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In this paper, we investigated the 1:1 EDA complexes of CO2 formed with alcohols, namely, methanol and
ethanol (sp3 O-donating atom), and with acetone (sp2 O-donating atom) in light of ab initio calculations. The
interaction energy and the geometry of the complexes have been evaluated with the Moller-Plesset perturbation
theory at the second-order level (MP2) using Dunning’s basis sets. The predicted structures are found to be
rather similar compared with the calculations at the SCF/3-21G* level reported by Jamroz et al. (Jamroz, M.
H.; Dobrowolski, J. C.; Bajdor, K.; Borowiak, M. A.J. Mol. Struct.1995, 349, 9.). Nevertheless, the stabilization
energies are found in our work to be 2 to 2.5 times lower including electron correlation. In addition, we have
analyzed the vibrational spectra of these EDA complexes. In particular, we emphasized the splitting of theν2

bending mode of CO2 and theνS(OH) stretching mode of alcohols or the antisymmetricνa(CCC) and symmetric
νs(CO) stretching modes of acetone. Finally, the shift and the IR and Raman intensity variations under the
complex formation are discussed and compared with infrared absorption and Raman experimental
measurements.

1. Introduction

During the last two decades, the understanding of interactions
of carbon dioxide (CO2) with organic and/or inorganic com-
pounds has been the subject of a large body of experimental
and theoretical studies.1-17 Now, it is well established that the
CO2 molecule can play either the role of proton acceptor
(involving a hydrogen-bond interaction) or the role of electron
acceptor or electron donor according to the nature of the organic
molecule.

In the presence of Lewis bases such as water,3-6,12 alcohols
(methanol, ethanol),3,4,10,11ketones,1,12 amines, and amides,3-6

the acidity of the CO2 molecule (through the carbon atom) leads
to the formation of electron donor-acceptor (EDA) complexes.
This Lewis acid-base interaction affects the intramolecular
bonds differently, hence the strength of the internal force
constants, leading to strong perturbations of the vibrational
spectra of each moiety. For this reason, infrared absorption and
Raman scattering constitute powerful tools to probe such
interactions.

The combination of IR spectroscopic measurements with ab
initio computations has proven to be of great interest in the
study of EDA complex formation in gaseous and liquid phases.
As a matter of fact, spectroscopic4,14,15and theoretical chemistry
evidence3,5,6,13 leads us to conclude that molecules having a
functional electron-donating center (at least a lone electron pair)
favorably interact with CO2. In this context, the study of J.
Dobrowolsky et al. has provided evidence of the formation of
EDA complexes for CO2 dissolved in a number of liquid organic
solvents on the basis of infrared measurements4 combined with
ab initio calculations.3 This study enables us to show that CO2

complexes formed with sp3 O-donating atoms (H2O, alcohols,
ethers) are more stable than complexes involving sp2 O-donating
atoms (aldehydes, ketones).

More recently, such studies have been extended to CO2 EDA
complexes in supercritical fluids. This is explained because
supercritical (SC) CO2 is widely used as a solvent in a large
number of industrial applications (extraction, materials process-
ing, polymers fractionation, etc.18-22) and offers easy operating
conditions (low critical parameters). However, even under
supercritical conditions, the solvating power of CO2 still remains
limited for highly polar species and high molecular weight
solutes. For this reason, SC CO2 is used with a cosolvent,
generally an alcohol or a ketone, to improve the solvation of
solutes. Clearly, the study of the CO2-solute (cosolvent)
interactions is of crucial interest to the understanding of the
solvation process. Few vibrational spectroscopic studies have
been carried out on binary mixtures of alcohols or ketones in
SC CO2. Studies by FTIR measurements and Raman scattering
of alcohols diluted in SC CO2 have revealed the formation of
weak EDA complexes between CO2 and alcohols (methanol,
ethanol).23-27 Evidence of such EDA interactions has been also
provided in the swelling process by SC CO2 of polymers
containing carbonyl groups.1,12

This paper is aimed at the study of 1:1 EDA complexes of
CO2 formed with alcohols, namely, methanol and ethanol (sp3

O-donating atom), and with acetone (sp2 O-donating atom). In
our investigation, we have determined the structures and the
stabilization energies of these CO2 complexes and have analyzed
their vibrational spectra. The latter point of view has been
addressed with a particular emphasis on the splitting of theν2

bending mode of CO2 and on theνS(OH) stretching mode of
alcohols or on the antisymmetricνa(CCC) and symmetric
νs(CO) stretching modes of acetone. We have also discussed
the shift and the IR and Raman intensity variations associated
with each internal mode under the complex formation. Finally,
our ab initio spectral predictions have been compared with
infrared absorption and Raman experimental measurements
reported in the literature, as available, and also with our IR
absorption spectra of alcohols and ketones dissolved in SC CO2.
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2. Methodology of Calculations

All the calculations reported in this paper have been carried
out using the Gaussian 98 program.28 The geometry of all the
complexes investigated here and of their corresponding isolated
moieties has been fully optimized at the second-order Moller-
Plesset (MP2) level of perturbation theory29 using the very
tightest criterion of convergence. In rare troublesome cases, a
very efficient method for helping convergence, the so-called
Puley extrapolation procedure gdiis,30 has been additionally
implemented in the geometry optimization calculation of the
complex considered. The optimized geometry computation was
not subjected to a particular symmetry constraint except for
isolated monomers (optimized in their molecular symmetry).
The geometry calculations have been achieved using the corre-
lation-consistent polarized valence double/triple-zeta basis sets
proposed by Dunning and co-workers31-33 as well as the aug-
mented basis sets.34 These basis sets are designated by their
acronyms cc-pVTZ (valence triple) and aug-cc-pVDZ (aug-
mented valence double), respectively. The calculated stabiliza-
tion energy of the complexes investigated has been corrected
from the basis set superposition error (BSSE) by the full coun-
terpoise technique.35 For the EDA CO2 complex formed with
methanol, the optimized structure and the computed interaction
energy found from both MP2/aug-cc-pVDZ and MP2/cc-pVTZ
calculations are presented. Then, we have discussed only the
results obtained for the two other studied complexes at the MP2/
aug-cc-pVDZ level of calculation by considering that only minor
deviations have been generally found comparatively with results
using the cc-pVTZ basis set. Finally, vibrational analyses were
carried out within the standard Wilson FG matrix formalism36

from the appropriate optimized structures of the complex and
their corresponding individual moieties using the MP2/aug-cc-
pVDZ level of calculations (the size of the Dunning cc-pVTZ
basis precluded us from carrying out the vibrational analysis
for the complexes investigated here at the MP2 level of the
perturbation theory). In this theoretical framework, the computed
frequency values are assumed to be harmonic whereas the
experimental ones include generally anharmonic contributions.
Finally, although an immediate comparison with experimental
frequency shifts due to the formation of a complex is rather
tenuous, it can be argued that the trend in the computed
frequency shifts is similar to that of the experimental ones.37,38-40

3. EDA Systems with Donating O Atom of sp3 Type

3-1. Study of the CO2-CH3OH Complex. 3-1a. Structure
and Stabilization Energy of the CO2-CH3OH Complex. The
optimized structure of the isolated CO2-CH3OH complex is
displayed in Figure 1. The structural variables (interatomic
distances, angles, and dihedral angles) are defined in Figure 1,
and their optimized values for each basis sets used are listed in
Table 1. The equilibrium geometry of the complex is found
with CO2 above the OH bond of methanol for which the “lone
pairs” of the donating O atom interact with the accepting C
atom of CO2 (cf. Figure 1). Although no symmetry of the CO2-
CH3OH complex has been initially imposed, the final structure
after the geometry optimization procedure is found to have
quasi-Cs symmetry at the MP2/aug-cc-pVDZ computational
level and fullCs symmetry at the MP2/cc-pVTZ level. In this
latter basis set, theR(C‚‚‚O) distance between the electron donor
O atom of methanol and the electron acceptor C atom of CO2

is about 2.734 Å with an intermolecular angleRH-O‚‚‚C of
133.97° (instead of about 2.729 Å and 132.39°, respectively,
using the aug-cc-pVDZ basis set) (see Table 1). We have also
determined the structural parameters for the methanol monomer

in its staggered conformation (Cs symmetry); these have been
gathered in Table 1. These values are consistent with those
reported in previous works using similar calculation levels and
basis sets.41,42 For the monomer CO2 having D∞h symmetry,
the computed OC bond lengths are 1.180 and 1.169 Å using
the aug-cc-pVDZ and cc-pVTZ basis sets, respectively. Clearly,
the computed intramolecular distancesRCO andRHO of methanol
are slightly augmented under the complex formation, with
deviation values varying from 2.5× 10-3 to 3.1× 10-3 Å and
from 0.5 × 10-4 to 5.1 × 10-4 Å, respectively. For the CO2
molecule, the Lewis acid-base interaction with methanol affects
the internal OC bond lengths because of the repelling effect of
the oxygen atoms and modifies the bond angles∠OCO that
are in the plane formed by CO2 and the O‚‚‚C intermolecular
direction (cf. Table 1). These angular deviations are found to
be about 2.03 and 2.23° using the aug-cc-pVDZ and cc-pVTZ
basis sets, respectively. As discussed below, these structural
deviations induced by the complex formation are expected to
strongly affect the vibrational spectra associated with the internal
modes of CO2.

The calculated binding energy of the CO2-CH3OH complex
∆E(cor), taking into account the BSSE energy correction∆E(BSSE),
ranges from-2.972 kcal/mol at the MP2/aug-cc-pVDZ level
to -2.757 kcal/mol at the MP2/cc-pVTZ level (Table 2). We
have also reported in this Table the values of the electron
correlation energy∆E(MP2) to evaluate their contribution to the
total interaction energy. This∆E(MP2) contribution is found to
be slightly lower at the MP2/cc-pVTZ level than at the MP2/
aug-cc-pVDZ level whereas this trend is reversed for the
contribution due to the BSSE energy correction∆E(BSSE).
Finally, the electron correlation energy effects contribute about
30-35% to the total interaction energy (cf. Table 2).

3-1b. Vibrational Spectra of the CO2-CH3OH Complex.
We have studied here the IR and Raman bands associated with
the more pertinent vibrational modes that are able to probe the
EDA interactions with a particular emphasis on the splitting of
the ν2 bending mode of CO2 and theνS(OH) stretching mode
of methanol. We have listed in Table 3 the calculated harmonic

Figure 1. Schema of the optimized geometry of the CO2-CH3OH
complex.
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frequencies, the infrared intensities, and the Raman activities
with their corresponding depolarization ratioF associated with
each vibrational mode of the complex and for each isolated
species using the MP2/aug-cc-pVDZ computational level. The
comparison of the two sets of data obtained for each internal
mode enables us to deduce the frequency shifts and the intensity
variations (IR and Raman) due to the complex formation. The
five lowest-frequency modes (with wavenumbers less than 160
cm-1) are assigned to the external (intermolecular) modes
whereas the modes situated at frequency values greater than
300 cm-1 correspond to the perturbed internal vibrations of the
two interacting moieties. For the sake of convenience, we have

also displayed in Figure 2A and B, respectively, the predicted
infrared and Raman spectra.

In infrared absorption, the two vibrationally active modes of
isolated CO2 are theν2 bending mode (doubly degenerate) and
the antisymmetricν3 stretching mode, which is the most intense.
In Raman spectroscopy, only the symmetricν1 stretching mode
of CO2 is active (cf. Figure 2A and B). Upon CO2-CH3OH
complex formation, the degeneracy of theν2 bending mode is
removed, leading to a frequency splitting∆ν2 with a value of
16.4 cm-1. It is noteworthy that the value of the splitting∆ν2

reported in the literature from calculations at the SCF/3-21G*
level was evaluated at about 23.7 cm-1.3 Comparison with
observed IR spectra for a series of compounds interacting with
CO2 (DMSO, acetone, etc.)4 has shown that the values of∆ν2

were always overestimated by a factor approximately of 2.
Clearly, our results indicate that by taking into account the
electron correlation contribution the value of the splitting of
the ν2 mode is lowered. We assign theν2

(1) mode situated at
the lowest frequency to the perturbed OCO bending motion of
CO2 in the plane formed by CO2 and the O‚‚‚C intermolecular
bond (see Figure 1). The IR intensity of theν2

(1) mode is
enhanced by a factor of 1.95 compared with its intensity for
the “free” CO2 (Table 3). Moreover, theν2

(1) mode shifts toward
lower wavenumbers by values of∆ν2

(1) ) 14.4 cm-1. Theν2
(2)

mode situated at higher frequency is assigned to the OCO
bending mode of CO2 out of the plane formed by CO2 and the
O‚‚‚C intermolecular bond. The IR intensity associated with
this mode is slightly reduced by a factor of 0.9 compared with
that of the bending mode of the free CO2. The ν2

(2) mode is
shifted toward higher frequencies by a value of 2.0 cm-1

compared with that of the free CO2. In Raman spectroscopy,
the ν2 mode, which is inactive for the free CO2, leads to the
apparition of a doublet upon complex formation. The intensity
of the low-frequencyν2

(1) mode is greater than that of theν2
(2)

mode by a factor of 45.0. Incidentally, we found from the values
of the depolarization ratios that theν2

(1) mode is polarized
whereas theν2

(2) mode is depolarized (cf. Table 3).
If we consider now theν1 symmetric stretching mode of free

CO2, which is inactive in infrared spectroscopy and strongly
active in Raman scattering, we note that this mode is not
drastically affected upon complex formation. Indeed, this mode
is only slightly shifted to higher frequencies by 3.2 cm-1. Its
Raman intensity decreases by a factor of 0.93. Though theν1

mode becomes active in the complex, the computed IR intensity
is very small, with a value lower at least by several orders of
magnitude than the authorized modes of CO2.

Similar conclusions are reached for theν3 stretching mode
of CO2. Indeed, in IR, this mode is also weakly shifted toward
higher wavenumbers by 2.7 cm-1, and its intensity is reduced
by a factor of about 0.94 compared with that of the free CO2.
In Raman, this mode becomes active with complex formation,
but again, its intensity is still much lower than those of the
authorized modes (cf. Table 3). Now, we consider the perturba-
tion of the internal modes of the CH3OH moiety under complex
formation. Two normal modes of vibration are particularly
affected. The former is theν(CO) stretching mode of methanol
(labeled 10(A′′) in Table 3), which is shifted toward higher
wavenumbers by about 1.7 cm-1. The IR intensity is enhanced
by a factor of about 1.5 whereas the Raman intensity is quasi-
unaffected under complex formation. Finally, the analysis of
theνS(OH) stretching mode of CH3OH (labeled 20(A′) in Table
3) interacting with CO2 is shifted toward lower wavenumbers
by about 2.4 cm-1. The IR intensity is enhanced by a factor of
1.14 whereas the Raman activity is slightly weakened.

TABLE 1: Computed Structural Parameters for the
CH3OH Monomer (Cs symmetry) and the CO2-CH3OH
Complex at the MP2/aug-cc-pVDZ and MP2/cc-pVTZ Levels
of the Perturbation Theorya

optimized structure of the CH3OH monomer

MP2/aug-cc-pVDZ MP2/cc-pVTZ

R(C1, O2) 1.43489 Å 1.41848 Å
R(H3, O2) 0.96575 Å 0.95946 Å
R(H4, C1) 1.09743 Å 1.085535 Å
R(H{5,6}, C1) 1.10302 Å 1.09135 Å
R(H3,O2, C1) 107.897 107.430
R(H4, C1, O2) 106.299 106.785
R(H{5,6}, C1, O2) 111.873 112.347
δ(H4, C1, O2, H3) 180. 180.
δ(H{5,6}, C1, O2, H3) (61.485 (61.516

optimized structure of the CO2-CH3OH complexb
R(C1, O2) 1.43740 Å 1.42109 Å
R(H3, O2) 0.96580 Å 0.95964 Å
R(H4, C1) 1.09708 Å 1.08519 Å
R(H5, C1) 1.10242 Å 1.09064 Å
R(H6, C1) 1.10242 Å 1.09064 Å
R(C7, O2) 2.73416 Å 2.72969 Å
R(O8, C7) 1.17918 Å 1.16857 Å
R(O9, C7) 1.18064 Å 1.16976 Å
R(H3, O2, C1) 108.327 108.103
R(H4, C1, O2) 106.066 106.465
R(H5, C1, O2) 111.644 112.061
R(H6, C1, O2) 111.644 112.061
R(C7, O2, H3) 133.972 132.394
R(O8, C7, O2) 94.341 93.6951
R(O9, C7, O2) 87.638 88.535
δ(H4, C1, O2, H3) -179.999 180.
δ(H5, C1, O2, H3) -61.416 -61.478
δ(H6, C1, O2, H3) +61.418 +61.478
δ(C7, O2, H3, C1) 179.906 180.
δ(O8, C7, O2, C1) 179.929 180.
δ(O9, C7, O2, C1) -0.071 0.

a The distances are given in angstroms, and the angles and dihedral
angles, in degrees. Geometry optimization was carried out without the
symmetry constraint even if the final configuration of the complex is
found withCs symmetry at the MP2/aug-cc-pVTZ level.b Notice that
the structural variables of the CO2-CH3OH complex are defined in
Figure 1.

TABLE 2: Computed Interaction Energies Corrected from
the BSSE Contribution of the CO2-CH3OH Complex in the
Optimized Geometry at the MP2/aug-cc-pVDZ and MP2/
aug-cc-pVTZ Levels of the Perturbation Theorya

basis sets ∆Eint
(cor)b ∆Eint

(BSSE) ∆Eint
(MP2)c ∆Eint

(cor-ZPE)d

cc-pVTZ -2.757 +1.015 -0.800 n.c.
aug-cc-pVDZ -2.972 +0.878 -1.049 -2.337

a The energy values are given in kcal/mol.b ∆Eint
(cor) interaction

energy calculated at the MP2 level corrected from the BSSE con-
tribution ∆Eint

(BSSE). c ∆Eint
(MP2) ) ∆Eint

(cor) - [∆Eint
(cor)]RHF, where

[∆Eint
(cor)]RHF is the RHF energy contribution of the complex.d ∆Eint

(cor-ZPE)

) [∆Eint
(cor)](MP2) + ∆ZPE (CH3OH‚CO2), where∆Eint

(cor-ZPE) is the
zero-point energy correction to the total binding energy of the isolated
CH3OH‚CO2 dimer.
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3-2. Study of the CO2-CH3CH2OH Complex. 3-2a.
Structure and Stabilization Energy of the CO2-CH3CH2OH
Complex. The equilibrium structure of the CO2-CH3CH2OH
complex has been calculated as previously without symmetry
constraint at the MP2/aug-cc-pVDZ computational level. The
optimized geometry of the complex is displayed in Figure 3,
and the computed structural variables are given in Table 4. The
optimized structure of the CO2-CH3CH2OH complex is found
to have quasi-Cs symmetry in which the CO2 molecule is
situated above the OH bond of ethanol for which the lone pairs
of the donating O atom interact with the accepting C atom of
CO2. The distanceR(C‚‚‚O) between the electron donor O atom
of ethanol and the electron acceptor C atom of CO2 is 2.75 Å.
The ethanol molecule interacting with CO2 is nearly in its trans
conformation (Cs symmetry). For comparison, the structural
parameters of the isolatedtrans-ethanol monomer (Cs symmetry)
that are in good agreement with those calculated using similar
level of calculation and basis set reported in the literature43 are
also gathered in Table 4. Clearly, under complex formation,
the intramolecular distancesRCO and RHO of ethanol are
increased, with values ranging from 2.4× 10-3 and 3.0× 10-4

Å, respectively (Table 4). For the CO2 molecule, the EDA
interaction with ethanol leads to small changes in the internal
OC bond length and the bond angle OCO (see Table 4), which
is slightly distorted with an angular deviation of 1.89°. Finally,
the calculated binding energy of the CO2-CH3CH2OH complex
∆E(cor) corrected from the BSSE energy (∆E(BSSE)≈ 1.003 kcal/
mol) is found to contain an electron correlation contribution to
the energy∆E(MP2) of -1.296 kcal/mol, a trend previously
observed with the CO2-CH3OH complex. If we also take into
account the zero-point energy (ZPE) correction, then the
interaction energy∆E(cor-ZPE) reaches a value of-2.417 kcal/
mol.

3-2b. Vibrational Spectra of the CO2-CH3CH2OH Com-
plex. In Table 5, we have reported the calculated values of
the frequency and the IR and Raman intensities associated
with each vibrational mode for the complex and the isolated
moieties CH3CH2OH and CO2. The five lowest-frequency
modes reported in this Table are assigned with the external
modes arising under complex formation whereas beyond 200
cm-1 the vibrational modes correspond to the perturbed inter-
nal modes under complex formation. We have shown in Figure
4A and B the computed infrared and Raman spectra of the
CO2-CH3CH2OH complex at the MP2/aug-cc-pVDZ level. As
for the complex with methanol, the degeneracy of theν2 bending
mode of CO2 with ethanol is removed, and the frequency
splitting ∆ν2 is about 17.1 cm-1. This value is very close to the
calculated splitting of theν2 mode of CO2 interacting with
CH3OH (section 3-1b) but is found to be slightly less than the
value reported at the SCF/3-21G* level by Jamroz and co-
workers.3

The lowest-frequencyν2
(1) mode is assigned as the perturbed

OCO bending motion of CO2 in the plane formed by CO2 and
the O‚‚‚C intermolecular direction (see Figure 3). Compared
with theν2 mode of isolated CO2, theν2

(1) mode has been shifted
toward lower frequency by a value of∆ν2

(1) equal to 15.1 cm-1.
The IR intensity associated with thisν2

(1) mode is enhanced by
a factor of 2.0. The highest-frequencyν2

(2) mode is assigned to
the weakly perturbed OCO bending motion of CO2 out of the
plane formed by CO2 and the O‚‚‚C intermolecular bond. This
mode is shifted toward higher frequencies by a value of∆ν2

(2)

of 2.0 cm-1 compared with theν2 mode of free CO2. The IR
intensity is reduced by about 10%. In Raman spectroscopy, the
doublet structure is observed, and the intensity of theν2

(1) mode
is greater by a factor of about 37 than that of theν2

(2) mode
(Table 5). As for the CO2-CH3OH complex (section 3-1b), the

TABLE 3: Calculated (Harmonic) Vibrational Frequencies (cm-1), IR Intensities I IR (km/mol), Raman Scattering Activities
(Å4/amu), and Depolarization RatioG of the CH3OH Monomer and the CH3OH-CO2 Complex at the MP2/aug-cc-pVDZ Level
of the Perturbation Theorya

CO2 monomer CH3OH monomer CO2-CH3OH complex

mode labels ν I IR [IRam/F] ν I IR [IRam/F] ν I IR [IRam/F]

Low-Frequency Values of the External Modes of the Complex
1 25.7 9.87 [0.07/0.75]
2 73.15 7.91 [0.09/0.75]
3 81.7 2.77 [0.94/0.75]
4 107.1 0.38 [0.30/0.70]
5 148.4 1.29 [1.47/0.73]

6-(A′′) 311.1 104.93 [0.89, 0.75] 320.4 105.77 [0.77/0.75]

7- 641.1 41.87 0.45/0.475]
ν2(OCO) 655.5 21.46 657.5 19.57 [0.01/0.75]
bending
8-(A′) 1044.1 112.30 [4.05, 0.19] 1041.9 102.43 [3.93/0.15]
9-(A′) 1074.9 0.63 [5.62, 0.20] 1072.0 2.11 [4.98/0.22]
10(A") 1169.1 0.39 [0.92, 0.75] 1170.8 0.59 [0.96/0.75]

11-ν1(OC) 1305.4 [33.38/0.14] 1308.2 .29 [31.01/0.11]

12-(A′) 1366.3 22.13 [1.29, 0.53] 1361.4 16.54 [1.14/0.65]
13-(A′) 1465.1 4.45 [0.79, 0.24] 1463.1 1.04 [0.90/0.45]
14-(A′′) 1493.6 2.54 [4.84, 0.75] 1496.4 2.26 [4.28/0.75]
15-(A′) 1505.1 4.59 [5.10, 0.75] 1503.9 5.02 [5.90/0.71]

16-ν3(OC) 2379.2 567.59 2381.9 532.41 [0.36/0.75]

17-(A′) 3053.1 56.62 [164.1, 0.02] 3057.3 56.45 [164.4, 0.03]
18-(A′′) 3130.6 44.73 [58.23, 0.75] 3137.7 39.07 [61.31, 0.75]
19-(A′) 3189.8 21.88 [54.92, 0.57] 3195.7 13.43 [37.17, 0.59]
20-(A′) 3841.6 34.41 [71.17, 0.16] 3839.2 39.33 [69.96, 0.15]

a Experimentally, theν2 bending and theν3 stretching modes are respectively situated at about 667 and 2349. cm-1 for CO2 in the gas phase (P.
Lalanne, Ph.D. Thesis, ref 27 and references therein). In the literature, it is clearly established that the SCF/6-31G calculations provided a very
good estimation for theν2 bending mode of free CO2 in comparison with the experimental value. Notice that in our calculations the calculated
frequency values at the MP2/aug-cc-pVDZ level are found to be the closest to the experimental ones.
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computed depolarization ratio shows that theν2
(1) mode is

depolarized whereas theν2
(2) mode is polarized. Theν1 mode

of CO2 is shifted toward higher frequency of about+2.9 cm-1,
and its IR intensity is 2 orders of magnitude less than those of
the authorized modes of CO2. The Raman intensity of this mode
is decreased by a factor of 0.9. Theν3 stretching mode of CO2
is found to be weakly perturbed under complex formation. It is
slightly shifted toward higher wavenumbers by a value of 2.7

cm-1, and its IR intensity is decreased by a factor of 0.92.
Finally, theνS(OH) mode of ethanol (labeled 29-(A′) in Table
5) interacting with CO2 is shifted toward lower wavenumbers
by a value of 5.0 cm-1. The IR intensity associated with this
mode is enhanced up to a value that is 15% greater than that of
the corresponding mode of the ethanol monomer. In Raman,
the intensity is decreased by 20%.

3-3. EDA with a Donating O Atom of sp2 Type: CO2-
(CH3)2CO Complex. 3-3a. Structure and Stabilization En-
ergy of the CO2-(CH3)2CO Complex. The equilibrium
structure of the CO2-(CH3)2CO complex corresponding to the
lowest interaction energy is displayed in Figure 5 (structure A),
and the calculated structural variables are gathered in Table 6.
The binding energy∆E(cor) (corrected from the BSSE energy
∆E(BSSE) is calculated to be about-2.63 kcal/mol (Table 7)
and has a value that is 2 times lower than that calculated by
Jamroz et al.3 In this structure (A), the CO2 molecule interacting
with the carbonyl CdO group is situated in the molecular plane
of acetone (Figure 5A). The equilibrium geometry of the CO2-
(CH3)2CO complex is found to have quasi-Cs symmetry, as
suggested by previous spectroscopic evidence.4,12,14,15,17,26The
intermolecular distanceR(C‚‚‚O) between the electron donor O
atom of acetone and the electron acceptor C atom of CO2 is
2.845 Å, and the bond length of the CdO group of acetone is
increased by 1.73 10-3 Å compared with that of the monomer
(Table 8). The EDA interaction also leads to small changes in
the internal OC bond lengths of CO2, and the bond-angle
deviation of∠OCO is 1.9°. Two other structures of the CO2-
(CH3)2CO complex havingC2V symmetry have been reported.
In the first structure labeled B, the CdO group (electron donor
center) interacts with the C atom (electron acceptor center) of

Figure 2. IR absorption lines (A) and Raman spectrum (B) of the
CO2*CH3OH complex calculated at the MP2/aug-cc-pVDZ level.

Figure 3. Schema of the optimized geometry of the CO2-
CH3CH2OH complex.

TABLE 4: Computed Structural Parameters for the
C2H5OH Monomer (Cs Symmetry) and the CO2-C2H5OH
Complex at the MP2/aug-cc-pVDZ Level

C2H5OH monomer
(Cssymmetry)

CO2-C2H5OH
complexa

R(C1, C2) 1.51945 Å R(C1, C2) 1.51932 Å
R(C2, O3) 1.44007 Å R(C2, O3) 1.44246 Å
R(H4, O3) 0.96643 Å R(H4, O3) 0.96672 Å

R(H5, C1) 1.09986 Å
R(H{5,6}, C1) 1.10126 Å R(H6, C1) 1.09986 Å
R(H7, C1) 1.10133 Å R(H7, C1) 1.10126 Å

R(H8, C2) 1.10459 Å
R(H{8,9}, C2) 1.10459 Å R(H9, C2) 1.10459 Å

R(C10, O3) 2.75450 Å
R(O11, C10) 1.18012 Å
R(O12, C10) 1.17969 Å

R(C1, C2, O3) 107.195 R(C1, C2, O3) 107.343
R(H4, O3, C2) 108.191 R(H4, O3, C2) 108.548
R(H{5,6}, C1, C2) 110.235 R(H5, C1, C2) 110.427

R(H6, C1, C2) 110.427
R(H7, C1, C2) 110.265 R(H7, C1, C2) 109.982

R(H8, C2, O3) 110.090
R(H{8,9}, C2, O3) 110.342 R(H9, C2, O3) 110.090

R(C10, O3, H4) 114.702
R(O11, C10, O3) 88.967
R(O12, C10, O3) 92.919

δ(H4, O3, C2, C1) 180. δ(H4, O3, C2, C1) 180.
δ(H{5,6}, C1, C2, O3) (59.916 δ(H5, C1, C2, O3) +59.919

δ(H6, C1, C2, O3) -59.919
δ(H7, C1, C2, O3) 180. δ(H7, C1, C2, O3) 180.

δ(H8, C2, O3, H4) +59.662
δ(H{8,9}, C1, C2, O3) (59.762 δ(H9, C2, O3, H4) -59.662

δ(C10, O3, H4, C2) 180.
δ(O11, C10, O3, C2) 180.
δ(O12, C10, O3, H4) 180.

a No symmetry has been imposed in the geometry optimization of
the CO2-C2H5OH complex, though the final configuration is found to
haveCs symmetry.
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the CO2 molecule oriented perpendicularly to the molecular
plane of acetone and forming a linear CdO‚‚‚C intermolecular
distance of about 2.78 Å (Table 6). The computed interaction
energy∆E(cor) of the complex in this structure (B), is found to
have a value of-2.352 kcal/mol including an electron correla-
tion energy contribution of-0.617 kcal/mol (Table 7). Upon
complex formation, the bond length of the CdO group varies
only by about 4.8× 10-4 Å. Small variations in the bond lengths
of CO2 are found, and the angle deviation of∠OCO is about
1.6°. In the second structure (C), the CdO electron donor group
also forms a linear CdO‚‚‚C interaction with the electron
acceptor C atom with a distance of about 2.87 Å. However, the
molecular axis of CO2 is perpendicularly oriented to the CdO
bond but this time is contained in the molecular plane of acetone
(see Figure 5 and computed values in Table 6). The computed
interaction energy∆E(cor) of the complex in this conformation
is found with a binding energy of-1.94 kcal/mol (Table 7).
Finally, the DAE CO2-(CH3)2CO interaction favors the forma-
tion of a complex with quasi-Cs symmetry (Figure 5A) rather
than those havingC2V symmetry. This trend is consistent with
previous findings carried out at a lower computational level
(SCF/3-21G*),1,3 although in our study the binding energies are
significantly lower, taking into account the electron correlation
effects.

3-3b. Vibrational Spectra of the CO2-(CH3)2CO Com-
plex. The values of the computed frequencies and the IR and
Raman intensities associated with the internal modes of CO2

and the CCC and CO stretches of (CH3)2CO in structures A, B,

and C of the complex are gathered in Table 9 and can be com-
pared with those obtained for the acetone molecule (Table 6).

In the equilibrium structure A, the degeneracy of theν2 bend-
ing mode of CO2 is removed, leading to a frequency splitting
∆ν2 of about 18.0 cm-1, a value greater than that at the compu-
tational SCF/3-21G* level (∼12.6 cm-1).3 The ν2

(1) mode as-
signed to the OCO bending motion in the plane formed by CO2

and the molecular plane of acetone (see Figure 5A) is shifted
toward lower wavenumbers by 15.9 cm-1, and its IR intensity
is enhanced by a factor of 2.1. The highest-frequency mode
ν2

(2) attributed to the OCO bending mode of CO2 out of the
plane is slightly shifted toward higher frequencies by 2.1 cm-1

whereas its IR intensity is decreased by 10%. In Raman spec-
troscopy, the intensity of theν2

(1) mode of the doublet is found
to be 2 orders of magnitude greater than that of theν2

(2) mode.
In structures B and C of the complex, the values of the

splitting of theν2 mode of CO2 are respectively 11.4 and 10.4
cm-1, which are found to be smaller than the computed value
(∼18 cm-1) in structure A (Table 9). The shift toward the lower
wavenumbers of theν2

(1) mode predicted for structures B and
C is 9.5 cm-1, a value smaller than for structure A according
to a smaller value of the angle deviation of∠OCO in CO2.
The IR intensity of theν2

(1) mode is enhanced by factors of 2.1
(structure B) and 1.9 (structure C). The IR intensity associated
with the ν2

(2) mode is diminished by about 10%, a value
comparable to the one obtained for structure A.

Under the formation of the CO2-(CH3)2CO complex, theν1

mode of CO2 is found to be slightly shifted toward higher

TABLE 5: Calculated Values of (Harmonic) Vibrational Frequencies (cm-1), IR Intensities IIR (km/mol), Raman Scattering
Activities (Å4/amu), and the Depolarization RatioG of the CH3OH Monomer and the CH3CH2OH-CO2 Complex at the
MP2/aug-cc-pVDZ Level of the Perturbation Theory

CO2 monomer CH3CH2OH monomer CO2-CH3CH2OH complex

mode labels ν I IR [IRam/F] ν I IR [IRam/F] ν I IR [IRam/F]

Low-Frequency Values of the External Modes of the Complex
1 20.9 3.88 [0.27/0.75]
2 37.5 1.84 [0.33/0.75]
3 60.7 0.535 [0.50/0.75]
4 104.6 0.365 [0.39/0.69]
5 122.2 0.15 [1.84/0.74]

6-(A′′) 244.7 30.82 [30.82/0.75] 253.0 15.4 [0.03/0.75]
7-(A′′) 304.4 83.35 [1.09/0.75] 327.9 91.69 [0.95/0.75]
8-(A′) 411.8 10.71 [0.30/0.56] 417.4 7.18 [0.48/0.66]

9-ν2(OCO) 655.5 21.46 640.4 42.83 [0.37/0.52]
bending 657.5 19.525 [0.01/0.75]

10-(A") 815.8 0.06 [0.16/ 0.75] 814.6 0.04 [0.17/0.75]
11-(A′) 901.9 17.78 [6.44/ 0.15] 900.8 17.16 [5.92/0.12]
12-(A′) 1055.1 39.54 [6.61/0.12] 1055.4 31.63 [5.74/0.11]

13-(A′) 1098.6 42.01 [6.01/0.46] 1095.9 46.08 [5.64/0.46]
14-(A′′) 1174.2 2.41 [0.375/0.75] 1174.3 3.050 [0.39/0.75]
15-(A′) 1269.2 57.95 [0.97/0.75] 1267.4 55.61 [1.02/0.73]
16-(A′′) 1294.9 0.02 [3.49/0.75] 1294.8 0.003 [3.31/0.75]

17-ν1(OC) 1305.4 [33.38/0.14] 1308.3 0.46 [30.29/0.11]

18-(A′) 1382.5 0.91 [0.01/0.53] 1384.6 1.19 [0.09/0.72]
19-(A′) 1443.3 13.21 [2.21/0.41] 1442.5 14.53 [2.03/0.36]
20-(A") 1474.2 5.54 [4.52/0.75] 1475.5 6.785 [4.41/0.75]
21-(A′) 1492.4 2.24 [5.72/0.75] 1488.2 5.07 [6.09/0.75]
22-(A′) 1519.6 1.03 [2.68/0.75] 1518.7 0.545 [2.71/0.74]

23-ν3(OC) 2379.2 567.59 2381.9 523.46 [0.28/0.74]

24-(A′) 3043.2 60.65 [122.3/0.07] 3047.7 62.19 [122.8/0.08]
25-(A′) 3073.7 13.85 [182./0.004] 3075.2 11.12 [184.5/0.01]
26-(A") 3091.8 38.25 [85.62/0.75] 3097.8 34.40 [85.61/0.75]
27-(A") 3169.0 22.01 [50.52/0.75] 3169.5 23.65 [50.30/0.74]
28-(A′) 3176.1 25.06 [35.34/0.75] 3178.5 22.24 [28.00/0.75]
29-(A′) 3831.3 31.93 [100.1/0.19] 3826.3 37.07 [80.51/0.16]
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frequency by values of 2.7 cm-1 (structure A), 3.5 cm-1

(structure B), and 3.1 cm-1 (structure C). The IR intensity of
theν1 mode is lower by 2 orders of magnitude compared with
those of the authorized modes of free CO2. The Raman intensity
of this mode is decreased by a factor ranging from 0.96
(structure A) to 0.91 (structure C).

The ν3 stretching mode of the inner CO2 for the three
structures of the complex is weakly perturbed, as indicated by
shifts toward the higher wavenumbers with values ranging from
2.3 cm-1 (structure A) to 3.8 cm-1 (structure B). Moreover, its
IR intensity is slightly diminished by a factor about 0.9. The
antisymmetricνa(CCC) stretching mode of acetone interacting
with CO2 is shifted toward greater frequency values of about
3.1 cm-1 (structure A), 1.3 cm-1 (structure B), and 1.6 cm-1

(structure C). The IR intensity associated with this mode is
weakly decreased in structures A and B whereas it is slightly
enhanced by 1.07 for structure C. The Raman activity is
increased by a factor ranging from 1.5 to 1.8 in the structure B.

Finally, the spectral signature providing information about
the structure of the complex can be assessed from the symmetric
νS(CO) stretching mode of acetone. Indeed, in the equilibrium
structure (A), this mode is shifted by 2.2 cm-1 toward lower
frequency whereas, in contrast, in structures B and C the shifts
are found toward higher wavenumbers, with a common value
of about 3.4 cm-1 (Table 9). Moreover, the IR intensities of
this mode are found to be enhanced by a factor ranging from
1.13 in structure A to 1.2 for structures B and C. Furthermore,
the Raman activity is not affected by the complex formation
whereas it is increased to 1.4 in structures A and B compared
with that of free acetone.

4. Discussion and Conclusions

The discussion of the results presented so far can be carried
out from a comparison with literature ab initio results. Here,
this issue concerns the choice of the basis set used and also the
influence of the electron correlation effects on both the structural
and vibrational spectroscopic features of the EDA CO2 com-
plexes belonging to the class of sp3 donating O atoms (methanol
and ethanol) and the sp2 donating O atom of acetone.

4-1. Predicted Structural Properties of EDA Complexes.
As a preliminary conclusion, the predicted structures for all of
these EDA complexes are found to be rather similar, indepen-
dent of the size of the basis sets and the computational level
used (including electron correlation or not) compared with the
calculations at the SCF/3-21G* level reported in ref 3. Never-
theless, the stabilization energies are found in our work to be 2
to 2.5 times lower including electron correlation. The lack of
knowledge of the experimental binding energies of these EDA
CO2 complexes precludes us from settling the choice of a
particular method of calculation. However, the predictions are
in qualitative agreement with the structures of the complexes
deduced from IR experimental evidence for CO2 dissolved in
liquid alcohols4 and for CO2 with a carbonyl group.4,12,26

4-2. Characteristic Vibrational Features of EDA Com-
plexes. 4-2a. CO2 Moiety. For all the EDA complexes
investigated, it is found that the splitting of theν2 mode of CO2

is strongly correlated with the arrangement of inner CO2. The
strongest perturbation is always experienced by the bending
motion in the plane formed by CO2 and the O‚‚‚C intermolecular
bond. This involves a significant shift of modeν2

(1) toward lower
wavenumbers, accompanied by a strong enhancement of its IR
intensity, which is 2 times lower than that of theν2 mode of
free CO2. Moreover, the out-of-plane bending modeν2

(2) of CO2

is shifted toward higher wavenumbers, and its intensity is barely
lowered compared with that of free CO2. However, in contrast
to a previous study carried out at the SCF computational level,1,3

we found that there is no convincing general relationship
between the splitting of theν2 mode of CO2 and the stabilization
energy by taking into account the electron correlation contribu-
tion for EDA CO2 complexes formed with sp3 donors (methanol
and ethanol) or an sp2 donor (acetone). However, for a given
class, namely, sp2 donor CO2 complexes with acetone, our
spectral analyses of the different structures do confirm that the
splitting of theν2 mode of CO2 increases with the stability of
the complex. Our vibrational analysis confirms that the sym-
metric ν1 and antisymmetricν3 stretches of CO2 are weakly
perturbed (shifts, IR and Raman intensities) by the EDA
complex formation for both sp3 donor and sp2 donor classes.

4-2b. Donor Moieties.For the sp3 donor class, our findings
clearly indicate that theνS(OH) stretching mode of alcohols
interacting with CO2 appears to be (not surprisingly) the best-
adapted vibration to probe the complex formation. Indeed, this
νS(OH) mode is shifted toward lower frequencies, and its IR
intensity is significantly enhanced. We postpone our discussion
to the next section to compare our results with IR experimental
observations.

For the sp2 donor CO2 complex, we clearly show that the
νa(CCC) and νS(CO) stretching vibrations exhibit spectral
features that are well adapted to the investigation of EDA
complex formation. Theνa(CCC) stretch of acetone is shifted
toward higher frequencies, and its IR intensity is moderately
decreased in comparison with the isolated acetone whereas the
Raman activity is significantly enhanced. TheνS(CO) stretch
of the CdO group is shifted toward the lower frequencies for
the complex in the structure A. The IR intensity of this mode

Figure 4. IR absorption lines (A) and Raman spectrum (B) of the
CO2*CH3CH2OH complex calculated at the MP2/aug-cc-pVDZ level.
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is slightly enhanced, and the Raman activity remains unchanged
in comparison with that of free acetone. In contrast, for the two
other structures (B and C), theνS(CO) mode is predicted to
shift this time toward higher frequencies, and both the IR and
Raman intensities are found to increase.

4-2c. Comparison with Experimental Spectra.Our ab initio
predictions can be compared with available IR and Raman
measurements. However, the few experimental investigations

that have been reported have been carried out only for IR
absorption of theν2 and ν3 modes of the acceptor (CO2).4,12

The main observations concern the splitting of theν2 mode of
CO2 in liquid acetone found to be about 5 cm-1. For CO2

dissolved in liquid methanol and ethanol, the splitting is not
observed, although this mode is found to be shifted toward lower
frequencies by 10 and 12 cm-1, respectively.4 In comparison
with previous computed shifts at the SCF/3-21G* level,3 our
predicted values including the electron correlation are found to
be closest to the experimental ones. Theν3 mode of CO2 has
been experimentally found to be shifted toward lower frequen-
cies in liquid solvents with values of 7. cm-1 (methanol), 9 cm-1

(ethanol), and 7 cm-1 (acetone), respectively. Comparison with
our results shows that the trend is correct and that the calculated
values (2.5 cm-1 for methanol, 5 cm-1 for ethanol, and 2.3 cm-1

for acetone) are in fair agreement with experimental ones.4 For
the donor molecule, we have measured the IR absorption profiles

Figure 5. Structures of the CO2-(CH3)2CO complex calculated at the MP2/aug-cc-pVDZ level.

TABLE 6: Structural Parameters of the CO2-(CH3)2CO Complex for Structures [A], [B], and [C] Computed at the MP2/
aug-cc-pVDZ Level

CO2-(CH3)2CO Complex

conf. [A] conf. [B] conf. [C]

Distances Distances
R(C1, O2) 1.23248 Å R(C1, O2) 1.23123 Å 1.23106 Å
R(C1, C3) 1.51646 Å R(C1, C{3,4}) 1.51657 Å 1.51689 Å
R(C1, C4) 1.51669 Å R(C3, H5) ) R(C4, H8) R(C4, H8) 1.09726 Å 1.09730 Å
R(C3, H5) 1.09667 Å R(C3, H{6,7}) ) R(C4, H{9,10}) 1.10254 Å 1.10257 Å
R(C4, H8) 1.09715 Å R(O2, C11) 2.77816 Å 2.86946 Å
R(C3, H{6,7}) 1.10258 Å R(O12, C11) ) R(O13, C11) 1.17979 Å 1.17984 Å
R(C4, H{9,10}) 1.10253 Å Angles
R(O2, C11) 2.84556 Å R(C{3,4}, C1, O2) 121.615 121.600
R(O12, C11) 1.17821 Å R(H5, C3, C1) ) R(H8, C4, C1) 110.072 110.030
R(O13, C11) 1.18159 Å R(H{6,7}, C3, C1) ) R(H{9,10}, C4, C1) 109.831 109.840
Angles R(O{12,13}, C11, O2) 90.780 90.758
R(C3, C1, O2) 121.807 Dihedral Angles
R(C4, C1, O2) 121.405 δ(H{6,9}, C3, C1, O2) +58.790 +58.773
R(H5, C3, C1) 110.188 δ(H{7,10}, C3, C1, O2) -58.790 -58.773
R(H8, C4, C1) 110.092 δ(H5, C3, C1, C11) ) δ(H8, C4, C1, C11) 0. 0.
R(H6, C3, C1) 109.715 δ(O12, C11, C1, C3) ) δ(O13, C11, C1, C4) 90. 0.
R(H7, C3, C1) 109.715
R(H9, C4, C1) 109.810
R(H10, C4, C1) 109.810
R(C11, O2, C1) 131.520
R(O12, C11, O2) 89.464
R(O13, C11, O2) 92.423
Dihedral
δ(H6, C3, C1, O2) +58.664
δ(H10, C3, C1, O2) -58.742
δ(H7, C3, C1, O2) -58.654
δ(H9, C3, C1, O2) +58.751
δ(H5, C3, C1, O2) 0.005
δ(H8, C4, C1, O2) 0.004
δ(C11, O2, C1, C3) -0.009
δ(O12, C11, O2, C1) -179.996
δ(O13,C11,O2,C1) +0.004

TABLE 7: Computed Interaction Energies, Corrected from
the BSSE Contribution, at the MP2/aug-cc-pVDZ Level of
the CO2-(CH3)2CO Complex in Structures [A], [B], and [C] a

structures ∆Eint
(cor) ∆Eint

(BSSE) ∆Eint
(MP2) ∆Eint

(cor-ZPE)

conf_A -2.632 +1.079 +0.105 -2.078
conf_B -2.352 +0.776 -0.617 -2.008
conf_C -1.941 +0.708 -0.380 -1.657

a All energy values are given in kcal/mol.
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of the νOD (∼2713 cm-1) mode of deuterated ethanol and the
νCCC (∼1218 cm-1) andνCO (∼1730 cm-1) stretches of acetone
in SC CO2 (313 K) for density values ranging from 0.03 to
0.82 g cm-3.27,44 For theνOD mode, we found that the band
center is shifted toward lower wavenumbers of about 17 cm-1

at the highest densities investigated and that the integrated
intensity is enhanced by about 25%. These trends are consistent
with our ab initio predictions supporting the existence of EDA
complex formation between ethanol (sp3 donor) and CO2.

For acetone in SC CO2, theνCCC band center is shifted toward
higher wavenumbers by about 5. cm-1 whereas the integrated
intensity is decreased by about 30%. In contrast, theνCO mode
of acetone is found shifted toward lower wavenumbers by about
10 cm-1, and its intensity is increased by about 20%. These

spectral features are consistent with our ab initio findings and
lend support to the existence of EDA complex formation
between acetone (sp2 donor) and CO2 which rather corresponds
with the structure A. Indeed, the computed shifts of theνCO

mode of acetone associated with structures B and C do not agree
with experimental findings.

Finally, we emphasize the usefulness of ab initio calculations
in providing insight into the vibrational spectra of EDA CO2

complexes even if the frequency calculations are performed
using the harmonic approximation. Moreover, our results show
that this conclusion remains valid even if solvent environment
effects are present, as for a solute diluted in SC CO2. As a final
comment, we point out that more experimental measurements,
especially using Raman spectroscopy, which is still largely

TABLE 8: Structural Parameters and Vibrational Analysis Calculated for the Equilibrium Geometry ( C2W Symmetry) of the
(CH3)2CO Monomer at the MP2/aug-cc-pVDZ Level

(CH3)2CO monomer modes vibrational analysisa

Distances
R(C1, O2) 1.23075 Å 1 22.2 0. [0.16/0.75]
R(C1, C{3,4}) 1.518115 Å 2 146.0 0.13 [0.007/0.75]
R(C3, H5) ) R(C4, H8) 1.09733 Å 3 376.6 1.27 [0.62/0.72]
R(C3, H{6,7}) ) R(C4, H{9,10}) 1.10262 Å 4 479.8 0.55 [0.34/0.75]
Angles 5 526.9 14.8 [1.29/0.75]
R(C3, C1, O2) ) R(C4, C1, O2) 121.712 6 807.0 1.36 [17.65/0.09]
R(H5, C3, C1) ) R(H8, C4, C1) 110.008 7 873.1 0 [0.24/0.75]
R(H{6,7}, C3, C1) ) R(H{9,10}, C4, C1) 109.891 8 893.5 4.19 [1.39/0.75]
Dihedral Angles 9 1071.5 0.02 [2.18/0.15]
δ(H6, , C3, C1, O2) ) δ(H10, C4, C1, O2) +58.8169 10-νa(CCC) 1097.3 1.15 [0.14/0.75]
δ(H7, C3, C1, O2) ) δ(H9, C4, C1, O2) -58.8169 11 1247.8 42.74 [4.40/0.75]
δ(H5, C3, C1, O2) ) δ(H8, C4, C1, O2) 0. 12 1368.6 12.61 [0.81/0.69]

13 1384.9 70.59 [0.12/0.75]
14 1448.8 0.08 [0.675/0.75]
15 1454.3 0 [8.60/0.75]
16 1457.4 28.9 [13.70/0.60]
17 1480.4 18.36 [0.01/0.75]
18-νS(OdC) 1732.6 125.66 [14.31/0.57]
19 3061.1 1.49 [0.75/0.75]
20 3065.5 7.14 [316.5/3.× 10-3]
21 3144.3 0 [9.20/0.75]
22 3150.2 14.91 [88.15/0.75]
23 3198.1 9.81 [46.04/0.75]
24 3198.9 4.64 [58.79/0.615]

a Calculated values of (harmonic) vibrational frequencies (cm-1), IR intensitiesI IR (km/mol), Raman scattering activities (Å4/amu), and the
depolarization ratioF

TABLE 9: Vibrational Spectral Variations under CO 2-(CH3)2CO Complex Formation at the MP2/aug-cc-pVDZ Level for the
Different Structures

frequency shifts
(cm-1) 103 k (dyn Å-1) (k/k0) (I/I0)IR (I/I0)Ram

internal modes
assignments

CO2-(CH3)2CO Complex in Structure A
∆ν2 (1) ≈ -15.90 3.11 0.95 2.14 splitting of theν2

∆ν2 (2) ≈ +2.10 3.28 1.01 0.89 bending OCO of CO2

+2.70 16.11 1.00 0.96 ν1 stretching of CO2
+2.30 42.99 1.00 0.92 ν3 stretching of CO2
+3.10 1.40 1.01 0.94 1.50 νa CCC stretching
-2.20 15.45 0.97 1.13 1.01 νs CdO stretching

CO2-(CH3)2CO Complex in Structure B
∆ν2 (1) ≈ -9.60 3.16 0.97 2.11 splitting of theν2

∆ν2 (2) ≈ +1.75 3.28 1.00 0.86 bending OCO of CO2

+3.50 16.14 1.01 0.94 ν1 stretching of CO2
+3.80 43.07 1.00 0.93 ν3 stretching of CO2
+1.30 1.40 1.01 0.98 1.79 νa CCC stretching
+3.40 15.97 1.01 1.19 1.48 νs CdO stretching

CO2-(CH3)2CO Complex in Structure C
∆ν2 (1) ≈ -9.55 3.17 0.97 1.92 splitting of theν2

∆ν2 (2) ≈ +0.80 3.28 1.01 0.91 bending OCO of CO2

+3.1 16.13 1.00 0.91 ν1 stretching of CO2
+3.1 43.05 1.00 0.90 ν3 stretching of CO2
+1.60 1.40 1.01 1.07 1.50 νa CCC stretching
+3.40 15.98 1.01 1.21 1.42 νs CdO stretching

Ab Initio Vibrational Spectra of EDA CO2 Complexes J. Phys. Chem. A, Vol. 106, No. 48, 200211839



unemployed in the context of investigations of EDA CO2

complexes, are very welcome in validating the theoretical
predictions discussed in this paper.
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