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Total integral cross section experiments, for collisions of rotationally hot water and hydrogen sulphide projectiles by O 2 and N 2 targets, are reported for the first time. The experimental data allowed the determination of effective potential energy curves which are representative of the intermolecular interactions averaged over all possible relative configurations of these weakly bound complexes. Such information is relevant for the modelling of elementary processes occurring in planetary atmospheres. These experimental determinations have been also used to test the accuracy of intermolecular interactions provided by ab initio calculations, recently available for the water containing complexes.

We further investigated possible experimental effects due to interaction components other than the van der Waals one and some evidences have been found for the complexes of water while these effects appear to be below the experimental sensitivity for the hydrogen sulphide containing complexes.

Introduction

The interaction of water with the major atmospheric species, especially with molecular oxygen and nitrogen, is of great importance in chemistry and biochemistry.

These weakly bound complexes of water may be formed in atmospheric conditions and therefore they are particularly relevant for the understanding of many chemical and physical phenomena of the Earth's atmosphere [1,2]. For example, the absorption of light by complexes of water with the main components of air may play a significant 2 role in several spectral regions, including the infrared [3]. Spectral shifts, enhancements and broadenings of the absorption lines are expected, suggesting that the dynamics of such weakly interacting systems should be included in the energy balance of the Earth's atmosphere [4][5][6]. In addition to the possible atmospheric significances of these hydrated complexes there is a fundamental knowledge to be achieved about the nature and role of the intermolecular interaction in weakly bound systems involving hydrogenated molecules (see for instance [START_REF] Jeffrey | An Introduction to Hydrogen Bonding[END_REF]). Therefore, the study of the homologous complexes of hydrogen sulphide with oxygen and nitrogen may help to clarify similarities and to put in evidence differences respect to those with water [START_REF] Candori | [END_REF].

Experimental information on the present case studies is limited to a microwave spectroscopic characterization of gas phase H 2 O-N 2 [9] and low temperature investigations on solid matrix of H 2 O-N 2 [10,11] and H 2 O-O 2 [12,13].

The latter do not provide significant structural information on the complexes. Some measurements of the second virial coefficients are also available [14,15] but the associated experimental uncertainties are unknown, possibly very large. For H 2 S-O 2 and H 2 S-N 2 experimental studies are hard to find or not published [16]. Direct information coming from gas phase molecular beam scattering experiments, to our knowledge, is not available. Scattering data could be crucial also to test the validity of numerous theoretical calculations available on the intermolecular interactions [10,[17][18][19][20][21][22][23].

The target of the present investigation is the characterization of the intermolecular interaction in such systems, from the analysis of high resolution molecular beam scattering experiments, combined with a phenomenological evaluation of the nature of the intermolecular interaction. As for other cases previously studied [START_REF] Candori | [END_REF][24][25][26][27][28], such an approach is useful to identify the intermolecular potential components that may add to the ubiquitous van der Waals interaction. For example, we recently reported [27,28] the definitive experimental and theoretical assessment of a measurable (half a KJ/mol) charge-transfer (CT) component in the interaction of water with the heavier noble gases. From the experimental side this effect appears clearly also in the effective spherical interaction, as determined by molecular beam scattering experiments since, although being stereo-selective, it is not washed out when averaging over all the possible orientations of the water molecule during each collision. As far as theory, by using an original method of partial water complexes (computed with accurate ab initio methods and basis sets), we mapped the local charge displacement along the whole intermolecular region and were thus able to appraise CT effects free of the inherent ambiguity of charge decomposition models [27,28]. On this line, we have extensively explored by molecular beam experiments similar systems such as water-molecules, ammonia-rare gas and ammonia-molecules, hydrogen sulphide-rare gas and hydrogen sulphidemolecules, methanol-rare gas and methanol-molecules. Their analysis is still in progress and will provide important information on the ample phenomenology concerning the interaction of hydrogenated molecules with other gaseous species. In this paper, we will mostly focus on the experimental characterization of water and hydrogen sulphide molecular complexes with N 2 and O 2 , the main components of air. Herein, rotationally "hot" molecular beams of D 2 O and H 2 S have been generated by a near effusive source and afterwards scattered by N 2 and O 2 targets, introduced into a collision chamber kept at the liquid air temperature. Deuterated water molecules have been used in order to improve the signal to noise ratio during the data acquisition by the mass spectrometer detector. In the case of D 2 O-N 2 system, measurements have been performed also with the scattering chamber at room temperature, in order to probe the effect of the different average rotational period of the N 2 target on the measured cross section. In these experimental conditions the scattering cross sections are essentially sensitive to the spherically averaged intermolecular interaction, which is the main information obtained in this work.

Experimental apparatus

The molecular beam (MB) apparatus used in the present experiments has been described in detail elsewhere [29]. Here only some details relevant for this investigation are given. Briefly, it consists of five differentially pumped vacuum chambers connected by slits for molecular beam collimation. The MB, formed by D 2 O or H 2 S molecules, emerges through a nozzle (1mm in diameter) from a source, which can operate under near effusive or moderately supersonic conditions. The MB is mechanically velocity selected and then crosses a scattering chamber, which can be filled up with the target gas (N 2 or O 2 ) by an automated procedure. The chamber can be maintained at room temperature (T scat =300K) or cooled with liquid air (T scat =90K). The online MB intensity is detected, after the scattering region, by an electron bombardment ionizer followed by a quadrupole mass spectrometer and an electron multiplier.

The molecular beams have been generated by near effusive expansions of D 2 O

or H 2 S vapors through a nozzle heated by a system of wires, which permits to achieve a temperature of about 500 K. Such conditions are important to suppress molecular cluster formation and to produce MBs, which contain molecules with broad rotational distributions. Standard source pressures have been ranged between 2 and 20 Torr (10 2 -10 3 Pa) to cover a wide collision velocity range. The molecular beam velocity analysis and selection have been obtained with the use of a slotted disk velocity selector [26].

The total (elastic + inelastic) integral cross section Q(v) as a function of the selected velocity v of the projectile, is obtained by measuring the beam intensities I (with the target gas in the scattering chamber) and I 0 (without the target gas), and applying the following Lambert-Beer like expression where nl is the product of scattering gas density, n, in the chamber and the length l of the scattering region.

The measure of the absolute values of Q(v) would require an accurate determination of the quantities n and l. Their values are not easy to evaluate exactly since they need an accurate determination of the scattering gas pressure and temperature and also of the effective path, l, along which collisions may happen and which does not exactly coincide with the geometrical length of the scattering cell. The absolute cross section scale has been obtained by an internal calibration of the experimental apparatus, achieved by determining the relative input gas flow of the various target species filling the scattering chamber and by measuring, at selected velocities, the MB attenuation for a system of known cross section. In particular the He-Ar system has been investigated in an extended velocity range [30] for which the absolute cross section values were known [31]. The systematic error introduced by this calibration method is not higher than 3-4 %. to put into evidence the oscillatory structure associated to the "glory" quantum interference. Lines in the figures are calculations of the cross sections to be commented in the following.

As emphasized in the previous section, a heated source has been used to produce rotationally "hot" projectile molecules. In such conditions, it is reasonable to assume that during each collision both projectiles and target molecules have sufficient time to smooth out the effect of the interaction anisotropy. In this way, from the analysis of Q(v) data [28,29,32], it is possible to extract information on an effective radial potential V(r), which depends only on the intermolecular distance r. The obtained V(r) potential is expected to be very close to the average over all relative orientations of the full anisotropic potential energy surface (PES). Moreover, the Q(v) data, measured under the present conditions, are mainly determined by collisional events at large and intermediate impact parameters, where inelastic events play a minor role [33]. Therefore the cross sections here measured in the thermal energy range provide information on the depth of the potential well and on the strength of the long-range attraction [28].

For the analysis of the experimental data we adopted a recently proposed potential model, called Improved Lennard-Jones (ILJ) [34]. According to the ILJ model, the functional form of the interaction potential V(r) is the following where The ε parameter defines the potential well depth; r m fixes the equilibrium distance and β depends on the hardness of the involved chemical species, determining the potential shape in the well region [34]. For the present systems we have used for all the cases β=9, a typical value for non-covalent interactions [START_REF] Candori | [END_REF]26,32,34].

Therefore, during the fitting procedure only the ε and r m parameters have been varied.

Such potential model has been recently applied to describe also anisotropic moleculemolecule interactions [32,35,36] The cross section Q(v), calculated in the center-of-mass frame using the semiclassical JWKB method, are convoluted in the laboratory system, for the comparison with the experimental data, using the procedure illustrated in ref. 29. The final best fit ε and r m parameters are reported in Table 1.

Information on the value of the asymptotic C 6 coefficients has also been extrapolated from the ILJ model. Since the spherically averaged multipolar electrostatic contribution is obviously zero, the isotropic long-range attraction in the present systems is due to dispersion and induction, the latter arising asymptotically from the average interaction between permanent and induced dipoles. Therefore, we assumed C 6 = C disp + C ind and we also expected the long-range induction contribution to be much smaller with respect to the dispersion one. In order to estimate the relative contribution of the two terms we evaluated them from polarizabilities (α) and permanent dipole moments (µ) of the interacting partners. In particular the long-range induction coefficient has been taken C ind ~ αµ 2 while the dispersion C disp has been calculated following the approach presented in Ref. [37]. In this way we estimated a ratio C ind / C disp ≈ 0.10 for H 2 O-X and C ind / C disp ≈ 0.03 for H 2 S-X systems. We also expect any higher order contributions (i.e. those due to permanent quadrupolesinduced dipoles, ect) to be smaller and thus negligible, considering also the present experimental uncertainties. The obtained C disp are compared in Table 2 with data from literature. A general very good agreement is apparent for all the studied systems a part for the H 2 S-N 2 for which the deviation is anyway comparable with the mutual uncertainty between experiment and theory. The best-fit effective spherical potential curves are reported as full lines in Figure 3. The present scattering data has been also used to test the accuracy of the PESs for the H 2 O-O 2 and H 2 O-N 2 systems, as recently obtained through ab initio calculations by Wheatley and coworkers [21,22]. Such anisotropic PESs have been averaged over all the degrees of freedom except for the intermolecular distance between the molecular center of mass, obtaining spherically averaged interactions (points in Figure 3), which have been then easily fitted with the ILJ model potential (dashed lines in Figure 3). These potential energy curves have been employed, in the same fashion as described above, to calculate the scattering integral cross sections for the D 2 O-O 2 and D 2 O-N 2 systems, to be compared with the present experimental determinations. Results of such calculations, shown as dashed lines in Figure 1, agree nicely with the experimental data, as far as the absolute value of the cross sections is concerned. A slight shift at lower energies of the glory position of the ab initio averaged interactions is apparent for both systems, even if it is at the limit of the uncertainty for the D 2 O-N 2 system, whose experimental data have a larger error. Indeed, for the complexes involving N 2 the glory amplitudes appear to be strongly quenched (see Figures 1 and2). This effect is due to the strong interaction anisotropy, arising here from the large electrostatic component associated to the permanent dipole moment of the projectile D 2 O and H 2 S molecules (µ=0.73 and µ=0.38 a.u., respectively [START_REF] Radzig | Reference data on atoms, molecules and ions[END_REF]) and the permanent quadrupole moment of N 2 target (-1.1 a.u. [35,[START_REF] Radzig | Reference data on atoms, molecules and ions[END_REF]), not completely cancelled during the collisions by the rotational averaging effects. This idea is consistent with the observation of a complete quenching of the glory structure in the scattering of D 2 O by "cold" N 2 (see Figure 1 lower panel, T scat =90K). In the case of H 2 S the observed quenching is smaller, because of the smaller dipole moment with respect to H 2 O, and becomes very small when N 2 is substituted by O 2 (see Figure 2 and Figure 1 upper panel), since the permanent quadrupole moment of the oxygen molecule (-0.3 a.u. [START_REF] Radzig | Reference data on atoms, molecules and ions[END_REF]) is much smaller with respect to that of N 2 . This hypothesis has been corroborated by an additional experiment carried out with rotationally "hot" N 2 , (T scat =300K) obtained by keeping the scattering chamber at room temperature. In such conditions the quenching is smaller and the observed glory effect appears to emerge more clearly (see Figure 1 lower panel). An estimation of such effect would require a close-coupling calculation of the cross sections exploiting a full anisotropic PES: this is in line of principle possible and actually we have followed such an approach in the past for a number of systems [33] including molecule-molecule cases [START_REF] Aquilanti | [END_REF]. As a general behavior, the The present analysis has been mainly focused on the position of glory extrema and on the absolute value of Q(v), in order to obtain information on the effective isotropic component of the intermolecular interaction, typically of the van der Waals type, and on further stabilization contributions possibly arising from charge transfer effects. As discussed above, we note again that the strongly anisotropic electrostatic contributions, if not completely washed out by averaging effects due to molecular rotations, will provide essentially a quenching of the glory amplitude and will not affects significantly the quantum interference extema position [29,32,33]. The ε and r m parameters, obtained from the fit of the experiment and reported in Table 1, are compared with the predictions of semi-empirical correlation formulas [37,[40][41][42],

which provide an evaluation of the features of van der Waals interaction, including also the average induction contribution arising from the permanent dipole-induced dipole attraction [41,42]. For systems involving H 2 S, the comparison suggests that semi-empirical predictions and experimental determinations are nearly coincident and this represents a phenomenological probe that the involved interactions are practically of the van der Waals type. On the other hand, for systems involving water, some deviations are appreciable for the complex with O 2 and become more evident for the complex with N 2 . These deviations may be due to charge transfer effects of similar nature as those recently characterized in weakly interacting complexes involving water and rare gases [27,28], which provide an additional stabilization of the molecular complex. Such stabilization becomes effective at intermediate and short intermolecular distances and vanishes at long range where the overlap between the outer molecular orbitals becomes negligible and where the dispersion attraction dominates. This is consistent with the agreement among the long-range attraction C 6 coefficients extrapolated by the ILJ model and the C disp coefficients available from literature (see Table 2). 

Conclusions

In this paper we have presented results from molecular beam experiments obtained by scattering rotationally "hot" water and hydrogen sulphide projectiles onto oxygen and nitrogen targets. The experimental data, measured in the thermal collision velocity range, show a "glory" interference pattern superimposed to the usual smooth component of the cross section. Such experimental data allowed the determination of effective potentials which represent, for these weakly bound complexes, the intermolecular interaction averaged over all possible relative configurations of the colliding systems. For water-oxygen and water-nitrogen systems, the present experimental determinations are in a good agreement with calculations exploiting the isotropic component of PESs recently calculated ab initio by Wheatley and coworkers [21,22]. Therefore this is a robust accuracy test of the absolute scale of the average intermolecular interaction of the PESs of these systems, very important for the Earth atmosphere. For the H 2 S-O 2 and H 2 S-N 2 systems, to our knowledge, this is the first experimental determination of intermolecular potential energy curves. A careful analysis of the experimental data, taking into account results from semiempirical calculations and data from similar systems, indicate that for the complexes involving water a charge transfer component may be active in the interaction at intermediate and short range, while for the hydrogen sulphide containing systems these effects are smaller than the experimental sensitivity. Therefore, the present results are also important to cast light on selectivity, strength and role of such component, previously investigated by us on other similar systems [46][47][48][49]. 1. Experimentally determined well depth ε and equilibrium distance r m for the molecule-molecule systems investigated. Maximum estimated uncertainty is 3% for ε, 1% for r m and 2% for the ε r m product. Results from semi-empirical correlations formulas [37,[40][41][42] (maximum estimated uncertainty 15% for ε and 5% for r m ) and ab initio calculations [21,22] [21,22] and dashed lines their ILJ fit curves (parameters in Table 1).

  change in electron density occurring upon the formation of rare gas-
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 5 Scattering cross sections and information on the phenomenological spherical interactionThe measured integral cross sections Q(v) are plotted in Figures1 and 2for the D 2 O-N 2 , O 2 and for H 2 S-N 2 , O 2 systems respectively. The data are reported as a function of the selected velocity v of the projectile molecules and plotted as Q(v) v2/5 

  calculations evidenced a quenching of the glory amplitude with a negligible shift of the glory extrema position. Therefore we think not necessary to perform such calculations for the present systems, also because to the experimental conditions (high rotational temperatures) that would imply a huge number of open coupled channels.
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 12183 FIGURE 1 Total integral cross sections for the D 2 O-O 2 and D 2 O-N 2 systems as a function of the D 2 O molecular beam velocity. Continuous and dashed lines are calculations as described in the text. In the D 2 O-N 2 case (lower panel) all the Q(v) calculations have been performed at T scat =300 K.

Table 2 .

 2 are also reported for comparison. Experimental C 6 coefficients provided by the ILJ model at the reduced distance, x = r/r m =5, their asymptotic values when x → ∞ and its extrapolated dipole-dipole dispersion component C disp (see text). The maximum uncertainty is about 10%. The values of C disp are compared with values available in the literature. Figure 1. Total integral cross sections for the D 2 O-O 2 and D 2 O-N 2 systems as a function of the D 2 O molecular beam velocity. Continuous and dashed lines are calculations as described in the text. In the D 2 O-N 2 case (lower panel) all the Q(v) calculations have been performed at T scat =300 K.Figure 2. Total integral cross sections for the H 2 S-O 2 and H 2 S-N 2 systems as a function of the D 2 O molecular beam velocity. Continuous and dashed lines are calculations as described in the text.Figure 3. Spherically averaged interaction potential curves for the H 2 O-O 2 and H 2 O-N 2 systems. Open circles are spherically averaged values of the ab initio PESs[21,22] and dashed lines their ILJ fit curves (parameters in Table1).

	System	experimental	semi-empirical	ab initio
		ε (meV)	r m (Å)	ε (meV)	r m (Å)	ε (meV)	r m (Å)
	D 2 O -O 2	13.4	3.72	11.8	3.73	12.0	3.72
	D 2 O -N 2	13.7	3.73	11.7	3.75	11.9	3.81
	H 2 S -O 2	15.0	4.08	14.4	4.05		
	H 2 S -N 2	14.4	4.06	14.4	4.07		
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