compounds, Ng-BeO (Ng ) Xe, Kr, Ar),
experimentally through pulsed-laser-ablation matrix isolation
spectroscopy.3 Räsänen and co-workers4 found a new class of
noble gas compounds, H-Ng-F (Ng ) Xe, Kr), where HNg+

and F- bind with each other through a Coulomb attraction. In
2000, Ra¨sänen et al. succeeded in the detection of H-Ar-F,
which has brought an impact on the noble gas chemistry.5 They
verified that H-Ar-F is intrinsically stable owing to the
significant ionic and covalent contributions to its bonding. Wong
investigated the stability of a metastable helium compound,
H-He-F, by ab initio calculations.6 Takayanagi and Wada7

performed three-dimensional wave packet calculations for
H-He-F on the ab initio potential energy surface to discuss a
lifetime of the lowest resonance state. As another class of noble
gas complexes, Evans, Gerry, and co-workers detected a series
of stable compounds of noble gas atom with a coinage metal
monohalide, Ng-MX (Ng ) Xe, Kr, Ar; M ) Au, Ag, Cu; X
) Br, Cl, F) and determined their geometrical structures by the
microwave spectra.8,9 Zhou and co-workers10 performed matrix
isolation infrared spectroscopic and theoretical studies for the
first-row transition metal monoxides in solid noble gas matrices
and found that late transition metal monoxides coordinate one
noble gas atom in forming the Ng-MO complexes (Ng) Ar,
Kr, Xe; M ) Cr, Mn, Fe, Co, Ni), while the early transition
metal monoxides, ScO, TiO, and VO, are not able to form
similar noble gas atom complexes. Very recently we discussed
the stability of the possible noble gas complexes of Ng-Pt-
Ng′ and Ng-Pd-Ng′ (Ng, Ng′ ) Xe, Kr, Ar) by highly accurate
ab initio calculations.11,12

Along this line of research, we also reported a series of
theoretical calculations on Ng-NiCO,13,14 Ng-NiN2,14,15 and
Ar-CoCO14,16 in which an argon atom is shown to be bound
to the transition metal compounds in a linear form with a binding
energy of 5-10 kcal/mol. For NiCO, NiN2, and CoCO,
Manceron et al. measured vibrational frequencies using an argon
matrix isolation technique and reported the bending frequency
as 409.1 cm-1 (NiCO),17 357.0 cm-1 (NiN2),18 and 424.9 cm-1

(CoCO),19 respectively. On the basis of density functional theory
(DFT) calculations, we showed that the binding of Ar atom
increases the bending frequency of each complex by ca. 10%,
i.e., 361.1 to 403.5 cm-1 (Ar-NiCO), 308.5 to 354.8 cm-1 (Ar-
NiN2), and 373.0 to 422.6 cm-1 (Ar-CoCO). The intensity and
isotopic shifts also showed that the experimental values are much
closer to those calculated ones for Ar-NiCO, Ar-NiN2, and
Ar-CoCO than those for NiCO, NiN2, and CoCO, respectively,
and we suggested that the experimental spectra may be attributed
to those of neutral argon complexes.

Following our report,13 Tremblay and Manceron20 reinves-
tigated the NiCO molecule in solid argon, neon, and mixed Ar/
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Ne matrices to attempt detecting a possible Ar-NiCO complex.
It was reported that the absorptions observed in pure neon are
weakly shifted from those in argon and that the relative isotopic
shifts for the two noble gas atoms are the same. It was also
found that adding progressively Ar to a Ne matrix demonstrates
the existence of a progressive shift in the CO vibrational
frequency of NiCO as the number of Ar atoms in the solvation
shell increases progressively. On the basis of these results, they
concluded that the species observed in solid argon should not
be Ar-NiCO but NiCO.

In the present study we thoroughly reinvestigate the structures,
binding energies, and vibrational frequencies for NiCO and Ng-
NiCO (Ng ) Ar, Ne, He) by the systematic theoretical
calculations. The possibility of the formation of noble gas
complexes is discussed in terms of an electron density difference
map.

II. Computational Details

In the previous study for NiCO and Ng-NiCO (Ng ) Ar,
Ne, He),13 we employed the complete active space self-
consistent field (CASSCF), the multireference singles and
doubles configuration interaction plus Davidson’s correction
(MR-SDCI(+Q)), the coupled-cluster singles and doubles
including a perturbational estimate of triple excitations (CCSD-
(T)), and the DFT methods of B3LYP21 and MPWPW91,22 with
the relativistic pseudopotentials of the Stuttgart/Ko¨ln group23

(for Ne core) and related basis functions of (8s7p6d1f)/
[6s5p3d1f] for 3s, 3p, 3d, and 4s electrons for Ni and the

Dunning’s aug-cc-pVTZ basis set for other atoms (referred to
as SK+aug-cc-pVTZ). In the present study, we apply the same
methods, MR-SDCI(+Q) and CCSD(T), with more highly
accurate all-electron basis sets, i.e., segmented basis sets of
quadruple-ú24 plus correlation functions25 (denoted as seg-QZP),
to determine the equilibrium geometry of NiCO. In MR-SDCI
calculations, the reference CASSCF wavefunction is determined
with the full-valence active space (20 electrons in 14 orbitals),
while the smaller active space (16 electrons in 11 orbitals) was
used in the previous CASSCF-MR-SDCI calculations. After the
comparison of the present and previous calculations with the
experimental results for NiCO, we calculated the equilibrium
geometry, binding energies, and harmonic frequencies for Ng-
NiCO (Ng ) Ar, Ne, He) by the CCSD(T)/seg-QZP method.
The binding energy for Ng and NiCO was evaluated with a
counterpoise correction to the basis set superposition error
(BSSE). These calculations were carried out by the MOLPRO
program.26 We also performed natural population analyses to

TABLE 1: Calculated and Experimental Bond Lengths and Harmonic Frequencies for NiCO

bond length (Å) harmonic frequency (cm-1)

level basis set r(Ni-C) r(C-O) ν(CO) ν(NiCO) ν(NiC)

MR-SDCI(+Q) seg-QZP 1.6740 1.1545
MR-SDCI(+Q)a SK+aug-cc-pVTZ 1.6611 1.1574
MR-SDCI(+Q)b SK+aug-cc-pVTZ 1.650 1.159
CCSD(T) seg-QZP 1.6624 1.1569 2034 375 618
CCSD(T)b SK+aug-cc-pVTZ 1.6419 1.1617 2017.3 401.7 633.3
CCSD(T)c TZ-ANO 1.6755 1.1571 2028 372 600
CCSD(T)c TZ-ANO/QZ 1.6732 1.1556
B3LYPb SK+aug-cc-pVTZ 1.663 1.149 2079.9 362.5 595.5
MPWPW91b SK+aug-cc-pVTZ 1.654 1.164 2011.3 362.3 609.8
PW91PW91 seg-TZP 1.660 1.163 2026 364 620
experiment 1.669d 1.152d 2010.7e 363f 604d

(1.6723) (1.1512)

a This calculation is based on the full-valence CASSCF wavefunction.b Reference 13.c Reference 33.d These numbers correspond torm
(2), while

those in parenthesis tor0.32 e This number corresponds to a fundamental frequency.34 f Reference 35.

Figure 1. Potential energy curves for Ng-NiCO (Ng ) Ar, Ne, He).

TABLE 2: Bond Lengths (Å), Binding Energies (kcal/mol),
and Harmonic Frequencies (cm-1) for Ng-NiCO (Ng ) Ar,
Ne, He) Calculated by CCSD(T) with Basis Sets of seg-QZP
and SK+aug-cc-pVTZ. Experimental Frequencies for NiCO
by mmW and Matrix Isolation Method Also Given

bond length r(Ni-C) r(C-O) r(Ng-Ni) binding energy

seg-QZP
Ar-NiCO 1.675 1.157 2.314 7.70
Ne-NiCO 1.666 1.157 2.232 2.16
He-NiCO 1.674 1.156 1.791 3.91

SK+aug-cc-pVTZa

Ar-NiCO 1.658 1.161 2.290 9.55
Ne-NiCO 1.649 1.161 2.160 3.71
He-NiCO 1.660 1.160 1.745 5.97

frequency ν(CO) ν(NiCO) ν(NiC) ν(NgNi) ν(NgNiCO)

seg-QZP
Ar-NiCO 2045 423 609 188 72
Ne-NiCO 2051 411 618 154 64
He-NiCO 2054 424 609 421 129

SK+aug-cc-pVTZa

Ar-NiCO 2029.0 439.6 613.1 193.8 60.7
Ne-NiCO 2032.3 432.6 621.5 176.2 66.5
He-NiCO 2037.7 435.5 609.9 479.0 113.3

Experimental
gas phase 2010.7b 363c 604d

Ar matrixe 1994.5 409.1 591.1
Ne matrixf 2006.7 398.9 592.9

a Reference 13.b Reference 34.c Reference 35.d Reference 32.
e Reference 17.f Reference 20.
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give insights to the binding mechanism of Ng atom with NiCO
at the CCSD/seg-QZP level, using the Gaussian03 program.27

To estimate the fundamental frequencies including the effect
of the anharmonicity of the potential energy surface, we also
carried out correlation-corrected vibrational self-consistent field
(cc-VSCF) calculations28 with the quartic-force-field potential
energy surface29 for NiCO and Ng-NiCO by the DFT method
with PW91 exchange and correlation functionals (PW91PW91)30

with the segmented basis sets of triple-ú24 plus correlation
functions (seg-TZP)25 using GAMESS.31 We performed ad-
ditional calculations for Ngn-NiCO (Ng ) Ar, Ne, He) by the
MPWPW91/seg-TZP method to check the noble gas effects
from the viewpoint of number of surrounding Ng atoms.

III. Results and Discussion

First we discuss the accuracy of our previous and present ab
initio calculations by comparing the calculated results for NiCO.
Table 1 summarizes the calculated and experimental bond
lengths and harmonic frequencies for NiCO. Yamazaki and co-
workers32 determined the bond lengths at the zero-point
vibrational energy level from the rotational spectrum for NiCO
(numbers in parenthesis in Table 1) and then estimated the
equilibrium bond lengths (r(NiC) ) 1.669 Å andr(CO)) 1.152
Å in Table 1) that should be compared to the calculated bond
lengths. They also estimated32,35harmonic frequencies for Ni-
C-O bending and Ni-C stretching modes as 363 and 604 cm-1,
respectively. As to the C-O stretching mode, the fundamental
frequency was reported as 2010.7 cm-1 from the vibrational
spectrum for NiCO.34 In MR-SDCI(+Q) calculations, we have
improved the active space in the CASSCF wavefunctions and
the basis sets from the previous ones.13 The extension of the
active space in the CASSCF wavefunction improved the Ni-C
bond length from 1.650 to 1.6611 Å and the C-O bond length
from 1.159 to 1.1574 Å, respectively. The improvement of the
basis sets further works to make the calculated bond lengths
closer to the experimental values, i.e.,r(NiC) ) 1.6740 Å and
r(CO) ) 1.1545 Å. As to CCSD(T) calculations, we also
employed all-electron segmented QZP basis sets and obtained
better results than the previous CCSD(T)/SK+aug-cc-pVTZ
calculations (r(NiC) ) 1.6419 f 1.6624 Å). Previous MR-

SDCI(+Q) and CCSD(T) calculations estimated a shorter Ni-C
bond length (by 0.02-0.03 Å) and a longer C-O bond length
(by 0.01 Å), which should lead to the larger frequencies for
Ni-C stretching and Ni-C-O bending modes and the smaller
frequency for the C-O stretching mode. Schaefer et al.33

performed systematic theoretical investigations for NiCO, and
their best estimated Ni-C bond length was 1.6732 Å at the
CCSD(T) level with the triple-ú ANO (Ni) plus quadruple-ú
basis sets (C, O). Both our present and Schaefer et al.’s
calculated bond lengths and harmonic frequencies are suf-
ficiently converged to the experimental ones (the errors in bond
lengths are 0.004-0.007 Å for Ni-C and 0.002-0.005 Å for
C-O; the errors in harmonic frequencies are 9-12 cm-1 for
the Ni-C-O bending mode and 4-14 cm-1 for the Ni-C
stretching mode). Table 1 also shows results of DFT calculations
by B3LYP, MPWPW91, and PW91PW91 methods. In spite of
low computational costs, they show very good coincidence with
the experimental values in both geometrical structures and
harmonic frequencies.

Taking into account the higher accuracy of the CCSD(T)/
seg-QZP calculations for NiCO compared to the previous
CCSD(T)/SK+aug-cc-pVTZ calculations described above, we
determined to apply the CCSD(T)/seg-QZP method to examine
the structures, binding energies, and frequencies for the Ng-
NiCO (Ng ) Ar, Ne, He). It is noted that MR-SDCI(+Q)
calculations on the Ng-NiCO system require too much
computational cost. Figure 1 shows the counterpoise-corrected
CCSD(T)/seg-QZP potential energy curves for Ng-NiCO as a
function ofr(Ng-Ni) where geometry of NiCO is fixed to that
of the isolated one. It is clearly shown that each Ng atom is
bound to NiCO with the binding energy that is much larger
than the typical van der Waals interaction energy; Ng-NiCO
can be referred to as “anomalously strong van der Waals
cluster.” It is noted that these complexes correspond to the global
minimum on the potential energy surface. Interestingly, a He
atom can be bound to NiCO with a larger binding energy than
a Ne atom, with a shorter interatomic distance. This tendency
is common to a series of Ng-BeO reported by Frenking and
co-workers.2 The binding energies for Ng and BeO were
reported as 7.0 kcal/mol (Ar-BeO), 2.2 kcal/mol (Ne-BeO),
and 3.1 kcal/mol (He-BeO) based on MP4(SDTQ)/6-311G-
(2df,2pd) calculations, with corrections for zero-point vibrational
energies and BSSE. These binding energies are very similar to
those for Ng-NiCO. It was pointed out2 that Ne and Ar possess
(filled) p orbitals in their valence shells that are absent for He,
and therefore repulsive p-π interactions involving the occupied
1π MOs of BeO are possible in Ar-BeO and Ne-BeO but not
in He-BeO.

Table 2 shows equilibrium bond lengths, binding energies,
and harmonic frequencies for Ng-NiCO calculated by the
CCSD(T) method with several basis sets as well as the
experimental values.32 The CCSD(T)/seg-QZP method predicts
that the counterpoise-corrected binding energy for Ng and NiCO
is 7.70 kcal/mol (Ar-NiCO), 2.16 kcal/mol (Ne-NiCO), and
3.91 kcal/mol (He-NiCO). The previous CCSD(T)/SK+aug-
cc-pVTZ calculations show larger binding energies since these
energies were estimated with no correction for BSSE. As is the
case for NiCO, the longer bond length leads to the smaller
frequency of the corresponding vibrational mode, while the
shorter bond length leads to the larger frequency. The com-
parison of Tables 1 and 2 indicates that, due to the interaction
of Ng and NiCO, the Ni-C bond length becomes slightly longer
while the CO bond length is almost unchanged.

TABLE 3: Bond Lengths (Å) and Harmonic and
Fundamental Frequencies (cm-1) for NiCO and Ng-NiCO
Calculated by PW91PW91/seg-TZP

bond length r(Ni-C) r(C-O) r(Ng-Ni)

Ar-NiCO 1.677 1.162 2.283
Ne-NiCO 1.665 1.162 2.180
He-NiCO 1.674 1.161 1.774

frequency ν(CO) ν(NiCO) ν(NiC) ν(NgNi) ν(NgNiCO)

Harmonic
NiCO 2026 364 620
Ar-NiCO 2023 409 600 185 52
Ne-NiCO 2025 400 616 167 42
He-NiCO 2030 413 604 434 126

Fundamental
NiCO 1995 359 610
Ar-NiCO 1986 412 589 179 62
Ne-NiCO 1988 401 604 140 47
He-NiCO 1995 408 595 371 140

Experimental
gas phase 2010.7a 363b 604c

Ar matrixd 1994.5 409.1 591.1
Ne matrixe 2006.7 398.9 592.9

a Reference 34.b Reference 35.c Reference 32.d Reference 17.
e Reference 20.
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In Table 2, the matrix isolation experimental frequencies with
Ar matrix17 and Ne matrix20 are also given in addition to the
gas-phase experimental frequencies.32,34,35The main difference
between the matrix isolation and gas-phase experiments is seen
in the Ni-C-O bending frequency, although the gas-phase
experimental value is not a fundamental but harmonic frequency
for Ni-C-O bending and Ni-C stretching modes. The
calculated harmonic frequencies also indicate that the binding
of the Ng atom affects mainly the Ni-C-O bending frequency,
which increases by ca. 10% (30-50 cm-1). In the CCSD(T)/
seg-QZP results, the shifts in the Ni-C-O bending frequency
are calculated as 48 and 36 cm-1 for Ar-NiCO and Ne-NiCO,
respectively, while the differences in Ni-C-O bending fre-
quency between the gas-phase and matrix isolation experiments
are 46 and 36 cm-1 for Ar and Ne matrices, respectively. The
agreement in these frequency shifts suggests to us that the
vibrational frequencies obtained from the matrix isolation
experiments in refs 17 and 20 should be attributed to Ar-NiCO
and Ne-NiCO, respectively. On the other hand, the C-O
stretching frequency shows an increase by 11 cm-1 (Ar-NiCO)
and by 17 cm-1 (Ne-NiCO) compared to that of NiCO in
CCSD(T)/seg-QZP calculations, while it shows a decrease by
16 cm-1 (Ar-NiCO) and by 4 cm-1 (Ne-NiCO) in the
experiment. However, it is noted that the relative rate in the
increase or decrease of the C-O stretching frequency is only
∼0.8% and that the matrix effect on the Ni-C-O bending
frequency (∼10%) is much larger. It is also noted that the
calculated frequencies in Table 2 are harmonic ones, while the
experimental frequencies are fundamental ones for the C-O
stretching mode.

The rotational spectroscopy provides harmonic frequen-
cies,32,35while the infrared spectroscopy provides fundamental
frequencies17,20,34that are affected by the anharmonicity of the
potential energy surface. In the previous study,13 we discussed
the anharmonicity effect on the Ni-C-O bending frequency
by solving a one-dimensional vibrational Schro¨dinger equation
for a Ni-C-O bending coordinate for NiCO and Ar-NiCO
based on the CCSD(T)/SK+aug-cc-pVTZ potential energy
curve. Per the results, the fundamental frequency for the Ni-
C-O bending mode was estimated to be 418.6 and 454.3 cm-1

for NiCO and Ar-NiCO, respectively, which shows an increase
of 15-17 cm-1 from the corresponding harmonic frequencies.
Since these estimations do not take into account the anharmo-
nicity of the potential couplings of normal coordinates, we have
examined the anharmonicity effects on vibrational frequencies
of NiCO and Ng-NiCO by performing cc-VSCF calculations
based on PW91PW91 potential energy surface. Table 3 shows
calculated bond lengths, harmonic frequencies, and fundamental
frequencies. The comparison with the CCSD(T)/seg-QZP values
in Tables 1 and 2 indicates that PW91PW91 can evaluate
geometrical parameters and harmonic frequencies with high
accuracy for NiCO and Ng-NiCO. At this computational level,
the fundamental frequencies for the Ni-C-O bending mode
were evaluated as 359, 412, and 401 cm-1 for NiCO, Ar-NiCO,

and Ne-NiCO, respectively, where the anharmonicity effect
to the Ni-C-O bending frequency is only 1-5 cm-1. The
corresponding experimental frequencies are 363, 409.1, and
398.9 cm-1, respectively. The agreements of these numbers
strongly support that Manceron et al.20 detected the first neutral
neon complex, Ne-NiCO, in the matrix isolation experiment.
It is also shown that the anharmonicity effect works to decrease
the C-O stretching frequency more largely in Ar-NiCO and
Ne-NiCO than in NiCO. This effect is important to reproduce
the order of the magnitude of the C-O stretching frequency
for NiCO observed in the noble gas matrix.

Table 4 shows atomic natural chargesq, dipole momentsµ,
and changes of atomic orbital populations due to the binding
of Ng atom. NiCO has a dipole moment in the direction from
a negatively charged O atom to a positively charged Ni atom.
Atomic natural charges show that electron is transferred from
Ng and C to Ni in Ng-NiCO, resulting in an almost zero charge
on Ni. In Ar-NiCO, a part of the electron is transferred from
Ar 3s and Ar 3pσ to Ni 4s, which also acquires electrons from
Ni 3dσ and C 2s (forming a charge-transfer complex). It is also
observed that a part of the electron is transferred from C 2pπ to
Ni 3dπ, indicating the decrease ofπ back donation from C to
Ni. Actually the Ni-C bond in NiCO becomes slightly weak
(the bond length increases) when Ar binds with NiCO. In Ne-
NiCO, a similar electron transfer is observed although the
transferred population is very small compared to the case of
Ar-NiCO. In He-NiCO, however, a relatively large electron
transfer is observed. This is because He has only K-shell
electrons, and its atomic radius is so small that He comes closer
to NiCO than Ne and Ar.

Figure 2 shows contour maps of the CCSD electron-density
difference for Ng+ NiCO f Ng-NiCO (Ng ) Ar, Ne, He)
where blue and red lines indicate the decrease and increase of
electron density, respectively, and the step for each contour is
0.002. In Ar-NiCO, the electron density between Ar and Ni
atoms increases due to the contribution from Ni 4s population.

TABLE 4: CCSD Natural Charge, Dipole Moment, and Change of Natural Orbital Population for Ng + NiCO f Ng-NiCO

q(Ni) q(C) q(O) q(Ng) µ (Debye)

NiCO 0.126 0.389 -0.515 3.508
Ar-NiCO -0.012 0.435 -0.510 0.087 4.103
Ne-NiCO 0.065 0.418 -0.512 0.029 3.654
He-NiCO 0.014 0.437 -0.504 0.053 3.336

Ng s Ng pσ Ni 4s Ni 3dσ Ni 3dπ C 2s C 2pπ

Ar-NiCO -0.029 -0.058 +0.114 -0.011 +0.028 -0.017 -0.022
Ne-NiCO -0.011 -0.017 +0.076 -0.034 +0.016 -0.014 -0.012
He-NiCO -0.052 +0.108 -0.037 +0.038 -0.018 -0.024

Figure 2. Contour map of electron density difference for Ng+ NiCO
f Ng-NiCO at the CCSD level.
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Since Ar 3s and Ar 3pσ populations decrease simultaneously,
the atomic dipole moment appears on the Ar atom, leading to
the attraction between Ar and NiCO. It is noted that NiCO also
has a dipole moment in the direction from O to Ni. On the Ni
atom, the characteristic density difference appears due to the
combination of negative contribution of 3dσ and positive
contribution of 3dπ where the change of the 4s population also
contributes significantly. In the case of Ne-NiCO, the increase
of the electron density between Ne and Ni atoms is much smaller
than the one in Ar-NiCO, indicating the weaker attraction

between Ne and NiCO. On the other hand, the increase in the
middle region of He and NiCO seems close to the case of Ar-
NiCO. This feature can be related to the small interatomic
distance between He and Ni atoms.

We also performed additional MPWPW91/seg-TZP calcula-
tions for Ngn-NiCO (Ng ) Ar, Ne, He) to examine the
interaction of NiCO with surrounding Ng atoms in the noble
gas matrix. The MPWPW91 method was designed21 to repro-
duce a van der Waals interaction by modifying the PW91PW91
method, and so it is expected that MPWPW91 gives a reasonable
description for Ng-Ng interactions. To make a modeling for
NiCO in bulk noble gases, the noble gas cluster consisting of
33 Ng atoms is prepared, and the central two Ng atoms are
replaced with NiCO where positions of Ng atoms are taken from
the crystal data. Then, geometry optimizations were performed
for Ng31-NiCO (Ng ) Ar, Ne, He) with no geometrical
restrictions, and the following normal-mode analyses were
carried out. Figure 3 shows the optimized structures for each
system. The size of the cluster systems is related to the van der
Waals radius of each noble gas atom. As shown here, one Ng
atom approaches Ni in NiCO, while the other Ng atoms do not
approach NiCO. The structures in Figure 3 indicate that NiCO
in bulk noble gases can be easily transformed to Ng-NiCO.
Table 5 shows bond lengths and harmonic frequencies for NiCO,
Ng-NiCO, and Ng31-NiCO (Ng ) Ar, Ne, He) calculated by
the MPWPW91/seg-TZP method. According to the comparison
of the Ng-Ni bond length and Ni-C-O bending frequency
between Ng-NiCO and Ng31-NiCO, only the Ne31-NiCO
system shows a relatively large deviation, i.e., Ne-Ni inter-
atomic distance increases by 0.024 Å and the Ni-C-O bending

Figure 3. Optimized structures for Ng31-NiCO (Ng ) Ar, Ne, He).

TABLE 5: Bond Lengths (Å) and Harmonic Frequencies (cm-1) for NiCO, Ng-NiCO, and Ng31-NiCO Calculated by
MPWPW91/seg-TZP

bond length harmonic frequency

r(Ni-C) r(C-O) r(Ng-Ni) ν(CO) ν(NiCO) ν(NiC)

NiCO 1.662 1.163 2020 362 616
Ar-NiCO 1.679 1.163 2.293 2018 405 597
Ar31-NiCO 1.678 1.163 2.296 2014 405 598
Ne-NiCO 1.666 1.163 2.236 2018 393 613
Ne31-NiCO 1.665 1.164 2.260 2014 384 614
He-NiCO 1.675 1.162 1.805 2025 407 602
He31-NiCO 1.674 1.162 1.806 2022 407 603

Figure 4. Variation of Ni-C-O bending frequencies for Ngn-NiCO
(Ng ) Ar, Ne, He) as a function of the number of Ng atoms.
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frequency decreases by 9 cm-1. To examine the dependency of
the Ni-C-O bending frequency on the number of Ng atoms,
we carried out a series of calculations for several sizes of clusters
of Ngn-NiCO. Variations of the Ni-C-O bending frequency
are shown in Figure 4. As shown here, the first one noble gas
atom works significantly to increase the bending frequency by
ca. 10% in all cases. The succeeding Ng atoms do not change
the bending frequency in Arn and Hen clusters, while in the Nen
cluster, the bending frequency continues to decrease as the
number of surrounding Ng atoms increases and seems to
converge to 385 cm-1. This behavior should be related to the
weakest interaction between Ne and NiCO among Ng-NiCO.
In spite of this decrease, however, the effect from the first Ne
atom is significantly large compared to the van der Waals
interaction, and thus Ne-NiCO can be regarded as the charge-
transfer complex.

IV. Concluding Remarks

We re-examined geometrical structures, binding energies, and
vibrational frequencies for NiCO and Ng-NiCO by highly
accurate ab initio CCSD(T) methods with the segmented QZP
basis sets. The present results have brought us an idea that the
origin of the matrix shift is, in some cases, attributed to a
formation of the noble gas charge-transfer complex in the matrix
environment. It will inspire further experimental investigation
in the field of noble gas chemistry. It should be noted that the
detailed study by Manceron et al. revealed the existence of Ne-
NiCO, which is the first ever experimental report on a stable
neutral neon complex.
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