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Abstract. Nowadays the relevance of silicon chemistry is increasing due
to the applications of Si, in particular in semiconductors, in order to
obtain an increasing number of performing materials. A theoretical in-
vestigation based on the Density Functional Theory has been done on
the reaction paths implied in the Pt-catalysed alkene hydrosilylation, a
process through which the selective grafting of organic molecules to sili-
con can be obtained. We studied the Si-H oxidative addition of SiH4 to
a diphosphine molecule, the C>Hj4 insertion on Pt-H and Pt-SiH3 bonds,
the isomerisation of the product of the CoHy insertion, and the two follo-
wing Si-C and C-H reductive eliminations. The set of these processes are
known as the Chalk- Harrod mechanism and the modified Chalk-Harrod
mechanism, respectively. The goal of this work has been to identify the
rate determining step of both mechanisms. The dynamics of the oxidative
addition step has been simulated.

1 Introduction

A theoretical investigation has been performed on the reaction pathways involved
in the Pt(PHs3)o- catalysed ethylene hydrosilylation by SiHs. We have studied
both mechanisms proposed to explain the formation of the vinyl-silane product.
First of all we have analysed the Chalk-Harrod mechanism. It consists of three
processes: (I) the Si-H oxidative addition of SiH4 to Pt(PHj)2, (II) the CoHy
insertion into the Pt-H bond, (III) the Si-C reductive elimination. Next we anal-
ysed the modified Chalk-Harrod mechanism. It consists of the same preliminary
oxidative addition of SiH4 to the Pt(PHj),, followed by the CyHy insertion into
the Pt-Si bond and, finally, by the C-H reductive elimination. We have inves-
tigated each step participating in both mechanisms by gradient-corrected DFT
methods, and then performed ab initio molecular dynamics simulations on the
initial oxidative addition step. One of the best known catalysts for hydrosily-
lation process is chloroplatinic acid (HoPtClg, Speier’s catalysts)[1], for which
Chalk and Harrod have suggested the two reaction mechanisms [2] previously
described in order to obtain the final organosilicon compound.(See Fig.1) Con-
sidering the ambiguous behavior of the Speier’s catalyst, we used a model Pt(0)
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diphosphine complex which has been demonstrated to be the active species in the
well characterised homogeneous catalysis by Pt(PR3)4[3]. Sakaki and coworkers
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Fig. 1. Chalk-Harrod and modified Chalk-Harrod mechanisms scheme

have theoretically investigated the Chalk-Harrod and modified Chalk-Harrod
mechanisms at HF and post-HF level[4, 5], while Coussens et al.[6] have done
a DFT analysis on the CyHy insertion in the cationic systems (H)Pt(PX3).™
Since in the works by Sakaki the geometry optimisation of the CyHy insertion
step was done at the uncorrelated Hartree-Fock level, in our work we have in-
vestigated both hydrosilylation mechanisms performing geometry optimisation
of each step at a correlated level of theory. It means that both the Chalk-Harrod
and modified Chalk-Harrod mechanisms were treated by gradient-corrected DE'T
methods. Furthermore, ab initio molecular dynamics (AIMD) simulations were
carried out by means of the Car- Parrinello method, to study the dynamical
features of the initial Si-H oxidative addition to Pt(PHs)2, the initial step that
is shared by both mechanisms.

2 Computational Details

All the static calculations have been performed using the Gaussian 98[7] pro-
gram package. Reactants, transition states (TS) and products geometries of the
two mechanisms analysed have been fully optimised using Density Functional
Theory. A preliminary study on the oxidative addition process has been recently
done [8] using the “pure” BPW91 [7] exchange-correlation functional to provide
consistency between static and dynamic analyses. In this paper, we have used
both the “pure” BPW91 and hybrid B3LYP[7] functionals, comparing the re-
sults achieved with the two different approaches for the activation barrier (E,)
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of the Rate Determining Step of the whole mechanism. We have made geome-
try optimisation using the relativistic pseudopotential LANL2DZ[7] for the Pt
atom, the 6-31G**[7] basis set for Si, C and the reacting H atom, and the 6-
31G[7] for P and for the remaining H atoms: we summarise these basis set as
BSa. The optimised geometries have been subsequently employed to perform
single-point calculations. Here we have still used the relativistic pseudopotential
LANL2DZ for the Pt atom, while for all other atoms we have employed the
6-3114++G(3df,3pd)[7] basis set: we summarise these basis set as BSb. Every
TS structure for the key reaction steps has been checked by doing an Intrinsic
Reaction Coordinate (IRC) analysis[7]. We have found an excellent agreement
between the “pure” BPWO1 and the hybrid B3LYP functionals. In fact, con-
sidering BSa, the activation energy for the Chalk-Harrod RDS is 32.2 kcal/mol
and 32.1 kcal/mol for BPW91 and B3LYP, respectively. For the Car-Parrinello
calculations gradient corrected AIMD simulations have been performed using
the parallel version developed by F.De Angelis of the Car-Parrinello code [9]
implementing Vanderbilt pseudopotentials[10-12]. The Perdew-Zunger[13] pa-
rameterisation has been employed for the LDA exchange-correlation functional,
while the gradient-corrected functional is taken from Ref.[14]. Core states are
projected out using pseudopotentials. For Pt atom “ultra-soft” pseudopotentials
were generated following the Vanderbilt scheme, while the Hamann-Schluter-
Chang (HSC) pseudopotential[15] has been used for P and Si atoms. The wave-
functions were expanded in plane waves up to an energy cutoff of 25 Ry. Periodic
boundary conditions were used by placing the model molecule in a cubic box of
10.6A, to avoid coupling between periodic images. The equations of motion were
integrated using a time step of 6 a.u. (0.145 fs) with an electronic fictitious mass
p= 500 a.u.. Constrained dynamics simulations were performed by means of
the SHAKE algorithm[16], employing the slow-growth method[17]. The thermal
equilibrium was maintained checking the temperature of the nuclei by a Nosé
thermostat[18,19], which creates a canonical ensemble (NVT). All simulations
were performed at 300 K.

3 Results and Discussion

3.1 Oxidative Addition

In Figure 2 we show the oxidative reduction reaction mechanism. Our results
achieved at the BPW91/BSa level, show a structure for the TS (TSg_,; where
the Si-H bond does not lie in the P-Pt-P plane. Moreover, we have that the Si-H
bond approaches the Pt atom in an out- of-plane fashion. This can justify the
presence of a trans-Pt(PHjz)(H)(SiHs) product that is not obtainable through
an in-plane approach.

The AIMD simulations we performed confirm the reaction mechanism of the
oxidative addition process. Constrained dynamics simulations were made by
varying the Si-Pt distance in the range 4.6-2.3A (see Fig.3), the former value
corresponding to the unbound free reactants, the latter being close to the Si-Pt
distance in the oxidative addition product. Dynamics simulations were initialised



334  G. Giorgi et al.

Fig. 2. Oxidative addition process: reactants, TS and products (la and 1b). la is the
most stable product (cis). (A, degrees)

by fixing the distance Si-Pt at 4.6A, minimising the corresponding structure, and
thermalising the resulting system at 300 K for 1.4 ps. Subsequently, we decreased
the Si-Pt distance in the cited range during a time span of 5.8 ps.

3.2 Chalk-Harrod Mechanism

We have considered the four-coordinated PtH(SiH3z)(PH;)(C2Hys) complex. This
species is the product of a reaction that involves the loss of a PH3 group fol-
lowed by an C3Hy coordination on the Pt-H bond (endothermic by 43.7 kcal /mol
compared to free reactants R in Fig.2). We will hereafter refer to C, and Cgs as
the CyH,4 carbons in complex 2 facing the H and the PH3 groups, respectively.
We find a point of inflection instead of the minimum we should expected for
the insertion products and, to clarify this point, we have done a linear transit
calculation constraining the bond distance between Cg and H atom bound to Pt
to vary in the range 2.5-1.0A. A “true” TS has been found for the isomerisation
step; the geometry optimisation of TSy_,4 (see Fig.4), has led to an E,=25.1
kcal/mol. We then have calculated that the more stable product is 4b because of
the trans-effect given by the bulky group SiHs. In fact, in the product 4a we have
an agostic interaction between an hydrogen bound to C, and the Pt atom that,
being in the trans site to the SiHs, does not allow the stabilising trans-effect.
The 4a and 4b products were found 3.7 and 4.7 kcal/mol below 2.

3.3 Modified Chalk-Harrod Mechanism

Contrary to the “simple” Chalk-Harrod mechanism, in the modified mechanism
we have distinguished an insertion process and an isomerisation step. The main



Theoretical Analysis on Mechanisms Implied in Hybrid Integrated Circuit Building 335

Distances (Angstrom)

3
Time (ps)

Fig. 3. Time evolution of the Pt-H (solid line) and Si-H (dashed line) distances for the
time span going from 3 to 4 ps, corresponding to a Pt-Si distance decrease from 3.20
to 2.74 A. Time in ps, distances in A.

Fig. 4. Chalk-Harrod mechanism: Insertion plus Isomerisation step. Reactants, TS and
products (4a and 4b). 4b is the most stable product.
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difference between the Chalk-Harrod mechanism and its modified version is ob-
servable in the insertion process. In fact, while in the Chalk-Harrod mechanism
the CyHy insertion takes place on the Pt-H bond, in the modified version it takes
place on the Pt-Si bond (see Fig.5). We have obtained an insertion product (3’)
characterised by an agostic interaction between an hydrogen atom bound to the
Si and the Pt. 3’ can simply isomerise and give the products 4’a and 4’b (see
Fig.6). Here we have, contrary to the Chalk-Harrod mechanism, that the 4’a is
the more stable product because in the product 4’b H group is too small to give
trans-effect and the agostic interaction between an H bound to Si and the Pt
atom stabilises slightly 4’a.

Fig. 5. Modified Chalk-Harrod mechanism: Insertion step. Reactants, T'S, and product.

Fig. 6. Modified Chalk-Harrod mechanism: Isomerisation step. Reactant, TS and prod-
ucts (4’a and 4’b). 4’a is the most stable product.
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3.4 Reductive Elimination

In the Chalk-Harrod mechanism, the CyH, insertion and the isomerisation is
followed by coordination of a PH3 group, before of the Si-C reductive elimination.
The 4b product has been considered as the starting reactant because of its
bigger stability (see Fig.7). The energy gain of PH3 coordination is computed
to be 45.4 kcal/mol. The resulting diphosphinic complex 5 then undergoes the
Si-C reductive elimination leading to the final SiH3CH;CHj3 reaction product P,
restoring the initial catalyst. The main characteristic of this reaction is to find
in the TS non-planar structure, contrary to the C-H reductive elimination. For
this step we have computed an activation energy of 24.1 kcal/mol (referred to
5), with a small exothermicity of 3.7 kcal/mol.

In the modified Chalk-Harrod mechanism the C-H reductive elimination (see
Fig.8) is again preceded by the coordination of a PH3 group to the 4’a species
leading to 5’. The TS connecting 5’ to the final products P (TS5, p) shows the
concerted breaking of the Pt-C, bond and the formation of the H-C, bond. This
process is kinetically favored over the Si-C reductive elimination. In fact, here
we have an E, for the C-H reductive elimination 5.2 kcal/mol lower than that
for Si-C (18.9 vs. 24.1 kcal/mol) reflecting the directionality of the sp? valence
orbital of SiHz. Also thermodynamics confirms this trend: we have found the
C-H reductive elimination favored over the Si-C one by 10.7 kcal/mol (-14.4 vs.
-3.7 kcal/mol), reflecting the lower stability of 5" with respect to 5 (see Figs.9
and 10, respectively).

T85.p

Fig. 7. Si-C Reductive Elimination: Reactant, TS, and Products
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Fig. 8. C-H Reductive Elimination: Reactant, T'S, and Products

E (Kcal/mol)
800 1
“»
60.0 1
PHy +
400+
—
200+
00—
200
, PU(PH), +SiHiCH,CH;
. 1,
4 —y ¥ +CoHy — o
)4 M e
cis-Pt(H)SiH3(PHa), R
1a y (
Reaction path

Fig. 9. Energy changes in the Chalk-Harrod mechanism (kcal/mol). In parentheses
Sakaki’s values



Theoretical Analysis on Mechanisms Implied in Hybrid Integrated Circuit Building 339

E (Kcalimpl) > @
800 1 i
e
TS5 TSzoss
600 |
»—e—{
ohie L\ ] J AL en,
400 b+ oy d [ PR L
1 . ¥ vg‘\
S e
200 —
N
bd < S..
TSe - 5 >p
00 | R )
[
SiHg 475 132 )
+ (-21.9)
PPH, N e e Y b
PASiHa(PH3),(CoHs)
2001 ; 9
+CHy d ~
= P P
. +tGH. <
-400 L b ) ¢ o - P((PHg)ffsngc"bCHa
Gis-PH(H)SiH,(PHz), A N\ ¢
A »
1, . A\

Reaction path

Fig.10. Energy changes in the modified Chalk-Harrod mechanism (kcal/mol). In
parentheses Sakaki’s values

4 Conclusion

In this work we have analysed the mechanisms implicated in the Pt-catalysed hy-
drosilylation of CoH4 by combining static and dynamic calculations. The Chalk-
Harrod mechanism and the modified Chalk-Harrod mechanism have been inves-
tigated by a DFT approach, checking the effect of different exchange-correlation
functionals and basis set expansion on the energetics of both mechanisms; fur-
thermore, dynamics simulations, by means of Car-Parrinello method, have been
performed on the preliminary oxidative addition step. This analysis have re-
vealed that the formation of the preliminary Pt-H bond takes place before that
the Si-H bond breaks, going directly to the more stable cis isomer through a non
planar TS.

In agreement with previous theoretical works, we compute a maximum energy
barrier of 25.1 kcal/mol and 38.2 kcal/mol in correspondence of the CoHy inser-
tion and isomerisation step, for the Chalk-Harrod and modified Chalk-Harrod
mechanisms, respectively.
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