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Theoretical studies of the potential energy surfaces (PESs) and bound states are performed for rare
gas-carbon disulfide complexes, He-CS2 , Ne-CS2 , and Ar-CS2 . Three two-dimensional intermolecular PESs are constructed from ab initio data points which are calculated at the CCSD(T) level with
aug-cc-pVTZ basis set supplemented with bond functions. We find that the three PESs have very similar features and each PES can be characterized by a global T-shaped minimum, two equivalent local
linear minima, and the saddle points between them. The T-shaped isomer is energetically more stable
than the linear isomer for each complex. The linear isomers, which have not been observed in experiment so far, are predicted from our PESs and further identified by bound state calculations. Moreover, we assign several intermolecular vibrational states for both the T-shaped and linear isomers
of the three complexes via the analysis of wavefunctions. The corresponding vibrational frequencies are calculated from the bound state energies for these assigned states. These frequencies could
be helpful for further experimental studies, especially for the linear isomers. We also calculate the
rovibrational transition frequencies for the three T-shaped isomers and the pure rotational transition
frequencies for the linear isomers, respectively. The accuracy of the PESs is validated by the good
agreement between theoretical and experimental results for the rovibrational transition frequencies
and spectroscopic parameters. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868325]
I. INTRODUCTION

Intermolecular interactions play an important role in
many physical, chemical, and biological fields. Van der Waals
complex is an ideal model in the research of intermolecular
interactions. Such complexes have been extensively studied
in both experiment and theory due to the remarkable development in high resolution spectroscopic techniques using supersonic expansion, as well as much availability of high-level ab
initio calculations in large scale parallel computing environment. These studies have greatly enhanced our understanding
on intermoleculaer interactions.
Carbon disulfide (CS2 ) is a trace gas in the Earth’s
atmosphere.1 By interacting with ozone, it could produce
both OCS and SO2 , occurring in the acid rain chain.2 It is
a nonpolar solvent and has been used in the purification of
single-walled carbon nanotubes.3 At high levels, carbon disulfide may be life-threatening because it affects the nervous
system.4 Species such as CO2 , OCS, N2 O, and CS2 belong
to a class and have similar properties, due to their isovalent
electrons. Except for Rg-CS2 (Rg = He, Ne, Ar, Kr, and Xe)
complexes, the complexes consisting of such species (CO2 ,
a) Electronic addresses: zhenglimin@wipm.ac.cn; cxduan@phy.ccnu.edu.cn;

yplu@ntu.edu.sg

0021-9606/2014/140(11)/114310/10/$30.00

OCS, N2 O) and rare gas atoms have received much attention
in both experimental5–12 and theoretical studies,13–31 due to
their fundamental nature and practical importance. In experiment, the microwave and infrared spectra for these complexes
were reported widely8–12 and showed that each complex has a
T-shaped structure. In theoretical calculations, many ab initio
potential energy surfaces for these complexes have been available in literatures.16–29 Very similar features are found on their
PESs, such as the global “T-shaped” minimum, local linear
minima, and saddle points. The intermolecular interactions in
these complexes vary systematically with both the polarizability of the rare gas atoms and with the electronic structures of
the linear molecules. A local minimum corresponding to a linear structure was found on the PESs for He-CO2 and Ne-CO2
complexes, but such local minima were not found for heavier
Rg-CO2 (Rg = Ar, Kr, and Xe) complexes from their ab initio
PESs. Moreover, the complexes consisting of rare gas atoms
and other linear molecules have also been investigated in both
theory and experiment, such as Rg-C2 H2 (Rg = He, Ne, Ar,
Kr, and Xe) complexes.32–35
However, Rg-CS2 complexes receive very limited attention, with only an unpublished conference report36 and relatively a few published results.37, 38 In experiment, Mivehvar
and his co-workers observed the first rovibrational spectra for
Rg–CS2 (Rg = He, Ne, and Ar) complexes. They measured
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the spectra in the CS2 ν 3 fundamental band for Ar-CS2, NeCS2 and in both the ν 3 and ν 1 +ν 3 regions for He-CS2 using a
tunable diode laser to probe a pulsed supersonic expansion.37
They found these complexes have T-shaped structures similar
to their CO2 analogs. In theoretical study, the intermolecular potential energy surfaces of these three Rg-CS2 (Rg = He,
Ne, and Ar) complexes were constructed at the CCSD(T)/augcc-pVDZ level with a set of midbond functions (3s3p2d1f1g)
by Farrokhpour and Tozihi.38 They found that the PES of
each complex could be characterized by a global minimum
(T-shaped structure) and two equilibrium linear minima (Linear structures). In order to gain a deeper understanding of the
intermolecular interactions for Rg-CS2 complexes, especially
for the stability of the unobserved linear isomers, a new PES
with higher accuracy and bound state calculations would be
desired for each complex.
In this work, three new high-level ab initio PESs are
constructed for the Rg–CS2 (Rg = He, Ne, and Ar) complexes. Bound state calculations are also carried out to study
the dynamics for both T-shaped and linear isomers. The accuracy of the PES is assessed by comparison of the rovibrational transition frequencies and spectral parameters for the
T-shaped isomers between the theoretical calculation and experimental measurement. Based on the analysis of bound state
wavefunctions, some intermolecular vibrational states are assigned unambiguously, which will be useful for the further
observation and detailed analysis of experimental spectra, especially for the linear isomers of the Ne-CS2 and Ar-CS2
complexes.
This paper is organized as follows: the computational
details for the ab initio PESs and bound state calculations
are described in Sec. II. The results, including the PESs,
bound state energy levels, intermolecular vibrational frequencies, and rovibrational transition frequencies are presented in
Sec. III. Finally, we conclude in Sec. IV.

J. Chem. Phys. 140, 114310 (2014)

FIG. 1. Jacobi coordinates for Rg-CS2 (Rg = He, Ne, Ar) complex.

formula,
ε(t) =

k+7

i=k

yi

k+7


[(t − xj )/(xi − xj )].

(1)

j =k,j =i

Here, xi and yi (i = k,. . . ,k + 7) are geometries and ab initio
intermolecular potential energies, respectively, of the grids.
Such interpolation scheme has been employed in our previous
studies.40, 41
The intermolecular potential energy for each geometry was calculated using the supermolecular method at the
level of single and double excitation coupled-cluster method
with a noniterative perturbation treatment of triple excitations [CCSD(T)].42 The aug-cc-pVTZ basis set of Woon and
Dunning43 was employed for all atoms in this study. The bond
functions (3s3p2d1f) (for 3s and 3p, α = 0.9, 0.3, 0.1; for
2d, α = 0.6, 0.2; for f, α = 0.3)44 were also used at the
middle point of the intermolecular distance R. The full counterpoise procedure of Boys and Bernardi45 was employed to
correct the basis set superposition error (BSSE). All the calculations were carried out using the Molpro 2010 software
package.46
B. Bound state calculations

II. COMPUTATIONAL DETAILS
A. Ab initio calculations of intermolecular
potential energy

The CS2 monomer is assumed to be in its ground vibrational state and is approximated as a linear rigid rotor with
C–S bond lengths fixed at its average values of 1.5526 Å.39
The intermolecular potential energy surface of each Rg-CS2
complex can be described by two Jacobi coordinates (R, θ )
as shown in Fig. 1. R is the distance between the rare gas
atom and the center of mass of CS2 . θ denotes the enclosed
angle between the R vector and the molecular axis of CS2 .
The ab initio potential energy grids are chosen as the following: the radial grids include 24 points for He-CS2 , 27
points for Ne-CS2 , and 24 points for Ar-CS2 complex, respectively, ranging from 1.50 Å to 10.00 Å along the R coordinates, θ varies from 0◦ to 180◦ in steps of 15◦ . Three 2D
intermolecular PESs are constructed by executing two onedimensional interpolations with the Lagrange polynomial formula, respectively. Explicitly, the energy (ε) of given grid
point (t) is fitted via the Lagrange interpolation polynomial

Within the rigid rotor approximation for the linear CS2
molecular, the Hamiltonian of the Rg-CS2 complex in Jacobi
coordinates can be written as47–49
1 ∂2
1
+
(Jˆ − jˆ)2 + BCS2 jˆ2 + V (R, θ ),
2 μ ∂R 2
2 μR 2
(2)
where μ is the reduced mass of the Rg-CS2 complex, Jˆ is
total angular momentum, and Jˆ is the angular momentum for
CS2 monomer, and BCS2 is the rotational constant of CS2 with
the value of 0.1091 cm−1 in its ground vibrational state and
0.1084 cm−1 in its ν 3 excited state,50 respectively.
The wave function of the system can be expanded as a
linear combination of products of the radial and angular basis
functions and written as

i
cj,K
ϕi (R)YjJ MKε ,
(3)
(R, θ ) =
Ĥ = −

i

j,K

where ϕ i (R) are the radial basis function describing the intermolecular stretch and is chosen as sine functions in this work.
ε is the index of the space-inverse parity of the system and
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YjJ MKε is the total symmetry-adapted angular basis function,
which has the following explicit form:
 ∗J
1
YjJ MKε = √
(α, β, γ )Yj,K (θ, 0)
× DMK
2(1+δK0 )

∗J
+ (−1)ε DM−K
(α, β, γ )Yj,−K (θ, 0) .
(4)
The total angular basis function is expressed in the body-fixed
J
is a Wigner rotation matrix to describe the
frame, where DMK
overall rotation of the complex. Yj, K (θ , 0) is spherical function
describing the rotation of CS2 monomer.
The bound state calculation program was MPI parallelized and the PARPACK software package was applied to
solve the eigenvalues and eigenfunctions of the bound states
by interfacing our program with a subroutine to calculate
= Ĥ .51 In the operation of = Ĥ , a method commonly used in the bound state calculations is applied.52 The
central idea of the method is that the kinetic operator matrix is
diagonal in finite basis set representation (FBR)53, 54 and the
potential energy matrix is diagonal in discrete variable representation (DVR)55, 56 if a convenient basis set is used. In practical calculations, the operation = Ĥ  is mainly divided
into three steps: (1) at first the trial wavefunction in FBR is
multiplied by kinetic operator matrix; (2) in the second step,
the trial wavefunction is transformed to DVR and multiplied
by the potential energy matrix, and the result is then transformed back to FBR. (3) Summing of the result in the step
(1) and (2) and the result is the = Ĥ . Such scheme for
bound state calculation has been employed in our previous
works.40, 57
Because of the symmetry of the CS2 molecule, the eigenfunctions of each Rg-CS2 (Rg = He, Ne, and Ar) complex
could be labeled with indexes (ε, j) and are divided into 4
symmetry blocks: (+1, odd), (+1, even), (−1, odd), (−1,
even). Each block can be solved separately. The parameters
for each complex used in the bound state calculations are
listed in Table I. In order to compare our calculations with
the experimental results, the rovibrational bound states with
a total angular momentum up to J = 13 for He-CS2 , J = 19
for Ne-CS2 and J = 25 for Ar-CS2 were calculated for both
the vibrational ground and v3 excited states of CS2 molecule,
respectively. Although it is only a 2D calculation, the calculations are time-consuming due to the large total angular momentum. Such calculation cost could also be seen from the
large number of total basis sets, 31 850 for He-CS2 , 57 600
for Ne-CS2 , and 442 130 for Ar-CS2 complex, respectively,
for the case of Jtot = maximum. For potential integrals, two
kinds of DVR grids were used for the corresponding basis
functions:52 (1) the equal step grids were used for the intermolecular distance R. The number of the grids equals to the

number of the sine functions in FBR in Table I and (2) the
Gauss-Legendre quadrature was used for the angle part. The
number of grids (NGauss-Legendre ) is listed in Table I. In our calculations, the values of restarts (iterations), k (Nroots ), and p
(Nshifts ) are varied with Jtot , j, and the parity of the system.
The largest permitted subspace (m) is the size of the space
obtained after expansion. The amount of memory depends on
m = k + p.52 Their values for Jtot = maximum are listed in
Table S1 in the supplementary material.61

III. RESULTS AND DISCUSSION
A. Ab initio PES

The potential energy surfaces for the three Rg-CS2 (Rg
= He, Ne, and Ar) complexes are presented in Figure 2. It
is clear that the three PESs have very similar features and
each PES can be characterized by a global minimum, two
equivalent local minima, and saddle points between them. The
global minimum corresponds to the T-shaped isomer with
θ = 90.0◦ and the local minima correspond to the linear isomers with θ = 0.0◦ or θ = 180.0◦ . The T-shaped isomers for
the three Rg-CS2 (Rg = He, Ne, and Ar) complexes have been
observed in experiment.37 However, the linear isomers have
not been observed experimentally yet.
The geometries and energies of the minima and saddle points on the ab initio PESs are listed in Table II. For
He-CS2 complex, the global T-shaped minimum exists at
R = 3.407 Å with a depth of −52.953 cm−1 . The two equivalent linear local minima are located at R = 5.000 Å with
a depth of −30.839 cm−1 . The two saddle points connecting the global and the two local minima are located at
R = 4.700 Å, θ = 47.5◦ , or θ = 132.5◦ , with a height of only
10.915 cm−1 relative to the linear local minimum. For Ne-CS2

TABLE I. Parameters for each complex used in the bound state calculations.
The unit of Rmin and Rmax is bohr.

He-CS2
Ne-CS2
Ar-CS2

Jtot

jmax

NGauss-Legendre

Nsine

Rmin

Rmax

0–13
0–19
0–25

70
80
190

80
90
200

70
80
190

4
5
5

16
16
16

FIG. 2. Contour plots of PES, R in angstrom and θ in degree. (a) He-CS2
complex; (b) Ne-CS2 complex; and (c) Ar-CS2 complex.
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TABLE II. Important geometries and their corresponding energies on the PES (R in angstrom, angles in degree,
and energy in cm−1 ).
Global minimum

Local minimum

Saddle point

He-CS2 a

(3.407, 90.0, −52.953)

(5.000, 0.0, −30.839)
(5.000, 180.0, −30.839)

(4.700, 47.5, −19.924)
(4.700, 132.5, −19.924)

Ne-CS2 a

(3.470, 90.0, −99.434)

(5.060, 0.0, −62.492)
(5.060, 180.0, −62.492)

(4.720, 42.5, −48.353)
(4.720, 137.5, −48.353)

Ar-CS2 a

(3.700, 90.0, −266.883)

(5.300, 0.0, −161.308)
(5.300, 180.0, −161.308)

(4.900, 40.0, −137.185)
(4.900, 140.0, −137.185)

He-CS2 b

(3.400, 90.0, −58.507)

(5.100, 0.0, −28.422)
(5.100, 180.0, −28.422)

(4.675, 41.7, −20.083)
(4.675, 138.3, −20.083)

Ne-CS2 b

(3.500, 90.0, −103.779)

(5.100, 0.0, −64.387)
(5.100, 180.0, −64.387)

(4.598, 41.7, −46.796)
(4.598, 138.3, −46.796)

Ar-CS2 b

(3.700, 90.0, −272.147)

(5.300, 0.0, −162.520)
(5.300, 180.0, −162.520)

(4.866, 44.8, −135.993)
(4.866, 135.2, −135.993)

a
b

This work.
Taken from Ref. 38.

complex, the PES has a global minimum with a well depth of
−99.434 cm−1 at R = 3.470 Å. The two equivalent local minima are located at R = 5.060 Å with a depth of −62.492 cm−1 .
Saddle points connecting the global and two local minima
are found at the configuration R = 4.720 Å, θ = 42.5◦ , or
θ = 137.5◦ , with a barrier of 14.139 cm−1 relative to the local minima. For Ar-CS2 complex, the global minimum has a
well depth of −266.883 cm−1 at R = 3.700 Å. Local minima
are located at R = 5.300 Å with a depth of −161.308 cm−1 .
The barrier is 24.123 cm−1 relative to the local minima with
the saddle point at R = 4.900 Å, θ = 40.0◦ , or θ = 140.0◦ .
We can see that the intermolecular distances become larger
and the potential wells become deeper from He-CS2 to ArCS2 complexes, indicating the intermolecular interactions in
these complexes vary systematically with the increasing mass
of the rare gas atoms. This is similar to the analogs, such as
Rg-X (X = CO2 , N2 O, and OCS) complexes.
To our best knowledge, there is only one theoretical study
for Rg-CS2 complexes so far, which was carried out by Farrokhpour and Tozihi.38 In their work, they constructed PESs
for the same three Rg-CS2 complexes at CCSD(T)/AVDZ
level with basis set extrapolation method. As expected, the
two sets of PESs by Farrokhpour and our group have very
similar pattern for the three complexes, respectively. From
Table II, we can see that the structural parameters agree very
well for the three T-shaped isomers in the two works. The corresponding well depths in our PES are slightly shallower than
those in Farrokhpour’ PESs, with the discrepancy of about
5 cm−1 for each complex. However, the locations of the saddle points have obvious differences, especially on the angle
part, and the largest discrepancy of that reaches 5.2◦ in the
He-CS2 complex. Due to the larger basis sets employed in
this work, our results would be more reliable.
The important geometries and energies of the Rg-CO2 ,
Rg-OCS, and Rg-N2 O analogs could be discussed for comparison. The four kinds of complexes have very similar features, such as the global “T-shaped” minimum, local linear
minima, and saddle points. The well depth of the global and
local minima increases as the mass of the rare gas atom increases in complex. This suggests stronger interactions be-

tween the heavier rare gas atoms and the linear molecules.
For Rg-OCS14, 18, 23, 24 and Rg-N2 O15, 17, 25–27 complexes, because of the polarity of OCS and N2 O molecules, the global
minima deviate from the T-shaped isomer slightly and only
a local minimum is found for each complex except for
He-OCS, Ne-OCS, and Ne-N2 O complexes. For Rg-CO2
complexes,16, 19–22 two equivalent local minima (linear isomers) are found for lighter He-CO2 and Ne-CO2 , but, no local
minima is found on PES of the heavier Ar-CO2 , Kr-CO2 , and
Xe-CO2 complexes. Interestingly, although CO2 and CS2 are
very similar and both are nonpolar, the PESs of Ar-CO2 and
Ar-CS2 complex have obvious different patterns, especially
for the local minima. In detail, there are two local minima
on the PES for Ar-CS2 but no local minimum for Ar-CO2 .
This could be explained by the stronger dispersion interaction
in linear Ar-CS2 complexes resulted from the larger polarizability and instantaneous induced dipole moment in CS2 with
more electrons than CO2 molecule.

B. Intermolecular vibrational states

Bound state calculations have been performed based on
our ab initio PESs for the three complexes. The intermolecular vibrational excited states could be identified from their
wavefunction plots in DVR by counting the number of nodal
points or nodal surfaces. In this work, the vibrational states
are labeled with two intermolecular vibrational modes (nstretch ,
nbent ), where nstretch is the van der Waals stretch vibration and
nbent is bent vibration. By analyzing the contour plots, the fundamental vibrational states and several higher excited states
are assigned unambiguously for both T-shaped and linear isomers of Ne-CS2 and Ar-CS2 complexes. However, for HeCS2 complex, only the ground states for both the T-shaped
and linear isomers are assigned and the excited states could
not be assigned because the excited state wavefunctions mix
up heavily due to the shallow wells on the PES. The energy levels and vibrational frequencies of the successfully assigned vibrational states for the three complexes are listed in
Tables III–V.
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TABLE III. The intermolecular vibrational energy levels (in cm−1 ) and assignments (nstretch , nbent ) for both T-shaped and linear isomers of the He-CS2
complex.

TABLE V. The intermolecular vibrational energy levels (in cm−1 ) and assignments (nstretch , nbent ) for both T-shaped and linear isomers of the Ar-CS2
complex.

Assign.

Assign.

T-shaped isomer
(0,0)
Linear isomer
(0,0)

Energy

(ε, j)

No. in block

− 20.776

(1, even)

1

− 10.017
− 9.920

(1, odd)
(1, even)

1
2

1. He-CS2

For He-CS2 complex, the ground vibrational state of
the T-shaped isomer is the 1st root in the (1, even) block
with a bound energy of −20.776 cm−1 . The corresponding zero point energy is 32.176 cm−1 . Because the low barrier (10.915 cm−1 ) between the global and local minima, the
quantum tunneling between the two linear wells occurs with
a splitting energy of 0.097 cm−1 . Therefore, the two ground
vibrational states of the two equivalent linear isomers are
not degenerate. The first is the 1st root with the energy of
−10.017 cm−1 in the (1, odd) block and the zero point energy is 20.822 cm−1 . The other is the 2nd root in the (1,
even) block with the energy of −9.920 cm−1 in the (1, even)
block and the zero point energy is 20.919 cm−1 . Because the
zero point energy (about 20.9 cm−1 ) of the linear structure is
larger than the barrier height (10.915 cm−1 ) between global
and local minima, the linear isomer might not be observed in
experiment.

2. Ne-CS2

From Table IV, we can see that the ground state of the
T-shaped Ne-CS2 isomer is the 1st root in the (1, even) block
with a bound energy of −73.897 cm−1 . The corresponding
zero point energy is 25.537 cm−1 . The intermolecular fundamental vibrational frequencies are 16.131 cm−1 for the bend
vibrational state and 22.642 cm−1 for the stretch vibrational
state, respectively.
TABLE IV. The intermolecular vibrational energy levels (in cm−1 ) and assignments (nstretch , nbent ) for both T-shaped and linear isomers of the Ne-CS2
complex.
Assign.

Energy

T-shaped isomer
(0,0)
− 73.897
(0,1)
− 57.766
(1,0)
− 51.255
Linear isomer
(0,0)
− 44.035
− 44.035
(1,0)
− 23.984
− 23.982
(2,0)
− 10.684
− 10.676

Freq.

(ε, j)

No. in block

16.131
22.642

(1, even)
(1, odd)
(1, even)

1
1
2

20.051
20.053
33.351
33.359

(1, odd)
(1, even)
(1, odd)
(1, even)
(1, odd)
(1, even)

2
3
8
10
14
17

Energy

T-shaped isomer
(0,0)
− 233.612
(0,1)
− 208.695
(1,0)
− 199.607
(0,2)
− 184.927
(1,1)
− 179.543
Linear isomer
(0,0)
− 138.553
− 138.553
(0,1)
− 127.189
− 127.137
(1,0)
− 110.034
− 110.034
(1,1)
− 99.451
− 99.448
(2,0)
− 85.190
− 85.190
(2,1)
− 75.497
− 75.490

Freq.

(ε, j)

No. in block

24.917
34.005
48.685
54.069

(1, even)
(1, odd)
(1, even)
(1, even)
(1, odd)

1
1
2
3
2

11.364
11.416
28.519
28.519
39.102
39.105
53.363
53.363
63.056
63.063

(1, odd)
(1, even)
(1, odd)
(1, even)
(1, even)
(1, odd)
(1, even)
(1, odd)
(1, even)
(1, odd)
(1, odd)
(1, even)

6
8
8
11
16
14
20
18
27
24
29
32

For the linear isomers, the ground vibrational states
are doubly degenerate (the 2nd root in the (1, odd) block
and the 3rd root in the (1,even) block) with an energy of
−44.035 cm−1 and a zero point energy of 18.458 cm−1 . From
Table IV, we can see that the stretch vibrational frequency is
20.051 cm−1 (20.053 cm−1 ). It should be pointed out that the
bend vibrational state could not be assigned successfully, because wavefunctions of the bent vibrational state of the linear
isomers mix heavily with those of the T-shaped isomer. Besides, two higher excited states (the 14th in the (1, odd) block
and 17th in the (1,even) roots) are assigned to the (2, 0) state.
3. Ar-CS2

Due to the deeper well, more vibrational states are
assigned successfully for Ar-CS2 complex, as listed in
Table V. For the T-shaped isomer, the ground vibrational state
has a bound energy of −233.612 cm−1 with zero point energy of 33.271 cm−1 . From Table V, we can see that four vibrational excited states are assigned unambiguously, they are
(0,1), (1,0), (0,2), and (1,1) states. The intermolecular fundamental vibrational frequencies are 24.917 cm−1 for the bend
vibrational state and 34.005 cm−1 for the stretch vibrational
state, respectively, which are larger than those of T-shaped
Ne-CS2 isomer.
Similar to Ne-CS2 complex, the ground vibrational states
of the linear isomers are doubly degenerate (the 6th in the
(1, odd) root and the 8th in the (1,even) root) with an energy
of −138.553 cm−1 and a zero point energy of 22.755 cm−1 .
Besides, five intermolecular vibrational excited states are assigned totally and listed in Table V. The bend and stretch
vibrational frequencies are 11.364 cm−1 (11.416 cm−1 ) and
28.519 cm−1 (28.519 cm−1 ), respectively. The stretch vibrational frequency of the linear Ar-CS2 complex is larger
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by 8.5 cm−1 than that of linear Ne-CS2 isomer, indicating
stronger interaction in linear Ar-CS2 structure than in linear
Ne-CS2 structure.
Since there are two equivalent structures for linear RgCS2 (Rg = He, Ne, and Ar) complexes, the quantum tunneling effect is an interesting topic to be discussed. As mentioned previously, because of the low barrier (10.915 cm−1 )
between the global and local minima for He-CS2 complex, the
quantum tunneling between the two linear wells occurs with a
splitting energy of 0.097 cm−1 . For Ne-CS2 and Ar-CS2 complexes, from Tables IV and V, we can see that splitting energies are very small with the largest value of 0.008 cm−1 for
Ne-CS2 and 0.052 cm−1 for Ar-CS2 complex, indicating the
quantum tunneling effect is negligible even for the vibrational
excited states. Such fact could also be seen directly from the
contour plots of wavefunctions in Figs. 3 and 4, where the red
and blue lines represent the positive and negative wavefunctions, respectively. We can clearly see that all the wavefunctions of the assigned vibrational states are strongly localized
near the local linear minima on PESs, indicating the relative
rigidity of the vibrational states and negligible quantum tunneling effect.

FIG. 3. R-θ contour plots of the wavefunctions for the assigned vibrational
states of the linear isomer for Ne-CS2 complexes. The states are assigned by
(nstretch , nbent ). (a) (nstretch , nbent ) = (0,0); (b) (nstretch , nbent ) = (1, 0); and (c)
(nstretch , nbent ) = (2,0).

FIG. 4. R-θ contour plots of the wavefunctions for the assigned vibrational
states of the linear isomer for Ar-CS2 complexes. The states are assigned
by (nstretch , nbent ). (a) (nstretch , nbent ) = (0,0); (b) (nstretch , nbent ) = (0,1); (c)
(nstretch , nbent ) = (1,0); (d) (nstretch , nbent ) = (1,1); (e) (nstretch , nbent ) = (2,0);
and (f) (nstretch , nbent ) = (2,1).
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TABLE VI. The average structural parameters of the ground vibrational
states for both T-shaped and linear isomers (R in angstrom and angles in
degree).

TABLE VII. Calculated pure rotational transition frequencies (in cm−1 ) of
the linear Ne-CS2 and Ar-CS2 isomers.
Frequency

T-shaped isomer
Expt.a

Linear isomer

This work

He-CS2
R
θ 

3.817
79.0

3.813
80.6

5.262
29.459

Ne-CS2
R
θ 

3.578
86.9

3.601
84.0

5.139
14.622

Ar-CS2
R
θ 

3.708
86.4

3.740
85.6

5.305
11.577

a

Transition

This work

1←0
2←1
3←2
4←3
5←4

Ne-CS2

Ar-CS2

0.059
0.119
0.177
0.237
0.295

0.038
0.076
0.113
0.152
0.189

as an effect of vibrational motion of the CS2 monomer in the
complex.

Taken from Ref. 37.

D. Rovibrational transition frequencies of the
T-shaped isomers
C. Average structure parameters

The average structural parameters R and θ  for a vibrational state can be determined from the related wavefunctions
using the following formulas:58, 59
 
1
1
and P2 (cosθ ) = P2 (cos θ ).
≈
R2
R 2 
P2 is the second order Legendre function and P2 (cos θ ) is
the average value of the Legendre function for the state of
interest. The calculated structural parameters of the ground
states of the Rg-CS2 (Rg = He, Ne, and Ar) complexes for
both T-shaped and linear structures are listed in Table VI, as
well as the experimental values for the T-shaped isomers. One
can see that the calculated average parameters agree well with
the experimental values for the T-shaped isomers of the three
focused complexes.
It is very interesting to compare the structural parameters between local minima on PES and the vibrationally averaged values. For the T-shaped/linear isomers of the three complexes, the intermolecular distances deviate slightly from the
local minima on PES, 0.406 Å/0.262 Å for He-CS2 , 0.131 Å/
0.079 Å for Ne-CS2 , and 0.040 Å/0.005 Å for Ar-CS2 complex, respectively, reflecting the effects of small amplitude
motion and zero point energy. For all the isomers, the larger
deviations of θ  from their equilibrium values can be thought

The only available high resolution spectra of the weaklybound complex Rg–CS2 were recently obtained in the infrared region of the CS2 ν 3 fundamental band, around
1535 cm−1 .37 The observed spectra showed that rare gasCS2 complexes have T-shaped structures similar to their CO2
analogs. To our best knowledge, the linear isomer has not
been successfully observed in experiment so far. As discussed
previously, the linear isomers, especially for the Ne-CS2 and
Ar-CS2 complexes, might be observed by microwave spectroscopic method. Therefore, we calculated the pure rotation
transitional frequencies of the linear Ne-CS2 and Ar-CS2 isomers (See Table VII). These pure rotational energies could be
helpful for the observation of linear isomers by microwave
spectroscopy.
In the next section, we will limit our discussion to the
rovibrational spectra for the T-shaped isomers of the three RgCS2 complexes. Since the available infrared spectra of Rg–
CS2 complexes involve the CS2 ν 3 asymmetric stretch mode,
rotational energy levels of the complex with CS2 in both the
ground state and the ν 3 state were calculated. The calculated
rotational energy levels and the assignments of the three Tshaped isomers are available in Tables S2–S4 in the supplementary material.61
In order to obtain the theoretical values for these transitions from the calculated energy levels, we used the

TABLE VIII. Comparison of the spectroscopic parameters (in cm−1 ) and the inertial defects (in amu Å2 ) for
the T-shaped He-CS2 complex.
ν3 = 0
Parameter
A
B
C
j
k
jk

δk
Inertial defect
a

ν3 = 1

Expt.a

Calc.

Expt.a

Calc.

0.32156(47)
0.111322(21)
0.080321(23)
6.70(110) × 10−7
3.14(77) × 10−4
1.077(33) × 10−4
6.34(67) × 10−5
6.06

0.31573(87)
0.111376(47)
0.079818(38)
1.02(53) × 10−6
4.37(118) × 10−4
1.078(55) × 10−4
7.61(136) × 10−5
6.45

0.32076(47)
0.110604(18)
0.079845(19)
6.70(11) × 10−7
3.34(73) × 10−4
1.078(30) × 10−4
6.44(60) × 10−5
6.16

0.31593(89)
0.110646(47)
0.079460(35)
1.06(41) × 10−6
4.57(116) × 10−4
1.072(50) × 10−4
7.40(116) × 10−5
6.43

Taken from Ref. 37.
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TABLE IX. Comparison of the spectroscopic parameters (in cm−1 ) and the inertial defects (in amu Å2 ) for the
T-shaped Ne-CS2 complex.
ν3 = 0
Expt.a
0.1104648(177)
0.0844484(127)
0.0472047(107)
1.198(87) × 10−6
−1.104(43) × 10−5
9.85(26) × 10−6
6.54(37) × 10−7
6.755(200) × 10−6
4.89

Parameter
A
B
C
j
k
jk

δj
δk
Inertial defect
a

ν3 = 1
Calc.

Expt.a

Calc.

0.1104513(249)
0.0829502(176)
0.0467536(150)
1.757(119) × 10−6
−9.18(62) × 10−6
7.64(35) × 10−6
7.76(49) × 10−7
6.194(286) × 10−6
4.71

0.1097503(153)
0.0843890(120)
0.0470475(103)
1.374(73) × 10−6
−1.051(33) × 10−5
9.243(223) × 10−6
7.06(32) × 10−7
6.655(157) × 10−6
4.95

0.1097436(216)
0.0829616(166)
0.0466289(145)
1.781(101) × 10−6
−9.00(47) × 10−6
7.521(305) × 10−6
7.78(44) × 10−7
6.240(228) × 10−6
4.72

Taken from Ref. 37.

expression
v = E0 − E(v3 = 1) − E(v3 = 0),
where E0 is a vibrational origin. However, our intermolecular potential was calculated for fixed CS2 geometries, and so
does not vary with CS2 vibrational state. The CS2 vibrational
dependence of the Rg–CS2 energy levels was partly included
by varying the CS2 rotational constant. This approximation
has proven to be rather effective for rotation spacings,49 but
it cannot accurately represent the possible vibrational shift
of the complex origin, E0 , relative to the free monomer origin. In the present case, we obtain a value for E0 by simply
comparing a well-defined observed transition with the theoretical result and use this for the remaining theoretical transition frequencies. Specifically, the well-defined observed transition is selected to be 1535.534 cm−1 (101-000) for He-CS2 ,
1535.553 cm−1 (111-000) for Ne-CS2 , and 1535.449 cm−1
(111-202) for Ar-CS2 , respectively.
Because the amount of data is too large, the theoretical transition frequencies and their deviations from experimental values are given in Tables S5–S7 in the supplementary material for the three complexes,56, 61 respectively.
The RMSD between the experimental and calculated values is only 0.008 cm−1 for He-CS2 , 0.010 cm−1 for Ne-CS2 ,
and 0.012 cm−1 for Ar-CS2 complex, respectively. The good

agreement between the theory and experiment confirms the
high accuracy of our ab initio PESs.
In order to compare the spectroscopic parameters with
experimental values directly, the theoretical rotational energy levels are fitted with the same Hamiltonian used in the
experiment, a Watson asymmetric rotor expression employing the A-type reduction in the Ir representation,60
H =


1
1
(B + C)J 2 + A − (B + C) Ja2
2
2
1
+ (B − C) Jb2 − Jc2 −
2
−

4
K Ja

JJ

4

−

2 2
J K Ja J

− 2δJ J 2 (Jb − Jc ) − δk


× Ja2 Jb2 − Jc2 + Jb2 − Jc2 Ja2 .


The fitted parameters show excellent agreement with the corresponding experimental values37 (see Tables VIII–X). The
inertial defects are also listed in Table VIII–X for complexes
both in CS2 ground state and ν 3 excited state. We can see that
the inertial defects also show good overall agreement with the
corresponding experimental values, with the maximum discrepancy of 0.43 amu Å2 for the Ar-CS2 complex in CS2 ν 3
excited state. The discrepancy can be explained by the fact
that the rotational constants are fitted by all the rotational

TABLE X. Comparison of the spectroscopic parameters (in cm−1 ) and the inertial defects (in amu Å2 ) for the
T-shaped Ar-CS2 complex.
ν3 = 0
Expt.a

Calc.

Expt.a

Calc.

0.1099010(107)
0.0470672(50)
0.0327650(43)
1.891(11) × 10−7
−1.23(37) × 10−6
1.705(60) × 10−6
4.937(400) × 10−8
1.418(80) × 10−6
2.95

0.1102150(125)
0.0464187(49)
0.0324928(49)
7.792(114) × 10−7
−3.70(42) × 10−6
2.090(73) × 10−6
4.937(400) × 10−8
1.418(80) × 10−6
2.69

0.1091882(110)
0.0470456(53)
0.0326910(40)
1.828(117) × 10−7
−1.36(30) × 10−6
1.708(53) × 10−6
4.937(434) × 10−8
1.321(67) × 10−6
2.95

0.1093048(114)
0.0463043(46)
0.0323679(49)
0.6594(105) × 10−6
−2.83(33) × 10−6
1.743(64) × 10−6
4.937(434) × 10−8
2.874(24) × 10−6
2.52

Parameter
A
B
C
j
k
jk

δj
δk
Inertial defect
a

ν3 = 1

Taken from Ref. 37.
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energy levels calculated in this work but fitted by only the
resolved transitions in experiment.
IV. CONCLUSIONS

In this paper, theoretical studies of the potential energy
surface and bound states were performed for the Rg-CS2
(Rg = He, Ne, and Ar) van der Waals complex. Three twodimensional intermolecular potential energy surfaces were
constructed at the CCSD(T) level with aug-cc-pVTZ basis
set supplemented with bond functions. We find that the three
PESs have very similar features and each PES can be characterized by a global T-shaped minimum, two equivalent local
linear minima and saddle points between them. For each complex, the T-shaped isomer is energetically more stable than the
linear isomer and the T-shaped isomer has been observed in
experiment. However, the linear isomers have not been observed experimentally yet.
Intermolecular vibrational states for both T-shaped and
linear isomers are assigned from the analysis of their wavefunctions. For He-CS2 complex, because of the low well and
the heavily mixing of wavefunctions, only the vibrational
ground states are assigned for both T-shaped and linear isomers. For Ne-CS2 and Ar-CS2 complexes, due to their deep
wells and high barriers, several higher vibrational excited
states are also assigned successfully besides their fundamental vibrational states for T-shaped and linear isomers. Accordingly, the corresponding vibrational frequencies are obtained
from the bound state energies of these assigned states. These
results could be helpful to further spectroscopic studies in experiment, especially for the linear isomers.
Quantum tunneling effect is also discussed for the three
complexes. We find quantum tunneling effects for the ground
state between the two linear isomers of He-CS2 complex, with
a splitting energy of 0.097 cm−1 . However, quantum tunneling effects are negligible in the ground states of the linear isomers and the ground states are doubly degenerate for
both Ne-CS2 and Ar-CS2 complexes. This could be explained
by the deep well and high barrier between two local linear
isomers.
The calculated rovibrational frequencies are compared
with the experimental frequencies for the T-shaped isomers
of three complexes, respectively. The RMSD between the experimental and calculated values is 0.008 cm−1 for He-CS2 ,
0.010 cm−1 for Ne-CS2 , and 0.012 cm−1 for Ar-CS2 complex,
respectively. The good agreement between the theory and experiment confirms the high accuracy of our ab initio PESs.
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