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The equilibrium geometries, harmonic vibrational frenquencies, and the dissociation ener-
gies of the OCH+–Rg (Rg = He, Ne, Ar, Kr, and Xe) complexes were calculated at the DFT,
MP2, MP4, CCSD, and CCSD(T) levels of theory. In the lighter OCH+–Rg (Rg = He, Ne, Ar)
rare gas complexes, the DFT and MP4 methods tend to produce longer Rg–H+ distance than
the CCSD(T) level value, and the CCSD-calculated Rg–H+ bond lengths are slightly shorter.
DFT method is not reliable to study weak interaction in the OCH+–He and OCH+–Ne com-
plexes. A qualitative result can be obtained for OCH+–Ar complex by using the DFT method;
however, a higher-level method using a larger basis set is required for the quantitative pre-
dictions. For heavier atom (Kr, Xe)-containing complexes, only the CCSD method predicted
longer Rg–H+ distance than that obtained at the CCSD(T) level. The DFT method can be ap-
plied to obtain the semiquantitative results. The relativistic effects are expected to have mi-
nor effect on the geometrical parameters, the H+–C stretching mode, and the dissociation
energy. However, the dissociation energies are sensitive to the quality of the basis set. The
nature of interaction between the OCH+ ion and Rg atoms was also analyzed in terms of the
interaction energy components.
Keywords: Rare gases complexes; Weak interaction; Harmonic vibrational frequency; Disso-
ciation energy; Energy decomposition; Ab initio calculations; MP2; DFT; CCSD.

Proton-bound complexes are the intermediates of proton transfer reactions
which are important in a broad range of chemical and biological environ-
ments. In order to better understand the nature of the reaction intermedi-
ates, a series of experimental and theoretical investigations have been
performed on selected proton-bound complexes such as (Ar)n–HCO+,
(Ar)n–HSiO+, and (Ar)n–HN2

+ 1. The experimental infrared predissociation
spectra provide detailed information concerning the interaction between
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the contributing moieties and should eventually reveal details of the poten-
tial energy surfaces for interactions of ion-neutral species at close range2.

Complexes consisting of He, Ne, Ar, and H2 ligands attached to the linear
closed-shell OCH+ ion have been extensively examined using the IR spec-
troscopy and different theoretical techniques4–7. The OCH+–Rg dimers con-
taining rare gas elements (Rg) are determined to be linear with the proton
being shared between Rg and CO. The degree to which the properties of the
OCH+ core are altered by the attached ligand and the strength of the
intermolecular interaction depend significantly upon the difference be-
tween the proton affinities (PA) of CO and the participating ligand, ∆PA 3.
Because the CO molecule has a higher PA value than N2, the intermolecular
interaction between the OCH+–Rg is weaker than in the analogous N2H+–Rg
complexes. Therefore, a smaller red shift of ν1 (the C–H+ stretch) of the
OCH+ fragment, longer intermolecular bonds and lower dissociation ener-
gies are expected than in the similar N2H+–Rg species.

In 1983, the first observation of vibration-rotation transitions in OCH+

was reported. The ν1 absorption band was measured with a color-center la-
ser by modulating the drift velocity of the ion in an ac discharge and the
Doppler-shifted absorptions were detected with lock-in techniques. The de-
termined ν1 frequency value amounts to 3088.727 ± 0.003 cm–1 4. The vi-
brational predissociation spectrum of the OCH+–He proton-bound complex
has been recorded in the 3 µm (C–H stretch) region by monitoring the
OCH+ photofragment current. A rotationally resolved, parallel band is ob-
served, red-shifted by 12.4 cm–1 from the ν1 transition of the free OCH+.
Analysis of spectrum bands in terms of a diatomic-like Hamiltonian yields
ν1 = 3076.313 ± 0.010 cm–1 5. The OCH+–Ne dimer has been studied by
means of infrared photodissociation spectroscopy; the ν1 band is red-
shifted by 42.5 cm–1 from the corresponding ν1 transition of free OCH+ 6.
Combined experimental and theoretical studies show that the value of ν1 in
OCH+–Ar amounts to 2815 cm–1 7. Therefore, the red shifts are 12.5, 42.5,
and 274 cm–1 for OCH+–He, OCH+–Ne, and OCH+–Ar, respectively.

Currently there are no accurate experimental measurements of the
OCH+–Rg dissociation energies. The estimation based on ab initio calcula-
tions (Rg = He, Ar) and RKR/DMA potentials (Rg = Ne) yield the dissociation
energies (De) to be 130–170 (242 cm–1, 0.69 kcal/mol), 482 cm–1 (1.38
kcal/mol), and 1470–1550 cm–1 (4.202–4.432 kcal/mol) for OCH+–He,
OCH+–Ne, and OCH+–Ar, respectively8–10.

Scarce experimental vibrational data are available for the Kr- or Xe-
containing OCH+–Rg, N2H+–Rg, and OH+–Rg complexes. Only one complex
involving the heavier krypton atom has been so far studied by high-
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resolution spectroscopy11; however, the comprehensive information on its
structural parameters, vibrational properties is still unknown. A recent the-
oretical study12 at the CCSD(T) level using cc-pVQZ basis set provides the
value of ν1 of about 2890 cm–1, and the dissociation energy of 2149 cm–1

(6.144 kcal/mol), respectively.
It will be informative to perform the comprehensive study of the molecu-

lar structures and the nature of interactions of rare-gas-atoms-containing
ions, such as N2H+–(Rg)n

13 and OCH+–(Rg)n, OH+–(Rg)n (Rg = He, Ne, Ar; n =
0–12), etc. The choice of the method and basis set reliable for investigating
these complexes is of importance since the vibrational properties and the
dissociation energies are highly basis-set-dependent and are sensitive to the
level of the electron correlation. Therefore, in this paper, we investigate the
molecular structures, the thermodynamic, and vibrational properties of
OCH+–Rg (Rg = He, Ne, Ar) using the density-functional theory, MP2, MP4,
and CCSD and CCSD(T) methods. It is of less confidence to draw a conclu-
sion which method is reliable for OCH+–Kr or OCH+–Xe complexes due to
the lack of experimental data. Therefore we will apply the similar strategy
as described in our previous study on N2H+–X (X = He, Ne, Ar, Kr, Xe, H2)
complexes14 to investigate the basis set and electron correlation effects on
the properties of the series of OCH+–Rg (Rg = He, Ne, Ar, Kr, Xe) complexes.

COMPUTATIONAL

All calculations were carried out using the Gaussian98 program15. The mo-
lecular structures were optimized by the DFT method with the Becke3LYP
functional, the second-order Møller–Plesset (MP2) method16, the fourth-
order (MP4(SDTQ)) method17, and by the coupled-cluster approach using
double substitutions from the Hartree–Fock determinant for the CCSD
method, and single, double and triple substitutions at the CCSD(T) level18.
All the geometries were fully optimized without any symmetry constraints.
Harmonic vibrational frequency calculations were performed at each level
to confirm whether or not the predicted structure is a minimum. The disso-
ciation energies were calculated by applying the DFT, MP2, MP4, CCSD,
and CCSD(T) methods.

For OCH+–Rg complexes where Rg = He, Ne, Ar, the 6-311+G(d,p) basis
set19 was used for calculations at different levels. In addition, the
aug-cc-pVXZ (X = D, T, Q) basis sets20 were also used for OCH+–Rg (Rg = He,
Ne, Ar, Kr) complexes at the MP2 level. Due to the limitation of computa-
tional resources, only OCH+ and OCH+–He species have been studied using
the aug-cc-pV5Z basis set.
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Since the utilized basis sets are not saturated, the basis set extension ef-
fects were then examined for the OCH+–Rg (Rg = He, Ne, Ar) complexes by
the extrapolation formula using the aug-cc-pVXZ (X = T, Q) basis sets21:

E X E
A

X
( ) ,= (CBS) +

3
(1)

where CBS denotes complete basis set, as recommended recently by Lee et al.22

The extrapolated dissociation energies are also listed in Tables II and III.
For species involving the heavier rare gas atoms (Rg = Kr and Xe), differ-

ent approaches were applied. We used an effective core potential (ECP)
which was reported to yield very satisfactory results23. The quasirelativistic
effective core 6s6p3d1f/4s4p3d1f basis set of the Stuttgart group24 with
8 valence-electron pseudopotential were used for Kr and Xe in conjunction
with the 6-311+G(d,p) basis set for the other atoms (BS-I). The same effec-
tive core potentials were used for Kr and Xe, while the aug-cc-pVXZ (X = T,
Q) basis sets were used for the OCH+ fragment (denoted as BS-T, BS-Q) in
order to study basis set effect.

The physical components resulting from interaction energy decomposi-
tion were also analyzed applying the modified version25 of the Gamess pro-
gram26. The total interaction energies (∆EMP2)

∆EMP2 = EAB – EA – EB (2)

has been decomposed into the Hartree–Fock and electron correlation com-
ponents

∆EMP2 = ∆ESCF + εMP
(2) . (3)

The applied SCF energy decomposition was performed within the
variational-perturbational scheme, corrected for the basis set superposition
error27. In the above scheme ∆ESCF was partitioned into the electrostatic
(εel

(10)) and Heitler–London exchange (εex
HL) first-order components and the

higher-order delocalization (∆Edel
HF) term. The delocalization energy

accounts for the charge transfer, induction, and other higher-order Hartree–
Fock terms28. The correlation energy εMP

(2) is the correlation correction to
the SCF components29. Due to basis sets limitation in the ECP code in
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Gamess Package, the same basis set for Kr and Xe atoms but with the SBKJC
effective core potentials, in conjunction with the 6-311+G(d,p),
aug-cc-pVTZ, and aug-cc-pVQZ basis sets for C, H, O atoms were tested, and
it was found to yield essentially the same geometrical parameters and disso-
ciation energies as the BS-I, BS-T and BS-Q basis sets. Therefore, only SBKJC
ECP is applied to energy decomposition analysis.

RESULTS AND DISCUSSION

The optimized geometrical parameters obtained for OCH+ and its rare gas
OCH+–Rg complexes (Rg = He, Ne, Ar, Kr, Xe) with the density-functional,
MP2, MP4, CCSD, and CCSD(T) methods are listed in Tables I–III. The cor-
responding values of selected vibrational modes as well as the dissociation
energies are displayed in Tables II and III.
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TABLE I
The optimized C–H+ and C–O bond lengths, and C–H+ and C–O stretching vibrational
frequencies for OCH+ at the DFT, MP2, MP4, CCSD, and CCSD(T) levels of theory (units are
in Å for bond lengths, kcal/mol for dissociation energies, and cm–1 for vibrational frequencies)

Method
Size of

basis set
H+–C C–O ν

H C+ − νC–O

B3LYP/6-311+G(d,p) 50 1.0955 1.1029 3225.7 2270.3

MP2/6-311+G(d,p) 50 1.0927 1.1201 3271.9 2142.3

MP4/6-311+G(d,p) 50 1.0963 1.1273 3226.6 2012.5

CCSD/6-311+G(d,p) 50 1.0950 1.1072 3271.0 2270.6

CCSD(T)/6-311+G(d,p) 50 1.0963 1.1141 3245.8 2202.3

MP2/aug-cc-pVDZ7b 55 1.1020 1.1295 3244.2 2098.3

MP2/aug-cc-pVTZ9 115 1.0911 1.1192 3236.5 2128.7

MP2/augmented AhlrichsVTZ10 138 1.0915 1.1159 3235 2134

MP2/aug-cc-pVQZ 206 1.0906 1.1157 3245.1 2141.6

MP2/aug-cc-pV5Z 334 1.0904 1.1150 3244.2 2142.8

CCSD(T)/cc-pVTZ4b 74 1.0936 1.1128 3230 2196

CCSD(T)/cc-pVQZ4b 140 1.0935 1.1087 3223 2209

CCSD(T)aug-cc-pVTZ 115 1.0941 1.1127

CCSD(T)/aug-cc-pVQZ 206 1.0935 1.1089

CCSD(T)/aug-cc-pV5Z 334 1.0934 1.080

Exptl.4c 1.0929 1.1072

Exptl.4a 1.0972 3089 21844d
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OCH+ Ion

For the OCH+ free ion, all applied methods yield very similar geometrical
parameters. The H+–C distances calculated at the DFT, MP2, MP4, and
CCSD levels (using the 6-311+G(d,p) basis set) are 1.0955, 1.0927, 1.0963,
and 1.0950 Å, respectively, in good agreement with the CCSD(T) result.
Due to the larger PA value of CO than that of the N2 molecule, the H+–C
distance is slightly longer than the N–H+ distance in the N2H+ cation
(1.038 Å). By comparing with the experimental values, one can conclude
that the calculated H+–C distances at all levels agree very well with the ex-
perimental data. The C–O distances calculated at the MP2 and MP4 levels
are slightly longer than the CCSD(T) result, while the DFT and CCSD values
are slightly shorter.

The vibrational ν
H C+ –

frequency calculated at the DFT/6-311+G(d,p) and
MP4/6-311+G(d,p) levels are smaller than the ν

H C+ –
value obtained from

the CCSD(T) calculations by about 0.6%, while MP2/6-311+G(d,p) and
CCSD yield a larger by about 0.8% value of ν

H C+ –
. The predicted ν

H C+ –
val-

ues at all levels are in good agreement (with a deviation less than 6%) with
the experimental data4.

The basis set effect on the predicted properties of the OCH+ ion have
been studied previously by several groups4,7,9. In this work, larger basis sets
(aug-cc-pVQZ and aug-cc-pV5Z) were applied at the MP2 level. The calcu-
lated results are summarized in Table I. One can see that the differences be-
tween the calculated H+–C and C–O distances using the 6-311+G(d,p) and
aug-cc-pVQZ basis sets are only about 0.0021 and 0.0044 Å, respectively.
The analogous differences for the ν

H C+ –
and νC – O vibrations are about 27

and 0.7 cm–1, respectively.
The C–H+ distance is about to converge at 1.0904 Å as the basis set in-

creases to aug-cc-pV5Z. The difference between the predicted H+–C values
at the MP2/aug-cc-pVQZ and MP2/aug-cc-pV5Z levels is only 0.0002 Å. In
addition, the deviations of the H+–C distances using the aug-cc-pVTZ,
aug-cc-pVQZ, and aug-cc-pV5Z basis sets are less than 0.6% with respect to
the experiments4.

Both the MP2/aug-cc-pVTZ and the MP2/aug-cc-pVQZ level ν
H C+ –

values
are by less than 5% different from the experiment, and expansion of the
basis functions to the aug-cc-pV5Z basis set yields essentially the same re-
sult. Therefore, we conclude that the further expansion of the basis set is
not crucial in the case of OCH+, and the aug-cc-pVTZ basis set is sufficient
to obtain a quantitative description of its geometrical parameters and vibra-
tional frequencies.
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OCH+–He

In the OCH+–He complex, the helium atom shares a proton with CO, hence
weakens the H+–C bond strength. Consequently, the H+–C bond length be-
comes slightly longer (Table II). For instance, the MP2/6-311+G(d,p)-level-
calculated H+–C distance in the free OCH+ ion is about 1.0927 Å, while it
elongates to 1.0983 Å in the OCH+–He complex. The C–O distance is virtu-
ally the same as that in free OCH+ ion.

The DFT/6-311+G(d,p)-optimized He–H+ distance is 1.8532 Å, by 0.224 Å
(≈11%) shorter than the CCSD(T) result. The MP2, MP4, and CCSD meth-
ods yield similar values to the CCSD(T) method.

We noticed that there is still a 4% deviation of the
CCSD(T)/6-311+G(d,p) calculated He–H+ distance from the experimental
data. One can attribute this to the insufficient basis set. By using larger ba-
sis sets, such as the aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z basis sets,
the deviation of the He–H+ distance with respect to experiment reduces to 2%.

The decreased bond strength of the H+–C bond causes the shift of the
H+–C stretching mode to a lower vibrational frequency. Experiments re-
ported a red shift of 12.4 cm–1 for the ν

H C+ –
in the OCH+–He complex with

respect to the free OCH+ 5. The B3LYP/6-311+G(d,p)-level calculation pre-
dicts a red shift of 42 cm–1, 240% larger than the experiment. This means
that the DFT method cannot describe sufficiently the fairly weak interac-
tion between He and OCH+. The DFT/6-311+G(d,p) level overestimates the
interaction between the helium atom and H+, therefore, a larger red shift of
ν

H C+ –
is obtained compared to the CCSD(T) result and the experimental

data. With the same basis set, the MP2-, MP4-, and CCSD(T)-calculated
ν

H C+ –
values range from 3217 to 3263 cm–1 which amounts to about

140–180 cm–1 deviations from the experiment. This difference may be re-
duced if the anharmonicity contributions are considered. The correspond-
ing red shifts are predicted to be approximately 9 cm–1, much closer to the
experimental data.

At the MP2 level, ν
H C+ –

values calculated with larger basis sets (aug-cc-pVTZ
and aug-cc-pVQZ) are about 3220 cm–1, which amount to 4% deviation
from the experiment. The red shifts ∆ν

H C+ –
are 17.2 and 19.6 cm–1, respec-

tively, slightly larger than the experimental value.
The dissociation energy De is also dependent upon the level of electron

correlation and the basis set. The DFT-predicted De value is about 55%
larger than the experiment, while MP2, MP4, CCSD, and CCSD(T) calcu-
lated De values are smaller than the experimental result by about 16, 12, 13,
and 10%, respectively. However, the dissociation energy amounts to 0.87
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and 0.77 kcal/mol when the aug-cc-pVXZ (X = T, Q) basis sets were used.
MP2/aug-cc-pV5Z method yields essentially the same dissociation energy as
MP2/aug-cc-pVQZ. For comparison, the results of the CCSD(T)/aug-cc-pVXZ
(X = T, Q) level calculations performed on the OCH+ and OCH+–He species
are reported in Tables I and II. Due to the limitation of computational facil-
ities, only CCSD(T)/aug-cc-pV5Z single-point calculations were carried out
for OCH+ and OCH+–He species, and the predicted dissociation energy is
also listed in Table II. From Table II one can find that both MP2 and
CCSD(T) methods yielded similar optimized geometrical parameters, more-
over, the dissociation energies obtained at the MP2/aug-cc-pVXZ (X = T, Q,
5) levels are close to the CCSD(T)/aug-cc-pV5Z results. Therefore one can
conclude that the basis set quality does not significantly improve the pre-
dicted ν

H C+ –
and De values, and MP2/aug-cc-pVQZ can produce the reliable

quantitative results.

OCH+–Ne

Similarly to the OCH+–He complex, the DFT- and MP2-level predicted
Ne–H+ bond length is shorter than the CCSD(T) result, while the MP4 and
CCSD methods predicted the longer Ne–H+ distance. Interestingly, the
DFT/6-311+G(d,p)-level-calculated Ne–H+ distance is close to the reported
experimental data (≈1% error), while all the other methods predict the
Ne–H+ distances which are 6–9% longer than the experiments. This might
be due to the fortuitous cancellation of the errors in the DFT calculations.

By using the 6-311+G(d,p) basis set, the dissociation energy obtained at
the different levels are around 1.2 kcal/mol, and taking into account the
entropies, the D0 values will be much smaller than the experimental data.
The basis set effect was investigated at the MP2 level, the MP2/aug-cc-pVQZ-
predicted De amounts to 1.67 kcal/mol, much closer to the experimental
data.

Compared to the experiment, the differences in ν
H C+ –

values obtained in
calculations at different levels using the 6-311+G(d,p) basis set amounts to
7%, while the differences decrease to 5% when the aug-cc-pVXZ (X = D, T,
Q) basis sets are used. The basis set effect is significant for the red shift of
the H+–C stretch. The ∆ν

H C+ –
value calculated at the MP2/6-311+G(d,p)

level is only 20 cm–1, about 53% smaller than the experimental data. The
improved ∆ν

H C+ –
values are obtained by using the aug-cc-pVXZ (X = T, Q)

basis sets, the predicted ∆ν
H C+ –

values are 46 and 54 cm–1, respectively,
which agrees well with the experimental data (42.5 cm–1).
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Similarly to the OCH+–He complex, the difference between the predicted
geometrical parameters and the experimental data is also reduced when a
larger basis set is used. For instance, the deviations of the Ne–H+ distance
from the experiment obtained at different levels using the 6-311+G(d,p) ba-
sis set are approximately 10%, and they decrease to around 0.4% when the
aug-cc-pVXZ (X = D, Q) basis sets are used.

OCH+-Ar

For the OCH+–Ar complex, the Ar–H+ and H+–C distances predicted at the
DFT/6-311+G(d,p) level are smaller than the CCSD(T) values by about
0.088 Å, but close to the experimental data. The MP2 and CCSD methods
predicted a longer Ar–H+ distance than the CCSD(T) value while it is
slightly shorter with the MP4 method.

Combined experimental and theoretical studies show that the value of
∆ν

H C+ –
in OCH+–Ar falls in the range of 247–274 cm–1. The DFT-predicted

∆ν
H C+ –

value amounts to 296 cm–1, semiquantitatively reflecting the red
shift effect of the C–H+ stretching mode when an argon atom is attached to
the proton of the OCH+ ion. The MP2, MP4, CCSD, and CCSD(T) levels pre-
dicted lower ∆ν

H C+ –
values (189, 208, 162, and 188 cm–1) which are signifi-

cantly smaller than the experimentally obtained result.
The DFT method yielded a better description of the Ar–H+ distance and

red shift of ν
H C+ –

; however, we believe that this is due to the fortuitous can-
cellation of the errors. From Table II, it is found that it is necessary to use a
larger basis set to obtain a quantitative result for the geometrical parameters
and vibrational properties. The MP2/aug-cc-pVTZ and MP2/aug-cc-pVQZ
calculations predicted the ∆ν

H C+ –
values of around 255 cm–1.

Similarly to the cases of the OCH+–He and OCH+–Ne complexes, the dis-
sociation energy of OCH+–Ar is sensitive to the basis set used. One can see
(Table II) that the De value increases from 3.28 to 4.92 kcal/mol when the
basis set changes from 6-311+G(d,p) to aug-cc-pVQZ at the MP2 level, with
the latter being much closer to the experiment.

The size of the basis sets only slightly affects the calculated ν
H C+ –

value, as
it was also observed for the lighter complexes. At the MP2/6-311+G(d,p)
level, ν

H N+ –
is about 9.5% smaller than the experimental data; the

MP2/aug-cc-pVQZ approach slightly improves the predicted ν
H N+ –

value,
and it becomes about 6.2% larger than the experimental data4,6,7. Our cal-
culated results at the MP2/aug-cc-pVXZ (X = T, Q) levels are in good agree-
ment with the CCSD(T) results by Botschwina et al.7c using the modified
cc-pVTZ and cc-pVQZ basis sets. However, MP2/aug-cc-pVDZ method pre-
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dicted a slightly longer Ar–H+ distance7b, indicating that the double-zeta ba-
sis set might not be sufficient to obtain the quantitative description for this
system.

In order to further estimate the basis set extension effects, calculations
for OCH+–Rg (Rg = He, Ne, Ar) dimers were performed using two systemati-
cally extended correlation-consistent basis sets. The dissociation energies
were then extrapolated to the complete basis set limit. The results of this
extrapolation reported in Tables II and III indicate that at the MP2 level of
theory the application of the aug-cc-pVTZ or aug-cc-pVQZ basis sets secures
a quantitatively correct description of the dissociation energies of those
dimers, the dissociation energies obtained at the aug-cc-pVTZ and
aug-cc-pVQZ levels are very close to the CBS limits. In addition, the ex-
trapolated dissociation energy of OCH+–He based on the MP2/aug-cc-pVXZ
(X = T, Q, 5) calculations agrees very well with the CCSD(T)/aug-cc-pVXZ
(X = T, Q, 5) extrapolated value. Therefore, a further extension of basis set
will be of less significance.

OCH+–Kr and OCH+–Xe

The investigated basis set and electron correlation effects on the predicted
equilibrium geometries, harmonic vibrational frequencies, and the dissocia-
tion energies of the OCH+–Rg (Rg = He, Ne, and Ar) complexes allow one to
conclude that the MP2 level in combination with aug-cc-pVTZ basis set
yields good quantitative results.

So far, only one complex involving the heavier krypton atom, OCH+–Kr,
has been studied by high-resolution spectroscopy30, and no experimental
data is available for the OCH+–Xe species. Therefore, the reliable theoretical
study could be an alternative way to provide information for these com-
plexes. In addition, there is a lack of systematical investigation of basis set
and electronic correction effects on the structures, vibrational frequencies,
and the dissociation energies of complexes of the two heaviest rare gas ele-
ments. Even though the MP2/aug-cc-pVTZ level provides the quantitative
results for their lighter analogues, it might not be suitable for OCH+–Kr and
OCH+–Xe. In order to find a desirable method to study these heavier-atom-
containing systems, a detailed investigation is necessary. Therefore, in the
following section, we will discuss the basis set and electron correlation ef-
fects on the equilibrium geometries, harmonic vibrational frequencies, and
the dissociation energies of the OCH+–Kr and OCH+–Xe complexes ob-
tained using the B3LYP density-functional, and MP2, MP4, CCSD, and
CCSD(T) methods. In order to study the relativistic effect, the sca-
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lar-relativistic energy-consistent pseudopotentials (see Computational) were
also applied.

OCH+–Kr: For OCH+–Kr, the BS-I basis set was used to study the differ-
ences among the different theoretical levels. The relativistic effects were
considered using the quasirelativistic effective core basis set of the Stuttgart
group with eight valence-electron pseudopotential. The calculated geomet-
rical parameters, thermodynamic and vibrational properties of the
OCH+–Kr dimer are shown in Table III.

Similarly to the complexes described above, the DFT method predicts the
Kr–H+ distance of 2.1745 Å, by 0.09 Å shorter than the CCSD(T)-calculated
value. This difference is smaller than in the OCH+–He and OCH+–Ne com-
plexes and close to that in the OCH+–Ar complex. Both DFT and
Møller–Plesset (MP2, MP4) methods yield a shorter Kr–H+ distance com-
pared to the CCSD(T) result, while the CCSD method predicts a Kr–H+ dis-
tance which is approximately 0.03 Å longer than the CCSD(T) value.
Correspondingly, the DFT-, MP2-, and MP4-level predicted H+–C and C–O
distances are slightly longer than the CCSD(T) value, while CCSD yields
shorter distances.

It has been reported in our previous work14 that the relativistic effects are
insignificant for the N2H+–Kr complex, only the basis set effect significantly
affects the geometrical parameters, thermodynamics, and vibrational prop-
erties of N2H+–Kr. The relativistic effects have the similar impact on
OCH+–Kr. This can be confirmed by comparing the MP2/BS-T- and
MP2/aug-cc-pVTZ-level results. Both MP2/BS-T and MP2/aug-cc-pVTZ
methods predicted almost the same Kr–H+ distance, dissociation energy,
ν

Rg– H+ , and ∆ν
Rg– H+ values.

From Table III, one can conclude that the basis set effect is crucial for ob-
taining accurate results. The MP2/aug-cc-pVTZ-level-calculated Kr–H+ dis-
tance amounts to 2.1837 Å, by 0.076 Å smaller than the MP2/BS-I value.
The MP2/BS-T approach predicted a similar value of 2.1898 Å. At the
MP2/BS-Q level, the predicted Kr–H+ distance amounts to 2.1362 Å, 0.053 Å
shorter than the MP2/BS-T value, indicating a notable basis set dependence.

The MP2/aug-cc-pVTZ level ν
H C+ –

value is about 2848 cm–1, 4% smaller
than the MP2/BS-I result (2955 cm–1). The MP2/aug-cc-pVTZ- and
MP2/BS-T-calculated ν

H N+ –
values are 2849 and 2853 cm–1, respectively,

with only 4 cm–1 negligible difference. This further confirms insignificance
of relativistic effects on the vibrational properties of the OCH+–Kr dimer.

The dissociation energy is sensitive to the quality of basis set. The
MP2/aug-cc-pVTZ- and MP2/BS-T-level-calculated De are about 7.66 and

Collect. Czech. Chem. Commun. (Vol. 68) (2003)

502 Sheng, Leszczynski:



7.33 kcal/mol, about 2 kcal/mol higher than the MP2/BS-I result. The
MP2/BS-Q level predicted an even larger De value of 8.18 kcal/mol. A larger
value of De obtained using the BS-Q basis set was also observed in the case
of N2H+–Kr dimer14. Therefore, the quality of basis set is crucial to obtain an
accurate prediction of the dissociation energy for the Kr-containing com-
plex.

OCH+–Xe: The DFT/BS-I-calculated Xe–H+ distance is 2.3159 Å, 0.109 Å
shorter than the CCSD(T) result, while the corresponding differences are
0.224, 0.136, 0.088, and 0.087 Å in the OCH+–He, OCH+–Ne, OCH+–Ar, and
OCH+–Kr complexes, respectively. This means that the accuracy of the DFT
method on predicting the geometrical parameters for the OCH+–Xe dimer is
similar to the case of the OCH+–Kr and OCH+–Ar dimers. Therefore DFT
may be applied for qualitative or semiquantitative predictions.

The MP2- and MP4-level-Xe–H+ distances are 0.003 and 0.018 Å shorter
than the CCSD(T) result. The CCSD method yields a Xe–H+ distance which
is by 0.034 Å longer. Again, the basis set plays a very important role in
obtaining accurate results. Within the MP2 scheme, the predicted Xe–H+

distance is 2.4226 Å using the BS-I basis set, and the value decreases to
2.3065 Å using the BS-T basis set, and 2.2606 Å at the MP2/BS-Q level. The
MP2/BS-T- and MP2/BS-Q-level De values are 9.89 and 11.25 kcal/mol, re-
spectively, much larger than the MP2/BS-I result.

It was reported in our previous study14 that the basis set effect had minor
impact on the vibrational frequencies of the N2H+–Xe complex. However,
the value of vibrational frequencies for the OCH+–Xe dimer is sensitive to
the basis set quality. For instance, the MP2/BS-T- and MP2/BS-Q-level pre-
dicted ν

H C+ –
values are 2677 and 2629 cm–1, about 210 and 208 cm–1

smaller than the MP2/BS-I-level frequency. The predicted ∆ν
H C+ –

red shifts
at the MP2/BS-T and MP2/BS-Q levels are 560 and 616 cm–1, much larger
than MP2/BS-I predicted value (435 cm–1). Therefore the quality of basis set
is very crucial to obtain an accurate description of the vibrational frequen-
cies for the OCH+–Xe complex.

The OCH+–Kr and OCH+–Xe dimers were also studied by Botschwina et al. at
the CCSD(T) level using cc-pVQZ basis set12,31. Their predicted Kr–H+ and
Xe–H+ distances are 2.2323 and 2.3437 Å, respectively, slightly longer than
the MP2/BS-Q level values. As one can see from Table III that the MP2
method tends to predict slightly larger values of the ν

H C+ –
, νC – O harmonic

vibrational frequencies and shorter Rg–H+ distances than the CCSD(T)
method. The differences between MP2 and CCSD(T) calculated Rg–H+ dis-
tances are so small (0.002 and 0.003 Å for the OCH+–Kr and OCH+–Xe
dimers, respectively) that we do not expect noticeable changes in the geo-
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metrical parameters and the vibrational properties at the CCSD(T)/BS-Q
level. However, similar to the N2H+–Kr and N2H+–Xe complexes, the dissoci-
ation energies are sensitive to the quality of the basis set14.

Energy Decomposition Analysis

The nature of interactions in OCH+–Rg (Rg = He, Ne, Ar, Kr, and Xe) dimers
were analyzed using interaction energy decomposition (Table IV). The basis
set effect on the components of interaction energy is also discussed in this
paragraph.

One can conclude from the interaction energy partition that the
OCH+–Rg (Rg = He, Ne, Ar, Kr, and Xe) dimers are formed mainly due to the
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TABLE IV
The interaction energy decomposition in OCH+–Rg (Rg = He, Ne, Ar, Kr, and Xe) complexes
(all values are given in kcal/mol)

OCH+–Rg Method ∆EHL εel
( )10 εex

HL ∆Edel
HF ∆ESCF ε MP

( )2 ∆EMP2

OCH+–He MP2/6-311+G(d,p) 0.278 –0.154 0.432 –0.653 –0.375 –0.089 –0.464

MP2/aug-cc-pVTZ 0.756 –0.092 0.848 –1.203 –0.447 –0.247 –0.694

MP2/aug-cc-pVQZ 0.611 –0.082 0.693 –1.257 –0.564 –0.290 –0.854

OCH+–Ne MP2/6-311+G(d,p) 0.456 –0.338 0.794 –0.849 –0.392 –0.155 –0.548

MP2/aug-cc-pVTZ 1.547 –0.205 1.752 –2.198 –0.651 –0.665 –1.316

MP2/aug-cc-pVQZ 1.260 –0.281 1.541 –2.254 –0.715 –0.705 –1.420

OCH+–Ar MP2/6-311+G(d,p) 4.002 –0.348 4.350 –5.337 –1.335 –0.804 –2.139

MP2/aug-cc-pVTZ 5.912 –0.594 6.509 –8.667 –2.752 –1.825 –4.576

MP2/aug-cc-pVQZ 5.324 –0.601 5.925 –8.701 –2.776 –1.918 –4.694

OCH+–Kr MP2/BS-Ia 6.363 –0.400 6.762 –10.274 –3.513 –1.413 –4.926

MP2/BS-Ib 6.380 –0.397 6.777 –10.322 –3.546 –1.419 –4.964

MP2/BS-Ta 8.556 –0.524 9.080 –12.309 –3.754 –2.549 –6.303

MP2/aug-cc-pVTZ 8.852 –0.663 9.515 –12.511 –3.659 –2.474 –6.133

MP2/BS-Qa 9.667 –0.601 10.268 –13.755 –3.487 –3.112 –6.599

OCH+–Xe MP2/BS-Ia 7.351 –0.589 7.940 –13.203 –5.262 –1.567 –6.829

MP2/BS-Ib 8.296 –0.619 8.915 –14.140 –5.225 –1.697 –6.922

MP2/BS-Ta 11.475 –0.384 11.859 –16.998 –5.140 –3.351 –8.491

MP2/BS-Qa 13.553 –0.281 13.834 –18.590 –4.756 –4.032 –8.788

a Using SBKJC ECP. b Based on geometries optimized using SBKJC ECP.



induction interactions arising from the delocalization energy (∆Edel
HF) and

the correlation component (εMP
(2)). The HF electrostatic contributions are

calculated to be quite small. The exchange repulsion (εex
HL) causes the in-

stability of the dimers, and this repulsion is cancelled by large de-
localization energy (∆Edel

HF) which, together with the correlation energy
(εMP

(2)), stabilizes the whole system.
The energy decomposition components vary with the magnitudes of PA

values for the rare gas atoms. Their contributions to the total interaction
energy increase with the increasing PA values. Except the minor change of
the electrostatic repulsion (εel

(10)), all the other terms increase significantly.
For instance, the MP2/6-311+G(d,p)-level contributions from exchange re-
pulsion (εex

HL) and the delocalization energy (∆Edel
HF) increase from 0.432

to 7.94, and from –0.653 to –13.203 kcal/mol, respectively, when Rg atom
changes from He to Xe. The electron correlation contribution (εMP

(2)) has a
lower increase, and increases from –0.089 to –1.567 kcal/mol.

The basis set effect is crucial to obtain the accurate description of the in-
teraction energy partitions. The size of basis set has less impact on electro-
static repulsion (εel

(10)); however, the exchange repulsion (εex
HL) and the

delocalization energy (∆Edel
HF) increase significantly when the aug-cc-pVTZ

basis set is used. The MP2/6-311+G(d,p)-calculated εex
HL, ∆Edel

HF, and εMP
(2)

values for the OCH+–He dimer are 0.432, –0.653, and –0.089 kcal/mol,
respectively, much smaller than those obtained from MP2/aug-cc-pVTZ
calculations (0.848, –1.203, and –0.247 kcal/mol). In addition, the
MP2/6-311+G(d,p)-level HF component of OCH+–He constitutes more than
80% of the total interaction energy, while it contributes only 66% of the to-
tal interaction energy when aug-cc-pVQZ basis set is applied. Therefore, for
the weakly interacting dimers such as OCH+–He, OCH+–Ne, and OCH+–Ar,
a large basis set is necessary for the quantitative descriptions.

In the heavier (Kr, Xe) rare gas atom containing complexes, the ∆ESCF val-
ues for the different basis sets are almost constant, even though the calcu-
lated HF components change. The main difference in the interaction
energies is attributed to the MP2 contribution (εMP

(2)). Due to the large
amount of contribution of HF energy, the MP2/BS-I-predicted interaction
energies amount to 75 and 78% of the MP2/BS-Q-predicted interaction en-
ergies of OCH+–Kr and OCH+–Xe dimers. Therefore, the BS-I basis set might
be applied to obtain the qualitative and semiquantitative predictions of the
Kr- and Xe-containing complexes.
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CONCLUSIONS

This study provides comprehensive investigation on the basis set and elec-
tron correlation dependence on the geometrical parameters, vibrational fre-
quencies and dissociation energies for OCH+–Rg (Rg = He, Ne, Ar, Kr, and
Xe). From the results of our study, we can draw the following conclusions:

1. In the rare gas complexes OCH+–Rg (Rg = He, Ne, Ar), the DFT and MP4
methods tend to produce longer Rg–H+ distance than the CCSD(T)-level value,
and the CCSD-calculated Rg–H+ bond lengths are slightly shorter. For heavier-
atom-containing complexes, OCH+–Rg (Rg = Kr, Xe), only the CCSD approach
predicted longer Rg–H+ distance than that obtained at the CCSD(T) level.

2. For the OCH+ cation, DFT-, MP2-, MP4-, CCD-, CCSD-, and CCSD(T)-
level calculations yield the reliable results in good agreement with experi-
ments. The aug-cc-pVTZ basis set is sufficient to obtain a quantitative de-
scription of the OCH+ ion geometrical structure. Due to the larger PA value
of CO, the predicted C–H+ distance is longer than the N–H+ in the N2H+

ion. The predicted results are not altered significantly by the quality of ba-
sis set.

3. Due to the lack of appropriate description of the dispersion contribu-
tions, the DFT method is not reliable to study the weak interaction in the
OCH+–He and OCH+–Ne complexes. The accuracy of predicted geometrical
parameters, dissociation energies, and red shift of the H+–C stretching
mode (∆ν

H C+ –
) are highly dependent upon the level of electronic correla-

tion and the size of basis set. The ν
H C+ –

value is less sensitive to the level of
electronic correlation and basis set.

4. A qualitative result can be obtained for OCH+–Ar complexes by using
the DFT method. However, the MP2 method in conjunction with the
aug-cc-pVTZ basis set is necessary to provide quantitative results in good
agreement with the experiments.

5. The effects of basis set and electron correlation on the equilibrium ge-
ometries, harmonic vibrational frequencies, and the dissociation energies of
the OCH+–Kr and OCH+–Xe complexes were systematically investigated. It
is noticed that the relativistic effects have minor effect on the geometrical
parameters, the H+–C stretching mode, and the dissociation energy; how-
ever, these properties are sensitive to the basis set effect. The calculations
using the BS-Q basis set within the MP2 scheme provide reasonable results
and might be extended to study the other complexes containing heavier
rare gas atoms.

6. The nature of interaction between the OCH+ ion and rare gas atoms
were analyzed in terms of the interaction energy decomposition. The com-
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ponents of the total interaction energy are sensitive to the basis set effect.
A large basis set, such as aug-cc-pVTZ basis set, is necessary for the quantita-
tive descriptions of the interaction energy components for lighter rare gas
atoms-containing complexes, while the BS-I basis set provided the qualita-
tive and semiquantitative predictions of the Kr- and Xe-containing com-
plexes.
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