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Abstract In this work, we performed a thorough investigation
of potential energy curves, rovibrational spectra, and spectro-
scopic constants for dimers whose interactions are mediated by
hydrogen bonds and other hydrogen interactions. Particularly,
we deal with CH 4⋯CH4, CH 4⋯H2 O, CH 4⋯CHF3, and H

2O⋯CHF3 dimers by employing accurate electronic energy
calculations with two different basis sets at the MP2 level of
theory. Following this, the discrete variable representation
method was applied to solve the nuclear Schrödinger equation,
thus obtaining spectroscopic constants and rovibrational spec-
tra. The harmonic constant, ωe, presents a direct relation to the
strength of dimer interactions. As a general rule, it was found
that a decrease of interatomic distances is followed by the
increase of De for all dimers. This behavior suggests that the
interaction of CH 4⋯CH4 is the weakest among all dimers,
followed by CH 4⋯CHF3, CH 4⋯H2 O and the strongest
interaction given by the H 2O⋯CHF3 dimer.

Keywords Dimers . Rovibrational spectra . Potential energy
curve .MP2

Introduction

Noncovalent interactions are key factors to understanding
many fundamental properties of chemical systems and

processes. Despite being of much smaller magnitude when
compared to covalent interactions, non-covalent phenomena
are essential, for example, for the stability of biomolecules
such as proteins [1] and nucleic acids [2] as well as for the
physical-chemistry understanding of different environmental-
ly important compounds [3, 4]. On the other hand, the de-
scription of this kind of interaction is known to require a great
deal of resources, demanding sophisticated computational
methods from both the level of theory applied and the basis
set used [5]. A frequent procedure to overcome this difficulty
is to use dimer calculations as a starting point in considering
complex systems [6]. Additionally, determining intermolecu-
lar interactions experimentally show difficulties that reside at
limited sampling and thermodynamic conditions to yield a
potential energy surface [7]. Alternatively, intermolecular po-
tentials are easily obtained through theoretical methods. Fur-
thermore, the theoretical study of dimers consists of a standard
technique in quantum chemistry and the properties that tend to
alter their behavior are of fundamental importance in under-
standing many systems of technological interest.

Many researchers have investigated structural features of
molecular clusters [8]. By studying the behavior of dimers,
one can infer properties of larger clusters in an elegant and
accurate fashion due to the possibility of applying computation
of the highest level in small systems. Among these properties,
the rovibrational spectra deserve special attention since a com-
parison between experimental and theoretical data consists on
an unequivocal way to determine whether the performed cal-
culation is suitable for each particular system [9, 10].

It is well known that the Coulombic term contribution plays a
central role in the interaction energy of dimers, regardless the
species considered. Thereupon, the behavior of dimers onwhich
different kinds of multipole expansion moments primarily act
has been extensively investigated in the last years [3, 4].

Of particular interest are those dimers originating from
hydrogen bonding or another kind of hydrogen-mediated
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interaction. The chemistry of methane and water dimers, for
instance, has received great attention, the former due to its
importance as a powerful greenhouse gas and the latter for
being a part of a number of biological phenomena. Green-
house effects are also important in astrophysics, as the atmo-
spheres on outer planets consist of mixtures containing meth-
ane. For example, the atmosphere of Titan (the largest moon
of the planet Saturn) is composed of several percent of CH 4

and its greenhouse effect is widely studied [11–14]. Besides
this effect, the recent awareness of highly concentrated meth-
ane trapped in the earth triggered many studies on methane
hydrates or clathrates as a natural energy source [15]. Another
molecule of special chemical interest is CHF 3, which is
commonly used as solvent for supercritical fluid. This is the
simplest representative molecule of the hydrofluorocarbon
(HFCs) class, the common substitute of chlorofluorocarbons
(CFCs). The interaction study of both heteromolecular and
homomolecular dimers is of fundamental importance in un-
derstanding thermochemical properties.

An interesting fact on the mentioned species combination
is that they have different Coulombic term contribution on the
interaction energy: quadrupole–quadrupole (CH 4⋯CH4),
quadrupole–dipole (CH 4⋯CHF3 and CH 4⋯H2 O) and
dipole–dipole (H 2O⋯CHF3). In this sense, we have previ-
ously performed an extensive electronic structure investiga-
tion on energies, geometries, and some electrostatic properties
for these systems, including basis set superposition error
(BSSE) and zero point energy (ZPE)[16]. The goal was to
obtain a good compromise between quality and computational
cost by finding an optimal basis set and level of theory. Based
on these previous results, the aim of this work is to calculate
potential energy curves, rovibrational spectra, and spectro-
scopic constants. It is important to stress that, to the best of
our knowledge, no experimental data is available for the
spectroscopic constants and binding energies for most of the
studied systems. Therefore, our work consists of an important
contribution for comparing future data in the literature.

Rydberg expressions were used to fit the calculated data, thus
obtaining a potential energy curve (PEC) for each system. The
discrete variable representation (DVR) method was also used in
order to obtain spectroscopic constants as well as the
rovibrational spectra. Besides providing important data from
the spectroscopic point of view, we also draw a comparison
between the data arising from a simpler and amore sophisticated
basis set. To accomplish this, we present two sets of results: one
originated from aug-cc-pVDZ basis set, and the other from aug-
cc-pVTZ, always considering the same level of theory—MP2—
so that the comparison turns out to be consistent. The ideawas to
analyze the availability of the best method and basis set combi-
nation found previously to describe the dissociation profile,
rovibrational energies, and spectroscopic constants.

The present work is organized as follows: in the Methodol-
ogy section we present the methodology used in our

calculations; our results together with their discussion are carried
out in the Results and discussion section, and the main conclu-
sions of the paper are reported in the Conclusions section.

Methods

Throughout this work, we performed a comparison between the
results of calculations originating from two different basis sets.
The goal is, in the spirit of the previous paper, to decide whether
the use of an extended basis set is necessary to accurately obtain
the desired properties. In order to do so, we considered the
second-orderMøller–Plesset perturbation theory (MP2) level of
theory for calculating energies and electrostatic properties, and
compared the results between basis sets aug-cc-pVDZ and aug-
cc-pVTZ. The size difference (Table 1) of such basis sets is
considerable, in such a way that the comparison between these
bases is valuable. PECs were constructed starting from MP2/
aug-cc-pVDZ and MP2/aug-cc-pVTZ-optimized dimer geom-
etries as described in our previous paper[16]. The electronic
structure calculations were carried out through MP2/aug-cc-
pVDZ and MP2/aug-cc-pVTZ levels using the rigid SCAN
and COUNTERPOISE keywords of Gaussian 09 [17] package
in order to perform single point-type calculations for about 100
intermolecular distances. The obtained BSSE-corrected elec-
tronic energies were fitted into PEC analytical expressions,
using the extended-Rydberg functions (ERF):

VERF ρð Þ ¼ −De 1þ
X

k

ckρ
k

 !
exp −c1ρð Þ ð1Þ

where ρ=R−Re is the displacement from equilibrium distance
(Re), ck’s are adjustable parameters and De stands for the
dissociation energy. All coefficients ck were obtained through
Powell’s method [18]. Considering that the vibrational move-
ment of the nuclei around the equilibrium position as approx-
imately harmonic, the vibrational energies can be expanded
near the point ν þ 1

2 . Analogous to the vibrational case, the
rotational energies can be expanded near the point j( j+1). The
diatomic rovibrational energy equation is given by:
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Table 1 Size of the basis sets

Basis set CH4⋯CH4 CH4⋯H2O CH4⋯CHF3 H2O⋯CHF3

aug-cc-pVDZ 118 100 160 142

aug-cc-pVTZ 276 230 345 299
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where ν and j are the vibrational and rotational quantum
numbers, respectively. The coefficients of this expansion are
called rovibrational spectroscopic constants. Also, Beiv h

8π2cIe
,

where Ie denotes the moment of inertia, c is the speed of light,
and h is Planck’s constant. Our approach was to evaluate the
rovibrational spectroscopic constants by combining the
rovibrational energies Eν,j calculated from Schrödinger nucle-
ar equation and Eq. (2), thus obtaining a “n” variables at “n”
equation set system. It is important to remark that here
Schrödinger nuclear equation is solved using the DVR meth-
od [19]. From this combination, spectroscopic constants can
be derived as follows

ωe ¼ 1
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The rovibrational spectra follow straightforward from the
solution of the Schrödinger nuclear equation with the corre-
spondent PEC as potential through DVR method.

Results and discussion

In our previous work, an extensive investigation was per-
formed on level of theory and basis set for calculations of
energy, geometries, and electrostatic properties for CH 4⋯
CH4, CH 4⋯H2 O, CH 4⋯CHF3, and H 2O⋯CHF3 dimers

Fig. 1 Total electronic density difference MP2-HF at aug-cc-pVTZ for a
CH4…CH4, b CH4…H2O, c CH4…CHF3, and d H2O⋯CHF3

Table 2 Fixed equilibrium distances (Re) and dissociation energies (De)
in the determination of the CH4⋯CH4,CH4⋯H2O,CH4⋯CHF3, and
H2O⋯CHF3 coefficients ck from the Rydberg potentials (Eq. 1) for aug-

cc-pVDZ. Values in parenthesis are from the literature. References [20]
and [21] are experimental values, while [22] is theoretical

Dimer CH4⋯CH4 CH4⋯H2O CH4⋯CHF3 H2O⋯CHF3

ck a0
−k a0

−k a0
−k a0

−k

c1 0.203382686907×10 −1 0.230857686170×10 1 0.361582776087×10 1 0.237220288993×10 1

c2 –3.22211794948×10 −1 2.51257603628×10 −1 0.398021865883×10 1 0.127191496385×10 1

c3 5.08247510799×10 −1 –0.864093559465×10 −1 0.282881511453×10 1 –0.296604209444×10 −1

c4 0.25295527071×10 −1 –0.181040207405×10 −1 0.149137285513×10 1 –3.28895020224×10 −1

c5 –1.55310384098×10 −1 7.85383780995×10 −1 7.63363127786×10 −1 0.145901633852×10 1

c6 1.4960793088×10 −1 –0.853719043364×10 −1 5.55549133750×10 −1 1.05452396654×10 −1

c7 –0.600836485497×10 −2 –3.74360165973×10 −1 2.51132794097×10 −1 –8.17930679956×10 −1

c8 0.134827425397×10 −1 2.17507477212×10 −1 –0.676312386267×10 −1 4.39821924874×10 −1

c9 –0.155418702112×10 −2 –0.450409062488×10 −1 –0.358294444093×10 −1 –0.904450465643×10 −1

c10 0.810918693618×10 −4 0.331956925410×10 −2 0.306243035295×10 −1 0.702740548952×10 −2

Re (Å) 4.2202 (4.2000)[20] 3.6237 (3.7024)[21] 3.9952 3.3943

De (Hartree) 0.000496538 0.00110272 (0.00161020)[22] 0.000757321 0.0054972

RMSD 7.56340494×10 −7 1.35221838×10 −3 3.04352994×10 −6 3.73487271×10 −5
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[16]. The goal of this work [16] was to obtain the best possible
compromise between accuracy and computational cost. For
this, MPWB1K, PBE1PBE, MP2, and QCISD levels of the-
ory were used with several basis sets. As the main result, we
obtained that MP2/aug-cc-pVDZ was the best possible choice
for geometry optimization procedures.

Therefore, in the present work, we have used the basis sets
and method combinations that have proven to yield the best
benefit–cost ratio for the static electronic properties in order to
investigate the vibrational properties of each dimer, i.e., we used
the MP2 method together with two different basis sets: aug-cc-
pVDZ and aug-cc-pVTZ. The difference of the size between the
two-basis set can bemeasured by the number of contracted basis

functions used for each system, which bears a ratio of roughly in
a 2:1 between aug-cc-pVTZ and aug-cc-pVDZ for all the con-
sidered systems[16]. This fact guarantees the comparison be-
tween a large and an intermediate basis set size.

The aug-cc-pVTZ basis set is considered of standard use in
the literature, whereas our trial is to find out whether aug-cc-
pVDZ yields the desired properties in good accordance to the
former. In Fig. 1, the non-covalent interactions are of clear
identification for all considered systems. We can infer a stron-
ger intermolecular interaction for the hydrogen bonded sys-
tems, as it would be expected. The total electronic density
difference plots are presented to stress the effects of including
electron correlation on the dimer calculations, which is

Table 3 Fixed equilibrium distances (Re) and dissociation energies (De)
in the determination of the CH4⋯CH4, CH4⋯H2O, CH4⋯CHF3, and
H2O⋯CHF3 coefficients ck from the Rydberg potentials (Eq. 1) for aug-

cc-pVTZ. Values in parenthesis are from the literature. References [20]
and [21] are experimental values, while [22] is theoretical

Dimer CH4⋯CH4 CH4⋯H2O CH4⋯CHF3 H2O⋯CHF3

ck a0
−k a0

−k a0
−k a0

−k

c1 0.324278745477×10 1 0.134875985565×10 1 0.315243883642×10 1 0.237661686609×10 1

c2 0.275925159833×10 1 –0.179977908317×10 1 0.299680177303×10 1 8.53309933561×10 −1

c3 0.164360766311×10 1 0.143620203804×10 1 –3.45861365301×10 −1 9.61684957869×10 −1

c4 8.55298605268×10 −1 –6.47373885595×10 −1 –0.311335189897×10 1 6.98455564955×10 −1

c5 4.43486380482×10 −1 1.60295223226×10 −1 0.186937677273×10 1 –2.87056958677×10 −1

c6 1.52720803414×10 −1 –0.698198059490×10 −2 0.376838153830×10 1 –2.22363695919×10 −1

c7 –0.155004429505×10 −1 –0.691460720547×10 −2 –0.126519691381×10 1 3.71008085864×10 −1

c8 0.454213206620×10 −1 0.189307691848×10 −4 –0.109151872488×10 1 –1.24547007831×10 −1

c9 –0.811415555646×10 −2 –0.204004593119×10 −3 5.85706203455×10 −1 0.150862825766×10 −1

c10 0.320157983799×10 −2 0.847000348691×10 −5 –0.703863581585×10 −1 –0.110298477080×10 −6

Re (Å) 4.1152 (4.2000)[20] 3.5149 (3.7024)[21] 3.9887 3.2943

De (Hartree) 0.0005801885 0.00143501 (0.00161020)[22] 0.00090045 0.00572999

RMSD 1.58091367×10 −6 1.51344271×10 −3 2.32722458×10 −6 2.60461439×10 −5

Fig. 2 Potential energy curve
fittings on data obtained
through 100 single points at
MP2/aug-cc-pVDZ level
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considered a good estimate for dispersion on molecular
wavefunctions. This was achieved by subtracting Hartree–
Fock total electron densities from MP2 ones on frozen geom-
etries. Upper plots represent spatial regions with a decrease in
electron density while lower plots represent the opposite. All
surfaces in Fig. 1 were generated using the same isodensity
value. The increase on electron density along the H ⋯ C
intermolecular bond for CH 4⋯CH4 dimer clearly shows that
this dimer is stabilized mainly by dispersion interactions. It is
observed that this pattern is repeated for all dimers, albeit in
smaller proportion. At this point it is important to mitigate the
possible misunderstanding led by our reasoning that dynam-
ical correlation effects are mainly from dispersion. Moreover,
we remark that the correlation effects, investigated through
Fig. 1, are only an indication, although strong, of the dynamic
dispersion and should not be accounted for the whole effect.

As a first step, we obtained the PEC for each dimer using
both basis sets. This was carried out by considering each
compound as geometrically frozen, then varying the intramo-
lecular dimer distance, and finally computing the total electron-
ic energy. Following this, we used a Rydberg expression to fit
our data. The corresponding fitting coefficients and the root
mean square deviation (RMSD) are listed in Table 2 for aug-cc-
pVDZ and in Table 3, for aug-cc-pVTZ. We can note a sys-
tematic behavior of aug-cc-pVTZ presenting a slightly higher
value of dissociating energy De compared to aug-cc-pVDZ.
This can be attributed to the extra zeta addition in the former
basis set, which in turn makes the calculation slower. Another
evident feature is the decrease of equilibrium distances Re from
aug-cc-pVDZ to aug-cc-pVTZ. The small deviation from the
corresponding fitting coefficients show that both basis sets yield
satisfactory representations of the corresponding PEC for each
dimer, thus, meaning that a simpler basis set is to be considered
a practical choice in terms of PEC fitting.

In addition to the aforementioned agreement, our results
find support from both experimental and theoretical previous
works [16, 23–26]. Experimental comparison provides con-
vincing evidence that our most stable geometry of CH 4⋯
CH4 dimer is in accordance with the methane cluster structure
[27]. As presented in Tables 2 and 3, our equilibrium distance
of CH 4⋯CH4 dimer (R C…C) is about 4.2 Å, which agrees
with established evidence [20]. Another remarkable agree-
ment was found by studying dissociation energy from the
same dimer, as can be seen in a recent work [28]. From an
experimental point of view, an even more incisive result was
achieved for the water methane dimer geometry, as we found
an equilibrium distance of 3.6237 Å, whereas the

Fig. 3 Potential energy curve
fittings on data obtained through
100 single points at MP2/aug-cc-
pVTZ level

Table 4 Vibrational energies ε−ν,j=0 in units of cm −1 for CH4⋯CH4,
CH4…H2O, CH4…CHF3, and H2O⋯CHF3 dimers with aug-cc-pVDZ

Line ν CH4…CH4 CH4…H2O CH4…CHF3 H2O⋯CHF3

0 22.40183 32.95952 22.58717 46.48603

1 58.48035 91.88459 62.52315 137.60372

2 83.73141 140.05641 95.36321 225.69655

3 99.12863 176.72157 121.13111 310.17620

4 106.70051 203.34449 140.31300 390.45475

5 222.05535 153.55853 465.98511

6 233.23111 161.42677 536.31456

7 239.22125 165.70794 601.16165

8 660.50721

9 714.64936

10 764.14714

11 809.64440

12 851.68305

13 890.61276
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experimental data suggest 3.7024 Å [21]. Another theoretical
work dealing with this latter dimer showed dissociation ener-
gy with a deviation of around 0.1 kcal mol-1 from our results, a
value which is to be considered negligible [22]. The consis-
tency of these results yields confidence in the chosen simple
combination of method and basis set.

The calculated points together with the fitted curves whose
coefficients are listed in the previous tables are plotted in
Figs. 2 and 3 for basis set aug-cc-pVDZ and aug-cc-pVTZ,
respectively. We present the total energy in Hartrees against
the inner dimer distance in Bohrs. Such curves represent
different dimers that were put together for means of better
comparison. From these figures, we can see the overall pattern
of increasing De for all dimers from aug-cc-pVDZ to aug-cc-
pVTZ. Also, the slight decrease in Re can also be noted as a
left shift of the curves from aug-cc-pVDZ to aug-cc-pVTZ.

Our next task is to investigate the vibrational energies for
different vibrational states on each dimer and compare these
results between both basis sets. Table 4 presents the summary
of these calculations for basis set aug-cc-pVDZ, whereas
Table 5 deals with the data arising from aug-cc-pVTZ. These

energies were obtained by solving the nuclear Schrödinger
equation considering ν varying between 0 and 13 for j=0.

The dimers reduced masses are equal to 14622.31541
u. a.(CH 4⋯CH4), 15469.08932 u. a.(CH 4⋯H2 O),
23792.77239 u. a.(CH 4⋯CHF3), and 26119.21145
u.a.(H 2O⋯CHF3). The tendency of aug-cc-pVTZ to present
higher energies is clear and can also be attributed to the higher
complexity of this basis set. This pattern can be noted regard-
less of both the vibrational level and the dimer considered.

We have used the well-established DVR [29] method to
compute the spectroscopic constants for our dimers. Table 6
summarizes these results for all dimers, and also provides
direct means of comparison between both level aug-cc-
pVDZ and aug-cc-pVTZ. In the case of the harmonic constant
ωe the same pattern of aug-cc-pVDZ underestimation is
achieved. It could be noted that the harmonic constant ωe

presents a direct relation to the strength of dimers interaction.
The more precise level of electronic correlation near equilib-
rium distance is a possible explanation for the fact that aug-cc-
pVTZ presents higher harmonic frequency values. The same
feature is not observed, neither for anharmonic constants nor for
αe and γe, because for these properties the PEC far from
equilibrium distance have small contribution. Experimental
microwave spectrum [30] of CH 4···H2 O shows a stretching
frequency of 55 cm −1. Therefore, our value of harmonic
frequency, ωe, is corroborated by this experimental data, mainly
for the aug-cc-pVDZ basis set. It must be observed that the
experimental result is an average of different conformations,
and the theoretical value is from a single conformational state.

The general order found for the decrease of interatomic
distances agrees with the increase ofDe (Tables 2 and 3) for all
dimers. This suggests that the interaction of CH 4⋯CH4 is the
weakest among all dimers, followed by CH 4⋯CHF3, CH 4

⋯H2 O, and the strongest interaction is of H 2O⋯xtitCHF3

dimer. The dipole moment (1.85 D for H 2 O, 1.65 D for CHF 3

and 0.0D for CH 4) and electronegativity differences justify this
behavior.

The difference between two consecutive rovibrational en-
ergies for lower levels has the same trend shown byDe and Re.
However, for higher levels, the difference for the CH 4⋯H2 O
and CH 4⋯CHF3 approaches the CH 4⋯CH4 difference.

Table 6 Rovibrational spectro-
scopic constants in units of cm −1

for CH4…CH4, CH4…H2O,
CH4…CHF3, and H2O⋯CHF3
dimers

System Basis set ωe ωexe ωeye αe γe

CH4…CH4 aug-cc-pVDZ 47.8391 6.1440 1.62×10 −1 1.13×10 −2 –9.52×10 −4

aug-cc-pVTZ 52.9765 6.2313 1.20×10 −1 1.06×10 −2 –1.06×10 −3

CH4…H2O aug-cc-pVDZ 68.9563 4.8116 –1.26×10 −1 7.89×10 −3 –1.21×10 −3

aug-cc-pVTZ 82.6957 5.8483 4.99×10 −3 9.89×10 −3 –6.08×10 −3

CH4…CHF3 aug-cc-pVDZ 47.0547 3.5658 3.96×10 −3 4.49×10 −3 3.68×10 −4

aug-cc-pVTZ 43.6274 –1.1504 –6.58×10 −1 5.75×10 −3 –1.09×10 −3

aug-cc-pVDZ 93.5787 1.0712 –9.81×10 −2 1.41×10 −3 –1.47×10 −4

aug-cc-pVTZ 108.1093 3.8416 8.21×10 −2 3.11×10 −3 –2.32×10 −5

Table 5 Vibrational energies εv,j=0 in units of cm–
1 for CH4…CH4,CH4

…H2O,CH4…CHF3,and H2O…CHF3 dimers with aug-cc-pVTZ

ν CH4⋯CH4 CH4⋯H2O CH4⋯CHF3 H2O⋯CHF3

0 24.77627 39.90570 22.40701 53.02176

1 65.68077 110.90651 66.19785 153.71463

2 95.20452 170.21528 106.37078 247.46297

3 114.06881 217.83500 138.98005 334.75919

4 124.02540 254.18852 161.30359 416.12416

5 280.15906 177.62427 492.04909

6 297.04473 189.54852 562.95017

7 306.72804 194.84768 629.14494

8 311.99826 690.84983

9 748.19334

10 801.24019

11 850.02488

12 894.59478

13 935.06034
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Meanwhile, H 2O⋯CHF3 keeps a large difference from the
whole set. Therefore, in the dissociation region of PEC, the
attractive forces are still large for H 2O⋯CHF3. Differently,
for CH 4⋯H2 O and CH 4tsCHF3 the contribution of repul-
sive forces increases and becomes similar to CH 4⋯CH4.

Conclusions

In this work, we performed an extensive study on potential
energy curves, spectroscopic constants, and rovibrational
spectra of the CH 4⋯CH4, CH 4⋯H2 O, CH 4⋯CHF3,
and H 2O⋯CHF3 dimers. To the best of our knowledge, this
is the first time the spectroscopic constants of these dimers
have been reported. From total electronic density difference
MP2-HF at aug-cc-pVTZ level, it was possible to verify an
increase of electron density along the H ⋯ C intermolecular
bond for CH 4⋯CH4 dimer, which suggests that this dimer
has been stabilized by dispersion interactions. The same pat-
tern was observed for the other dimers, but in smaller propor-
tions. The ωe vibrational frequency constant calculations
showed that the H 2O⋯CHF3 frequency is the most harmonic
of all studied dimers. Results obtained in this work are of
potential use for comparison in future theoretical and experi-
mental works in the spectroscopy and molecular dynamic of
the CH 4⋯CH4, CH 4⋯H2 O, CH 4⋯CHF3, and H 2O⋯
CHF3 dimers.
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