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Abstract

New molecular beam scattering experiments have been performed to measure the total (elastic
plus inelastic) cross sections as a function of the velocity in collisions between water and hydrogen
sulfide projectile molecules and methane target. Measured data have been exploited to characterize
range and strength of the intermolecular interaction in such systems, which are of relevance since
driving the gas phase molecular dynamics and the clathrate formation. Complementary information
have been obtained by rotational spectra, recorded for the hydrogen sulfide-methane complex, with
a pulsed nozzle Fourier Transform Microwave Spectrometer. Extensive ab initio calculations have
been performed to rationalize all the experimental findings. The combination of experimental
and theoretical information established the ground for the understanding of the nature of the
interaction and allows to model its basic components, including charge transfer, in these weakly
bound systems. The intermolecular potential for HoS-CHy is significantly less anisotropic than that

for HyO-CHy, though both of them have potential minima that can be characterized as "hydrogen
bonded’.
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INTRODUCTION

The study of strength and range of the intermolecular interaction in weakly bond aggre-

gates or complexes, depending on the critical balance of chemical and physical contributions,
represents an important objective for the investigations of the static (equilibrium) and dy-
namic (non equilibrium) properties of matter, in gas and condensed phase [1]. The main
target is the understanding and the modeling of the weak intermolecular forces, as those
promoting the formation of the hydrogen bond [2, 3]. Experiments and theoretical calcu-
lations usually are performed on simple prototypical systems, in order to propose and test
models extensible to complexes of increasing complexity and larger applied interest.
The characterization of the interaction between molecules containing hydrogen atoms and
other chemical species covers, from a fundamental point of view, an important role regard-
ing the assessment of the relative contribution of the various interaction components, and is
also crucial for more tangible practical interests, as applications in the crystal engineering
field and in biochemistry [4-7]. In particular, intermolecular interactions of HoO and HyS
have attracted significant interest as the former was considered a prototype for 'directional’
hydrogen bonding and the later was assumed to have ’isotropic’ van der Waals interaction.
The recent advances in experimental and theoretical techniques have helped scientists ex-
plore very small scale 'anisotropy’ and also minute ’charge transfer’ leading to ’covalency
and intermolcular bonding’ in interactions between virtually any two atoms or molecules,
including inert gases such as argon [8-10], neon and even the lightest helium [11, 12].

Molecules, such as water, ammonia, and hydrogen sulfide attract considerable attention
in the context of several elementary processes even occurring in galaxies, interstellar clouds
and in hydrogen-rich atmospheres of heavy planets [13-15]. Therefore the possibility of for-
mation of weak intermolecular bonds proposes fundamental questions not only concerning
their stability, but also their role on the dynamics of gas phase energy transfer phenom-
ena. Moreover, now days, the study of systems formed by water and small nearly spherical
molecules, like methane and hydrogen, is assuming remarkable importance due to the pres-
ence of deposits of clathrates hydrates [4, 5, 16, 17], non-stochiometric compounds formed
by water cages and small guest gas molecules.

A full description of the nature of weak interactions requires a quantitative knowledge of

the balancing of their basic components, as the electrostatic, dispersion, induction, and size
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repulsion contributions. A special focus is on the role of the charge transfer (of chemical
nature) in stabilizing intermolecular bonds, which is challenging to separate from other ef-
fects [9]. Presently, it is well known that the ubiquitous van der Waals (vdW) interaction,
which for convenience is defined by us as the combination of size repulsion with dispersion
attraction, including small induction contributions, is almost exclusively depending on the
electronic polarizability of the interacting partners [18]. As previously, also in this study this
aspect has represented an important guide line in planning and performing experiments un-
der the same conditions for systems having similar vdW behavior, including that of interest
and some reference cases. The applied methodology has been crucial to discover similarities
and to isolate the role of the interaction components adding to vdW and providing further
stabilization effects. Therefore, the use of experiments, carried out under specific conditions
and combined to proper theoretical approaches [9], allowed us to underline in the investi-
gated systems the nature of the interaction, with a detailed evaluation of its strength and
of other specific features.
In the present paper, we focused our attention mostly on the water-CH, complex, for which
are present in literature several theoretical [19-23] and few experimental [22, 24] studies, and
on the HyS-CH, system [20, 22]. This investigation represents an extension of previous stud-
ies on water-noble gas (Ng) [25], water-Hy [26, 27] and hydrogen sulfide-Ng [28], hydrogen
sulfide-Hy systems [27]. As successfully applied in the past [9], our detailed study was per-
formed by combining high-resolution scattering experiments, conducted with the molecular
beam technique, with ab initio calculations made at the CCSD(T) level of theory, under-
lining the stereo-selectivity of the CT component, which emerges here in the perturbative
limit and exhibits an exponential decreasing with the intermolecular distance [9)].

Particular attention has been added to Ng-CH, systems, since taken as references in the
present investigation, for which the results of extensive experimental and theoretical studies
are available in literature [29-35]. Moreover, rotational spectra of CHy-HsS complex and
deuterated isotopologues have been measured in this work, providing additional information
and support to the discussion of the scattering and ab-initio data.

In the next section a brief description of the experimental techniques is reported, while
the parameterization of the interaction potential together with the scattering and spectro-
scopic data analysis are described in section 3, where also a phenomenological comparison

with reference systems is illustrated. The theoretical method and the results of the ab
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initio calculations, concerning basic features of the interaction, crucial to rationalize the

experimental findings, are discussed in section 4.

2. EXPERIMENTAL OVERVIEW AND DATA ANALYSIS
Molecular beam scattering experiments

Molecular Beam (MB) scattering experiments, performed in the thermal energy range,
provide an excellent tool to investigate systems that present weak interactions as basic fea-
tures driving the collisions. Detailed information about the absolute scale of the intermolec-
ular interaction potential in two body systems can be obtained by measuring scattering cross
sections and observing oscillating patterns due to quantum mechanical interference effects.
In fact, they can be considered finger prints showing how the fragments interact during the
formation of the collision complex. To reach these results, it is crucial to use an experi-
mental apparatus operating under high angular and velocity resolution conditions [36]. The
objective of the present study has been the measurement of the total (elastic plus inelastic)
integral cross section @(v) as a function of the selected MB velocity v.

High resolution MB scattering experiments, performed under the same conditions on the
system of interest and on properly chosen reference cases, allow observation and comparison
of quantum interference’s which are strictly related to similarities and to differences in the
strength of the interaction driving the colliding partners.

In the present investigation, the quantum interference, called “glory effect”, appears as an
oscillating pattern in the velocity dependence of the measured integral cross section Q(v).
Therefore, the analysis of the experimental observations represent an excellent tool to define
both the basic features of the interaction, in weakly bound systems including the possible
role of an extra stabilization due to perturbative charge transfer (CT) effects.

The apparatus used has been extensively described elsewhere [36, 37]. Briefly, the setup is
composed by a set of differentially pumped vacuum chambers where the MB is produced by
a gas expansion from a nozzle source, maintained at a constant temperature. For the present
experiments, it has been fixed at ~ 500 K in order to obtain rotationally hot molecules, to
avoid the formation of clusters and to reduce the quenching of the measured glory ampli-

tude [38], due to the interaction anisotropy [39]. Under the used conditions of temperature
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and pressure (less than 10 mbar), the MB is generated with near effusive or moderately
supersonic character. MB, collimated by two skimmers and a defining slit, is analyzed in
velocity by a mechanical selector made by six slotted disks. Projectile molecules (water
and hydrogen sulfide), flying at the selected MB velocity v, collide with the stationary tar-
get gas confined in the scattering chamber, and those not deflected by collisions are finally
detected by a quadrupole mass spectrometer, which is coupled with an ion counting elec-
tronics. In addition, the scattering chamber has been maintained at 90 K to take advantage
of the better resolution in the collision velocity, and has been filled with the gas target
at ~ 1072 — 10~* mbar.

The fundamental quantity measured at each selected velocity v is the MB attenuation I/1,:
I represents the MB intensity attenuated by the collisions with the target in the scattering
chamber and I, the full MB intensity. From the I/I, ratio measurement it is possible to

determine the integral cross section Q(v) through the Lambert-Beer law:

1 1

Qv) = —ﬁlogfo ) (1)

where N is the target gas density and L the effective path length of the scattering region [36].
The Q(v) data measured as a function of v, are often plotted as Q(v)v*° to emphasize the
resolved oscillatory pattern due to the “glory” quantum interference structure. As we will
discuss more in detail below such data provide detailed information on the absolute scale
of the intermolecular interaction, both in the potential well and at long-range [40]. For the
experiments with water beams, we have used DO instead of H,O to take advantage of a
smaller background signal at the detector. The present scattering cross sections of the iso-
topologue systems containing H,O and D,O, and the associated intermolecular intereactions,
are expected to differ negligibly [26].

The measured Q(v) are plotted in Figures 1 and 2. In Figure 1, the water-CHy cross sections
are compared with those of Oy-CHy, previously measured with the same apparatus under
the same conditions (i.e. using as target CHy in the scattering chamber at 90 K) [41, 42],
since Oy exhibits an average electronic polarizability « similar to that of water (see Table 1).
In the same Figure 2, present results for H,S-CH, are also reported to show the dependence
of the absolute Q)(v) values on the system. Further phenomenological information has been
provided by the comparison (given in Figure 2) of the present scattering data with those

previously measured by scattering a CHy MB by Ar and Xe targets. Indeed, Ar and Xe
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atoms, having electronic polarizability similar to that of water and hydrogen sulfide (see
Table 1), respectively, can be exploited to mimic the isotropic van der Waals behavior of

fast rotating water and hydrogen sulfide molecules.

Rotational spectroscopy experiments

The rotational spectra of CH4-HyS and its isotopomers were recorded with the home-
built Pulsed Nozzle Fourier Transform Microwave Spectrometer [43]. 1-2 % of CH4 and H,S
were seeded into argon and the mixture was expanded from a back pressure of 0.5 atm to
undergo supersonic expansion. At the pulsed nozzle, under the ambient conditions, due to
three body collisions, the complex of CH4 and HyS was formed. This sample was polarized
using a microwave pulse of duration 1.5 ps. 1000 shots of gas pulses were averaged to get
a reasonable signal to noise ratio. The signals were checked for the component dependence
by running the experiments in the absence of CH; and H,S and the signals did not appear
in the absence of either. To rule out any probability of the signal being dependent on the
carrier gas, Ar, the signals were again recorded with He as the carrier gas. All the signal
could be observed by using helium as a carrier gas, at a higher back pressure ( 1.2 atm).
HDS/D,S signals were observed by passing HaS through HDO /D,O. For this HyS was passed
through several bubblers placed sequentially which were filled with D,O. The identity of the
D,S signals were confirmed by passing HyS through a mixture of 50 % HyO/D,0O, which
diminished the CH4-DsS signals significantly because of the relative higher concentration
of HDS in the expansion. The relative increase in HDS concentration was confirmed by
monitoring the well known Ar-HDS and Ar-D,S signals [44]. The samples e.g. Ar (99.999
%), CH4 (99.9 %) and HsS (99.5 %) were obtained from Bhuruka Gases Ltd and were used
without any further purification. DyO (99.95 atom % D ) was obtained from Sigma-Aldrich.

3. DATA ANALYSIS
Collision cross sections

Measured Q(v) have been analyzed in order to extract the information on the strength

of the intermolecular interaction potential V' in a wide distance range. The model chosen to
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represent the dependence of V' on the intermolecular distance r, corresponds to the Improved

Lennard Jones (ILJ) function [40]:

-l (] e

n(r)y—m\ r ry—m\r
The parameter € represents the depth of the potential well, r,, is the equilibrium distance

and n(r) is defined as:

n(r) =8+ 4(—)2 (3)

T'm

where [ is a parameter related to the hardness of the colliding species and determines the
shape of the potential well. [ has been fixed to 9, the typical value for weak neutral-
neutral bonded systems (also used in other experiments [25, 27]), while m is equal to 6 [40].
It is relevant to note that the ILJ formulation provides a long range attraction constant
equal to £7,,°, whose value asymptotically reproduces the available ab initio dispersion
coefficients [45]. A generalization of the ILJ model that includes an angular dependence
of the interaction energy has been presented and validated elsewhere [30, 46, 47]. The
scattering cross sections have been calculated from the assumed V with the semiclassical
method in the center-of-mass (CM) framework (see Figure 3) and afterwards convoluted in
the laboratory frame for a direct comparison with the measured Q(v) [36]. Only the values
of r,, and € have been modified in order to obtain the fit of data. The main purpose has
been the proper rationalization of the absolute value of Q(v), which depends on the long
range attraction, and of the glory extrema position, related to the depth and position of
the potential well [40]. This is sufficient to extract information on the absolute scale of
V. It must be also emphasized that the reproduction of the glory amplitude, by using in
the calculations a simple radial potential, is possible only for systems with low interaction
anisotropy and involving fast rotating partners [25, 28, 38, 39]. Therefore the obtained
parameters provide a measure of the average binding energy and equilibrium distance for
the studied systems.

The final values € and r,,, that characterize the ILJ, are reported in Table 1, where are
also shown for comparison also the values predicted by the correlation formulas, exploiting
the polarizability aq of the species and including the induction effect due to the permanent

dipole of the water and HyS [18]. The obtained interaction of water-CHy is in the right scale
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of previous estimates coupling ab-initio data with information from experimental second
virial coefficients [23, 48].

In both D,O-CH, and H,S-CH,4 systems, the observed glory structure (see Figure 2) is well
described in frequency by the results of the simulations, so that the position of the maxima
and the minima is well reproduced in both systems, but it is a well evident quenching in
the amplitude oscillating pattern, especially in the water complex. The observed damping
has been attributed to the pronounced anisotropy of the interaction [11]. According to the
above observations and considering that the average (QQ(v) values are practically coincident
(within the experimental error) for DyO, O2, and Ar-CHy systems, the present findings [40]
confirm that the long range attraction is the same in all the three cases and of vdW type.
However, there is a evident shift at higher velocity of about 25% of the maxima and minima
extrema in the water case, as better emphasized by the calculated CM cross sections plotted
in Figure 3. In addition, while the O-CH, and Ar-CH,4 systems show a good agreement
between the experimental and the predicted values (see Table 1), D,O-CH, presents a value
of the depth of the well about 5 meV larger than the predicted one. Both the findings suggest
the occurrence of a further strongly stereo specific intermolecular bond stabilization adding
to vdW. This extra stabilization should be attributed to the occurrence of the average CT
effects. A different behavior in the absolute scale of the integral cross section Q(v) can be
emphasized by comparing the experimental data for DoO-CH, and HyS-CHy systems (see
Figure 2). Moreover, the direct comparison of HyS-CH, complex, done with Xe-CHy [29]
(the same absolute scale of Q(v)) (see Figure 2), confirms the vdW nature of the long range

Y

attraction. Such comparison shows again a partial quenching of the “glory” amplitude in
HyS-CHy, especially observable at higher v, accompanied by a less evident glory extrema
shift (see Figure 3). This evidence suggests the occurrence of a less efficient stabilization
due to CT. This findings is also corroborated by the smaller difference between experimental
and predicted values of the potential parameters (see Table 1), respect to the water-CHy

system.

Microwave spectrum

The first transition of the HyS—CHy complex was observed at 5365.827 MHz and total

of 10 transitions were observed [49]. The transition frequencies are given in Table 2 and
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the fitted constants in Table 3. The 10 transitions observed were assigned to three different
progressions and each progression could be fitted independently to a linear top. Fitting
of the lines in Progression I of the parent compound gave the rotational constant, B =
2683.097(1) MHz and the distortion constant, D; = 0.09390(7) MHz. Progression I and III
lines on fitting gave slightly smaller rotational constants, B=2638.2575 MHz and 2593.05
MHz respectively. However, the fitting led to negative values for the distortion constants
as, Dj = -0.5209 MHz for Progression II and D; = -0.0089 MHz for progression III. This
negative distortion constant implies rotational-vibrational coupling present in the molecule.
These two progressions arise from some excited internal rotor/torsional states. The rota-
tional constants for the isotopomers CH4~—HDS and CH4—D>S were also predicted from the
rotational constants of CH,~H,S and are reported elsewhere [49]. Some information can be
obtained form the analysis of the three progressions in the spectrum. The main conclusion is
that in the complex the monomers undergo internal rotation. The fact that the transitions
could be fitted to linear top indicates that the two monomers can be considered as two
interacting spheres. If it is so, then the monomers can undergo free rotation with respect
to the other. Therefore the microwave spectrum suggest that the intermolecular interaction
for the CH4—H,S is relatively isotropic. Considering CH4 and HsS as two spherical units,
the intermolecular separation can be calculated from the ground state rotational constant,
B. This comes out to be 4.13 Afor CH,~H,S. Similar values have been obtained for the
other isotopomers. This number is consistent with that obtained from the analysis ofi the
measured collision cross section (4.23 A, see Table 1). The spectroscopy experiment has
been performed with cold molecules and therefore, even if the complex is relatively floppy,
a restricted configuration space has been explored. On the other hand, the scattering data
provide a consistently slightly larger distance since hot molecules have been used and the
experiments probed the whole configurations of the complex.

The spectroscopic results on CH,;~H,S complex can be compared with similar literature
data on CH4~H20 [24]. In this case the analysis of the microwave spectra performed with
a simple internal-rotation models suggested that the CH4~H,O water interaction is more
anisotropic than that of Ar-HyO. For CH;~H50O complex, K = 1 lines could be assigned
whereas for the CH;~HsS complex K = 1 lines could not be assigned yet. This finding is
consistent with the scattering results. Moreover, the fit of the microwave spectrum provided

an equilibrium constant of 3.67 A, for the CH,~D,0 isotopomer which agrees nicely with
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the value of 3.77 A determined from the present scattering experiments on CH,~D,O
(see Table 1). Note the similar difference in the intermolecular separation determined from

spectroscopic and scattering experiments for both these complexes.

THE AB-INITIO INTERMOLECULAR INTERACTION ENERGY

The main purpose of the theoretical calculations have been: to define the most stable
configurations of the systems, to rationalize the differences in water-CH, and H,S-CHy,
with the Ar-CHy and Xe-CHy cases, respectively, and to confirm the vdW nature of the
intermolecular bond in Ar, Xe-CH, systems. Many ab-initio calculations of water methane
PES have been done in the past and has been reviewed in a recent paper of Bowman and

coworkers [50]. Much less information is available for the HyS-CHy case [22].

Computational details

The calculations of the energetic and structure of the CHy-HyX (with X=0,S) com-
plexes have been carried out at the coupled cluster level of theory [51, 52] with single,
double (CCSD) and perturbative triple excitations (CCSD(T)) using augmented correlation-
consistent polarized basis sets of increasing size (aug-cc-pVXZ, X= T, Q, 5) [53, 54]. The
program MOLPRO has been used throughout [55]. Weak intermolecular interactions, as
the present ones, leave the geometry of the monomers essentially unaffected. During the
geometry optimization of the aggregate, the two interacting molecules have thus been kept
rigid at their free equilibrium structure [56], being V' of the order of ten meV (few kJ/mol)
as maximum. The H-S distance was fixed at 1.33 A [27] and the H-S-H angle is 92.2 degrees,
while the H-O distance is 0.9716 A and H-O-H angle is 104.69 degrees [27]. For the CH,
molecule the H-C distance and the H-C-H angle are, respectively, 1.086 A [34] and 109.471
degrees. BSSE was not corrected in the geometry optimiation.

The analyzed structures of the complexes have been specified by five coordinates (Figure
4): one distance r and four angles a, 6, ¢, and . r is the module of the position vector,
7, and represents the distance of the center of mass (cm) of HoX molecule from the carbon
atom of the methane (origin of the coordinate system). « is the angle between the C,

symmetry axis of HyX and 7 (=0 and =180 correspond, respectively, to HoX pointing the

10



Page 11 of 34

Physical Chemistry Chemical Physics

methane molecule with the X atom or the two hydrogens), while 6, the angle between * and
the C3 methane symmetry axis (with =0, 55, 180 representing HyX pointing, respectively,
the vertex, the edge and face of CHy), indicates the revolution around the methane. ¢
corresponds to the dihedral angle between the HyX plane and the o, plane of CH,, containing
the C3 symmetry axis (¢=0, the HoX hydrogen atoms lying on the o, methane plane and
»=90 the hydrogen atoms are perpendicular to it and on the same side). Finally, § describes
the rotation angle of HyX around its Cy symmetry axis.

Four different minimum energy walks of the total Potential Energy Surface (PES), that can
be distinguished during the revolution of HoX around CHy (see Figure 6), have been studied.
Maintaining fixed ¢=0, three of such walks are identified as a=0, a=180 and a ~130 and
correspond to HoX approaching the methane pointing, respectively, with the X atom, and
having both hydrogen atoms and with only an hydrogen atom (specifically a=126.5 for the
water and 133.5 for HyS) lying on the o, CHy plane. The fourth path is called “Perp”, and
the revolution is done by imposing ¢=90.

We performed, finally, a full optimization of the intermolecular variables (the distance r and
the four angles «, 6, ¢, and () at the CCSD(T)/aug-cc-pVTZ level of theory for the most
relevant local minima points (see below), followed by single point (SP) calculations, over the
optimized geometries, by varying the basis set (aug-cc-pVQZ), and using the aug-cc-pV5Z

for some specific arrangements (see tables 4,5).

Results

For both the complexes, passing from the aug-cc-pVTZ to the aug-cc-pVQZ, the conver-
gence seems to be fast achieved for the corrected interaction energies E;,: pssp respect to
the uncorrected E;,; values. In fact, the difference is~ 4-5 meV for the uncorrected energies,
and ~ 1-2 meV for the corrected ones. For the HoO-CH, complex, the binding energy of
the global and secondary minima, without BSSE correction, agree very well (3.0 %) with
the CCSD(T)/CBS result of Ref. [23].

Some energy profiles for the CH;-HoO and CH4-H,S systems, corrected for BSSE [57], are
reported, in the upper and lower panels panels of Figure 6, respectively, as function of
the revolution angle 6 (from 0 to 360 in steps of 10 ). The panels of the Figure 7 show the

behavior of the optimized equilibrium distance (r.) values, in the four different arrangements,

11
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by maintaining fixed the angular variables during the revolution (see caption for details).
The results of the calculations, plotted in Figure 6, clearly indicate that for some specific
configurations the water shows a stronger interaction than the HyS (the energy range may
lower up to -40 meV against ca. -30 meV). In particular, the various cuts with CH, are
slightly different from each other, suggesting that in specific geometries the attractive com-
ponent at intermediate and short distance is more efficient for water respect to the hydrogen
sulfide. The first relevant point, focusing on the cuts at =0, is that for the water system
the most stable configuration is when the oxygen points the hydrogen of the methane (a=0,
¢=0), while for HyS when is perpendicular to the o, plane (a=0, »=90). This difference
may be sought to the different role of the stabilizing components. However, the most sta-
ble geometry shows the same configuration for both the systems, and occurs for =180,
when the hydrogen points the methane face (o ~130 and ¢=0). In the case of water such
configuration is stabilized very much respect to the other geometries, suggesting a proba-
ble pronounced role of the CT, but for HyS it results almost isoenergetic to that with the
hydrogen pointing the tetrahedral face («=180 and ¢=0).
As indicated above, in the global minimum geometry the HoX points the tetrahedral face of
the methane with an hydrogen atom (#=180), suggesting, in the case of water, the formation
of a more pronounced “hydrogen bond” structure [22]. For the water system, these two
minima configurations, i.e. the analyzed secondary minimum (#=0, a=0, $=0) and the
global minimum, are quite similar both in geometry and in energy to the ab-initio values
reported in literature [23, 48, 50, 58|.
Passing to # ~60, i.e. when HyX points the edge of the methane, the energies become
more negative, introducing a stronger interaction between the fragments, respect to 6=0,
and an increasing “hydrogen bond” character is shown in both systems. From these energy
effects and analyzing the PES’s cuts reported in Figure 6 for both CH4-HoX systems, it
is noticeable that the energy scale is different, indicating that the various components of
the interaction change their specific role, leading to a more pronounced anisotropy in the
water complex. Moreover, for a proper rationalization of the experimental findings, it is
necessary to evaluate the different strength of the interaction, and also is relevant to compare
the interaction anisotropy occurring in CHy4-HsX respect to that in the reference CH4-Ng
systems, for which has been observed a limited glory quenching.

We characterized the most relevant local minima, and the results of the optimized struc-

12



Page 13 of 34

Physical Chemistry Chemical Physics

tures, as the uncorrected/corrected interaction energies values and equilibrium distances 7,
obtained at the CCSD(T)/aug-cc-pVTZ level of theory for such basic arrangements, are

reported in Tables 4,5 for a proper comparison.

The anisotropy and stereo specificity of the interaction

In this section, the main focus is on the interaction anisotropy, in order to justify its different
role in the systems of interest and in the reference ones, and to rationalize the observation
of a pronounced quenching of the glory amplitude, especially in water-methane.

In Table VI are reported, for a direct comparison, the intermolecular features of the CH4-Ng
(with Ng=Ar,Xe) systems for 6= 0,55,180 (respectively, vertex, edge and face geometries)
arrangements, calculated at the CCSD(T) level of theory with different basis sets (aug-cc-
pVXZ for Ar and aug-cc-pVXZ-PP [59] for Xe, with X=T,Q,5). In the same Table are also
reported, for a comparison, the results predicted with the “atom-bond” model [30], useful to
describe the anisotropic vdW PESs. It is eye-catching that, passing from the aug-cc-pVTZ
to the aug-cc-pV5HZ basis set, the agreement with the experiment improves and the ab-initio
57 r. parameters, which represent the minimum position of the energy curves corrected for
the BSSE, get closer to the predicted values, while the predicted energies are mostly found
between the uncorrected E;,; and corrected E; psse energies. This comparison suggests
that it is necessary to use high and accurate basis sets to reach the predicted values, which
are in the proper scale of the experimental determinations [29].

For the CH4-HoX systems, the comparison of calculations with the phenomenological
potential, obtained from the analysis of the present experimental data (see previous sec-
tion and Table VI), is more complicated since the absolute scale of the probed interaction
is determined by the average over several configurations of the full configuration space.
Previous estimates of the PES and the effective average potentials have been present in
refs [23, 48, 50] and the overall agreement of the latter with the present experimental value
is acceptable. One should also consider that present ab-initio CCSD(T) calculations suggest
that calculated values converge towards the experimental ones as the size of the basis set
is increased. Moreover, as indicated above, the V4 component for the CHy-HoX (with
X=0,S) complexes, averaged over the HyX orientations, must be close to that of CHy-Ar

and CH4-Xe systems, because of the comparable polarizability (see Table 1) of water and

13
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hydrogen sulfide molecules with Ar and Xe atoms, respectively. Therefore, the comparison
of the cuts of the PES, evaluated at the same level of theory, should provide additional
information on nature and on different anisotropy of the interaction.

In Figure 7 is compared the behavior of the ab initio (CCSD(T)/aug-cc-pVTZ) revolution
paths (optimizing the intermolecular distance) of Ng atoms around the methane molecule
with that of CHy4-HyX, obtained following the minimum energy path (MEP), particular,
considered to represent a measure to the anisotropy in CH4-HyX cases. The revolution
reported was made from #= 0 to = 180 in step of 5 degrees for the Ng systems to better
emphasize the edge geometries. As described previously and as affirming in Figure 7, the
behavior of the interaction in the CHy-Xe/HsS systems is similar and explainable mostly
with a different role of stereo specific and anisotropic components, that lead to a further
stabilization. A most significant role is mainly expected when H,S points the methane edge
and face with an hydrogen atom (6 ~ 60, 180). This geometry has been interpreted as
the S-H—C hydrogen bonded earlier [22] On the other hand, analyzing the CHy-Ar/H50
systems, it is very clear that the two methane partners interact very differently. In fact,
with the water molecule, the energy oscillation is more evident and, as noticeable from
the experiments, the CT can play, in addition to the induction, a more pronounced role
compared to the case of HyS. Since such component must be stereo selective, it strongly
affects the interaction anisotropy, lowering very much the energies in specific geometries, as
the vertex, edge and face of the methane respect to the Ar partner. All these suggestions,
obtained from a direct analysis of the PES’s cuts, fully justify the experimental observation
of a pronounced glory amplitude quenching observable in both CH,;-H5X systems and more
evident in CHy-water case.

The above results and discussion have been recently substantiated [60] by an extensive
analysis of the Charge Displacement (CD) function [9] carried out for all the above stud-
ied systems and including also the CH4-Ng (Ng=Ar,Xe) complexes. This analysis shaded
light onto, and also quantified, the electron density rearrangement, due to both polarization
and charge transfer, taking place upon the formation of the intermolecular complexes. In
particular, the analysis of the CH4-Ng (Ng=Ar,Xe) complexes suggested that here the in-
teraction arises from the balance of size repulsion with dispersion attraction (V,qw ). Since
electrostatic contributions are absent, this analysis evidenced that also induction and CT

components are negligible for the CH,-Ng complexes. This is confirmed by the behavior of
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the CD function, which exhibits only a small electron polarization effect on the Ng atom,
due to presence of the permanent electric octupole moment on CHy.

In addition, as expected, the strenght of the electric dipole induced on Ng has been
found to decrease as r~° (more details are given in ref. [60]). The same analysis performed
on CH4-H,X complexes suggests that electrostatic, induction and CT components increase
in importance with respect to CH4-Ng systems, requiring a detailed description and a more
complex modeling of the intermolecular interaction. The first difference with respect to the
CH,4-Ng systems is related to the permanent electric dipole moment of the HoX molecules
which induces a significant distortion of the electronic distribution of methane, with an
evident polarization in all the basic geometries of the aggregates, and an effect of induction
on the involved total intermolecular potential V.

Moreover, it has been found (see ref. [60] for details) that the contribution of CT to
the interaction between HyX and methane is not-negligible and follows a similar pattern in
the two HoX-CH, systems investigated, even if with different magnitudes. Water acts as a
more efficient donor and electron acceptor with respect to HsS, manifesting already in this
perturbative limit its more pronounced acid and basic character [27]. This is in a agreement
with the experimental observations of a different glory quenching and shifting and with the
modifications in the microwave spectra for the two intermolecular complexes. Since the role
of CT is so evident and important, a monitoring of its falloff with the distance has been
performed and resulted consistently in an exponential decreasing behavior [9, 60].

Finally, a more detailed analysis has been carried out for a specific configuration (vertex)
of the CH4-H50 system along the o« = 0 revolution walk (see Fig. 4). Herein, the various
interaction components have been properly modelled according to semiempirical and empir-
ical formulas, and the predicted energies have been compared with the ab-initio CCSD(T)
and DFT-SAPT results. This effort represents an important probe of proposed potential
models which is suitable for extension to systems at increasing complexity.

Accordingly, the total interaction potential V' has been defined as a balance of few ef-
fective components: size repulsion, combined with dispersion attraction, represented as a
sum of atom—-bond contributions [30], each of one defined by an ILJ function; the induction
associated to the permament dipole-molecular bond contributions, each one proportional to
w2 ac_g 7% where p, is the water dipole and ac_ g the polarizability of the C-H bond; the

stabilization due to CT, that has been considered as proportional to the amount of electron
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transfer, evaluated at the isodensity point of the CD curves between the two fragments (see
ref. [60]); the electrostatic term, arising from the Coulomb interaction between the charges
on the molecular frames responsible of the permanent methane octupole moment and the
permanent water dipole. The latter interaction component has been assumed to decay pro-
portionally to 7= at large r. The proportionality between CT and stabilization energy and
their exponential decreasing with r has been fully demonstrated by us and by many other
authors for both the weak intermolecular hydrogen and halogen bondings [9, 61-63].

All the contributions have been added to obtain V. The proposed potential model pro-
vides a reasonable reproduction of ab-initio interaction energy cut (CCSD(T)/aug-cc-pVQZ
corrected for the BSSE [57]), both in the well depth value (model: -29.8 meV, ab-initio: -28.0
meV) and in the equilibrium distance position (model: 3.82 A, ab-initio: 3.80 A). Note that
the difference between the model and the ab-initio (not corrected for the BSSE: -30.5 meV)
is of the order of the BSSE [57] correction (~ 2 meV). The DFT-SAPT calculations, with
the same aug-cc-pVQZ basis set, provided results coincident with CCSD(T).

A benefit of this approach is the possibility to estimate the relative role of the main
interaction components in a wide intermolecular distance range. For the examined case, the
major relative role at the equilibrium distance has been found for the dispersion component
which accounted for ~ 55 % of the total stabilising energy (see also ref. [23]). Induction,
electrostatic and CT terms played a minor, but still significant, role since contributing to 8,
23 and 14 % of the total interaction, respectively. Such results can be compared with those
from the DFT-SAPT decomposition, as shown in Table VII.

In particular, it is evident that the results from the present approach and those from
the DFT-SAPT method are consistent for the total energy, while some of the partitioned
components appear to be method dependent. Specifically, while the dispersion and induc-
tion attractions obtained by the DFT-SAPT decomposition (46 % and 9 % respectively
of the global stabilisation energy, respectively) are in a substantial agreement with those
of the present approach (see above), the major differences (see Table VII) appear in the
values of the size repulsion (exchange-repulsion in SAPT) and of the electrostatic term. As
discussed above, in our approach the electrostatic component has been estimated by using
the semiempirical formula based on the permanent dipole and permanent octupole moment
of the interacting molecules. This formula is appropriate for intermolecular distances larger

than the molecular dimensions. At shorter distances, it can lead to an underestimation of
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electrostatic energy. In addition, size repulsion and dispersion attraction components have
been obtained by extending to anisotropic systems the ILJ potential model adopted in the
fitting of the experimental data. In the SAPT decomposition, the dispersion attraction is
provided by the second order correction. The exchange repulsion and the electrostatic term
are both obtained by the first order perturbation theory even at short distances, where sub-
stantial overlap effects occur. It is a challenging task and it can be not accurate. However,
it is important to note that the sum of size repulsion (exchange-repulsion) with electro-
static terms is very similar for ours and SAPT methodologies (14.6 meV and 17.3 meV,
respectively) suggesting a possible compensation of the effects.

The CT energy obtained by us from the charge displacement analysis is independent from
any definition of electrostatic or size repulsion energies. Indeed, it has been demonstrated
that such an analysis is valid and accurate for many systems where the electrostatic term
is null [9]. Furthermore, standard SAPT calculations cannot provide direct information on
CT energy, which is normally absorbed into other terms (essentially in induction attraction)
[63]. Tt is noteworthy to note that the CT energy we have determined is fully consistent
with that one can estimate using a recently proposed procedure based on a modification of

SAPT methodology [9, 63].

CONCLUSIONS

New experiments involving water and hydrogen sulfide molecular beams scattered by
methane target have been performed to measure the total (elastic plus inelastic) integral
cross section as a function of the beam velocity. Complementary information have been
obtained by rotational spectra, recorded for the hydrogen sulfide-methane complex, with a
pulsed nozzle Fourier transform microwave spectrometer. The objective of this investiga-
tion has been the characterization of range, strength and anisotropy of the intermolecular
potential in water, hydrogen sulfide-methane, which are important complexes, especially for
their technological applications (clathrates hydrates). Measured data have been compared
with those previously obtained by using the same experimental methodology for some refer-
ence systems, containing methane and the other partner, chosen according to similar value
of the electronic polarizability (the fundamental physical property defining size repulsion,

dispersion and induction attraction) of water and hydrogen sulfide, respectively.
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Specifically, water-CHy has been compared with Ar,0,-CH,, while H,S-CH, with Xe-CHy.
The comparison suggested that, while the long range attraction in water-CH, is practically
the same as in Ar,05-CHy, at intermediate and short distances the intermolecular potential
exhibits a different strength and a more pronounced interaction anisotropy respect to the
reference systems.

A similar situation occurs for HoS-CHy respect to Xe-CHy, although in the intermediate
region the difference is less pronounced compared to the previous cases. Clearly, though the
intermolecular potentials in both cases show anisotropy, it is more marked in the case of
CH4-H,O compared to that for CH4-H,S.

Extensive ab initio calculations have been performed to rationalize all the experimental
findings. The obtained results have been exploited also to perform important tests of the
theoretical methods, usually applied to evaluate weak intermolecular potentials. Moreover,
such results represent an important starting point to understand the relative role of the an
important interaction component, as the charge transfer, whose stereo specificity can affect
substantially the topology of the full potential energy surface and, as a consequence, the

control of the molecular dynamics, both in gas and condensed phases.
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TABLE I: Well depth € (meV) and equilibrium distance 7, (A) for the DoO-CHy4, HyS-CHy, Oo-
CH,4 and Xe-CHy systems. The predicted results, obtained with the correlation formulas [18], are

reported as references[18, 25]. The average polarizabilities o (A®) of the various X partners in the

X-CHy system are also reported [45].

experimental predicted

system X-CHy ¢ I'm e Iy, oX)
D20-CHy 17.50 3.77 13.18 3.87 1.47
02-CHy 13.90 3.89 12.99 3.92 1.60
Ar-CHy 14.04 3.88 12.87 3.95 1.64
H»S-CHy 18.50 4.23 17.36 4.16 3.78
Xe-CHy 18.50 4.31 19.16 4.19 4.04
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TABLE II: Experimentally observed rotational transitions (MHz) of CH4~H2S complex.

progression I  progression II  progression III

J1co 5365.827 5186.105a
Jac1 10729.387 10583.405 10372.485
Jsa  16088.437 15870.149 15559.236
Jacs  21440.744 21244.323

23



Physical Chemistry Chemical Physics Page 24 of 34

TABLE III: Fitted Rotational Constant (B), Distortion Constant (D) (MHz) for CH4—H2S com-

plex
Progression I Progression II Progression II1
B 2683.097(1) 2638.2575 2593.05(1)
Dy 0.09390(7) -0.5209 -0.0089(7)
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TABLE IV: Optimized intermolecular variables (interaction energies E;y,;, equilibrium distances
re and four angles «, 6, ¢, and () of the CH4-HyO complexes at the CCSD(T)/aug-cc-pVTZ
level of theory for the different revolution paths minima (See Text). The results of single point
calculations (SP), done over the full optimized geometries by using different basis set (aug-cc-pVXZ,

with X=Q,5), are shown.

basis r (A) [ o 1) B Eint (meV) Eipt psse (meV)

TZ 3.74 0.0 0.0 0.0 180.0 -34.0 -26.5
QZ -30.6 -27.8
57 -29.21 -28.23
TZ 3.80 0.0 0.0 90.0180.0 -28.8 -19.6
QZ -23.83 -20.70
52

TZ 3.70 53.4 123.1 0.0 180.0  -40.3 -30.2
QZ -35.1 -31.5
52

TZ 3.46 180.00 126.5 0.0 180.0  -51.3 -39.2
QZ 45.8 41.1
57 0.0 -43.51 -41.64
TZ 3.48 189.8 180.0 0.0 180.0  -34.8 27.7
QZ -32.5 -29.4
57 -30.93 -29.84
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TABLE V: Optimized intermolecular variables (interaction energies E;,;, equilibrium distances r,

and four angles «, 0, ¢, and () of the CH4-H2S complexes at the CCSD(T)/aug-cc-pVTZ level of

theory for the different revolution paths minima (See Text). The results of single point calculations

(SP), done over the full optimized geometries by using different basis set (aug-cc-pVXZ, with

X=Q,5), are shown.

basis r (A) [ o 1) B Eint (meV) Eipt psse (meV)

TZ
QZ
57
TZ
QZ
57
TZ
QZ
52
TZ
Qz
52
TZ
Qz
52

427 0.0 0.0 0.0 180.0

430 0.0 0.0 90.0 180.0

4.23 55.5 132.7 0.0 180.0

4.02 180.00 127.6 0.0 180.0

3.88 190.1 180.0 0.0 180.0

-22.7
-17.7
-17.00
-27.2
-22.9

-31.3
-26.8

-40.7
-36.1

-39.0
-35.0

-14.6
-15.5
-15.71
-18.6
-19.7

-21.9
-23.1

-30.4
-31.9

-29.9
-31.7
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TABLE VI: Comparison, between the features of three relevant cuts of the PES’s: the binding
energies corrected Ei pssp (meV) and not E;py (meV) for the BSSE, and the equilibrium distance
(rer (A)) for the CHy-Ng (with Ng=Ar,Xe) complexes evaluated at the CCSD(T) level with different
basis sets (aug-cc-pVXZ, with Z=T,Q,5) and the values predicted by the “atom bond” model [30]
(Pred.). The 7o values correspond to the minimum position of the energy curves corrected for the

BSSE.

System Source 6=0 0=>55 0=180

Ter  Eint Bint,Bsse Te  Eint Eint,Bsse Te B Eint,Bsse

CHy-Ar TZ 4.30-15.82 -9.55 4.00 -17.45 -12.12  3.70 -21.86 -14.88
QZ 4.20-13.28 -10.36  3.90 -16.01 -13.41  3.70 -19.59 -16.46
5Z  4.20-12.70 -10.64 3.90 -15.75 -13.87 3.70 -19.18 -17.00

Pred. 4.18 -10.50 3.85 -15.70 3.77 -17.20

CHy-Xe TZ 4.60-19.88 -13.31 4.30-22.12 -16.25 4.10 -26.66 -19.65
QZ 4.6 -16.63 -14.46  4.20 -20.32 -17.93 4.00 -24.59 -21.75
572  4.60 -15.86 -14.78 4.20-19.71 -18.55 4.00 -23.85 -22.53

Pred. 4.47-15.01 4.14 -22.56 4.05 -24.11
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TABLE VII: The interaction components, in meV, are indicated according to the formulation of our model

(see text) and to the DFT-SAPT decomposition scheme (see [64])

present DFT-SAPT /aug-cc-pvQZ

Size Repulsion 28.1 Exchange Repulsion (E(l) Bxch.) 47.9
Dispersion -31.9 Dispersion (E® p;sp +E® pren_pisp.) -34.7

Induction -4.64  Induction (E® 1,4 +E® goon_rna.) -7.30

Electrostatic -13.5 Electrostatic E(l)elst. -30.6
cr -7 -

- ogr -3.30

Total energy -29.8 Total energy -28.0
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FIG. 1: Integral cross sections Q(v), plotted as a function of the selected MB velocity v, for the HyS-CHy,

D>0O-CHy, and O5-CHy4 systems.
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FIG. 2: Integral cross sections Q(v) for the X-CHy systems. Data are plotted as Q(v) v?/ [40] to emphasize
the glory patterns. Upper panel: comparison between Ar-CHy, Oo-CH, and Dy;O-CHy. Lower panel:

comparison between Xe-CH4 and HyS-CHy.
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FIG. 3: Comparison of the integral cross section calculated in the frame of the CM to well emphasize
and underline the glory shift between the systems. Upper panel: comparison between Ar-CHy, Ar-Kr and

D50O-CHy. Lower panel: comparison between Xe-CHy, Xe-Kr and HyS-CHy.
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FIG. 4: Sketch of the coordinate system adopted in the present work. All the atoms are confined in the
two planes except hydrogens 3 (above the plane) and 4 (below the plane). 6 is the angle between r and the

CH; bond.
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FIG. 5: CCSD(T)/aug-cc-pVTZ interaction energies E;,; as a function of the orientation angle 6 in the

a=0, =180, =133, and Perp arrangements (see text) for the CH4-H2O (upper panel) and CH4-HoS (lower

panel) system. The values of E;;,; are corrected for BSSE.

32



Page 33 of 34 Physical Chemistry Chemical Physics

H,0-CH, Optimized R

5 T
45 1
[} .. ]
b LA L4
° o ®
®-0 2% : o9
o sl i o . i
« o k4 (] »
'..-00'!‘:"%:00...00‘ o®. :_.o-..“
900004500700 0.9000 i o-® - ‘°-@ o ..001-0
-0 it ALY ‘e ;
° ': :: 3"3"' TP &
35 ‘o g . §¢ ]
Q=0 ------
0=126.5 ------
Perp ------
180 ------
3 Il Il Il Il Il Il
0 50 100 150 200 250 300 350
0, degrees
H,S-CH, Optimized R
5 T
[ 39 ’.,a ° o?
) . ] [}
45 L} . [) ¢ E
[ 2P g 00 'Y ]
P SN .
$s Tes co g .:'8"“:":.‘\ o0 o? :3 $
eteete EX A s N A
< al (X3 e &g e g 2 ".'Q ' |
o v gt e, 0
e3¢ L R
35 1
. . . . . .

100 150 200 250 300 350
0, degrees

FIG. 6: Behavior of the optimized equilibrium distance 7. (A) at the CCSD(T)/aug-cc-pVTZ level of

theory as a function of the orientation angle 6 in the =0, =180, «=133, and Perp arrangements (see text)

for the CH4-H2O (upper panel) and CHy4-HoS (lower panel) system.
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FIG. 7: Comparison between the CCSD(T)/aug-cc-pVTZ interaction energies E;,; as a function of the
orientation angle 6 for the CHy-Ng and the minimum energy path (MEP), obtained by taking the lower cuts
in Figure 6, for CH4-HoX systems. Since they have a comparable polarizability (see Table I), in the upper
panel are compared CHs-Ar/H0 and in the lower panel CHy-Xe/HsS. The values of E;,,; are corrected for

BSSE.
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