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The present work aims to establish the suitability of double hybrid density functionals in explaining the
potential energy curves of carbon dioxide—rare gas (CO,—Rg; Rg: He, Ne, Ar, and Kr) systems. The interaction
energies of the most stable T-shaped configuration of all CO,—Rg systems have been evaluated using pure
gradient-corrected functionals and double hybrid density functionals and their dispersion-corrected analogs
with the use of Dunning’s augmented correlation consistent polarized valence triple-§ (aug-cc-pVTZ) basis
function. The equilibrium separation distance, r, between CO, and Rg obtained from the potential energy
curves for these CO,—Rg systems are then compared with the experimental as well as with some earlier
theoretical non-density functional theory (non-DFT) results. Our investigation suggests that for CO,—Ar/Kr
systems, the r values obtained using the short-range corrected double hybrid mPW2PLYP functional is in
excellent agreement with the experimental distances of separation. On the other hand, the short-range corrected
double hybrid B2PLYP functional reproduces the experimental r values for the CO,—He/Ne systems quite
satisfactorily. Interestingly, for lighter CO,—Rg (Rg: He and Ne) complexes, the B2PLYP functional fails to
explain the potential energy surface, whereas the mPW2PLYP functional satisfactorily explains the potential
well depth. On the other hand, for higher Rg complexes, none of the functionals are able to produce satisfactory
potential well depth. Hence, the overall investigation suggests that, although double hybrid density functionals
and other density functionals are good for predicting separation distance, they fail to produce correct interaction

energy values in higher CO,—Rg complexes.

Introduction

The noncovalent interactions between atoms and molecules
have versatile applications in various fields of chemistry. In the
supramolecular architecture, such as host—guest interactions,
bucky catchers, drug binding, and so forth, these interactions
play a crucial role.!” The role of these weak interactions in
enzyme—substrate binding, intercalation of drugs in DNA,*’
and in interstellar chemistry is also of great significance. Of
several weakly bound systems or van der Waals (vdW)
complexes, carbon dioxide—rare gas (CO,—Rg) is one of the
simplest prototypes to understand the nature of intermolecular
interactions between nonpolar units. CO,, being an important
absorber of infrared (IR) radiation in the Earth’s atmosphere,
the complexes formed by Rg and CO, also have an important
role to play in the atmospheric and interstellar chemistry.®~8

Among all the CO,—Rg systems studied so far, the argon
(Ar) complex is the one mostly investigated.”~'* Experimental
results suggest a T-shaped geometry for this vdW system. The
group of Steed, Dixon, and Klemperer’” made a successful
attempt in this direction, and confirmed the T-shaped equilibrium
geometry of CO,—Ar via radiofrequency and microwave
spectroscopic methods. Later on, Fraser et al.'%!! reported the
subdoppler IR spectra and vibrational predissociation linewidths
of some CO,—Rg (Rg: neon (Ne), argon (Ar), and krypton (Kr))
systems using an optothermal molecular beam laser spectrom-
eter. The IR spectra obtained for each of these systems are well
in accordance with the T-shaped geometry proposed by Steed
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et al.” Sharpe and co-workers'* studied the rovibrational

spectrum of CO,—Ar using a pulsed and tunable IR diode laser.
In an elegant attempt, Weida et al.”> for the first time characterize
the CO,—helium (He) complex based on high-resolution, direct
absorption spectroscopic methods in the IR region of the
spectrum. Recently, Vigasin et al.' tried to figure out the IR
and Raman spectra of CO, monomers and dimers trapped in
various matrices including an Rg matrix and tried to correlate
the CO, frequency shifts with the critical temperature of the
matrix material.

Apart from the spectroscopic analyses, there are numerous
investigations based on the determination of the potential energy
surface (PES) for different CO,—Rg systems employing both
ab initio techniques”!’~2° as well as empirical methods.?' 726 The
first realistic potential energy curve (PEC) for a CO,—Rg (Rg:
He) system was proposed by Parker et al.?! They used the
electron gas model and a vdW interaction term in order to
account for the short- and long-range interactions, respectively.
However, this PSP (Parker, Snow, and Pack) potential21 has a
very poor representation of the attractive well. Later, Stroud
and Raff'® obtained an attractive ab initio PES using the self-
consistent field method. In another work, Marshall et al.,2° for
the first time, determined the PES of the CO,—Ar complex using
the first principles method. They used Mgller—Plesset perturba-
tion theory using supermolecular approach (S-MPPT) in order
to construct the PES and also calculated several parameters of
interest, including dispersion energies. Roche and co-workers®®
generated two new PESs for the CO,—Ar system by least-
squares fitting to the high-resolution microwave data. The
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TABLE 1: Description of the Six Functionals (PBE, PBE+D, B2PLYP, B2PLYP+D, mPW2PLYP, and mPW2PLYP+D) used

in the Present Study”

density functionals

gradient corrected density functionals

double hybrid density functionals

description PBE PBE+D B2PLYP B2PLYP+D mPW2PLYP mPW2PLYP+D
exchange functional PBEx PBEXx B88 B88 mPW mPW
correlation functional PBEc PBEc LYP LYP LYP LYP
fraction of HF exchange (ay) 0.53 0.53 0.55 0.55
fraction of GGA exchange (1-ay) 0.47 0.47 0.45 0.45
fraction of LYP correlation (a.) 0.73 0.73 0.75 0.75
Mgller—Plesset type perturbative correction (1-a.) 0.27 0.27 0.25 0.25
final Cs coefficient scaling factor (se) 0.75 0.55 0.40

“ The values for the parameters are taken from the ref 40.

resulting potential obtained by them quite satisfactorily explains
the experimental results.

The problem of using highly correlated methods is that they
are time-consuming and computationally very costly, and this
can easily be removed if one uses density functional theory
(DFT) and incorporates appropriate dispersion-corrected po-
tentials in it.>”?® In this context, it should be noted that, over a
period of time, several new functionals have also been designed
that give good results for various kinds of intermolecular
interactions.?’ Recently, Grimme®*3' started using dispersion-
corrected density functional theory (DFT-D) which is an
enhancement of similar methods developed earlier.’> The
dispersion correction in this method is described by damped
interatomic R~ potentials. Grimme furthermore showed that,
by using the DFT-D method and triple-£ quality basis sets, much
of the laborious basis set superposition error (BSSE)* is
avoided, which is otherwise very essential in the case of highly
correlated methods.™

In an earlier work, Zhao et al.** developed a new approach
of combining nonlocal exchange with the local one in the density
functional (first hybrid), and then the density functional is
combined with a wave function correlation expression (second
hybrid). The approach developed was called double hybrid
density functional (DHDF) theory. Since then, several DHDFs
have been developed? 3 are are found to be very effective in
explaining different physicochemical properties. These include
thermochemistry and thermochemical kinetics of main group
elements, pericyclic reactions, higher transition metal reactions,
and so forth. Recently, Grimme and co-workers***” developed
two new DHDFs, namely, B2PLYP and mPW2PLYP. They also
incorporate dispersion correction to the above-mentioned DH-
DFs, which is capable of treating long-range as well as medium-
range dispersion effects.*’ In the present investigation, we intend
to see whether the newly developed B2PLYP and mPW2PLYP
DHDFs and their dispersion-corrected counterparts are suitable
in explaining the PECs of four CO,—Rg (Rg: He, Ne, Ar, and
Kr) systems.

Computational Details

The PECs for all the CO,—Rg systems that are studied here
are constructed employing six density functional methods. Two
of them, i.e., Perdew—Burke—Ernzerhof (PBE)*' and PBE+D,
are the gradient corrected functionals, while the other four
(B2PLYP, B2PLYP+D, mPW2PLYP, and mPW2PLYP+D)
are their double hybrid counterparts as mentioned earlier. The
extension “+D” stands for the long-range dispersion-corrected
functionals containing the interaction term. In this section, we
provide a detailed description of these six functionals that are
used in the present investigation.

As mentioned earlier, the newly developed DHDFs proposed
by Grimme and co-workers in 2006 (B2PLYP*® and
mPW2PLYPY) are based on the mixing of standard generalized
gradient approximation (GGA) functionals with Hartree—Fock
(HF) exchange and a Mgller—Plesset type perturbation correc-
tion of second order, which originates from the Kohn—Sham
(KS) orbitals and eigenvalues. In B2PLYP,*® Becke 88 (B88)
exchange and Lee—Yang—Parr (LYP) correlation was imple-
mented, whereas in the mPW2PLYP functional,’’ only the
exchange term is replaced by the modified Perdew—Wang
(mPW) functional of Adamo and Barone.*? In this context, it is
wise to mention that some of the popular functionals such as
MO05-2X, M06-L, and M06-2X also account well for dispersion-
like interactions at medium range.*

The DHDF energy can therefore be written as the combination
of the hybrid functional and the second order perturbative
correction term as follows:

Hybrid-GGA + (1

Epnpr = Exc - ac)Egs-PTZ (1)

where the first term corresponds to a standard hybrid density
functional, and the second one corresponds to the Mgller—Plesset
type perturbative correction term with the coefficient (1 — a.).”’
The second term in eq 1 is simply a postulated addition to the
KS energy. The two terms on the right-hand side of the above
equation can explicitly be written by the following expressions:**%

EI)—(I%brid-GGA — (1 _ aX)EiGA + angF + aCESGA (2)

and
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In eq 2, ax and a. are fractions of the HF exchange and the
GGA correlation (here it is LYP correlation), respectively. These
two parameters are the global scaling factors and have been
determined empirically by Grimme and co-workers for B2PLYP
and mPW2PLYP DHDFs.’%37 The values for the relevant
parameters are depicted in Table 1. In eq 3, the Mgller—Plesset
type perturbative correction term contains the occupied KS
orbitals labeled as i and j, while the labels a and b are for the
virtual ones. The one-particle energies are given by & containing
terms in the denominator.

Although the DHDFs give satisfactory results (minimum
error) compared to that of other hybrid and GGA functionals,
particularly for larger and complicated molecular systems, still
it lacks the description of dispersion forces.* Earlier, dispersion
correction to the mean field level of theory (HF, DFT) was
introduced by several groups.’>* In 2004 and also in 2006,
Grimme adopted the same methodology (to GGA functionals)
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where a pairwise additive potential of the form C4R™ ®is applied
to account for the long-range dispersion effects.?*3! The total
density functional energy (including DHDF) can then be written
as follows:

Epprp = Exsprr T Evaw 4)

where Exs.prr is the normal self-consistent density functional
energy, and E,qw is an empirical dispersion correction term,
which is given by

—lNCi/

N
Egw= "5 z _(G)fdmp(Rij) Q)

=1 5m Ry

Here s, is a scaling factor that depends exclusively on the density
functional/semiempirical method used, CJ is the combined
dispersion coefficient for the pair of atoms i and j, R;; is the
interatomic distance between atoms i and j, fump(R;) is the
damping function, and N is the number of atoms in the system.
The mathematical expression of the damping function, fumy(R;)
chosen here is

_ 1
Jamp(Ry) = 1o AR D (6)

where d is taken to be 20 in the exponent, and it gives larger
corrections at intermediate distances.’! There are several
mathematical expressions for the dispersion coefficient C¥, but
the one that produced better results for elements up to xenon is
taken here. This expression is the geometric mean of individual
atomic C4 coefficients,’! i.e.,

ci=Vcic @)

As the scaling factor s¢ depends exclusively on the functionals
used, it should be different for different density functionals. For
the gradient-corrected PBE functional, Grimme determined the
se factor by least-squares optimization of the deviations observed
in the interaction energy values for various weakly interacting
systems.?! On the other hand, for the DHDFs, the s factor is
determined from the variation of the mean absolute deviation
(MAD) of both the B2PLYP and mPW2PLYP functionals at
different values of the scaling factor.** The relevant s¢ values
are given in Table 1 for the dispersion-corrected density
functionals.

As mentioned earlier, the PECs have been obtained using
PBE, B2PLYP, and mPW2PLYP (both with and without
dispersion correction) functionals along with Dunning’s aug-
mented correlation consistent polarized valence triple- (aug-
cc-pVTZ) basis.*> The DHDFs and dispersion-corrected func-
tionals are well implemented in the ORCA* suite of programs.
The Rg atom is placed perpendicular to the molecular axis of
CO,, i.e., a perfect T-shaped geometry. The scanning of the
interaction energies is then performed by varying the distance
of separation, r, between CO, and Rg and calculating the single
point energies at each r value without disturbing the perfect
T-shaped geometry of the complexes. It is to be noted that r is
the center-to-center distance between the carbon atom of the
CO, molecule and the Rg atom.

Results and Discussion

A schematic representation of the CO,—Rg systems is
depicted in Figure 1 along with the separation parameter, r. The
CO, molecule is linear, with the C=0 bond length being 1.163
A° There can be two possible conformers for the CO,—Rg
complexes. One is the T-shaped geometry, which has been
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Figure 1. A schematic representation of the T-shaped structures of
CO,—Rg (Rg: He, Ne, Ar, and Kr) systems. The blue ball represents
the carbon atom, the pink ones are the oxygen atoms, and the orange
represents the Rg atoms.
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Figure 2. Comparison of the PECs for the T-shaped CO,—He system
using gradient-corrected PBE density functional and double-hybrid
B2PLYP and mPW2PLYP density functionals (both with and without
dispersion corrections). Here, rco,-ne is the center-to-center distance
of separation between the carbon atom of the CO, molecule and He.
The distance is varied as shown in Figure 1.

discussed in the previous section, while the other one is the
linear structure with the Rg atom placed at one end of the CO,
moiety, near one of the oxygen atoms in the same plane. Earlier,
potential energy results confirmed the presence of both these
conformers,%’ with the T-shaped geometry residing in the energy
valley (global minimum energy value) and the linear one with
slightly more energy than the former. It is to be noted that, in
the present investigation, we have taken the perfect T-shaped
geometry for each of these systems, which will be much more
clear by looking at Figure 1.

Before going into the discussion of the PECs for each of these
systems, we would like to mention three important points. The
first one is that the experimental geometries for CO,—Rg
systems are not a perfect T-shaped structure, but have a slightly
bent T-like geometry. The second point is that we have not
considered the CO,—xenon (Xe) system in this work. This is
because Xe, being a heavy element, is highly influenced by the
relativistic effect, and the properties of the systems containing
Xe atom(s) are strongly affected as a result of this effect
compared to the geometries without Xe atom(s).*” On the other
hand, the effect of relativity is not so pronounced for rare gases
up to Kr.#’8 The third one is that, in all the PEC scans, the
interaction energies are calibrated with respect to the energy
value at highest separation distance for each of the CO,—Rg
systems studied.
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TABLE 2: The Equilibrium Distance Obtained from the PES Scanning for Different CO,—Rg (Rg: He, Ne, Ar, and Kr)

Systems Using Different Methodologies®

distance of separation between CO, and Rg corresponding to the minimum energy value
obtained from the PEC scan (A)

systems PBE PBE+D B2PLYP B2PLYP+D mPW2PLYP mPW2PLYP+D earlier theoretical experimental
non-DFT results results
CO,—He 3.125 2.925 3.125 2.950 2.950 2.825 3.100° 3.581/
3.078¢
3.070¢
CO,—Ne 3.350 3.050 3.275 3.000 3.025 2.950 3.200° 3.2904%
CO,—Ar 3.775 3.450 3.625 3.400 3.500 3.375 3.4753.416/ 3.493
3.4178
3.418"
3.459
CO,—Kr 3.925 3.575 3.725 3.525 3.625 3.500 3.6249™

“The basis set used is Aug-cc-pVTZ. Some of the previous theoretical results and experimental distances of separation are also given for
comparison. ” Reference 7: MP4 with cc-pVTZ (C and O) and aug- cc-pVTZ (He), 6-311+G(3d,2f) (Ne). ¢ Reference 49: symmetry-adapted
perturbation theory (SAPT). ¢ Reference 49: CCSD(T) result. ¢ Reference 20: S-MPPT result. / Reference 26: single repulsion. ¢ Reference 26:
split repulsion. " Reference 55: SAPT result. ' Reference 55: CCSD(T) result using supermolecular approach. / Reference 15. * Reference 51.

! Reference 9. " Reference 10.

TABLE 3: Magnitude of the Interaction Energies Corresponding to the Equilibrium Distance Obtained from the PES Scanning
for Different CO,—Rg (Rg: He, Ne, Ar, and Kr) Systems Using Different Methodologies*

magnitude of the interaction energies of the potential well depth of the CO,—Rg (Rg: He, Ne, Ar and Kr)
obtained from the PEC scan (kcal)

systems PBE PBE+D B2PLYP B2PLYP+D mPW2PLYP mPW2PLYP+D earlier theoretical
non-DFT results
CO,—He 0.043 0.149 0.014 0.086 0.131 0.207 0.131°
0.144¢
0.141¢
CO,—Ne 0.046 0.224 0.054 0.222 0.197 0.360 0.242%
CO,—Ar 0.027 0.275 0.073 0.288 0.195 0.383 0.600¢
0.584/
0.5798
0.633"
0.560°
CO,—Kr 0.038 0.354 0.101 0.387 0.217 0.452

“The basis set used is Aug-cc-pVTZ. Some of the previous theoretical results are given for comparison. ? Reference 7: MP4 with cc-pVTZ
(C and O) and aug- cc-pVTZ (He), 6-311+G(3d,2f) (Ne). © Reference 49: SAPT result. ¢ Reference 49: CCSD(T) result. ¢ Reference 20:
S-MPPT result. / Reference 26: single repulsion. ¢ Reference 26: split repulsion. ” Reference 55: SAPT result. ’ Reference 55: CCSD(T) result

using supermolecular approach.

Among the four CO,—Rg systems that are studied in the
present investigation, CO,—He and CO,—Ar are the ones widely
investigated. The CO,—He system is of great significance as it
provides necessary information on the trends observed in
different intermolecular properties on changing the polarizability
of Rg.® There has been a lot of investigation to calculate the
intermolecular PES of this system using both ab initio
techniques”!'7~"° and empirical methods.?! > In the present work,
we compare our results obtained from the PECs of the CO,—He
system with the experimental findings of Weida et al.'® and also
with some of the previous theoretical non-DFT results, including
that of coupled cluster (CCSD(T)) results.* Figure 2 presents
the variation of the interaction energies with the separation
distance, r, for CO,—He using different methods. In each case,
a distinct minimum is observed; however, for PBE and B2PLYP,
the minimum observed is very shallow in nature. In order to
compare our results with the experimental as well as with the
non-DFT results, we provide Table 2, where the equilibrium r
values corresponding to minimum energy obtained from the
PECs is given for each system studied. From the table, it is
quite clear that neither the DHDFs nor the PBE functional
corroborate with the experimental separation distance. The r
values obtained using PBE and short-range corrected B2PLYP
methods are 0.46 A shorter than the experimental value, whereas

the long-range dispersion-corrected functionals underestimate
the distance by an amount of 0.65 to 0.75 A. If one compares
the equilibrium distance obtained with more accurate and
sophisticated CCSD(T) results, he will find a close agreement
of the CCSD(T) distance with B2PLYP and PBE results. On
the contrary, all the other DHDFs and dispersion-corrected
density functionals fail to produce the CCSD(T) results. The
interaction energies corresponding to the potential well depth
have also been tabulated in Table 3 along with those obtained
in the present study. A close inspection of Table 2 and Table 3
reveals an interesting observation. The mPW2PLYP and
PBE+D functionals quite satisfactorily produce the interaction
energies and are well in agreement with the earlier results
including CCSD(T), but the separation distance obtained with
these two functionals (Table 2) are far from the non-DFT results.
On the other hand, the distances obtained using B2PLYP and
PBE functionals match well with the non-DFT results, but the
interaction energies of the potential well depth are nowhere near
those earlier theoretical non-DFT results.

The second system that has been investigated here is
CO,—Ne. Although there have been a lot of investigations on
the He complex, only limited research work has been performed
on the CO,—Ne”!*1116 complex. As previously mentioned, it
has got a T-shaped geometry, which is also consistent with the
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Figure 3. Comparison in the PECs for the T-shaped CO,—Ne system
using gradient-corrected PBE density functional and double-hybrid
B2PLYP and mPW2PLYP density functionals (both with and without
dispersion corrections). Here, rco,-ne 18 the center-to-center distance
of separation between the carbon atom of the CO, molecule and Ne.
The distance is varied as shown in Figure 1.

spectroscopic analyses.!®!! Endo and co-workers> studied the
rotational spectra of various CO,—Rg complexes, including that
of CO,—Ne through the Fourier-transform microwave spectro-
scopic method. The first ab initio PES study for CO,—Ne was
carried out by Negri et al.” using the MP4 method along with
Dunning’s augmented basis and Pople’s diffusion and polariza-
tion containing basis sets. In the present work, we have also
used Dunning’s aug-cc-pVTZ basis set for the PES scanning.
The relevant scanning curve for CO,—Ne is plotted against the
distance of separation, r, in Figure 3. Just like CO,—He, a
distinct minimum in the PEC scan is observed at each level of
theory except that at PBE and B2PLYP, where the minima
obtained are shallow in nature. It is quite evident from Table 2
that the short-range corrected B2ZPLYP functional satisfactorily
produces the experimental CO,—Ne separation distance®! with
an error of only 0.02 A. 1t also matches well with the MP4
results of Negri et al.” However, the interaction energy obtained
using this B2PLYP functional (Table 3) is very far from the
non-DFT results of Negri et al.” On the other hand, the
mPW2PLYP and all the long-range corrected dispersion-
corrected functionals underestimate the r values by 0.2—0.35
A, but the interaction energies of the potential well depth
obtained from the dispersion-corrected B2PLYP and PBE
functionals along with the mPW2PLYP (DHDF) functional are
in accordance with that of Negri et al.” Similar observations
are also found in the case of the CO,—He complex.

The CO,—Ar system is considered as one of the simplest
prototypes to understand the interactions of an atom with a linear
triatomic molecule.>? The first successful attempt in character-
izing this system was done by the group of Steed, Dixon, and
Klemperer,” who also confirmed the T-shaped geometry of
CO,—Ar by molecular beam electronic resonance spectroscopy.
Since then, a lot of work has been done in order to get reliable
PES, which can reproduce the spectra of this vdW complex
and also the pressure broadening of CO, IR lines by Ar. The
CO,—Ar system has also been investigated using IR spectro-
scopic techniques.'*3 Roche et al.’* tested the ability of nine
different PESs to reproduce the experimental results. The results
obtained by them suggest that all those potentials give significant
discrepancies in at least one of the spectroscopic properties, and
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Figure 4. Comparison in the PECs for the T-shaped CO,—Ar system
using gradient-corrected PBE density functional and double-hybrid
B2PLYP and mPW2PLYP density functionals (both with and without
dispersion corrections). Here rco,-ar is the center-to-center distance of
separation between the carbon atom of the CO, molecule and Ar. The
distance is varied as shown in Figure 1.

it was concluded that a new PES should be constructed to
resolve those discrepancies. In another work, Horst and Jame-
son>? compared the ability of 12 PESs that have then been
proposed for the CO,—Ar system in explaining different
physicochemical properties. Misquitta et al.> calculated the PES
for the CO,—Ar complex at different levels of theory such as
symmetry-adapted perturbation theory (SAPT), many-body
perturbation theory (MBPT), and coupled cluster methods, both
using supermolecular approach, in order to determine the
rovibrational spectra of this complex and the virial coefficients.
The interaction energies that are calculated in the present
investigation for CO,—Ar is plotted against » and is depicted
in Figure 4. Like the other two systems, here also the scan shape
reveals distinct minima in all the methods used, except while
using the PBE functional, where the same is very shallow. An
inspection of the relevant data for CO,—Ar given in Table 2
clearly reflects the role of short-range corrected mPW2PLYP
functional on stabilizing this complex. As mentioned by Grimme
in his paper revealing the mPW2PLYP functional gives the
lowest MAD and is very effective for weak interactions,?” its
nature is reflected in the equilibrium separation distance obtained
(3.500 A), which is in excellent agreement with the experiment
(3.493 A).? The MBPT results using supermolecular approach?
are also quite close to those of our mPW2PLYP and the
experimental results. However, the distances obtained from all
the density functionals adopted do not match with the highly
sophisticated CCSD(T) level of theory, except that obtained from
dispersion-corrected PBE functional. The normal PBE functional
overestimates the separation distance by 0.28 A, while its long-
range dispersion-corrected analogue is close to the experimental
results with a difference of 0.04 A. Similar is the situation for
the B2PLYP functional, which overestimates the r value by an
amount of 0.13 A. The dispersion-corrected counterpart of
B2PLYP is consistent with the earlier theoretical results of
Hutson et al.?® and the SAPT result of Misquitta et al.’> At this
point it is highly instructive to mention that, as the experimental
geometry of CO,—Ar complex is not a perfect T shape but has
a bent T-like geometry, we have also carried out a PEC scanning
on this bent geometry, and the relevant PES is given in the
Supporting Information. From the PEC scanning, it is clear that
the location and depth of the global minimum is only slightly
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Figure 5. Comparison of the PECs for the T-shaped CO,—Kr system
using gradient-corrected PBE density functional and double-hybrid
B2PLYP and mPW2PLYP density functionals (both with and without
dispersion corrections). Here rco,—; is the center-to-center distance of
separation between the carbon atom of the CO, molecule and Kr. The
distance is varied as shown in Figure 1.

affected in bent geometry relative to that of the perfect T-shaped
geometry. In Table 3, the interaction energy values for the
CO,—Ar complex are tabulated, and some very interesting
results are observed. Although it has been observed that, for
lighter CO,—Rg (Rg: He and Ne) complexes, at least some of
the density functionals satisfactorily reproduce the interaction
energies and corroborate with the non-DFT results; however,
for the CO,—Ar complex, none of the interaction energy values
obtained in the present study match with that of the earlier non-
DFT results, which include CCSD(T) calculations as well. The
magnitude for the highest interaction energy is 0.383 kcal
(mPW2PLYP+D functional), which is underestimated by an
amount of 0.20—0.25 kcal relative to the previous results.
The last system that we have chosen in this work is the
CO,—Kr complex. To date, very few investigations have been
performed related to the stability of this system.!%!%% Fraser,
Pine, and Suenram'? reported the IR spectra of several CO,—Rg
systems, including that of CO,—Kr, using a molecular beam
laser spectrometer. The weak bond stretching force constant in
the CO,—Kr complex was found to be quite large compare to
that of CO,—Ar. Hence, the dispersion forces will definitely
play a dominant role and will be much more pronounced in the
Kr complex relative to the Ar analogue. Pure rotational spectra
of this system were also studied. Iida et al.>® proposed a model
calculation that describes intermolecular potential in CO,—Rg
systems. The observed transitions reported in their work™ were
also consistent with the T-shaped geometry of this system. In
the present study, Figure 5 presents the PEC scans of the
CO,—KTr system. Similar to the Ar complex, a distinct minimum
is observed in each of the methods implemented, with the only
exception at PBE, where the minimum is pretty shallow in
nature. Table 2 reveals that the separation distances obtained
using long-range dispersion-corrected functionals are within the
range of 0.1 A, whereas the normal PBE and B2PLYP
functionals have their r values overestimated by 0.3 and 0.1 A,
respectively. Most impressive is the result observed using the
short-range mPW2PLYP functional, where the equilibrium r
value obtained from the present PEC scan is only 0.0001 A
larger than the experimental value.'® The interaction energies
corresponding to the potential well depth for the CO,—Kr
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complex is given in Table 3. To the best of our knowledge,
there has been no theoretical investigation on this Kr complex
relative to the PES. Hence, we are unable to provide any other
data of interaction energies for the CO,—Kr complex.

In the present investigation, the effect of basis set has also
been explored. Very recently, Martin and co-workers®** provide
a detailed discussion on the basis set sensitivity in various double
hybrid functionals. In order to see the basis set sensitivity, the
PEC scanning for all CO,—Rg systems are performed using the
B2PLYP functional along with the use of Dunning’s augmented
triple and double-C polarized basis sets. The relevant scanning
curves given in the Supporting Information (Figures F2—F5)
clearly indicate that the basis sets have little effect in influencing
the PECs of CO,—Rg systems, with the only exception observed
for the CO,—Ar complex.

Conclusions

In the present study, we investigate whether the DHDFs and
other density functionals are suitable in explaining the PECs of
four CO,—Rg (Rg: He, Ne, Ar, and Kr) systems. The results
are also compared with the experimental and some earlier
theoretical non-DFT values. Most impressive are the results
obtained for CO,—Ar/Kr systems, where the short-range cor-
rected double hybrid mPW2PLYP functional remarkably re-
produces the experimental distance of separation between CO,
and Rg atoms in these weakly bound complexes with errors as
low as 0.2% and 0.003%, respectively. On the other hand, for
the CO,—He/Ne complexes, the r values obtained by the short-
range corrected double hybrid B2PLYP functional is consistent
with the experiment. The long-range dispersion-corrected func-
tionals fail to reproduce the experimental data for the CO,—Rg
systems. Another interesting observation is that, for the lighter
CO,—Rg (Rg: He and Ne) complexes, B2PLYP functional fails
to produce the correct interaction energies of the potential well
depth, whereas the mPW2PLYP functional quite satisfactorily
produces the interaction energies and explains the PES. More-
over, it has also been observed that change in the angle between
CO, and Rg does not change the nature of the PECs. The overall
investigation, hence, suggests that, although these DHDFs and
other density functionals are good to predict the separation
distance, they failed to produce correct interaction energy values
in higher CO,—Rg complexes. To explicate the role of different
basis sets and other DHDFs in explaining the PECs of CO,—Rg
systems, a detailed analysis will be performed in the near future.
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