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Abstract 2

Abstract

A series of novel and previously published organo(chloro)silanes, R,SiCls.n/RnSiHa.p (R =
benzyl, fluorenyl, p-tolyl p-n-butylphenyl, p-biphenyl, m-tolyl, o-tolyl, 2,4-xylyl, 2,6-
xylyl, p-biphenyl, 1-naphthyl, 9-anthracenyl), were synthesized and characterized using
'H-, Bc- and °Si-NMR spectroscopy. Effects of substituent bulk on both experimental
and calculated 2°Si-NMR shifts are compared and discussed. In addition, single crystal
X-ray diffraction was employed to elucidate the molecular structure of all solid or-
gano(chloro)silanes. These compounds display non-covalent intermolecular interac-
tions in the form of edge to face, m—m stacking and CHs:--1t interactions. Dependency of
substituent type on the nature of interactions present was highlighted and discussed.
The obtained organosilanes were investigated regarding their reactivity towards ther-
molysis, oligomerization, selective chlorination as well as irradiation with UV and DXRL

techniques.
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1 Introduction and objective

Silicon and organosilicon compounds have found broad technical applications and have
become indispensable materials in many industrial fields. They are widely encountered
in commercial products such as sealants, adhesives, and coatings made from silicones.
Organosilicon halides are one of the most important groups of functional orga-
nosilanes, and through a vast variety of substitution reactions are versatile precursors
to diverse organosilicon derivatives.! The corresponding hydrogen rich organosilanes
have many attractive properties, including air and moisture stability as well as low tox-
icity. The silicon atom is more electropositive than carbon, therefore certain chemistry
occurs more readily at silicon than carbon, providing access to different types of prod-
ucts. Organosilanes have manifold uses, ranging from the preparation of composite
materials like ceramics via coupling reactions followed by thermolysis,” protecting
groups in organic chemistry,a”4 to surface modification agents for a whole host of appli-
cations in various industries.” Furthermore, the high chemical stability of organosilanes
make them ideal for use as nucleophilic partners in transition-metal-catalyzed cross-
coupling with organic halides.® Both organosilicon halides and hydrogen rich orga-
nosilanes are precursors for inorganic silicon polymers, which show many promising
properties for opto-electronic devices.” Vapor deposition of gaseous silanes to form
silicon thin films is a widely used technique in the production of advanced electronic
devices.® However in the instance of solid organosilanes the thermolytic degradation
might lead to solvent-processable silicon or silicon-carbon composite material that

could be used in solar cell technology or in electric devices like transistors.

Despite these wide-areas of applications and recent interests in organo(chloro)silane
chemistry, there is a considerable lack of experimental data, especially for aryl substi-
tuted silanes. For instance, °Si-NMR spectroscopy was established in the early sixties,’
but did not become conventional until the eighties. Consequently, despite many com-
pounds being presented in literature, 2%5i-NMR shifts are only partially reported and
there is no information on effects of the bulkiness of the aryl substituent on NMR be-

1013 3nd hydrogen-rich

havior. In addition, only a few crystal structures of chlorosilanes
organosilanes”’20 have been published thus far, therefore there is little information on
how the substituent affects the solid state structures of these compounds. In particu-
lar, the presence of stabilizing factors in the form of non-covalent secondary interac-
tions including n—mn stacking, edge to face or CHs---m interactions attributed to the na-

ture of the aromatic substituents in the solid state has not been reported. However,
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understanding and utilization of all non-covalent interactions including m-mt stacking is
of fundamental importance for the further development of supramolecular chemistry

and prediction of crystal structures.

For this reason, novel and previously published organosilicon chlorides and hydrides
have been synthesized in which the silicon atom is bonded to either a sp3 carbon, or
bonded directly to the sp2 carbon of an aromatic system with increasing steric demand
of the substituent. °Si-NMR spectroscopy and the effect of substituent bulk on shifts
were examined for all novel species and for published compounds where 2%5i-NMR
data had not been reported. The solid state structures of presented compounds dis-

play intermolecular interactions and are highlighted and discussed.

The present work aimed to give a comprehensive overview about the spectroscopic as
well as solid state structures and interactions of various aryl silanes, to allow a better
understanding of these compounds, which would also allow tailoring of properties. The
obtained organosilanes were investigated regarding their reactivity to reveal novel

applications.
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2 Literature

2.1 Organo(chloro)silanes

The chemistry of Group IV elements is dominated by silicon. Silicon is the eighth most
abundant element in the universe and the second most abundant element in the

2122 Flemental silicon is available in various degrees of purity

earth's crust after oxygen.
and the production, purification and chemical processes of silicon are well described in
literature.? It exhibits an essential role in various industrial applications and has a
large impact on the modern world economy. Silicon is used in the production of elec-
trical steels®, aIuminum—aIons25 and in fine chemical industries. A great deal of mod-
ern technology depends on highly purified silicon that is used in semiconductor elec-

tronics such as integrated circuits representing the basis of most computers.

Organosilanes are compounds containing a silicon-carbon bond. The chemistry of
these compounds is basically similar to organic compounds, with some major distinc-
tions, due to the more electropositive nature of the silicon atom (Figure 1) First, the
nucleophilic substitution at silicon is more facile than at carbon. Also bond energies
with electronegative elements like oxygen, fluorine and chlorine are greater. Silicon-
carbon bonds stabilize carbanions in the a-position and carbocations in the B-position.
Furthermore, the Si-H bond is polarized with Si* and H, which leads to anti-
Markovnikov additions to olefins under catalytic conditions and the ability to transfer

hydride under limited conditions.

6- o+ o+ 6-
C—<H Si——H
X- 2.50 2.20 1.74 2.20

Figure 1: Bond polarization and electronegativities x for C-H and Si-H

The greatest quantities of organosilanes are methyl substituted. They are produced on
an industrial scale in the Miiller Rochow synthesis (Figure 2). Chlorosilanes are often
intermediates in the production of organosilanes and can be reacted with Grignard
reagents or alkali metal organics to give organic substitution. A different route is the
hydrosilylation of an olefin catalyzed by chloroplatinic acid or di-t-butyl peroxide (see

Figure 2).
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Modller-Rochow : 2 )
MeSiCl,

Me,SiCl,

+ small amounts
\_ of other products

RMgCl + Sicl, RSiCl; + MgCl,

RLi + SiCl, RSIiCl; + LiCl

: catalyst ;
RCH=CH, + HSiCl; ==~ RCH,CH,SiCl,
Figure 2: Miiller-Rochow synthesis; reaction scheme for organic substitution of chlorosilanes

While the first Grignard reagent was prepared in 1901,% the first synthesis of organo-
silicon compounds, reacting ethyl or phenyl magnesium bromide with SiCl; was re-
ported in 1904 by Kipping and Dilthey.?” The reaction can be explained by an oxidative
addition with insertion of magnesium into the carbon-halogen bond.? The Grignard
reagent generates a polarization change at this bond and the so formed carbanion re-
acts as a nucleophile that forms a new og-bond. The distribution of the mono-, di-, tri-
and tetrasubstituted products depend on the stoichiometry of Grignard reagent to
SiCl4 and the bulkiness of the substituent. The second reaction procedure uses organo-
lithium reagents. These compounds are frequently used for the formation of orga-
nosilanes. In 1954, Sommer et al. described one of the first procedures towards t-
butyltrichlorosilane and di-t-butylchloro(methyl)silane using t-BuLi.”® In this reaction,
the nucleophilic carbanion is created by a halogen-metal exchange. The lithiated spe-
cies reacts with an electrophilic compound to generate the new o-bond and a lithium
halide salt. Organolithium reagents show a high reactivity towards SiCls, which makes
the reaction often difficult to control. Grignard Reagents, in comparison have a lower
reactivity as well as a sensitivity to the bulkiness of the substituent but show a higher

selectivity of the reaction.*

Organosilicon halides are one of the most important groups of functional orga-
nosilanes and through a vast variety of substitution reactions, are versatile precursors
to diverse organosilicon derivatives. Due to the high affinity of silicon to oxygen, the
silicon halides (except fluorides) are usually easily hydrolyzed by water or alcohols,
leading to the corresponding mostly unstable (poly)silanoles and silyl alcoholates. The

reaction with water is particularly important in that it provides a basis for silicone
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manufacture. The chemistry of polysilanols is extensive and is of particular importance
in the silicone polymer industry and sol gel processing, but there is also a growing in-

terest in other applications, like anion-recognition by silanediol-based receptorsa’l'33 or

3435 Chlorosilanes react with other protic materials like

silanediol protease inhibitors.
alcohol to form alkoxysilanes or with primary and secondary amines to form ami-
nosilanes. Diorgano dichlorosilanes are the most popular precursor compounds to cre-
ate functionalized oligo- and polyorganosilanes® via Wurtz couling with alkali metals
(see also 2.5.1). In addition, treatment of organochlorosilanes with LAH (lithium alumi-
num hydride) in ethereal solvents (see Figure 3) leads to hydrogen rich silanes, which
have shown to serve as important substrates for many applications, such as the single-
source precursors in CVD (chemical vapour deposition) processes, as monomeric sub-
strates for sigma-bond metathesis and hydrosilylation, as well as ligands for transition
metal catalysts®® or as colour stabilizer in polycarbonate composite material.*” Fur-
thermore, hydrogen rich silanes are used to generate polysilanes via dehydrogenative
coupling.®® Hydrogen bound to silicon can behave as reducing agent and triethylsilane

and diphenylsilane are employed in the reduction of ketones and esters.*®

Ry, SiCl R,.SiH,

Et,0

Figure 3: Preparation of hydrogen-rich silanes with LAH

2.2  Crystal structures and interactions

The importance of aromatic non-covalent interactions in the stabilization of com-
pounds in the solid state and their significance in chemical and biological processes has
been well documented.?**° The nature of the aromatic substituent directly affects the

type of electrostatic interaction present which can vary from m-m to CH-m

41,42

interactions. Figure 4 summarizes the types of aromatic non-covalent interactions

present in the organo silane species included in this work and acceptable ranges found

in biological and organic systems.3*4%43
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T
A\
\/
""Is/x
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d H l 4 d
<= e <>
= __
a) Edge to face b) Parallel Displaced ¢) C-H-m
d=2.4-314A d=34-36A d=23-34A
R=1.6-1.8

. . . . . . 39,40,43
Figure 4: Orientations of aromatic non-covalent interactions and accepted ranges

In the arrangement of aromatic rings one can distinguish generally between a stacked
arrangement and an edge to face conformation. Stacking does not necessarily have to
be a perfect face-to face alignment of the atoms but most of the organo species pre-
sented show a parallel displacement. Even though these interactions are weaker than
the classical hydrogen bond, they play a notable role in the determination and stabili-

zation of the solid state structure.*

Figure 5: Crystal structure of 2,6-xylyl,SiCl, (11)

In addition to the aforementioned aryl substituent based intermolecular interactions,
weaker interactions including C—H---Cl (see Figure 5) can be present in the structure.
For a detailed view on the intermolecular forces and discussion of the nature of these

interactions see Hunter et al.**



2 Literature 12

2.3 Thermolysis

Thermolysis of (organo)silanes has been extensively studied and has led to a wide-area
of applications. Polysilazanes, polysiloxanes, and polycarbosilanes can be used in order
to produce small-diameter SisN4 or SiC ceramic fibers for high-temperature applica-

tions, fiber-reinforced composite materials and coatings.***

The polymer precursors
can provide ceramics with a tailored chemical composition and a defined nanostruc-
tural organization when a certain thermal treatment under a controlled atmosphere is

applied.”

An additional application for thermic decomposition of silanes is the field of photovol-
taic and optoelectronic devices. Due to the increasing global energy demand and sim-
ultaneous shrinking of fossil reserves, renewable resources are becoming increasingly
important. A special position in this case takes the sun, with its seemingly endless en-
ergy reserves. On this reason the photovoltaic industry experiences a continuous up-
ward trend. Recent systems use polycrystalline silicon or thin film technologies like
PECVD (plasma enhanced chemical vapor deposition). For PECVD methods, monosilane
(SiHg4) is the most common precursor.46 Additionally, this vapor deposition of gaseous
silanes to form silicon thin films is a widely used technique in the production of ad-
vanced electronic devices.® Beside monosilane, higher hydrosilanes can also form sili-
con via thermal decomposition. These compounds, as well as SiH4, have the disad-
vantage of a thermal decomposition temperature higher than the boiling point. Han-
dling of the resulting gaseous and self-igniting compounds is problematic. Recently,
the liquid processing of cyclohexasilane had been reported as a possible approach to-
ward printable amorphous silicon films that can be thermally recrystallized. However,
in this case, the handling of the explosive chemical, is also rather problematic, with

limited perspective for large-scale industrial utilization.”’

In 2001 Coleman et al. showed that aryl substituted silanes might also be promising
materials for silicon formation. In a process using supercritical solvents, the prepara-
tion of silicon nanowires was successfully achieved. However, the mechanism of for-

mation is complex and not all intermediates could be defined.*®

In the heat treatment of organo silanes and polysilanes, oxygen is in many cases inevi-
tably included in the resulting solids, due to its affinity to silicon. Nevertheless SiC,0,
compounds can be used for super low-k materials due to their low dielectric constant

and their thermal stability.*
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In case of solid organosilanes, described in the present work, the thermolytic degrada-
tion might lead to solvent-processable silicon or silicon-carbon composite material that

could be used in solar cell technology or in electronic devices like transistors.

2.4 Reactivity

2.4.1 UV-Irradiation

The photodimerization of anthracene, having been first studied by Fritzsche in 1867, is
one of the oldest known photochemical reactions.”® Anthracenes combine the ad-
vantages of easily accessible absorption spectra, exhibiting monomer (or eximer) fluo-
rescence and high photoreactivity, with solubility in organic solvents.>* The dimeriza-
tion across the 9,10-positions of anthracene occurs by exposure of a saturated ben-
zene solution to sunlight or by irradiation with an incandescent lamp. The dimeric na-
ture can be identified by the bridgehead proton 'H-NMR signal at 4.53 ppm in CDCl; as
well as by the UV spectrum. Thermolysis at approximately 280 °C leads to a quantita-
tive conversion to the educt. The resonance stabilization per m-electron is higher for a
benzene ring than for a naphthalene ring which causes the preferred formation of the
photo dimer 2, which contains the maximum possible number of benzene rings and
the most stable arrangement of aromatic systems. An excited molecule 1* combines
with an non excited molecule of 1 to form the bimolecular complex [11]* (the so

called excimer). Excimer decay via cycloaddition gives 2 (Figure 6).>

C bas Q‘(a 1D g

141 — [11]*

2> PR s

1 2
Figure 6: [4+4] photodimerization of anthracene

In addition to photodimerization intramolecular reactions are also known. Di-9-
anthrylmethane gives the [4+4] addition product with a cyclopropane structure. The
irradiation reaction of di-9-anthryldimethylsilane was expected to give the analogous
structure with a silacyclopropane structure, which may allow interesting chemistry due

to its high reactivity. Unexpectedly the formation of the [2+4] cycloadduct (Type |, see
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Figure 7) was observed in 90% vyield. Thermolysis at 250 °C afforded quantitative
amounts of the educt, showing the reversibility of the reaction.”® A subsequent study
by Takahashi et al.>* investigated the cycloaddition of di-9-9’-anthracene conjugates
linked by permethylsilyl chains. It was shown that the A25n gives one of three cycload-

ducts depending on the chain length.

(Type Ill)

Figure 7: Photochemical reaction of A2Sn(n=1,2 and 3)54

Irradiation of di-9-anthryldimethylsilane afforded two intramolecular cyclisation prod-
ucts. The main product was a [2+4] adduct (Type |, Figure 7), which is in agreement to
the earlier studies, but also the [4+4] adduct (Type Ill, Figure 7), was observed. The
products were characterized using "H-NMR and the ratio of Type I: Type Il was deter-
mined as 2:1. A2S2 gave the Type Il adduct.

In comparison to anthracene, naphthalenes are much less photoreactive and less is
known about their photodimerization. Neither 1-substituted naphthalene nor naph-
thalene itself is known to undergo photodimerization. Nevertheless, several groups
reported on [4+4] cyclodimers from certain naphthalenes. It was also shown by Noh et
al. that the 1-substituted naphthalenes, methyl-1-naphthoate and naphthalene-1-

carbonitrile give the syn-[2+2] cyclodimer upon low temperature irradiation.”

2.5 Linear and cyclic oligo- and polysilanes

Oligo- as well as polysilanes, with their unbroken chains of catenated silicon atoms are
the prototypical conjugated systems. Diarylpolysilanes with tightly locked Si-backbones
are candidates for ideal one-dimensional (1-D) structures that would show 1-D semi-
conductor and/or quantum wire properties.56 They can be regarded as one-
dimensional analogs to elemental silicon, on which, of course, nearly all of modern
electronics is based. Delocalization of the o-electrons in the Si—Si bonds gives the pol-
ysilanes unique optoelectronic properties.®’ Silylarene units in the main chain generate

a so called o-ir conjugation resulting from the interaction between Si-Si o-orbitals and
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C=C m-orbitals (Figure 8), leading to a decreased optical band gap (bathochromic shift

of absorption maximum) when compared to alkyl substituted ponsiIanes.58

Figure 8: Polysilane chain; o-ir and o—o conjugation of silylarene and main chain

The first Si-homocycles Si;Phg and SisPhip were synthesized by Kipping and Sands in
1921 by reacting dichlorodiphenylsilane with sodium.>® Shortly after that, the para-
tolyl substituted ring systems could be synthesized.?® Today, the most common meth-
od to produce SisPhyg is the reductive coupling of Ph,SiCl, with lithium in THF, with
yields of about 70-80% and 20-30% SisPhg as side product. Gilman et al. concluded that
this product distribution is due to thermodynamic reasons because of the higher stabil-
ity of the five-membered ring.61 An attempt to synthesize the ortho-tolyl substituted
cycles failed®® and also no literature is known about bigger substituents like e.g. naph-
thyl groups. The only other example of an aryl substituted ring system is benzylgSigHg,
which was synthesized by Harrod.® SisPhyg serves as precursor for cyclopentasilane,64
which can be used to form silicon films after ring-opening polymerization with UV-
Iight.65 The so derived silicon films were also tested as high capacity graphite-silicon
composite material for lithium-ion batteries.*® Benzene solutions of SisPhio can be
spin-coated on substrates, followed by thermolysis to obtain inorganic silicon-based
thin films with tunable dielectric properties.49 The use of SisPhg and SisPhig as active

material in lithium-ion batteries was as well investigated in our research group.66

The first polysilane derivative, polydiphenylsilane, was probably prepared along with
the ring systems by Kipping in 1921. It attracted little scientific interest due to its insol-
ubility and infusibility. Besides polydiphenylsilane, only a small number of other dia-
rylpolysilanes are described in literature.®’ Recent findings showed the possible ap-
plicability of Cso with PDHOF (polydiphenylhydrosilane)58 in bulk heterojunction solar
cells.®® Phenyl substituted branched polysilanes were also tested as anode material in
rechargeable lithium ion batteries, performing well in electrochemical operations.®

Poly[bis(p-n-butylphenyl)silane attracted some attention because of its high room
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temperature luminescence.”® Unfortunately, polymer yields and the molecular weight
are very sensitive towards steric bulk of the substituents. When one of the aryl goups
is exchanged by an alkyl (e.g. methyl) an important number of soluble polysilanes, in-
cluding homopolymers and copolymers have been synthesized and studied. A well-
known representative is polymethylphenylsilane, which can be easily obtained and is
highly soluble in in common organic solvents. Attempts to polymerize sterically more
demanding compounds like

methyl-a-naphtyldichlorosilane  or  methyl-a-

phenanthryldichlorosilane were unsuccessful.®’

2.5.1 Wurtz-type coupling

The so called Wurtz-type reductive dehalogenative coupling is the most common
method for the synthesis of polysilanes. A dichlorodiorganosilane is reacted with a
slight stoichiometric excess of dispersed sodium in an inert, high-boiling solvent (in

most cases toluene) by refluxing, to yield the desired polysilane (Figure 9 ).

_ nNa®
n R,SiCl, ———— (SiR, )+ 2n NaCl

Figure 9: Wurtz-type coupling of chlorosilanes with sodium

The mechanism of the reaction seems to be a condensation reaction involving a chain
mechanism, with various active species including silyl radicals, silyl anions, silyl anion
radicals and disilenes. It has been discussed wether the polymodal weight distribution
results from the many different chain carriers. A proposed mechanism for the coupling

reaction (see Figure 10) is initiated via a silyl anion radical to a silyl radical.”

- 2 10
JUSi-Cl + Na —> S\ Si-Cl| Na
Rll Rll
Fo° 7
J\fU‘Sli‘Cl Na —= J\f\/‘?l + NaCl
R" R"
R’ R
' |'® @
JV'U"$|- + Ng —» V\f\f‘$| Na
R" R"
R FI‘- F}' BI
VW Si N + CI—S'i-C|4" \f\fV‘S|i'Sli-C| + NaCl
R" R" R" R"

Figure 10: Proposed chain mechanism for the Wurtz-type coupling7
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The polymeric species is then formed by four stage propagation step.The functionali-
ties that can be introduced via the monomer are limited due to the harsh reaction
conditions. Also the stereochemical control in the polymerization is marginal, yields
are often low and a big dependency on the steric bulk of the substituents is observed.
Control over the degree of polymerization is difficult and the weight distribution is in
many cases trimodal with a low weight region (cyclic products), a middle and a high
weight region, which can not be separated easily. Besides solvent and temperature the
used alkali metal also has an influence on the reaction. An exchange of sodium by lithi-

um leads to a higher degree of cyclooligomerization.®’

Many modifications of the Wurtz-coupling reaction have been developed, including

71,72

ultrasound assisted polymerization at room temperature, addition of crown ether”?

or diglyme.‘c’g'59

2.5.2 Catalysis with titanocene derivatives

The dehydrogenative coupling of hydrosilanes is a powerful technique for the for-
mation of Si-Si bonds. A catalyst has to be used since the rate-determining step is the
kinetically unfavourable dissociation of hydrogen from silicon. Generally, the homode-
hydrocoupling of silanes proceeds via a silicon-silicon bond formation, forming the
corresponding dimer and elimination of one molecule of dihydrogen. There are three
basic metallocene catalyst variations that have been developed. Cp,MMe, (M=Ti, Zr)74,
CpCp*M(SiR3)X (M=Zr, Hf; R=Me, Ph, SiMes; X=Cl, alkyl)”® and Cp,MCl,/n-BuLi (M=Ti,
Zr, Hf).”® Only the titanium catalysts and aryl substituted hydrosilanes will be discussed

here.

Referring to Harrod,”” the dehydrocoupling reaction of hydrosilanes with Cp,TiMe,
occurs in two stages . The induction period is followed by a rapid, autocatalytic reac-
tion which transforms Cp,TiMe; into the active catalyst. In this stage one equivalent
each of Si-Me and CH, are produced (Eq.1, Figure 11). The second step is the formation
of the deep blue coloured titanocene(lll) silyl complexes a and b through the reaction
of titanocene with Si-H. Complex a appears first and is then converted into b. This
stage is followed by the polymerization reaction (Eq.2, Figure 11). This reaction pro-
vides relatively low molecular weight polysilane (when using PhSiH3) and a relatively
large quantity of cyclic polysilanes. The precise manner in which the Si-Si bonding oc-
curs is not clear, but the most widely accepted mechanism of Group IV metallocene
promoted dehydrocoupling reactions is based on the o-bond metathesis mechanism

proposed by TiIIey.78
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Cp,TiMe, + R,SiH, —> R;MeSiH, + CH, + Cp,Ti Eq. (1)
RR
\
Si—H_ . o
TisziH S'/Tisz ~———= Cp,yTiH+ Cp,TiSiR,SiR,H Eq. (2)
—ol
\
R R

Figure 11: Reaction of Cp,TiMe, with hydrosilanes; Titanocene(lll) silyl complexes a and b”’

The combined catalyst system Cp,TiCl, with n-BulLi was introduced by Corey and co-
workers.”” No induction period is observed and secondary silanes can be coupled at
reasonable rates at higher temperatures. Metallocene dichlorides do not react with
hydrosilanes in the absence of an activation agent. For the reaction of Cp,MCl, with n-

BuLi no general agreement about the mechanistic details exist so far.

Primary silanes: In most cases the reaction of PhSiH; was investigated. There is no
standard set of conditions used by the different studies, therefore comparison of the
results is difficult, as different reaction times, silane/complex ratio, solvent, tempera-
ture and work-up procedure were used. Nevertheless, there are some conclusions that
can be drawn. Most catalyst systems produce a bimodal distribution of the polysilane
product. In general, for CpoMMe, (M=Ti, Zr, Hf), the M,, increases with Ti < Zr < Hf , and
the % of cyclics is in the order Hf < Zr < Ti . When the phenyl ring is substituted with a
methyl group in ortho position no homopolymer could be obtained. Substituents in
meta or para position show a higher polymerization rate under similar conditions.
When the aryl group is moved to a position one unit away from the silicon center (like
in R=benzyl), the rate of dehydrocoupling decreases and a mixture of cyclic products is
obtained. Electron donating groups as substituents of the phenyl ring show a reduction
in the rate of the coupling reaction. It can be concluded that the degree of polymeriza-

tion is affected by electronic and steric effects.®

Secondary silanes: The polymerization of secondary silanes proceeds much the same
way as it does for primary silanes, but the problem of steric hindrance becomes a more
serious problem, slowing down the reaction and requiring higher temperatures.79’80

Tertiary silanes: There are no conditions yet reported for the coupling of tertiary

silanes with organic substituents with the catalyst types described above.
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Beside Wurtz- and dehydroganative coupling of silanes some other routes were as well
established, including masked disilenes, ring opening polymerization (ROP) or the
stepwise formation of the polymer from the reaction of dichlorosilanes with dilithiated
silanes.®! Due to the complex and in many ways difficult polymerization, polysilanes
still are not used commercially, even though they show interesting electro- and photo-

chemical properties.

In our case the reaction of Cp,TiMe, on primary silanes with sterically demanding sub-
stituents like 1-naphtylSiHs (30) and 2,6-xylylSiH3 (37) as well as the catalyst system
Cp,TiCl/n-BuLi with the corresponding secondary silanes was examined. Beside that
the reaction of 1-naphtyl,SiCl, (8) with lithium and magnesium was investigated. The
goal was to obtain novel oligomers or polymers but also new cyclic products, which
could then be used in thermolysis processes followed by screening for their applicabil-

ity in battery materials or thin film formation for optoelectronic devices.
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3 Results and Discussion

3.1 Synthesis

Various organo(chloro)silanes with varying steric bulk were synthesized in which the
silicon atom is bonded to either a sp3 carbon (Figure 12, Compound 1 and 2) or bonded
directly to the sp” carbon of an aromatic system (Figure 12, Compound 3-11). The
compounds show ortho, meta or para substitution of the phenyl ring, as well as double
substitution in 2,6- and 2,4-position towards the silicon atom. In addition, polyclyclic

substituents were as well investigated.

benzyl (1)
fluorenyl (2)

phenyl

p-tolyl (3)
m-tolyl (4)

RnSiC|4_n o-tolyl (5)
p-n-butylphenyl (6)
RnSiH4_n p-biphenyl (7)

1-naphthyl (8)
2,4-xylyl (9)
9-anthracenyl (10)

2,6-xylyl (11)
qo oqo @

Figure 12: Organo(chloro)silane target molecules; R= substituent

Synthesis of organochlorosilanes follows two different reaction pathways with varying
stoichiometry of the active reagent towards SiCls. In all cases, a Grignard or lithiation
reaction leads to the desired product. In the case of dichlorosilanes, R,SiCl,, a ratio of
1:0.5 of the lithiation or Grignard reagent to SiCl, leads to good yields of the product
with minor formation of side products (Figure 13, reaction A and B). To obtain the tri-
chlorinated RSiCls; species a large excess of SiCl, is required to obtain high yields (Figure
13, reaction C). A ratio of 1:0.3 of the lithiation reagent to SiCl; gives the monochlorin-

ated species R3SiCl (Figure 13, reaction D).
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1) Mg°
c 2) 8 Equiv. SiCly 0°C >| RSiCl;
Et,O
1) n-BuLi, -78°C )
A 2) 0.5 Equiv. SiCl, 0°C RSiH;
F120 Y LAH, 0°C ]
Br-R 1) Mg® R,SiCl, o R,SiH;
B 2) 0.5 Equiv. SiCly 0°C A 2
B Et;0 R,SiH
1) n-BulLi, -78°C
2) 0.3 Equiv. SiCl, 0°C
D 103 Bqulv. 5% >~ R;SiCl |
Et,0

Figure 13: General synthetic procedures towards organo(chloro)silanes. R = benzyl (1), fluorenyl (2), p-
tolyl (3), m-tolyl (4), o-tolyl (5), p-n-butylphenyl (6), p-biphenyl (7), 1-naphthyl (8), 2,4-xylyl (9), 9-
anthracenyl (10), 2,6-xylyl (11).

Subsequently the organochlorosilanes are reacted with a slight excess of LAH in ethe-

real solution at 0 °C to obtain the corresponding hydrogen rich organosilanes.

3.1.1 Organochlorosilanes R,SiCl,.,,

R,SiCl,: For both novel and previously synthesized dichlorides presented (Figure 12), a
lithiation reaction (Figure 13, reaction A) was preferred over published procedures.?%*
In a typical experiment, the aryl/alkyl bromide was reacted with n-BulLi at -78 °C in
Et,0. The solution was transferred via cannula to SiCls, in ether, cooled to 0 °C. Salt
formation was observed and the reaction stirred. After filtering, the solvent was evap-

orated and the compound purified by distillation or recrystallization.

In the case of the fluorenyl substituent, lithiation of the aryl bromide did not result in
the desired compound but rather formation of product mixtures including fluorene.
However, direct lithiation of fluorene at 0 °C resulted in formation of pure fluo-
renyl,SiCl, (2). 9-anthracenyl,SiCl, (10) was prepared similar to literature,®> however
despite several attempts, the pure compound could not be isolated. Compound 10 was
purified by sublimation, to remove anthracene as a major byproduct which led to a
melting point of 161-162 °C which is notably higher than the one presented in litera-
ture, reported at 128 °C.% Due to availability of the appropriate Grignard for com-
pounds p-n-butylphenyl,SiCl, (6) and p-biphenyl,SiCl, (7), a Grignard reaction was used
for compound formation. In this route, the Grignard was added to a solution of SiCl; in

Et,0 cooled to 0 °C. The reaction was stirred for 4 hours and allowed to warm to room
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temperature. Et,0 was removed and the resulting residue was redissolved in hot tolu-
ene. Insoluble salts were removed via filtration and washed with hot toluene. To ob-
tain benzyl,SiCl, (1) general procedure B was used. As already stated in earlier publica-
tions, preparation of the dichlorosilane using benzyllithium leads mainly to the cou-
pling product dibenzyl. This is caused by the reactivity of benzyllithium and the ease
with which benzyl halides undergo displacement of the halide ion by organometallic

compounds.86

For all solid compounds, recrystallization from toluene, pentane or Et,0 afforded crys-
tals suitable for single crystal X-ray diffraction studies. In some cases, compounds were
first purified via distillation under reduced pressure to remove mono- or trisubstituted

byproducts (benzyl, o-tolyl, 2,4-xylyl, 2,6-xylyl).

RSiCl3: Organotrichlorosilanes were prepared via reaction of the respective Grignard
reagent with SiCl, in THF according to literature.!” The ratio between SiCl, and the Gri-
gnard reagent was modified to reduce the formation of byproducts (Figure 13, reaction
C).%° An increase of the stoichiometric ratio (SiCls : R-MgBr) to 8:1 leads to higher yields
of the organotrichlorosilane, but complicates the solvent recovery due to the similar
boiling points of SiCl; (57.6 °C) and THF (65.5 °C). Therefore large amounts of the ex-
cess SiCl; need to be carefully quenched with alcohol and water. 1-naphthylSiCls (15)
was obtained in 85% vyield, p-tolylSiCl; (13) in 66%. The formation of 2,6-xylyISiCl; failed
in a previous study performed in our working group.a'0 Moving one of the methyl
groups from ortho to the para position allowed the successful formation of 2,4-
xylylSiClz (12) in fair yield (20%). BenzylSiCl; (14) was not synthesized directly but
showed to be the major byproduct in the synthesis of the corresponding disubstituted
chlorosilane. The pure compound was obtained as a low boiling fraction in the distilla-
tion of benzyl,SiCl, (1). With the exception of 1-naphthylSiCl; (15), which was obtained
as colourless solid by recrystallization from toluene, the reported monosubstituted

chlorosilanes are colourless oils, which were purified by distillation.

R3SiCl: To obtain 1-naphthylsSiCl (16), 1-naphthylbromide was reacted with n-Buli at
-78 °Cin Et,0, according to literature (Figure 13, reaction D).88 The solution was trans-
ferred via cannula to SiCls, in ether, cooled to 0 °C. Salt formation was observed and

the reaction stirred filtered. The pure compound was recrystallized from toluene.

3.1.2 Organosilanes R,SiH4.,

R,SiH,: Diorgano silicon dihydrides were prepared by the addition of an Et,0 or THF (in

case of compound 21, 24, 25 and 27 the addition of THF was necessary because of bet-
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ter solubility of the chlorosilane) solution of the corresponding chlorosilane (see 3.1.1)
to a suspension of LAH in Et,0 at 0 °C (Figure 13). After complete addition, the solution
was stirred for 1 hour at room temperature. Excess LAH was quenched carefully with
aqueous H,S0,4 (10%). The organic layer was separated via cannula. The extraction of
the aqueous phase with Et,0 was repeated twice. The organic solution was dried over
CaCl; for 1 hour without further stirring followed by filtration. CaCl, was washed 3-4
times with Et,0 to increase the overall yield of the reaction. The solvent was removed
and the product purified. Pure benzyl,SiH, (20), p-tolyl,SiH, (34) and m-tolyl,SiH, (22)
were obtained via distillation. 2,6-Xylyl,SiH, (28) was as well distilled to remove the
more volatile 2,6-xylylSiHs (37), leading to the pure 2,6-xylyl,SiH,, which solidified in
the flask after several hours at room temperature. Fluorenyl,SiH, (21), 1-naphthyl,SiH,
(25), p-biphenyl,SiH; (24) and 2,4-xylyl,SiH, (26) were recrystallized from toluene. Pure
p-n-butylphenyl,SiH, (23) was obtained via bulb-to-bulb distillation under reduced
pressure, with a heating gun (Temp. > 500 °C) due to the extreme high boiling point. 9-
Anthracenyl,SiH, (27) was purified by vacuum sublimation at 60 °C, to remove anthra-
cene as a major byproduct. Completeness of anthracene removal was monitored by
'H-NMR. The pure silane was recrystallized from ethyl acetate yielding bright yellow
needles. The side reaction, formation of anthracene, was already observed in synthesis
of the corresponding chlorosilane. p-Tolyl,SiH, (34)%° and o-tolyl,SiH, (3)*° were pre-
pared similar to literature. All literature reported 'H-, B¢- and 2°Si-NMR shifts were
obtained in CDCls. For better comparability *H and *°Si-NMR data was measured in

CsDg as well.

All of the obtained secondary silanes show no distinctive reactivity towards decompo-
sition when in contact with air. Compounds 26-28 were stored under air for several
weeks without any changes in properties. This finding is in contrast to alkyl or phenyl
substituted silanes which are classified as air and moisture sensitive. The sterically
more demanding substituents like 1-naphthyl or 9-anthracenyl seem to lead to a lower

reactivity and higher stability towards those conditions.

RSiH3. The primary silanes benzylISiH3 (32), 2,4-xylylSiHs3 (29), 1-naphthylSiH3 (30) and p-
tolylSiHs (31) were obtained by reaction of the corresponding chlorosilanes with LAH in
Et,O at 0 °C (see Figure 13). All compounds were purified by distillation and were ob-

tained as colourless oils.

R3SiH: 1-naphthylsSiH (30), was obtained by reaction of the corresponding chlorosilane
with LAH in Et,0 at 0 °C (see Figure 13). The pure compound was recrystallized from

toluene.
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3.2 X-Ray Crystallography

10-13 14-20

Only a few crystal structures of chlorosilanes and hydrogen-rich organosilanes
have been published thus far, therefore, there is little information on how the substit-
uent affects the solid state structures of these compounds. In particular, the presence
of stabilizing factors in the form of non-covalent secondary interactions including m—mn
stacking, edge to face or CHs---1t interactions attributed to the nature of the aromatic
substituents in the solid state has not been reported. However, understanding and
utilization of all non-covalent interactions, including m-nt stacking, is of fundamental
importance for the further development of supramolecular chemistry and prediction

of crystal structures.

3.2.1 Organochlorsilanes R,SiCls.,

R,SiCl,: This section summarizes the crystallographic data of solid compounds 1, 2, 5,

1013 | each case, the

8, 9, and 11 and compares it to already published compounds.
silicon atom is found in a near distorted tetrahedral environment bound to two chlo-
rine atoms and two substituents (Figure 14). For crystallographic data and details of
measurements and refinement for presented compounds see Appendix. Table 1 sum-

marizes average bond lengths and angles for presented compounds and comparable

silicon dichlorides.
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benzyl,SiCl, (1) o-tolyl,SiCl, (5) 2,4-xylyl,SiCl,(9) 2,6-xylyl,SicCl, (11) 1-naphthyl,SiCl,(8)

Figure 14: Crystal structures of presented compounds. All non-carbon atoms shown as 30% shaded

ellipsoids. Hydrogen atoms interactions removed for clarity.

Both o-tolyl,SiCl, (5) and 2,4-xylyl,SiCl, (10) display averaged Si—C bond lengths of
1.858(3) A, with a similar value for 1-naphthyl,SiCl, (8) (1.859(3) A) (Table 1). As ex-
pected, the addition of a methyl group at the 6-position of the aryl substituent in 2,6-
xylyl,SiCl, (11) results in a longer averaged Si-C bond length (1.877(2) A) comparable to
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mesityl,SiCl, (1.875(2) A).* The longest averaged Si-C bond length (1.881(3) A) is at-
tributed to the highly substituted aryl moiety in 2,3,5,6-tetramethylphenyl,SiCl.** Not
surprisingly, this substituent also results in the longest averaged Si—Cl bond length
(2.073(1) A), however a clear trend is not observed in the compounds with the less
bulky substituents, with averaged Si—Cl bond lengths ranging from 2.059(2)-2.069(2) A.

Table 1: Selected bond lengths (&) and angles (°) for presented silicon dichlorides.

Space Si-C Si—Cl c-Si-C Cl-si—cl

Group  (A)(avg.) (A)(avg.) (°) (°)
benzyl,SiCl, (1) P2:/n 1.857(3)  2.081(2)  113.53(1) 107.04(4)
tetramethylcyclopentadienyl,SiCl,"™  P2,/n 1.875(3) 2.062(3)  120.27(1) 101.71(1)
pentamethylcyclopentadienyl,SiCl,”  C2/c 1.885(5) 2.073(3)  122.51(3) 101.08(3)
fluorenyl,SiCl, (2) P-1 1.878(4)  2.059(4)  117.65(5) 105.01(2)
o-tolyl,SiCl, (5) P2./c 1.858(3)  2.065(3)  116.94(2) 104.79(5)
2,4-xylyl,SiCl, (9) P-1 1.858(3)  2.059(2)  118.15(9) 104.95(4)
2,6-xylyl,SiCl, (11) P-1 1.877(2)  2.069(2)  113.72(7) 102.66(3)
mesityl,SiCl," P-1 1.875(2) 2.064(2)  113.42(8) 102.96(4)
2,3,5,6-tetramethylphenyl,SiCl," P2,/c 1.881(3) 2.073(1) 119.61(1) 101.14(5)
1-naphthyl,SiCl, (8) P2,/n 1.859(3) 2.063(2) 116.84(10)  106.18(4)

The position of methyl substitution on the aryl ring also has a marked effect on the C-
Si—C and CI-Si—Cl angles. As mentioned above, each silicon atom is found in a near tet-
rahedral environment, and depending on the position of methyl substitution on the
aryl ring, the angles around the silicon atom are varying considerably. Both o-tolyl;SiCl,
(5) and 2,4-xylyl,SiCl, (9) display CI-Si—Cl angles of 104.79(5)° and 104.95(4)° respec-
tively, while the additional methyl group in the aryl moiety of 2,6-xylyl,SiCl, (11) and
mesityl,SiCl, (102.96(4)°) results in more narrow angles. This is a direct result of in-
creased steric demand on the chlorine atoms. In addition, the C-Si—C angles in 2,6-
xylyl,SiCl; (11) (113.72(7)°) and mesityl,SiCl, (113.42(8)°) are much narrower than seen
for the other presented dichlorides coinciding with the added steric demand of the
methyl groups on the 2 and 6-position on the chlorine atoms. This added stress is not
seen in 1-naphthyl,SiCl, (8) which displays a wider CI-Si—Cl (106.18(4)°) and a C-Si—C
angle (116.84(10)°) similar to that of o-tolyl,SiCl, (5). The bulkier 2,3,5,6-
tetramethylphenyl,SiCl, displays a CI-Si—Cl angle of 101.14(5)° and the largest C-Si—C
angle (119.61(1)°) accommodated by a large torsion angle of nearly 76° between the

aryl substituents.*!
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The molecular structure of fluorenyl,SiCl, (2) (Figure 15) varies significantly for the
abovementioned aryl species. In this case, the fluorenyl substituents adopt a parallel
orientation as seen for HR,SiEt,”* and (MeR)( MesSiR)SiMe,”* (R = fluorenyl). Parallel
substituents are also seen for both tetramethylcyclopentadienyl,SiCl,° and pentame-
thylcyclopentadienyl,SiCl,."* Despite this substituent arrangement, Si—C (1.878(4) A)
and Si—Cl (2.059(4) A) bond lengths fall in expect ranges (Table 3) The planar nature of
the fluorenyl substituent results in similar C-Si—C (117.65(5)°) and CI-Si—Cl (105.01(2)°)
angles as in 1-naphthyl,SiCl, (8). Finally, benzyl,SiCl, (1) displays the longest Si—Cl
(2.801(2) A) bond length and widest CI-Si—Cl (107.04(4)°) angle among presented sili-
con dichloride species. This wider angle is attributed to the decreased steric demand of

the benzyl substituent on the chlorine atoms.

Figure 15: Crystal structure of fluorenyl,SiCl, (2). All non-carbon atoms shown as 30% shaded ellip-
soids. All hydrogen atoms except the hydrogen on the methanide carbon on the fluorenyl substituent

removed for clarity.

Because of the lack of representative examples, the presence of aromatic secondary
interactions and their importance as stabilizing factors for silicon dichloride species in
the solid state has been rarely discussed. Specifically, interactions attributed to the
nature of the aromatic substituents including m—mn stacking, edge to face or CHs:-“1t in-
teractions are present and should be studied (see also 2.2). These stabilizing interac-
tions are described and compared to those present in previously reported species (see
Table 2). Not surprisingly, 1-naphthyl,SiCl, (8) shows a m—mn stacking conformation in
the solid state, where the molecules are arranged in a way to maximize these interac-
tions creating infinite columns of parallel stacked naphthalene derivatives with a spe-
cific distance (d = 3.58 and 3.60 A) between the ring centers (Figure 16). They are also
found to be parallel-displaced to each other with a certain off-set (R = 1.54 and 1.23).
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These values are in accordance to reported ranges of 3.4-3.6 A for benzene® or 3.35 A

in graphite® and has been described for related aryl tin species.**

Table 2: List of non-covalent interactions for presented silicon dichlorides.

n—n Stacking Edge to Face CH;—n C—H---Cl
(A) (A) (A) (A)
d R

benzyl,SiCl, (1) - - 3.13 3.14 -
fluorenyl,SiCl, (2) 3.35 0.96 - - 2.84
o-tolyl,SiCl; (5) - - 2.69-3.07 - -
2,4-xylyl,SiCl, (9) - - 3.26 2.99 -
2,6-xylyl,SiCl, (11) 3.45 1.46 - 3.24 2.99
1-naphthyl,SiCl, (8) 3.58 1.54 2.95 - 2.91

The chlorine atoms also aid in propagating these columns through C—H---Cl interactions
(2.91 A) with the hydrogens of the naphthyl substituents of the molecules above. In
addition, the molecules are connected to the adjacent m—mn stacking columns through

edge to face interactions (2.95 A) between naphthyl substituents (see Table 2).
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Figure 16: Crystal packing diagram for 1-naphthyl,SiCl, (8). n—nt stacking interactions are highlighted
by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All hydrogen atoms, edge to

face and C—H---Cl interactions removed for clarity.
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Edge to face interactions are exclusively present in the extended solid state of struc-
ture o-tolyl,SiCl, (5) (2.69-3.07 A) (Figure 17) consistent with the availability of phenyl
hydrogens. The addition of a methyl group onto the aryl substituent of 2,4-xylyl,SiCl,
(9) results in CHs--1t interactions (2.99 A) through the methyl in the 4-position and
elongated edge to face interactions with neighboring molecules (3.26 A) (Figure 18).
However, methyl addition at the 6-position in 2,6-xylyl;SiCl, (11) results in infinite
chains propagated through both ni—mt stacking (d = 3.45 A, R = 1.46) and CH3---Tt interac-
tions (3.24 A) (Figure 19) These chains are then bridged by C—H---Cl interactions (2.99
A).

Figure 17: Crystal packing diagram for o-tolyl,SiCl, (5). Edge to face interactions are highlighted by
dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. Hydrogen atoms not involved in

intermolecular interactions removed for clarity.
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Figure 18: Crystal packing diagram for 2,4-xylyl,SiCl, (9). Edge to face interactions and CH;---m interac-
tions are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. Hydro-

gen atoms not involved in intermolecular interactions removed for clarity.

Figure 19: Crystal packing diagram for 2,6-xylyl,SiCl, (11). CHz::t and C—H---Cl interactions are high-
lighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. Hydrogen atoms not
involved in intermolecular interactions removed for clarity.

As mentioned above, the fluorenyl substituents in the molecular structure of fluo-
renyl,SiCl, (2) adopt a parallel orientation with a m—m stacking distance of 3.35 A (R =
0.96). This substituent conformation and similar m—m stacking distances are also ob-

served in the molecular structures of HR,SiEt,”* (d = 347 A) and
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(MeR)(SiMesR)SiMe,”*(d = 3.45 A) (R = fluorenyl). The stacked fluorenyls then interact
with a neighboring molecule through more n—m stacking (d = 3.53 A, R = 1.23) resulting
in Ti-stacked oligomeric chains (Figure 20). Similar solid state interactions have been
described for compounds resulting from the anionic initialized polymerization of
dibenzofulvene.’® As seen in 2,6-xylyl;SiCl, (11), these ni-stacked oligomeric chains are
also bridged by C—H--Cl interactions through the phenyl hydrogens of the fluorenyl
substituent (2.84 A).

Figure 20: Crystal packing diagram for fluorenyl,SiCl, (2). n—nt stacking and C—H---Cl interactions are
highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. Hydrogen atoms

not involved in intermolecular interactions removed for clarity.

The benzyl,SiCl, (1) species also shows intermolecular interaction in the solid state. In
this case, the lack of methyl substitution on the phenyl ring does not circumvent CHs-pi
interactions. In the extended structure (Figure 21), we see neighboring molecules ori-
ented so as to maximize CHs-mt interactions from one of the methanide (CH,-Ph) hy-
drogens with the phenyl substituent of the other compound (3.14 A). However, in con-
trast to 2,6-xylyl,SiCl, (11), oligomeric chains are not formed. Rather edge to face in-

teractions (3.13 A) are preferred.
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Figure 21: Crystal packing diagram for benzyl,SiCl, (1). Edge to face interactions and CHj:--1t interac-
tions are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. Hydro-

gen atoms not involved in intermolecular interactions removed for clarity.

RSiCl3/R3SiCl: 1-naphthylsSiCl (16) crystallizes in a triclinic space group P-1. Selected
bond lengths and angles are given in Table 3. For crystallographic data and details of

measurements and refinement for presented compounds see Appendix.

Table 3: Selected bond lengths (A) and angles (°) for presented 1-naphthyl substituted chlorosilanes.

Space Si—C Si—Cl C-Si-C cl-si-cl  C¢-Si—Cl

Group  (A)(avg.) (A)(avg.) (°) (°) (°)
1-naphthylSiCl; (15) P2,/c  1.841(2)  2.034(8) - 106.9(4) 111.9(7)
2-naphthylSicl;* P2,/n  1.841(3)  2.034(10) - 107.2(4)  111.7(9)
1-naphthyl,SiCl, (8) P2,/n  1.859(3) 2.063(2) 116.84(10) 106.18(4)  108.33(3)
1-naphthylSiCl (16) P-1 1.873(4) 2.089(9)  111.23(8) - 107.65(9)

Comparison of 1-naphthylSiCl; (15) 1-naphthyl,SiCl; (8) and 1-naphthylsSiCl (16) shows
that by stepwise exchange of chlorine with a naphthyl group the bond lengths change
notably. The Si-C bond length elongates with increasing number of naphthyl substitu-
ents from 1.841(2) A for 1-naphthylSiCl; (15) to 1.873(4) A for 1-naphthylsSiCl (16). The
same trend can be seen for the Si-Cl bond length showing the largest value for 1-
naphthylsSiCl (16). The C-Si-Cl and the C-Si-Cl angle decrease with an increase in num-
ber of naphthyl substituents, due to the higher steric demand of the naphthyl group
compared to chlorine. The obtained bond lengths and angles of 2-naphthylSiCl; are in a

similar range than the one for the corresponding 1-naphthyl substituted compound,
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Aromatic secondary interactions present in 1-naphthyl and 2-naphtyl substituted

chlorosilanes are listed in Table 4.
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1-naphthylSiCl; (X) 1-naphthyl,SiCl(X)

Figure 22: Crystal packing diagram for 1-naphthyl substituted chlorosilanes. n—n stacking interactions
are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. Hydrogen

atoms not involved in intermolecular interactions removed for clarity.

In 1-naphthylSiCl; (15) two adjacent naphthyl groups are parallel stacked with a specif-
ic distance of 3.41 A between the ring centers and a certain off-set of 1.72 A. The same
naphthyl group forms an edge to face interaction (2.94 A) to the naphthyl group of the
neighboring molecule. No columns are formed as observed in 1-naphthyl,SiCl, (8). Un-

expectedly no C—H---Cl interactions can be detected.

Table 4: List of non-covalent interactions for 1-naphthyl substituted chlorosilanes

n—n Stacking Edge to Face C-H-Cl
(A) (A) (A)
d R
1-naphthylSiCl; (15) 3.41 1.72 2.94 -
1-naphthyl,SiCl, (8) 3.58 1.54 2.95 291
1-naphthylsSiCl (16) 3.45 1.60 2.78-3.15 -
2-naphthyl,SiCl, - - 2.78-2.87 2.91

In 1-naphthylsSiCl (16) two naphthyl groups are connected to the adjacent molecule
via edge to face interactions (2.78-3.15 A). The third group is parallel stacked to the
naphthyl group of the neighboring molecule with a specific distance of 3.45 A between

the ring centers and a certain off-set of 1.60 A. No C—H---Cl interactions can be detect-
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ed (Figure 22). 2-NaphthylSiCl; cocrystallizes with naphthalene. No n—m interaction is
observed since the 2-naphthyl group forms an edge to face interaction (2.78-2.87 A)

with an adjacent naphthalene molecule (Figure 23).

Figure 23: Crystal packing diagram for 2-naphthylSiCl; substituted chlorosilanes. Edge to face interac-
tions are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. C—H---Cl

interactions and hydrogen atoms not involved in intermolecular interactions removed for clarity.

3.2.2 Organosilanes R,SiH4.,

R,SiH;: This section summarizes the crystallographic data of solid compounds 21, 25-
28 and 34 and compares it to already published compounds. In each case, the silicon
atom is found in a near distorted tetrahedral environment bound to two hydrogen

atoms and two substituents (Figure 24).

p-tolyl,SiH, (34) 2,4-xylyl;SiH, (26)  2,6-xylyl;SiH,(28) 1-naphthyl,SiH, (25) 1-anthracenyl,SiH; (27)

Figure 24: Structure of presented aryl silicon dihydrides. All non-carbon atoms shown as 30% shaded

ellipsoids. All hydrogen atoms except Si—H atoms removed for clarity.

All hydrogen atoms bound to silicon were located in the difference map. While com-

pounds 21, 25, 26, 27 and 28 were isolated as discrete crystals by recrystallization from
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solution, crystals of liquid p-tolyl,SiH, (34) were formed via in situ crystallization inside
a capillary. This method was quite successful in the isolation of X-ray quality crystals
for this compound, and is a technique that has allowed for characterization for a varie-

ty of compounds (see 3.2.3).%”%®

Table 5 summarizes average bond lengths and angles
for presented compounds and comparable silicon dihydrides. For crystallographic data
and details of measurements and refinement for presented organosilanes see Appen-
dix.

Table 5: Selected bond lengths and angles for all presented compounds and similar aryl silicon dihy-

drides known in literature.

Compounds Space Si—C Si-H C-Si-C H-Si-H
Group  (A) (avg.) (A) (®) (°)

fluorenyl,SiH, (21) P2,/n 1.897(3)  1.372(2)  110.10(5) 111.8(9)
1.401(2)

p-tolyl,SiH, (34) P2,2,2, 1.870(2)  1.395(3)  110.54(1) 109.9(17)
1.407(3)

2,4-xylyl,SiH, (26) P2,/c 1.869(2)  1.389(2)  117.18(6) 109.7(11)

2,6-xylyl,SiH, (28) P2./c 1.885(2)  1.354(2)  114.05(7) 102.2(11)
1.398(2)

mesityl,SiH,""*® C2/c 1.883(2)  1.42(2) 114.16(11) 108(2)

1-naphthyl,SiH, (25) Pbca 1.869(3)  1.385(2)  109.90(6) 110.5(9)
1.403(2)

9-anthracenyl,SiH, (27) P2./c 1.898(2) 1.359(2) 113.73(8) 106.9(11)
1.407(2)

2,3,4-triphenylnaphthyl,SiH,* P-1 1.896(1)  1.38(2) 112.78(7) 104(1)
1.40(2)

As reported for the series of R,SiCl, (R = benzyl, fluorenyl, o-tolyl, 2,4-xylyl, 2,6-xylyl, 1-
naphthyl), an increase in steric demand around the silicon central atom results in
slightly elongated average Si—C bond lengths when bulkier aryl substituents are pre-
sent (see 3.2.1). p-Tolyl,SiH, (34) and 2,4-xylyl,SiH, (26) display averaged Si—-C bond
lengths of 1.870(2) and 1.869(2) A respectively, with a similar value for 1-naphthyl,SiH,
(25) (1.869(3) A). The addition of a methyl group at the 6-position of the aryl substitu-
ent in 2,6-xylyl,SiH, (28) results in a longer averaged Si—-C bond length (1.885(2) A)
comparable to mesityl,SiH, (1.875(2) A)."*® Not surprisingly, the longest averaged Si-
C bond lengths of 1.898(2) and 1.896(1) A are attributed to the highly substituted aryl
moiety in 9-anthracenyl,SiH, (27) and 2,3,4-triphenylnaphthyl,SiH, %° Curiously, this
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bulky substituent does not result in the longest Si—H bond length which is attributed to
mesityl,SiH, (1.42(2) A). All other Si—-H bond lengths range from 1.354(2)-1.407(3) A.

Methyl substitution on the aryl ring also has an effect on the C—Si—C and H-Si—H angles
as also observed in the aforementioned R,SiCl, species. As mentioned above, each
silicon atom is found in a near tetrahedral environment, and depending on the position
of methyl substitution on the aryl ring, the angles around the silicon atom are varying
considerably. Both p-tolyl,SiH, (34) and 2,4-xylyl,SiH, (26) display similar H-Si—H angles
of 109.9(17) and 109.7(11)° respectively (Table 5). p-tolyl,SiH, (34) also displays the
closest to ideal tetrahedral geometry around the silicon atom with a C-Si—C angle of
110.54(1)°. However, the additional methyl group in the aryl moiety of 2,6-xylyl,SiH,
(28) results in the most narrow H-Si—H angle of 102.2(11)° among presented aryl sub-
stituents. Despite having a wider H-Si-H angle, mesityl,SiH, and 2,6-xylyl,SiH, (28)
display quite similar C=Si—C angles of 114.05(7) and 114.16(11)° respectively. This add-
ed stress is not seen in 1-naphthyl,SiH, (25) which displays the widest H-Si—-H angle
(120.5(9)°) and most narrow C-Si—C angle (109.90(6)°). Surprisingly, the widest C-Si—C
angle (117.18(6)°) is observed for 2,4-xylyl,SiH, (26) and not in 9-anthracenyl,SiH, (27)
(113.73(8)°) and 2,3,4-triphenylnaphthyl,SiH, (112.78(7)°) as expected. These com-
pounds display average H-Si—H angles of 106.9(11)° and 104(1)° respectively.

In fluorenyl,SiH, (21), the planar fluorenyl substituents are perpendicular to each other
or in an H-in-H-out conformation (Figure 25), which has been shown to be the lowest
energy conformer (gas phase) found by AM1 molecular orbital calculations in bisfluo-

renyl silicon species.” This conformation is also observed in fluorenyl,SiMe,,**

! 9—methy|f|uoren—9—yIZSiMe2100 and (9-methylfluoren-9-

diﬂuorenylsilacyclobutane,9
yl)(fluoren-9-yl)SiMe,.*® While Si-H (1.372(2) and 1.401(2) A) bond lengths fall in ex-
pect ranges (Table 5), the averaged Si—C (1.897(3) A) of fluorenyl,SiH, (21) resembles
that of the bulkier substituted 9-anthracenyl,SiH, (27) (1.898(2) A) and 2,3,4-

triphenylnaphthyl,SiH, (1.896(1) A).%°
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Figure 25: Crystal structure of fluorenyl,SiH, (21). All non-carbon atoms shown as 30% shaded ellip-

soids. All hydrogen atoms except Si—H removed for clarity.

Despite this substituent arrangement, the C-Si—C (110.15(5)°) and H-Si—-H angle
(111.8(9)°) of fluorenyl,SiH, (21) resemble those found for p-tolyl,SiH; (34). In addition,
the H-in-H-out substituent conformation in fluorenyl,SiH, (21) allows for an intramo-
lecular Si—H---1t interactions (2.84 A) between one of the silyl hydrogens and the cen-
troid of the opposite fluorenyl substituent. These intramolecular interactions are also
reported for 9-methylfluoren-9-yl,SiMe, (2.65 A) and (9-methylfluoren-9-yl)(fluoren-9-
yl)SiMe, (2.88 A).*%°

In fluorenyl,SiH, (21), the planar fluorenyl substituents are perpendicular to each oth-
er. However, the corresponding chloride compound, fluorenyl,SiCl, (2), shows a paral-
lel arrangement of the fluorenyl groups. DFT calculations (DFT: MPW1PW91/6-31+G*)
showed that in the case of fluorenyl,SiCl, (2) the parallel and the perpendicular struc-
ture (Figure 26) have no major difference in energy between the two arrangements. A
change from one form to the other does not lead to a notably energy gain. None of the
two arrangements is thermodynamically favored, so both could possibly be obtained in
the solid state structure. For fluorenyl,SiH, (21) the perpendicular form shows a lower
energy than the parallel one. A change to the parallel form is as well unfavorable due
to the higher energy barrier between the two forms. The obtained solid state structure

corresponds to the thermodynamically favored arrangement.

Due to the lack of representative examples, the presence of aromatic secondary inter-
actions and their importance as stabilizing factors for silicon dihydride species in the

solid state has been rarely discussed. Specifically, interactions attributed to the nature
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of the aromatic substituents including m—m stacking, edge to face or C—H::-1t interac-

tions should be studied.
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Flu,SiH,, perpendicular Flu,SiH,, parallel
AE = 0.0 kJ/mol AE =18.1 ki/mol AE = 8.3 ki/mol

Flu,SiCl,, perpendicular

Flu,SiCl,, parallel

AE = 0.0 kl/mol AE = 15.9 kl/mol AE = 0.5 ki/mol

Figure 26: Calculated energy for perpendicular and parallel arrangement of the fluorenyl groups in
fluorenyl,SiCl, (2) and fluorenyl,SiH, (21); (DFT: MPW1PW91/6-31+G*)

These stabilizing interactions are described and compared to those present in previ-
ously reported species (Table 6). In both 1-naphthyl,SiH, (25) (Figure 27) and 9-
anthracenyl,SiH, (27) (Figure 28), the fused aromatic ring substituents show a large
propensity towards m—m stacking. In each case, the molecules arrange in solid state to
maximize these interactions, with a specific distance between the ring centers (d).
They are also found to be parallel-displaced to each other with a certain offset (R). This
is in stark contrast to the herringbone structure present for naphthalene and anthra-
cene, which are dominated by edge to face interactions and corresponds more to larg-
er polycyclic aromatic molecules, such as coronene, kekulene, or graphite.**0%102

1-naphthyl,SiH, (25) has an interplanar distance of 3.50 A with a displacement of 1.45
(Table 6). These findings are in accordance with a reported range of 3.4-3.6 A for ben-

94,95

zene™ or 3.35 A in graphite,93 and also observed for a series of aryl tin and aryl

silicon halides.*®®
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Table 6: Secondary non-covalent interactions for all presented compounds and similar aryl silicon

dihydrides known in literature. Intramol.=intramolecular; Intermol.=intermolecular;

Compounds n—n Stack- Edge to CHz;—n Si—H---m
(A) (A) (A) (A)
d R

fluorenyl,SiH, (21) 345 151 2.89-3.22 - 2.84, intramolecular
p-tolyl,SiH, (34) - - 2.96-3.18 - -
2,4-xyly1,SiH, (26) - - 3.18 2.83 -
2,6-xyly1,SiH, (28) - - 2.95 2.76- -
mesityIZSiH217’18 - - - - -
1-naphthyl,SiH, (25) 3.50 145 2.79-2.83 - -
9-anthracenyl,SiH, (27) 342 184 - - 2.49, intermolecular
2,3,4-triphenylnapththyl,SiH,”° - - 2.81 - 3.08, intermolecular

While not creating infinite chains as seen for the precursor to the hydride, 1-

naphthyl,SiCl, (8),*® molecules of 1-naphthyl,SiH, (25) displaying n—m stacking exhibit

edge to face interactions (2.79, 2.83 A) with neighboring pairs of molecules (Figure 27).

Figure 27: Crystal packing diagram for 1-naphthyl,SiH, (25). n—n stacking and edge to face interactions

are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All hydrogen

atoms not involved in intermolecular interactions except Si—H atoms removed for clarity.

9-anthracenyl,SiH, (27) shows a slightly shorter interplanar distance of 3.42 A, but

larger displacement of 1.84 (Table 6). Offset distances for other aromatic systems are

found in the range 1.6-1.8 A.2" In this case, not only are linear chains propagated by

ni—Tt stacking through the anthracenyl substituents, but very close Si—H---m interactions
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(2.49 A) occur between one of the silyl hydrogens and the inner aromatic ring of the
neighboring molecule. This interaction is also observed in 2,3,4-phenylmethyl,SiH,

(3.08 A) despite the sterically crowded substituent.”

Figure 28: Crystal packing diagram for 9-anthracenyl,SiH, (27). n—mn stacking and Si—H---rt interactions
are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All hydrogen

atoms not involved in intermolecular interactions except Si—H removed for clarity.

Despite presence of a methyl group in the para position of the aryl substituent in p-
tolyl,SiH, (34) (Figure 29), only edge to face interactions are observed (2.96, 3.18 A).
However in 2,4-xylyl,SiH, (26) and 2,6-xylyl,SiH, (28), the addition of a second methyl
group on the aryl substituent leads to CHs:-'1t interactions being preferred in packing

motifs.

| (

Figure 29: Crystal packing diagram for p-tolyl,SiH, (34). Edge to face interactions are highlighted by
dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All hydrogen atoms not in-

volved in intermolecular interactions except Si—H atoms removed for clarity.

The solid state packing motif 2,4-xylyl,SiH, (26) (Figure 30) closely resembles that of
2,4-xylyl,SiCl, (9) with the exception of slightly longer CH3---1t (3.26 A) and edge to face
(2.99 A) interactions in this compounds as compared to 2,4-xylyl,SiH, (26) (3.18, 2.83

A). These interactions are well within range for reported CHs:-Tt interactions (2.3-3.4
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A).2410L103 These |atter are also visible in the solid state packing motif for toluene,*®*

which in addition to edge to face interactions (2.78 A), exhibits closer CHs--Tt interac-
tions from the methyl group (2.61 A). Even closer CHs--1t (2.95 A) and edge to face
(2.76 A) interactions are observed in 2,6-xylyl,SiH, (28) resulting in a tighter packed

structure (Figure 31).

Figure 30: Crystal packing diagram for 2,4-xylyl,SiH, (26). Edge to face interactions and CH;:--m interac-
tions are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All

hydrogen atoms not involved in intermolecular interactions except Si—H removed for clarity.

Figure 31: Crystal packing diagram for 2,6-xylyl,SiH, (28). CH;--rt and edge to face interactions are
highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All hydrogen

atoms not involved in intermolecular interactions except Si—H removed for clarity.

Also exhibiting close intermolecular m—mn stacking interactions between neighboring
molecules (d = 3.45, R = 1.51 A) in the solid state is H-in-H-out fluorenyl,SiH, (21)
(Figure 32), which creates sheets further propagated by edge to face interactions
(2.89-3.22 A) (Table 4). No interactions are observed between these sheets. This is in
stark contrast to fluorenyl,SiCl, (2) which crystallizes in an H-out-H-out substituent
arrangement as m—m stacked oligomeric chains bridged by C—H---Cl interactions

through the phenyl hydrogens of the fluorenyl substituent (2.84 A).'%
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Figure 32: Crystal packing diagram for fluorenyl,SiH, (21). n—n stacking and edge to face interactions
are highlighted by dashed bonds. All non-carbon atoms shown as 30% shaded ellipsoids. All hydrogen

atoms not involved in intermolecular interactions except Si—H removed for clarity.

3.2.3 Capillary Crystallization

Crystal structure determination of low melting p-tolyl,SiH, (34) was made possible by
growing crystals inside of sealed glass capillaries mounted on the singel crystal

diffractometer.’

Melt and Grow

Figure 33: Procedure of in situ crystallization

Samples were cooled to 100 K and subsequently warmed up and cooled down very

slowly until seed crystals were formed (Figure 33). This was done either by exposing

105

the capillary to a focused IR laser beam (OHCD Laser) " or by manually warming up

! measurements were performed at the University of Bielefeld with the help of Dr. H. G. Stammler
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the sides of the capillary. Diffraction studies were subsequently carried out at the

temperature of initial crystal formation and 100 K (Figure 34). Twin refinement was

required for p-tolyl,SiH, (34). Hydrogen atoms next to heavy atoms were found in the
106,107

difference map.

Figure 34: a) Measurement setup with SuperNova diffractometer; b) diffraction pattern; c) crystal

inside glass capillary
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3.3 2°Si-NMR - experimental and calculated data

2%5i-NMR measurements were performed with relaxation delay times ranging from 25-
60 seconds, with the sterically hindered compound 9-anthracenyl,SiCl, (10) and the
corresponding hydride 9-anthracenyl,SiH, (27) requiring the longest delay. For com-
pounds bearing a proton in position ortho to the silicon, population transfer pulse pro-
grams such as DEPT were used for measurement. 29Si-NMR studies are supplemented
by density functional calculations. Table 7 shows the obtained experimental and calcu-
lated *°Si-NMR shifts for organo dichlorosilanes R,SiCl,

Table 7: Experimental and MO6L/Iglo-II calculated 2°Si-NMR shifts of diorgano dichlorosilanes in C¢Dg.

C.No.: Compound number (see 4); calc = calculated; exp = experimental.

R,SiCl, C. No. 8 PSicp 8 **Sicalc
R= [ppm] (ppm]
benzyl (1) 22.7 26.7
fluorenyl (2) 17.3 22.3
phenyl % - 6.20 8.7
p-tolyl (3) 6.65 8.7
m-tolyl (4) 6.37 9.6
3,5-xylyl ®° - not reported 9.2
o-tolyl (5) 6.57 10.0
p-n-butylphenyl (6) 6.49 7.8
p-biphenyl (7) 6.24 7.8
1-naphthyl (8) 7.58 11.6
2,4-xylyl (9) 7.23 11.0
9-anthracenyl (10) 3.02 8.4
2,6-xylyl (11) 2.08 7.6
mesityl ' - 4.30 7.5

Benzyl,SiCl, (1) exhibits the largest low field shift in the row of presented compounds
followed by the cyclopentadienyl-like fluorenyl,SiCl, (2). As expected, when silicon is
bonded to an sp2 hybridized carbon these are shifted to higher fields compared to usu-
al silicon organic variety with an sp> hybridized carbon. 1-naphthyl,SiCl, (8) with only
one proton in B-position of the rather flat naphthyl group shows a slightly downfield
shift compared to the phenyl derivatives with a substituent in the para position. The
substitution on the phenyl ring with a methyl group in ortho-, meta- or para-position

does not show a clear trend, but all exhibit a similar shift in the range of 6.5 ppm. Un-
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expectedly, 2,4-xylyl,SiCl, (9) shows a slight downfield shift compared to the meta-
substituted phenyl. Introduction of a second group in the ortho position as in 2,6-
xylyl,SiCl; (11) and mesityl,SiCl, or 9-anthracenyl,SiCl, (10) leads to increased shielding
towards silicon, expressed by a notably high field shift.

Table 8 shows the obtained experimental and calculated *’Si-NMR shifts for organo
trichlorosilanes (RSiCls) and triorgano chlorosilanes (RsSiCl). Again, benzylSiCl; (14)
shows the largest low field shift. All other compounds exhibit a shift in the range of -
0.4 to -1.1 ppm. The influence of the substituent on the 295i-NMR shift for organo tri-
chlorosilanes is not as distinctive as for diorgano dichlorosilanes, due to a higher avail-
ability of space around the silicon atom, which allows an unhindered arrangement of

the substituent. Triaryl chlorosilanes (RsSiCl) exhibit a shift in the range of 1.2 to 4.58
ppm.

Table 8: Experimental and MO06L/Iglo-1l calculated °Si-NMR shifts of organo trichlorosilanes and tri

organo chlorosilanes in CgDg. C.No.: Compound number (see 4); calc = calculated; exp = experimental.

RSiCl; C. No. 8 **Siexp 8 >Sicaic
R= (ppm] [ppm]
phenyl - -0.8 9.3
benzyl (14) 7.66 17.8
p-tolyl (13) -0.52 9.4
o-tolyl* - -0.72 9.2
1-naphthyl (15) -1.1 10.1
2,4-xylyl (12) -0.432 9.4
2-naphthy!*® - -0.93 8.4
R5SiCl

phenyl - 1.2 2.5
p-tolyl (17) 2.9 2.5
p-biphenyl (19) 2.33 2.0
2,4-xylyl (18) 4.58 -0.3
1-naphthyl (16) 4.0 3.4

A typical feature of silicon chemical shifts is the so called “sagging behavior” upon suc-
cessive exchange of substituents on the silicon, which results in a bell shape curve if
the R group is substituted by chlorine in a stepwise fashion. 295i-NMR Shifts are located
on the bell shaped curve if plotted against the sum of electronegativities of the sub-
stituents of the silicon. In case of aryl substituted silanes, only the phenyl substituted

110

compounds have been studied so far.'*® Figure 35 shows the obtained chemical *°Si-
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NMR shifts for 1-naphthyl, p-tolyl and 2,4-xylyl substituted chlorosilanes plotted
against the sum of electronegativities of the ligand. For simplification, the values for
phenyl were used due to a lack of data, concerning electronegativities of aryl substitu-
ents. This approach is appropriate, since it was stated that group electronegativity is
mainly due to the contribution of the first atom which links the group to the remainder
of the molecule and only to a small extend from the contribution of the residual atoms

111,112 .
Since

of the group. The used values were calculated using the method of Huheey.
no literature about the successful formation of a sterically hindered tetraarylsilane
with a group bearing a substituent in ortho position is available, the 25i-NMR shift of
1-naphthylsphenylSi was used as value for the tetrasubstituted compound. This com-
pound was prepared by the addition of phenylithium to 1-naphthylsSiCl. In addition,

the shift of Ph,Si was used due to the lack of data concerning p-tolyl,Si.

10
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Figure 35: ?°Si-NMR chemical shifts of 1-naphthyl, p-tolyl and 2,4-xylyl substituted chlorosilanes plot-
ted against the sum of electronegativity

All presented compounds can be located on a bell shaped curve, which is in agreement
with literature. The appearance of the curve is connected to the shielding of the silicon

atom. For a more detailed discussion see Ernst et al. '*3

The DFT calculated *°Si-NMR chemical shifts of diorgano dichlorosilanes are all only +2

ppm to +5.4 ppm higher than the observed peaks (see Table 7). This agreement be-
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tween measured and DFT calculated *°Si-NMR chemical shifts is remarkably good with
the maximum deviation of +5.4 ppm in the case of the 9-anthracenyl substituted com-
pound 10. The calculated 295i-NMR chemical shifts of organo trichlorosilanes show a
deviation of 9.3 ppm to 10.0 ppm, which is somewhat higher than the one observed
for the corresponding dichloro-species. In case of the monochlorinated compounds,
the calculated values are as well in exceptional good agreement to the experimental

obtained data.

The DFT calculations demonstrate that by a stepwise substitution of chlorine by an
organic substituent the deviation decreases. This finding can be explained by the speci-
fications of the used basic set, in which halogen atoms can not be described accurately
due to relativistic effects. This characteristic increases with the atomic number and
would lead to an even larger deviation for heavier halogens such as bromine. Addi-
tionally, the possibility of interactions of the chlorine atoms with solvent molecules has
to be considered. DFT-calculations display single molecules in gas phase, without in-
teractions. The more chlorine atoms present in the structure, the more interactions
with the solvent are possible, which leads to a larger deviation between experimental

and calculated values.

Table 9 shows the obtained experimental 29Si-NMR shifts for arylsilanes R,SiH,. Ben-
zyl,SiH, (20) exhibits the highest low field shift in the row of presented compounds
followed by the cyclopentadienyl-like fluorenyl;SiH, (21). As expected, when silicon is
bonded to a sp® hybridized carbon these are shifted to higher fields compared to usual
silicon organic variety with sp3 hybridized carbon. Phenyl,SiH, as well as its para-
substituted analogs show a silicon shift around -33 ppm. Comparing para and meta
substitution on the aromatic ring no trend on the shift or the coupling constant can be
observed. The ortho substituted ring shows a slight downfield shift which could be
caused by an increase of shielding towards the silicon atom. 1-Naphthyl,SiH; (25) with
only one proton in B-position of the rather flat naphthyl group shows a slightly down-
field shift compared to the phenyl derivatives with substituent in para position. Unex-
pectedly, p-n-butylphenyl,SiH, (23) shows a slight downfield shift compared to the
substituted phenyl compounds. Introduction of a second group in the ortho position
like in 2,6-xylyl,SiH, (28) and mesityl,SiH, leads to a notably shielding effect and there-
fore to a high field shift.
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Table 9: Experimental and B3LYP/Iglo-Il calculated 2Si-NMR shifts of diorgano silanes in C¢Dg. C.No.:

Compound number (see 4); calc = calculated; exp = experimental.

R,SiH, C. No. 8 > Siexp 5 YH-S1) exp Y(H-2Si) carc
R= [ppm] (ppm] [HZ] [HZ]
benzyl (20) -24.3 -25.4 196.5 -187.4
fluorenyl (21) -17.3 -20.8 208 -199.2
-34.1"

phenyl - -36.9 198.3 -187.6
p-tolyl (34) -33.6 -37.5 197.9 -186.4
m-tolyl (22) -33.5 -36.5 197.3 -186.4
3,5-xylyl - -33.2'% -36.3 not reported -185.9
o-tolyl (35) -34.2 -35.4 197.6 -186.4
p-n-butylphenyl (23) -38.8 -38.0 196.6 -186.3
p-biphenyl (24) -33.9 -37.2 198.8 -187.8
1-naphthyl (25) -39.3 -30.0 199.5 -190.2
2,4-xylyl (26) -40.4 -36.1 195.4 -185.4
9-anthracenyl (27) -61.4 -70.9 202.1 -190.3
2,6-xylyl (28) -62.2 -70.6 196.5 -186.1
mesityl - -62.17 -70.9 not reported -185.2

The same trend is as well observed for 9-anthracenyl,SiH, (27), which may be attribut-

ed to the sterical demand of the substituent despite its rather flat molecular geometry.

Due to only small differences in the value of the coupling constants ranging from 195.4
Hz for 2,4-xylyl,SiH, (26) to 208 Hz for fluorenyl,SiH, (21), no clear trend can be ob-

served for the different substituents.

For R,SiH,, the obtained data shows that the increasing steric demand of the substitu-

ent in ortho position leads to a 2°Si-NMR high-field shift caused by shielding effects

towards the silicon atom (see Figure 36). The same trend is observed for R,SiCl,.



3 Results and Discussion 48

liquid

s

61.1 -62.108

R— Sl—R
H

295i-NMR Shift [ppm]

[
o

Substituent bulkiness
Figure 36: 26i-NMR shifts in dependency of the substituent bulkiness

The DFT calculated 2°Si-NMR chemical shifts for dihydrides differ from the experimen-
tally obtained ones with a deviation of 0.8 to 9.5 ppm (Figure 37). This agreement be-
tween measured and DFT calculated 2°Si-NMR chemical shifts is exceptionally good
with the maximum deviation of +9.5 ppm in the case of the 9-anthracenyl substituted
compound 27. The calculated coupling constant fits very well to the experimental data

with a mean deviation of 10.4 Hz (Figure 38).
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Figure 37: Comparison of the ZE’Sie,(p and 29Sica,cshifts for R,SiH,
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Figure 38: Comparison of 1Je,(,,(HSi) and J ,ic(HSi) shifts for R,SiH,

Table 10 shows the obtained experimental and calculated 25i-NMR shifts for organo
silanes RSiH3; and R3SiH. The increasing steric demand of the substituent in ortho posi-
tion leads to a *°Si-NMR high-field shift caused by shielding effects towards the silicon
atom. DFT-calculations show a deviation of 6.5-10.46 ppm in case of RSiH3, and 0.6
ppm in case of R3SiH. These values are in exceptional good agreement to the experi-
mental obtained data.

Table 10: Experimental and B3LYP/Iglo-ll calculated 2Gi-NMR shifts of organo silanes RSiH; and R;SiH

in CgDg. C.No.: Compound number (see 4); calc = calculated; exp = experimental.

RSiH; C. No. 8 Siexy 6 Sicalc YH-S1) exp Y(H-2Si) e
R= [ppm] [ppm] [Hz] [Hz]
benzyl (32) -55.4 -61.9 199.3 192.0
phenyl - -60.5 -68.8 201.0 189.3
p-tolyl (31) -60.9 -69.4 197.9 188.6
1-naphthyl (30) -62.8 -69.1 200.7 189.2
2,4-xylyl (29) -63.9 -72.0 197.8 191.8
RsSiH

pheny!'*® - -17.7 -23.3 200 189

1-naphthyl (33) -29.0 - 195.4 -
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3.4 Thermolysis

The formation of silicon, Si(SiO;) and SixC,0, from organosilanes via thermolysis under
inert gas conditions was investigated. In the tube furnaces, a continuous argon flow
was applied during the experiments. In case of the Anton Paar DHS 1100 the reaction
chamber was held under slight over pressure of the inert gas. The goal was to efficient-
ly remove carbon from the obtained particles or layers. Therefore silanes with aro-
matic substituents, which could act as leaving groups via breaking of the Si-C bond,

were chosen.

SEM and EDX measurements were performed on the obtained thermolyzed samples.
SisPhyo (36), 1-naphthyl,SiH, (25) and 9-anthracenyl,SiH, (27) were regarded as the
most promising candidates, due to their high melting point and were additionally ana-
lyzed via thermogravimetric analysis (TGA) in combination with differential scanning

calorimetry (DSC) and coupled mass spectroscopy (MS).

The given values for EDX measurements have to be considered in a qualitative rather
than quantitative way. The carbon content can only be reported with a high uncertain-
ty of measurement. This results from the low atomic number of carbon (accuracy in-
creases with Z) and the possibility of the existence of residual hydrocarbon species in
the measurement chamber, which influences the resulting data. Nevertheless trends in

the carbon value as well its absence can be reported with a certain accuracy.
Substrates

Samples were prepared on stainless steel, platinum and in most cases molybdenum
foil. Steel and platinum were rinsed with isopropanol and dried in a nitrogen stream
prior to use. The molybdenum foil was polished to reduce the oxygen content and
thereby the probability of a reaction of the surface oxygen with silicon formed during
thermolysis. Figure 39 shows a cross section of the molybdenum foil. In “Spektrum 1”
and “Spektrum 2“ no oxygen was observed. About 25-30% oxygen content were de-

tected in “Spektrum 3” and “Spektrum 5”.
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SEM HV: 20.0 kv WD: 15.09 mm
SEM MAG: 700 x Det: SE 50um ' Elektronenbild 1

Figure 39: Cross section of molybdenum foil (left); spectra analyzed via EDX (right)

Figure 40 shows the unpolished surface with an oxygen content of about 24%. Polish-
ing with glass wool reduces this content to about 21%. Polishing with sandpaper (1200)
led to about 17%. A further reduction of the oxygen content was not possible with the
given methods. Due to the easy preparation, it was decided to use glass wool polished

molybdenum foils for all experiments.
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SEM MAG: 1.02 kx Det: SE 50 pm SEM MAG: 1.00 kx Det: SE 50 ym SEM MAG: 1.00 kx Det: SE 50 pm

Figure 40: Molybdenum foil; a) unpolished; b) polished with glass wool; c) polished with sandpaper

3.4.1 TGA/DSC/MS
The most promising silanes SisPhig (36), 1-naphthyl,SiH, (25) and 9-anthracenyl,SiH,
(27) (Figure 41) were analyzed via thermogravimetric analysis (TGA) in combination

with differential scanning calorimetry (DSC) and coupled mass spectroscopy (MS).
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SisPhy,(36) 1-naphthyl,SiH, (25) 1-anthracenyl,SiH, (27)

Figure 41: Organo silanes analyzed via TGA/DSC/MS
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Approximately 10 mg of the silane were heated to 1000 °C in helium atmosphere with
a rate of 10 K/min. The observed melting and decomposition, in combination with
mass analysis allow conclusions about the reaction behavior during thermolysis. Table

11 shows the elemental composition of compound 25, 27 and 36.

Table 11: Elemental composition of SisPhy, (36), 1-naphthyl,SiH, (25) and 9-anthracenyl,SiH, (27)

SisPh,(36) 1-naphthyl,SiH, (25) 9-anthracenyl,SiH, (27)
My=911.5 g/mol My=284.1 g/mol My= 384.6 g/mol
Element % % %
Si 15.4 9.9 7.3
79.1 84.5 87.5
5.5 5.7 5.2

SisPhyo (36): The thermolytic decomposition of SisPhyo was already described detailed

1 The TGA/DSC measurement shows an initial

in an earlier study of our working group.
mass increase that results from the condensation of residual moisture in the measur-
ing instrument (Figure 42). The actual mass loss step is located between 283 °C and
541 °C with a decrease in mass of 87.1%. It is derived from the decomposition (possibly
at the beginning with superimposed melting peak) of the sample. Assuming that all 10

phenyl (C¢Hs) substituents are released during thermolysis, this would correspond to a

weight loss of 84.6%, which is in the range of the observed value.
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Figure 42: TGA/DSC of SisPh,, (36); helium atmosphere; heating to 1000 °C

Subsequent to the mass loss step, with a short delay time, due to the measurement

setup of the coupled mass spectrometer, an increase of carbon containing fragments
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can be observed (Figure 43). Values for carbon [12] and CO, [44] (formed with residual

oxygen) show a parallel run and serve as control for one another.
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Figure 43: TGA/MS of SisPh,, (36); helium atmosphere; heating to 1000 °C

Phenyl and its fragments with m/z values of 78, 63, 51, 39 and 26,8 as well as prod-
ucts from the phenyl radicals such as biphenyl can be detected in low quantities via
coupled MS-analysis. This finding suggests that a cleavage of phenyl groups takes place
but only to a small amount. The TGA/DSC data file containing all detected mass frag-

ments can be found in the Appendix.

1-naphthyl,SiH, (25): The TGA/DSC measurement shows an endothermic peak at
about 117 °C, which is related to the melting of the sample (Figure 44). The narrow and
sharp appearance of this peak is a sign for the high purity of the silane. The melting
point observed in the TGA/DSC measurement is notably higher than the value reported
under air (98-99 °C). This increase results from the change to a helium atmosphere and
is a commonly observed trend in TGA/DSC analysis. The decomposition reaction is lo-
cated between 265 °C and 341 °C with a decrease in mass of 77.1%. At 297 °C the
highest reaction speed (in combination with mass loss) is observed (see Appendix).
After the main decomposition step additional weight loss of the sample takes place,
until a temperature of about 650 °C. An overall decrease in mass of 93.2% observed.

Assuming the cleavage of the two naphthyl substituents (CioH;) during thermolysis,
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this would correspond to a weight loss of about 90.1%, which is in the range of the

observed value.
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Figure 44: TGA/DSC of 1-naphthyl,SiH, (25); helium atmosphere; heating to 1000 °C
Subsequent to the mass loss step an increase of carbon containing fragments can be
observed (Figure 45). The naphthyl group with an m/z of 128 as well as its fragments at

102, 77, 75, 64, 51 and 39 m/z can be observed in the mass analysis.'*®
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Figure 45: TGA/MS of 1-naphthyl,SiH, (25); helium atmosphere; heating to 1000 °C

The observed naphthalene is most likely derived from the decomposition, but might as

well be formed from reaction products.
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Figure 46: TGA/MS of 1-naphthyl,SiH, (25); H,0, OH+; helium atmosphere; heating to 1000 °C

Traces of water can be detected in the MS due to condensation of residual moisture in
the measuring instrument. Typically, the [OH+] and [H,0] line show a parallel run and
serve as control for one another (since OH+ is a fragment of H,0). In the MS analysis of
1-naphthyl,SiH,, an increase of H,0 and a decrease of OH+, simultaneously to the de-
composition step, is observed (Figure 46). This behavior is in most cases a sign that
hydrogen (H+) is evolved from the sample which reacts with OH+ to form H,0. The
TGA/DSC data file containing all detected mass fragments can be found in the Appen-
dix.

In summary, the TGA/DSC/MS analysis of 1-naphthyl,SiH, shows with high possibility

the cleavage of naphthyl groups as well as the formation of hydrogen.

9-anthracenyl,SiH, (27): The TGA/DSC measurement shows an endothermic peak at
about 220 °C, which is related to the melting of the sample (mpa;;=200-202 °C). The
decomposition reaction is located between 237 °C and 609 °C with a decrease in mass
of 79.5% (Figure 47). At 368 °C the highest reaction speed (in combination with mass
loss) is observed (see Appendix). An additional weight loss of the sample takes place,
until a temperature of about 1000 °C. An overall decrease in mass of 88% observed.
Assuming the cleavage of the two anthracenyl substituents (C14Hg) during thermolysis,
this would correspond to a weight loss of about 92%, which is in the range of the ob-

served value.
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Figure 47: TGA/DSC of 9-anthracenyl,SiH, (27); helium atmosphere; heating to 1000 °C

Subsequent to the mass loss step an increase of carbon containing fragments can be
observed (Figure 48). The anthracenyl group with an m/z of 178 can not be detected

directly due to limitations of the coupled MS concerning m/z values >130.
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Figure 48: TGA/MS of 9-anthracenyl,SiH, (27); helium atmosphere; heating to 1000 °C

Fragments of the anthracenyl group at 128, 102, 77, 75, 64 and 51 m/z can be ob-
served in the mass analysis.*® All mass fragments can be detected in low amounts
with a high background noise level. This might be caused by clogging of the capillary
which is located in front of the MS. In the case of 9-anthracenyl,SiH, (27) a decrease in

the OH+ value was not observed in the same amount as in 1-naphthyl,SiH, (25). The
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TGA/DSC data file containing all detected mass fragments can be found in the Appen-
dix.

In summary, the TGA/DSC/MS analysis of 9-anthracenyl,SiH, (27) shows the formation
of mass fragments of the anthracenyl group, but an uncertainty of measurement re-
mains due to the high noise level caused by difficulties in the detection of fragments of

higher m/z values.

The temperature of thermolysis of the organo silanes was chosen in accordance to the
TGA data, to ensure that the end temperature is higher than the one observed for-

decomposition.

3.4.2 Characterization of thermolysis products

Organo silanes SisPhig (36), 1-naphthyl,SiH, (25), 9-anthracenyl,SiH, (27), benzyl,SiH,
(20), p-tolyl,SiH, (34), p-butylphenyl,SiH, (23) and 1-naphthylSiH; (30) were thermo-
lyzed with varying reaction parameters, using a Carbolite single zone horizontal tube
furnace GHA 12/600, a Carbolite horizontal tube furnace HZS 12/200/1200 and an An-
ton Paar Domed Hot Stage DHS 1100. The samples were prepared as loose powders

and as layers on different substrates. For experimental details see section 4.7.

3.4.2.1 Powder samples

This section gives a short overview about thermolyzed powder samples of SisPhyg (36).
A detailed description was done in an earlier study of our working group.'’ SisPhyo was
thermolyzed in a ceramic sample holder (using a Carbolite single zone horizontal tube
furnace GHA 12/600) and the resulting glass like solid analyzed via SEM/EDX and ele-
mental analysis.

. §71 ¥ B
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100°C » 700 °C 0 L/min 0.2 L/min 1L/min 4 L/min

Figure 49: Resulting powders from thermolysis of SisPh,, (36); a) 0 L/min Ar; 100 °C -700 °C; (right) 500
°C 0-4 L/min gas flow

During the experiments reaction parameters were varied (Figure 49). Especially the gas
flow rate showed an influence on the obtained products. The sample with 0 L/min gas

flow showed a different appearance in all experiments (Figure 49). This might be
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caused by less removal of reaction gases and a higher temperature (gas flow slightly
cools the sample). In the elemental analysis the sample with 0 L/min gas flow and a
thermolysis temperature of 500 °C shows the best elemental distribution, with a car-
bon content of about 60% and 33% silicon, which is the highest obtained value for this

test setting.
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Figure 50: Si- and C-content of SisPh,, (36) thermolysis at a) 100-700 °C with 0 L/min gas flow (=Vg,s)
and b) 0-4 L/min gas flow at 500 °C

A special behavior was observed for the sample at 700 °C with 0 L/min gas flow. No
silicon could be detected in the resulting powder sample, but in the gas stream spheri-
cal, orange-brown particles were obtained (Figure 51), which differ notably from the

appearance of the thermolyzed, residual glass like powder samples (Figure 52).

~

Figure 51: Spherical particles obtained from thermolysis of SisPh,, (36) at 700 °C / 0 L/min; a) SEM

image; b) elemental mapping on aluminum foil
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SEM MAG: 103 x

Figure 52: Thermolyzed powder samples of SisPh,, (36); a) magnification 100x; b) magnification 3000x

Only a small amount of the spherical particles could be obtained. EDX analysis show
that the particles mainly consist of silicon and oxygen. It seems that due to very fast
heating, a release of small silicon particles takes place. This finding is supported by the
absence of silicon in the residual powder. A similar formation of Si nanoparticles was

already observed for the reaction of phenylsilane under certain reaction conditions.*®

In conclusion the formation of silicon from SisPh;o seems to be possible at high tem-
peratures with very fast heating. But only very small amounts of the silicon particles
can be obtained. This results from the low silicon content of the precursor (15.4%). In a
typical experiment, using 0.2 g SisPhyg, a maximum of 30 mg silicon can be formed.
Lower temperatures led to a silicon content of up to 33%. Nevertheless powders with a
higher carbon content may also show interesting properties for applications as in low k

materials.*

3.4.2.2 Samples on substrates

Organo silanes SisPhig (36), 1-naphthyl,SiH, (25), 9-anthracenyl,SiH, (27), benzyl,SiH,
(20), p-tolyl,SiH, (34), p-butylphenyl,SiH, (23) and 1-naphthylSiH; (30) were thermo-
lyzed with varying reaction parameters, using a Carbolite single zone horizontal tube
furnace GHA 12/600, a Carbolite horizontal tube furnace HZS 12/200/1200 and an An-
ton Paar Domed Hot Stage DHS 1100. Samples were prepared on stainless steel, plati-

num and molybdenum foil.
GHA 12/600

SisPhy (36) and 1-naphthyl,SiH, (25) were thermolyzed using a Carbolite single zone
horizontal tube furnace GHA 12/600. For experimental details see Table 12.
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Table 12: Experimental details for thermolysis of SisPh;, (36) and 1-naphthyl,SiH, (25) with GHA

12/600; Fe=stainless steel, Mo= molybdenum; heating rate = 5 °C/min

Sample No. Silane Method Surface T[°C]
OE1 SisPhy, (36) THF solution Fe 750
OE2 1-naphthyl,SiH, (25) Toluene solution Mo 450
OE3 1-naphthyl,SiH, (25) Toluene solution Mo 450
OE4 1-naphthyl,SiH, (25) powder Mo 450
OES5S 1-naphthyl,SiH2 (25) powder Mo 450/700
OE6 1-naphthyl,SiH, (25) melting Mo 450/700

For experiment OE 1, thin films were prepared directly by applying the powdered
silane on a stainless steel substrate. Figure 53 shows the obtained sample after
thermolysis at 750 °C and 0.5 L/min gas flow, using a Carbolite single zone horizontal
tube furnace GHA 12/600. The obtained layers are mainly homogeneous with
fragmented sections (possibly due to the difference in heat expansion of sample and
surface). A high silicon content is accompanied by an even higher carbon content.
Similar to powder samples a release of the phenyl groups does not take place,

preventing complete removal of carbon from the sample.

Si

Figure 53: SEM/EDX measurement of OE 1?

For a more detailed description of the thermolysis of SisPh,q, including additional sub-

strates and reaction parameters see master thesis Binder.'"’

In experiment OF 2 and OF 3 a toluene solution of 1-naphthyl,SiH, (25) was prepared
and applied onto the surface until complete covering. In the case of OF 2 a more con-

centrated silane solution was used. The solvent was removed in vacuo and the samples

? measurement was performed at FELMI Graz
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thermolyzed at 450 °C. The resulting surfaces are shown in Figure 54. For OE 2 struc-

tures are arranged from droplets of the solution. For the more diluted sample OE 3

only isolated particles can be observed.

@
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Figure 54: SEM image of a) OE 2; b) OE 3; after thermolysis at 450 °C

An EDX analysis, performed as elemental mapping, shows the composition of isolated
particles of OE 2 (Figure 55). A silicon content of about 20% as well as a carbon content
of 18% is observed. This distribution may result from an increased release of carbon
containing fragments, compared to the thermolysis of SisPhig (36). This possible reac-

tion behavior is supported by the TGA analysis, showing naphthalene fragments.

D spectrum 1l spectrum2 spectrum 3
Spectrum 1 Element Atom% Atom% Atom%
|:| OK 57.2 17.8 42.8
spectrum 2
SiK 20.6
I:' Mol 4.0 82.2 57.2
spectrum 3
CK 182

70pm Elektronenbild 1 , SiKa1

Figure 55: OE 2; SEM image and elemental mapping (EDX) of silicon

The elemental mapping of OF 3 shows similar values to OF 2 (Figure 56). Again a silicon
content of about 20% and a carbon content of 16% is observed. For both experiments,
a high oxygen content is present. This may result from residual oxygen in the gas
stream. Furthermore, the samples are exposed to air before measurement, due to in-
strument set up. In addition, the oxygen value of the molybdenum surface varies nota-
bly. This might be caused by inhomogeneity of the polishing and therefore different

oxidation behavior.
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spectrum 1 “Spektrum 6
Element Atom% Atom%
0K 29.4 50.1
SiK - 217
Mo L 70.6 12.7
CK - 15.5

T0am Elekironenbild 1

| SiKat

Figure 56: OE 3; SEM image and elemental mapping (EDX) of silicon

In experiment OF 4 and OF 5, powdered 1-naphthyl,SiH, (25) was applied onto the
molybdenum surface, resulting in a thick layer that was compressed slightly with a
spatula. The resulting surfaces after thermolysis are shown in Figure 57. OE 4 shows a
thin glass like layer with fragmented sections. A rather high carbon content (50%) is
observed. This may be caused by hindered removal of reaction gases from more thick
layers. For OF 5 a second heating step to 700 °C was introduced. The resulting surface

shows dark, unordered particles with a high carbon content, similar to OF 4.

The usage of powder samples seemed to lead to an increase of the carbon content,

therefore a sample preparation for more thin layers was tested.

In OE 6, single crystals of 1-naphthyl,SiH, (25) were applied onto a molybdenum sur-
face and heated until melting (100 °C). The liquid silanes was dispersed on the foil by

tilting until a thin layer was obtained.

“Spektrum 1“  spectrum 2

Element Atom3% Atom%
oK 15.3 14.6
SiK 119
Mo L 216 85.4
CK 51.2

SEM HV. 20.00 kV.
SEM MAG: 658 x

Elekironentild 1

“Spektrum 2“  Spectrum 3

Element Atom% Atom%
oK 29.6 227
SiK 6.8
Mo L 4.0 75.0
CK 59.6 23

SEM HV. 20.00 kV WD: 5312 mm

SEM MAG: 628 x Det: SE 100 pm

Figure 57: SEM/EDX of OE 4 (top) and OE 5 (bottom)
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OE 6 was thermolyzed in a two-step process (450/700 C °). SEM analysis shows rod like
structures on the surface (Figure 58). The EDX analysis reveals a lower carbon content
(10%) than for the powdered samples. Also in the mapping, the composition from

mainly silicon (and oxygen) is apparent.

Spectrum 1 “Spektrum 2
Element Atom% Atom%
0K 23.1 65.2
SiK - 12.4
Mol 76.9 2.4
CK - 10.1

Topm Elektranenbild 1

SiKail

Figure 58: OE 6; SEM image and elemental mapping (EDX) of silicon

A preferable thin layer of precursor in combination with a thermolysis at 700 °C gave
the best results for the GHA 12/600. 1-naphthyl,SiH, (25) allows for the formation of

particles/layers with a notably lower carbon content than SisPhq (36).

HZS 12/200/1200

1-naphthyl,SiH, (25), 9-anthracenyl,SiH, (27), benzyl,SiH, (20), p-tolyl,SiH, (34), p-n-
butylphenyl,SiH, (23) and 1-naphthylSiHs; (30) were thermolyzed with a Carbolite hori-
zontal tube furnace HZS 12/200/1200. For experimental details see Table 13.

Table 13: Experimental details for thermolysis of various silanes with GHA 12/600; Mo= molybdenum;

heating rate = 10 °C/min

Sample No. Silane Method Surface T[°C]
OE7 blank - Mo 450/700
OE8 benzyl,SiH, (20) pure Mo 450/700
OE9 p-tolyl,SiH, (34) pure Mo 450/700
OE 10 1-naphthylSiH; (30) pure Mo 450/700
OE11 1-naphthyl,SiH; (25) melting Mo 450/700
OE 12 9-anthracenyl,SiH, (27) toluene solution Mo 450/700
OE 13 p-n-butylphenyl,SiH, (23) pure Mo 450/700

Figure 59 shows the surface of the molybdenum blank after thermolysis up to 700 °C.
EDX analysis suggests the oxidation of molybdenum, by forming small platelets, which

grow from the surface. These structures were not observed in the experiments for the
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GHA 12/600, which might be caused by the shorter reaction time or a lower oxygen
content. The GHA 12/600 was evacuated prior to thermolysis, followed by flushing
with argon. This procedure could not be applied for the HZS 12/200/1200. In this case,
a purging of the working tube with nitrogen for 1 hour was performed prior to ther-

molysis.

"

0 2 4 6 8 10 12 kev

SEM HV: 20.0 kV WD: 6.45 mm I VEGA3 TESCAN|

SEM MAG: 538 x Det: SE j0um ISkalenbereich 158433 cts Cursor: 5.607 (1594 cts)

Figure 59: SEM/EDX of Mo blank, 450 °C/700 °C

Figure 60 shows the SEM images of OE 8 and OE 9, which are similar to the one ob-
tained from the blank molybdenum foil. In the EDX analysis, only oxygen and molyb-
denum are detected. It seems reasonable that the volatile substances p-tolyl,SiH, (34)

and benzyl,SiH, (20) boil off the surface and are removed within the gas flow.

30pm 1 Elekironenbild 1 f 70um ! Elektronenhild 1

Figure 60: SEM images of OE 8 and OE 9 after thermolysis at 450/700 °C

Figure 61 shows the obtained SEM image and EDX data of OF 10. The surface differs
from the previous described. No platelet structures are observed, but only traces of
silicon are detected on the surface. Due to this finding a reaction of 1-naphthylSiH3
(30) with the surface, forming a porous structure might be possible. Nevertheless, a

film formation with the volatile silane is not possible.
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“Spektrum 1“ “Spektrum 2“

Element Atom% Atom%
[e] 4 754 76.4
SiK - 11
Mo L 24.6 223
CK

Figure 61: SEM/EDX of OE 10 after thermolysis at 450/700 °C

Figure 62 shows the obtained SEM image and EDX data of OF 11. In this case the silane
was molten on the surface prior to thermolysis. The obtained layers are quite homo-
geneous and show a carbon content of 2-6%. On the molybdenum substrate a for-
mation of platelets due to oxidation can as well be observed. The oxygen content of
the layers is again very high, which can be explained by the high affinity of silicon to

oxygen and the impossibility of its exclusion in the experimental setup.

“Spektrum 1“  “Spektrum 1la“

Element Atom% Atom%
OK 701 68.4
SiK 10.6 256
Mo L 13.32 3.45
CK 6.1 25

Elektronenbild 1 Elekdronenbild 1

Figure 62: SEM/EDX of OE 11 after thermolysis at 450/700 °C

Figure 63 shows the obtained SEM image and EDX data of OF 12. A toluene solution of
the silane was dispensed onto the surface until complete coating. On the surface thin

fragmented platelets with a glass like appearance can be detected.

“Spektrum 1“  Spectrum 2

Element Atom% Atom%
oK 69.8 21.3
SiK 24.2
Mo L 6.1 78.7
CK

Bl

Spectrum 2

GOy T Elektronenbild 1

Figure 63: SEM/EDX of OE 12 after thermolysis at 450/700 °C



3 Results and Discussion 66

For the thermolyzed 9-anthracenyl,SiH; (27), no carbon at all could be detected in the
resulting films. This value was accompanied with a quite high silicon content of about
25%.Figure 64 shows the obtained SEM image and EDX data of OF 13. The pure silane
was applied to the surface. In the SEM image only isolated particles can be detected

after thermolysis. The EDX analysis reveals a high carbon content (67%).

“Spektrum 1*  Spectrum 4

Element Atom% Atom%
oK 11.1 17.6
SiK 21.1
Mo L - 824
I:l CK 67.9

Spectrum 2

80pm Elektronenbild 1

Figure 64: SEM/EDX of OE 13 after thermolysis at 450/700°C

Thin layers of the precursor in combination with a two-step thermolysis up to 700 °C
gave the best results for the HZS 12/200/1200. Benzyl,SiH; (20), p-tolyl,SiH, (34), and
1-naphthylSiH; (30) turned out to be too volatile for an efficient thermolysis. p-n-
butyl,phenylSiH, (23) gave particles with a rather high carbon content. 1-Naphthyl,SiH,
(25) and 9-anthracenyl,SiH; (27) resulted to be the most promising candidates for fur-

ther experiments.
DHS 1100

Thermolysis of 1-naphthyl,SiH, (25) was investigated in detail with an Anton Paar DHS
1100, which allows a very fast heating rate (up to 100 °C/min) and easy handling, due

to the comparatively small instrument (Figure 65).

/]

Figure 65: Experimental setup with modified dome. a) sample during thermolysis b) obtained surface

coating
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For experimental details of thermolysis experiments with the DHS 1100 see Table 14.

Table 14: Experimental details for thermolysis of 1-naphthyl,SiH, (25) on molybdenum (Mo) or plati-
num (Pt) foil with DHS 1100

Sample No. Method Surface T[°C] Trate [°C/min]
OE 14 powder Mo 700 50
OE 15 powder Mo 700 100
OE 16 melting Mo 700 100
OE 17 melting Mo 700 100
OE 18 melting Mo 700 100
OE 19 melting Pt 700 100
OE 20 melting Pt 700 100
OE 21 melting Pt 700 100
OE 22 melting Pt 700 100

Figure 66 shows the obtained SEM image and EDX data of OF 14 and OF 15. In both

cases, a powdered silane sample was directly applied to the molybdenum surface.

OF 14 shows a carbon content of about 30%, which is notably lower than the one ob-
served for powder samples from the GHA 12/600. In the case of OF 14 only a thin

powder layer was applied and a higher heating rate (100 °C/min) used. In the observed

particles no carbon could be detected.

“Spektrum 19“ “Spektrum 21“

Element Atom% Atom%
OK 49.8 46.0
SiK 19.5 12.4
Mo L 1.6 41.51
CK 29.1

Figure 66: SEM/EDX of OE 14 and OE 15 after thermolysis at 700 °C

Figure 67 shows an elemental mapping of an additional part of OE 15, indicating the

composition from mainly silicon (and oxygen).
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Electron Image 1 SiKa1

Figure 67: OE 15; SEM image and elemental mapping (EDX) of silicon

Figure 68 shows an overview of the surface of sample OE 16. In this experiment (and
the following) the silane was molten on the surface prior to thermolysis. Instead of

unordered solids or layers, small particles are formed.

SEM HV: WD: 14.77 mm

SEM MAG: 91x Det: SE

Figure 68: SEM image of OE 16

Figure 69 shows the SEM and EDX data for OF 16 and OF 17. In both cases carbon was
not detectable in the resulting sample. The silicon content ranges from 10-25%, de-
pending also on the thickness of the particle (also related to the observed molyb-

denum content)

“Spektrum 4“  “Spektrum 15"

Element Atom% Atom%
oK 79.5 73.5
SiK 10.6 253
Mo L 9.9 1.2
CK

Electron Image 1

Figure 69: SEM/EDX of OE 16 and OE 17 after thermolysis at 700 °C
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Figure 70 shows an elemental mapping of OE 18, indicating the composition of the

resulting particles from mainly silicon and oxygen.

Electron Image 1 SiKat

Figure 70: OE 18; SEM image and elemental mapping (EDX) of silicon

To eliminate oxygen derived from the molybdenum surface, which could react with
silicon, a second test row (OE 19-22) was performed on platinum substrates. Figure 71
shows an overview of the surface of sample OE 19. Similar to molybdenum, small par-

ticles are formed.

SEM HV: 20.0
SEM MAG: 79 x

Figure 71. SEM image of OE 17

To ensure the reproducibility of the previous measurements regarding the absence of
carbon in the obtained samples, a test row of 4 equal samples was prepared (OF 19-
OF22). Figure 72 shows the SEM and EDX analysis of the resulting particles. All samples
show a good conformity regarding the elemental composition. A silicon content of 16-
23%, accompanied by an high oxygen content was observed. No carbon could be de-
tected.
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“Spektrum 1“ “Spektrum 4“

Element Atom% Atom%
0K 78 783
SiK 16.5 18.8
PtM 55 2.9

CK

“Spektrum 8 “Spektrum 2“

Element Atom% Atom%
0K 76.0 76.3
SiK 230 225
PtM 1.0 1.2

CK

Soum Electron Image 1 Boum Eectron Image 1

Figure 72: SEM/EDX of a) OE 19, b) OE 20, c) OE 21 and d) OE 22 after thermolysis at 700 °C

An interesting feature of all experiment performed with the highest heating rate
(100°C/min ) is the formation of comb-like structures on the surface (Figure 73), which

are possibly derived from the fast release of reaction products during thermolysis.

Figure 73: SEM images of observed comb structures formed at high heating rates (100 °C/min); ele-

mental mapping (EDX) of silicon

Summing up, the formation of silicon (or SiO) from organosilanes was successfully per-
formed. Variation of the reaction parameters show that the temperature, preparation
of the sample (especially regarding the thickness of the silane layer) as well as the
heating rate have a major influence on the reaction products. 1-naphthyl,SiH, (25) and
9-anthracenyl,SiH, (27) proved to generate carbon free particles under certain condi-
tions. Due to the easier synthetic accessibility of the former, 1-naphthyl,SiH; (25) might
be the more interesting candidate for further applications. Even though silanes with
other substituents than naphthyl or anthracenyl (which might be the better leaving
groups in thermolysis) produce layers or particles with a higher carbon content, this
might as well lead to the interesting possibility to “tune” the carbon content by inten-

tionally choosing the organic substituent of the organo silane (Figure 74).
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H Ph,Si \SiPh2
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H Ph,Si—SiPh,

No carbon s
detectable

Figure 74: Dependency of carbon content on substituent of the organo silane.

In the heat treatment of organo silanes and polysilanes, oxygen is in many cases inevi-
tably included in the resulting solids due to its affinity to silicon. Nevertheless, SiC,O,
compounds can be used for super low-k materials due to the low dielectric constant

and their thermal stability.*

3.4.3 Battery Material

119 the influence of octa-

In this study, which was performed in our working group,
phenyl-cyclotetrasilane (PhgSis) and decaphenylcyclopentasilane (PhyoSis) on the capac-
ity of graphite in lithium-ion half-cells has been tested (Figure 75). For this purpose,
the silanes were pretreated differently depending on the preparation procedure of the
electrodes used. Pretreatments included pyrolysis of the silanes, mixing and/or ball-

milling of the same with graphite, polymeric binder, carbon and solvent.

Ph  Ph polyvinylidene difluoride
\/ carbon
ph\ /ph N-methylpyrrolidone .
PH “Ph \ %
P “py ::iﬁ-ﬁ'—_—i

“SPh  polyvinylidene difluoride
carbon
Ph N-methylpyrrolidone

Figure 75: Scheme for the usage of phenylated cyclosilanes in lithium-ion half-cells

Testing of these electrodes was carried out using Galvanostatic Cycling and Cyclic Volt-
ammetry protocols. The silane containing electrodes showed lower capacities than the

comparably prepared graphite electrodes. The capacities found for SisPhg were slightly
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higher than for its five-membered analogue in all of the experiments performed. The
Galvanostatic Cycling of the perphenylated cyclopolysilanes was carried out with elec-
trodes from different preparation methods. The used electrodes differed in composi-
tion, particle size and treatment during the preparation. The resulting determined
practical capacities were 250 mAh g™ for graphite, 227 mAh g for SisPhg and 202 mAh
g™ for SisPhy (Figure 76).
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Figure 76: Ball-milled graphite blank vs. ball-milled Si,Phg and SisPh,,

Exceptional results were found for electrodes containing pyrolysed silanes, which ele-
vated the average capacity significantly from 216 mAh g (graphite blank) to 347 mAh
g (SisPhg, 60% vs. blank) and 297 mAh g (SisPh1o, 37% vs. blank) (Figure 77).
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Figure 77: Ball-milled graphite blank (left) vs. pyrolysed & ball-milled Si;Phg and SisPhy, (right)

This may be explained by a ring opening during the pyrolysis at 700 °C, which resulted
in shorter polymeric silicon structures. The pyrolysis might lead to higher capacity m
terials with experimentally found specific capacities of 131 mAh g™ for pyrolysed SisPhsg

and 82 mAh g for pyrolysed SisPhio.



3 Results and Discussion 73

3.5 Reactivity

3.5.1 Oligo-/Polymerization

Oligomerization of aryl(chloro)silanes was investigated using two different reaction
pathways. Dehydrogenative coupling of arylsilanes with the metallocene catalysts
Cp,TiMe, and n-BuLi/Cp,TiCl, as well as a Wurtz-type coupling reaction of ar-

ylchlorosilanes with the alkali metals lithium and magnesium.

Reaction with metallocene catalyst

In literature the dehydrogenative coupling has been described only for a few other
aromatic systems besides phenyl. When the phenyl ring is substituted with a methyl
group in the ortho position, no homopolymer could be obtained. Substituents in the
meta or para position show a higher polymerization rate under similar conditions. In
the present work, the reaction of the arylsilanes with Cp,TiMe, was performed like
described by Harrod et al.*® with the goal to obtain an oligomer or a Si-ring system
with a arylSiH-group. Reaction of the secondary silanes with the combined
n-BuLi/Cp,TiCl, was performed similar to Corey et al.”” to obtain the corresponding

homooligomers or polymers (Figure 78).

The reaction was performed with two different substituent systems. In comparison to
phenyl, the naphthyl group shows an increase in the steric bulk in the ortho position,
but has a rather flat geometry. 2,6-Xylyl has an even higher bulk, due to the two me-

thyl groups in the ortho positions towards the silicon atom.

|
nRSiH; —— H-Si—TH

| ’ ‘
H n
cat. R

' |
nR,SiH) — H S: H 1-naphthyl 2,6-xylyl
R n

Figure 78: Reaction scheme for homogeneous dehydrogenative coupling

All reactions were carried out in toluene. The addition of n-Buli in the combined cata-
lyst system was done at 0 °C because of the instability of the organolithium reagent at
higher temperatures. After complete addition, the reaction was heated to 90 °C. For

trihydrides, a toluene solution of Cp,TiMe, was added at room temperature (see Table
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15). A colour change indicating the formation of the deep blue coloured titanocene(lll)

silyl complexes was observed (see Figure 79).

Figure 79: a) reaction solution of 1-naphthylSiH; (30) with Cp,TiMe,, b) reaction after 30 minutes; c)
reaction solution of 2,6-xylyl,SiH, (28) with n-BuLi/Cp,TiCl, after 10 hours reflux

The reaction of 2,6-xylyl,SiH, (28) with n-BuLi/Cp,TiCl, gives a large 2°Si-NMR signal at -
62.1 ppm (D,0). In the 'H-NMR spectra, the hydride signal can be seen at 5.08 ppm
(D,0) with an integral ratio to the methyl protons of 2:12, which correspond to the

unreacted educt. No colour change could be observed in this reaction.

Table 15: Reaction of arylsilanes R,SiH, and RSiH; with metallocene catalysts

Monomer Catalyst Conditions Colour change 2gi-NMR [ppm]
1-naphthyl,SiH, (25)  n-BuLi/Cp,TiCl, 0°C/90°C  black; 30 min -39.4
1-naphthylSiH; (30) Cp,TiMe, RT dark blue; 30 min -62.8,-39.8
2,6-xylyl,SiH, (28) n-BuLi/Cp,TiCl, 0°C/90°C  orange (no change) -62.1
2,6-xylylSiH; (37) Cp,TiMe, RT dark blue; 20 min -45.5,62.2

Reaction of 1-naphthyl,SiH, (25) with n-BuLi/Cp,TiCl, gives one 2%5i-NMR signal at -39.4
ppm (D,0). In the *H-NMR spectra, the hydride signal can be seen at 5.4 ppm (D,0)
with an integral ratio of 2:2 to the dublet of the aryl-protons in a-position to the sili-
con. Also in this case the shifts can be assigned to unreacted educt. The colour change
in the reaction of 1-naphthyl,SiH; (25) may occur from a reaction of the catalyst with
residual moisture. In the reaction of 2,6-xylylSiH3 (37) with Cp,TiMe, a colour change to
dark blue is observed after 20 minutes. The *’Si-NMR shows a large peak at -62.2 ppm,
which can be attributed to the unreacted educt and a smaller peak at -45 ppm (see
Figure 80). GC-MS analysis of the solution was inconclusive. Unfortunately it was not
possible to characterize the reaction product, but from comparison of the reaction
with 1-naphSiH; (25) it is obvious that the reaction of 2,6-xylylSiH; (30) seems to be

slower due to the larger sterical hindrance.
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Figure 80: >°Si-NMR of the reaction of Cp,TiMe, with a) 1-naphthylSiH; (30), b)2,6-xylylSiH; (30) after

one week

After 3 days, the reaction of 1-naphthylSiH; (30) turns to a dark brown colour and a
yellowish-white precipitate is formed. The precipitate was filtered off and dried. In the
residual solution, two *?Si-NMR shifts were measured overnight. A small one at -62.8
ppm, which can be assigned to unconverted educt and a larger one at -39.8 ppm. A GC-
MS analysis did not yield any results, which may be caused by a too large molecular
weight or problems in the injector system. The shift might correspond to a low weight
oligomer. The white precipitate was washed via soxhlet extractor with toluene for 10
hours. The resulting white powder is insoluble in common organic solvents. The bad
solubility would be an indication for a compound bearing more than one naphthyl
moiety. If compared to the monomers the solubility decreases from 1-naphthyl,SiH,
(25) to 1-naphthylsSiH (33). The same effect can be seen for the corresponding
chlorosilanes. The ATR-IR Analysis (see Figure 81) of the precipitate shows a strong
band at 2100 cm™, which can be attributed to the Si-H group. In the region between
3100-3000 cm™ the symmetric and asymmetric stretching vibration of the aryl C-H can
be seen. The bands between 2000 and 1600 cm™ can be assigned to combination vi-
brations. A strong C=C valence vibration shows at 1500 cm™. The “fingerprint” region
from 1300-1000 cm™ is very similar to the ATR-IR spectra of naphthalene (see Appen-
dix), but showing less bands in the region 600-1000cm™ compared to 1-naphthyl,SiH,
(25) (see Appendix), which could be caused by the absence of the second aryl substitu-
ent. The two naphthyl groups show a wider variety of rocking, wagging and twisting
modes compared to the mononaphthyl substituted silane. The same effect can be ob-

121

served for phenylsilanes.””” The ATR-IR spectra allows the conclusion, that the ob-
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tained solid has both a naphthyl moiety and a Si-H group, which would fit to the de-

sired product of the dehydrogenation.
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Figure 81: ATR-IR spectra of the precipitate of NaphthylSiH; (30) with Cp,TiMe,

The electron impact mass spectrum with direct ionization is shown in Figure 82. Spec-
tra were continuously acquired while the sample was heated from room temperature
to 550 °C.

Binder V56 129 (2.150) AM (Cen, 4, 70.00, Ht,7000.0,0.00,0.70); Cm (107:154-4:55 TOF MS El+
100+ 128.1 S0 L] 1.44e5

Figure 82: Enlarged (50x) DI-El spectra of the precipitate [Naphthyl,SiH,] with some of the detected
MS fragments
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Up to 150 °C, toluene was detected which was possibly enclosed in the sample. At
approximately 400 °C, the above-mentioned spectra was obtained. Due to the high
temperature, the visible peaks might not only be the precipitate, but also its thermal
degradation products. Fragments with the weight distance of the naphthylSiH group
(156 Da) as well as the naphthyl group (128 Da) can be detected. The mass of 283 Da
(bzw. 284 Da) would fit to a fragment with two naphthyl groups attached to the silicon
atom. The rearrangement of aromatic substituents when exposed to heat was already
observed in the thermolysis of thSi_r,,122 The fragment at 621 Da would fit to a
tetramer of naphthylSiH-units, which is evidence for the succesful oligomerization,
beyond the disilane state. Noticeable is the fragement at 936 Da which would fit
peculiar good to the cyclohexamer of naphthylSiH. It might have been formed
thermally during the heating, but also the direct formation during the reaction is
possible. The theoretical isotope pattern M™ of (1-naphthylSiH)¢ and the observed

pattern can be seen in Figure 83. Both patterns fit very well.

Binder WS6 (0.017}1s (0.10,0.01) CE0H 42Si6HE |TOF MSEI+
§36.2372 3.15e12

0 FI0.237TE gas mape
004 837 235
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inder V56 129 (2.150) AM (Cen 4, 70.00, i Ay AU Lm (T0F
Binder V56 129 (2.150) AM (Cen,4, 70.00, HL7000.0,0.00,0.70); Cm (107:1

1004 B0 e

TOF MSEI+
246

experimental

Figure 83: Theoretical and experimental isotope pattern of (1-naphthylSiH),

The MALDI-TOF spectra also shows the formation of an oligomeric 1-naphthyISiH com-
pound (Figure 84). The largest fragment at 1187 Da could be attributed to a cyclic
compound or a linear hexamer. In both cases again, a rearrangement of the naphthyl

groups seems to take place.
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Figure 84: MALDI-TOF of the precipitate [1-naphthyl,SiH,]

The pattern of the mass spectra clearly shows the oligomerization of the monomer.
The difference in mass between the major peaks is in nearly all cases 156 Da, which
can be assigned to the 1-naphthylSiH-group. For the detailed MALDI-TOF spectra of the
specific m/z regions see Appendix. Because of the bad solubility of the oligomer, no
crystal structure could be obtained, but the conclusion can be drawn that the dehy-
drogenative coupling of 1-naphthylSiH3 (30) with Cp,TiMe, is successful beyond the
disilane stage. The flat geometry of the naphthyl group does not hinder the coupling. A
similar reaction as described by Harrod'® seems to take place. For some fragments the
theoretical mass differs from the experimental by the weight of one or two protons.
Perhaps also in this case a reaction between the naphthyl moietys takes place as is
sugested for the Wurtz-reaction of 1-naphthyl,SiCl, (8) with lithium (see subsequent
section). To obtain compounds with higher mass than the oligomer, it would be
interesting to use also other catalyst systems with hafnium or zirconium, as well as
other aryl substituents including anthracenyl. The oligomers of (1-naphthylISiH) could
be interesting materials for different applications, combining the Si-Si chain with a
large conjugated m-system. The poor solubility might be improved by proper

substitution of the naphthyl ring.

It could be shown that the reaction of 1-naphthylSiHs (30) with Cp,TiMe; leads to the
desired oligmerization. Polymerization could not be observed, possibly due to the

higher steric demand of the naphthyl group compared to phenyl. For 2,6-xylylSiHs, a
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reaction takes place but no characterization was possible so far. After one week
reaction time, only a small amount of a reaction product is observed via 29Si-NMR.
Dehydrogenative coupling of secondary silanes R,SiH, with n-Buli/Cp,TiCl, was not

sucessful under the used conditions.
Wurtz coupling with alkali metal

The Wurtz coupling of 1-naphthyl,SiCl, (8) was performed with lithium and magnesium
analogous to the reaction with phenyl,SiCl, (see 4.8.1) to obtain novel ring systems,

oligomers or polymers.

The reaction was carried out with 3 different types of lithium: flakes (finely cut lithium
band), granules and powder. In the reaction with lithium flakes, a green-black solution
was obtained after one hour. This colour would be typical for a lithium naphthalenide
(Figure 85). This anion is strongly basic and might lead to many side reactions. It was as
well shown that lithium naphthalenide reacts with protic solvents and THF at elevated
temperatures.m The discolouration of the solution when in contact with air can also

be an indication for this reaction.
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Figure 85: Preperation of lithium naphthalenide in THF

The 'H-NMR showed peaks similar to naphthalene, but no educt was detected. The
obtained yellow white solid seemed to be amorphous. ATR-IR spectra did not give a
clear answer about the composition. No 295i-NMR shift could be detected. The precipi-
tate might be an oligomeric product, due to its bad solubility and the many possible
side reactions occurring does not allow for characterization. When using lithium pow-
der neither a warming of the solution nor a strong colour change was observed. Sever-
al 2>Si-NMR shifts were detected, but the largest one at 7.67 ppm can be assigned to
unreacted educt. A small amount of a yellow-white precipitate was formed but it could
as well not be characterized due to its inhomogeneity, giving unclear results in all fur-
ther analysis. Due to the large surface, the lithium powder might have already been to
unreactive, which would go along with the observations during the reaction concern-
ing warming and colour. In the reaction with lithium granules, a colour change was
observed leading to a slightly greenish solution, which would again fit to the formation

of lithium naphthalenide. Several 295i-NMR silicon shifts were detected as well in this
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case, but no educt. Again the yellow-white precipitate did not give any clear results.

Table 16 shows a summary of the obtained 295i-NMR shifts for the reactions.

Table 16: *Si-NMR Shifts of various Wurtz type coupling reactions of 1-naphthyl,SiCl, (8) with alkali

metal (=M). Li=lithium, Mg=magnesiumThe highest intensity peaks are indicated in bold fond.

M Exp.No. Preparation 5 #Si-NMR [ppm]
w1 band no signal
w2 powder 8.9,7.7,-10.5, -16.2, -30.6, -35.5, -40.9

L ws granules -17.7, -24.4, -39.4, -45.3, -41.5

w4 freshly cut band™* -24.9,-29.0,-37.2, -38.9, -39.7, -41.8
W5 band'** 7.0,39.3,57.5
W6 activated with iodine -6.6,-21.9, -43.9

Mgm W7 activated with ethereal HCl -17.1,-18.2, -35.5, -38.3, -39.8, -45.8
W8 rasped 4.0,-6.6,-21.9

A second study performed in our working group™* using magnesium showed similar
results. With lithium band (W4 and W5) completely different results were obtained in
the two reaction runs. Magnesium as well led to unreproducible results, showing vari-
ous 2°Si shifts. MS analysis of W5 showed 1-naphthyl;Si chains with different lengths,
which would indicate a successful oligomerization. Besides that, fragments with the
loss of two hydrogens could also be detected, which led to a proposed reaction

scheme depicted in Figure 86.

R Si SiR,
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R,Si SiR, n=123
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Z=H, Me,Si, Naph,Si(H)

Figure 86: Depicted reaction scheme for ws'?

Investigation of the 295i-NMR shifts shows a repeating signal in the range of -22 to -25
ppm which would fit to a cyclotetrasilane when compared to the shifts of similar

perarylated compounds. Also, signals in the range of -36 to -39 ppm could belong to
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the cyclopentasilane derivative. For a comparison to already known and predicted
shifts of aryl substituted disilanes and ring systems see Appendix. Unfortunately no

product could be isolated.

Despite our attempts to work under well defined reaction conditions, Wurtz coupling
reactions seem to be hard to control and results were hardly reproducible. In all exper-
iments, reaction mixtures were obtained that were difficult or even impossible to sep-
arate. This problem was increased by the insolubilty of all oligomeric reaction products
bearing naphthyl groups. The same applies to polymers with phenyl substituents,
which are today only used in applications were the diphenyl- substituted monomer is
connected with a better soluble monomer such as the dimethyl group in a copolymer
or in case of polymers containing PhSiMe groups. This approach could as well be suc-
cessful in the usage of naphthyl substituted oligomers. Still the problem of many un-
wanted side reactions is always existing. Unfortunately, naththyl groups seem to show
a wider variety of side reactions (including naphthalenide formation or forming of in-
termolecular bonds) than phenyl groups. All obtained solids were inhomogeneous in
colour and texture and could not be purified further. Also direct ionization in mass

analysis failed in many cases.

When compared to the dehydrogenative coupling of 1-naphthylSiHs (30) with a titano-
cene catalyst the latter led to a much more homogeneous product, that was easier to
analyze. It seems that this reaction is better controlled with fewer side reactions than

the Wurtz type coupling which goes along with the results in many literature studies.
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3.5.2 UV-Irradiation

Due to the sucessful photodimerization of di-9-anthracenyldimethylsilane and several
1-substituted naphthalenes (see 2.4.1), the reactivity of 9-anthraceny,SiH, (27), 1-
naphthylsilane (30) and dibenzylsilane (20) under irradiation was examined. The reac-
tions were investigated regarding the possible formation of cycic adducts as well as
photoinduced polymerization of the hydrogen rich silanes, which was reported in liter-
ature for cyclic silanes.”® The reactions were carried out in deuterated benzene in a
standard NMR tube. The UV-Vis spectra of various silanes were measured and com-
pared to the absorption of glass to identify the usable range of wavelengths (Figure
87).

— S-anthracenyl,SiH,
— 1-naphthyl,SiH,
— 1-naphthyiSiH;
f/\ — benzyl,SiH,
/ benzylSiH,

Absorbance

220 240 260 280 300 320 340 360 380 400 420

Wavenumber [nm]

Figure 87: UV-Vis spectra the p-band region of 9-anthracenyl,SiH, (27), 1-naphthyl,SiH, (25), 1-
naphthylSiH; (30), benzyl,SiH, (20) and benzylSiH; (32)

The absorption maxima of 9-anthracenyl,SiH, (27) at 392 nm, 372 nm, 353 nm and 336
nm are located near to the visible region, due to the larger m-system. 1-naphthylSiH;
(30) shows absorbance maxima at 296 nm, 285 nm, 275 nm and 265 nm. The values
for 1-naphthyl,SiH, (25) are about 2 nm lower. The maxima of benzyl,SiH, (20) and
benzylSiH3 (32) can be found at 273 nm, 266 nm, 260 nm and 253 nm.

9-anthracenyl,SiH, (27) seemed to be the most promising candidate for the irradiation
experiments. It shows absorption bands in the visible region of the spectrum and is the
only coloured substance in the experiment. Anthracene, as a polycyclic aromatic mole-
cule with sp2-hybridisation of the binding orbitals of its carbon atoms, has a r-t* tran-
sition as lowest electronic transition (S0-S1). The visible p-band with the vibronic struc-

ture appears in solution as a broad band with four major absorption peaks between
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300 and 400 nm. Figure 88 shows the comparison of the p-bands of anthracene and 9-
anthracenyl,SiH, (27) in benzene. 9-anthracenyl,SiH, shows a bathochromic shift of
the absorption maximum to 398 nm, which is in agreement with the observed colour
change from the colourless anthracene to the bright greenish yellow of 9-

anthracenyl,SiH,.

0,9 — 9-anthracenyl,SiH,

0,8 --- anthracene

074"

Absorbance

280 300 320 340 360 380 400 420 440
Wavenumber [nm]

Figure 88: UV-Vis spectra of the p-band of a) 9-anthracenyl,SiH, (27) and b)anthracene in benzene

A 0.1 mol/I solution of (27) was prepared in deuterated benzene, which was stored
over potassium to minimize the water content. The sample was filled into a NMR-tube
under inert gas and was mounted beside the brightest spot of the UV-lamp (for details
see 4.8.2). "H-NMR spectra of the sample were measured prior to irradiation, after 5,

10, 20 and 30 minutes. A last measurement was taken after 6 hours of irradiation.

Figure 89 shows the 'H-NMR spectrum of 9-anthracenyl,SiH, (27) in C¢Dg (spectrum
referenced to the solvent peak at 7.16 ppm). The removal of anthracene was achieved
by 24 hours vacuum sublimation at 60 °C followed by recrystallization from ethyl ace-
tate at -4 °C. Residual anthracene can be identified via 1H—NI\/IR, by the absence of
three peaks. A singlet at 8.16 ppm and a multiplet at 7.8 ppm and 7.24 ppm (see Ap-
pendix).

9-Anthracenyl,SiH, (27) shows a dublet at 8.78 ppm and 7.74 ppm which can be as-
signed to the protons in position 4 and 5, as well as the protons in position 1 and 8.
The singlet at 8.22 ppm belongs to the proton in position 10. The shifts of the protons
in position 2,3,6 and 7 combine to a multiplet in the range of 7.04 — 7.14 ppm. The
protons of the Si-H group show a singlet at 6.50 ppm, with a Si-H coupling constant of
202 Hz.
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Figure 89: "H-NMR spectrum of 9-anthracenyl,SiH, (27) in CsDs

After 5 minutes irradiation of 9-anthracenyl,SiH, with UV light (see Figure 90) already a

significant difference in the spectrum can be observed.
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Figure 90: UV-Irradiation of 9-anthracenyl,SiH, (27) in C¢Dg at 60-900 nm after 5 min (red) and 10 min
(blue)
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The educt related peaks can still be detected, but the intensity has strongly decreased.
Instead, new multiplet shitfts are appearing in the range of 6.7 — 6.8 ppm. Two singlet
shifts, one at 4.21 ppm and one at 3.99 ppm are formed. When compared to results
from literature, the similarities to the reported Type Il side-product of the irradiation
of di-methyl-dianthracenyl silane are noticeable.”® Regarding the proposed structure of
this reaction, an assignment of the obtained shifts is possible. The strong singlet at
3.98 ppm corresponds to the Si-H proton, which could be proved by the allocation of
the satellite signals due to the Si-H coupling. The coupling constant increases from 202
Hz of the educt to 254 Hz, which would also mean a difference in the structure of the

molecule.

a)

Figure 91: a) photodimer of anthracene; b) side product of irradiation of di-9-anthryldimethylsilane;54

b) predicted structure of irradiation product of 9-anthracenyl,SiH, (27)

The shift at 4.21 ppm is characteristic of the bridged backbone proton in position 10 of
the anthracene substituent.>® A similar shift can also be observed in the irradiation of
anthracene. The proposed structure for the irradiation product, bearing a silacyclopro-

pane structure is shown in Figure 91.

Progressive irradiation leads to a decrease of the Si-H proton shift. After 6 hours only
the backbone proton shift at 4.20 ppm and a broad multiplet at 6.79 ppm can be ob-
served (Figure 92). These shifts fit very well to the reported data of the photodimer of
anthracene (see Figure 91). For this compound, one multiplet at 6.80 ppm and 6.87
ppm respectively, as well as a singlet at 4.53 ppm were detected when measured in
CDCls. Solutions that were only irradiated for a short time, showed the same spectrum
as the ones with the longest irradiation times, when stored at room temperature (or in
the freezer) for some time. This allows the conclusion that the formed photodimer
seems to be quite unstable. The absence of the Si-H shift in the resulting spectrum is
also a strong indication for compound decomposition. It seems that upon irradiation in

a first step the [4+4] cyclodimer is formed, which can be identified in the *H spectrum.
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Figure 92: UV-Irradiation of 9-anthracenyl,SiH, (27) in C;D¢ at 60-900 nm after 20 min (red) and 30 min
(blue) and 6 hours (black)

Already after 20 min irradiation the ratio of the backbone-H shift to the Si-H shift
changes, and the latter decreases until it disappears. This may be due to a Si-C bond
cleavage, affording the anthracene dimer and an unknown silicon species. During irra-
diation, the colour of the solution turned from slightly yellow to bright yellow and after
6 hours to a darker orange with a cloudy precipitate on the bottom (see Figure 93).
This process was accompanied by a deterioration of the solubility, which made it diffi-
I cult to get a sufficient “Lock Level” on the NMR machine.
M Therefore, due the low concentration it was not possible to
obtain a reproducible 295i-NMR shift. A measurement over
| two days, with a relaxation time of 60 sec showed one shift
| at -21 ppm. After evaporation of the solvent, small orange
.' crystals were formed, but due to their poor quality it was not

Omin  5min  6h possible to get a crystal structure.

Figure 93: Colour change of
the solution during irradia- Beside the shifts attributed to the [4+4] photodimer, after 5

tion min irradiation also shifts in the range 5-6.5 ppm appear,
that may be attributed to a structure similar to the reported type | (see Figure 6). The
intensity does not change notably with continuing irradiation time. The observed shifts

fit to the literature data, but the distribution of the formed products differs. The ratio
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of Type I: Type Il was determined as 2:1 for the irradiation of di-9-
anthracenyldimethylsilane,>® whereas in our case the Type Ill adduct is the main reac-
tion product. An explanation for this different reaction behavior may be the different
steric demand of the hydride protons compared to the methyl groups. Unfortunately,
the authors do not give any information about stability of the photodimers or possible
isolation. Only 'H-NMR data is provided.

Irradiation of 1-naphthylSiH; (30) was performed similar to literature at room tempera-
ture and at -78 °C with EtOH/N,.”® After 60 minutes a slight change in colour was ob-
served, but only the educt shifts can be detected in the "H-NMR. Also, the irradiation
of benzylSiH; (32) only afforded the educt.

In summary the irradiation of 9-anthracenyl,SiH, (27) leads to an intramolecular [4+4]
adduct, which was characterized via *"H-NMR. Due to the instability of the compound
no further isolation and characterization was possible. Compounds with a smaller n-

system (benzyl, naphthyl) did not undergo a reaction under the given conditions.

3.5.2.1 Grazing Incidence Small Angle Scattering (SAXS) and Deep X-ray Lithography
(DXRL) of 9-anthracenyl,SiH, (27) in PMMA

To study the effect of high radiation doses on 9-anthracenyl,SiH, (27), it was embed-
ded into a PMMA (polymethylmethacrylate) matrix and irradiated with hard X-ray ra-
diation between 2 and 20 keV at the Deep X-ray Lithography Beamline of the electron

storage ring ELETTRA, Trieste, ItaIy.125

The sample was prepared, first, by mixing the
silane and the polymer and second, the mixtures were spin coating on a Si-wafer. For
details of the sample preparation see 4.8.3.1. Irradiation was performed with increas-
ing radiation doses up to 250 kJ and analyzed with Grazing incidence Small Angle Scat-

126

tering at the Austrian SAXS beamline at ELETTRA.™ The incidence angle was set to

0.5°.

Figure 94 shows the vertical cuts of the GISAXS images of PMMA and in comparison
with the silane containing PMMA sample. In the latter, a growth of nanostructures can
be observed instantly with beginning of the irradiation. In case of the sole polymer, a
formation of larger structures (>10 nm) can as well be detected but with a much slow-

er rate.
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Figure 94: Vertical cuts of the GISAXS images of silane containing PMMA (left) and PMMA (right) at

different radiation doses

A curve fit of the GISAXS data of the silane containing polymer (Figure 95) allows a
more detailed description of the irradiation induced nanostructure formation. For the
analysis a model consisting spherical particles with a Schultz distribution for the parti-

cle sizes and a sticky hard sphere model for the structure factor was used.

104__[] — 0kt

g/ nm?

Figure 95: Vertical cuts of the GISAXS data of silane containing PMMA with the resulting fits of the

model (described in the text)

127128 At 3 dose of

Additionally a general Porod term was added for the large structures.
about 2 kJ, particles with a diameter of approximately 3 nm with a spacing of 7 nm can
be detected (Figure 96). Upon continued irradiation an increase of size (5 nm) along-
side with a wider spacing (11 nm) is observed, which might be attributed to the growth
of larger nanostructures by aggregation of the initial smaller ones. The nanostructures

continuously grow, until they reach a diameter larger than 10 nm at the highest irradi-

ation dose, which was limited by the resolution of the technique.
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Figure 96: Formation of nanostructures in irradiated silane containing PMMA; d= diameter of particle,
s= spacing between particles

The obtained GISAXS data supplements the UV irradiation experiments of 9-
anthracenyl,SiH, (27) that led to an intramolecular [4+4] adduct, which rapidly decom-
poses due to the unstable silacyclopropane structure. In the PMMA films, it seems that
the anthracene structure stays unaltered since its typical blue fluorescence can still be
observed after the highest irradiation dose (Figure 97). A formation of silicon
nanostructures and the anthracene dimer via Si-C bond cleavage seems to be probable

and is supported by the 'H-NMR data and GISAXS measurements.

PMMA +silane

Figure 97: a) photodimer of anthracene; b) proposed structure of irradiation product of 9-
anthracenyl,SiH, (27); c) fluorescence of PMMA (top) and silane containing PMMA (bottom) at differ-

ent energy doses

3.5.2.2 Time resolved in situ GISAXS of 9-anthracenyl,SiH, (27) in PMMA

For investigating the thermolysis of unaltered and irradiated 9-anthracenyl,SiH, (27) an
in situ structural study was performed under gracing incidence conditions. Therefore
9-anthracenyl,SiH, (27) was embedded into a PMMA (polymethylmethacrylate) matrix
and spin coated on a Si-wafer (for the exact methods see 4.8.3.1). The final film (unal-
tered and with 250 kJ dose) was heated to 440 °C with an Anton Paar DHS 1100 under

argon atmosphere. The reaction was monitored by in situ GISAXS measurement.

Figure 98 shows the vertical cuts of the GISAXS pattern of PMMA and silane containing

PMMA. A different reaction behavior can be observed. In case of the silane containing
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sample a sudden formation of particles is detected, which is independent from the

irradiation dose.
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Figure 98: GISAXS of silane containing PMMA (top) and PMMA (bottom) and at different energy doses
and heating to 440 °C

An easy accessible quantity is the correlation length of the particles derived by dividing
the moments of the scattering pattern.129 As a sensitive indicator the differential cor-

relation length given by the difference of the correlation length to its initial value was

used.
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Figure 99: Correlation lengths of observed particles
Plotting of the differential correlation lengths against the temperature (Figure 99)
shows the rapid formation of particles in the range of 380-400 °C, which fits very well
to the observed decomposing temperature of 9-anthracenyl,SiH, (27), detected by
TGA/DSC analysis. These findings match the detected particle formation observed in

thermolysis experiments.
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3.5.3 Deep X-Ray Lithography (DXRL) of organo silane films

The influence of irradiation on thin films of various silanes was investigated. The sam-
ples were irradiated with increasing energy doses on double sided polished Si-wafers
(IR transparent) and analyzed via IR measurement. To prevent interference of the sub-
jacent silicon during EDX measurements, the substrate was changed to molybdenum.
Only the highest dose (7044 J/cm?) was applied to these samples. Figure 100 shows the
exemplified IR-spectrum of 1-naphthyl,SiH, (25), which was spin coated on a Si-Wafer.
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Figure 100: IR-spectrum of 1-naphthyl,SiH, (25) thin film on a Si-wafer

The silane shows a strong band at 2100 cm™, which can be attributed to the Si-H
group. In the region between 3100-3000 cm™, the symmetric and asymmetric stretch-
ing vibration of the aryl C-H can be seen. The bands between 2000 and 1600 cm™ can
be assigned to C=C vibrations of the aromatic system. Around 900 nm the vibrations of
the aromatic C-H can be found. The samples were mounted on a carrier and irradiated
at five different energy doses. Figure 101, Figure 103, Figure 105, Figure 107 and Figure
109 show the IR-spectra of the different silanes before irradiation, after a dose of 1760
JJem™ and after the maximum dose of 7044 J/cm™. All other doses are omitted for

clarity.
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Figure 101: IR of 1-naph,SiH, (25) at different doses.

1-Naphthyl,SiH, (25) (see Figure 101) shows a decrease in the 2100 cm™ band with in-
creasing doses, accompanied by the formation of a strong broad band at 1100 cm™
and a weaker band in the range of 3200 — 3600 cm™. At the highest dose, the band at
2100 cm™ has almost disappeared. Figure 102 shows the exposed and unexposed 1-
naphthyl,SiH, The unexposed side shows an arrangement of the crystallites that is lost
on the exposed side. EDX analysis showed a slight decrease in the carbon content and

an increase in the oxygen value (for details see Appendix).

SEM HV: 20.0 kv wo:tsatmm |00
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Figure 102: SEM/EDX of 1-naph,SiH, (25),7044 J/cm’
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Figure 103: IR of 2,6-xyly,SiH, (28) at different doses.

2,6-Xylyl,SiH, (28) (see Figure 103) shows a decrease in the 2100 cm™ band with in-

creasing doses. At the highest dose the Si-H peak can still be detected, but a second

band at 2260 cm™ starts forming at 1760 cm™. The increase of the dose leads to the

formation of a strong broad band at 1100 cm™ and second band in the range of 3200 —

3700 cm™ that overlaps with a strong peak at 3600 cm™. Figure 104 shows the exposed

and unexposed 2,6-xylyl,SiH,. Irradiation leads to a glass-like homogenous layer that

differs clearly from the unexposed sample. EDX analysis showed a slight decrease in

the carbon content and an increase in the oxygen value (for details see Appendix).

/
SEM HV: 200 kV.
SEM MAG: 265 x

WD: 15.35 mm
Elekronenbild 1

Figure 104: SEM/EDX of 26-xylyl,SiH, (28), 7044 J/cm’
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Figure 105 : IR of 2,4-xylySiH; (29) at different doses

2,4-xylyISiHs (29) (see Figure 105) shows a decrease in the 2100 cm™ band with increas-
ing doses. At the highest dose the Si-H peak can still be detected, but a second band at
2260 cm™ starts forming at 1760 J/cm?. The increase of the dose leads to the for-
mation of two strong broad overlapping bands at 1140 and 1070 cm™, accompanied by
a second band in the range of 3100 — 3700 cm™. Figure 106 shows the exposed and
unexposed 2,4-xylylSiHs. The coating of the unexposed side is rather inhomogeneous,
showing also uncoated areas. Exposure leads to a very thin glass-like homogeneous
layer. EDX analysis shows no significant difference in the carbon and oxygen content

(see Appendix) for the exposed and unexposed sample.

SEM HV: 20.0 KV wo:ie79mm |00 VEGA3 TESCAN|
SEM MAG: 47 x Det: SE

Figure 106: SEM/EDX of 2,4-xylyISiH; (29), 7044 J/cm’

p-n-Butylphenyl,SiH, (23) (see Figure 107) shows a decrease in the 2100 cm™ band with
increasing doses, accompanied by the formation of a broad band at 1100 cm™ and a
weaker band in the range of 3200 — 3600 cm™. At the dose of 7044 J/cm™ the band at

2100 cm™ has disappeared. Figure 108 shows the exposed and unexposed p-n-
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butylphenyl,SiH, Irradiation leads to a glass-like homogeneous layer that differs clearly
from the unexposed sample. EDX analysis shows no significant difference in the carbon

and oxygen content (for details see Appendix for the exposed and unexposed sample.
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Figure 107: IR of p-n-butylphenyl,SiH, (23) at different doses.
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Figure 108: SEM/EDX of p-n-butylphenyl,SiH, (23), 7044 J/cm®

Spin coating of 9-anthracen,SiH, (27) did not give a layer on the surface, but needles
formed on the edges of the molybdenum substrate. The sample was irradiated as a
whole. Despite of the coating problems an effect of the irradiation on the IR spectra of
the compound can be detected. Again a decrease in the 2100 cm™ band with increas-
ing doses can be seen, accompanied by the formation of a strong broad band at 1100
cm™ and very weak band in the range of 3200 — 3600 cm™ (see Figure 109) . At the
highest dose the band at 2100 cm™ has disappeared. Figure 110 shows the exposed 9-
anthracen,SiH, EDX analysis showed a high oxygen content of the sample (for details

see Appendix).
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Figure 109: IR of anthracenyl,SiH, (27) at different doses.
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Figure 110: SEM/EDX of 9-anthracenyl,SiH, (27), 7044 J/cm’

The spin coating of phenylgSis and [phenyl,Si], did not give any visible films on the sur-

face. No analysis was possible.

The irradiation of the arylsilanes leads in all cases to an intensity decrease or disap-
pearance of the Si-H peak at 2100 cm™. To confirm that this finding is caused by the
irradiation and not by the reactivity of the silane itself towards air or moisture, further
experiments were performed. 2,6-xylyl,SiH, (28) and 9-anthracenyl,SiH, (27) were
stored under air for 24 h and the IR-spectra compared to silane samples which were
stored under inert conditions (see Appendix). No change in the spectra was observed,

which leads to the conclusion that no reaction with air takes place.

A possible explanation of the decrease of the 2100 cm™ peak would be the breaking of
the Si-H bond. A similar behavior was investigated for the irradiation of CPS (cyclohex-
asilane) with UV-irradiation. The observed Si-H bond breaking led to a polymerization
of the compound. This reaction would also be possible for the arylsilanes and would fit

to the finding that the composition of the formed layer does not differ very much from
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the starting material. C-H vibrations can be observed even after the highest doses,
which suggests that the organic groups are generally not influenced by the irradiation.
The broad peaks at ~3700 cm™, 3200 — 3600 cm™ as well as the peak at 1080 — 1100
cm™ would suggest various Si-O and Si-OH moieties, which would fit to the finding that

the oxygen value of the exposed sample is slightly higher than the unexposed ones.

In summary a breaking of the Si-H bond followed by a oxidation is presumed to be oc-
curing. A breaking of the Si-C bond is not supposed. In addition a breaking of the C-C
bond of the aryl moiety is unlikely, due to the existence of the C-H vibrations even af-
ter the highest irradiation doses. The EDX spectra as well shows a high carbon content
in the resulting films. The irradiation seems to lead to glass like layers which show a
much higher homogeneity than the unexposed films. Further analysis and charac-

terization might lead to interesting properties.
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3.5.4 Selective Chlorination with TCCA

Up to date various methods are used to synthesize chlorosilanes via the corresponding
silicon hydrides. Transformation of the Si-H bond to Si-Cl can be achieved by acyl chlo-

. 130,131 132,133 131,134
ride,

thionyl chloride, phosphorus trichloride, phosphorus pentachlo-
ride,”* and oxalyl chloride with aluminum trichloride™® based methodologies. Only
few methods for a selective monochlorination of silanes have been described thus far,
including reaction with tintetrachloride in dibutylether,"®’ an iron-catalyzed method
with acetyl chloride as the chlorine donor™® as well as the use of stoichiometric copper
chloride in combination with catalytic amounts of copper iodide.”* A brief review on
the halogenation of silanes and the applications of halosilanes has also been given by

Kunai and Ohshita.'*°

Many of the above mentioned methods suffer from difficulties in handling the often
toxic reagents, low vyields, or tedious workup procedures.'** In 2007 Stutts et al. re-
ported on the efficient chlorination of silicon hydrides with the inexpensive and easy to
handle trichloroisocyanuric acid (TCCA). In this chloroimide, all three chlorine atoms
are available for the reaction due to the lower energy state resulting from the aromati-
zation following the substitution of the 3 chlorine atoms by hydrogen (see Figure

111).14

R28|H2

R,SiCIH

(@)
)Lu Ho Py H BY

» -3¢l
—_— . |
o j + 3H from SiH o%\(& o S on

RSiCIH,

RSIH3

Figure 111: Reaction scheme for the chlorination of R,SiH, and RSiH; with TCCA

Several silanes including phenylsSiH, t-butylsSiH, phenylmethylSiH, as well as siloxanes
such as (methylHSiO), were reacted with a slight excess of TCCA to obtain the corre-
sponding chlorosilanes in yields of 90% or greater. The reaction time showed to be
dependent on the number of hydrogen atoms and the sterical demand of the starting

silane. THF proved to be suitable for most reactions with the necessity to perform the
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TCCA addition at -20 °C to control the exothermic reaction and prevent chlorination of
THF. ™

In our working group the utility of TCCA in the selective chlorination of a-w-
dihydrosiloxanes was already investigated. Tetramethyldisiloxane gave the monochlo-
rinated chlorotetramethyldisiloxane in a yield of 70%. 15% remained as unreacted

educt alongside with 15% of the dichlorinated 1,2-dichlorodisiloxane.™*

In the present
study the substitution of a single hydride by a chlorine atom in secondary and primary
aryl and alkyl silanes with a stoichiometric amount of TCCA was investigated. 1-
naphthyl,SiH, (25), 1-naphthylSiH3 (30), phenyl,SiH,, phenylSiH;, 9-anthracenyl,SiH,

(27), ethyl,SiH, and t-butyl,SiH, were used as starting silanes.

In a typical reaction, 1 mmol of the silane was dissolved in 3—=5 mL dry THF, cooled to
-20 °C. 0.33 mmol TCCA was added portionwise while vigorously stirring the solution.
After complete addition, the cooling bath was removed and the solution warmed to
room temperature. The reactivity was investigated without refluxing of the solution.
After a certain reaction time (depending on concentration and used silane) a clouding
of the solution was observed. The solution was filtered and analyzed via GC-MS and

NMR to monitor the reaction.

The chlorination of phenyl,SiH, with 0.33 mmol TCCA did not result in the formation of
the desired monochlorinated product. To investigate the optimum reaction conditions,
stoichiometry, solvent amount and reaction/addition times were varied (see Table 17
and Table 18).

Table 17: Reaction of phenyl,SiH, (= educt) with TCCA; variation of stoichiometry. E:TCCA describes
the ratio of Si-H to chlorine atoms of TCCA

Exp. Educt TCCA E:TCCA Ph,SiHCI Ph,SiH, Ph,SiCl,

[mmol] [mmol] [%] [%] [%]

A 0.99 0.33 1:1 53.2 46.8 0

B 0.99 0.36 1:1.1 51.5 48.5 0

C 0.99 0.49 1:1.5 66.0 34.0 0

D 0.99 0.59 1:1.78 76.2 1.60 22.5

E 0.99 0.60 1:1.82 76.4 0 23.6

F 0.99 0.66 1:2 86.3 0 13.7

G 0.99 0.70 1:2.12 73.0 0 27.0

H 0.99 0.74 1:2.24 73.5 0 26.5
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Reaction of phenyl,SiH, with TCCA in the ratio 1:1 (Si-H to available chlorine atoms)
leads to a formation of 50% product, alongside with 50% unreacted educt (see Figure
112).
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Figure 112: Reaction of phenyl,SiH, (= educt) with TCCA; variation of stoichiometry

When the ratio is increased, a higher product formation can be investigated. At 1:1.5
still 34% educt are present but the formation of the dichlorinated species can as well
be observed. The best distribution between educt, product and dichlorinated species
can be found at a ratio of 1:2. About 86% phenyl,SiHCI is formed, beside a small
amount of phenyl,SiCl,. To eliminate the possibility of unsuitable reaction conditions
as cause for the product distribution at a 1:1 ratio, the influence of a variation of the
reaction parameters was investigated (Table 18). A change in the reaction time (Exp.
Al, A2 and A3) did not lead to an increase in product formation. This finding would
suggest a side reaction that leads to a decrease of the reactivity of the TCCA. The GC-
MS of those samples shows some compounds (~360 m/z) at larger retention times (~ 18
min) that would fit to condensation products of the partly with the fully reacted TCCA.
This assumption would fit to the increase of educt in the reaction when the TCCA is
added more rapidly (Exp. A4). Changing the solvent volume to 2 mL did not give a cer-
tain change in the yields (Exp. A5), but an even more concentrated reaction (Exp. A6)

gave rise to the formation of the dichlorinated species.
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Table 18: Reaction of phenyl,SiH, (= educt) with TCCA (E:TCCA=1:1); variation of reaction parameters

RT=reaction time, AT= addition time, C= concentration

Exp. Solvent Additiontime Reactiontime Ph,SiHCI Ph,SiH, Ph,SiCl, Var.

[mL] [min] [min] [%] [%] [%]
Al 5 10 60 52.28 47.72 0 RT
A2 5 10 120 46.17 53.83 0 RT
A3 5 10 1020 47.06 52.94 0 RT
A4 5 5 45 24.51 75.49 0 AT
A5 2 10 45 53.49 46.51 0
A6 1 10 45 47.76 50.98 2.57 C
A7 10 10 120 61.23 38.25 0.82 C

A more diluted sample with 120 min reaction time (Exp. A7) did give somewhat higher
product yields but still a large amount of unreacted silane is present. The product
educt ratio of all experiments with a 1:1 stoichiometry is in the same range (see Figure
113). This reproducibility shows that for the selective chlorination of phenyl,SiH, a dif-
ferent TCCA to educt ratio might be favorable.

Al
A2
B Ph,SiHCI (Product)
A3 B Ph,SiH, (Educt)
[¢] Ph,SiCl
= A4 291L1,
o
u’j A5
Ab
A7
I T T T 1
0 20 40 60 80

Yield [%]

Figure 113: Variation of parameters for educt:TCCA=1:1; yield of Ph,SiHCI, Ph,SiH, and Ph,SiCl,

The 1:2 ratio of educt to TCCA gave the best product distribution in the preliminary
test, hence the influence of a variation of the reaction parameters was investigated for
this reaction as well (see Table 19). If the reaction solution is concentrated to 2 mL
(Exp. F1) an increased amount of the dichlorinated species is observed. Diluting to 10
ml (Exp. F2) leads to very good product distribution. 86% of the desired monochlorin-
ated product are formed aside with a small amount of phenyl,SiCl,. A five times scale
up (Exp. F3), followed by bulp to bulp distillation gave 80% of phenyl,SiHCI (Exp. F4).
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Table 19: Reaction of Ph,SiH, (= educt) with TCCA (E:TCCA=1:2); variation of reaction parameters
RT=reaction time, AT= addition time, C= concentration; TCCA'= TCCA powder, TCCA” THF solution of
TCCA

Exp. Solvent Additiontime Reactiontime Ph,SiHCI Ph,SiH, Ph,SiCl, Var.

[mL] [min] [min] [%] [%] [%]
F1 2 10 45 72.96 0 27.04 C
F2 10 10 60 83.66 0 16.34 C
F3 50 30 60 79.02 0 20.98 scale up
F4 50 30 60 80.93 0.62 18.56 work-up
F5 5 30 45 86.78 0 13.22 AT
F6 50 60 45 66.90 0 33.10 scale up
F7 50 60 45 70.37 0 29.62 work-up
F8 10 10 1080 79.67 3.62 17.34 RT
F9 5 10 45 50.51 48.39 2.14 TCCA!
F10 20+10 30 60 40.74 59.26 0 TCCA®

When the addition time is increased to 30 minutes (Exp. F5) the highest product yield
is observed. A 10 times scale up (Exp. F6), followed by work up (Exp. F7) led to 70%
yield of the product. A more diluted sample with long reaction time (Exp. F8) gave
good vyields but also a slightly increased phenyl,SiCl, formation is detected. Using a
powdered TCCA (Exp. F9) did give lower product yield aside with unreacted educt. This
might be caused by the difficult addition of the very fine powder in the counter gas
flow. A THF solution of TCCA, which was added drop wise to the dissolved silane (Exp.
F10) led to a rather low product yield. The solution was cooled to -20 °C before addi-
tion. Due to the long addition time the solution warmed to approximately O °C. This
temperature might be insufficient to prevent side reactions of the TCCA with the THF.
Figure 114 shows the product distribution for the 2:1 ratio of educt to TCCA.

In summary slow addition of TCCA to an approx. 0.2 molar silane solution and a reac-
tion time of 45-60 minutes with the appropriate stoichiometry led to the best product

distribution.
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Figure 114: Variation of parameters for educt:TCCA=1:2; yield of Ph,SiHCI, Ph,SiH, and Ph,SiCl,
The reaction with the best product distribution (F5) was filtered and purified via bulb

to bulb distillation, followed by NMR analysis. The *H- and *’Si-NMR spectra are shown
in Figure 115.
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Figure 115: 'H-NMR and *’SiDEPT spectrum of F5 in C¢Dg

The 'H-NMR spectrum shows the newly formed Si-H hydrogen shift at 5.79 ppm. A
coupling constant of 236 Hz is observed, which differs from the value for the educt.
Phenyl,SiH, shows a Si-H hydrogen shift at 5.11 ppm and a coupling constant of 198
Hz. The observed integral intensities of the Si-H proton to the proton in position ortho
to the silicon are 1:4.5, which fits to the product distribution. The Si-DEPT spectrum

shows a peak at -5.59 ppm, which is attributed to product diphenylchlorosilane. A sec-
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ond shift at 6.00 ppm shows the dichlorinated species. According to the GC-MS data,

about 10% of diphenyldichlorsilane are formed.

The selective chlorination of the secondary silane 1-naphthyl,SiH, (25) (Table 20) was
investigated at a 1:1 ratio of educt to TCCA, with different concentrations (Exp. K; L
and M). The best product distribution was obtained with a 0.3 molar silane solution

and an addition time of 30 minutes.

Table 20: Reaction of secondary silanes (= educt) with TCCA; n.d = not detectable

Exp. Silane E:TCCA Solvent Reactiontime R,SiH R,SiH,
[mL] [min] Cl [%] [%]

K 1-naphthyl,SiH, (25) 1:1 5 40 82.93 17.07

L 1-naphthyl,SiH, (25) 1:1 10 60 62.23 37.77
M 1-naphthyl,SiH, (25) 1:1 3 60 96.12 3.88

N ethyl,SiH, 1:1 5 60 29.19 26.83

(0] t-butyl,SiH, 1:1 5 60 56.52 43.47
P 9-anthracenyl,SiH, (27) 1:2 5 60 n.d n.d

The 'H-NMR spectrum (see Figure 116) shows the newly formed Si-H hydrogen shift at
6.42 ppm. A coupling constant of 236 Hz is observed, which differs from the value for
the educt. A small amount of educt can still be detected in this reaction, which can be
identified via the Si-H hydrogen shift. 1-naphthyl;SiH, shows a Si-H hydrogen shift at
5.47 ppm and a coupling constant of 199 Hz.
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Figure 116: 'H-NMR and *’SiDEPT spectrum of TCCA reaction of 1-naphthyl,SiH, (25) in C;D¢ (Exp.M)

The Si-DEPT spectrum shows a peak at -7.28 ppm, which is attributed to product di-1-
naphthylchlorosilane (Figure 116). The shift of the educt at -39 ppm can
not be detected, which might be due to the low signal to noise ratio despite using an

overnight measurement with long relaxation delay (d1=60 sec).
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The selective chlorination of diethylsilane (Exp. N) with TCCA gave the product in 30%
yield, aside with 26% unreacted educt. The product distribution shows about 44% si-
loxanes. The MS-data allows the characterization of various siloxanes like tetraethyl-
disiloxane, 1-chlorotetraethyldisiloxane,  1,2-dichloro-tetraethylsiloxane,  hexa-
ehtyltrisiloxane and 1,3-dichloro-hexaethyltrisiloxane which are formed through reac-
tion of the monochlorinated and the dichlorinated product with OH-functionalities via
HCI elimination. It is not sure if those hydrolysis products are derived from a reaction

of the chlorinated silane with moisture or from the fully reacted TCCA (see Figure 117).
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Figure 117: 2SiDEPT spectrum of TCCA reaction of ethyl,SiH, (Exp. N) and t-butyl,SiH, in CzDg (Exp. O)

Due to overlapping of the residual THF solvent peaks (reaction was performed in THF)
with the Si-H hydrogen of the silanes, the *H-NMR spectrum of this reaction did not
allow significant conclusions. The Si-DEPT spectrum (see Figure 117) shows several
peaks in the region from 19 to —22 ppm. The peak at -22.71 ppm is attributed to the
educt. The peak at 2 ppm might show the product. The small peaks around -20 ppm lie
within the usual range for siloxanes. Unfortunately no 295i-NMR data of the product or

related siloxanes is available to allow a better shift assignment.

The selective chlorination of di-t-butylsilane (Exp.O) with TCCA gave the product in
56% yield, aside with 43% unreacted educt. No siloxane formation was observed. Due
to overlapping of the residual THF solvent peaks with the Si-H hydrogen of the silanes,
the 'H spectrum of this reaction did not allow significant conclusions (reaction was
performed in THF). The Si-DEPT spectrum (see Figure 117) shows two peaks. The shift
at 27 ppm can be assigned to the product, the educt shows a signal at 1.71 ppm. The
obtained shifts fit to the GC-MS data.



3 Results and Discussion 106

A GC-MS analysis, even with elongated measurement times, of the product distribu-
tion of the selective chlorination of the secondary silane 9-anthracenyl,SiH, (27) (Exp.

P) failed because of the high molecular mass of the chlorinated product.
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Figure 118: "H-NMR spectrum of 9-anthracenyl,SiH, (27) in C;Ds (Exp.0)

Figure 118 shows the 'H spectrum of the filtered reaction solution. The educt can be
identified via the Si-H hydrogen shift at 6.49 ppm and the coupling constant of 202 Hz.
The Si-H hydrogen shift of the product is formed at 5.82 ppm with a coupling constant
of 239 Hz that fits very well to the coupling constant for the rather similar di-1-
naphthylchlorosilane. Despite using a 295i-NMR overnight measurement for 14 hours
with a long relaxation delay (d1=90 sec), no signal of the reaction products could be
observed. This difficulty in the measurement of anthracenyl substituted silanes was

already experienced for similar compounds (see 3.3)

The selective chlorination of the primary silanes 1-naphthylSiHs (30) and phenylSiH;
was investigated at a 1:1 ratio of educt to TCCA (Table 21).

Table 21: Reaction of primary silane (= educt) with TCCA

Exp. Silane E:TCCA Solvent Reaction RSiH,CI RSiH;
[mL] time [min] [%] [%]

| 1-naphthylSiH; (30) 1:1 10 30 0.98 99.02

11 1-naphthylSiH; (30) 1:1 10 120 68.00 32.00

12 1-naphthylSiH; (30) 1:1 10 120 73.23 26.77

J phenylSiH3 1:1 5 120 53.85 46.15

The selective chlorination of 1-naphthylISiH3 (30) with 10 minutes reaction time shows

mainly educt in the solution (Exp. I). After 120 minutes (Exp. 11) followed by work up
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(Exp. 12) 73% product aside with 27% educt can be observed. The *H-NMR spectrum
(see Figure 119) shows the newly formed Si-H hydrogen shift at 5.39 ppm. A coupling
constant of 240 Hz is observed, which differs from the value for the educt. 1-
naphthylSiHs (30) shows a Si-H hydrogen shift at 4.36 ppm and a coupling constant of
200 Hz.
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Figure 119: 'H-NMR and *’SiDEPT spectrum of TCCA reaction of 1-naphthylSiH; (30) in CsDg (Exp.12)

The Si-DEPT spectrum (see Figure 119) shows three peaks. The shift at -22 ppm can be
assigned to the product 1-naphthylchlorosilane. The rather similar 1-
naphthylbromosilane was reported by Hassler in 1990** showing a 25i-NMR shift at
-27.9 ppm and a Si-H coupling constant of 239.8 Hz. The observed shift at -25.9 would
fit to the formation of 1,2-dinaphthyldisiloxane. The corresponding phenyl substituted

144 This siloxane was not detected in the GC-MS

compound shows a shift at -25.1 ppm.
analysis which would suggest its formation during the overnight 2°Si-NMR measure-
ment (14 hours). In this case, the measurement was not performed in the dry solvent
but in CgDg that was stored under air, due to the supposed low reactivity of naph-
thylchlorosilanes, which was observed in the handling of similar compounds. The shift

at -63.4 ppm can be assigned to the unreacted educt.

The selective chlorination of phenylSiHs3 (Exp. J) after 120 minutes reaction time shows
54% product yield, aside with 46% unreacted educt. Figure 120 shows the *H-NMR and
29%Si-NMR spectrum of the reaction solution after filtering. The educt can be identified
via the Si-H hydrogen shift at 4.15 ppm and the coupling constant of 201 Hz. The Si-H
hydrogen shift of the product phenylchlorosilane is formed at 5.13 ppm with a cou-
pling constant of 241 Hz. The large signal at ~ 3.5 ppm is attributed to the THF solvent
signal. The 295i-NMR spectrum shows two peaks. The signal at -60.45 ppm can be as-
signed to the unreacted educt and the shift at -18 ppm to the product.
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Figure 120: 'H-NMR and *’SiDEPT spectrum of TCCA reaction of phenylSiH; in C;D¢ (Exp.J)

Table 22 and Table 23 show the comparison of the 25i-NMR data of educt and product

of the selective chlorination of the silanes. With the exception of 9-anthracenyl,SiH,

(27), the selective chlorination leads to a downfield NMR-shift of the Si-H hydrogen in

the *H and the silicon shift in the °Si-NMR spectrum, due to the higher electronegativi-

ty of the chlorine atoms compared to the hydrogen atom. The coupling constants of

the obtained monochlorinated compounds show a notably conformance and fit to the

literature known data.

Table 22: Comparison of the »Si-NMR data of R,SiH, (educt) and R,SiCIH (product); n.d = not detecta-

ble
R= 8R,SiH,  8Si-H  YJ(*H-*°Si) R,SiCIH & Si-H Y(*H-"si)
[ppm] [ppm] [Hz] [ppm] [ppm] [Hz]
phenyl -34.1%* 5.11 198.3 -5.59 5.79 236
1-naphthyl -39.4%* 5.47 199.5 -7.28 6.42 236
ethyl -22.6* 3.64 184.8 2/19 n.d n.d
t-butyl 1.56* 3.67* 181.5%* 27.4 4.27* 211.5*
anthracenyl -61.22% 6.5 202* n.d. 5.82 236
*pure sample measured in C¢Dg
Table 23: Comparison of the *’Si-NMR data of RSiH; (educt) and RSiCIH, (product)
R= RSiH; & Si-H Y(*H-7si) RSiCIH, & Si-H Y(*H-7si)
[ppm] [ppm] [HZ] [ppm] [ppm] [HZ]
phenyl -60.45 4.15 201 -18.82 5.13 241
1-naphthyl -63.42 4.36 200 -21.99 5.39 240
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In summary, the selective chlorination of secondary and primary aryl and alkyl silanes
with TCCA could be successfully performed. For phenyl,SiH, a yield of 86% product
could be obtained. Siloxane formation was detected for the chlorination of dieth-
ylsilane but not for tert-butylsilane or the aryl substituted compounds. The formation
of 1,2-dinaphthyldisiloxane might be caused by the usage of wet C¢Dg.These findings
suggests the higher reactivity towards moisture for alkyl- substituted or less sterically

crowded silanes

All reactions showed the importance of suitable reaction conditions, especially the
stoichiometry turned out to be a crucial point and should be performed for all silanes
in a future study. Also the influence of a higher temperature on the reaction time

should be investigated.
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4 Experimental

4.1 Materials and methods

All reactions, unless otherwise stated, were carried out using standard Schlenk line
techniques under nitrogen atmosphere, using oven-dried glassware. All dried and de-
oxygenated solvents were obtained from a solvent drying system (Innovative Technol-
ogy Inc.). C¢D¢ was distilled over sodium and stored under nitrogen. SiCl, was pur-
chased from ABCR and distilled before use. All other chemicals from commercial
sources were utilized without further purification. Melting point measurements were
carried out by threefold determination with a Stuart Scientific SMP 10 (up to 300 °C).
Degassed H,S0,4 (10%) was diluted with deionized water. GC-MS measurements were
performed on an Agilent Technologies GC system (column: HP-5MS) with mass selec-
tive detector Type Agilent 5975C using El at 70 eV. An Agilent Technologies Cary 60
spectrometer was used for UV-VIS measurements. IR spectra were performed on a
Bruker APHA FT-IR spectrometer with platinum ATR diamond top. TGA/DSC/MS meas-
urements were performed on a NETSCH STA 409. DXRL experiments were performed
at the DXRL beamline at ELETTRA using a DEX02 scanner (Jenoptik GmbH).

4.2 NMR Spectroscopy

'H (300.22 MHz), 3C (75.5 MHz), and %°Si (59.64 MHz) NMR spectra were recorded on
a Mercury 300 MHz spectrometer from Varian at 25 °C. Chemical shifts for *H, **C and
29si were recorded in part per million with either TMS (0.00 ppm), CDCl; (7.26 ppm for
'H or 77.0 ppm for *3C) or C¢Dg (7.16 ppm for *H or 128.0 ppm for 3C) as a reference.

Coupling constants (J) are reported in Hertz (Hz).

4.3 Crystal structure determination

All crystals suitable for single crystal X-ray diffractometry were removed from a
Schlenk flask and immediately covered with a layer of silicone oil. A single crystal was
selected, mounted on a glass rod on a copper pin, and placed in the cold N, stream
provided by an Oxford Cryosystems cryometer. XRD data collection was performed on
a Bruker APEX Il diffractometer with use of Mo Ka radiation (A = 0.71073 A) and a CCD
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area detector. Empirical absorption corrections were applied using SADABS.'* The
determination of compound p-tolyl,SiH, (34) was obtained by crystallization of the
sample in a capillary tube while mounted on an Agilent SuperNova diffractometer with
use of Mo Ka radiation (A= 0.71073 A). Data collection, cell refinement and data reduc-
tion was performed with CrysAlisPro. The structures were solved with use of either
direct methods or the Patterson option in SHELXS and refined by the full-matrix least-

146,147

squares procedures in SHELXL. The space group assignments and structural solu-

tions were evaluated using PLATON.'****

Non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms bonded to silicon atoms were located in a difference map.
All other hydrogen atoms were located in calculated positions corresponding to stand-
ard bond lengths and angles. Intermolecular interactions for presented and published
compounds were determined by the calculation of centroids and planes feature of the

programs Mercury150 and Diamond.™!

4.4 SEM/EDX

Scanning electron microscopy (SEM) analysis was performed on a Vega 3 SBU SEM
with a tungsten hair-pin cathode. Samples were sputtered with gold for topographic
characterization. Qualitative and quantitative analysis of the layers and particles was
performed via energy dispersive X-ray microanalysis (Oxford Instruments, model INCA

x-act). Selected samples were characterized at FELMI Graz.

4.5 Computational Details

All calculations have been carried out using the Gaussian09 program package152 on a
computing cluster with blade architecture. The mPW1PW91 hybrid functional™? has
been used together with th