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 Intermolecular Interaction between CO or CO2 and Ethylene Oxide or Ethylene Sulfide in a Complex, Investigated by Fourier Transform Microwave Spectroscopy and Ab Initio Calculations Yoshiyuki Kawashima,* Akinori Sato, and Yukari Orita Department of Applied Chemistry, Faculty of Engineering, Kanagawa Institute of Technology, Atsugi, Kanagawa 240-0292, Japan
 
 Eizi Hirota The Graduate University for Advanced Studies, Hayama, Kanagawa 240-0193, Japan S Supporting Information *
 
 ABSTRACT: The rotational spectra of the CO-ethylene oxide (EO), CO-ethylene sulfide (ES), CO2-EO, and CO2ES complexes were measured by Fourier transform microwave spectroscopy in the frequency region from 4 up to 31 GHz. The isotopologues with a single 13C atom in the EO or ES, 18O in the EO, 34S in the ES, and 13C in the CO2 moiety, respectively, were observed in natural abundance, and enriched samples, 13CO or C18O in the CO-EO or CO-ES complex and C18OO and C18O2 in the CO2-EO or CO2-ES complex, were employed to record respective rotational transitions. The rotational spectra observed for the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes were analyzed by using an asymmetricrotor S-reduced Hamiltonian to determine rotational and centrifugal distortion constants. The rs coordinates of the atoms in the four complexes, which were calculated from the observed rotational constants, led to a structure in which the CO or CO2 moiety is located in a plane perpendicular to the EO or ES skeletal plane and bisecting the COC or CSC angle. We have also carried out ab initio molecular orbital calculations at the level of MP2 with basis sets 6-311++G(d,p) and aug-cc-pVDZ using the Gaussian 09 package. The MP2/6-311++G(d,p) calculations yield rotational constants in better agreement with the experimental values than with the other basis set; in other words, the molecular structures calculated using this basis set are close to those experimentally found for the ground state. The estimated dissociation energies of the complexes, including the zero-point vibrational energy corrections ΔZPV and the basis set superposition errors (BSSE) calculated with the counterpoise correction (CP), are in good agreement with the experimentally obtained binding energies EB. We have applied an NBO analysis to the complexes to calculate the stabilization energy CT (=ΔEσσ*), which we found are closely correlated with the binding energies EB. We have thus achieved a consistent overview on the intermolecular interaction in the complexes under consideration. It is to be noted that the spectral intensities of the inner OC18O-EO and OC18O-ES complexes were larger by a factor of 2 than those of the outer 18OCO-EO/ES complexes. This observation was explained by the zero-point energy of the inner conformer being a little smaller than that of the outer one.
 
 I. INTRODUCTION The study of intermolecular interactions has a long history; it has been advanced mainly by analyzing imperfections of gases and also scattering behaviors of gaseous molecules. The recent advent of molecular beam technique has brought about a new phase in this research area; it has been combined with highresolution spectroscopic methods such as Fourier transform microwave (FTMW) spectroscopy, thereby allowing us to explore the structure and dynamics of molecular complexes in detail and, thus, providing us with detailed data on the intermolecular potential at short distances between two component molecules, which have hitherto been not obtainable. A lot of discussion has been given on the nature of the bond between the constituents in a complex. The hydrogen bond has been well established, because it is much © 2011 American Chemical Society
 
 stronger than most other intermolecular interactions. For example, Legon and his collaborators examined the structures of the EOHX1−3 and ES-HX4−6 (X = F, Cl, and Br) complexes and explained the structures and binding energies derived in terms of the hydrogen bond between the lone pair electrons in the O of the EO or in the S of the ES and the H of the HX, that is the explanation referred to as the n-pair model.7 In an early stage of the research, attempts were also made to explain weak, but widely prevailing intermolecular interactions, in terms of physical entities known for a long time such as dispersion forces and electrostatic multipole Received: November 16, 2011 Revised: December 28, 2011 Published: December 29, 2011 1224
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 comparison of the results obtained for these complexes in conjunction with those on the X-DME and X-DMS, with X denoting Ar, CO or CO2. We will also add ab initio molecular orbital calculations on, and applications of an NBO analysis to, these complexes.
 
 interactions. However, weak interactions between two closed-shell molecules still await further studies. In the 1970s, Klemperer’s group suggested the donor−acceptor interaction in order to explain the molecular structures and the binding energies of Ar-ClF,8 Ar-OCS,9 and Kr-ClF.10 During the 1980s, a theoretical framework based on the natural bond orbital (NBO) analysis was developed to examine the effects of hybridization and covalency on the electronic structure of polyatomic molecules. Ref 11 reviewed applications of the method to hydrogen-bonded and other strongly bound complexes, where the bonding in these species was interpreted as orbital interactions of donor−acceptor (Lewis acid−Lewis base) type. It has been appreciated that the intermolecular donor−acceptor models based on the NBO analysis play an important role also in the stability and the structure of van der Waals complexes. We have been applying the molecular-beam FTMW spectroscopic method in a systematic way to complexes consisting of several series of atoms and molecules, which are expected to play important roles in many areas such as the chemical and physical processes in the Earth’s atmosphere. We have decided to focus particular attention to possible differences in the roles of the oxygen and sulfur atoms in the intermolecular interactions, and accordingly we have chosen two pairs of molecules including dimethyl ether (DME)/dimethyl sulfide (DMS) and ethylene oxide (EO)/ethylene sulfide (ES), which form the complexes with rare gas atoms (Rg), CO, N2, or CO2. We have already published the results on Ne-DME,12 Ne-DMS,13 ArDME,12 Ar-DMS,14 CO-DME,15 and CO-DMS.16 It is interesting to note that the rare gas atoms are located in the DMS complexes closer to the CH3 groups of the DMS rather than to the S atom, whereas, in the DME complexes, they are located nearer the O atom of the DME than the CH3 groups. Both the CO-DME and CO2-DME17 complexes take a planar structure, that is, the CO and the CO2 are in the skeletal plane of DME, although the bonding energies of the two complexes are quite different: much weaker in the CO-DME than in the CO2-DME. On the other hand, a perpendicular structure is more stable in the CO-DMS than a planar one. Several FTMW studies have shown that, when isotopic substitution is made for one of equivalent atoms in a complex, the resulted isotopologues give spectra quite different in intensity with each other. A well-known example is the water dimer, where a deuterium atom substituted in the hydrogen bond (i.e., the donor atom) makes the complex much more stable than the other, in which the D atom is not involved in the hydrogen bond.18 A similar isotope effect has also been reported for heavier atoms. Novick and collaborators19 investigated the T-shaped N2−CO2 complex by FTMW and found that the intensities of the rotational transitions of the 14N15N-CO2 were at least twice as large as those of the 15N14NCO2. Another example is the pair of the 20Ne-DMS and 22Ne-DMS complexes; the rotational spectra observed for them were more or less of comparable intensity, despite the 9:1 20Ne/22Ne natural abundance ratio.13 These observations have been ascribed to the mass dependence of the zero-point energy; repeated dissociation and reformation of the complexes in the initial phase of the molecular expansion can lead to an equilibrium distribution in which the heavier species is enriched at the low temperatures achieved by the jet expansion. As these examples indicate, the isotope effects can provide us with invaluable information on the internal dynamics of the complex, and we thus paid a special attention to the 18O isotopic species of the CO2 complexes in our studies. In the present study we report our systematic studies on the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes in addition to Ar-EO and Ar-ES, placing a particular emphasis on the
 
 II. EXPERIMENTAL SECTION The rotational spectra of the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes were observed in the frequency region from 5 up to 25 GHz (in a few cases, up to 31 GHz), by using a Balle-Flygare type FTMW spectrometer,20 which was described previously.21 The data acquisition system of this instrument has been improved by introducing the computer programming software LabVIEW.16 Both samples of EO, 99%, commercially available from Nippon Fine Gas Co., and of ES from Aldrich Co. were employed without further purification. A mixture of EO/CO, ES/CO, EO/CO2, or ES/CO2, diluted with Ar to 0.5% and 1.5% for two components, respectively, was introduced in an evacuated Fabry−Perot cavity of the FTMW spectrometer through a 0.8 mm diameter orifice of a General Valve Series 9 pulsed nozzle, at a repetition rate of 2 Hz and at the backing pressure of approximately 3−5 atm. We scanned the frequency region from 8 to 20 GHz for the CO-EO, from 5 to 31 GHz for the CO-ES, from 5 to 25 GHz for the CO2-EO, and from 5 to 24 GHz for the CO2-ES complexes, while integrating the signals 20−1000 times to get a good signal-tonoise ratio for the frequency measurements. Enriched samples of 13CO and C18O were purchased from Shoko Tsusyo Co. Enriched C18OO and C18O2 samples were synthesized by burning a piece of paper in an enriched 18O2 gas sample, which was purchased from Shoko Tsusyo Co.; a 1:1 mixture of O2 and 18 O2, in place of air, resulted in CO2, C18OO, and C18O2 with the relative abundance of 25, 50, and 25%, respectively. III. AB INITIO CALCULATIONS To obtain a preliminary information on the structure and the dynamics of the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes, we have carried out an ab initio molecular orbital calculation at the level of MP2 with basis sets 6-311++G(d,p) and aug-cc-pvDZ using the Gaussian 09 package.22 The MP2/ 6-311++G(d,p) optimized structures of the complexes are displayed in Figure 1 with their respective principal inertial axis systems. The binding energies calculated for these four complexes with MP2/6-311++G(d,p) are listed in Table 1, where the basis set superposition errors (BSSE) calculated with the counterpoise correction method23 and the zero-point vibrational energy corrections are also included. According to a review24 and a paper on the water dimer,25 the counterpoise correction tends to overestimate the BSSE derived with small basis sets and empirically a 50% counterpoise correction gives a better estimate for the dissociation energies. We, thus, assumed the counterpoise correction to be 50% in the present study. In most cases, the MP2 calculations with the 6-311++G(d,p) basis sets yield rotational constants in better agreement with the experimental values, and thus the MP2/6-311++G(d,p) rotational constants are cited in Table 1 as references. The absence of imaginary frequencies in these four complexes indicates that they are located in stable minima. IV. RESULTS A. Rotational Spectra of the CO-EO Complex and its Four Isotopologues with Either a 13C or a 18O in the EO 1225
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 Figure 1. Optimized geometries of the CO-EO, CO-ES, CO2-EO, and CO2-ES at the MP2/6-311++G(d,p) level of theory in their respective principal axis systems. The oxygen atom is shown in red and the sulfur atom in yellow, the carbon atom in black, while the hydrogen atom is indicated by a small sphere.
 
 frequency region from 10 to 11 GHz. If the CO moiety was located above the COC plane of the EO, the c-type transitions would appear in this frequency region. We then extended the assignment to R-branch transitions. We confirmed that the c-type transitions were stronger than the a-type transitions, whereas we could not identify any b-type transitions. A spectrum of the CO-EO complex in Ar in the 8−20 GHz region is shown in Figure 2, which displays a-type R-branch, c-type R-branch and Q-branch transitions of the CO-EO. Finally we assigned 33 a-type and 34 c-type transitions for the normal species of the CO-EO complex, which spanned J from 0 up to 15 and Ka from 0 to 4, as listed in Table S1 as a Supporting Information. The assigned transitions were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form, because the CO-EO complex closely approximates the symmetric top, the asymmetry parameter κ being −0.9977. The three rotational and five centrifugal distortion constants thus determined are listed in Table 2. The planar moment Pbb defined by Pbb = Σ imi bi2 = 1/2(Iaa + Icc − Ibb) was determined to be 19.4779 uÅ2 for the CO-EO, which was close to that of the Paa moment, 19.4315 uÅ 2 of the EO monomer,26 indicating the structure of the CO-EO complex consisted of the CO moiety lying in the plane bisecting the COC angle and perpendicular to the COC plane of the EO, in consistence with the observation that no b-type transitions were detected. The rotational transitions of the two isotopologues, one containing a 13C and the other a 18O in the EO, were detected at natural abundance, 2 and 0.2%, respectively. The spectra of the 18O species were weak and difficult to observe, the
 
 Table 1. Calculated Dissociation Energies De, Counterpoise (CP) Corrections for the Basis Set Superposition Errors, Zero-Point Vibrational Energy (ΔZPV) Corrections, Predicted Rotational Constants, and Dipole Moment Components of the CO-EO, CO-ES, CO2-EO, and CO2-ES Complexes at the MP2/6-311++G(d,p) Level of the Theory De/kJmol−1 CP/kJmol−1 ΔZPV/kJmol−1 D0 = De + ΔZPV/kJmol−1 D0 + 50%CP/kJmol−1 A/MHz B/MHz C/MHz μa/D μb/D μc/D
 
 CO-EO
 
 CO-ES
 
 CO2-EO
 
 CO2-ES
 
 −8.49 3.53 2.39 −6.10 −4.34 13259.44 2084.58 2079.38 1.68 0.00 0.22
 
 −8.57 3.75 2.28 −6.29 −4.42 7550.08 1693.72 1548.66 0.62 2.47 0.00
 
 −16.22 7.22 6.63 −9.59 −5.98 7335.00 1910.96 1715.10 1.96 1.60 0.00
 
 −14.09 6.78 6.19 −7.90 −4.51 5212.48 1507.73 1285.35 1.13 2.26 0.00
 
 or Either a 13CO or a C18O as a Component. Many rotational lines were observed for an EO, CO, and Ar mixture in the frequency region from 6 to 24 GHz. We first subtracted the spectra of the EO monomer,26 its isotopologues, and the Ar-EO complex27,28 from the observed spectra. The remaining spectral lines showed no indication of tunneling splitting, which would be observed, if an intracomplex motion of the CO moiety took place between two or more equivalent potential minima. We then identified the c-type Q-branch, Ka = 1 ← 0 transitions among the observed spectra in the 1226
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 Figure 2. Spectrum of the CO-EO complex in Ar in the 8−20 GHz region, which displays a-type R-branch, c-type R-branch and Q-branch transitions of the CO-EO.
 
 Table 2. Molecular Constants of the CO-EO, CO-EO(13C), CO-EO(18O), 13CO-EO, and C18O-EO Complexes and the Substituted Coordinates of the C Atoms and the O Atoms in the Normal Species of the CO-EO complex.a A /MHz B /MHz C /MHz DJ/kHz DJK/kHz DK/kHz d1/kHz d2/kHz σ/kHz N(a‑type)c N(c‑type)c Pbb/uÅ2d |a(C)/a(O)|/Å |b(C)/b(O)|/Å |c(C)/c(O)|/Å
 
 normal
 
 CO-EO(13C)
 
 CO-EO(18O)
 
 13556.42990 (44) 2011.196172 (51) 1997.869071 (57) 9.79856 (63) 44.1853 (34) 83.410 (89) 0.003036 (46) 0.04622 (46) 1.9 33 34 19.4779
 
 13337.95345 (35) 1990.287670 (76) 1973.411719 (91) 9.5202 (13) 44.181 (11) (83.410)b −0.01524 (46) 0.0388 (12) 1.0 17 14 20.0309 1.6130 0.7389 0.2807
 
 13184.72024 (56) 1989.11020 (15) 1984.46921 (15) 9.6703 (26) 43.846 (30) (83.410)b 0.0321 (15) (0.04622)b 1.4 11 12 19.4624 0.9379 0.0540 i 0.7390
 
 13
 
 CO-EO
 
 13437.57411 (52) 1984.018532 (70) 1973.646993 (76) 9.4958 (10) 40.3218 (47) 86.37 (11) 0.020934 (88) 0.04869 (52) 1.4 31 28 19.4740 1.7710 0.0569 i 0.5842
 
 C18O-EO 13506.99649 (45) 1917.240631 (58) 1906.080098 (63) 9.03449 (86) 38.9515 (33) 90.958 (91) 0.010009 (46) 0.04018 (44) 1.2 33 28 19.4798 2.4984 0.0301 0.2702
 
 a The number in parentheses denotes 3σ. bFixed to the values for the normal species. cNumber of fitted transitions. db-axis moment of inertia; Pbb = (Iaa + Icc − Ibb)/2.
 
 The spectra of the isotopologues, involving either a 13CO or a C18O as a component, were searched for, as in the case of the normal species, and finally 31 a-type and 28 c-type transitions for the 13CO-EO and 33 a-type and 28 c-type transitions for the C18O-EO were assigned. The observed transition frequencies and rotational and centrifugal distortion constants for the two species are listed in Table S2 and Table 2, respectively. B. Rotational Spectra of the CO-ES Complex and its Four Isotopologues with Either a 13C or a 34S in the ES or a 13CO or a C18O as a Component. As in the case of the CO-EO, we subtracted the known lines of the ES monomer,29 its isotopologues, and the Ar-ES complex30 from the spectra
 
 signal-to-noise ratio being typically 3. We thus searched the spectra of this species by taking average of 100 shots for every 0.1 MHz step, and assigned the lines by referring to the spectra of the C18O-EO at natural abundance, for which we already obtained reliable data thanks to an enriched sample being available. The spectral data obtained for the CO-EO(18O) were not sufficient to determine all the five centrifugal distortion constants, and thus we analyzed the spectra by fixing the DK and d2 constants to the values of the normal species. We finally assigned 17 a-type and 14 c-type transitions for the CO-EO(13C) and 11 a-type and 12 c-type for the CO-EO(18O), as listed in Table S2, and rotational and centrifugal distortion constants derived are shown in Table 2. 1227
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 Table 3. Molecular Constants of the CO-ES, CO-ES(34S), CO-ES(13C), 13CO-ES, and C18O-ES Complexes and the Substituted Coordinates of the S Atom, the two C Atoms, and the O Atom in the Normal Species of the CO-ES Complexa A /MHz B /MHz C /MHz DJ/kHz DJK/kHz DK/kHz d1/kHz d2/kHz σ/kHz N(a‑type)b N(b‑type)b Pcc/μÅ2c |a(S)/a(C)/a(O)|/Å |b(S)/b(C)/b(O)|/Å |c(S)/c(C)/c(O)|/Å a
 
 normal
 
 CO-ES(34S)
 
 CO-ES(13C)
 
 7623.22233 (23) 1668.382603 (60) 1528.991376 (54) 5.55595 (35) 17.1868 (24) −9.614 (20) −0.49073 (17) −0. 026830 (91) 2.5 45 73 19.3396
 
 7474.86888 (49) 1655.840312 (82) 1512.387518 (78) 5.50108 (72) 16.7792 (54) −9.806 (98) −0.50574 (50) −0.02970 (24) 2.1 14 42 19.3303 1.0835 0.8281 0.0709 i
 
 7488.84924 (52) 1656.24127 (11) 1518.17075 (11) 5.4111 (11) 17.2823 (85) −10.23 (10) −0.4760 (13) −0.02792 (59) 1.3 6 33 19.8668 1.3034 0.8122 0.7400
 
 13
 
 CO-ES
 
 7591.73433 (18) 1644.354540 (59) 1507.577010 (49) 5.37788 (50) 15.7906 (40) −7.785 (19) −0.47615 (30) −0.02490 (16) 1.3 16 38 19.3428 2.1103 0.5283 0.0570
 
 C18O-ES 7610.18096 (45) 1581.482568 (66) 1455.218375 (65) 5.08574 (68) 15.4892 (38) −6.733 (93) −0.43180 (32) −0.02288 (14) 1.8 23 44 19.3406 2.9136 0.2480 0.0229 i
 
 The number in parentheses denotes 3σ. bNumber of fitted transitions. cc-axis moment of inertia; Pcc = (Iaa + Ibb − Icc)/2.
 
 C. Rotational Spectra of the CO2-EO Complex and Its Six Isotopologues with Either a 13C or a 18O in the EO or 13 CO2, OC 18O(inner), 18OCO(outer) or C 18O2 as a Component. Many rotational lines were observed for an EO, CO2, and Ar mixture in the frequency region from 5 to 25 GHz. We first subtracted the spectra of the EO monomer,26 its isotopologues, and the Ar-EO complex27,28 from the observed spectra. The remaining spectral lines showed no indication of tunneling splitting, which would be observed, if an intracomplex motion of the CO2 moiety took place between two or more equivalent potential minima. We then identified the a-type Rbranch series, which appeared every 3.6 GHz, and extended the assignment to the b-type transitions. We confirmed that the atype transitions were stronger than the b-type transitions, while we could not identify any c-type transitions. Finally, we assigned 35 a-type and 94 b-type transitions for the normal species of the CO2-EO complex, which spanned J from 0 up to 13 and Ka from 0 to 5, as listed in Table S5. The assigned transitions were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form, because the asymmetry parameter of the CO2EO complex was close to the prolate top limit: −0.9313. The three rotational and five centrifugal distortion constants thus determined are listed in Table 4. The planar moment Pcc was determined to be 19.2423 uÅ2 for the CO2-EO, which was close to the Paa moment 19.4315 uÅ2 for the EO monomer,26 indicating that the structure of the CO2-EO complex consisted of the CO2 moiety lying in the plane bisecting the COC angle and perpendicular to the COC plane of the EO, consistent with the observation that no c-type transitions were detected. The rotational transitions of the two 13C isotopologues, one containing a 13C atom in the EO, the other a 13C atom in the CO2, were detected at natural abundance and assigned without much difficulties: 33 a-type and 27 b-type transitions for the CO2-EO(13C) and 25 a-type and 16 b-type transitions of the 13 CO2-EO. The assigned transitions were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form, as in the case of the normal species. It was difficult to observe the spectra of the CO2-EO(18O), because its natural abundance is only 0.2%; the S/N ratio of the observed lines were in fact around 3, requiring 100 shots of signals to be averaged for each 0.1 MHz step. Thus, so far, only 20 a-type transitions were observed and assigned for this species, and the analysis of the spectra could be
 
 observed for an ES, CO, and Ar mixture in the region from 5 to 31 GHz. The remaining spectral lines showed no indication of tunneling splitting, as in the case of the CO-EO. In contrast with the CO-EO, we identified b-type Q-branch, Ka = 2 ← 1, transitions in the 16 to 20 GHz and b-type Q-branch, Ka = 3 ← 2, transitions in the 31 GHz regions, as expected from a structure in which the CO moiety is located above the skeletal plane of the ES. We then extended the assignment to R-branch transitions. We confirmed that the b-type transitions were stronger than the a-type transitions. On the other hand, we could not find any c-type transitions. Finally, we assigned 45 atype and 73 b-type transitions for the normal species of the CO-ES complex, which spanned J from 0 up to 11 and Ka from 0 to 3, as listed in Table S3. The observed transition frequencies were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form, because the asymmetry parameter of the CO-ES was close to the prolate top limit: −0.9543. The three rotational and five centrifugal distortion constants determined are listed in Table 3. The planar moment Pcc defined by Pcc = Σimi ci2 = 1/2(Iaa + Ibb − Icc) was determined to be 19.3396 uÅ2 for the CO-ES, which was close to that of the Pbb moment, 19.6394 uÅ2 for the ES monomer,31 indicating that the structure of the CO-ES complex consisted of the CO moiety lying in the plane bisecting the CSC angle and perpendicular to the CSC plane of the ES, in consistence with the observation that no c-type transitions were detected. The two isotopologues of the CO-ES complex, one with a 34 S and the other with a 13C in the ES group, are naturally 4% and 2% abundant, and 14 and 6 a-type and 42 and 33 b-type transitions were observed and assigned, respectively. The observed transition frequencies and rotational and centrifugal distortion constants for the two species were listed in Table S4 and Table 3, respectively. The spectra of the isotopologues, involving either a 13 CO or a C18O as a component, were searched for, as in the case of the normal species, and finally 16 a-type and 38 b-type transitions for the 13CO-ES and 23 a-type and 44 b-type transitions for the C18O-ES were assigned. The observed transition frequencies and rotational and centrifugal distortion constants for the two species are listed in Table S4 and Table 3, respectively. Some of the transitions of the CO-ES complex appeared as doublets, triplets, or even more complex multiplets. These structures seem to be inherent in the ES monomer, but no explanation has been obtained. 1228
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 Table 4. Molecular Constants of the CO2-EO, CO2-EO(13C), CO2-EO(18O), 13CO2-EO, OC18O-EO, 18OCO-EO, and C18O2-EO Complexes and the Substituted Coordinates of the C Atoms and the O Atoms in the Normal Species of the CO2-EO Complexa A/MHz B/MHz C/MHz DJ/kHz DJK/kHz DK/kHz d1/kHz d2/kHz σ/kHz N(a‑type)c N(b‑type)c Pcc/uÅ2d |a(C)/a(O)|/Å |b(C)/b(O)|/Å |c(C)/c(O)|/Å
 
 normal
 
 CO2-EO(13C)
 
 CO2-EO(18O)
 
 7346.35087 (51) 1897.24030 (14) 1703.42266 (15) 4.20333 (81) 6.3303 (63) 7.466 (10) −0.43064 (22) 0.313999 (70) 6.2 35 94 19.2423
 
 7288.3242 (19) 1868.39056 (33) 1682.95556 (28) 4.0890 (45) 6.274 (16) 6.77 (40) −0.4072 (11) 0.30507 (83) 5.0 33 27 19.7687 1.8992 0.1461 0.7345
 
 7237.61 (56) 1881.7365 (17) 1685.1704 (14) 4.088 (24) 5.39 (30) (7.466)b (−0.43064)b (0.313999)b 11.3 20 0 19.2497 1.0537 0.7275 0.0629
 
 OC18O-EO A/MHz B/MHz C/MHz DJ/kHz DJK/kHz DK/kHz d1/kHz d2/kHz σ/kHz N(a‑type)c N(b‑type)c Pcc/uÅ2d |a(O)|/Å |b(O)|/Å |c(O)|/Å
 
 7175.7129 (22) 1840.52351 (41) 1648.54802 (33) 3.9249 (39) 5.713 (16) 9.05 (45) −0.4125 (35) 0.2874 (22) 4.7 31 23 19.2267 2.0400 0.9372 0.0932 i
 
 18
 
 OCO-EO
 
 7048.6172 (12) 1877.71516 (23) 1671.15433 (21) 4.0773 (23) 6.144 (10) 6.06 (24) −0.4465 (23) −0.4280 (38) 0.30741 (96) 2.7 32 22 19.2158 1.1857 1.2324 0.1232 i
 
 13
 
 CO2-EO
 
 7344.5001 (19) 1879.09382 (37) 1688.67870 (32) 4.1225 (45) 6.179 (32) 8.18 (43) −0.4214 (26) 0.3033 (17) 4.1 25 16 19.2420 1.6103 0.1342 0.0178 i C18O2-EO 6871.8579 (26) 1824.21772 (37) 1618.84926 (36) 3.8152 (38) 5.621 (15) 7.94 (56) 0.2815 (24) 3.6 31 10 19.1990
 
 a The number in parentheses denotes 3σ. bFixed to the values for the normal species. cNumber of fitted transitions. dc-axis moment of inertia; Pcc = (Iaa + Ibb − Icc)/2.
 
 of S-reduced form, as in the case of the normal species. The observed transition frequencies and rotational and centrifugal distortion constants of these isotopologues were also listed in Table S6 and Table 4, respectively. D. Rotational Spectra of the CO2-ES Complex and its Six Isotopologues with Either a 34S or a 13C in the ES or 13 CO2, OC18O (inner), 18OCO (outer) or C18O2 as a Component. Many rotational lines were observed for an ES, CO2, and Ar mixture in the frequency region from 5 to 25 GHz. We first subtracted the known lines of the ES monomer,29 its isotopologues, and the Ar-ES complex.30 The remaining spectral lines showed no indication of tunneling splitting. We then identified b-type Q-branch, Ka = 1 ← 0, transitions in the 12 to 13 GHz region, as expected from a structure in which the CO2 moiety is located above the skeletal plane of the ES. We extended the assignment to the a-type R-branch transitions. We confirmed that the b-type transitions were nearly as strong as the a-type transitions, but we did not observe any c-type transitions. Finally, we assigned 52 a-type and 65 b-type transitions for the normal species of the CO2-ES complex, which spanned J from 0 up to 9 and Ka from 0 to 5, as listed in Table S7. The observed transition frequencies were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form, because the asymmetry parameter of the CO2-ES was close to the prolate top limit: −0.8904. Three rotational and five centrifugal
 
 carried out by fixing three centrifugal distortion constants DK, d1, and d2 to the values of the normal species. The observed transition frequencies and the rotational and the centrifugal distortion constants for the CO2-EO(13C), CO2-EO(18O), and 13CO2-EO complexes are listed in Table S6 and Table 4, respectively. The rotational constants of the isotopologues, which involve the C18OO and C18O2 species, were calculated by assuming a structure estimated for the CO2-EO. There are two possibilities as to the location of the C18OO species in the CO2-EO complex; namely, the 18O atom occupies either the inner position (see Figure 1), which is referred to as the inner OC18O-EO, or the outer position, as called the outer 18OCO-EO form. As the mixing ratio of CO2, C18OO, and C18O2 is about 1:2:1 in our sample, the spectral intensity is expected to be nearly equal for four isotopologues of CO2-EO. This expectation was, in fact, well reproduced by the spectra of the a-type R-branch transitions observed for OC18O-EO, 18OCO-EO, and C18O2-EO, except that the spectra of the inner OC18O-EO complex were stronger than those of the outer 18OCO-EO complex. We examined other transitions carefully and confirmed this intensity ratio to hold for them. Finally 31 a-type and 23 b-type transitions were assigned for the inner OC18O-EO complex, 32 a-type and 22 b-type transitions for the outer CO18O-EO complex, and 31 a-type and 10 b-type transitions for the C18O2-EO complex. The assigned transitions were analyzed by using an asymmetric-top rotational Hamiltonian 1229
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 Table 5. Molecular Constants of the CO2-ES, CO2-EO(34S), CO2-ES(13C), 13CO2-ES, OC18O-ES, 18OCO-ES, and C18O2-ES Complexes and the Substituted Coordinates of the S Atom, the C Atoms, and the O Atoms in the Normal Species of the CO2-ES Complexa A/MHz B/MHz C/MHz DJ/kHz DJK/kHz DK/kHz d1/kHz d2/kHz σ/kHz N(a‑type)c N(b‑type)c Pcc/uÅ2d |a(S)/a(C)/a(O)|/Å |b(S)/b(C)/b(O)|/Å |c(S)/c(C)/c(O)|/Å
 
 normal
 
 CO2-ES(34S)
 
 5243.22175 (13) 1494.567725 (58) 1277.238009 (54) 2.21743 (41) 1.8369 (16) 4.8578 (45) −0.35755 (23) 0.005716 (76) 1.6 52 65 19.4249
 
 5162.70419 (27) 1482.614920 (81) 1263.717289 (72) 2.18017 (89) 1.9148 (40) 4.315 (40) −0.35570 (31) 0.00356 (18) 1.6 33 37 19.4229 1.1767 0.8817 0.0329 i
 
 OC18O-ES A/MHz B/MHz C/MHz DJ/kHz DJK/kHz DK/kHz d1/ kHz d2/kHz σ/kHz N(a‑type)c N(b‑type)c Pcc/uÅ2d |a(S)/a(C)/a(O)|/Å |b(S)/b(C)/b(O)|/Å |c(S)/c(C)/c(O)|/Å
 
 5084.56558 (19) 1474.945347 (65) 1253.397855 (60) 2.13673 (48) 1.7197 (24) 4.250 (18) −0.35503 (36) 0.00497 (15) 1.6 50 47 19.4150 1.5048 1.2504 0.0734 i
 
 CO2-ES(13C) 5190.36863 (68) 1478.924131 (84) 1266.092903 (71) 2.16604 (63) 1.8550 (58) 5.04 (13) −0.34593 (46) (0.005716)b 1.0 17 21 19.9625 1.7456 0.6694 0.7421 18 OCO-ES 5167.64591 (16) 1443.488097 (58) 1235.446234 (54) 2.08657 (43) 1.3933 (21) 5.845 (15) −0.33595 (30) 0.00561 (11) 1.3 44 48 19.4202 2.4601 0.8689 0.0508 i
 
 13
 
 CO2-ES
 
 5241.49822 (84) 1477.42720 (11) 1264.59645 (11) 2.1764 (10) 1.7867 (58) 4.57 (17) −0.34525 (67) (0.005716)b 1.6 17 27 19.4246 1.9868 0.1811 0.0193 i C18O2-ES 5003.12523 (26) 1426.782993 (67) 1213.678442 (60) 2.01307 (51) 1.2982 (33) 5.513 (36) −0.33563 (34) 0.00506 (15) 1.5 39 39 19.4093
 
 a
 
 The number in parentheses denotes 3σ. bFixed to the values for the normal species. cNumber of fitted transitions. dc-axis moment of inertia; Pcc = (Iaa + Ibb − Icc)/2.
 
 The observation and the analysis of the rotational spectra of the three isotopologues: the inner OC18O-ES, outer 18OCOES, and C18O2-ES complexes were carried out as for the normal species. Finally, 50 a-type and 47 b-type transitions were assigned for the OC18O-ES, 44 a-type, and 48 b-type transitions for the 18 OCO-ES, and 39 a-type and 39 b-type transitions for the C18O2-ES. The observed transition frequencies were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form, and the observed transition frequencies and rotational and centrifugal distortion constants for the three isotopologues were listed in Table S8 and Table 5, respectively. E. Substitution Coordinates of Atoms in the CO-EO, CO-ES, CO2-EO, and CO2-ES Complexes. The rs coordinates of atoms in the CO-EO and CO-ES complexes were calculated by the Kraitchman equation32 and are listed in Tables 2 and 3, respectively. The b-coordinates of the carbon and oxygen atoms of the CO and of the oxygen atom of the EO in the CO-EO complex were either imaginary or very small. The same holds for the c-coordinates of the carbon and oxygen atoms of the CO and of the S atom of the ES in the CO-ES complex. These observations are consistent with the spectral data, and the coordinates above-mentioned were set to zero in further structural calculations.
 
 distortion constants thus determined are listed in Table 5. The planar moment Pcc was determined to be 19.4249 uÅ2 for the CO2ES, which was close to that of the Pbb moment: 19.6394 uÅ2 of the ES monomer,31 indicating the structure of the CO2-ES complex consisted of the CO2 moiety lying in the plane bisecting the CSC angle and perpendicular to the CSC plane of the ES, consistant with the observation that no c-type transitions were detected. The three isotopologues of the CO2-ES, the first one with a 34 S in the ES, the second with a 13C in the ES group, and the third with a 13C in the CO2 moiety, are 4, 2, and 1% naturally abundant, and the numbers of the observed transitions were 33 a-type and 37 b-type for the CO2-ES(34S) complex, 17 a-type and 21 b-type for the CO2-ES(13C) complex, and 17 a-type and 27 b-type for the 13CO2-ES complex. The observed transition frequencies were analyzed by using an asymmetric-top rotational Hamiltonian of S-reduced form. However, the observed transitions for the two 13C species were not sufficient to determine all the molecular constants, and thus, the d2 centrifugal distortion constant was fixed to the value of the normal species. The observed transition frequencies and rotational and centrifugal distortion constants of the CO2-ES(34S), CO2ES(13C), and 13CO2-ES complexes are listed in Table S8 and Table 5, respectively. 1230
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 Figure 3. Molecular structures of the CO-EO/ES and CO2-EO/ES complexes.
 
 1.162047 (50) Å,34 but their average 1.1655 Å is very close. It is interesting that the CO bond lengths in the CO2-ES complex behave similarly; the two (inner and outer) lengths are 1.1727 and 1.1517 Å, respectively, and the average is 1.1622 Å. All the structural data thus obtained are summarized in Table 6.
 
 The distance between the O atom in the EO and the C atom in the CO in the CO-EO complex is calculated from the spectral data to be 3.015 Å. The two angles φ and θ defined in Figure 3 are derived to be 97.5 and 75.6°, respectively. In the CO-ES complex, the distance between the S atom in the ES and the C atom in the CO was calculated to be 3.470 Å and the two angles φ and θ to be 74.6 and 67.0°, respectively. It is interesting to note that the rs bond length of the CO is calculated to be 1.1221 Å for the CO-EO and 1.1174 Å for the CO-ES, which are 0.0088 and 0.0138 Å shorter than the bond length of the monomer CO, 1.1309 Å.33 Analogous shortenings were previously reported: 0.0411 Å for the CO-DME15 and 0.0171 Å for the CO-DMS.16 These results are explained by the large-amplitude motion (internal rotation) of the CO relative to the EO, ES, DME, and DMS. The rs coordinates of atoms in the CO2-EO and CO2-ES complexes similarly obtained are listed in Tables 4 and 5, respectively. The c-coordinates of the C and the two O atoms of the CO2 for both complexes and the O atom of the EO and the S atom of the ES were either imaginary or very small, consistent with the spectral data, and were set to zero in further structural calculations. The distance between the O atom in the EO and the C atom in the CO2 in the CO2-EO complex was calculated to be 2.800 Å and the two angles φ and θ to be 116.1° and 86.8°, respectively. For the CO2-ES complex, the corresponding structural parameters are as follows: the distance between the S atom in the ES and the C atom in the CO2: 3.337 Å and the two bond angles φ and θ: 91.6° and 84.3°, respectively. The two CO bond distances in the CO2 in the CO2-EO complex are 1.1769 and 1.1542 Å, respectively, for the inner and outer bonds. These r(CO) values differ a little from that of the free CO2:
 
 V. DISCUSSION A. Molecular Structures of the CO-EO, CO-ES, CO2-EO, and CO2-ES Complexes. The rotational constants of these complexes led to the distance Rcm between the centers of mass of the two component molecules; namely, for the CO-EO, COES, CO2-EO, and CO2-ES complexes, the following equations hold: Ibb(CO−EO) = I(CO) + Iaa(EO) + μ[R cm(CO−EO)]2
 
 (1)
 
 Icc(CO−ES) = I(CO) + Ibb(ES) + μ[R cm(CO−ES)]2
 
 (2)
 
 Icc(CO2 − EO) = I(CO2 ) + Iaa(EO) + μ[R cm(CO2 − EO)]2
 
 (3)
 
 Icc(CO2 − ES) = I(CO2 ) + Ibb(ES) + μ[R cm(CO2 − ES)]2
 
 (4)
 
 where μ denotes the pseudodiatomic reduced mass. The Rcm distance thus obtained for the four complexes are listed in 1231
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 Table 6. Experimentally Derived rs Structure of the CO-EO, CO-ES, CO2-EO, and CO2-ES Complexes, Compared with Ab Initio MP2 Calculated Structure CO-EO r (O/S-CH2)/Å r (CH2−CH2)/Å r (O/S--CO)/Å r (O/S--CO2)/Å r (C−O in CO)/Å r (C−O in CO2)a/Å /(CH2−O/S-CH2)/° φb/° θc/°
 
 CO-ES
 
 CO2-EO
 
 CO2-ES
 
 expt
 
 MP2
 
 expt
 
 MP2
 
 expt
 
 expt
 
 MP2
 
 1.429 1.478 3.015
 
 1.436 1.468 3.022
 
 1.813 1.480 3.470
 
 1.815 1.485 3.491
 
 1.420 1.469
 
 1.438 1.467
 
 1.811 1.484
 
 1.817 1.484
 
 2.800
 
 2.798
 
 3.337
 
 3.340
 
 1.122
 
 1.140
 
 1.117
 
 1.140 1.166 62.3 116.1 86.8
 
 1.170 61.4 115.3 86.5
 
 1.162 48.4 91.6 84.3
 
 1.170 48.2 90.7 84.1
 
 62.3 97.5 75.6
 
 61.5 95.9 79.0
 
 48.2 74.6 67.0
 
 48.3 74.0 68.6
 
 MP2
 
 a
 
 This bond length is the average of two C−O bonds in the CO2. See in Text. bThis angle is defined between the center mass of the gravity of EO or ES, the O or S atom, and the C atom of CO or CO2. See in Figure 3. cThis angle is defined as the axis of the O or S atom and the C atom of CO or CO2 and the axis of CO or CO2. See in Figure 3.
 
 Table 7. Estimated Stretching Force Constant ks, Binding Energy EB, Distance between the Centers of the Mass of the Monomers Rcm, Distance between the O/S Atom in the EO/DME/ES/DMS and the Nearest Atom of the Other Moiety in the Complex R(O/S--X),a Two Bond Angles φ and θ of the CO-EO, CO-ES, CO2-EO, CO2-ES, and Their Related Complexes
 
 a
 
 complexes
 
 ks/Nm−1
 
 EB/kJ mol−1
 
 Rcm/Å
 
 R(O/S--X)/Å
 
 φ/°
 
 Ar-EO Ar-DME Ar-ES Ar-DMS CO-EO CO-DME CO-ES CO-DMS CO2-EO CO2-DME CO2-ES
 
 1.5 2.3 2.1 2.0 3.3 1.4 3.2 2.7 8.0 10.9 6.9
 
 1.6 2.5 2.5 2.4 3.6 1.6 3.9 3.3 7.1 9.7 7.1
 
 3.61 3.58 3.79 3.796 3.607 3.682 3.796 3.789 3.259 3.255 3.471
 
 3.476 3.340−3.385 3.974 3.989 3.015 3.047 3.470 3.493 2.800 2.711 3.337
 
 93.0 106.8−111.8 70.7 66.9−67.1 97.5 180.0 74.6 75.7 116.1 180.0 91.6
 
 θ/°
 
 75.6 (75.7) 67.0 69.1 86.8 90.0 84.3
 
 ref.
 
 This This This This
 
 27 12 30 14 work 15 work 16 work 17 work
 
 X denotes Ar, CO, or CO2 moiety in a complex.
 
 energy EB by using the following equations:35−38
 
 Table 7. The bond distance R(O/S--X) between the O/S atom in the EO/ES and the nearest carbon atom X of the CO or the CO2 are calculated from the substitution coordinates of the atoms and are also listed in Table 7, where the data on related complexes are given for comparison. The structure of the COEO is very much different from that of the CO-DME, as is the case for the CO2-EO compared with the CO2-DME, whereas the structures of the CO-ES and of the CO-DMS are very similar. It is very interesting that the C atom of the CO in the CO-ES or the CO-DMS complex is located closer to the (CH2)2 or (CH3)2 group rather than the S atom of the ES or the DMS moiety. We conclude that in the complexes containing the DME or EO, the Ar, CO, and CO2 are located along the orientation of the lone pair electron of sp3 hybridized orbital of the O atom of the DME or EO except for the CODME and CO2-DME, while in complexes containing the DMS or ES, the Ar atom, CO, and CO2 are located along the orientation of the lone pair p electron orbital of the S atom of the DMS or ES. The angle φ shifts from the orientation of the lone pair electron toward the (CH3)2 or (CH2)2 group for almost all molecular complexes except for the CO-DME, CO2DME, CO2-EO, and CO2-ES complexes. B. Intermolecular Stretching Force Constant, the Binding Energy, and the van der Waals Bond Distance of the CO-EO, CO-ES, CO2-EO, and CO2-ES Complexes, as Compared with Those of Related Complexes. We have estimated the stretching force constant ks and the binding
 
 ks = EB =
 
 16π4μ2R cm 2[3B4 + 3C 4 + 2B2 C 2] hD J 1 ksR cm 2 72
 
 (5)
 
 (6)
 
 The values obtained for the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes are listed in Table 7, along with those of related complexes, for comparison. Because the van der Waals radius of the O atom is smaller than that of the S atom by 0.45 Å,39 the distance between the oxygen atom of the DME or EO and the nearest atom of the other moiety are shorter by 0.44−0.54 Å than those of the DMS or ES cases, except for the Ar-DME and Ar-DMS complexes, for which this difference is 0.634 Å. Table 8 lists ΔR, the difference between the R(O/S-X) and the sum of the van der Waals radii of the atoms under consideration, O/S and X. It is clear from Table 8 that the distances between the O atom in the EO or the S atom in the ES and the Ar atom are longer than the sum of the van der Waals radii, whereas in the CO or CO2 complexes these distances are shorter than the sums of the van der Waals radii; the difference is −0.10 and −0.08 Å, respectively, for the CO-EO and CO-ES and −0.24 and −0.21 Å, respectively, for the CO2-EO and CO2-ES complexes. Table 8 also indicates that the differences ΔR between the bond distances and the sums of the van der Waals radii are closely correlated with the 1232
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 Table 8. Deviation ΔR of the Binding Distance from the Sum of the van der Waals Radii, Estimated Binding Energy EB, Calculated Stabilized Energy of the Charge Transfer CT, Corrected Dissociation Energy D0 + 50%CP of the CO-EO, CO-ES, CO2-EO, CO2-ES, and Their Related Complexes complexes
 
 ΔR/Å
 
 EB/kJ mol−1
 
 CT energy/kJ mol−1
 
 |D0 + 50%CP|a/kJ mol−1
 
 Ar-EO Ar-DME Ar-ES Ar-DMS CO-EO CO-DME CO-ES CO-DMS CO2-EO CO2-DME CO2-ES
 
 0.17 0.05 0.21 0.23 −0.10 −0.05 −0.08 −0.06 −0.24 −0.38 −0.21
 
 1.6 2.5 2.5 2.4 3.6 1.6 3.9 3.3 7.1 9.7 7.1
 
 1.92 2.47 1.97 2.09 8.77 8.37 10.96 8.79 14.06 24.27 13.52
 
 0.93 1.28 1.42 1.19 4.34 4.27 4.42 3.94 5.98 9.23 4.51
 
 a
 
 Figure 5. Relationship between the binding energy EB and the dissociation energy E0 + 50%CP. See Figure 4 for the symbols.
 
 The absolute value of the D0 + 50%CP listed in Table 1.
 
 and the antibonding σ*(X-H) orbital of the donor. The energy lowering caused by the electron delocalization is estimated by the second-order perturbation theory. In the present study, we explained the stability of van der Waals complexes by small amounts of charge transfer (CT) from the bonding and lone-pair electron orbitals into the antibonding orbitals, namely in terms of intermolecular donor−acceptor interactions. We carried out an NBO analysis on the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes in addition to the Ar-EO and Ar-ES complexes by an ab initio molecular orbital method at the level of MP2/6-311++G(d,p) using Gaussian 09. The stabilization energy ΔEσσ* has been calculated by second-order perturbation of the charge transfer interactions by the following formula:
 
 binding energy for the CO or CO2 complexes, as displayed in Figure 4. Except for the Ar complexes, the correlation is very high, the correlation coefficient being −0.972. The corrected dissociation energy D0 + 50% CP calculated with the MP2/6-311++G(d, p) for the related complexes are shown in Table 8, where the values for the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes are reproduced from Table 1. The corrected dissociation energy is plotted against the observed binding energies EB in Figure 5, which shows that the two values are well correlated for the CO and CO2 complexes with the linear correlation coefficient of 0.853. C. Binding Energy and an NBO Analysis with its Implications for Molecular Structure. The NBO model has been shown very useful for explaining the hydrogen bond in the X-H---Y system in terms of the charge delocalization, which takes place between the lone pair of the hydrogen-bond acceptor Y
 
 ΔEσσ* = − 2
 
 ⟨σ|F |̂ σ*⟩2 εσ* − εσ
 
 (6)
 
 Figure 4. Relationship between the difference in the bond length from the sum of the van der Waals radii ΔR and the binding energy EB. The following symbols are used; triangle for EO, inverted triangle for ES, square for DME, and circle for DMS, while Ar, CO, and CO2 are shown by open, black, and shaded symbols, respectively. 1233
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 Figure 6. Relationship between the binding energy EB and the charge transfer stabilization energy CT. See Figure 4 for the symbols.
 
 where F̂ is the Fock operator and εσ and εσ* are the zero-order NBO bonding and nonbonding orbital energies, respectively, and all terms larger than 0.05 kcal/mol (=0.21 kJ/mol) are retained in the perturbation sum. The results are listed in Table 8: 1.9−2.5, 8.4− 11.0, and 14−24 kJ/mol for the EO and ES (DME and DMS) complexes containing the Ar, CO, and CO2, respectively. The stabilization energy ΔEσσ* is plotted against the binding energy EB in Figure 6, which indicates that the binding energies EB are proportional to the stabilization energy ΔEσσ*, the correlation coefficient being 0.912. In 1976, Kitaura and Morokuma proposed an energy decomposition analysis.40 In general, the binding energy consists of the electrostatic, exchange repulsion, polarization, charge transfer, and their coupling terms. It is well-known that, although these terms depend on molecular systems, the electrostatic term is dominant, the exchange repulsion term makes the system unstable and, in most cases, the charge transfer term is larger than the binding energy EB. Figure 6 shows that the stabilization energies of the CT for molecular complexes except Ar complexes are about two and half times larger than the binding energy EB. As already mentioned, in the EO or the ES complexes, the Ar, CO, and CO2 are located along the lone pair electron of the O atom of the EO or the S atom of the ES. In the Ar-EO and Ar-ES complexes, the CT occurs from the lone pair electron of the O atom of the EO or the S atom of the ES to the Rydberg orbitals of the Ar, contributing to the stabilization energies by 1.42 and 1.13 kJ/mol, respectively. Also the CT takes place from the lone pair electron of the Ar to the antibonding orbital of the CH groups of the EO or ES, contributing 0.50 or 0.84 kJ/mol, respectively, to the stabilization energies. The detailed stabilization energies for the X-EO and X-ES complexes, with X denoting Ar, CO, or CO2, are listed in Table 9. As shown in Figure 7, the Ar atom is located closer to the sp3 orbital of the O atom of EO in the Ar-EO and to the p orbital of the S atom of the ES, and in the latter case, the Ar atom is shifted more toward the CH2 groups of the ES. In the case of the CO-EO and CO-ES complexes, the main CT occurs from the lone pair electron of the O atom of the EO or the S atom of the ES to the antibonding orbitals of the CO, resulting in the stabilization energies of 3.72 or 3.39 kJ/mol, respectively. The CT also occurs from the lone pair electron of the C atom of the CO to the antibonding orbitals of the CH
 
 Table 9. Stabilization Energies of the CT for the X-EO and X-ES Complexes, with X Denoting Ar, CO, or CO2 in kJ mol−1a from
 
 ArEO
 
 Ar-ES
 
 Ry of Ar
 
 1.42
 
 1.13
 
 C−H antibonding of EO/ES
 
 0.50
 
 0.84
 
 to
 
 LP of O atom of EO or S of ES LP of Ar total from
 
 to
 
 LP of O atom of EO or S of ES
 
 C−O bonding of EO or C−S bonding of ES C−C bonding of EO/ES H−C bonding of EO/ES LP of C atom of CO
 
 CO antibonding of CO Ry of C atom of CO Ry of O atom of CO Ry of C atom of CO
 
 H−C antibonding of EO/ES
 
 total from
 
 to
 
 LP of O atom of EO or S of ES
 
 CO(inner) antibonding of CO2 CO(outer) antibonding of CO2 Ry of C atom of CO2 Ry of O(inner) atom of CO2 Ry of O(outer) atom of CO2 C−O bonding of EO or C−S Ry of C atom of CO2 bonding of ES C−C bonding of EO/ES C−C bonding of EO/ES Ry of O(inner) atom of CO2 LP of O(inner) atom of CO2 H−C antibonding of EO/ES C−O(inner) bonding of CO2 Ry of O/S atom of EO/ ES C−O(outer) bonding of CO2 total a
 
 1234
 
 1.92 1.97 COEO CO-ES 3.72
 
 3.39
 
 1.67 0.96 0.92
 
 0.84 0.54 1.51
 
 0.25 1.25
 
 0.92 0.50 3.26
 
 8.77 CO2EO
 
 10.96 CO2ES
 
 0.54
 
 0.21
 
 8.70
 
 6.82
 
 1.50 1.26
 
 1.72 0.75
 
 1.26
 
 0.25 0.59
 
 0.38
 
 0.33 0.63
 
 0.42
 
 1.59
 
 14.06
 
 0.25 0.38 13.52
 
 LP and Ry denote lone pair and Rydberg orbitals, respectively. dx.doi.org/10.1021/jp211030h | J. Phys. Chem. A 2012, 116, 1224−1236
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 Figure 7. Schematic diagrams of the main stabilization energies in kJ/mol due to the charge transfer interactions in the Ar-EO, Ar-ES, CO-EO, COES, CO2-EO, and CO2-ES complexes derived by the NBO analysis. The stabilization energies for the six complexes are listed in detail in Table 9.
 
 in 14N15N-CO2 than in 15N14N-CO2, and the 14N15N-CO2 will be lower in energy in the van der Waals potential well, gaining more populations and greater intensities. The dissociation energy of the heavier species would be larger, and repeated dissociation and reformation of the clusters at the initial phase of the molecular beam expansion will lead to a distribution in which the heavier species is more populated. The energy difference between the inner and outer conformers of the present complexes, CO2-EO and CO2-ES, due to the zero-point vibration energy are calculated as to be 0.51 and 0.75 cm−1, respectively, using the MP2/6-311++G(d,p) basis set. If the beam temperature reaches 1 K, the Boltzmann distribution of the outer conformer is estimated nearly half of the inner conformer.
 
 groups of the EO or the ES, which contribute 1.25 or 3.26 kJ/mol, respectively, to the stabilization energies; the latter for the CO-ES is much larger than the former for the CO-EO. Therefore, the CO of the CO-ES complex is attracted more to the CH2 groups of the ES, as shown in Figure 7. The situation in the CO2-EO and CO2-ES complexes is more complicated; the CT in the CO2-EO occurs from the two lone pair electrons of the O atom of the EO to the antibonding orbitals of the CO of the CO2, 8.70 kJ/mol, whereas the CT in the CO2-ES occurs from the two lone pair electrons of the S atom of the ES to the antibonding orbitals of the CO of the CO2, 6.82 kJ/mol. An additional CT of 1.50 or 1.72 kJ/mol occurs from the lone pair electrons of the O atom of the EO or S atom of the ES to the Rydberg orbital of the C atom of the CO2, respectively. In contrast, the CT’s from the inner O atom of the CO2 to the antibonding orbitals of the CH of the EO and ES are not large and thus play only minor roles, 0.42 and 1.59 kJ/mol, respectively. The analysis is thus consistent with the conclusion that the C atoms of the CO2 of the CO2-EO and CO2-ES complexes are binding to the direction of the lone pair orbitals of the EO or ES, that is, the sp3 hybridized orbital of the O atom or the vertical p orbital of the S atom, as shown in Figure 7. D. Isotopic Effects on the CO2-EO and CO2-ES Complexes. The observed intensities of the inner OC 18O-EO and OC 18O-ES were larger by a factor of 2 than those of the outer 18OCO-EO and 18OCO-ES. Similar phenomena have been reported, and a recent example is the N2−CO2, which was confirmed to take a T-shaped configuration, with the OCO forming the cross of the T,19 and the CO2-propylene oxide complex is another case, which was very recently studied and reported.41 The authors of ref 19 found that the intensities of the rotational transitions of the 14N15N-CO2 were at least twice as large as those of the 15N14N-CO2. The observations can be rationalized if a wide-amplitude bending motion of the N2 group takes place about a pivot point, which is further from CO2 rather than about the center of mass of the N2. If this is the case, the reduced mass of the N2 bending would be greater
 
 VI. CONCLUSIONS In sharp contrast with the hydrogen bond, which has been established to be one of the strongest interactions between two atomic and molecular species, weak interactions between two closed-shell molecules require further studies. We thus carried out a systematic study on the CO-EO, CO-ES, CO2-EO, and CO2-ES complexes in addition to the Ar-EO, Ar-ES, and XDME and X-DMS complexes, with X denoting Ar, CO, or CO2. From their FTMW spectra, we determine the substituted structure, the force constant of the van der Waals stretching mode, and the dissociation energy by analyzing the observed rotational and centrifugal distortion constants. We have also carried out ab initio molecular orbital calculations at the level of MP2 with basis sets 6-311++G(d,p) and aug-cc-pVDZ using the Gaussian 09 package. In most cases, the MP2/6-311++G(d,p) calculations yield rotational constants in better agreement with the experimental values than the other basis set; in other words, the molecular structures calculated using this basis set are close to those experimentally found for the ground state. The estimated bond dissociation energies including the zero-point vibrational energy corrections ΔZPV and the basis set superposition errors (BSSE) calculated with the counterpoise correction (CP) are in good agreement with the observed binding energies EB. We have applied an NBO analysis to the complexes 1235
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 to calculate the stabilization energy CT (=ΔEσσ*), which we found are closely correlated with the binding energies EB. We have thus achieved a consistent overview on the intermolecular interaction in the complexes.
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