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Abstract The adsorption of small charged and neutral mole-
cules on silica supports was modelled using perturbative post-
Hartree—Fock quantum chemical methods (MP2 and MP4).
The simplest spherosiloxane compound (H4Si4Og¢) was used
to mimic the surface while several molecules (namely CHy,
NHI, NH3, OH;r and H;r) were considered as adsorbed spe-
cies. Direct sticking of the molecules on one of the (Si-O)3
ring leads to very different binding energies for cations (more
than 11 kcal/mol) and neutral molecules (a few kcal/mol).
These results indicate a dominant strong ion—multipole inter-
action for the first ones and a weak dispersion-type interaction
for the latter. If the spherosiloxane cluster is screened by a
mantle of accreted dust as it is the case in interstellar environ-
ment, the value of the binding energies, computed using the
continuum dielectric theory, are predicted to be significantly
reduced.

Keywords Adsorption - Silica surfaces - Spherosiloxane -
Modelling - MP2

1 Introduction

Surface adsorption of molecular species is a prerequisite
for various chemical processes, either directly in catalytic
reactions or indirectly to convey molecules (reactants). In
this work, theoretical calculations concerning the sticking
of simple compounds on a silica support are presented. The
background for this study was the understanding of some
molecular processes occurring in astrophysics. It has been
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repeatedly stated that building up complex chemical species
from smaller units cannot be explained not only by gas-phase
reactions at very low pressure and temperature, but also in-
volves chemical reactions assisted by interstellar dust grains
(for recent surveys and references see reference [1]). The
surface adsorption of precursors is currently invoked, using
crude models of grains composed of refractory materials,
such as silicates, surrounded by a porous mantle of dust of
various chemical nature (ice, charcoals, etc.)[2,3]. Once a
suitable model of the dust grain has been proposed on the
basis of the experimental indications, the surface adsorption
of molecular species can be then studied.

Adsorption on grain surfaces is interpreted in terms of
weak physical phenomenon if the London component of van
der Waals forces dominates the energy balance, or in terms of
stronger chemical effect if Keesom—Debye attractive forces
play a major role.

In order to consider adsorption, there are several possi-
bilities for quantum-mechanical treatments: the super-mol-
ecule technique, simulating total adsorption complex by an
appropriate finite cluster, the embedded-molecule technique,
using an infinite periodic lattice and various composite meth-
odologies using different theoretical level of description for
different parts of the total system [4]. In any case, electron
correlation has to be included, which causes computational
difficulties for an (in principle) infinite number of electrons
[5-7]. As already done in previous investigations concerning
the adsorption on pregraphitic surfaces [8] we have preferred
the super-molecule approach, considering one of the (Si—O)3
rings of spherosiloxanes as a model of the surface.

Molecules belonging to the siloxane family, (XSiO3,2)2,
(n = 2,3,4,...X = H, OR, halogens...), have been al-
ready suggested as models of silica surfaces [9,10]. The
mechanism of formation of these compounds has been the-
oretically studied at the semi-empirical level [11], and the
properties of their hydroxyl derivatives (silicic acids) have
been computed by density functional theory (DFT) [12]. Here
the simplest spherosiloxsane, namely the tetrahydrido-sils-
esquioxane (n = 2, X = H), whose very symmetrical cage-
like structure —7T;— includes the minimal number of border
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Fig. 1 Schematic drawn of the H4Si4Og¢ spherosiloxane: fop (left) and side (right) view. Oxygen atoms in red, silicon atoms in cyan

atoms instead of dangling bonds (Fig. 1), was used. This
small model already provides meaningful information on the
absorption phenomena [9] and its size allows for the use of
correlated electronic methods, quite expensive in terms of
computer resources. Indeed, such methods are mandatory for
accurate study of weak (e.g. van der Waals) interactions [8].
Adsorption of molecules on spherosiloxane was studied
for the following species: OH;F, NH3, NHI, CHy, H3+ . In
addition to their intrinsic interest as building-blocks for larger
compounds [13], these molecules possess a threefold axial
symmetry that allows for an easy symmetry-based docking
of three hydrogens of the molecules with the spherosiloxane.
As a consequence, the interaction energy should be maxi-
mized for this conformation with respect to other kind of
approaches (i.e. through a —O - - - H-N hydrogen bond)

2 Computational details

In most of the cases, the calculations were performed at the
MP2 level including both core and valence electrons (i.e.
full-MP2) using the Gaussian 98 and 03 [14] programs pack-
ages. Only the evaluation of zero-point vibrational energies
corrections was done at the HF level.

A modified (enlarged) 6-311G basis set was used for all
atoms. In particular, polarization and special semi-diffuse
functions were added. The latter were selected variationally
by maximizing the electric polarizability tensors of corre-
sponding hydrides [15], a procedure recognized very effec-
tive for van der Waals energy calculations as early as the
1960s [16]. The values of polarization and semi-diffuse func-
tion’s exponents for the various atoms are given in Appendix.

The structure of all isolated species was fully optimized
at the MP2 level and kept provisionally frozen. Then the
distance between the two moieties was varied and the bind-
ing energy obtained in this way was corrected from basis
set superposition errors (BSSE) using the usual counterpoise
procedure [17].

Additional calculations were performed in order to dis-
cuss the validity of our predictions concerning the magnitude
of the adsorption energies computed for the siloxanes. These

calculations include complete geometry optimizations at the
MP2 level, MP4 calculations at frozen molecular MP2 struc-
ture and an estimation of dielectric screening effects from
interstellar dust accreted on silica structures (see discussion
below). Molekel [18] and GaussView [19] packages were
used for the visualization of the results.

3 Results and discussion

The geometrical parameters of our basic model (A = Hy4Siyg
Og) optimized at the MP2 level are consistent with the bond
lengths derived from inelastic neutron scattering of various
spherosiloxanes: d(Si-H)=1.454 A and d(Si-0)=1.674 A as
compared to d(Si-H)=1.48 Aand d(Si-0)=1.62 A experimen-
tally [20]. Those of the hydrides used as adsorbed species are
very close to the standard values reported in literature (for
instance d(O*-H)=0.981 A and d(N-H)=1.014 A).

Starting from optimized geometries at the MP2 level for
the isolated fragments, different rigid approaches of the spe-
cies B (B = OH7, NH3, NH;, CHy, H) to the siloxane (A)
could be envisaged. Here we limited ourselves to the study
of a “parallel” approach between the plane containing three
symmetry equivalent H atoms of B and one of the faces of
siloxane (A). This approach is more adapted than a one-site
approach to describe the sticking process on siloxane since
the concerted interaction with the three hydrogens is, from an
energetic point of view, more convenient that a hypothetical
single hydrogen bond to a Si—O-Si group. However, there are
several possibilities of “parallel” binding: towards the silicon
or the oxygens of A (Fig. 2a, b, respectively), or on a Si-O
bond (Fig. 2c). In addition, for species like OH;r and NH;3
we could imagine also an “inverted-parallel” approach sim-
ply by inverting the three bonds formed by the central atom
of B in a pyramidal fashion.

All these type’s conformations have been investigated in
the rigid-approach picture; that is varying the intermolecular
distance d(A-B) without relaxing the internal geometrical
parameters of A and B. This approximation should be cor-
rect if the interaction energy in the complex is not too large,



Theoretical study of sticking processes on molecular models of silica surfaces

381

Fig. 2 Different absorption modes of C3 symmetric species (depicted as black line) on the spherosiloxane cage: (a) on silicon atoms (SphSizp)

(b) on oxygen atoms (SphO3p;;) (¢) on the Si—O bonds (SphSiOpona)

which is the case of neutral species, but not necessarily for
ions, as discussed below.

In this scan procedure where only intermolecular dis-
tances d(A-B) are varied, we assume that the relaxation of
the geometrical parameters of A and B moieties is negligible,
as already found on similar weak complexes [21]

The “parallel” type of approach described above may
be considered as preferential on the basis of simple electro-
static arguments. In fact, the computed electrostatic potential,
reported in Fig. 3, shows that the oxygen atoms are the most
probable sites for an electrophilic approach (most negative
electrostatic potential) while the silicon atoms should be the
preferential sites for a nucleophilic attack.

The adsorption energies reported in Table 1 indicate that
the bonding of molecule B to the oxygens of the siloxane A
through its hydrogen in a parallel way gives always the most
stable structure. With respect to this arrangement, the val-
ues obtained in the case of an “inverted-parallel” approach
are significantly reduced, from 0.78 to 0.11 kcal/mol for NH3
and from 16.3to 6.44 kcal/mol for OH;

Our results can be summarized as follows: clearly, sur-
face adsorption of cations (binding energy in the range 6.44—
21.04 kcal/mol) is a stronger interaction than that of neutral
molecules (binding energy in the range 0.11-0.91 kcal/mol).
The former is ruled by charge—multipole type interactions,
while the latter by a weak interaction of dispersion type. A

similar behaviour is computed for the PAHs and benzene
itself (19.5 and 1.1kcal/mol, including BSSE corrections
for a coplanar approach of three hydrogens of OH3+ and
NH3;, respectively, towards carbons). Furthermore, the mag-
nitude of the binding energies of cations, especially HY , with
spherosiloxane suggests that silicates are adsorption supports
almost as efficient as carboneous compounds. In contrast, the
almost zero values obtained for the binding energy of neutral
systems after ZPVE corrections (of the order of 0.4 kcal/mol
for the methane—siloxane complex) suggest that the forma-
tion of such species is possible only at very low-temperature
conditions, as in the case of non-ionized PAHs [8].

The numerical similitude of the values reported above
for non-corrected and BSSE-corrected interaction energies
of OH;r and NH3 with those mentioned above for adsorp-
tion on benzene suggests that the energy lowering especially
strong obtained for ions should have a—so to speak —common
origin, namely a charge—multipole attraction, well known in
the case of aromatics by the name of cation—m interaction
[22]. Here, the role of the aromatic sextet is played by three
oxygen doublets located on the adsorption face of spher-
osiloxane. In fact, the highest occupied molecular orbitals
(HOMOs) of the spherosiloxane, shown in Fig. 3, are a set of
three degenerate molecular orbitals (T, symmetry) resulting
from an in-phase linear combination of p orbitals centred on
oxygen atoms. Most probably, the small decrease in binding
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Fig. 3 Computed electrostatic potential mapped on an isodensity surface (isovalue 0.02 A) of the siloxane

energy with respect to benzene (19.5 kcal/mol with respect to
16.3 kcal/mol in case of the absorption of OH;) arises from
the fact that the three axes of the localized orbitals describing
electron pairs on oxygens are not exactly directed along the
normal of the adsorption plane. Assuming a rule in cos?6 1
for the ratio benzene/siloxane interaction energies computed
for OHY, we find 24°4’, not too far from 19°5’ in the case of
tetrahedral lone-pairs.

To check the accuracy of the MP2 binding energies
reported above, additional calculations were performed for
the NH3z and OH;r adducts with siloxane, using a somewhat
reduced basis set (6—31 G(d,p)). First the stability of our MP2
values has been verified by comparing them to those obtained
for the preceding intermolecular distances (2.39 A. for OH;r
and 3.27 Afor NH3), using MP4 treatments reduced to va-
lence molecular orbitals.

The adsorption energies remain remarkably stable when
going from MP2 to MP4. In the case of the OH;r species we
compute a BSSE-corrected binding energy equal to 13.23,
13.22 and 13.21kcal/mol for full-MP2, valence-MP2 and
valence-MP4, respectively. At the same level of theory the
NH3 species is found to have practically zero binding energy.

Next, the C3, symmetric structures of both adduct were
fully optimized at MP2 level. The behaviour of the strong
complex formed by the OH;r ion is different from that of the
weak adduct formed by NH3. In fact, no appreciable change
in interaction energy is found for the neutral species while the
charged complex with OH;r is stabilized (up to 22 kcal/mol
when using the reduced 6-31G(d,p) basis). So we can ex-
pect that structural relaxation will induce a significant energy
increase only in the case of cations.

Charge distributions computed from NBO analyses [23]
lead us to an interesting comparison between the two types
of complexes. In the case of the ionized compound formed
by OH;F, the formal charge +1 of the ligand is somewhat

reduced, both at the SCF level including electrostatic,
polarization and exchange effect [24], and at the MP2 level
involving additional dispersion contributions, namely, a de-
crease of 0.036 le™ | and 0.059 le™ | for HF and MP2 calcula-
tions, respectively. On the other hand, in the weakly bonded
complex formed by neutral ammonia, there is only a very
small transfer of electron giving a very slightly positive frag-
ment NH3 (i.e. a charge of 0.002 or 0.005, respectively).
Last, therole of the dust mantle accreted on grains in inter-
stellar conditions was tentatively taken into account accord-
ing to the primitive picture of a dielectric continuum as often
used in astrophysics to model light extinction irrespective

Table 1 Computed intermolecular distances (da—p in A), MP2 binding
energies (in kcal/mol) and basis set superposition errors (BSSE)-cor-
rected MP2 binding energies (in kcal/mol) of spherosiloxane complexes
in vacuum

da—B AE AEBssg
Cations
B: OHf
SphO3par 2.39 19.19 16.13
SphSizpar 3.23 12.02 9.70
SphO3perp 256 8.76 6.44
B: NH}
SphO3par 2.58 14.45 11.74
SphSizpar 3.34 10.08 8.12
B: HY
SphO3par 2.72 23.40 21.04
SphSi3par 3.50 17.27 15.46
Neutral
B: NH;
SphO3par 3.27 2.34 0.78
SphSizpar 4.05 1.66 0.35
SphO3perp 3.19 1.49 0.11
B: CHy4
SphO3par 3.30 2.57 0.91
SphSizpar 3.83 2.19 0.52
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Table 2 Computed intermolecular distances (da—p in A), MP2 binding energies (in kcal/mol) and BSSE-corrected MP2 binding energies (in

kcal/mol) of spherosiloxane complexes in vacuum and in PCM.

OHf NH3
da—B AE AEgssg da—B AE AEgssg

Vacuum/vacuum? 2.39 19.19 16.13 Vacuum/vacuum? 3.27 2.34 0.78
D=143 D=143

Vacuum/PCM? 2.39 10.87 7.81 Vacuum/PCM? 3.27 1.91 0.36

PCM/PCM¢ 241 10.90 7.91 PCM/PCM¢ No binding
D=2.25 D=2.25

Vacuum/PCM? 2.39 3.47 0.41 Vacuum/PCM? 3.27 1.40 <0

PCM/PCM¢ 2.69 4.10 1.81 PCM/PCM¢ No binding
D=24.55 D=124.55

Vacuum/PCM? 2.39 —5.62 <0 Vacuum/PCM? 3.27 <0 <0

¢ Intermolecular distance optimized in vacuum, binding energy computed in vacuum
b Intermolecular distance optimized in vacuum, binding energy computed in PCM
¢ Intermolecular distance optimized in PCM, binding energy computed in PCM

Fig. 4 Isovalue representation (contour value 0.05 A) of the three degenerate highest occupied molecular orbital (HOMO) of the siloxane

of the physical and chemical characteristic of the medium
[25]. Our calculations were performed in the framework of
cavity model borrowed to the solvation theory used in quan-
tum chemistry, assuming it may be applied in other condition
(such for instance to study liquid crystals) [26,27]. The main
ingredients introduced in this model (the so called CPCM
[28-31]) for numerical purpose are the dielectric constant
D of the medium and the shape of the cavity, here defined
using the united atom topological model (UATM) [32]. The
dielectric medium simulating the mantle was added using
different values of the constant D, namely in the ascending
order of its effect on electronic energies (i.e.): 1.43 (argon),
2.247 (benzene), 24.55 (ethanol).

The values reported in Table 2 for the binding energies
of OH;’ and NH3 are those obtained in the presence of a
dielectric, using the BSSE corrections computed in the gas
phases for the spherosiloxane complexes at the geometry
optimized in the presence of a dielectric. The salient feature
of these results is a progressive cancellation of all the inter-
action energies when the screening effect, introduced by the
PCM model, increases. For high dielectric constants, no di-
rect adsorption on the core is possible, even in the case of
ions, but a possibility remains for sufficient low values of D.

Looking at the results obtained when computing the bind-
ing energy of the OH; complex at the frozen vacuum geom-
etry, we can notice that the interaction energy of this charged

species is reduced from 16.3 to 0.41 kcal/mol as soon as the
dielectric constant becomes equal to 2.25 and then goes to
zero for higher values of D (for instance 24.55). Relaxing
the distance da—p between the two moieties of the complex
in presence of a medium favouring charge separation pro-
duces elongated structures. Even if, for small values of D,
this yields a small positive increment in binding energy, it
should be noted that there is simultaneously an increase in
the intermolecular distance and in the electrostatic interac-
tion with the medium, which is destabilizing with respect to
its dissociation products. Indeed no binding is computed for
large D values.

Using the language of the theory of dielectrics, we can
speak of screening for the vanishing interaction of a dressed
spherosiloxane, as a result of its electrostatic interaction with
a polarizable continuum. Numerically, this comes from a
balance between the values of the molecular energies, the
most affected ones being those of the smallest species. As it
concerns the neutral species, there is no significant binding
even for the lowest dielectric constant we considered.

4 Conclusions

To sum up, direct adsorption of ions on the surface model pro-
vided by spherosiloxane H4Si4Og is quite efficient for ions
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in vacuum, because it is monitored by the usual cation—mul-
tipole attraction process, but there is still a weak adsorption
possibility for neutrals, due to standard dispersion forces.
Actually, the silica materials are not much less performing
than PAHs regarding direct surface adsorption of molecules
in dry conditions (for instance, some planetary atmospheres).
When screening effects from accreted interstellar dust are
considered all adsorption energies are strongly reduced so
that direct adsorption of neutrals becomes rather improbable.
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Appendix

Orbital exponents of the polarization and semi-diffuse functions added
to the standard using 6-311G Gaussian basis set.

Si C,N,O H
d 045 0.75,0.80,0.85 —
4 - - 1.10
s=p 004 005 0.065
d 0.10 0.30 -
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