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Theoretical prediction of noble-gas compounds: Ng–Pd–Ng and Ng–Pt–Ng
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�Received 5 July 2006; accepted 5 September 2006; published online 18 October 2006�

Following our recent study on Ng–Pt–Ng �Ng=Ar,Kr,Xe� �J. Chem. Phys. 123, 204321 �2005��,
the binding of noble-gas atoms with Pd atom has been investigated by the ab initio coupled cluster
CCSD�T� method with counterpoise corrections, including relativistic effects. It is shown that two
Ng atoms bind with Pd atom in linear geometry due to the s-d� hybridization in Pd where the second
Ng atom attaches with much larger binding energy than the first. The binding energies are evaluated
as 4.0, 10.2, and 21.5 kcal/mol for Ar–Pd–Ar, Kr–Pd–Kr, and Xe–Pd–Xe, respectively, relative to
the dissociation limit, Pd �1S�+2Ng. In the hybrid Ng complexes, the binding energies for XePd and
Ng �=Ar,Kr� are evaluated as 4.0 and 6.9 kcal/mol for XePd–Ar and XePd–Kr, respectively. The
fundamental frequencies and low-lying vibrational-rotational energy levels are determined for each
compound by the variational method, based on the three-dimensional near-equilibrium potential
energy surface. Results of vibrational-rotational analyses for Ng–Pt–Ng �Ng=Ar,Kr,Xe� and Xe–
Pt–Ng �Ng=He,Ne,Ar,Kr� compounds are also given. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2358356�

I. INTRODUCTION

Chemical compounds containing noble-gas atoms have
attracted much attention since the synthesis of the first Ng
compound, XePtF6.1 In the field of noble-gas chemistry,
there has been a lot of interplay between the experiments and
theoretical calculations. Frenking and co-workers2–4 first pre-
dicted the existence of neutral species containing a light
noble-gas atom, Ng–BeO �Ng=He,Ne,Ar�, by ab initio cal-
culations. Later, the compounds, Ng–BeO �Ng=Ar,Kr,Xe�,
have been detected experimentally by Thompson and An-
drews through pulsed-laser-ablation matrix-isolation
spectroscopy,5 and then Veldkamp and Frenking6 reported
the calculated structures and bond energies for those detected
compounds. Very recently, we reported theoretical calcula-
tions that an argon atom possibly combines with NiCO,
NiN2, and CoCO, with a larger binding energy than expected
�7–9 kcal/mol�.7–10 It was shown that the bending frequency
in these compounds increases by 40–50 cm−1 ��10% � due
to binding with an argon atom, resulting in quite good agree-
ments with the corresponding experimental frequencies re-
corded for each compound in solid argon.

Pyykkö predicted the existence of gold-xenon cationic
species, AuXe+ and XeAuXe+, by theoretical calculations,11

which have been detected later by mass sepectroscopy.12 The
binding strength in a noble-gas–noble-metal bond, Au–Xe,
has been related to the strong relativistic effects in heavy
elements.13,14 In 2000, Seidel and Seppelt15 reported the
existence of bulk compound, AuXe4

2+�Sb2F11
− �2. Hu and

Huang16 studied the intrinsic stability of the noble-gas-
coordinated transition metal complex ions, �AuNg4�2+ �Ng
=Ar,Kr,Xe�, and some other hypothetical ions by density
functional theory �DFT� and ab initio calculations. Gerry and

co-workers have found that Ng atom makes a stable com-
pound with a coinage metal monohalide, Ng–MX �Ng
=Ar,Kr,Xe; M =Cu,Ag,Au; and X=F,Cl,Br� and deter-
mined their geometrical structures by the microwave
spectra.17–23 An ab initio study on these compounds showed
a qualitative agreement in bond lengths between theory and
experiment.24 Ghanty proposed a new class of Ng com-
pounds containing noble-gas–noble-metal bond where Ng
atom is inserted into a noble-metal molecule �Au–X� result-
ing in the formation of Au–Ng–X species and investigated
the stability of Au–Ng–X �Ng=Kr,Xe; X=F,OH�25 and
M –Ng–F �M =Ag,Cu; Ng=Ar,Kr,Xe�26 by DFT and ab
initio calculations.

Burda et al.27 investigated a binding strength for the neu-
tral species, M –Xe �M =Ni,Pd,Pt�, by applying ab initio
methods with quasirelativistic pseudopotentials. They found
that Pd–Xe and Pt–Xe were bound by 9.9 and 16.2 kcal/mol,
respectively, while Ni–Xe has no bound states. Very recently
we also examined the binding of Pt atom with noble-gas
atoms, Ar, Kr, and Xe, by ab initio coupled cluster method
with the larger all-electron basis sets and found that two Ng
atoms can bind with Pt atom strongly in linear geometry in
the singlet lowest state where the second Ng atom attaches to
Pt atom with a larger binding energy than the first Ng atom.28

The binding energies were evaluated as 8.2, 17.9, and
33.4 kcal/mol for Ar–Pt–Ar, Kr–Pt–Kr, and Xe–Pt–Xe, re-
spectively, relative to the triplet ground state of the dissocia-
tion limit, Pt �3D�+2Ng.

In the present study, we investigate geometrical struc-
tures and binding energies of new noble-gas-containing spe-
cies, Pd–Ng, Pd–Ng2, and Pd–Ng3 �Ng=Ar,Kr,Xe�, by
applying ab initio coupled cluster calculations with the large
basis sets, including relativistic effects. The possibility of
existence of the hybrid Ng compounds, Xe–Pd–Ng �Ng
=He,Ne,Ar,Kr�, is also examined. To help the spectro-
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scopic search of these new species, fundamental frequencies,
overtones, and combination bands are evaluated for triatomic
compounds by the variational method using the RVIB3

program developed by Carter and Handy.29,30 Similar
vibrational-rotational analysis is also performed for
platinum–noble-gas triatomic molecules.

II. COMPUTATIONAL DETAILS

Ab initio calculations were carried out for the singlet
ground state of Pd–Ng �in C�v�, Pd–Ng2 �in D�h�, and
Pd–Ng3 �in D3h� �Ng=Ar,Kr,Xe�, as well as the hybrid
complex, Xe–Pd–Ng �Ng=He,Ne,Ar,Kr�, at the coupled
cluster singles and doubles including a perturbational esti-
mate of triple excitations �CCSD�T�� level using the MOLPRO

program package.31 In the CCSD calculations, inner-shell or-
bitals were frozen for noble-gas atoms, while the excitations
from 4s, 4p, and 4d orbitals were taken into account explic-
itly for Pd atom. The relativistic effects were included by
using the Douglas-Kroll relativistic one-electron
integrals.32,33 We also calculated the energy level of Pd �3D�
by the spin-restricted CCSD�T� �RCCSD�T�� method to
check the accuracy of the present computational methods.

We have used the relativistic basis sets developed by
Tsuchiya et al.34 for the inner and valence shells, which
are augmented by the correlated sets of basis functions
developed by Sekiya and co-workers.35–39 The original
basis set of Tsuchiya et al. for Pd atom is a minimal one
which is written as �23s19p12d� / �4s3p2d�. This set has been
split and the correlated sets35 have been added so as to rep-
resent the effect of electron correlation due to 4s, 4p, and 4d
orbitals of Pd atom, i.e., �23,23,23,23�+ �3,1 ,2�
→ �20,20,20,20,1 ,1 ,1 ,3 ,1 ,2� for s function, �19,19,19�
→ �15,15,15,1 ,1 ,1 ,1� for p function, and �12,12�
+ �6,2 ,2 ,1�→ �8,6 ,1 ,1 ,1 ,1 ,1� for d function ��12,12� sets
of Tsuchiya et al. have been reduced to �8� to represent
3d orbitals, and �6,2,2,1� sets of Sekiya and co-workers
for 4d orbitals and correlated sets have been added and
split�. The correlated sets of �2,1� f and �2� g functions
have also been added.32 As to the basis sets for Ng atoms,
the original basis sets of Tsuchiya et al. are split in
valence parts of s and p functions as �6�→ �3,1 ,1 ,1�
for He, �12,12/8�→ �9,9 ,1 ,1 ,1 /5 ,1 ,1 ,1� for Ne,
�16,16,16/11,11�→ �13,13,13,1 ,1 ,1 /8 ,8 ,1 ,1 ,1� for
Ar, �20,20,20,20/15,15,15/9�→ �17,17,17,17,1 ,1 ,1 /
12,12,12,1 ,1 ,1 /9� for Kr, and �23,23,23,23,
23/19,19,19,19/12,12�→ �21,21,21,21,21,1 ,1 /16,16,
16,16,1 ,1 ,1 /12,12� for Xe, and the correlated sets,
�p /d / f�= �2,1 ,1 /2 ,1 /2� for He,36 �d / f /g�= �2,1 ,1 /2 ,1 /2�
for Ne,36 �d / f /g�= �3,1 ,1 /1 ,1 /2� for Ar,37 �1,1 ,1 /1 ,1 /2�
for Kr,38 and �1,1 /1 ,1 /2� for Xe,38 are added.

In the estimation of the interaction energy between Pd
and Ng atoms, the basis set superposition error �BSSE� was
corrected by the standard counterpoise correction method.40

The interaction energy �Vint� for Pd–Ng, Pd–Ng2, and
Pd–Ng3 can be expressed respectively as

Vint,Pd–Ng�r� = VPd–Ng�r� − VPd�r� − VNg�r� , �1�

Vint,Pd–Ng2
�r� = VPd–Ng2

�r� − VPd�r� − VNg�r� � 2, �2�

Vint,Pd–Ng3
�r� = VPd–Ng3

�r� − VPd�r� − VNg�r� � 3, �3�

where Vx�r� denotes the CCSD�T� energy for X system or
fragment with the Pd–Ng distance r calculated with the basis
sets for the entire system. Geometry optimizations are car-
ried out within the respective point groups by minimizing the
above interaction energies in Eqs. �1�–�3�. The binding en-
ergy is evaluated as the interaction energy Vint,X�req� at the
optimized structures. Normal mode analyses are performed
for Pd–Ng and Pd–Ng2 by numerical differentiations of the
counterpoise-corrected interaction energy Vint,X for the most
probable isotopic species �106Pd, 40Ar, 84Kr, and 132Xe�.

For triatomic compounds, Pd–Ng2 �Ng=Ar,Kr,Xe� and
Xe–Pd–Ng �Ng=He,Ne,Ar,Kr�, we also carried out varia-
tional calculations to determine fundamental frequencies and
low-lying vibrational energy levels using the RVIB3 code29,30

in terms of three-dimensional interaction potential energy
surfaces. To determine the potential energy surface, we cal-
culated CCSD�T� counterpoise-corrected energies at 196
points around the equilibrium structure and then fitted those
energies to the fourth-order polynomials as

V�q1,q2,q3� = �
i,j,k

Cijkq1
i q2

j q3
k �i, j,k = 0 – 4� , �4�

where q1 and q2 denote the dimensionless Simons-Parr-
Finlan coordinate for each Pd–Ng bond length �r1 and r2�
defined as41

qi =
ri − req

ri
, �5�

and q3 denotes the supplement of the valence angle in radian.
For Pd–Ng2 species in D�h point group, the symmetry-
adapted stretching coordinates were used in RVIB3 calcula-
tions. The basis functions for the stretching part have been
built by contracting 25 one-dimensional harmonic oscillator
functions for each stretching coordinate to 16 functions in
terms of 46 Gauss-Hermite quadrature points and combining
these optimized functions in a series of two-dimensional
contraction schemes; the size of the Hamiltonian matrix is
16�16=256 which is split to sub-blocks of totally symmet-
ric and antisymmetric parts in the case of D�h species, and
16 two-dimensional functions were collected in the respec-
tive symmetry representations. As to the bending part, 71
associated Legendre functions have been employed as the
primitive basis functions, which were then contracted to 35
basis functions; the optimized bending functions were stored
at 82 quadrature points. For each value of the rotational
quantum number, the secular matrix was constructed using
the vibrational expansion functions and the rotational
symmetric-top functions and was diagonalized to obtain the
vibrational-rotational energy levels.

We also carried out additional calculations for the
platinum–noble gas compounds, Pt–Ng2 �Ng=Ar,Kr,Xe�
and Xe–Pt–Ng �Ng=He,Ne,Ar,Kr�, at the same computa-
tional levels. The basis sets for Pt have been made from the
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relativistic basis sets34 and the correlated sets,39 the details of
which are described in the previous paper.28 The calculations
include geometry optimization and vibrational-rotational cal-
culations using the RVIB3 code for the respective compounds.

III. RESULTS AND DISCUSSION

The electronic ground state of Pd atom is 1S, with the
valence electronic configuration �4d�10 while the first excited
state is 3D with �4d�9�5s�1. By CCSD�T� and RCCSD�T�
calculations, the energy difference between 1S and 3D states
of Pd atom is evaluated as 19.2 kcal/mol, which is smaller
by about 1 kcal/mol than the experimental �J-averaged�
value from the NIST tables, 20.3 kcal/mol.42 Raab and Roos
reported the closer value, 19.8 kcal/mol, for the correspond-
ing excitation energy calculated by the CCSD�T� method
with different basis sets.43 In the case of Pt atom the elec-
tronic ground state is 3D ��5d�9�6s�1�, while the first excited
state is 1S ��5d�10�. Their energy difference was evaluated as
11.5 kcal/mol at the same computational level.28 By the
binding with Ng atoms, the triplet potential energy curves for
Pt–Ng show a repulsive feature, while the singlet state is
stabilized, resulting in the bound 1�+ ground state of Pt–Ng.
Then, the triplet and singlet potential energy curves cross
with each other at some interatomic distance in Pt–Ng, while

such curve crossings do not occur in Pd–Ng. In Pd–Ng sys-
tem, the spin-orbit coupling effects from the triplet excited
state on the singlet ground-state potential energy curve may
be very small because of a sufficiently large energy differ-
ence. Therefore we focus on the singlet ground state of
palladium–noble-gas compounds in the following.

Figure 1 shows potential energy curves, Vint,Pd–Ng, for the
ground 1�+ state of Pd–Ng �Ng=Ar,Kr,Xe�. In these poten-
tial energy curves, the BSSE was already corrected by the
counterpoise method. As shown in Fig. 1, the respective
compounds have bound states. The binding energies are
evaluated as 0.94 kcal/mol for PdAr, 3.35 kcal/mol for
PdKr, and 8.52 kcal/mol for PdXe, while the equilibrium
bond distances are 2.797, 2.643, and 2.629 Å for PdAr,
PdKr, and PdXe, respectively. Without the counterpoise cor-
rections, the corresponding equilibrium bond lengths are cal-
culated as 2.685, 2.596, and 2.603 Å, and the binding ener-
gies are calculated as 1.60, 4.40, and 10.05 kcal/mol for
PdAr, PdKr, and PdXe, respectively. The BSSE makes the
binding energy larger by 0.6–1.5 kcal/mol, and thus, it is
important to correct the BSSE in these systems. In previous
CCSD�T� calculations with pseudopotentials for PdXe,27 the
binding energy was evaluated as 9.9 kcal/mol, and the equi-
librium bond length was calculated as 2.52 Å, indicating a
slightly stronger binding between Pd and Ng atoms than our
results. Table I summarizes the equilibrium bond lengths,
binding energies, rotational constants, and harmonic frequen-
cies for Pd–Ng derived from CCSD�T� counterpoise-
corrected potential energy curves, as well as Mulliken
atomic-orbital populations and dipole moments at the CCSD
level. The harmonic frequencies are calculated as 53.9 cm−1

�PdAr�, 96.0 cm−1 �PdKr�, and 132.1 cm−1 �PdXe�, and the
binding energies including zero-point vibrational energy are
evaluated as 0.86 kcal/mol �PdAr�, 3.21 kcal/mol �PdKr�,
and 8.34 kcal/mol �PdXe�. For comparison, the correspond-
ing values for Pt–Ng reported previously28 are also given in
Table I where the binding energy is given relative to Pt�1S�
+Ng�1S�. It is evident that Pt–Ng binding is stronger than the
corresponding Pd–Ng bonding both in terms of bond length
and binding energy. It is interesting to note that the Pt–Ng
bond lengths are smaller than the corresponding Pd–Ng bond
lengths, although Pt and Pd belong to the same group of the

FIG. 1. Potential energy curves for the singlet ground state �1�+� of Pd–Ng
�Ng=Ar,Kr,Xe�.

TABLE I. Equilibrium bond lengths �re�, binding energies �BEe and BE0�, rotational constants �Be�, harmonic
frequencies ���, and Mulliken atomic-orbital populations for Pd–5s and Pd–4d �n�, and dipole moment ���
calculated for the singlet ground state of Pd–Ng. For comparison, the corresponding values for Pt–Ng reported
recently are also shown where Mulliken atomic-orbital populations for Pt–6s and Pt–5d at the CCSD level are
given.

Parameter Pd–Ar Pd–Kr Pd–Xe Pt–Ara Pt–Kra Pt–Xea

re �Å� 2.797 2.643 2.629 2.383 2.430 2.500
BEe �kcal/mol� 0.94 3.35 8.52 7.25 12.77 22.10
BE0 �kcal/mol� 0.86 3.21 8.34 6.99 12.53 21.85
Be �GHz� 2.398 1.596 1.271 2.685 1.459 1.028
� �cm−1� 53.9 96.0 132.1 184.7 168.8 172.6
n�Pd–5s�, n�Pt–6s� 0.034 0.082 0.142 0.396 0.434 0.481
n�Pd–4d�, n�Pt–5d� 9.863 9.804 9.727 9.505 9.478 9.445
� �D� 0.28 0.32 0.26 0.65 0.84 0.97

aReference 28.
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Periodic Table and Pt is just below Pd. Certainly this is
linked with the stronger relativistic effect in Pt and is a con-
sequence of relativistic bond length contraction as discussed
by Pyykkö and Desclau13 and Pyykkö.14

Here we discuss the binding mechanism of Pd and Ng
atoms. As shown in Table I, Pd-5s population slightly in-
creases �0→0.142� while Pd-4d population slightly de-
creases �10→9.727� in Pd–Ng �numbers in parentheses cor-
respond to populations for Pd–Xe�. This means that, by the
binding with Ng atom, the s-d� hybridization is invoked in
Pd atom due to the mixing of �4d�10 and �4d�9�5s�1 elec-
tronic configurations. The s-d� hybridization moves Pd-d�

electrons out into regions perpendicular to the Pd–Ng axis,
which leads to an electron-nuclear attraction between a par-
tially unshielded Pd core and the electrons on Ng atom. This
may be the origin of the binding strength between Pd and Ng
atoms. The same mechanism was previously proposed for
understanding the metal-ligand binding mechanism in
Pd-H2O and in Pd-NH3 by Blomberg and co-workers.44,45

For Pd–Ng2 systems, the counterpoise corrections have
been applied to evaluate the binding energy relative to the
dissociation limit of Pd+Ng+Ng in the same way as calcu-
lations for Pd–Ng. Figure 2 shows counterpoise-corrected
potential energy curves, Vint,Pd–Ng2

, for the lowest singlet
�1�+� state of Pd–Ng2 �Ng=Ar,Kr,Xe� in D�h configuration

as a function of Pd–Ng distance. As shown in the potential
energy curves, these compounds have a large binding energy,
i.e., 4.01, 10.17, and 21.49 kcal/mol for Pd–Ar2, Pd–Kr2,
and Pd–Xe2, respectively. The binding energies for Pd–Ng
are evaluated as 0.94 kcal/mol �Pd–Ar�, 3.35 kcal/mol
�Pd–Kr�, and 8.52 kcal/mol �Pd–Xe� as shown in Table I,
and thus, the additional binding energy for the second Ng
atom is much larger than that for the first Ng atom in all
cases: 3.07 kcal/mol �PdAr2�, 6.82 kcal/mol �PdKr2�, and
12.97 kcal/mol �PdXe2�. Table II summarizes the equilib-
rium bond length, binding energies �without and with zero-
point vibrational energy �ZPE� correction�, and rotational
constants �equilibrium one and effective one for ZPE level�
for �PdNg2�, as well as Mulliken atomic-orbital populations
for Pd-5s and Pd-4d at the CCSD level. The corresponding
data for Pt-Ng2 are also given where the binding energy is
given relative to Pt�1S�+2Ng�1S�. The equilibrium bond
lengths are calculated as 2.544, 2.554, and 2.619 Å for
Pd–Ar2, Pd–Kr2, and Pd–Xe2, respectively, and so the order
in bond lengths is reverse between Pd–Ng and Pd–Ng2. The
changes in Pd–Ng bond lengths indicate that the binding
between Ng and Pd becomes much stronger especially for
Pd–Ar2 and Pd–Kr2 than the corresponding Pd–Ng diatomic
molecules. The corresponding Pt–Ng bond lengths are 2.352,
2.435, and 2.546 Å for Pt–Ar2, Pt–Kr2, and Pt–Xe2, respec-
tively. The shorter bond lengths in Pt–Ng2 indicate the larger
contributions of relativistic effects in Pt–Ng2 than in
Pd–Ng2, as is the case for Pd–Ng and Pt–Ng molecules.

In order to get insight into the higher bond strength of
the second Pd–Ng bond in Pd–Ng2, we calculated the poten-
tial energy curve for XePd–Xe� as a function of Pd–Xe�
interatomic distance r, where XePd bond length is fixed to
the equilibrium bond length in PdXe2. In this calculation, the
counterpoise-corrected interaction energy was evaluated as

Vint,Xe–Pd–Xe��r� = VXe–Pd–Xe��r� − VPd�r� − VXe�r�

− VXe��r� . �6�

Figure 3 shows the calculated potential energy curves for
XePd–Xe�→XePd+Xe� and PdXe→Pd+Xe. Dashed lines
denote the energy levels of Pd+2Xe, XePd+Xe, and XeP-
dXe. The potential energy curve for XePd–Xe�→XePd
+Xe� shows a minimum at the D�h equilibrium bond length,
indicating that the D�h equilibrium structure of Pd–Xe2 cor-

FIG. 2. Potential energy curves for the singlet ground state �1�g
+� of

Pd–Ng2 �Ng=Ar,Kr,Xe� in D�h point group as a function of Pd–Ng dis-
tance r�PdNg�.

TABLE II. The equilibrium bond length, binding energies, rotational constants, and Mulliken atomic-orbital
populations for Pd–5s and Pd–4d for Pd–Ng2. For comparison, the corresponding values for Pt–Ng2 reported
recently are also shown where Mulliken atomic-orbital populations for Pt–6s and Pt–5d at the CCSD level are
given.

Parameter Pd–Ar2 Pd–Kr2 Pd–Xe2 Pt–Ar2
a Pt–Kr2

a Pt–Xe2
a

re �Å� 2.544 2.554 2.619 2.352 2.435 2.546
BEe �kcal/mol� 4.01 10.17 21.49 19.65 29.43 44.92
BE0 �kcal/mol� 3.56 9.70 21.00 18.76 28.74 44.31
Be �GHz� 0.9770 0.4617 0.2793 1.1392 0.5060 0.2954
B0 �GHz� 0.9612 0.4588 0.2785 1.1324 0.5044 0.2949
n�Pd–5s�, n�Pt–6s� 0.196 0.260 0.328 0.676 0.710 0.75
n�Pd–4d�, n�Pt–5d� 9.688 9.617 9.539 9.267 9.265 9.20

aReference 28.
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responds to a global minimum. As is clearly shown in these
potential energy curves, the second Xe atom attaches to
XePd with a larger binding energy than the first Xe atom.

Why does the second Ng atom bind stronger than the
first one? This can also be explained by the s-d� hybridiza-
tion in Pd atom. As described for the Pd–Ng diatomic mol-
ecules, the s-d� hybridization reduces the charge density
along the molecular axis, and thus electron repulsions be-
tween Pd and Ng atoms are reduced. In Ng–Pd–Ng, both Ng
atoms benefit from reduced repulsion, while they can share
the energetic cost of hybridization. This is the reason why the
second Ng atom attaches to Pd–Ng from the other side in the

linear configuration more strongly than the first Ng atom.
The similar interpretation was applied previously to explain
the tendency in the binding energies of Cu+– �H2O�n and
Cu+– �NH3�n.46,47 According to the atomic-orbital popula-
tions of Pd–5s and Pd–4d in Tables I and II, the s-d� hy-
bridization is invoked much stronger in Pd–Ng2 than in Pd–
Ng.

For Pd–Ng2, the harmonic frequencies were also calcu-
lated by numerical differentiations of CCSD�T�
counterpoise-corrected energies. All the frequencies are
given in real number, indicating that Pd–Ng2 takes a D�h

linear geometry as the equilibrium structure. The ZPEs were
evaluated from variational RVIB3 calculations as 158.7,
166.2, and 170.9 cm−1 for Pd–Ar2, Pd–Kr2, and Pd–Xe2,
respectively, and then, the binding energy BE0 was calcu-
lated as 3.56, 9.70, and 21.00 kcal/mol, respectively. The
comparison of Be and B0 rotational constants indicates that
the anharmonic effect seems not so strong in Pd–Kr2 and
Pd–Xe2 compared to that in Pd–Ar2. Table III gives the
expansion coefficients for the potential energy surfaces de-
fined in Eq. �4�, determined for M –Ng2�M =Pd,Pt;Ng
=Ar,Kr,Xe�. In this table, only symmetrically unique coef-
ficients are given �due to D�h point group, C020=C200, C120

=C210, and so on�. The second-order terms, C200 and C002,
correspond to the harmonic force constants of M –Ng bond
�in Simons-Parr-Finlan coordinate� and Ng–M –Ng valence
angle. The comparison of C200 indicates that the relative ratio
in the strength of Pd–Ng bond is almost 1 �Ar�:2 �Kr�:3 �Xe�,
while C002 coefficients show relatively close value in three
compounds.

FIG. 3. Potential energy curves for XePd–Xe→XePd+Xe and PdXe
→Pd+Xe as a function of Pd–Xe distance r�PdXe�. Dashed lines denote the
energy levels of Pd+2Xe, XePd+Xe, and XePdXe.

TABLE III. Expansion coefficients for potential energy surfaces of Pd–Ng2 and Pt–Ng2.

Pd–Ar2

C200 0.194 407 C110 −0.078 961 C002 0.007 742 C300 −0.763 204
C210 −0.071 865 C102 −0.033 643 C400 1.037 370 C310 0.327 223
C220 −0.005 677 C202 0.028 158 C112 0.151 308 C004 −0.001 989

Pd–Kr2

C200 0.358 097 C110 −0.041 161 C002 0.010 780 C300 −1.223 458
C210 −0.175 580 C102 −0.039 966 C400 1.264 763 C310 0.312 456
C220 0.058 079 C202 0.014 216 C112 0.163 238 C004 −0.002 518

Pd–Xe2

C200 0.552 781 C110 0.096 090 C002 0.012 197 C300 −1.771 558
C210 −0.401 047 C102 −0.038 052 C400 1.623 847 C310 0.073 091
C220 0.678 666 C202 −0.005 235 C112 0.138 648 C004 −0.002 190

Pt–Ar2

C200 0.567 741 C110 0.027 104 C002 0.033 163 C300 −1.732 442
C210 −0.425 301 C102 −0.087 268 C400 1.295 132 C310 0.494 255
C220 1.050 936 C202 −0.028 275 C112 0.333 208 C004 −0.008 484

Pt–Kr2

C200 0.734 199 C110 0.108 766 C002 0.032 262 C300 −2.143 897
C210 −0.413 984 C102 −0.076 090 C400 1.592 584 C310 0.248 738
C220 0.451 763 C202 −0.063 746 C112 0.269 327 C004 −0.007 386

Pt–Xe2

C200 0.963 671 C110 0.248 688 C002 0.029 098 C300 −2.804 516
C210 −0.469 580 C102 −0.058 118 C400 2.530 193 C310 0.000 375
C220 −0.169 400 C202 −0.085 159 C112 0.194 849 C004 −0.005 582
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Table IV shows the harmonic frequencies �i and low-
lying vibrational-rotational energy levels including funda-
mental frequencies �i, overtones, and combination bands for
Pd–Ng2 and Pt–Ng2 determined by variational calculations.
The harmonic frequencies �1, �2, and �3 correspond to the
symmetric stretching, bending, and antisymmetric stretching
modes, respectively. The comparison of stretching frequen-
cies of Pd–Ng2 ��1 and �3� with �e of Pd–Ng �in Table I�
suggests that Pd–Ar and Pd–Kr bonds in Pd–Ng2 become
extensively stronger than the corresponding bonds in Pd–Ng,
while the Pd–Xe bond in Pd–Xe2 seems not so changed
from the corresponding bond in Pd–Xe diatomic molecule.
Interestingly all Pd–Ng2 have a similar harmonic frequency
for the symmetric stretching mode, i.e., �1=98.8 cm−1 �Ar�,
98.7 cm−1 �Kr�, and 99.2 cm−1 �Xe�, but the fundamental
frequencies are so different that �1=85.7 cm−1 �Ar�,
92.6 cm−1 �Kr�, and 97.7 cm−1 �Xe�. On the other hand, the
harmonic frequencies for bending mode are different with
each other ��2=51.0 cm−1 �Ar�, 46.3 cm−1 �Kr�, and
37.9 cm−1 �Xe��, but the fundamental frequencies show simi-
lar values, i.e., �2=37.1 cm−1 �Ar�, 37.9 cm−1 �Kr�, and

36.9 cm−1 �Xe�. The vibrational energy levels for bending
modes are described by two quantum numbers, v2 and l, the
latter of which is a vibrational angular quantum number. The
overtones for bending mode show a small splitting as to
l=0 and 2.

Figure 4 shows CCSD�T� counterpoise-corrected poten-
tial energy curves for Pd–Ng3 calculated within the D3h

point group restriction. The Pd–Ng bond lengths are calcu-
lated as 2.901, 2.768, and 2.765 Å, which are much longer
than the corresponding ones in Pd–Ng2. The dissociation
energies to Pd+3Ng are calculated as 2.78, 8.57, and
20.53 kcal/mol for Pd–Ar3, Pd–Kr3, and Pd–Xe3, respec-
tively, and thus the energy level of PdNg3 is even higher than
the energy level of PdNg2+Ng. In order to examine the sta-
bility of D3h minimum structure on the potential energy sur-
face, we calculated changes of potential energy along the
linearly interpolated C2v path connecting Pd–Ng3 minimum
�D3h� and a supermolecule of Ng�+Pd–Ng2 �D�h�, where a
leaving Ng� is separated by 7 Å from Pd. The linear inter-
polation was performed in terms of Pd–Ng and Pd–Ng�
bond lengths �r1 ,r2� and Ng–Pd–Ng valence angle ���. At
each grid point, the counterpoise corrected interaction energy

FIG. 4. Potential energy curves for the singlet ground state �1A1�� of
Pd–Ng3 �Ng=Ar,Kr,Xe� in D3h point group as a function of Pd–Ng dis-
tance r�PdNg�.

FIG. 5. Change of potential energy along the linearly interpolated path
between Pd–Ng3 and Pd–Ng2+Ng �Ng=Ar,Kr,Xe�.

TABLE IV. The harmonic frequencies �i and vibrational energy levels �v1 ,v2
l ,v3�, corresponding to the fun-

damental frequencies �i, overtones, and combination bands, evaluated for the singlet ground state of Pd–Ng2

and Pt–Ng2. Units are given in cm−1.

Pd–Ar2 Pd–Kr2 Pd–Xe2 Pt–Ar2 Pt–Kr2 Pt–Xe2

�1 ��g� 98.8 98.7 99.2 202.2 155.8 139.4
�2 �	u� 51.0 46.3 37.9 93.6 64.6 51.8
�3 ��u� 154.0 165.0 173.1 233.2 197.1 183.0
�1 ��g� 85.7 92.6 97.7 191.3 150.6 136.0
�2 �	u� 37.1 37.9 36.9 77.7 59.1 48.4
�3 ��u� 141.3 157.3 166.6 222.2 190.5 182.8
�2,00 ,0� 167.2 183.9 194.8 379.9 300.3 271.5
�0,20 ,0� 73.3 75.3 73.3 154.8 117.9 96.5
�0,22 ,0� 73.8 75.6 73.6 155.1 118.1 96.7
�0,00 ,2� 275.6 311.5 331.5 441.7 379.6 364.7
�1,11 ,0� 121.8 130.2 134.7 268.3 209.5 184.4
�0,11 ,1� 176.4 194.3 202.9 298.8 249.1 230.9
�1,00 ,1� 220.0 247.1 262.6 408.7 339.0 317.6
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was calculated as

Vint,Ng�–Pd–Ng2
�r1,r2,�� = VNg�–Pd–Ng2

�r1,r2,��

− VPd�r1,r2,�� − VNg��r1,r2,��

− VNg�r1,r2,�� � 2. �7�

Figure 5 shows energy profiles along the linearly interpolated
path for Pd–Ng3→Ng+Pd–Ng2. In the case of Pd–Kr3 and
Pd–Xe3, there is an activation barrier to the dissociation of
Ng� atom, although the activation energy is not so large es-
pecially for Pd–Kr3. In the case of Pd–Ar3, the change of
potential energy shows an almost flat feature, indicating that
Pd–Ar2 is coordinatively saturated, and no additional Ar at-
oms can attach to Pd–Ar2. Table V summarizes the bond
lengths, binding energies, and Mulliken atomic-orbital popu-
lations �Pd-5s and Pd-4d� of the D3h minimum for Pd–Ng3.
As shown in atomic-orbital populations, the hybridizations in
5s and 4d atomic orbitals are extensively reduced from those
in Pd–Ng2, which may result in less stabilization for the
binding of Ng and Pd–Ng2.

The comparison of Pd–Ng bond lengths and binding en-
ergies in Pd–Ng, Pd–Ng2, and Pd–Ng3 indicates that the
order of Pd–Ng bond strength is Pd–Ng2
Pd–Ng

Pd–Ng3. In particular, the Pd–Ar bond length decreases
from 2.797 Å in Pd–Ar to 2.544 Å in Pd–Ar2 system, and
again it increases to 2.901 Å in Pd–Ar3. This behavior is

related to the binding mechanism due to s-d� hybridization,
which occurs most effectively in a linear geometry. Follow-
ing the analyses of bond lengths for Ng–MX system by
Gerry and co-workers,21,22 we compare the M –Ng bond
lengths in M –Ng, M –Ng2, and M –Ng3 species with respect
to “van der Waals limit” and “covalent limit.” In the present
cases of Pd–Ngn and PtNgn, the bond lengths in van der
Waals limit �rvdW� could be expressed as a sum of van der
Waals radii of each atom, while those in covalent limit �rcov�
correspond to a sum of covalent radii of each atom. Table VI
shows comparison of M –Ng bond lengths with values esti-
mated from standard parameters of van der Waals radius48,49

and covalent radius50–52 of the respective atoms. As is clearly
shown here, bond lengths in van der Waals limit are much
larger than the calculated bond lengths, and M –Ng bonds in
Pd–Ngn and Pt–Ngn can be classified to covalent bonds.
Especially, M –Ng bond lengths in Pd–Xe2, Pt–Ar, Pt–Ar2,
Pt–Kr, and Pt–Kr2 are very close to the value of covalent
limit, and Pt–Xe bond lengths in Pt–Xe and Pt–Xe2 are even
smaller by 0.1–0.2 Å than the covalent limit value. It is
noted that there are several variations of covalent radius for
Pd and Pt atoms.

In the present study, we have found that the second Ng
atom can attach to Pd with much larger binding energy than
the first Ng atom. Based on this discovery we decided to
perform ab initio calculations for the hybrid noble-gas com-
pounds, Xe–Pd–Ng and Xe–Pt–Ng �Ng=He,Ne,Ar,Kr�,
since the lighter noble-gas atoms are expected to bind with
PdXe or PtXe more easily than with Pd or Pt atom. The
CCSD�T� counterpoise-corrected potential energies were cal-
culated at 196 points around the minimum energy structure
estimated from DFT calculations, and those energies were
fitted to the potential energy functions defined in Eq. �4�.
Then, the equilibrium structures were determined from
these fitted surfaces for the respective compounds. At this

TABLE V. The equilibrium bond length, binding energies, and Mulliken
atomic-orbital populations for Pd–5s and Pd–4d for Pd–Ng3.

Parameter Pd–Ar3 Pd–Kr3 Pd–Xe3

re �Å� 2.901 2.768 2.765
BEe �kcal/mol� 2.78 8.57 20.53
n�Pd–5s� 0.048 0.104 0.179
n�Pd–4d� 9.846 9.764 9.631

TABLE VI. Comparison of M –Ng bond lengths �Å� with values estimated from standard parameters.

Atom

Standard parameters

van der Waals radius Covalent radius

Ar 1.88a 0.98b

Kr 2.00a 1.09–1.11c

Xe 2.18a 1.30–1.31c

Pd 1.63d 1.353e

Pt 1.75d 1.365e

Bond lengths for M –Ng
rvdW rcov M –Ng M –Ng2 M –Ng3

Pd–Ar 3.51 2.33 2.797 2.544 2.901
Pd–Kr 3.63 2.45 2.643 2.554 2.768
Pd–Xe 3.81 2.66 2.629 2.619 2.765
Pt–Ar 3.63 2.35 2.383 2.352 ¯

Pt–Kr 3.75 2.47 2.430 2.435 ¯

Pt–Xe 3.93 2.68 2.500 2.546 ¯

aReference 48.
bReference 50.
cReference 51.
dReference 49.
eReference 52.
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stage, we noted that there was no bound state for Xe–Pd–Ne.
Table VII shows expansion coefficients for the respective
potential energy surfaces for Xe–M –Ng �M =Pd,Pt; Ng
=He,Ne,Ar,Kr�. Based on these potential energy surfaces,
variational calculations were performed to determine
vibrational-rotational energy levels using the RVIB3 code.
Table VIII summarizes calculated equilibrium bond lengths,
binding energies, rotational constants, and fundamental fre-
quencies for these compounds. The respective bond lengths,
re�Xe–M�, re�M –Ar�, and re�M –Kr�, are all similar to the
corresponding bond lengths in Ng–M –Ng given in Table II,
while Pd–He, Pt–He, and Pt–Ne bond lengths are estimated
as 2.065, 1.818, and 2.578 Å, respectively. The binding en-

ergy for XeM and Ng can be estimated by subtracting the
binding energy for Pd–Xe �8.52 kcal/mol� and Pt–Xe
�22.10 kcal/mol� given in Table I from the binding energy
for Xe+M +Ng→Xe–M –Ng given in Table VIII. The thus
estimated binding energies are 1.12 kcal/mol �XePd–He�,
4.02 kcal/mol �XePd–Ar�, 6.94 kcal/mol �XePd–Kr�,
5.46 kcal/mol �XePt–He�, 0.50 kcal/mol �XePt–Ne�,
9.75 kcal/mol �XePt–Ar�, and 14.20 kcal/mol �XePt–Kr�.
Taking into account zero–point vibrational energy in the re-
spective compounds, the corresponding binding energies are
reduced to 0.55, 3.71, 6.64, 4.17, 0.23, 9.31, and
13.83 kcal/mol, respectively. Although the binding strength
in XePd–He and XePt–Ne seems fairly weak, the other

TABLE VII. Expansion coefficients for potential energy surfaces of Xe–Pd–Ng and Xe–Pt–Ng.

Xe–Pd–He
C200 0.571 847 C110 −0.029 262 C020 0.061 640 C002 0.009 076
C300 −1.841 254 C210 −0.111 675 C120 −0.081 915 C030 −0.244 791
C102 −0.027 570 C012 −0.031 500 C400 1.581 567 C310 0.062 655
C220 0.169 822 C130 0.124 989 C040 0.345 751 C202 −0.003 817
C112 0.113 516 C022 0.019 911 C004 −0.002 416

Xe–Pd–Ar
C200 0.580 737 C110 −0.018 660 C020 0.207 053 C002 0.009 897
C300 −1.862 862 C210 −0.176 344 C120 −0.195 363 C030 −0.775 559
C102 −0.030 475 C012 −0.042 145 C400 1.712 100 C310 0.083 150
C220 0.326 338 C130 0.286 479 C040 0.996 745 C202 −0.007 208
C112 0.141 890 C022 0.035 060 C004 −0.002 174

Xe–Pd–Kr
C200 0.582 517 C110 0.014 131 C020 0.343 106 C002 0.011 354
C300 −1.837 702 C210 −0.241 928 C120 −0.270 439 C030 −1.166 452
C102 −0.035 112 C012 −0.042 693 C400 1.578 552 C310 0.112 918
C220 0.423 040 C130 0.230 364 C040 1.218 728 C202 −0.007 682
C112 0.149 016 C022 0.015 442 C004 −0.002 311

Xe–Pt–He
C200 1.055 152 C110 0.102 872 C020 0.260 870 C002 0.032 469
C300 −3.031 519 C210 −0.409 645 C120 −0.305 150 C030 −0.914 788
C102 −0.067 882 C012 −0.081 077 C400 2.547 503 C310 0.060 560
C220 1.014 163 C130 0.108 915 C040 1.079 231 C202 −0.068 638
C112 0.216 125 C022 0.023 585 C004 −0.006 913

Xe–Pt–Ne
C200 1.098 791 C110 −0.031 548 C020 0.063 774 C002 0.013 161
C300 −3.052 013 C210 −0.152 506 C120 −0.056 759 C030 −0.302 120
C102 −0.017 805 C012 −0.059 382 C400 1.129 972 C310 0.955 233
C220 0.200 507 C130 −0.148 519 C040 0.610 475 C202 −0.050 905
C112 0.136 762 C022 0.093 259 C004 −0.005 221

Xe–Pt–Ar
C200 1.062 896 C110 0.136 029 C020 0.482 033 C002 0.030 080
C300 −2.981 661 C210 −0.368 670 C120 −0.483 041 C030 −1.515 725
C102 −0.057 426 C012 −0.083 549 C400 1.998 802 C310 0.011 651
C220 0.734 395 C130 0.269 775 C040 1.415 236 C202 −0.080 762
C112 0.257 040 C022 −0.037 139 C004 −0.006 656

Xe–Pt–Kr
C200 1.024 711 C110 0.201 514 C020 0.670 801 C002 0.030 366
C300 −2.888 584 C210 −0.376 946 C120 −0.472 438 C030 −1.975 945
C102 −0.057 970 C012 −0.074 397 C400 2.021 894 C310 −0.452 484
C220 0.448 973 C130 −0.145 197 C040 1.421 083 C202 −0.087 452
C112 0.224 715 C022 −0.061 120 C004 −0.006 522
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hybrid compounds, Xe–Pd–Ar, Xe–Pd–Kr, Xe–Pt–He, Xe–
Pt–Ar, Xe–Pt–Kr, have a sufficiently large binding energy,
and they are good candidates as new noble-gas compounds
to be detected in the experiment.

Finally we provide brief considerations on the possibility
of the existence of nickel–noble-gas compounds. A nickel
atom belongs to the same group of Pd and Pt in the Periodic
Table, although their electronic ground states are different
from each other, i.e., 3F with d8s2 �Ni�, 1S with d10 �Pd�, and
3D with d9s1 �Pt�. Through calculations for Pd–Ngn and
Pt–Ngn compounds, it is verified that only 1S state with d10

configuration is stabilized by the binding with Ng atoms.
This result can be related to the stabilization mechanism due
to the s-d� hybridization. Burda et al. already pointed out
that the diatomic Ni–Xe compound is not bound,27 but it is
not yet clear about the stability of Ni–Ng2 because the sec-
ond M –Ng binding has been found to be stronger for both
Pd and Pt compounds; the binding energies were evaluated
as 8.52 and 21.49 kcal/mol for Pd–Xe and Xe–Pd–Xe, re-
spectively, and 22.10 and 44.92 kcal/mol for Pt–Xe and Xe–
Pt–Xe, respectively. In the case of Pt–Ngn, the binding en-
ergy should be reduced by considering the excitation energy
for 1S of Pt atom relative to the 3D ground state in the dis-
sociation limit, Pt+nNg. Similarly, the binding energy for
Ni–Ngn should be estimated relative to the dissociation
limit, Ni �3F�+nNg. The experimental excitation energy for
1S state of Ni atom relative to the ground 3F4 state is re-
ported as 42.1 kcal/mol,53 which is much larger than the
expected stabilization energy for Ni–Ng2. This consideration
suggests that it is difficult to detect Ni–Ng2 compounds in
the experiment.

IV. CONCLUDING REMARKS

We have examined the possibility of new noble-gas
compounds with Pd and Pt atoms by applying the CCSD�T�
method with the Douglas-Kroll relativistic scheme. We used
all-electron relativistic basis sets, augmented with the corre-
lated sets, to take into account both relativistic effects and
electron correlation effects quantitatively. The calculations
give the expected trend of higher binding energies for the
heavier noble-gas xenon. It is also shown that Pt–Ng binding
is much stronger than the corresponding Pd–Ng bonding

both in terms of bond length and binding energy. The Pt–Ng
bond lengths are smaller than the corresponding Pd–Ng bond
lengths, which is linked with the stronger relativistic effect in
Pt and is a consequence of relativistic bond length contrac-
tion.

It is found that Pd–Ar2, Pd–Kr2, and Pd–Xe2 have suf-
ficiently large binding energies of 4.01, 10.17, and
21.49 kcal/mol, respectively. These species take linear ge-
ometry as the minimum in which the second Ng atom at-
taches to Pd atom with a larger binding energy than the first
Ng atom. The binding mechanism in these compounds can
be explained by the s-d� hybridization in Pd atom. The bind-
ing energies for the lighter noble-gas atoms and PdXe or
PtXe are also examined by the same computational methods,
and we show that the hybrid compounds, Xe–Pd–Ar, Xe–
Pd–Kr, Xe–Pt–He, Xe–Pt–Ar, and Xe–Pt–Kr, also have a
sufficient binding energy. The rotational constants and fun-
damental frequencies for these species are also determined
by variational calculations. We hope that our calculations
will motivate the experimentalists to synthesize these new
noble-gas compounds.
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