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The van der Waals complex of H 2 O with CO 2 has attracted considerable theoretical interest as a typical example of a weak binding complex with a dissociation energy less than 3 kcal/mol.

Up to now, experimental vibrational data are sparse. We have studied by FTIR the complexes involving CO 2 and water molecules in solid neon. Many new absorption bands close to the well known monomers fundamentals give evidence for at least three (CO 2 ) n -(H 2 O) m complexes, noted n:m. Concentration effects combined with a detailed vibrational analysis allows for the identification of sixteen, twelve and five transitions for the 1:1, 1:2, and 2:1 complexes, respectively. Careful examination of the far infrared spectral region allows the assignment of several 1:1 and 1:2 intermolecular modes, confirmed by the observation of combinations of intra+intermolecular transitions, and anharmonic coupling constants have been derived. Our results demonstrate the high sensibility of the solid neon isolation to investigate the hydrogen-bonded complexes in contrast with the gas phase experiments for which two quanta transitions cannot be easily observed.

.

I. Introduction

The intermolecular interaction between water and carbon dioxide is important in atmospheric systems because water and carbon dioxide are the third and fifth most abundant molecules in the atmosphere, respectively (1). Also, the van der Waals complex of H 2 O with CO 2 , as a typical example of a weak binding complex, has attracted considerable theoretical interest and thus has given rise to many theoretical (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) and experimental studies (21)(22)(23)(24)(25)(26)(27)(28)(29)(30)(31)(32)(33).

The experimental contributions are in matrix isolation (21)(22)(23)(24)(25)(26)(27) and in gas phase by microwave spectroscopy (28)(29)(30)(31), diode laser (32) and optothermal spectroscopy (33).

Previous theoretical calculations (9) predict a planar T-shaped complex with C 2v symmetry as the most stable structural form and confirmed in gas phase by microwaves study (28), whereas a perpendicular form slightly tilted T-shaped structure with C s symmetry was recently proposed (15) and potentially observed (24). For the 2:1 and 1:2 complexes, the only experimental data are obtained by microwaves spectroscopy (31,32) and these species have been the subject of a fewer number of theoretical studies (3,4,8,10,11,14,15,20) in comparison to CO 2 -H 2 O. Very little IR spectroscopic data for CO 2 -H 2 O system is available in the gas phase due probably to the weak binding energy.

In matrix experiments, the perturbation induced by heavy rare gases (Ar, Kr, Xe) or nitrogen or oxygen cannot be neglected for a weak binding complex (34), and the use of less perturbing material, such as solid para-hydrogen (35) or Ne is essential. For example, the calculated binding energy values, in kcal/mol, for CO 2 and H 2 O complexes with Ne, Ar, and N 2 are 0.3, 0.6, 0.9 and 0.19, 0.41, 1.3, respectively (36)(37)(38)(39)(40). The calculated value for the CO 2 -H 2 O complex is around 3 kcal/ mol with the CCSD(T) method (5,9,19). The binding energy of the Ne-H 2 O and Ne-CO 2 complexes is 10% or less that of the calculated value for the H 2 O-CO 2 complex, whereas the effect due to Ar and N 2 are 20-40%. This general trend from the neon to the other rare gas atoms with increasing mass is well documented in the literature (34).

We have studied the CO 2 -H 2 O, CO 2 -(H 2 O) 2 , and (CO 2 ) 2 -H 2 O complexes in neon isolation matrix to minimize the matrix effect and to obtain new vibrational data from 50 to 7000 cm -1 extending the spectral range up to the near infrared.

After a brief description of the experimental conditions, experimental spectra will be presented, an assignment of the different bands will be proposed and a comparison with previous results and theoretical studies will be discussed.

II. Experimental

Samples were prepared in a closed-cycle helium cryostat (Cryomech PT-405) by slow deposition (2 to 15 mmol/h) of CO 2-H 2 O-neon mixtures on one side of a highly polished, rhodium-plated copper mirror maintained at 3K in most of the experiments and all the spectra have been recorded at 3 K. The temperature was measured using silicon diodes and the thermal annealing in the range 9-12K was regulated by a Neocera LTC-II temperature controller. The neon/CO 2 mole ratio varied between 200 and 60000, and the neon/water mole ratio varied between 100 and 2000 but variable desorption of water from the stainless steel vacuum line precluded accurate concentration measurements. Absorption spectra were recorded between 50 and 7000 cm 

III. Spectral data and assignments

The infrared absorptions of the H -1 )

(H 2 O)  2 PD  3193.7 1:3  b  3443.6 1:2  b  3561.2 (H 2 O)  1 PD 3590.5 1:1  1 + 3 (CO 2 ) 3607.6 CO 2  1 + 3 (CO 2 ) 3611.9 1:2  b 3639 2:1  b 3650.6 (H 2 O)  1 PA 3660.6 1:1  1 3664.8 3 H 2 O  1 (nrm) 3665.4 1:2  f 3739.5 2:1  f 3750.6 1:1  3 3760.3, 3754.5 25 (H 2 O)  3 PA 3763.5 (H 2 O)  3 PD 3733.7 H 2 O  3 (nrm) 3761.0 1:2  b +195 3851 1:2  b +222 3851 1:1  3 +103 3876 1:1  3 +166 3923 1:2  b  2 5153.5 1:1  2 + 3 5320.2
a band intensities relative to CO 2  3 (I 3 =100) for the 1:1 complex.

b  i : frequencies of the intermolecular modes c nrm: nonrotating monomer of H 2 O (see text)

B. H O spectral regions

Near the  2 bending mode of the nonrotating monomer (nrm) (47) H 2 O at 1595.6 cm -1 (Fig. 3), a new band appears at 1595.2 cm -1 when CO 2 is added to H 2 O, and assigned to the 1:1 complex since this band behaved as the other 1:1 bands after concentration changes. Also, after studying the intensity variations of the three bands at 1596.6, 1597.8, and 1612.3 cm -1 over a wide concentration range, we find that the first band has a linear dependence, and the two others have a quadratic dependence, with regard to the water concentration. Varying the CO 2 concentration, however, the band at 1596.6 cm -1 has a quadratic dependence, whereas the bands at 1597.8 and 1612.3 cm -1 have a linear dependence. This shows that the band at 1596.6 cm -1 is the signature of the 2:1 complex, and the two bands at 1597.8 and 1612.3 cm -1 are the signatures of the 1:2 complex. Thermal annealing at 12 K permits diffusion of the molecules in the sample and enhances the intensity of the bands of the 0:2, 2:0, 1:2, and 2:1 complexes.

We observe that the three bands at 1596. concentration a new band at 3153.9 cm -1 is assignable to 2 2 of 1:1 complex (Table I).

In the  1 symmetric O-H stretching region characterized by the absorption of the PA molecule of the water dimer at 3660.6 cm -1 , a shoulder near the  1 nrm at 3665.5 cm -1 appears and becomes a strong band when the concentration of the two partners is increased (Fig 4).

After subtraction of the water monomer spectrum, this band is located at 3664. I). These bands are correlated and so are attributed to the 1:2 complex, and precisely to the bonded OH stretching (OH b ). We also observe a band at 3443.6 cm -1 attributed to the 1:3 complex since these bands follow the H 2 O trimer bands variation. At higher CO 2 concentration, a band attributed at the 2:1 complex appears at 3650.6 cm -1 . Finally, in the region of the CO 2 combination band  1 + 3 , observable at 3611.9 cm -1 , we attribute the band at 3607.6 cm -1 to the same combination of the 1:1 complex. In the  3 asymmetric O-H stretching region characterized by the absorptions of the PD and PA molecule of the water dimer at 3733.7 and 3763.5 cm -1 , respectively, and the  3 of nrm at 3759.5 cm -1 (Fig. 5a), the 1:1 complex is characterized by two peaks at 3760.3 and 3754.5 cm -1 (Fig. 5b), with an intensity ratio of 6/1. Upon annealing at 12 K (Fig. 5c), only the band at 3760.3 cm -1 remains intense, which characterizes the most stable site for this mode. A shoulder at 3739.5 cm -1 on the right side of the water dimer band is attributed at the 1:2 complex, precisely at the free OH stretching (OH f ). We also see a band at 3750.6 cm -1 due 

C. Intermolecular vibrations

Recently, Andersen and coworkers published a communication where far infrared spectra from 60 to 180 cm -1 are reported for the 1:1 complex in solid neon (21). They observed two intermolecular vibrations, the H 2 O wagging and H 2 O rocking at 101.6 and 166.6 cm -1 , respectively. With the HDO isotope, they observed a third band at 128.4 cm -1 , attributed to the intermolecular H 2 O torsion (this band is infrared inactive with the natural isotope). We investigate the far infrared region and a well-defined band at 102.8 cm -1 was found as shown in figure 6. We also observe a band at 167 cm -1 as shown more precisely on the subtraction spectrum in figure 6c. These bands are in agreement with the recent study in far infrared. As our samples have been obtained with high concentration of the two partners, contrary to Andersen's experiments, we observe two additional bands at 195 and 223 cm -1 attributed to 1:2 complex after studying the concentration dependence of the absorption signals over a very wide range. The similar observation can be done above the CO 2  3 region at 2465 and 2515 cm -1 , separated by 50 cm - 1 , and above the H 2 O  3 region, at 3876 and 3923 cm -1 separated by 50 cm -1 . We attribute these to the combinations  intra + and  intra + where  intra corresponds successively to H 2 O bending mode ( 2 ), CO 2 asymmetric mode ( 3 ), and H 2 O asymmetric mode ( 3 ). For the 1:2 complex, we observe a weak band at 3851 cm -1 that can be assigned to a combination between the 1:2 OH b at 3639 cm -1 and one of the two intermolecular bands at 195 and 223 cm - 1 . In the  1 + 2 and  2 + 3 H 2 O regions, we observe two bands at 5320.2 and 5153.5 cm -1 , which can be attributed to the 1:1 and 1:2 complexes, respectively. 

IV. Vibrational assigments and discussion

A. CO 2 -H 2 O complex

From the concentration effects, the position of seven fundamental transitions and nine overtones or combination absorption bands have been clearly established to the 1:1 complex.

The fundamental bands of 1:1 complex are unambiguously assigned thanks to the previous matrix studies (22)(23)(24)(25)(26)(27). We can observe that the H 2 O vibrational modes and the  3 of CO 2 in the 1:1 complex are close to that of each monomer, characterizing a weakly bound van der Waals complex. In all the text, the frequency shifts are defined by = monomer - complex .

It is difficult to compare the results from one matrix to another because many absorptions are split by the presence of multiple trapping sites which is often encountered in matrix isolation. For example, in argon, the CO 2  3 is split in two sites at 2339.3 and 2344.8 cm -1 (25), but the 1:1 absorption has only a band at 2340.2 cm -1 , for a frequency shift of +0.9 and -4.6 cm -1 , depending on the monomer's band used as reference. In solid N 2 (24), the frequency shift is +2.0 cm -1 , and in neon, corresponding to the two bands observed for the 1:1 complex, the shifts are +0.4 and +1.0 cm -1 . We cannot explain why we have two bands for this vibrational mode. As the two bands have always the same intensity variation, whatever the temperature deposition, they are not different sites. We cannot exclude the existence of two structures for the 1:1 complex, a planar T-shaped complex with C 2v symmetry and a perpendicular form slightly tilted T-shaped structure with C s symmetry, with two very close CO 2 stretching modes since three works have suggested this possibility (8,22,24).

Several ab initio calculations predict a T-shaped geometry as the minimum for the 1:1 complex (2-20). Unfortunately, all the studies for the values of frequencies are at the harmonic level, except one (11). But in this latter study, the anharmonic calculations obtained using the CC-VSCF method reproduce badly the monomer frequencies. Because the comparison of anharmonic and, of course, harmonic frequencies with the experimental data is not possible, we will use the frequency shift between the monomer and the complex. The theoretical studies are at the MP2/aTZ level except one, which uses the CCSD(T) method ( 5), and the calculated frequencies are the same. We compare our experimental results with the work (3) giving the set of calculated frequencies for the entire observed complexes. In Table II we give a comparison of the frequencies shifts between CO 2 or H 2 O monomer and complexes for observed and calculated data (3). a Calculated values are given for the C 2v geometry of the 1:1 complex b For the H 2 O vibrations of the 1:2 complex, the frequencies shifts are given in comparison with the water dimer (italic values).

Theoretical frequency shifts are in good agreement for the CO 2 bending vibrations. For the H 2 O regions, the experimental shifts are weaker than the calculated ones. But it is wellknown that the frequency shift calculated within harmonic approximation for the O-H stretching (48) is greater than the experimental value. The calculated (9,11) intensities of the modes for the 1:1 complex are in agreement with our experimental ones (table I).

One of the main results of this work is the observation of the multiquanta transitions.

We clearly observe six combinations of intra+intermolecular modes (Table 1), four with water modes and two with CO 2 modes. These combinations show a small anharmonicity coefficient, in agreement with other water-molecule complexes (43,48). For the perturbed H 2 O modes, we observe the 2 2 overtone and the  2 + 3 combination at 3153.9 and 5320.2 cm -1 , respectively.

We can deduce an anharmonicity coefficient x 22 of -18.3 cm -1 , almost the same value than the H 2 O monomer in gas phase (-18.9 cm -1 ). Also, the  2 and  3 modes of the complex are very close to those of the H 2 O monomer, but the value of the corresponding anharmonicity coefficient x 23 equal to -35.3 cm -1 is surprisingly larger than the one in the H 2 O monomer (-19.4 cm -1 ). Note that the large decrease of -x 23 is correlated to the decoupling of the two OH oscillators, as suggested in the literature (36).

Besides, the existence of two structures for the 1:1 complex have been suggested from experimental data (22,24) and calculations (8,24). However this assignment is questionable since a recent theoretical work (5) using CCSD(T) and CCSD(T)-F12 level is unable to identify this proposed asymmetric tilted "T-shape" structure of Cs symmetry since in matrix it is possible to stabilize less energy complexes in a local minimum due to presence of the matrix cage (49).

B. CO 2 -(H 2 O) 2 complex

To our knowledge, our work is the first report on experimental vibrational data on the 1:2 complex apart from one previous investigation with microwave spectroscopy (30). In this study the structure is found to be cyclical with a relatively conserved H 2 O dimer bond lengths.

One water molecule is oxygen bound to the carbon atom of the CO 2 and is also hydrogen bonded to the oxygen of the second water molecule. The second water molecule is hydrogen bonded to one of the oxygens of the CO 2 . There is relatively few works on the 1:2 complex (3,4,8,10,11,14,20) in contrast to the large number of theoretical studies on the 1:1 complex.

For the bands in the OH stretching region, and in comparison with other hydrogen bonded systems (39,48), assignments of the two bands at 3561. II).

For the CO 2 regions, the two bands at 2350.2 and 2351.6 cm -1 , having an intensity ratio of 8/1, are attributed to the 1:2 complex, with -2.4 and -3.8 cm -1 frequency shifts. We cannot explain why two bands are observed for this vibrational mode. Like the 1:1 complex, we cannot exclude a possible stabilization by the neon atoms of a metastable form for the 1:2 complex (8). As the structure for this form implies a very weak perturbation for the water modes, it is probably the reason why we only observe another signature in the CO 2  3 region.

Note that the calculated shift is overestimated in comparison with the experimental ones. For the CO 2 bending, the theoretical frequency shifts reproduce well the experimental observations (Table II).

The attribution of the two bands in the far-infrared at 195 and 223 cm -1 to the 1:2 complex is supported by calculated bands at 198 and 218 cm -1 (20). The observation of one combination between the band at 3639 cm -1 and one of these two bands lends support to at least one of these two bands belonging to the 1:2 complex. Note that these two bands are very close to those of the water dimer (42).

We have also observed another multiquanta transition for the 1:2 complex. A 2 2 overtone of the H 2 O bending is located at 3178.5 cm -1 , between the 2 2 overtones of the PD and PA water dimer (36), with an anharmonicity coefficient x 22 of -8.6 or -23.0 cm -1 , depending of the value of the  2 band used for the calculation (1597.8 or 1612.3 cm -1 ), whereas the values are -17.7 and -19.7 cm -1 for PA and PD of the H 2 O dimer, respectively.

Since the 2 2 overtone is six time more intense for the PD water dimer, we can assume that the observed band is the first overtone of the 1612.3 cm -1 band, for a x 22 value of -23.0 cm -1 .

The band at 5153.5 cm -1 is attributed to the  1 + 2 combination of the water modes in the 1:2 complex since the sum 1612.3 + 3561.2 =5173.5 cm -1 gives a small anharmonicity coefficient of -19.8 cm -1 . In comparison, the same combination for the PD water dimer gives a coefficient of -15.8 cm -1 .

C. (CO 2 ) 2 -H 2 O complex

There are only three theoretical works on the 2:1 complex (3,4,15) and our work is the first report on experimental vibrational data on this complex. The structure investigated by microwave spectroscopy (31) is found to be two parallel CO 2 molecules like for the CO 2 dimer (50) slightly tilted and a water molecule above, with the hydrogen atoms directed away from the CO 2 -CO 2 plane. The theoretical studies find the same stable form as shown in microwave experiment. For the bands in the OH stretching region, and in comparison with the water monomer, the two bands at 3650.6 and 3750.6 cm -1 could be easily assigned to  1 and  3 vibrations. In comparison with the same modes in the 1:1 complex, these are red-shifted, by 10 and 14 cm -1 , respectively, indicating a higher perturbation. The H 2 O bending is blue shifted by 1.4 cm -1 , and all the shifts with the H 2 O monomer are well reproduced by the calculations (Table II).

For the CO 2 regions, a band at 2349.3 cm -1 was attributed to this complex, with a -1.5 cm -1 frequency shifts in comparison to the CO 2 monomer (Fig 1). This shift of 1.9 cm -1 is very close to the one between the CO 2 dimer and monomer, not surprisingly for a complex formed by a CO 2 dimer and a water molecule. For the CO 2 bending, the theoretical frequency shifts reproduce well the experimental observations (Table II).

V. Conclusion

For the first time, a neon matrix isolation study of the (CO 2 ) m -(H 2 O) n complexes has been carried out from the far to the near infrared spectral range. On the basis of concentration and annealing effects, a set of sixteen, twelve and five transitions for the 1:1, 1:2, and 2:1 complexes, respectively, has been identified. Careful examination of the far infrared region allows the assignment of four 1:1 and 1:2 intermolecular modes, confirmed by the observation of combinations of intra+intermolecular transitions. Our results show interestingly not only one but two quanta vibrational transitions for these complexes. These data may help in the detection of these relevant interstellar and atmospheric complexes (11). This work shows well the importance of neon matrix isolation for the study of very weak binding complexes. Many weak vibrational modes can be observed and can be greatly useful for theoretical investigations, especially at the anharmonic level.
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 4 FIG. 4. Spectra in the 3550-3670 cm -1 region at 3K deposition with different CO 2 /H 2 O/Ne concentration ratios. (a): 0/0.6:1000, (b): 0.1/0.6/1000, (c): 1/0.6/1000.
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 1 FIG.5. Spectra in the 3725-3770 cm -1 region at 3K deposition with different CO 2 /H 2 O/Ne concentration ratios. (a): 0.1/0.6/1000, (b): 1/0.6/1000, (c): 1/0.6/1000 followed by annealing at 12K.

FIG. 6 .

 6 FIG. 6. Spectra in the 80-260 cm -1 region at 3K deposition with different CO 2 /H 2 O/Ne concentration ratios. (a): 0/1/1000, (b): 3/3.8/1000, (c): subtraction of spectra (b)-(a)
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 7 FIG. 7. Spectra in the 1695-1772 cm -1 region at 3K deposition with different CO 2 /H 2 O/Ne concentration ratios. (a): 0.1/0.6/1000, (b): 1/0.6/1000, (c): 3/3.8/1000.

  By analogy with the observations made for N 2 -doped Ar matrices (41), we have observed very weak absorptions assigned to (H 2 O) m (N 2 ) m complexes and we can estimate a amount of atmospheric impurities less than 30 ppm. Ne (Air Liquide, 99.995 % purity) and CO 2 (Air Liquide, 99.9 % purity) were used without purification.

	beamsplitters (composite, KBr/Ge, Si/CaF 2 , TiO 2 /Quartz) and detectors (liquid N 2 -cooled
	InSb, liquid N 2 -cooled HgCdTe photoconductor, liquid He-cooled Si-B bolometer, room

-1 

on the same sample using a Bruker 120 FTIR spectrometer equipped with suitable combinations of light sources (globar, W filament), temperature Si photodiode). The resolution was generally fixed to 0.1 cm -1 . Natural water sample was degassed under vacuum before use.

  FIG.2. Spectra in the CO 2 bending mode (ν 2 ) region with different CO 2 /H 2 O/Ne concentration ratios.

	intensity ratio of 8/1. We attributed these bands to the 1:2 complex since their intensities
	follow those of the H 2 O dimer. Similarly for the 1:1 complex, we observe the 13 CO 2 -(H 2 O) 2
	complex at 2284.5 cm -1 . Conversely when the CO 2 concentration becomes higher than H 2 O
	concentration we observe, near the CO 2 dimer bands at 2349.7, 2350.8, and 2352.2 cm -1 , a
	new band at 2349.3 cm -1 attributed to a 2:1 complex. Annealing effects or sample deposition
	at 6 K confirm these attributions for the 1:2 and 2:1 species. The observed frequencies for
	these complexes are summarized in the Table I.	
		3	1:1				
	Absorbance	1 2	1:1	2:1	1:2	1:2	c b
	0 experiments were performed using low concentration, typically CO 2 /H 2 O/Ne=0.02/0.5/1000, CO 2 a 1:1 b 102.8 30  i (CO 2 ) 2 1:1  i  167 2346 2348 2350 2352 wavenumbers (cm 1:2  i  195 -1 ) 1:2  i  222 and for 1:m and n:1 complexes, using CO 2 /H 2 O/Ne=1/2-10/1000 and 2-6/2/1000, 1:2  2 653.8, 670.6
	respectively. The complexes will be presented by considering absorptions due to the perturbed 1:3  2  656.8, 670.4 FIG. 1. Spectra in the CO 2 antisymmetric stretching (ν 3 ) region at 3K deposition, with CO 2  2 668.4, 667.7 different CO 2 /H 2 O/Ne concentration ratios. (a): 0.1/0/1000, (b): 0.016/1/1000, (c): 0.1/1/1000. (CO 2 )  2 670.1, 664.5 CO 2 and H 2 O molecules. Figures 1-7 illustrate the IR spectra in different frequency ranges. 1:1  2 672.2 , 658.7 20
	Table I summarizes our measured vibrational frequencies of (CO 2 ) n -(H 2 O) m complexes. 2:1  2  671.5, 663.5, 656.0 In the 12 CO 2  2 region, characterized for the monomer by very strong absorptions at   2  1595.2 9
	 668.4 and 667.7 cm -1 , two strong features at 672.2 and 658.7 cm -1 appear when the two  2  1597.8, 1612.3   2  1596.6
	A. CO 2 spectral regions H 2 O  2 (nrm c ) partners are deposited and are assigned to the bending vibration of 12 CO 2 perturbed by H 2 O 1595.6 (H 2 O)  2 PA 1599.2
	(H 2 O) (Fig 2) of the 1:1 complex. These bands behaved as the strong 1:1 band at 2348.2 cm -1 after  2 PD 1616.5   2 + 1703.3
	New intense absorptions at 2348.2 and 2348.8 cm -1 with an intensity ratio of 4/1, just  2 +166  1764.2 concentration changes. We also observe the isotopic counterpart 13 CO 2 of these bands at 653.1  CO 2  3 2347.8
	above the 12 CO 2  3 band, are assigned to the  3 asymmetric vibration of 12 CO 2 complexed 1:1  3 2348.2, 2348.8 100 and 640.2 cm -1 . Like in the 12 CO 2  3 region, we also see 1:2 and 2:1 absorptions at 653.8 and (CO 2 )  3  2349.7
	with one water molecule (Fig 1). The isotopic counterparts 13 CO 2 :H 2 O are also detected at 2:1  3  2349.3 670.6 cm -1 , and at 671.5, 663.5, and 656.0 cm -1 , respectively. At higher water concentration, 1:2  3  2350.2, 2351.6
	1:1 2282.5 and 2283.1 cm -1 as expected near the 13 CO 2  3 at 2282.2 cm -1 . Also, addition of H 2 O to  3 +103 2465 1:1  3 +166 2515
	1:1 highly diluted CO 2 gives rise to new features located at 2350.2 and 2351.6 cm -1 , with an  2 3153.9 1:2  2 3178.5
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O monomer, dimer and trimer trapped in solid neon are well known for the fundamental modes, and for many overtones and combinations (42,43).

Many data are available for the CO 2 monomer and dimer in solid argon and neon (44-46).

The experiments were conducted with different concentration ratios of CO 2 /H 2 O/Ne gas mixture to identify the transition of the n:m complexes. To identify first the 1:1 complex, two bands at 656.8 and 670.4 cm -1 are assigned to the 1:3 complex as these bands follow the H 2 O trimer bands variation (Fig

1 and Table I

). (a): 2/0/1000 at 3K deposition, (b): 1/20/1000 at 3K deposition, (c): 6/0/1000 at 6K deposition followed by annealing at 11K, (d): 3/1/1000 at 6K deposition followed by annealing at 11K. Table I: Observed frequencies (cm -1 ) and assignments for (CO 2 ) n -(H 2 O) m complexes. n:m complex Assignment Observed frequencies Relative intensity a

  6, 1597.8, and 1612.3 cm -1 increase for the first one as the CO 2 dimer and for the two others as the H 2 O dimer. This annealing effect confirms the

	stoichiometry of the 2:1 and 1:2 complexes.
	FIG. 3. Spectra in the H 2 O bending mode (ν 2 ) region, with different CO 2 /H 2 O/Ne
	concentration ratios.
	(a): 0/1/1000 at 3K deposition, (b): 0.016/1/1000 at 3K deposition, (c): 0.1/1/1000 at 3K
	deposition, (d): 3/0.3/1000 at 6K deposition followed by annealing at 12K.
	We observe a new band at 3178.5 cm -1 attributed to 2 2 of 1:2 complex in the region of
	the 2 2 first overtone of the bending mode of the H 2 O dimer (the proton donor (PD) and the
	proton acceptor (PA) bands at 3193.7 and 3163.0 cm -1 , respectively (36)). At weaker H 2 O

  8 cm -1 and assigned to the  1 symmetric O-H stretching mode of H 2 O perturbed by the CO 2 complexation. At higher water concentration, two bands appear at 3561.2 and 3639 cm -1 in the  1 region of the PD molecule of the water dimer at 3590.5 cm -1 (Fig 4 and Table

		0.6	2:1		R(0) H 2 O
			1:2		
	Absorbance	0.2 0.4	1:1		1:2	c b a
		0.0	nrm H 2 O	PA(H 2 O) 2	
			1596 1598 1600	1612 1616
			wavenumbers (cm	-1 )

Table II :

 II Comparison of frequencies shifts (= monomer - complex ) between CO 2 or H 2 O monomer and complexes for observed and calculated data (3).

		CO 2					H 2 O		
	n:m	ν 2	ν 3		ν 2		ν 1		ν 3	
	exp	theo	exp	theo	exp	theo	exp	theo	exp	theo

  2 and 3639 cm -1 to two bonded OH stretching (OH b ) vibrations is straightforward. The frequency shifts in italics in TableIIare calculated with respect to the frequencies of the H 2 O dimer isolated in neon (42). The observed shifts relating to the  1 PA and PD H 2 O dimer are +29.3 and +21.6 cm -1 , and +24 cm -1 for the shifts relating to  3 H 2 O dimer. These shifts are well reproduced by the calculation at the MP2 level since the calculated values are 34, 26 cm -1 , and 16 cm -1 , respectively. For the H 2 O bending, the observed shifts are +1.4 and +3.2 cm -1 , in good agreement with the calculated ones, +1 and +2 cm -1 , respectively (Table