TU

Grazm

Dipl.-Ing. Judith Maja Biedermann, BSc

Synthesis and Electrochemical Studies of Aryl-Substituted
Group 14 Compounds

DOCTORAL THESIS

to achieve the university degree of
Doktorin der technischen Wissenschaften

submitted to
Graz University of Technology
Supervisor

Univ.-Prof. Dipl.-Chem. Dr.rer.nat. Frank Uhlig

Institute of Inorganic Chemistry
Dr. llie Hanzu

Institute for Chemistry and Technology of Materials

Faculty of Technical Chemistry, Chemical and Process Engineering and Biotechnology

Graz, June 2018






AFFIDAVIT

| declare that | have authored this thesis independently, that | have not used other
than the declared sources/resources, and that | have explicitly indicated all material
which has been quoted either literally or by content from the sources used. The text
document uploaded to TUGRAZonline is identical to the present doctoral thesis.

Date Signature






“In the beginning there was nothing, which exploded.”

— Sir Terry Pratchett
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Abstract

Organosilicon and -tin compounds are already used in various industries ranging from surface
modifying silicones, thin films for electronic transistors and opto-electronic devices. Future
consumer electronics and electric vehicles could also rely on high-performance Li-ion batteries
with silicon or tin-based anodes. Their fully lithiated phases Lis4E(IV) boast theoretical capacities
of 4200 mAh g for silicon and 990 mAh g-! for tin. So far, however, such anodes still suffer from
immense volume expansions of up to 400%vol which eventually fractures the material and thus
limits cycle-life. These complications are mitigated when the silicon or tin are nanostructured or
embedded in carbon (Si/C or Sn/C).

In this work, novel and previously published aryl-substituted silanes and stannanes were
synthesised, comprehensively characterised and processed in order to develop nanostructured
Si/C or Sn/C anode materials for Li-ion batteries. The silanes and stannanes were substituted with
aryl groups such as phenyl, o-tolyl, 2,5-xylyl and 1-naphthyl or, hitherto uncharacterised,
mixtures thereof. The effects of substituent bulk on the ?°Si chemical shifts, the solid-state
interactions in single crystals and the electrochemical properties are discussed. Electrochemical
characterisation of aryl silanes was carried out in non-aqueous environment in a purpose-built,
optimised cyclic voltammetry cell. Subsequently, the aryl silanes were pyrolysed and the
arylstannanes coupled to form Si/C and Sn/C anode materials, respectively. These materials
displayed specific capacities exceeding the capacities of state-of-the-art graphite anodes by up to
20% and excellent cyclic stability.



Kurzfassung

Organosilicium- und Organozinnverbindungen werden bereits in unterschiedlichsten Industrien
eingesetzt. Dazu gehoren Silicone zur Oberflichenmodifizierung, diinne Schichten fiir
elektronische Transistoren und opto-elektronische Geréte. Zukiinftige Unterhaltungselektronik
und Elektrofahrzeuge kénnten ebenfalls auf Hochleistungs-Lithium-Ionen-Batterien mit silicium-
oder zinnbasierten Anoden zuriickgreifen. Deren vollstandig lithiierten Phasen Lis4E(IV) knnen
theoretische Kapazititen von 4200 mAh g! fiir Silicium und 990 mAh g fiir Zinn erreichen.
Solche Anoden leiden jedoch noch immer unter einer immensen Volumenausdehnung von bis zu
400%vol, welche zum Bruch des Materials fithrt und somit die Lebensdauer der Elektrode
begrenzt. Diese Komplikation wird gemildert, wenn Silicium oder Zinn in nanostrukturierter
Form eingesetzt oder in Kohlenstoff eingebettet werden (Si/C oder Sn/C).

Im Zuge dieser Arbeit wurden neuartige und bereits bekannte aryl-substituierte Silane und
Stannane synthetisiert, umfassend charakterisiert und verarbeitet, um nanostrukturierte Si/C
oder Sn/C-Anodenmaterialien fiir Lithium-lonen-Batterien zu entwickeln. Die Silane und
Stannane wurden mit Arylgruppen wie Phenyl, o-Tolyl, 2,5-Xylyl und 1-Naphthyl oder bislang
nicht charakterisierten Gemischen davon substituiert. Es werden die Auswirkungen der Grofse
und Menge der Substituenten auf die chemischen Verschiebungen im 2Si NMR, die
Wechselwirkungen im Festkorper anhand von Einkristallen und die elektrochemischen
Eigenschaften der Verbindungen untersucht und diskutiert. Die elektrochemische
Charakterisierung von Arylsilanen und -stannanen wurde in nicht-wassriger Umgebung in einer
speziell dafiir entwickelten und optimierten Cyclovoltammetriezelle durchgefiihrt. Anschliefiend
wurden die Arylsilane pyrolysiert und die Arylstannane gekoppelt, um Si/C beziehungsweise
Sn/C-Anodenmaterialien herzustellen. Die so erhaltenen Materialien weisen spezifische
Kapazitaten auf, die diejenigen von kommerziellen Graphitanoden um bis zu 20% {ibertreffen
und eine ausgezeichnete Zyklenstabilitat besitzen.
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Numbering of Compounds

Table | Numbering of silanes and stannanes.

N°  Compound N° Compound
| 2,5-xylylSiCl; 34  o-tolyl,Sn
2 I -naphthylSiCl; 35 [-naphthyl,Sn
3  2,5-xylyl,SiCl, 36  phenylSnCly
4 I -naphthyl(phenyl)SiCl, 37  o-tolylSnCl;
5 I -naphthyl,SiCl, 38 [ -naphthylSnCl;
6  2,5-xylyl;SiCl 39  phenyl,SnCl,
7 I -naphthyl(phenyl),SiCl 40 [ -naphthyl,SnCl,
8 I -naphthyl,(phenyl)SiCl 41 phenylSnH;
9 I -naphthyl;SiCl 42 o-tolylSnH;
10  phenylSiH; 43 [ -naphthylSnH;
Il 2,5-xylylSiH; 44  phenyl,SnH,
12 |-naphthylISiH; 45 [ -naphthyl,SnH,
13 phenyl,SiH,
14 = 2,5-xylyl,SiH,
15  I-naphthyl(phenyl)SiH,
16  I-naphthyl,SiH,
17  phenyl;SiH
18  2,5-xylylsSiH
19 I-naphthyl(phenyl),SiH
20 I-naphthyl,(phenyl)SiH
2] I -naphthyl;SiH
22 phenyls(allyl)Si
23 I-naphthyl(phenyl),(allyl)Si
24 |-naphthyly(phenyl) (allyl)Si
25  |-naphthyl;(allyl)Si
26  3,6-(2-pyridinyl),-4-((phenylssilyl)methyl)pyridazine
27  3,6-(2-pyridinyl),-4-((1-naphthyl(phenyl)silyl)methyl)pyridazine
28  3,6-(2-pyridinyl),-4-((1 -naphthyl, (phenyl) silyl)methyl)pyridazine
29  3,6-(2-pyridinyl),-4-((1-naphthylssilyl)methyl) pyridazine
30  (I-naphthyl)phenyl;Si
31  (l-naphthyl),phenyl,Si
32  (l-naphthyl);phenylSi
33  phenylgSis (a)/phenyl oSis (b)
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| Introduction and Objective

Silicon and organosilicon compounds are already broadly applied in modern technology and
have become valuable materials in different industries. While organo(halo)silanes are versatile
precursor materials for diverse organosilicon derivatives via a large range of substitution
reactions, their hydrogenated counterparts display many attractive properties such as air and
moisture stability and low toxicity. The applications of organosilanes range from protecting
groups in organic chemistry to surface modifications and preparation of ceramics. Both
organo(halo)silanes and organosilanes are also frequently used as precursors for inorganic
polymers or silicon-enriched materials. These may be used in opto-electronics,! solar cell
technology? or as silicon thin films in advanced electronic devices.> Organotin compounds, as
well, have manifold uses in organic chemistry, e.g. in hydrostannolysis or hydrostannation

reactions by radical chain mechanisms.*?

Despite the wide-spread application possibilities and the corresponding research interest, a lack
of characterisation is still evident. For instance, only few information on the electrochemical
reduction and oxidation potentials of hydrogen-bearing organosilanes and -stannanes is
available, especially considering aryl-substituted species. With respect to organosilanes, the NMR
spectroscopic data of literature-known compounds is often restricted to 'H and *C spectra, even
though #Si NMR has been established as a conventional characterisation method in the 1980s.
The effects of bulky substituents of aryl silanes have recently been studied considering 2Si NMR
shifts and crystal structures in our research group by Binder et al..>® The present work extends
these previous results by adding novel compounds or completing the characterisation sets of
several literature-known compounds. Furthermore, electrochemical characterisation of aryl
silanes and -stannanes obtained in a purpose-built cyclic voltammetry cell in non-aqueous

environment is provided.

In the last decades, organosilicon and -tin compounds have also become interesting for the use as
electrode materials in Li-ion batteries.%1° This is owed to their high theoretical capacities in the
fully lithiated alloy phase Lis4E(IV) with values of 4200 mAh g for silicon and 990 mAh g for
tin, respectively. However, the pure elements suffer a large drawback: upon formation of the
alloy, a mostly irreversible expansion of up to 400%vol occurs, which causes contact loss after
only a few cycles. Since the employment of nano-structured or composite materials was proposed
to be able to circumvent this issue,!! a large portion of research was dedicated to obtain such
materials.

This work aims for the development of Si/C and Sn/C materials starting from novel and
literature-known aryl silanes and -stannanes for the use as anodes in Li-ion batteries. Therefore,
the focus was set on the synthesis, comprehensive characterisation, reactivity, processing and

electrochemical testing of the pure materials.



2 Literature

2.1 Organometallic Group |4 Compounds

2.1.1  Organosilanes

Organosilanes are generally prepared from other organometallic compounds reacted with a
silicon halide. Friedel and Crafts developed the first organosilane, methylsSi, in 1863 by reduction
of SiCls with methylzinc.!? In 1901, Grignard?!3 reported the activated magnesium reagents RMgX
(R = organyl, X = halide) prepared from the respective organohalides. Shortly after this, Kipping
and Dilthey® reported first organo(chloro)silanes prepared from methyl or phenyl Grignard
reagents, respectively, reacted with SiCls in 1904. The reaction yields in a mixture of mono-, di-,
tri- and tetraorgano silanes. In Grignard reactions magnesium is oxidatively inserted into the
carbon-halogen bond.!® A change in polarisation of this bond is caused by the Grignard reagent
and the resulting carbanion forms a new o-bond (cf. Scheme 1). Alternative to Grignard reactions,
organic groups may be transferred onto silicon by a reaction of tetrachlorosilane with other alkali
metal organics. The most frequently used reactions employ butyl lithium to react with an
organohalide. Similar to the Grignard reaction, a nucleophilic carbanion forms a new o-bond,
only here the carbanion is created by a halogen-metal exchange.

n RMgBr + SiCl,

RSiCl,, + n MgBrCl (1)

n RLi + SiCl, R,SiCl,, + n LiCl )

Scheme | General reaction scheme for the preparation of organo(chloro)silanes via Grignard and lithiation
reactions. R = organyl, n = 1-4.

The product distribution depends on stoichiometry between SiCls and the respective Grignard
reagent/lithiated species as well as on the bulkiness of the substituents. Organolithium reagents
are highly reactive towards silicon tetrachloride, which makes them often harder to control than
the respective Grignard reagents. Since the latter are sensitive towards the substituent bulkiness
and are overall less reactive, they show a higher reaction selectivity. Therefore, the Grignard
reagent is preferred for the selective introduction of one organic group while lithiation is mostly
employed for two or more organic moieties.®!”

The reactive organochlorosilanes offer a wide range of possible reactions, including amination,
oligo-/polymerisation and specific hydrolysis with water or alcohols.!”® Furthermore, they are
convenient intermediates in the production of organosilanes. The reduction of organo group 14
chlorides with LiAlHs developed by Finholt!? leads conveniently to the respective hydrogen rich
silanes, germanes or stannanes (see Scheme 2). These materials are widely used in
hydrosilylation,?! reduction,??>? cyclisation?* or cross-coupling reactions.??2¢

LiAIH,, E,O
4-n - Rn E H4-n (3)

R ECI
-30/0°C

Scheme 2 General reaction conditions for the hydrogenation of organo group 14 halides using LiAlH4 (E = Si, Sn;
R = organyl)
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Tetraorganosilanes with terminal olefins, such as Rs(allyl)Si, have found a wide-spread set of
applications as well: they are applied in a variety of addition/elimination or annulation reactions
as well as in the allylation of suitable electrophiles.?” Generally, the reactivity of organosilanes is
determined by the sizes of their substituents. While alkyl moieties tend to be more reactive, their
aryl counterparts are able to stabilise certain intermediates.

2.1.2 Organostannanes

Tin hydrides are more sensitive towards oxygen and temperature than the respective silanes or
germanes due to the dissociation energy of the Sn—H bond.?® The sensitivity of E(IV) hydrides
may be lowered by gradual replacement of the hydrogen atoms by organic groups, e.g. alkyl or
aryl moieties. Along with a rising number of organic substituents the sensitivity decreases
immensely — for example SnHs decomposes slowly at ambient conditions whereas mesitylsSnH is
stable at room temperature for an indefinite amount of time.? Furthermore, tin hydrides react
readily with atmospheric oxygen to form poorly in organic solvents soluble precipitates.*

Paneth and his co-workers succeeded in the preparation of stannane via different routes
including the cathodic reduction of tin sulphate at lead electrodes. Even though this route
resulted in comparatively high yields compared to other procedures known at the time, it was
still highly inefficient by delivering only 2-3 mg per hour of electrolysis.3!-33

Both chlorides and hydrides suffer from low yields, inconvenient preparation methods, and
instability. This led to a neglect of further investigations on synthesis, characterisation and
reactivity of tin hydrides. More recently, a more convenient route to group 14 metal hydrides and
their organic derivatives was developed by Finholt and co-workers (see Scheme 2). The
preparation method consisted of the reduction of the corresponding chlorides with lithium
aluminium hydride (LiAlHs) in diethyl ether. Following this procedure, they were able to
generate stannane as well as methylstannane, dimethylstannane and trimethylstannane. A
variety of other reducing agents has been used since, including R2AlH, NaBHs, NaBHCN, B2Hs,
LiH, polymethylhydrosiloxane ((MeSiOH),, PMHS) and Et:SiH.>3*% However, the convenient
and straight forward procedure using LiAlH4 as hydrogenation agent is still widely used in the
successful synthesis of mono-, di- and triorganotin hydrides (RSnHs, R2SnHz and RsSnH) in high
yields and purities.>'

In organic chemistry, organotin hydrides have found numerous applications including
compounds designed especially to facilitate the separation of tin residues via adsorption on
activated carbon, via formation of water soluble derivatives, or by support on polystyrene in
order to avoid toxic residues.®

2.1.3  Organometallic Oligo- and Polymers of Group 14 Compounds

2.1.3.1  Organosilicon Polymers

Industrial polymers based on inorganic main chains often consist of alternating silicon and
oxygen atoms (silicones) or alternating phosphorous and nitrogen atoms (phosphazenes) in the
backbone. While cyclic and linear polysilanes with backbones of covalently linked silicon atoms

were presumably first synthesised by Kipping®3” in the 1920s, the first clear description of a
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polysilane was given by Burkhard in 1949.3 Linear chains of organosilanes were first reported by
Kumada et al. who synthesised methyl(methylzSi)izmethyl.3® Boberski and Allred were able to
extend the chain length to 24 consecutive silicon atoms in the backbone.®* A general scheme of
linear organometallic polymer chains is given in Scheme 3, a).

Scheme 3 a) Schematic structure of linear organometallic polymer chains (E = Si, Sn; R = organyl). b) -0 and o—o
conjugation in silylarene units as well as in the main polymer chain. R = organyl and/or silylarene units.!

Linear and cyclic per(methyl)polysilanes were found to show strong electron absorption bands in
the ultraviolet region*'#?, caused by a delocalisation of o-electrons along the Si-Si backbone,
which gives them unique optoelectronic properties.*® In aryl-substituted linear polysilanes, a so-
called o-1t conjugation is generated by silylarene units in the main chain (cf. Scheme 3, b)). These
result from interactions between Si-Si o-orbitals and C=C mt-orbitals and lead to a bathochromic
shift of the absorption maximum, indicating lowered optical band gaps.?

The aromatic behaviour of the cyclic arylated organosilanes (R2nSin) led to extensive studies by
West, Gilman as well as Hengge et al. #2453 Additional to the aromaticity of these cyclic
compounds, they are able to (electro)chemically create highly reactive radical anions, e.g.
[phenyl2Si]s*- from octaphenylcyclotetrasilane.>

The pure phenylsSisa and phenylioSis have been investigated as possible candidates for the
generation of nano-structured silicon by abstraction of the aromatic leaving groups via pyrolysis
in our research group (see section 2.1.4).%% Cyclopentasilane, derived from phenylioSis,
undergoes ring opening polymerisation upon cleavage of the Si-Si bonds by UV irradiation and
deposit the products in form of thin films.> Such silicon-enriched, nano-structured materials are
interesting candidates for the use in Si/C composite anodes in Li-ion batteries owing to the high
theoretical capacity of silicon which amounts to 4200 mAh g-'.

2.1.3.2  Organotin Polymers

The most widely spread form of organotin polymers are the linear polystannanes which are
usually formed from diorganotin dihydrides (R:SnH2). Generally, polystannanes consist of a
backbone of covalently bound tin atoms which may be labelled as molecular wires embedded in
an organic jacket as depicted in Scheme 3. A remarkable feature of these compounds is the o—
delocalisation of the sp? orbitals of the Sn atoms, which in addition to very low band gaps leads
to an increased degree of electron delocalization with catenation.’® Polystannanes display a
characteristic yellow to orange colour depending on the substituent on the metal: absorption
bands of dialkylstannanes are found around 400 nm, which is in agreement with the o — o*
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transition of delocalized o—electrons of the alkyl groups whereas diarylstannanes absorb around
470 nm due to o-m delocalization of the monomer units.®® The thermal stability up to 200 °C,
results in easy processability, and together with a straight forward synthesis, makes these
potentially highly conductive metal-bearing materials interesting for a variety of applications.
These include plastic electronics where it is envisioned for the production of flexible polymer
displays (electronic paper).606!

These materials are accessible via electrochemical synthesis or catalysed dehydropolymerisation
of the monomeric dihydrides. Metal complexes based on Pd, Pt, Zr, Rh, lanthanides or, less
common, Fe and Mo are used as catalysts.®>*” Only in recent years the use of amine bases such as
N,N,N’,N’-tetramethylethylenediamine (TMEDA) or pyridine have been introduced to catalyse
polymerisation reactions leading to poly(diaryl)stannanes.®

RSnH, + TMEDA

Figure | Example of a base-assisted dehydrogenative coupling reaction of organotin trihydrides. R = aryl group.

The investigations on amine bases as catalysts in the dehydrogenative coupling have not been
restricted to tin dihydrides, however: the formation of Sn-Sn bonds under the abstraction of
hydrogen of organotin monohydrides assisted by pyridine was already described by Neumann
in 1962.%° Recently, Sindlinger and co-workers reported the formation of an aryltin(II) species by
the treatment of a highly sterically hindered aryltin trihydride with different amine bases, using
2,6-bis(2’,4’,6’-triisopropylphenyl)phenyl as aryl moiety.”>”! Concurrently, Zeppek investigated
the TMEDA assisted dehydrogenative coupling of monoaryl stannanes with less sterically
demanding substituents such as phenyl, o-tolyl and 1-naphthyl. These reactions lead to hitherto
unknown insoluble, aryl “decorated” Sn based materials (Sn@aryl) whose nano-morphologies are
tuneable by the use of different solvents: donating ones such as diethyl ether (Et20) or dimethoxy
ethane (DME) lead to the formation of spherical particles, whereas apolar solvents such as
cyclohexane (CH) or toluene lead to nano rods or branched structures.”? The versatility in shape
and a high theoretical capacity of tin (990 mAh g!) make these tin enriched nano-materials
another promising candidate enhancing the anode capacity in Li-ion batteries.

2.1.4 Pyrolysis

Pyrolysed (organo)silanes have a wide area of applications. Since the 1960s, polymer-derived
ceramics (PDCs) were produced directly by pyrolysis of organosilicon polymers, e.g.
polysiloxanes or polycarbosilanes.” The thermal treatment of the latter results in SiC formation,
which is widely used in ceramic fibres for high-temperature applications, fibre-reinforced
composite materials and coatings.”

The complex process of organosilane pyrolysis involves at least three stages: the condensation of
the material (1), elimination of small fragments, e.g. hydrogen or volatile organic groups such as
methane or benzene (2), and the elimination of oxygen as carboxides as well as the crystallisation
of B-SiC (3).”
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CH4 g
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R SiH,. (if oxygen present) Si/C

Figure 2 General depiction of the pyrolysis process, displaying condensation (1), cleavage of volatile components (2)
and the generated Si/C product (3).

Generally, Si-H bonds are cleaved at approximately 400 °C and release H2, while Si-C bonds
usually cleave at approximately > 650 °C.7 The cleavage temperature of Si—C is influenced by the
structure of the precursor material; in cross-linked polymers, a complete depolymerisation is not
possible.”> The decomposition temperature, solubility as well as the yield of the products appear
to be dependent on their molecular structure (RiRaSi)n. The pyrolysis products are usually not
solely crystallised SiC but rather complex structures caused by radical reactions, in which it is not
possible to identify each intermediate.”” With respect to organo(mono)silanes, pyrolysis
sometimes even leads to a Si=C double bond and radical species, as was reported by Ring et al. at
the example of trimethylsilane and -germane.”®

Coleman et al.”’ reported the formation of silicon nanowires from arylated silanes, using a process
with supercritical solvents. Even though the exact mechanism could not be fully elucidated and
not all intermediates could be identified, they showed that silanes bearing aromatic residues are
promising precursor materials. Pyrolysis of monosilane (SiH4) leads to the cleavage of Hz and
thus formation of the radical SiHz, which is often employed for film deposition via chemical
vapor deposition (CVD) methods.® Such radical intermediates could also be detected in pyrolysis
experiments involving ethyl- and tert-butylsilane.!

Experiments conducted by Binder®®> with different aryl-substituted mono- and oligosilanes
confirmed that these materials are suitable candidates for the formation of nano-structured
silicon under elimination of aryl moieties and cleavage of Si-Si bonds. Such nano-structured
silicon-rich materials are particularly interesting for an implementation in Li-ion battery anodes,
which encouraged further research on the pyrolysis of arylsilanes carried out in this work.

2.1.5 Electrochemistry of Organometallic Group 14 Compounds

2.1.5.1  Organosilicon Compounds

Silicon offers interesting electrochemical properties, peculiarly when present as a silyl substituent
of an organic moiety. Halogenated silanes are well-known in literature. For instance, they are
useful precursors for generating hydrogen-rich silanes®>* and, in combination with reactive
metal electrodes, Si-Si bonds. The latter reaction leads to different linear or cyclic polysilanes.
The Si-Si bonds themselves act as unique electron pools, making them interesting for
electrochemical research.®! While the oxidation/reduction potentials of halogenated and
polymeric silane species are well documented, only few information on the electrochemical
potentials of arylsilicon hydrides is available.®?** Therefore, we investigated the redox potentials
of arylsilicon hydrides.
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Considering an aryl-substitution on the silicon, the silicon exerts a strong influence on the
chemical reactions and the redox properties of 7-systems, which is known as the silyl effect.%
Depending on their position on the aromatic ring system, silyl groups display different
properties: upon substitution in a-position they act as acceptors, while in (3-position they act as
donors. This dual donor/acceptor behaviour enhanced the interest in electrochemical reactions
with arylsilanes.*

In this work, the main focus is on aromatic systems in a-position with aromatic substituents such
as phenyl, 1-naphthyl or 2,5-xylyl. When a silyl group is introduced in such systems the m*-
(LUMO) level decreases due to an interaction of a low-lying silicon-based unoccupied orbital, e.g.
an empty d orbital, and the m* orbital of the organic moiety in form of d=-p= interactions.
Alternatively, the decrease in the LUMO level may be explained by the interaction between Si-R
o* orbitals and the m system.” Such orbital interactions further enhance the electron accepting
character of the 1t system, which consequently leads to less negative reduction potentials than the

unsubstituted parent 1t systems.*®

Another intriguing property of silyl substituents on aromatic rings is the stabilization of negative
or positive charges in a-position, including radical anions. This is possible due to dr-pn
interactions between the half-filled 7t* orbital of the anion radical and the empty low-lying silicon
orbital, which enables a partial electron donation of the 7t-system to the silicon atom and which
eventually stabilises the anion radical. The effects of a-silyl substitution on anion radicals was
demonstrated by O’Brien et al. by ESR spectroscopy at the example of phenylsilanes.”” Anodic
oxidation of arylsilanes also leads to radical cations on the anode surface. In the absence of water,
these radical species are relatively stable. However, in the presence of residual water, the
electrolysis leads to black coatings of the anode, consisting mainly of conjugated aromatic

polymers.%

In general, silicon displays unique properties. It is able to activate organic molecules, specifically
aromatic groups. The position of the silyl substituent causes different effects: in a-position the
substituent lowers the LUMO of the molecule and consequently facilitates reduction while in 3-
position it elevates the HOMO and facilitates oxidation.

2.1.5.2  Organotin Compounds

Despite a widespread set of applications, very little is known about the electrochemical
properties of organotin hydrides. Similar to their silicon analogues, the focus in electrochemical
research of organotin compounds was in the anodic reduction of organotin halides to form the
respective hydrides or the preparation of poly(organo)stannanes from the respective chloride
monomers.®?¢® The lack of information on the electrochemical potentials as well as their
prospective use in anodes for Li-ion batteries provided a motivation for synthesis,
characterisation and electrochemical testing of a series of organotin di- and trihydrides.
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2.2 Li-lon Batteries

2.2.1 General Aspects

Innovative technologies and their rapid development in modern times demand for new and
efficient power source systems. Particularly electric vehicles and handheld consumer electronics
require ever higher energy density and capacity. Since their introduction in 1990 by Sony and
Sanyo,%” the Li-ion batteries have become the most widely used battery type for everyday
technology.

Generally, the lithium-ion battery consists of anodes with low and cathodes with high voltages
vs. Li*/Li, which are soaked in a lithium-rich electrolyte and parted by a glass-fibre separator.
Most anodes consist of carbonaceous materials such as graphite. For cathodes, on the other hand,
mostly transition metal oxides such as LiCoO2 or LiMn204 are used.!® Liquid electrolytes of
typical Li-ion batteries consist of solutions of LiPFs in carbonate-based solvents such as ethylene
carbonate and dimethyl carbonate. Both electrodes undergo reversible intercalation reactions
during (dis)charge of the cell.'’"1% Considering the full battery anodes, cathodes, separator
material and electrolytes may be tuned to optimise the performance of the cell.

Rechargeable lithium batteries based on intercalation were suggested by Armand in the late
1970s as so-called rocking chair batteries.'™ Due to safety aspects, the use of metallic lithium for
anodes has been replaced by carbonaceous materials and later alloys with silicon or tin.!®
However, some of these carbonaceous materials were prone to co-intercalation of propylene
carbonate (PC), which was used as electrolyte solvent. To avoid co-intercalation, Sony employed
coke as anodes in their first commercial cells.”” Later, PC was replaced with ethylene carbonate
which does not co-intercalate and thus permits graphite anodes.!%10” Graphite bears a long list of
advantages: it is highly abundant, has low voltage hysteresis, good rate capability, low
irreversible capacity, high Coulombic efficiency, good electronic conductivity and displays stable
lithium storage performances.’® Despite these excellent properties of graphite, its electrochemical
performance is limited by its theoretical capacity of 372 mAh g for LiCes. Therefore, a
considerable part of research on Li-ion batteries has been dedicated to the development of novel
high capacity materials, which may enhance the capacity of graphite or eventually replace it in

anodes altogether.

2.2.2 Anodes Containing Group 14 Compounds

Enhancing the capacity of lithium ion batteries is an on-going chase for new materials. Focusing
on the anode, the capacity may only be increased by employing materials with high theoretical
capacities. Group 14 elements, for instance, display some of the highest theoretical capacities of
the fully lithiated phased Lis4Si (4200 mAh g), LisaGe (1620 mAh g), and Lis4Sn (990 mAh g),
making them appealing candidates for anode materials. This high capacity, however, comes at
the cost of low cycle-life. The lithiation of group 14 elements results in volume expansion of up to
400%. This process is illustrated in Figure 3.
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Figure 3 Schematic illustration of lithium intercalation into a group 14 element electrode followed by volume
expansion. a) Lithium intercalation into Si or Sn, b) swelling of the metals caused by lithium ion insertion, c)
generation of holes upon delithiation, d) trapped lithium ions in a sponge-like structure of Si or Sn after several
cycles.

In a) the lithium intercalates into an unused group 14 metal electrode attached to a copper
current collector, b) the formation of a Li-E(IV) alloy leads to the expansion of the active material
under cleavage of host atom bonds.? This step is followed by delithiation of the electrode, which
is not able to return to its initial packing structure. Therefore, upon re-charging of the electrode,
the lithium ions again form alloys with the pristine parts of the electrode, which after repetition
of the delithiation results in a sponge-like structure as depicted in d). The brittleness of the group
14 metal causes a collapse of the matrix and consequently a contact loss to the current collector.
Since the use of pure bulk metal leads to these effects, a work-around needed to be developed. It
was found that a reduction in metal size could delay the contact loss caused by volume
expansion, yet not fully avoid it.1%* Additionally, it was found that the expansion could possibly
be mitigated by embedding the metals in a carbonaceous matrix, preferably graphite.!®® Since
graphite consists of parallel stacked graphene sheets coordinated by Van-der-Waals forces, the
distance between the layers is flexible enough to allow for a certain expansion without destroying
the overall structure.1%

Most research focused on silicon and its derivatives due to its abundance and high theoretical
capacity of the fully lithiated phase Lis4Si. However, germanium and tin represent additional
candidates for enhancing the capacity of lithium ion batteries, with tin remaining the more
economic option.

There are two main approaches towards materials matching the criteria for anodes in Li-ion
batteries: top-down processes use elemental group 14 elements which are milled until a suitable
size is reached and/or coated by a carbonaceous layer, whereas the bottom-up process starts the
development of the material from a molecular level. In this work, the latter approach was
followed by the synthesis of different aryl-substituted silanes and stannanes, which were either
pyrolysed, polymerised or both.
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2.2.2.1 Silicon-Based Compounds

The lithiation mechanism of silicon is complex and highly dependent on voltage limits,
temperature, initial silicon structure, particle size and morphology.’ In the late 1970s, the
formation of binary crystalline Li-Si phases matching the Li-Si phase diagram could be shown in
electrochemical studies at 400 °C.1%110 According to the phase diagram and the equilibrium
Coulometric titration at 415 °C, Lix2Sis (= Lis4Si) represents the most lithium rich phase of the Li-
Si alloy possible, corresponding to a theoretical capacity of 4200 mAh g'. The behaviour of
silicon at room temperature, however, shows significantly different voltage curves.!! Obrovac
and Christensen studied the structural changes of silicon during lithiation via ex-situ XRD
powder diffraction. They found that at potentials of < 50 mV ws. Li/Li* a highly lithiated
amorphous Si crystallises unexpectedly to form the metastable phase LiisSis.!2 In this phase, the
silicon atoms are isolated and exhibit equivalent crystallographic sites, where each silicon atom is
surrounded by 12 lithium neighbours.!® The full lithiation mechanism is widely discussed in
literature and summarised in several reviews.>1°

Even though the full lithiation phase Li»Sis may not be reached at room temperature and
therefore its full theoretical capacity is not available, the LiisSis phase still amounts to a theoretical
capacity of 3580 mAh g-!, which is approximately 10 times higher than the one of graphite.!!?
While in several publications initially higher capacities than 3580 mAh g are reported for
experiments at room temperature, additional capacity can be attributed to surface reactions
stemming from either SEI formation of lithiation of surface oxides.!® The LiisSis phase has been
found in bulk silicon,'?114 silicon thin films!!> and nano-structured silicon'!® via TEM and XRD
experiments. Thus, the theoretical capacities do not seem to differ at different morphologies.
However, in order to avoid the problematic volume expansion, most interest has been directed to
nano-silicon, in form of nanoparticles, nanotubes, nanowires, Si thin flakes, nanopillars,
nanospheres or combinations of nanoparticles and nanowires. The electrochemistry of nano-
silicon is very similar to bulk silicon, yet the nano-sizing helps considerably in LiisSis formation,
SEI growth, packing density and in mitigating the particle fracture.!

Therefore, this work also aimed for the generation of nano-structured silicon/carbon materials via
the pyrolysis of aryl-substituted polysilanes or hydrogen-rich monosilanes.

2.2.2.2 Tin-Based Compounds

Compounds based on tin represent promising materials for the replacement of graphite as high—
capacity anodes for Li-ion batteries. Despite the metallic tin being able to electrochemically alloy
with lithium to form LissSn and yielding a maximum theoretical capacity of 990 mAh g, the
problem of the volume expansion of approximately 300% upon the lithiation process still
remains. A great portion of research was dedicated to tin (IV) oxides which lead in the first cycle
to the formation of a Li2O matrix suitable for the accommodation of the volume changes caused
by lithium insertion into the tin particles. The high reversible capacity of such materials
(782 mAh g'), however, is accompanied by an almost equally high irreversible capacity
(711 mAh g') stemming from the decomposition of tin dioxide into metallic tin (and Li2O),
restricting commercial use.!'720 Further materials investigated for the use in anodes for high

capacity Li-ion batteries include SnSb alloys or nano crystalline Sn as well as Sn@C materials.!?!-
125

10
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Sn@aryl particles created from aryltin trihydrides offer the advantage of a tin core decorated with
aromatic moieties thus combining the high theoretical capacity with built-in electron-rich attack
sites for lithiation/delithiation. Additionally, the nano-structure should be more resilient to
volume expansion, as was suggested by Besenhard."! Another advantage is the possibility to
form mixtures with graphite in-situ, thereby facilitating a possible capacity boost of the negative
electrode (anode). However, very little information on electrochemical reduction or oxidation
potentials of either the precursor material (organotin hydrides) or the polymeric particles has
been reported.

2.3 Reactivity

2.3.1 Inverse Electron Demand Diels-Alder (IEDDA) Reactions

Diels-Alder reactions, including the iEDDA, are generally [4+2] cycloadditions of dienes with
suitable dienophiles. The reactions advance via bicyclic, uncharged intermediates which eliminate
nitrogen, rearrange into dihydropyridazines and finally oxidise to the respective pyridazines. A
general reaction scheme with the well-established reaction partners 1,2,4,5-tetrazines and olefins
is displayed in Scheme 4. In contrast to a classic Diels-Alder reaction, the electron withdrawing
groups are placed at the diene instead of on the dienophile, which lowers the HOMOdienophile-
LUMOdiene-gap and allows for a fast reaction.

|
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Scheme 4 Inverse electron demand Diels-Alder iIEDDA) reaction leading to the formation of pyridazines.

Using tetrazines as dienes, the reactions have been determined to match the criteria of click-
chemistry as established by Sharpless in 2001'%¢1 and offer several advantages: catalysts or
excesses of educts are not necessary and they usually undergo only few side-reactions,!?%-13!
whose products are effectively removed by chromatographic methods.!3?> Furthermore, they
belong to some of the fastest click reactions, whose reaction rates are tuneable by exchange of the
residues R! (e.g. phenyl or pyridyl) and R? (e.g. norbornenes or styrene), the use of different
solvents such as methanol, tetrahydrofuran or toluene, or application of temperature. Lastly, a
large advantage is given by the possibility to optically detect the full conversion of the tetrazine
educts by a colour change from bright pink to yellow, hence no elaborate determination of the

TR R

Figure 4 Colour change of the reaction solution upon consumption of pyTz at the example of phenyl;(allyl)Si in
THF at room temperature.

reaction progress is necessary.

20 min
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The most frequently used dienes include bicyclic norbornenes, which enhance the reaction rates
with their ring-strain. However, also olefins without ring strain such as hexene or styrene were
found to fully convert the tetrazine educt, albeit at a slower rate. The products open up a set of
interesting possibilities, such as the targeted functionalisation of macro-porous foams,'* the
synthesis of block-copolymers!®1% or the modification of materials'?. Most of these applications
based on the cycloaddition of two purely organic educts, which encouraged us to extend the
research on olefin-substituted silanes as dienophiles for the use in iEDDA reactions.









3 Results and Discussion

3.1 Synthesis

Over the course of this work various aryl-substituted silanes were synthesized and
comprehensively characterised. The substituents were chosen considering a potential application
in Li-ion anodes, where enrichment of the most commonly used graphite with silicon was aimed
at by intercalation of monomeric silanes or by introducing silicon enriched particles gained by
pyrolysis into the active material. Therefore, planar, aromatic residues with a sp? hybridised
carbon on the silicon atom were chosen which are similar to the graphite matrix, could embed
lithium ions during the charging step of a Li-ion battery and doubled as target leaving-groups
when thermally treated. Additional focus was set on the effects of steric bulk on synthetic aspects
as well as the spectroscopic, electrochemical and solid-state properties. With respect to all of the
mentioned reasons phenyl, 1-naphthyl and 2,5-xylyl, were employed.

R,SiCl,,

oG
R,(allyl)Si
RSi

: phenyl  I-naphthyl  2,5-xylyl
Si.R,.

Figure 5 General formulations of organosilane target molecules
(R = aryl substituent) and the investigated aryl moieties (right).

Aryl(chloro)silanes were synthesised as educts for further functionalised arylsilicon compounds.
Their synthesis follows two typically employed reaction pathways with varying stoichiometry of
the aryl bromide towards SiCls, phenylSiCls or phenyl2SiCl2 (Figure 6). It was found that for the
introduction of more than one aryl moiety onto the silicon a reaction via the lithiation route led to
only minor by-products whereas the cleanest aryl trichlorosilanes resulted from Grignard-type

reactions with a large excess of SiCls.6

I Mg’ THE reflux . —_—
2 63 SiCl i
.0 eq.SiCl, 3
q RSiH,
. 2a 0.5 eq.SiCl, RIRSIC LiAIH,, 0 °C, E,,O R'R’SiH
-er 2b 1.0 eq. PhSIC, "~ k)
I n-BulLi,-78 °C, Et,0 Inip3
R RR'SiH
2¢ 0.33 eq. SiCl, ,
i RR®R'SiICI| ——
2d 0.5 eq. PhSiCl,

2e 1.0 eq. Ph,SiCl,

1.5 - 6 eq.allylMgCl, THF/EL,O, rt.

R'R*R*(allyl)Si

Figure 6 General synthetic procedures towards RnSiZs., (R = phenyl, I-naphthyl, 2,5-xylyl; Z = Cl, H, allyl).

Additionally, perarylated silanes were synthesised for comparison. Cyclic compounds, i.e.
phenylsSis and phenylioSis, and tetraarylsilanes R4Si with R = phenyl, 1-naphthyl were prepared
according to literature procedures.1%13 A list of all synthesised compounds along with the
numbering scheme (Table 1) may be found on page V of this work.
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3.1.1  Aryl-Substituted Chlorosilanes (RiSiCls-)

RSiCls (1-3): Aryltrichlorosilanes were prepared via reaction of the respective aryl Grignard
reagent with SiCls in THF, as reported in literature.!® In a previous study performed in our
working group it was established that employment of large excesses of SiCls (8 equivalents) could
reduce the formation of by-products.® However, in the present work it was found that also
smaller excesses, i.e. 4-6 equivalents, lead to the desired effect, yielding in 76% of 2,5-xylylSiCls (1)
and 90% of 1-naphthylSiCls (2). Purification of the products by distillation resulted in crystals
suitable for single crystal X-ray diffraction.

R:SiCl2 (4,5): For the synthesised diaryldichlorosilanes a lithiation reaction was preferred over the
Grignard route due to comparatively less by-products. In a typical reaction the aryl bromide was
lithiated at -78 °C in Et20 and subsequently transferred onto a solution of 0.5 equivalents SiCls at
0 °C (Figure 6, route 2a). After stirring at room temperature (room temperature), filtration of the
formed salts and evaporation of the solvent, the products were purified by distillation or
recrystallisation from THF, toluene or ethyl acetate. The compounds 2,5-xylyl:SiCl> (3) and 1-
naphthyLSiCl2 (5) could be obtained in satisfactory yields of 65%. In case of the mixed substituent
compound

1-naphthyl(phenyl)SiCl2 (4) the procedure was optimised by transferring the lithiated aryl species
onto a solution of 2.0 equivalents phenylSiCls at —20 °C (Figure 6, route 2b). Thereby the
formation of side-products could be minimised and the yield of the desired product could be
elevated to 62% as compared to the standard procedure yielding in approximately 40%.

RsSiCl (6-9): Triaryl chlorosilanes were prepared according to literature procedures®!'¥” via
lithiation of the respective aryl bromide with n-butyl lithium (n-BuLi) in Et2O at -78 °C and
subsequent reaction with a chlorosilane at 0 °C. While 2,5-xylylsSiCl (6) and 1-naphthylsSiCl (9)
were prepared with 0.33 eq of SiCls each (Figure 6, route 2c), phenylated chlorosilanes were
employed for the formation of 1-naphthyl/phenyl mixed substituent monosilanes, namely 1.0 eq
phenyl2SiClz (Figure 6, route 2d) for 1-naphthyl(phenyl)2SiCl (7) and 0.5 eq phenylSiCls (Figure 6,
route 2e) for 1-naphthylz(phenyl)SiCl (8). The solid products were purified by recrystallization in
THEF, toluene or ethyl acetate resulting crystals suitable for single crystal X-ray diffraction studies.

3.1.2  Aryl-Substituted Silanes (RnSiH4-)

The preparation of all reported aryl silanes based on a reaction of the precursor aryl chlorosilanes
with lithium aluminium hydride (LiAlH4) in EtO at 0 °C. Phase separation with diluted,
degassed sulfuric acid, removal of salts over aqueous, degassed sodium tartrate solution and
evaporation of the solvent resulted in the colourless hydride species.

RSiH3 (10-12): The primary silanes phenylSiHs (10), 2,5-xylylSiHs (11) and 1-naphthylSiHs (12)
were purified by distillation resulting in air- and moisture sensitive colourless oils.

R:SiH2 (13-16): The secondary silanes phenyloSiH (13) and 1-naphthyl(phenyl)SiH2 (15) were
purified by distillation resulting in colourless oils. Compounds 2,5-xylyl:SiH> (14) and
1-naphthyloSiH> (16) were purified by recrystallization from toluene or THF, affording crystals
suitable for single crystal X-ray diffraction. In contrast to the known air- and moisture sensitivity
of phenylated secondary silanes, no hydrolysis was observed for compounds 14-16 when stored

16
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under air for several weeks. The sterically more demanding substituents offer a shielding of the
silicon centre atom which slows down the reactivity and thus provides higher stability to ambient

conditions.

RsSiH (17-21): Purification of the tertiary silanes phenylSiH (17), 2,5-xylylsSiH (18),
1-naphthyl(phenyl)2SiH (19), 1-naphthylz(phenyl)SiH (20) and 1-naphthysSiH (21) was carried out
by recrystallisation from THF, toluene or ethyl acetate. For compounds 19-21 the hydrogenation
reaction was performed in a mixture of Et2O and THF due to the decreasing solubility caused by
the introduction of the sterically demanding 1-naphthyl groups.

3.1.3  Triaryl(allyl)silanes

The triaryl(allyl)silanes (22-25) were obtained via Grignard reaction of allyl chloride in Et2O and
subsequent reaction with a triaryl chlorosilane in Et20 solution at room temperature. A mixture
of Et20O and THF was necessary for compounds containing more than one 1-naphthyl moiety
(I-naphthyl(phenyl)(allyl)Si (23) and 1-naphthyls(allyl)Si (24)) due to low solubility. Extraction of
the organic phase with diluted hydrochloric acid (approximately 3%) yielded in 67-95% of the
desired products. However, such yields could only be obtained, when an excess of 1.8 to 6.5
equivalents of the Grignard reagent was employed. Otherwise, larger amounts of unreacted
triaryl(chloro)silanes were observed. The concentration of the Grignard reagent was determined
by titration against 0.1 M hydrochloric acid with phenolphthalein as indicator. In contrast to
usual Grignard reagents, which are liquid or easily soluble in donating solvents, the allyIMgCl
species forms a colourless, hardly soluble gel. Therefore, instead of filtrating the reagent to
remove excessive Mg’ and adding it to the chloride solution, the procedure was reversed since
the selectivity was neglectable for the targeted compounds. The reactions led to colourless, easily
in donating solvents soluble compounds. All triaryl(allyl)silanes were purified by
recrystallisation from THF and afforded crystals suitable for X-ray diffraction.

3.1.4 Reactivity Studies

Triorgano(allyl)silanes are frequently used in organic chemistry for elimination/addition,
annulation reactions or as allylation agent for suitable electrophiles.?” While alkyl moieties tend to
be more reactive, their aryl counterparts are able to stabilise certain intermediates.?”'* Thus far,
mostly phenyl moieties were used as aryl substituents since they are easily available. However,
the use of differently sized aryl substituents is a promising route towards stereo-controlled
reactions as shown by Knolker and co-workers who used a tert-butyl and phenyl substituted
allylsilane for Lewis acid promoted formal [3+2] cycloaddition reactions.40141

This encouraged further investigations in the direction of cycloadditions of arylated allylsilanes.

3.1.4.1 iEDDA Reactions

iEDDA reactions of 1,2,4,5-tetrazines with olefins have found a wide-spread set of applications in
“click chemistry” and are very convenient due to their mild reaction conditions where neither an

excess of reagent nor a catalyst is required.!*> However, hitherto no reactions of 1,2,4,5-tetrazines
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with double-bond bearing organosilanes have been reported. Thus, the triaryl(allyl)silanes
synthesised in this work (22-25) were reacted with 3,6-(2-pyridinyl)2-1,2,4,5-tetrazine (pyTz) and
the influence of the substituent sizes on the kinetics was determined by a literature known

procedure.'” The assumed reaction path is displayed in Scheme 5.

Py Py
N Py
SiR )
NJ%N 3 NZ SiR'R?R3
1 N = N SiR'R?R? '
R T i
Py Fy Py
22-25 26-29

Scheme 5 Inverse electron demand Diels-Alder (iEDDA) reactions leading to silylated dihydropyridazines
(compounds 26-29). Py = pyridyl, pyPz = pyridine |,4-dihydropyridazine.

PyTz was prepared according to a Pinner type reaction as described in literature.!33143 In a typical
reaction pyTz was reacted with 1.0 eq of a triaryl(allyl)silane in THF at room temperature. The
conversion of the pyTz was observable by the typical colour change from pink to yellow and
additional clearing up of the reaction suspension upon consumption of the tetrazine (Figure 7,
right). Si NMR shifts as well as 'H NMR confirmed almost complete conversion of the pyTz
after 48-160 h (26-29) resulting in isolated yields of typically 35-40% after column
chromatography. The identity of the 1,4-dihydropyridazine (pyPz) products, as shown in
Scheme 5, could further be confirmed by 2D HSQC and HMBC NMR spectra as well as by X-ray
crystallography in case of 29 (cf. section 3.3.4, Figure 27). The crystal structure shows an
implementation of the silane into the central ring-system of the pyTz under elimination of N2
resulting in a non-planar six-membered ring-structure. In many cases the herein obtained pyPz
derivatives are not the final products since usually exposure to air leads to oxidation of the
dihydropyridazine system yielding the corresponding pyridazine derivatives.’®® However, in
case of the triaryl(allyl)silanes, the hyperconjugation of the silicon atom over two bonds as well
as the bulky nature of the substituents seems to be responsible for the stabilisation of the 1,4-
dihydropyridazine product. No sign of oxidation could be retrieved upon storage of 26-29 at
room temperature under ambient conditions for weeks.

The reaction kinetics was studied under pseudo-first order conditions using UV-Vis spectroscopy
in toluene as the solvent. Second order rate constants ranging from 3.95 x 103 (13) to 9.01 x 10~
M-1st (16) were obtained. Expectedly, the reaction rate is decreasing along with increasing bulk-
size provided by the aryl-moieties. Nevertheless, the rate constants are unexpectedly high when
compared to those for smaller, sterically less encumbered alkenes like styrene (3.0 x 103 M s
measured in MeOH) or 1-hexene (1.0 x 102 M! s! measured in MeOH).'?” Polar-protic solvents
like MeOH are known to accelerate iEDDA reaction in comparison to nonpolar like toluene used
here.’?” The use of MeOH was prevented by the low solubility of 23-25 in this solvent. However,
the solubility of 22 was sufficient to perform the kinetic experiment which resulted in a second
order rate constant approximately two times higher (7.35x 10*M! s) in comparison to the
experiment in toluene. Accordingly, 22 reacts more than 7 times faster than 1-hexene under the
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same reaction conditions. Consequently, the triarylsilyl group in allylic position exerts an
activating effect on the double bond.

I
. O 26 k=3.95x10" |
08[ o 27
. * 28 k=288x10"
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X 04t k= 150x10"
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Figure 7 Linear dependence of second order reaction rate constants on the alkene concentration for 26-29 (left),
color change during the iEDDA reaction (right).

To further elucidate this effect, the iEDDA of trimethylallylsilane and pyTz was studied in
toluene and a second order rate constant of 6.15 x 10-* M-'s! was determined, meaning that this
transformation is about 1.5 times faster than the reaction of 22 and the activating effect is not
specific for triarylsilyl groups but is also present for trialkylsilyl groups. However, it is worth to
note that the corresponding 1,4-dihydropyridazine derivative featuring the trimethylsilyl group
is not stable and decomposes into two still unidentified follow-up products. This behaviour is in
strong contrast to clean formation of 26-29 from 22-25.

A possible effect caused by the electron-withdrawing nature of the substituents was tested by
reaction of methoxys(allyl)Si. The reaction in THF resulted in conversion of approximately 90% of
the silane after 70 h. However, when the same experiment was carried out in toluene instead, the
reaction rate was slowed down drastically (210 h).

Overall, the reactivity of the terminal double bond in triaryl(allyl)silanes in iEDDA reactions
revealed an activating effect of the silyl group. The second order rate constants for the reaction of
triaryl(allyl)silanes are higher than for 1-hexene.
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3.1.5 Perarylated Silanes

In order to complete the row of homologues, a series of tetraaryl silanes with 1-naphthyl and
phenyl as substituents was synthesised according to adapted literature procedures.!3”144
1-napthyl(phenyl)sSi (30) could be obtained by reaction of phenylsSiCl with an excess of freshly
prepared 1-naphthyl lithium at 0 °C (cf. Figure 8). The product was worked up analogous to the
triaryl chlorosilanes and purified by recrystallisation from toluene. 1-naphthyl(phenyl)2Si (31)
and 1-naphthyls(phenyl)Si (32), however, could not be obtained by the same reaction with a
phenyl chlorosilane. Instead, these compounds were successfully synthesised in moderate yields
by employing the 1-naphthyl-containing educts 1-naphthyl(phenyl):SiCl (7) and 1-naphthylsSiCl
(9), respectively.

R'R*SICI, R'R'R’SICI

Wurtz coupling: a) arylMgBr, THF/toluene, reflux
Li, THF. reflux b) arylLi, THF/Et,0, 0°C - rt.

Ph,S SiPh Ehl @
S —3iPhy |
PhZSi/ N

Ph,Si——SiPh, /Sith ng@

Ph,Si—SiPh,

Figure 8 Synthetic procedures towards perarylated silanes.

The synthesis of 1-naphthylsSi was attempted via different routes, always involving either the
Grignard reagent 1-naphthylMgBr or its lithiated species 1-naphthylLi. The reactions were
carried out employing different ratios of the 1-naphthyl reagent with either SiCls (4-8
equivalents), 1-naphthylsSiCl (4-10 equivalents), 1-naphthylSiCl2 (4 equivalents) or
1-naphthyloSiF2 (2 equivalents). THF and/or toluene were used as solvents, the reactions were
carried out at 0 °C, room temperature or at reflux. However, all of the attempted routes resulted
in 1-naphthylsSiX (X = Cl, F). DFT calculations conducted by Prof. M. Flock stated that the desired
product could theoretically exist; however, the thermodynamic conditions could not yet be met
with the conducted experiments. A detailed summary of the reaction conditions is given in
section 5.2.1 of this work.

With the prospect of an application in Li-ion battery anodes, also arylated oligosilanes were
considered. Synthesis was carried out according to literature procedures via Wurtz-type coupling
of phenyl:SiCl> with lithium 3648145146 These compounds offer the intriguing property of
o-delocalisation along the Si-Si backbone, which is close to aromatic behaviour. While linear
phenyl-substituted silanes are mostly insoluble in organic solvents, their well-established cyclic
counterparts with the general formula phenylaSin (n = 4-6) are soluble in solvents such as
toluene. Additionally, the latter are especially interesting due to their ability to electrochemically
form radical anions®* with the delocalised extra electron within the silicon skeleton. In
combination with the aryl substituents, the influence of the radical anions is likely to contribute
to a higher capacity of graphite anodes.
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3.2 ¥Si-NMR

Functionalised organosilanes are considered for a wide variety of applications e.g. in ceramics or
surface modification materials. Despite a recent interest in organosilicon chemistry, there is still a
considerable lack in experimental data, especially regarding aryl-substituted silanes. For instance,
information on ¥Si-NMR shifts of organosilicon compounds is only partially reported. This
stems from the fact that Si-NMR spectroscopy was established in the early 1960s but only
became a conventional characterisation method two decades later. In our working group, the
effects of the bulkiness of aryl substituents on the NMR behaviour were investigated with focus
on mono- and diaryl (chloro)silanes.® The present work enhances previous investigations by
focusing on different substituents as well as on asymmetrically substituted species. Additionally,
the effects of non-aromatic functionalities i.e. Cl, H, allyl and pyridine pyridazine (pyPz), on the
NMR behaviour are discussed.

Considering the experiments established within our working group,® Si-NMR experiments
were carried out with relaxation delay times adjusted to the sterical hindrance of the compounds.
The relaxation times ranged from 20-60s, whereas 1-naphthyls(phenyl)Si (32) required the longest
delay. For compounds 22-29 bearing a proton on the a-positioned carbon in ortho configuration to
the silicon, a DEPT (Distortionless Enhancement by Polarisation Transfer) sequence was used.

The experimental #*Si-NMR shifts for compounds 1-9 as well as comparable literature-known
shifts are summarised in Table 2. The shifts of herein synthesised products are given in CDCls.
However, some shifts of previously published compounds are reported in CeéDs. Nevertheless,
since the solvent influences the #Si shift in a range of +1 ppm, some trends may be determined. If
not marked otherwise, the chemical shifts were determined with compounds prepared during

this work.

Table 2 295i—-NMR of synthesised and literature-known aryl chlorosilanes in CDCls. *Shifts reported in CsDe.

Ne RSiCls O 29Si No R:SiCl, O 25i | No RsSiCl 0 29Si
[ppm] [ppm] [ppm]
SiCls —18.0147
phenylSiCls —0.6 phenyl,SiCl, 5.9 phenylsSiCl 1.2
o-tolylSiCl3 -1.0 o-tolylSiCl; 6.2 2,4-xylylsSiCl 4.66*
2,4-xylylSiCl3 —0.4¢* 2,4-xylyl,SiCl, 7.2¢6% 6 2,5-xylylsSiCl 29
I 2,5xylylSiCl; -0.9 3 2,5xylyl;SiCl; 6.4 7 I-naphthyl(phenyl).SiCl 2.4
2 [-naphthylSiCls -0.8 4 |-naphthyl(phenyl)SiCl, 6.9 8 [-naphthyl:(phenyl)SiCl 3.1
2-naphthylSiCls —0.917% 5  I-naphthylSiCl; 7.3 9 I-naphthyl;SiCl 37

All novel chlorosilanes (compounds 1-9) display chemical shifts fitting to values reported in
literature. Comparing monoarylated chlorosilanes to their di- and triarylated counterparts, the
well-known “sagging” behaviour is observable, leading to a bell-shaped curve when the chemical
shifts are plotted against the sum of electronegativities. The shape of the curve is influenced by
the shielding of the silicon atom by the substituents; a detailed discussion is provided by Ernst et

al.. 148
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Regarding the substitution pattern of the chlorosilanes a consistent low-field shift is noticeable
along with the increasing number of sterically demanding substituents, e.g. 1-naphthyl. As
expected, all of the chlorosilanes with mixed substituents display 2°Si NMR shifts between the
ones of the purely phenyl- or 1-naphthyl-substituted silanes.

With respect to the hydride species, an almost linear trend of a low-field shift is observed along
with an increasing number of aryl-substituents (Figure 9). The influence of the aryl moiety on the
chemical shift lessens with increasing substituent numbers. Considering 2,5-xylyl-substituted
compounds, for instance, the largest high-field shift is provided by the mono-arylated species
(11) with -62.9 ppm, followed by the diaryl silane (14) with -39.5 ppm and finally the triaryl
silane (18) with the largest low-field shift of —20.7 ppm. The same trend is mirrored also in the
substituent bulkiness, as the strongest low-field shifts are observed for the most sterically
shielded silanes, i.e. mesitylsSiH.!# It becomes evident that the substitution in ortho position of the
aryl moiety, such as the methyl groups of 2,5-xylyl or mesityl, as well as the extended ring-
system of 1-naphthyl, cause this effect by providing a steric shielding of the silicon core.

RSIH RS

-20
é
a -40 . Figure 9 295i NMR shifts of differently aryl-
= RSiH, substituted silanes vs. the sum of substituent
& 60 < phenyl electronegativities according to Allred-Rochow.
0 A 2,5-xylyl

-80 O |-naphthyl

SiH, X phenyl/1-naphthyl
-100 mixed

88 9 92 94 96 98 10
Sum of electronegativities

All of the presented silanes 10-21, again, are in agreement with previously published values.
Additionally, the 'Jsin coupling constants range between 195-203 Hz and are therefore also
within the expected range (Table 3).8

Table 3 29Si-NMR and hydride ('H) shifts of synthesised and literature-known arylsilanes. * Shifts reported in Ce¢Ds
** Shifts reported in THF ds.

No R.SiH4n 5 295 & IH (hydride) st
[ppm] [ppm] [Hz]

SiH4 —95 8147+ 3.14 203.0

10 phenylSiHs -59.2 424 199.6
o-tolylSiH; 6238 424 200.1
2,4-xylyISiH; —63.9¢ 427 197.8

11 2,5-xylyISiH; 629 425 200.2
12 I-naphthylSiH; 619 459 2013
mesityISiH; 77 6% 425 198.1
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Ne  RaSiH4.n 0 29Si 0 'H (hydride) si-n
[ppm] [ppm] [Hz]

13 phenyl;SiH; =333 4.99 199.2
o-tolyl2SiH; —39.7150 4.97 —
2,4-xylyl>SiH —40.4¢" 5.21 195.4

14 2,5-xylyl,SiH -39.5 4.93 197.2
15 [-naphthyl(bhenyl)SiH. -35.9 5.39 199.6
16 [-naphthyl,SiH; -38.7 5.56 200.9
17 phenylsSiH -18.1 5.56 200.0
18 2,5-xylylSiH -20.7 5.93 199.0
19 [-naphthyl(phenyl)2SiH —24.5 5.92 196.5
20 [-naphthylz(phenyl)SiH -28.7 6.40 197.6
21 [-naphthyl;SiH -28.9 6.84 196.6
mesityl;SiH —44.| 149% 5.72 —

Clear trends are also evident considering species of the general formula arylsSiZ where aryl =

phenyl, 1-naphthyl and Z = allyl, pyridine pyridazine (pyPz) or another aryl moiety. All of these

tetraorgano silanes show peaks in the range of —7.6 to —18.7 ppm (Table 4), which is consistent

with values reported in literature for similar compounds. Since compounds 26-29 decomposed

when exposed to CDCls, the NMR shifts were obtained in acetone ds. In order to directly compare

them to their educts (compounds 22-25), the latter were also measured in acetone ds.

Table 4 29Si—-NMR shifts for triaryl(allyl)silanes, silylated pyridazines and tetraarylsilanes in CDCls.
* Shifts are reported in acetone de.

Ne  Compound 0 29Si [ppm]
22 phenyls(allyl)Si —-13.8/-13.8*
23 |-naphthyl(phenyl)(allyl)Si -12.9/-13.1*
24 [-naphthyl2(phenyl) (allyl)Si —11.5/7-11.3*
25 |-naphthyls(allyl)Si -7.6 1 -8.3*

I-naphthyl(2,4,6-mesityl)(phenyl)(allyl)Si —14.5151

mesityl(allyl) Si —18.7152
26 phenylzSipyPz —13.2%
27 |-naphthyl(phenyl),SipyPz —12.4%
28 [-naphthyly(phenyl)SipyPz -10.9*%
29 [-naphthylSipyPz =9.1*

phenylsSi —14.0153
30 [-naphthyl(phenyl)sSi -13.7
31 I-naphthylz(phenyl)2Si -129
32 [-naphthyls(phenyl)Si -122
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An interesting behaviour was observed for triaryl(allyl)silanes: compounds 22-25 show a
progressing high-field shift along with increasing substituent sizes with values between -13.8
ppm (22) and -7.6 ppm (25). However, the values deviate for the sterically more demanding
literature-known compounds 1-naphthyl(2,4,6-mesityl)(phenyl)(allyl)Si'>! and mesityls(allyl)Si.!>?
This could indicate the effects of two ortho positioned methyl groups in the 2,4,6-mesityl moiety
on the symmetry and electronic structure of the molecule. The overlapping orbitals of these
methyl-group containing aryl moieties may cause such a high-field shift.

With respect to triaryl silanes substituted with phenyl and 1-naphthyl groups, solely linear
correlations of the Si shifts were observed. Depending on the nature of the fourth substituent,
the trends were directed towards low-field shifts with increasing substituent bulk (Figure 10).
The only exception was posed by the hydride species, which shift towards high-field instead.
This is in agreement with literature.®®

e AT o &
0F z=c

/Q Figure 10 Linear dependence of 29Si NMR shifts on
E -0 Z=pyPz =77 1 increasing substituent bulk-sizes of phenyl/I-naphthyl
o @-—‘—_e——z—; vl substituted silanes R3SiZ (Z = CI, H, allyl, pyPz) in
; s differently functionalised triaryl silanes.
&, -20

Z=H
-30 [

PhSiZ Ph,NaphSiZ PhNaphSiZ NaphSiZ

Considering the triaryl silanes substituted with a fourth organic moiety it becomes evident that
the chemical shift is mostly dependent on the nature of the adjacent carbon atoms instead of on
the bulk-size of the respective substituents. Thus, the terminal olefin of the allyl group is affecting
the electronical shielding in the same way as the extended hetero-cycle attached to the silicon
atom All RsSipyPz derivatives were measured in acetone ds¢ instead of CDCls due to stability
issues with the latter solvent. However, a direct comparison is deemed possible since the
respective allyl derivatives were measured in both solvents and close to no deviation of the 2°Si
could be detected.

3.2.1 Summary of 2°Si-NMR

In conclusion, it was possible to extend the existing database of 2Si NMR shifts with a series of
differently substituted arylsilanes as well as their chloride, allyl and pyridine pyridazyl derivates.
The presented compounds displayed shifts in the expected range and agree with values reported
for similar species in literature. The effects of increasing bulk-size of the aryl moieties consist of a
continuous low-field shift for chloride and tetraorgano species, whereas hydride species display a
high-field shift.
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3.3 Solid State Structures

Despite an increasing interest in aryl-substituted (chloro)silanes in recent years, only few crystal
structures have been published.6-8149152154-162 In our working group the influence of the
substitution pattern on solid state structures of arylsilanes and especially on the secondary
interactions of the aryl moieties was previously investigated.® Most commonly, electrostatic
interactions in form of m-m stacking and edge to face interactions stemming from the aromatic
sustbituents are found in arylsilicon chlorides and hydrides, along with Van-der-Waals contacts
in form of CH---Cl, CHs---7t or Si-H---Si.

Since in the previous study the focus was foremost laid on diaryl species, the dataset is herein
expanded by some yet unreported solid-state structures of symmetrically and asymmetrically
substituted di- and triaryl (chloro)silanes. Furthermore, the structures of triaryl(allyl)silanes and
interactions leading to their stabilisation are discussed.

3.3.1  Aryl-Substituted Chlorosilanes (R,SiCls)
Mono- and Diaryl Chlorosilanes

This section summarises the crystallographic data of synthesised mono- and diaryl chlorosilanes
(compounds 1, 3 and 4, Figure 11) and compares them to previously reported structures. The
silicon atom is found in a near tetrahedral environment in each of the investigated chlorosilanes.
Crystallographic data as well as details of measurements and refinement for the presented
compounds may be found in the appendix. Averaged bond lengths and angles of herein
presented as well as of comparable compounds reported in literature are summarised in Table 5.

2,5-xylylSiCls (1) 2,5-xylyl,SiCl, (3) [ -naphthyl(phenyl)SiCl, (4)

Figure 11 Crystal structures of presented mono- and diaryl chlorosilanes. All non-carbon atoms are displayed as
50% shaded ellipsoids. Hydrogen atoms are omitted for clarity.

2,5-xylylSiCls (1) crystallises in the monoclinic space group P2im and displays an average Si-C
bond length of 1.844(12) A as well as an average Si—Cl distance of 2.039(3) A. These values are
very close to the ones reported for 1-naphthylSiCls and differ only slightly from
2,6-xylylSiCls and 2,4,6-mesitylSiCls (cf. Table 5). The found C-Si—-C and C-Si—Cl angles of 106
and 112°, respectively, are also in accordance with values reported for comparable structures.
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Both of the presented di-arylated chlorosilanes, compounds 2,5-xylyl:SiCl> (3) and
1-naphthyl(phenyl)SiCl2 (4) (Figure 11), crystallise in the monoclinic space group P21 and
display similar Si-C and Si-Cl bond lengths of 1.861(3)/2.063(3) A (3) and 1.859(3)/2.062(9) A (4)
which are comparable with reported structures (see Table 5). An influence of the steric bulk is
seen in the C-Si—C angles, as an expected narrowing of the angles between the aryl moieties with
an increasing steric demand from 118° (2,4-xylyl2SiClz) to 113° (4) is observed. The angle between
the chlorine residues reflects the influence of substituents in ortho position of the aromatic system.
While 2,6-xylyl2SiCl2 with two ortho-positioned methyl groups on the phenyl ring displays the
narrowest angle of 102°, the 2,4- and 2,5-xylyl substituted silicon dichlorides with only one ortho
methyl group show angles of 104°. The trend is continued by compound 4 (106°), which is
substituted with a plain phenyl group and a 1-naphthyl group accounting for the steric bulk.

Table 5 Selected bond lengths and angles for mono- and diaryl chlorosilanes.

N° Compound Space Si—Cary Si—Cl C-Si—C a-si-ci C-Si—Cl
Group  [Al(avg)  [A](avg)  [](avg) ['] (avg) [°] (avg)
I 2,5-xylylSiClz + P2i/m 1.844(12) 2.039(3) — 106.39(7) 112.39(2)
2,6-xylylSiCl3'5 Pnma 1.860(4) 2.048(4) — 105.35(7) 113.37(7)
2,4,6-mesitylSiCl3'> P-1 1.861(2) 2.043(9) — 105.19(3) 113.33(3)
[-naphthylSiCls¢ P2 1.841(2) 2.034(8) — 106.9(4) 111.9(7)
2,4-xylyl,SiCl,7 P-1 1.858(3) 2.059(2) 118.15(9) 104.95(4) 108.24(9)
3 2,5-xylylkSiClz P2 1.861(3) 2.063(3) 116.11(4) 104.667(5) 108.86(3)
2,6-xylyl2SiCl,7 P-1 1.877(2) 2.069(2) 113.72(7) 102.66(3) 110.09(3)
4  |-naphthyl(phenyl)SiCl, P21 1.859(3) 2.062(9) 113.03(12) 106.57(4) 109.24(9)
I-naphthyl,SiCl, 7 P21 1.859(3) 2.063(2) 116.84(10) 106.18(4) 110.01(8)

# Hitherto, no crystal structures were reported for the literature-known compounds 1163-165 and 4166,

2,5-xylylSiCls (1) displays mainly two types of intermolecular interactions: CHs--7t contacts with
a distance of 2.95 A and CHs-Cl contacts with distances ranging from 3.02 — 3.20 A (Figure 12,
left). The same type of packing with similar distances has been reported for 2,6-xylylSiCls,
2,4,6-mesitylSiCls and 1-naphthylSiCls, as well (Table 6). The introduction of a second 2,5-xylyl
group onto the silicon atom (compound 3) results in less symmetrical packing of the crystals in
which additional stabilisation by edge to face interactions with lengths of 2.73 A are present
(Figure 12, right). There, meta-positioned hydrogen atoms of the aryl moiety interact with the
aromatic system of an adjacent molecule. Overall, a comparatively large range (3.17-3.38 A) is
found for the CHs-mt contacts while CHs--Cl contacts remain in the same range as in the mono-

arylated species (Table 6).
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2,5-xylylSiCl; (1) 2,5-xylyl,SiCl, (3)

Figure 12 Crystal packing diagram of 2,5-xylyl substituted chlorosilanes. Edge to face interactions as well as CH ---Cl
are highlighted by dashed lines. All non-carbon atoms are displayed as 50% shaded ellipsoids. Hydrogen atoms not

involved in intermolecular interactions are omitted for clarity.

Table 6 List of non-covalent interactions for presented mono- and diaryl chlorosilanes.

N°  Compound n-1 Stacking [A] Edge to Face [A] CHs - [A] C-H--Cl [A]
d R

| 2,5-xylylSiClz — — — 2.95 3.02-3.20
2,6-xylylSiCl3'5° — — — 2.94 3.07-322
2,4,6-mesitylSiCl3'59 — — — 2.65 3.01 —3.29
I-naphthylSiCl3é 341 1.72 2.94 — 3.0l -3.19
2,4-xylyl,SiCly? — — 3.26 2.99 —

3 2,5-xylyl,SiCl> — — 2.73 3.17-3.38 3.08-3.33
2,6-xyly,SiCly7 3.45 .46 _ 3.24 2.99

4 I-naphthyl(phenyl)SiCl,+ 342 22 2.73,3.39 — 2.97 -3.19
I-naphthyl,SiCl, 7 3.58, 3.69 1.54, 1.23 2.95 — 291

# Hitherto, no crystal structures were reported for the literature-known compounds |164165167 4166,
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In the asymmetrically substituted 1-naphthyl(phenyl)SiCl> (4), a layer formation by stacking of
the 1-naphthyl moieties is observed (Figure 13). The aromatic moieties are displaced parallel in
specific distances of 3.42 A (d) and an off-set of 2.2 A (R). Additionally, edge to face interactions
between a hydrogen atom of an aromatic ring and the plane of another are found for both,
phenyl to naphthyl (3.39 A) and vice versa (2.73 A). Compared to 1-naphthyl:SiCl>, compound 4
displays shorter distances and a larger off-set in the m—mt stacking interactions, which is the result

of the asymmetric substitution pattern.

Figure 13 Crystal packing diagram of |-
naphthyl(phenyl)SiCl> (compound 4). Edge to face
interactions are highlighted by dashed lines. All
non-carbon atoms are displayed as 50% shaded
ellipsoids. Hydrogen atoms not involved in
intermolecular interactions are omitted for clarity.

[-naphthyl(phenyl)SiCl, (4)

Triaryl Chlorosilanes

All triaryl chlorosilanes (6-9, Figure 14) are comparable to previously reported compounds and
exist in a distorted tetrahedral environment with an average C-Si-C and C-Si-Cl angle of 111°
and 107°, respectively (Table 7). The averaged Si—C bond lengths fall within the narrow range of
1.858(3) A to 1.874(3) A and are seemingly not affected by the degree of bulkiness afforded by the
aryl substituent on the silicon atom. However, the successive exchange of a phenyl group with a
bulkier 1-naphthyl residue results in a gradual elongation of the Si-Cl bond from 2.079(2) A for
phenylsSiCliet and 1-naphthyl(phenyl)SiCl (7) to 2.089(2) A for 1-naphthyl:SiCle.

Ny

——§c

2,5-xylyl;SiCl (6) | -naphthyl(phenyl),SiCl (7) |-naphthyly(pheny)SiCl (8)  I-naphthyl;SiCl (9)

Figure 14 Crystal structures of presented triaryl chlorosilanes. All non-carbon atoms are displayed as 50% shaded
ellipsoids. Hydrogen atoms are omitted for clarity.
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Table 7 Selected bond lengths and angles for triaryl chlorosilanes.

N° Compound Space Group Si—Caryi Si—Cen Si=cl C-Si—C C-Si—Cl
[A] (avg) [A] (avg) [A] (avg)  [I(avg)  [](avg)

phenylzSiCli68 P21 — 1.861(2) 2.079(2) 111.57(3) 107.27(3)
p-propyl(phenyl)sSiCl16? P-1 1.858(3) — 2.084(3) [11.17(6) 107.71(3)
2,5-xylylzSiCl P2 1.872(2) — 2.096(6) 11231(7) 106.43(5)
I-naphthyl(phenyl),SiCl + P2 1.868(2) 1.859(2) 2.079(2) [11.25¢(10) 107.61(8)
I-naphthylz(phenyl)SiCl P-1 1.869(3) 1.863(2) 2.086(3) 110.86(9) 107.99(7)
[-naphthylzSiClé P-1 1.874(3) — 2.089(2) [11.23(6) 107.66(5)

9 I-naphthyl;SiCl - naph. P-1 1.872(2) — 2.078(2) 110.78(9) 108.12(6)

¥ No crystal structure was reported for compound 7'70.!7! so far.

Regarding the crystal packing, all synthesised triaryl chlorosilanes display different patterns.
2,5-xylylsSiCl (6) is mainly stabilised by edge to face interactions between a proton of the methyl
groups and an adjacent aromatic ring system with distances of 3.08-3.38 A (Figure 15). Analogous
to its mono- and diaryl derivatives, CH--Cl interactions are found for hydrogen atoms of the
methyl group as well as of the aromatic system at distances between 3.11 and 3.21 A.

.

e

/Wa

Figure 15 Crystal packing diagram of 2,5-xylylsSiCl (6). Edge to face interactions are highlighted by dashed lines. All
non-carbon atoms are displayed as 50% shaded ellipsoids. Hydrogen atoms not involved in interactions are omitted
for clarity.

1-naphthyl(phenyl):SiCl (7) crystallises in a symmetrical alignment of phenyl residues forming a
column (Figure 16). However, these moieties are not located close enough to interact in m-m
stacking but are lined up by the aid of edge to face and CH--Cl interactions. The edge to face
interactions are all taking place between two hydrogen atoms of a phenyl residue and the
aromatic plane of a naphthyl moiety. The hydrogen atoms of the latter in turn stabilise the
structure by interacting with an adjacent chlorine atom. This type of alignment has not been
found in any other presented structure.
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Figure 16 Crystal packing diagram of |-naphthyl(phenyl):SiCl (7). Edge to face interactions as well as CH--Cl
interactions are highlighted by dashed lines. All non-carbon atoms are displayed as 50% shaded ellipsoids. Hydrogen
atoms not involved in interactions are omitted for clarity.

When one phenyl group is replaced by a naphthyl residue, the main stabilizing interactions
consist of CH:+Cl and CH:-m, both emanating from para-positioned hydrogen atoms of a
naphthyl moiety (Figure 17). Both asymmetrically substituted phenyl/naphthyl chlorosilanes
(compounds 7 and 8) display very similar alignments with average CH--Cl distances in the range
of 2.95-3.15 A and edge to face interactions at distances of 2.69-3.39 A. These distances are
comparable to the ones reported for p-ipropyl(phenyl)sSiCl'¢* (2.92 and 3.17 A).

Figure 17 Crystal packing diagram of |-naphthyl,(phenyl)SiCl (8). Edge to face interactions are highlighted by
dashed lines. All non-carbon atoms are displayed as 50% shaded ellipsoids. Hydrogen atoms not involved in
intermolecular interactions are omitted for clarity.
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Due to the planar nature of the naphthalene residue, 1-naphthylsSiCl (9) exhibits m-mt stacking
interactions. In this work 1-naphtylsSiCl was found to co-crystallise with naphthalene which
provides stabilisation via edge to face interactions additional to the parallel displaced m-mt
stacking between two naphthyl groups from neighbouring molecules with a specific distance (d)
of 3.67 A and an off-set (R) of 2.92 A (Figure 18). However, no similar behaviour for other 1-
naphthyl containing species was observed.

Figure 18 Crystal packing diagram of |-naphthylsSiCl (9). Edge to face interactions are highlighted by dashed lines.
All non-carbon atoms are displayed as 50% shaded ellipsoids. Hydrogen atoms not involved in intermolecular
interactions are omitted for clarity.

Table 8 List of non-covalent interactions for presented triaryl chlorosilanes.

N°  Compound mm Stacking [A] ~ Edgeto Face [A]l C-H-m[A] C-H--CI[A]
d R
p-ipropylphenyl3SiCl169 — — 292 — 3.17
2,5-xylyl;SiCl — — 3.08-3.35 251 -329 3.01-321
I-naphthyl(pheny),SiCt - — — 287337 — 295-3.15
I-naphthyla(pheny)SiCl  — _ 2,69 —3.39 — 3.10-3.12
I-naphthylzSiClé 3.45 1.61 2.79-3.20 — 3.08-3.19
9 I-naphthylzSiCl - naph. 3.67 2.92 2.59 -3.38 — —

¥ No crystal structure was reported for compound 7!70.17! so far.

3.3.2  Aryl-Substituted Silanes (RnSiH4-)

Di- and Triaryl Silanes

2,5-xylyl substituted silanes (Figure 19) display average Si-C bond lengths of 1.872(18) A (14) and
1.889(2) A (18). These bond lengths are slightly elongated in comparison to their chlorinated
counterparts (1.844(12) A (1) and 1.861(3) A (3)). In comparison to other reported xylyl-
substituted silanes, the Si-H bonds of compound 14 are notably longer (cf. Table 9). This is
possibly caused by crystallisation in a different solvent than the reported compounds, resulting

31



Silanes — Solid State Structures

in the lower symmetry. Further, the C-Si-C angle is unexpectedly closer to the one reported for
2,6-xylylSiH> (114°) where the two methyl substituents on the phenyl ring are both located in
ortho position than to the one for 2,4-xylyl2SiH2 (117°).

2,5-xylyl,SiH, (14) 2,5-xylylsSiH (18)

Figure 19 Crystal structures of 2,5-xylyl substituted silanes. All non-carbon atoms are displayed as 50% shaded
ellipsoids. Hydrogen atoms are omitted for clarity.

Compound 18 displays Si-C (1.889(2) A) and Si-H (1.464(2) A) bond lengths that fit nicely into
the trend seen for increasingly larger substituents (Table 10). The observed average C-Si-C
angles of 110° are slightly narrower than the ones reported for phenylsSiH (111°) caused by the
methyl substituent on the ring system. Consequently, the C-Si-H angles widen by the same
increment as compared to the phenylated species. Interestingly, the C-Si-H angles for both,
compounds 14 and 18, were found to be 108.8°.

Table 9 Selected bond lengths and angles as well as non-covalent interactions for di- and triaryl silanes.

N° Compound Space Group Si=Cani Si-H C-Si—C C-Si-H
[A] (avg) [A] (avg)  [](avg)  [](avg)
2,4-xylyl,SiH28 P2i/c 1.869(2) 1.389(2) 117.18(6) 109.0(7)

14 2,5-xylyl,SiH; P-1 1.873(2) 1.427(2) [14.15(8) 108.8(8)
2,6-xylylSiH28 P2i/c 1.885(2) 1.354(2) 114.05(7) 110.9(10)
[-naphthyl,SiH28 Pbca 1.869(3) 1.385(2) 109.90(6) 109.2(6)

18 2,5-xylylSiH P2i/c 1.889(2) 1.464(2) 110.10(9) 108.83(7)

N°  Compound Edge to Face CH-m Si=H--Si

[Al [Al [A]
2,4-xylyhSiH 8 3.18 2.83 —

14 2,5-xylyl,SiH; — 2.80 3.19
2,6-xylyl>SiH28 295 2.76 —
I-naphthyl,SiH2® 2.79-2.83 — —

18 2,5-xylyl:SiH — 2.76 - 3.01 3.78

In contrast to the respective chloride derivatives (compounds 1, 2 and 6), 2,5-xylyl2SiH: (14) and
2,5-xylylsSiH (18) crystallise in linear chains of molecules propagated by CHs-mt interactions
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(Figure 20). As a result of maximising these interactions, all Si-H bonds face in the same direction
and consequently allow for an orientation of Si-H towards a neighbouring silicon atom with
Si-H-Si distances of 3.19 A for 2,5-xylyl:SiH: (14) at an angle of 177° and 3.78 A for 2,5-xylylsSiH
(18) at 178°. The elongation of these distances results from the enhanced steric demand afforded
by a third aryl residue onto the silicon centre atom.

Figure 20 Crystal packing diagram of 2,5-xylylsSiH (18). Edge to face interactions are highlighted by dashed lines. All
non-carbon atoms are displayed as 50% shaded ellipsoids. Hydrogen atoms not involved in intermolecular
interactions are omitted for clarity.

Triaryl Silanes Containing |-naphthyl Residues

Compared to the phenylsSiH (17) (1.851(2) A),172 a slight increase in the average Si—-Crn distances
is observed for both, 1-naphthyl(phenyl):SiH (19) (1.874(3) A) and 1-naphthyl2(phenyl)SiH (20)
(1.874(4) A) due to the introduction of the bulkier substituent 1-naphthyl (Table 10, Figure 21).
Even though the number of bulkier substituents does not seem to have an influence on the
C-5i-C angles, a widening of the C-Si-H angles along with the introduction of one or two 1-
naphthyl moieties (19 with 108.5° and 20 with 109.2°) is observed. The C-Si-H angle for
phenylsSiH and 1-naphthylsSiH are the same (107.8°). Contrary to an expected increase of the
Si-H bond length by a higher number of 1-naphthyl moieties due to the +I effect of the aryl
residues, the Si-H distances decrease from 1.490(2) A for 17 over 1.437(3) A for 19 to the shortest

length of 1.36(3) A for 20.

I -naphthyl(phenyl),SiH (19) [ -naphthyl,(phenyl)SiH (20) I-naphthyl;SiH (21)

Figure 21 Crystal structures of presented triaryl silanes. All non-carbon atoms are displayed as 50% shaded
ellipsoids. Hydrogen atoms are omitted for clarity.
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Table 10 Selected bond lengths and angles for triaryl silanes.

N°  Compound Space Si—Cayl Si—Cen Si-H c-Si—C C-Si-H
Group  [A] (avg) [A] (avg) [A] (avg)  [] (avg) [°] (avg)
phenylzSiH'72 P2y — 1.851(2) 1.490(2) 111.03(5) 107.87(5)
18  2,5-xylylsSiH P2y 1.889(2) — 1.464(2) 110.1(9) 108.83(7)
19  I-naphthyl(phenyl)SiH * P2 1.884(3) 1.874(3) 1.437(3) 110.36(5) 108.57(5)
20 I-naphthyl:(phenyl)SiH Pbca 1.869(4) 1.874(4) 1.36(3) 109.69(17) 109.23(12)
21 [-naphthylsSiH Pna2,  1.872(6) — 1.39(3) 111.07(3) 107.83(4)
2,4,6-mesitylzSiH'52 Cc 2.02 — — 105.23 —
(methylsphenyl)3SiH!73 P-1 1.963(4) — 1.000(2) 105.87(2) 105.41(2)

# Hitherto, no crystal structures were reported for the literature-known compounds 19170.174-177 and 216.137.178,179,

Edge to face interactions are predominant in 1-naphthyl containing aryl silanes (compounds 19-
21). In case of 1-naphthyl(phenyl):SiH (19), the interacting phenyl group is aligned in a close to
perpendicular angle to the adjacent naphthyl moiety, maximising the interactions between

hydrogen atoms and the aromatic plane (Figure 22).

Figure 22 Crystal packing diagram of
I -naphthyl(phenyl),SiH (19). Edge to face
interactions are highlighted by dashed
lines. All non-carbon atoms are displayed
as 50% shaded ellipsoids. Hydrogen
atoms not involved in intermolecular
interactions are omitted for clarity.

Similar to the 2,5-xylylsSiH (18), 1-naphthyl2(phenyl)SiH (20) and 1-naphthylsSiH (21) crystallise
with the Si-H bonds facing in the same direction, allowing for Si-H:Si interactions with the
exposed sides of a neighbouring silicon atom (Figure 23). The resulting distances are listed in
Table 11.
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Figure 18 Crystal packing diagram of
I-naphthylsSiH (21). Edge to face interactions
are highlighted by dashed lines. All non-carbon
atoms are displayed as 50% shaded ellipsoids.
Hydrogen atoms not involved in intermolecular
interactions are omitted for clarity.

different effects are notable. While

1-naphthylsSiH (21) displays the shortest distances of 3.49-3.51 A, the spans extend to 3.63 A for
1-naphthylz(phenyl)SiH (20) and 3.78 A for 2,5-xylyl:SiH (18). These elongations stem from
asymmetry of the substituent pattern (20) as well as the spatial extent of the ortho and meta

substituted 2,5-xylyl group (compound 18). Although no Si-H-Si interactions are reported for

similar compounds their presence may be reasonably assumed.

Figure 23 Crystal packing diagram of
I-naphthylsSiH (21). Edge to face interactions
are highlighted by dashed lines. All non-carbon
atoms are displayed as 50% shaded ellipsoids.
Hydrogen atoms not involved in intermolecular
interactions are omitted for clarity.

Table |1 List of non-covalent interactions for triaryl silanes.

N°  Compound Edge to Face CH - Si—H - Si
[A] [A] [A]

phenyl;SiH'72 2.82 -3.09 — —

18  2,5-xylylsSiH — 2.76 - 3.01 3.78

19  [-naphthyl(phenyl),SiH * 2.65-2.93 — —

20 [-naphthylz(phenyl)SiH 2.88-3.18 — 3.63

21  [-naphthylsSiH * 2.98 —3.39 — 3.49 - 3.51
(methylsphenyl);SiH!73 — 2.82 - 3.32 —

¥ Hitherto, no crystal structures were reported for the literature-known compounds 19170.174-
177 and 216137.178,180.
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3.3.3  Triaryl (allyl)silanes

This section summarises crystallographic data of the synthesised triaryl(allyl)silanes (compounds
22- 25) and compares them to previously reported structures. In each case the silicon atom is
found in a near tetrahedral environment (Figure 24). Averaged bond lengths and angles are

summarised in Table 12, a more detailed list may be found in section 6.

“H

phenyls(allyl)Si (22) [ -naphthyl(phenyl),(allyl)Si (23)

L

I -naphthyl,(phenyl)(allyl)Si (24) I -naphthyl;(allyl)Si (25)

Figure 24 Crystal structures of presented triaryl(allyl)silanes. All non-carbon atoms are displayed as 50% shaded
ellipsoids. Aromatic hydrogen atoms are omitted for clarity.

All triaryl(allyl)silanes (22-25) display average Si—-Cnaph and Si-Crh bond lengths in the range
1.87-1.89 A. Regarding the distances of the silicon atom to the first carbon of the allyl group (C1),
a slight elongation is visible when two (1-naphthylx(phenyl) (allyl) (24)) (1.920(3) A) or three 1-
naphthyl moieties are introduced (1-naphthyls(allyl)Si (25)) (1.918(3) A) compared to
phenyls(allyl)Si (22) (1.892(3) A), caused by the increased steric demand of the 1-naphthyl
substituents.

Along the same trend of increasing 1-napthyl residues, a narrowing of the C-Si-C angles
between aryl residues and a thereby resulting widening of the C-Si—Canyi angles of 108.9°
(phenyls(allyl)Si (22)) to 110.3° (1-naphthyls(allyl)Si (25)) is notable.
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Table 12 Selected average bond lengths and angles of triaryl(allyl)silanes.

N°  Compound Si—Chaph Si—Cpn Si—Cr
[A] (avg) [A] (avg) [A] (avg)
22 phenyls(allyl)Si — 1.872(3) 1.892(3)
23 |-naphthyl(phenyl)z(allyl)Si 1.891(3) 1.881(3) 1.899(3)
24 |-naphthyla(phenyl) (allyl)Si 1.890(3) 1.881(3) 1.920(3)
25  |-naphthyls(allyl)Si 1.892(3) — 1.918(3)
I-naphthyl(2,4,6-mesityl)(phenyl) (allyl)Si'5! 1.873(2) 1.877(2) 1.888(2)
2,4,6-mesitylSi'52 — 1.909(2) 1.919(3)
N°  Compound Cary—Si—Caryi Cary—Si—Caiyi Si-Cr—Cy
[] (avg) [°] (avg) (ally)) [°]
22 phenyls(allyl)Si 110.01(6) 108.93(6) [15.1409)
23 |-naphthyl(phenyl)(allyl)Si 110.21(7) 108.69(7) 117.49(12)
24 |-naphthyl:(phenyl)(allyl)Si 109.00(6) 109.89(6) 117.21(10)
25  |-naphthyls(ally))Si 108.61(5) 110.32(6) 118.00(9)
I-naphthyl(2,4,6-mesityl)(phenyl)(allyl) Si'5! 109.65(6) 109.26(2) 114.52(1)
2,4,6-mesityls(allyl) Si'52 112.87(1) 105.81(2) 124.71(2)

Compounds 22-25 exhibit both, inter- and intramolecular edge to face interactions of hydrogen
atoms of an aryl residue with the double bond of the allyl group, an example is displayed in
Figure 25. The distances of these interactions decrease with increasing bulk-size of the aryl
substituents, lying in the range of 2.92-2.65 A (intra) and 2.82-3.32 A (inter) and are thereby in
accordance with values for 1-naphthyl(2,4,6-mesityl)(phenyl)(allyl)Si (2.96, 3.09 A1t

Figure 25 Crystal packing diagram of
I-naphthyls(allyl)Si  (25). Edge to face
interactions are highlighted by dashed lines.
All non-carbon atoms are displayed as 50%
shaded ellipsoids. Hydrogen atoms not
involved in intermolecular interactions are
omitted for clarity.

Among the synthesised allylsilanes phenyls(allyl)Si (22) is the least sterically crowded species.
The Si—Cr—C2 bond angle is noticeably narrower 115° as opposed to the average 117.5° for 23-25,
owing to the lower spatial extent of the residues. This bond angle allows for an orientation in
which a hydrogen atom of the methylene group (CrHz2) may interact with an adjacent molecule,
displaying Van-der-Waals contacts (CH--mt) of 3.28 A (Figure 26, a)). The molecules of arylated
allylsilanes arrange themselves in order to maximise these interactions leading to crystals in form
of large, colourless blocks (Figure 26, b)).
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Figure 26 a) Crystal packing diagram of
I -naphthyl(phenyl)2(allyl)Si (23). Edge to
face interactions are highlighted by dashed
lines. All non-carbon atoms are displayed
as 50% shaded ellipsoids. Hydrogen atoms
not involved in intermolecular interactions

are omitted for clarity. b) Phenyls(allyl)Si
(22) crystals grown from Et,O.

a)

Table 13 Inter- and intramolecular interactions of triaryl(allyl)silanes.

N° Compound Edge to Face  CH--m  CH:(allyl) --m CH=CHy(m) (allyl) --H
A [A] [A] [A]
intra inter
22 phenyls(allyl)Si 2.81 —3.34 3:28 . — 292 2.94, 3.02
(methylene-pi)
23 I-naphthyl(phenyl)(allyl)Si 281 -341 — — 2.90,3.31 2.95,3.34
24 [-naphthylz(phenyl) (allyl)Si 3.21 -3.74 — — 2.72 2.89
25 [-naphthyls(allyl)Si 2.66 —3.28 — — 2.65 2.82
I-naphthyl(2,4,6-mesityl)(phenyl) (allyl)Si's! 2.84 -2.94 2.85 3.25 2.8l 2.96, 3.09
2,4,6-mesityls(allyl) Si'52 — 3.12-3.3I 3.49 3.23 methyl 3.29 methyl

3.34 3,6-(2-pyridinyl)2-4-((1-naphthylssilyl)methyl)pyridazine (29)

The silylated dihydropyridazine 29 (Figure 27) displays average Si—-Cnaph bond lengths of
1.891(18) A and remains therefore unchanged in comparison to the educt 1-
naphthyl:Si(CH2CH=CHy) (25). The Si-Cr bond length at 1.905(17) A, however, is slightly shorter
than for compound 25 (1.918(3) A). Compared to the educt, the Cary-Si-Caryl angle is found to
widen by one degree (108.6° (25) to 109.7° (29)) while the Cary-Si-Cauyl angle narrows by the same
increment (110.3° (25) to 109.2° (29)) and the angle between Si—-Cr-> remains the same at 118°.
These slight changes result from the addition of the allylic double bond to the pyridazine ring
system. In the product, C2 is implemented into the central ring at an angle of 33° out of plane.
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Figure 27 Crystal structure of compound 29. All non-carbon atoms are displayed as 50% shaded ellipsoids.
Aromatic hydrogen atoms are omitted for clarity.

The structure is stabilised by m—m stacking interactions of a naphthyl group with an adjacent
pyridine moiety at a distance of 3.46 A and an offset of 1.57 A. Furthermore, edge to face
interactions are found between the co-crystallising solvent (toluene) and neighbouring molecules,
as well as from hydrogens of the naphthyl moiety to the pyridine ring system, ranging from
2.23-2.87 A.

Figure 28 Crystal packing
diagram of compound 29. Edge
to face interactions are
highlighted by dashed lines. All
non-carbon atoms are displayed
as 50% shaded ellipsoids.
Hydrogen atoms not involved in
intermolecular interactions are
omitted for clarity.
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3.3.5 Summary of Crystallography

A series of symmetrically and asymmetrically substituted aryl chlorosilanes, arylsilanes and
triaryl(allyl)silanes were characterised by X-ray crystallography. The effects of residue bulk and
substitution patterns on the environment around the silicon atom have been discussed. All of the
herein described structures display at least one residue with a substituent in ortho-position of the
aryl moiety and hence display slightly elongated average Si—C bond lengths in comparison to un-
or para-substituted aryl groups. This is consistent with crystallographic data reported by
Binder®®. However, the bond lengths are seemingly unaffected by the exchange of a phenyl with
a l-naphthyl group in asymmetrically substituted silanes (4, 7, 8, 19, 20, 23, 24). Electrostatic
interactions in the form of m-stacking stem from the aromatic substituents (-7t stacking, edge to
face and CHs:-mt interactions) as well as Van-der-Waals contacts from the halogenide substituent
and adjacent hydrogens (C—-H--Cl) or from the hydrogen functionality of a silane and adjacent
exposed silicon atoms (Si—-H-+-Si). They offer an overall stabilising effect to these molecules in the
solid state and aid in their crystallisation. The types of non-covalent interactions present in these
systems are directly dependent on the nature of the aryl substituent. Edge to face interactions are
prevalent as stabilising factors in most of the reported aryl silicon compounds. However, solely
CHs-m interactions were observed for silanes substituted with 2,5-xylyl residues (14, 18) which
lead to the formation of linear chains. This is consistent with 2,4-xylylSiCl.” All aryl
chlorosilanes exhibit Van-der-Waals contacts (C—H--Cl) in the range of 2.95-3.13 A, which are in
accordance with the previously reported p-ipropyl(phenyl)sSiCl'® (3.17 A) and in the range of
other reported species e.g. 1-naphthyl:SiCl (2.91 A) or 2,6-xylyl2SiClz (2.99 A).” Furthermore, all
reported aryl silanes (14, 18-21) exhibit hitherto unreported Si—-H--Si contacts in the range of 3.19-
3.78 A. Triaryl(allyl)silanes feature both, inter- and intramolecular stabilisation via Van-der-Waals
contacts of the allylic double bond with adjacent hydrogen atoms. Considering mixed-substituent
triarylsilanes, no clear trend could be observed by stepwise replacing phenyl by 1-naphthyl

moieties.

Anticipated m-mt stacking interactions of naphthyl residues in 1-naphthyl substituted silicon
derivatives (7-9, 19-21, 23-25, 29), as seen at the example of 1-naphthylsSiCl,® were prevented by
the bulkiness of three aromatic substituents. However, parallel displaced m—mt stacking
interactions were observed for 1-naphthyl(phenyl)SiCl> (4), which shows additional edge to face
interactions, leading to a layered structure. Furthermore, m—7t stacking was found between
naphthyl and pyridine groups in the novel compound 29.
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3.4 Pyrolysis Experiments

Pyrolysis of (organo)silanes has gained attention during the last decades, as its products may be
widely used in ceramics, fibre-reinforced composite materials, coatings and photovoltaics.”+181.182
The thermal treatment of alkylated silanes results in silicon carbide, which may be used for most
of the aforementioned applications. Considering the recent interest in Li-ion batteries and the
concurrent demand for high capacity components such as Si/C composite electrodes, pyrolysis
products of organosilanes could provide suitable materials. The present work extends
preliminary investigations on the pyrolysis of 1-naphthyl:SiH> and phenylioSis thin films
conducted in our working group® by studying the bulk pyrolysis behaviour of phenyl2nSin as well
as di- and triaryl silanes leading to silicon enriched (nano)particles.

The silanes used in our investigations were chosen according to different criteria: aryl groups
were preferred over alkyl substituents to avoid the formation of the electrochemically inert
silicon carbide. Furthermore, the aryl moieties function as good leaving groups upon heat
treatment via Si-C bond cleavage and residual groups double as possible storage sites for lithium
ions. The respective arylsilanes were chosen considering their high melting points and
substitution = patterns. Therefore, 1-naphthylSiH> (16), 1-naphthyl(phenyl)2SiH (19),
1-naphthyl2(phenyl)SiH (20), 1-naphthylsSiH (21) and the perphenylated cyclosilanes phenylsSis
and phenylioSis (33a/b) were tested. Details on the elemental composition and the respective
melting points may be found in Table 14.

Table 14 Elemental composition of compounds 16, 19-21 and 33al/b.

I-naphthyl;SiHz  |-naphthyl(phenyl):SiH  |-naphthyla(phenyl)SiH  I-naphthyl3SiH  phenylsSis/phenyloSis

(16) (19) (20) 21) (33)

My [g moF'] 284.43 31047 360.53 410.59 729.19/911.48
mp [°C] 150 92 169 237 321 /462
Element Jowt J%wt Jowt Jowt J%wt

Si 9.9 9.1 7.8 6.8 15.4

C 84.4 85.1 86.6 87.8 79.1

H 57 5.8 5.6 5.4 5.5

3.4.1 Differential Scanning Calorimetry/Thermogravimetric Analysis (DSC/TGA)

The chosen compounds were subjected to differential scanning calorimetry/thermogravimetric
analysis (DSC/TGA) measurements before pyrolysis in order to determine the temperature at
which a bond cleavage of either Si-C or Si-Si occurs. The latter is relevant for compounds 33a
and b, where the cleavage of the silicon backbone is aided by the ring-strain. Resulting curves are
discussed at the example of compounds 33a and b (cf. Figure 29).

The marked peaks represent endothermic reactions such as melting. In case of phenylsSis (33a) a
peak at 84 °C indicates the evaporation of residual ethyl acetate used for recrystallisation of the
sample, which also accounts for the initial mass loss of —7%wt. Both silanes display a clear peak
at their melting points. However, the melting of phenylioSis sets in at 402 °C, indicating slight
impurities, most probably in form of the respective six-membered ring. Nevertheless, a clear peak
at 493 °C is visible. The following shoulder of the curve could indicate the cleavage of an Si-Si
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bond of the ring systems. Both samples display additional peaks at higher temperatures caused
by the step-wise cleavage of the phenyl groups.
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Figure 29 a) DSC curves of phenylSin (n = 4, 5) and b) the respective TGA curves. Samples were heated up to
1000 °C under argon atmosphere with 10 °C min-!.

For both compounds 33a and b, the main mass loss step sets in concurrently with the inset of the
melting in the range of 290-533 °C (33a) and 347-525 °C (33b), respectively. The step-wise
cleavage of the phenyl groups is more pronounced for compound 33b, again caused by slight
impurities with the six-membered moiety. The overall mass loss of 84-87%wt corresponds to the
abstraction of all phenyl groups, leaving pure silicon.

Similar to the samples discussed above, a mass loss corresponding to the cleaved substituents
was found for compounds 16 (89%wt), 19 (91%wt), 20 (92%wt) and 21 (94%wt) as well. The

temperatures employed in pyrolysis experiments were chosen with respect to the results of the
DSC/TGA analysis.
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3.42 Characterisation of the Pyrolysis Products

The morphology and material properties of the pyrolysed products are influenced by different
parameters: the surrounding atmosphere (inert or atmospheric, still or agitated/flowing), heating
rate, dwell temperature, dwell time and application technique (loose powder or thin films). This
work focused on the bulk pyrolysis of arylsilanes under argon atmosphere, varying the
remaining parameters. Experiments conducted in a horizontal tube furnace (Carbolite GHA
12/600) showed that for each compound an individual pyrolysis protocol was necessary in order
to gain (nano) Si/C materials, hence all insights are purely empirical.

The pyrolysis protocols for the most promising samples resulting in Si/C materials are
summarised in Table 15. An overview over all pyrolysis experiments conducted during this work
as well as the typical procedures are given in the Experimental part (cf. section 5.3). The pyrolysed
materials were characterised by elemental analysis (CHN) and SEM/EDX.

Table 15 Most promising pyrolysis protocols for arylated mono- and oligosilanes tested in this work.

N° Compound temp. [°C] Rate [°C min-1] gas flow [L min-'] dwell time [min]
16 I-naphthyl,SiH; 700 20 2 120
19 I-naphthyl(phenyl),SiH 600 50 2 30
20 I-naphthylz(phenyl) SiH 700 50 2 30
21 I-naphthylsSiH 700 50 0.1 60
33a  phenylsSis 850 20 2 120
33b  phenyl;oSis 800 20 2 120

Typically, the silane precursors were heaped loosely in an aluminium oxide shuttle for bulk
pyrolysis. The thermal treatment led to pumice-like macro-structures and a colour change of the
originally colourless silanes (cf. Figure 30). The discolouring is directly dependent on the
pyrolysis temperature, finally leading to black, insoluble residues, as was described by Binder.6%
Elemental analysis of the displayed samples (33b) gave residual carbon/hydrogen amounts of
80.2/1.7%wt and 73.1/0.9%wt for the samples pyrolysed at 500 and 800 °C, respectively. These
findings confirm the initial assumption that the pyrolysis temperature is directly related to the

amount of cleaved aryl moieties from the silicon centres.

Figure 30 Pyrolysed phenylioSis
a) Sample taken directly from the
oven (pyrolysed at 500 °C)
displaying similarities to pumice.
b) Colour change of the silane at
b) untreated 500 °C SOOOC different temperatures. Samples

were roughly minced in a mortar.

-
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Preliminary studies conducted in our working group®> came to the conclusion, that the formed
products consist mainly of oxygen and silicon. Since the precursor materials do not contain
covalently bound oxygen and the experiments are carried out under inert atmosphere, the
oxygen content observed in these studies is assumed to stem from adsorption when the samples
are handled at ambient conditions. Therefore, the particles produced in this work were
transferred directly into an argon filled glovebox via a glass tube with two NS 29 joints and a gas
inlet valve which was directly connected to the glass-tube of the oven. Thereby, the exposure to
oxygen was minimised to the few seconds needed for the transfer of the samples to the vacuum
chamber of the SEM. This transfer resulted in comparably low oxygen contents of the samples of
max. 11%wt as determined by EDX. A schematic depiction of the pyrolysis setup is given in the
Experimental part of this work (cf. section 5.3, Figure 81).

3.4.2.1  Cyclic Phenylsilanes (phenyl2,Si,, n = 4 or 5; Compounds 33a/b)

In the following sections, the morphologies of particles prepared by employing different
temperatures, heating rates and gas flows are discussed. The most extensive investigations were
conducted for the cyclic perphenylated silanes due to their comparatively high silicon content as
well as their thermal decomposition behaviour (cf. Figure 29).

Initially, an established pyrolysis protocol consisting of a heating rate of 20 °C min, a gas flow
rate of 2 L min™! and a dwell time of 120 min was applied to compound 33a at temperatures of
500, 700 and 850 °C. In all cases, a porous macro-structure remained in the ceramic sample
holder, which was roughly minced with a mortar before optical characterisation. All components
based on phenylsSis resulted in similar morphologies, as determined by SEM/EDX investigations.

An example is given in Figure 31.

Figure 31 SEM images of phenylsSis, pyrolysed at 850 °C (heat rate 20 °C min-!, gas flow 2 L min—I, dwell time 120
min; EDX: 23%wt Si, 72%wt C).

Larger chunks of the material (50-250 um) were found to be covered with splinters ranging in
sizes from 10 um to 200 nm. A main feature of the bulk material, next to its smooth surface is its
brittleness, which may be seen in Figure 31 (left) in form of cracks in the structure. This indicates
that the particles consist at least partially of an amorphous phase created by the heat treatment.
Considering the use of such materials in Li-ion batteries, the cracking behaviour resulting in
layered structures with smooth surfaces could provide intercalation sites for lithium ions.
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Additionally, the surface of the particles is dented, indicating the formation of gas bubbles
trapped in the bulk. These bubbles are caused by the evaporation of benzene originating from
cleaved off phenyl substituents.

EDX measurements determined that the larger particles consist mainly of carbon (87%wt C,
10%wt Si). Interestingly, parts of the sample, especially the splinters, were found to contain
higher amounts of silicon, amounting to approximately 19%wt Si, 79%wt C. This could be caused
by the heat transfer which induces a higher cleavage rate at the surface than inside the bulk.
These findings are in agreement with the work of Binder.®

Similar results were gained for the pyrolysis of compound 33b, following the same protocol at
temperatures of 500, 700, 800 and 900 °C. An example of these pyrolysis products gained from
experiments at 800 °C is displayed in Figure 32.

Figure 32 SEM images of phenylicSis pyrolysed at 800 °C (20 °C min-!, 2 L min-!, 120 min; 22%wt Si, 71%wt C),
displaying sheet-like particles.

In this example, the layered structure is visible in form of welts at the edge (break site) of a larger
particle. EDX measurements determined a silicon content of 22%wt and a carbon content of
71%wt for the highlighted area. These values agree in principle with the CHN analysis resulting
in 73.4%wt carbon and 0.7%wt hydrogen, where the residual mass of 25.9%wt is attributed to
silicon. Since the samples are exclusively handled under argon atmosphere for the elemental
analysis, an adsorption of oxygen in these samples may be excluded.

Further experiments included the variation of gas flow, heating rate and temperature steps.
Therefore, the samples were subjected to the pyrolysis protocols summarised in Table 16.
Experiments a) and b) followed the usual heating procedure and varied only in the gas flow. The
flow rate for approach b) was set to 0.1 L min, which is close to a standing atmosphere and
nevertheless able to transport evaporated components from the residual bulk. In experiments c)
and d) the samples were introduced into a pre-heated oven under argon counterflow and were
exposed to one- or two-step pyrolysis. The heating rate between the temperature steps in
approach d) was set to 50 °C min!, which corresponds to the fastest heating possible with the
equipment used.
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Table 16 Pyrolysis protocols used for phenyl|oSis samples.

pyrolysis temp. rate pre- gas flow dwell time
ra [°Cmin-']  heated  [L min-'] [min]
a) 800 20 — 2 120
b) 800 20 — 0.1 120
c) 800 — v 2 60
d) 450/800 50 v 2 30/30

The morphology of the corresponding samples is displayed in Figure 33. Comparing approaches,

a) and b), the morphologies deviate only slightly by the smoothness of the surface. With respect

to the elemental composition determined by EDX and CHN analyses, close to no deviations

could be detected, either (cf. Table 17). The only difference was found in the mass loss of the

sample: in experiment a) the overall mass was reduced by 84%, in experiment b) by 80%. The

faster gas flow causes an increased transport of the evaporated components consisting of

benzene, mono-, di- and triphenyl silane. A preliminary transport of the precursor powder off the

sample holder may not be excluded under these circumstances.

Figure 33 SEM images of phenylcSis pyrolysed at 800 °C. a) 20 °C min-!, 2 L min-!, 120 min. b) 20 °C min-/,
0.1 L min-!, 120 min. c) pre-heated, 2 L min-!, 60 min. d) pre-heated, 2 L min-!, 450/800 °C, 30 min, each.
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Table 17 Composition of differently pyrolysed phenylioSis samples determined by EDX and CHN elemental analysis.

EDX CHN

Si[%wt]  C[%wt] | Si[%wt]* C[%wt]  H [%wt]

a) 22 71 25.7 734 0.7
b) 20 80 258 73.1 0.9
c) 30 70 249 72.5 1.4
d) 37 51 25.0 72.8 .1

* Difference to 100%, judged by C and H contents.

An interesting behaviour was observed in experiment c): the surface of the materials was covered
with spherical particles and thin sheets consisting of 76%wt carbon, 16%wt silicon, 6%wt oxygen
and 2%wt nitrogen, according to EDX analysis. These structures formed due to the sudden
temperature change of the sample from room temperature to 800 °C, bypassing the usual
acclimation and melting phase. The nitrogen and oxygen content stem from the storage of the
sample under air before introducing it into the oven. Similar results were gained by Binder, who
found spherical particles of high silicon content in the gas-stream of the apparatus, and no
residual silicon in the powdered samples.®

Similar spheres were detected in the two-step treatment of experiment d). These structures,
however, were not only considerably smaller (approximately 500 nm) than the ones found in
experiment c) (approximately 4 um) but were also embedded in a frayed irregular surface. This is
the result of the initial exposure of the sample powder to a temperature close to its melting point
of 462 °C. The subsequent fast heating of the nearly molten sample causes the cleavage of Si-Si as
well as Si-C bonds which in turn leads to the observed formations. Despite the frayed surface,
also in this example the layered basic structure is preserved.

The layered nature of the materials is an appealing property, especially regarding a possible
application in Li-ion battery anodes. Considering this application, a homogeneous distribution of
the silicon is necessary and its volume expansion upon lithiation should not be neglected. Thus,

the materials were homogenised via ball-milling. The resulting powder is displayed in Figure 34.

ad .

Figure 34 SEM images of phenylioSis.pyrolysed at 800 °C, 20 °C min-!, 2 L min-!, 120 min. a) pyrolysed particles. b)
particles after ball-milling (600 rpm, 4 x |5 min).

47



Silanes — Pyrolysis Experiments

Compared to the untreated pyrolysis product, the particle sizes were immensely reduced.
However, no fully homogeneous size distribution could be obtained. Furthermore, the formerly
smooth surfaces appear frayed and are thus losing some of their layered character. Despite this
draw-back, the homogeneous distribution of silicon in a graphite composite material should be
facilitated by using the ball-milled samples.

3.4.2.2  Di- and Triaryl silanes (Compounds 16, 19-21)

Di- and triaryl silanes bearing at least one 1-naphthyl group, i.e. 1-naphthyLSiH: (16),
1-naphthyl(phenyl)2SiH (19), 1-naphthyl(phenyl)SiH (20) and 1-naphthylsSiH (21), were also
subjected to pyrolysis experiments. Similar to the oligo-silanes the pyrolysis protocols were
determined empirically. These compounds offer comparatively smaller amounts of silicon (7-
10%wt) and thus tend to a larger mass-loss when the organic residues are cleaved off. However,
Binder already showed that the formation of pure silicon is possible with 1-naphthyl2SiH> thin
films on a molybdenum foil when it is treated at 700 °C with the max. possible heating rate of the
Carbolite furnace.®

Following the goal to create silicon enriched Si/C particles, several approaches were necessary for
each compound. In preliminary work it was determined that 1-naphthyl groups tend to cleave off
between 264 and 327 °C, accounting for a mass loss of —77% for compound 16.° Initial
experiments with this compound were conducted by an established two-step pyrolysis at
450/700 °C (20 °C min!, 2 L min!, 30 min, each). The resulting material is displayed in Figure 35,
a). In contrast to the previous work, the compound was pyrolysed in bulk rather than on a
substrate. Additionally, the sample was handled solely under argon atmosphere. This resulted in
an overall silicon and carbon content of 17%wt and 82%wt, respectively. Similar to the cyclic
oligosilanes phenylnSin, the materials consisted of larger bulk with smooth surfaces which were
covered with smaller particles. The two-step experiment showed additionally frayed structures

as expected of a congealed melt.

_ e | Tal R
Figure 35 SEM images of |-naphthyl,SiH2 pyrolysed at different temperatures. a) 450/700 °C (30 min, each; 17%wt
Si, 82%wt C). b) 700 °C (30 min, 32%wt Si, 68%wt C)

In a second experiment the compound was heated directly to 700 °C, all other parameters were
kept the same (cf. Figure 35 b)). These samples show a much smoother surface and crack similar
to the ones obtained for compounds 33a and b, again indicating a layered structure. EDX of the
particles situated on the surface of the layered Si/C material determined them to consist solely of
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silicon, while the overall silicon content amounts to 32%wt. The dispersion of silicon and carbon
was determined by EDX elemental mapping (Figure 36) and shows a homogeneous distribution

of both elements.

Figure 36 EDX Elemental mapping of |-naphthyl,SiH: pyrolysed at 700 °C.

The same pyrolysis protocols were applied to the triaryl silanes 19-21. However, in all cases close
to no Si/C residues were detected in the sample holder. Residual substances in the quartz-glass
tube along the gas-stream consisted mainly of naphthalene and different evaporated
monosilanes. Therefore, the protocols were adapted for each compound with respect to the

corresponding melting points until a solid residue could be retrieved (cf. Table 15).

In case of 1-naphthylsSiH (21) the most promising results were gained by applying 700 °C at the
highest possible heating rate (50 °C min™ or pre-heated) with gas flow rates of 2 or 0.1 L min-.
Similar to compounds 33a and b, the lowered gas flow resulted in the familiar pumice-like
structures covered with spherical particles (cf. Figure 37, a)). In contrast to the cyclic silanes,
however, these structures appeared to agglomerate to larger, round shapes (approximately 10-40
pum) in compound 21, while the spheres themselves range from 3-8 um. EDX analysis gave a
composition of 84%wt C and 8%wt Si. Thus, the structures are likely consisting of the molten
precursor compound. When a gas flow of 2 L min~! was applied, no similar agglomerations were
observed but solely the layered structures as discussed for 33b. This is most likely due to the
slight cooling of the samples provided by the gas stream in addition to a distribution of the

molten phase to form another layer.

Figure 37 SEM images of pyrolysed triaryl silanes. a) |-naphthyl:SiH 21 (700 °C, 50 °C min-!, 0.1 L min-!, 30 min;
21%wt Si, 78%wt C), b) |-naphthyl(phenyl).SiH 19 (600 °C, 50 °C min-1, 2 L min-!, 30 min; 19%wt Si, 79%wt C).

The triaryl silanes containing mixed substituents were pyrolysed at 600 (19) and 700 °C (20),
respectively, with a gas flow rate of 2 L min!, a heating rate of 50 °C min~! and dwell time of 30
min, each. These experiments resulted in the expected structures as seen in previous examples
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(Figure 37, b)). However, despite a higher gas flow rate, spherical particles could be detected for
compounds 19 and 20 as well. This might stem from the mixed nature of the substituents,
displaying different cleaving temperatures (1-naphthyl 264-327 °C, phenyl 290-533 °C) and
therefore a different arrangement-behaviour.

3.43 Summary of Pyrolysis Experiments

The bulk-pyrolysis of differently substituted mono- and oligosilanes was tested. Therefore, the
parameters of pyrolysis temperature, heating rate, gas flow rate and dwell-time were varied with
respect to the corresponding melting points as well as DSC/TGA results. The products were
characterised by SEM/EDX and CHN elemental analysis.

All samples resulted in layered structures formed by arrangement of the aryl-moieties. Overall,
elemental composition of the samples accounted to 19-32%wt silicon and 68-81%wt carbon,
respectively. Pyrolysis of 1-naphthyl2SiH> at 700 °C resulted in flakes of pure silicon placed on the
surface of the Si/C composite materials, which is in agreement with previous research performed
by Binder, who investigated the pyrolysis of arylsilane thin films.®

The heating and gas flow rates were determined to greatly influence the formation of Si/C
composite materials and their resulting morphology. Pyrolysis of aryl-substituted silanes results
in a homogeneous distribution of silicon as well as a layered array of the residual aryl groups,
making them interesting candidates for intercalation materials in Li-ion battery anodes.
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3.5 Electrochemical Characterisation of Arylsilicon Hydrides

Several intriguing properties make arylsilicon compounds interesting for electrochemistry. When
an aromatic compound is substituted with a silyl group in a-position, the HOMO energy level of
its m-electron system rises. In contrast, the LUMO energy level is lowered which facilitates
reduction. Furthermore, silyl-substituents are good leaving groups acting as “super protons”,
especially when cathodic intermediates are formed in 3-position. A further advantage lies within
their ability to generate and stabilize a-anions. !

During the last decades, the focus was on the electrochemical synthesis of organosilicon
compounds, especially on organosilicon halides and polysilanes.828486184-18 The electrochemical
reduction potentials of triorganohalosilanes'®” have been investigated while, on the other hand,
information on aryl silanes bearing hydrogen remains sparse.®> The influence of size and nature
of the aryl substituents is largely unknown as well %3188

Since hydrogen-rich aryl silanes are promising candidates for various applications including
precursors for composite materials for e.g. ceramics, protecting groups in organic chemistry and
materials for surface modification,'®-°! a deeper knowledge of electrochemical stability and
reactions of this compound class could contribute to the development of new materials.

In this chapter, the anodic potentials of a series of novel and literature-known mono-, di- and
triaryl silanes bearing hydrogen are investigated, and trends about the influence of the aryl
moieties are assessed. The products formed during electrolysis are characterized by GC-MS
measurements and the products identified.

3.5.1  Cyclic Voltammetry Experiments

Cyclic voltammetry experiments were conducted with arylated silanes in acetonitrile (MeCN) at
different current rates of 50, 100 and 1000 mV s-! in a purpose-built CV cell (see section 3.5.2). The
electrochemical stability window was determined to lie between -2.0 and 2.5 V vs. non-aqueous
Ag/AgCl by employing linear sweep voltammetry on a blank electrolyte solution (0.1 M
TBAF/MeCN). Since no significant differences in the shape of the curves were observable at
different rates, only results for 100 mV s are discussed.

In this series of measurements, silanes with the general formula RnSiHsn, where R = phenyl, 1-
naphthyl, 2,5-xylyl and n = 1-3, were tested. While in all cases no reduction could be detected
within the measurable range (Figure 38, a)), irreversible anodic oxidation behaviour was
observed for most samples within the range of 1.9-2.5 V vs. Ag/AgCl. For discussion, the area of
interest (1.5 - 2.5 V vs. Ag/AgCl) is shown at an enlarged scale (Figure 38, b)).
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Figure 38 CV of RSiH; (R = phenyl, I-napththyl, 2,5-xylyl) in 0.I M TBAF/MeCN solution vs. Ag/AgCl in MeCN at
100 mV s-! with a 20 pm diam. Pt microelectrode as WE and a non-aqueous Ag/AgCl RE. a) Spectrum of the full
range of the RSiH; measurements within the electrochemical stability window of MeCN; b) Oxidation peaks of the
measured compounds in a smaller segment of the measurable range. The direction of the CV experiments is
indicated with arrows. All experiments were carried out equally.

Regarding the arylsilicon trihydride samples, the influence of bulky aromatic ring systems is
evident: while for phenylSiHs neither reduction nor oxidation peaks were detected, oxidation
peaks are observed for 2,5-xylylSiHs (11) and 1-naphthylSiHs (12) at 2.25 V and 2.08 V wvs.
Ag/AgCl, respectively. The shift of the peaks indicates a dependence of the oxidation potential on
the aryl substituents. This effect has been described for silylarenes R(SiHs)n by Becker et al.”* who
found that the introduction of methyl groups into the phenyl substituent caused an inductive
effect which leads to lower peak potentials. An extension of the phenyl ring system lowers the
peak potentials, too, which is likely to be caused by a negative inductive effect towards the ring
stemming from the polar Si—-C bond.”® In case of 1-naphthylSiHs (12) an additional peak is hinted
at the edge of the stability window (2.5 V), which has also been described for pure naphthalene.!%?
In general, different mechanisms for the electrochemical reaction of aromatic systems were
considered. The prevalent mechanism suggests that the oxidation peaks may be attributed to the
extraction of an electron from the Enomo of the aromatic system. This leads to radical cations
which have an unpaired spin and positive charge at the same time according to Equation 4.12

AH, = [AH,]* + e 4

In our research we investigated the influence of the number of aromatic substituents on the
silicon atom. Compared to the monoaryl silanes, the CV experiments for diaryl silanes (R2SiHz)
display broader oxidation peaks while the currents decline drastically from approximately 1.2 uA
(e.g. 1-naphthylSiHs (12)) to 60 nA (e.g. 1-naphthylxSiH-2 (16)) (Figure 39). Compounds substituted
with 2,5-xylyl groups oxidise at lower potentials when a second substituent is introduced,
whereas for 1-naphthyl-substituted compounds the potential remains roughly the same (2.09 V)
even though the response broadens strongly most likely due to much slower kinetics. While the
phenyl2SiHz, again, did not oxidise within the measured range, the asymmetrically substituted 1-
naphthyl(phenyl)SiH2 showed a shoulder similar to the curve of 1-naphthyl:SiH2 (16), but slightly
shifted to positive potentials (2.15 V).
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Figure 39 CV of RySiH: (R = phenyl, 1-naphthyl, 2,5-xylyl) in 0.1 M TBAF/MeCN vs. Ag/AgCl at 100 mV s-I.

The same trend is seen for asymmetrically substituted triaryl silanes (Figure 40, left). When more
phenyl groups are introduced, the oxidation potential shifts to higher voltages and the currents
are lowered. The exact oxidation potentials of triaryl silanes are masked by broadened curves.

However, judging from onset, shape and slope of the curve, the potentials change only slightly
compared to the 1-naphthyl2SiHo.
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Figure 40 CV of R3SiH (R = phenyl, I-naphthyl) (left) and I-naphthylsilicon mono-, di- and trihydride (right) in 0.1 M
TBAF/MeCN at 100 mV s-'.

Overall a substitution of the silicon atom with more than one aryl moiety leads to a significant
loss in current and consequently in reactivity. This result is expected due to shielding by the
sterically demanding substituents. However, the introduction of a second aryl group displays a
larger influence than the successive third aryl moiety.
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Additional information was gained when the electrode processes were monitored over the course
of several cycles. Independent on the number of substituents, successively lower currents were
recorded for every subsequent cycle. An example is shown in Figure 41. This behaviour strongly
indicates that the microelectrode passivates due to electrochemical reactions. Since it was proven
for organosilicon halides that an electrochemical generation of radicals is followed by
halogenation or recombination and leads to oligomers, an analogous reaction path for the silicon
hydride species may be reasonably assumed.8281%
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Figure 41 Passivation of the WE during CV of |-naphthylISiH3 in 0.1 M TBAF in MeCN.

The formation of a solid residue on the microelectrode surface, however, was not visible to the
unaided eye. Further investigations on the passivation of the WE included chronoamperometry
(CA) experiments at 2.3 V vs. Ag/AgCl for 15 min, using Pt macro-electrodes as WE and CE. In
case of the liquid silanes i.e. RSiHs, phenyl2SiH2 and 1-naphthyl(phenyl)SiHz (15), a concentration
of 25 mM was employed which corresponds to a saturated solution of the most soluble
compound (phenylsSiH (17)) in the electrolyte. The experiments showed that the currents initially
drop and subsequently stabilise (Figure 43). Except of 2,5-xylyl-substituted compounds, the aryl
silanes show a fast reaction within the first second which consumes the educts molecules close to
the electrode. The CA curves stabilise at different currents indicating an ongoing reaction
throughout the measured timeframe. Due to the fact that the samples were not stirred during the
measurements all reactions are likely limited by diffusion. The stabilisation of the reaction curves
signifies the formation of soluble products, most likely to be oligomeric silanes. In case of the
2,5-xylyl-substituted silanes, the educts near the WE are consumed very slowly and a stable
reaction rate is reached after approximately 7 min.
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Figure 42 a) unused Pt WE b) Residue on
the Pt WE after the chronoamperometry

experiment of |-naphthyl(phenyl),SiH.
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Figure 43 Chronoamperometry curves of RiSiH4., with R = phenyl, |-
naphthyl, 2,5-xylyl and n = |-3in 0. M TBAF in MeCN vs. Ag/AgCl.

The cell was disassembled after the experiments and the sample solutions were recovered. The
samples with fast reaction rates had changed in colour whereas the slowly reacting silanes
remained colourless with an occasional dark precipitate (Figure 44). The colour change is the
product of soluble silane oligo-/polymers formed during the reaction. The Si-Si backbones of
these oligo-/polymers are known to be chromophores depending on conformation and o-
delocalisation along the Si-Si chain, as reported on the example of polydimethylsilanes.1*+1%

| -naphthylISiH,

I -naphthyl,SiH,

| -naphthyl,SiH

| -naphthyl,(phenyl)SiH

=

| -naphthyl(phenyl),SiH

phenylSiH,
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phenyl,SiH
2,5-xylyISiH,
2,5-xylyl,SiH,

Figure 44 Recovered silane solutions after chronoamperometry (15 min, 0. M TBAF, Pt WE & CE, 2.3 V vs.

Ag/AgCl).
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The reactivity monitored by CA agrees with cyclic voltammetry experiments and follows the
trend RSiHs > RoSiH2 > RsSiH, as expected. Regarding the reactivity of triaryl silanes no clear
trend can be deduced from chronoamperometry experiments since the currents measured for 1-
naphthyl(phenyl):SiH (19) (1.4 mA) exceed the ones for the other triaryl silanes ranging between
0.03 and 0.08 mA by far.

GC-MS measurements of the resulting solutions gave an overview over the soluble products
which are summarised in Table 18. For samples with one aryl residue, i.e. compounds 10-12, only
the educts could be detected. In case of di- and triarylated silanes (compounds 13-21) the
electrochemical treatment resulted in partial fluorination of the educt silanes caused by reactions
with the electrolyte salt. The residual educts accounted to 60-80% of the soluble silane
components. A full conversion of the silane to its fluorinated derivatives could be achieved by
prolonging the reaction times. Compounds 19 and 20 yielded traces of the rearrangement
products phenyl:SiF2 and phenylsSiF, indicating an abstraction of a naphthyl group. The presence
of a dark, in MeCN insoluble, precipitate in all samples suggests the formation of oligosilanes as
observed for the halogenated organosilicon compounds.8°

Table 18 Selected examples of electrochemically formed soluble products determined by GC-MS. % are given with
respect to the overall content of detected silanes.

Educt Soluble Product(s) %
Il 2,5-xylylSiH3 — -
12 I-naphthylSiH; — —

I5 [-naphthyl(phenyl)SiH, [ -naphthyl(phenyl)SiF, 29
16 [-naphthyl,SiH; I -naphthyl,SiF, 14
19 [-naphthyl(phenyl),SiH I -naphthyl(phenyl),SiF 26

phenyl,SiF, <|
20 /-naphthyly(phenyl)SiH [ -naphthyly(phenyl)SiF 7

phenyl;SiF <I
21 [-naphthyl;SiH [-naphthylsSiF 2

3.5.1.1  Summary of Electrochemical Characterisation of Arylsilicon Hydrides

In conclusion, with exception of the seemingly unreactive phenylated species, irreversible
oxidation processes could be observed for mono-, di- and triaryl silanes. The oxidation processes
may be ascribed to the withdrawal of an electron from the Enomo of the respective aryl-moiety.
However, the attack seems to take place close to the silicon atom, which is shielded with
increasing bulk and number of the substituents. As a consequence, the electroactivity of the
monitored compounds decreases due to steric and electronic shielding of the silicon centre atom.
The oxidation potentials are lowered along with increasing steric demand given by aryl
substituents. This is induced by the polarity of the Si-C bond causing a negative inductive effect
towards the ring system.”® Analysis of the electrochemically generated soluble products revealed
the main reaction to be a fluorination of the hydride functionality along with oligomerisation of

the arylated silanes.
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3.52 Optimising a CV Setup

Arylsilanes and arylstannanes pose interesting candidates for an application in Li-ion batteries
due to their high theoretical capacities and the electron density stemming from the aromatic ring-
systems of the substituents. These compound classes, however, have not yet been fully
characterised. Especially the electrochemical properties were neglected thus far. Over the course
of this work a characterisation by cyclic voltammetry was pursued in order to gain insights into
the redox-behaviour of mono-, di- and triaryl silanes and stannanes. The investigated compounds
are prone to hydrolysis and, in case of aryltin trihydrides, decomposition through exposition to
air, moisture, temperatures above —-30°C and UV irradiation. Thus, even the synthesis and storage
of such products is difficult let alone electrochemical investigations where some more critical
requirements have to be met. Therefore, a cyclic voltammetry electrochemical cell was designed
to fit, wherever possible, the strict requirements of such an investigation.

Previously, the electrochemical reactivity of arylsilicon and aryltin halides was reported in
literature in the context of the generation of either hydrides, fluororgano-species or
polymers.62831841851% Jsually, a three-electrode setup in a 10-100 mL undivided cell filled with
0.1 M solutions of a supporting electrolyte salt in solvents such as tetrahydrofuran (THF),
1,2-dimethoxyethane (DME) or acetonitrile (MeCN) is used. These solvents were chosen
considering the solubility of the investigated compounds and their electrochemical stability
windows. The most common supporting electrolyte salts are tetrabutylammonium salts with
different anions, e.g. hexafluorophosphate (TBAF), perchlorate (TBAP), chloride (TBACI),
tetrafluoroborate (TBABF.) or tetraphenylborate (TBABPhs). Typically, the working and counter
electrodes consist of a variation of Pt (wire, grid, macro-/micro disk or rotating disk electrode),
whereas different types of reference electrodes were used in literature: saturated calomel (SCE),
Ag/Agl or Ag/AgCl are under the most commonly reported ones.8>87,187,197-200

The difficulty of the synthesis and storage of larger amounts of aryltin trihydrides makes a cell
requiring only small sample volumes necessary. Therefore, based on the modular setup used for
Li-ion half-cells, a Swagelok® PFA 620-3 union tee connector with an inner diameter of % inch was
chosen as the cell body part. Perfluoralkoxy polymers (PFA) offer the advantage of being solvent
resistant and in general (electro-) chemically inert. Platinum and glassy carbon (GC) disk
electrodes with a diameter of 3 mm in a mantle made of polyether ether ketone (PEEK) were
purchased from Metrohm, the mantle was mechanically adjusted to fit into the PFA body and
used as either working or counter electrodes.

In order to design a reference electrode suitable for the characterisation of organosilicon and
organotin hydrides several aspects need to be taken into account: the used materials need to
withstand the organic solvents and electrolyte salts, should be airtight, fit seamlessly into the
Swagelok® body part and offer connectivity with the rest of the cell as well as with the
potentiostat. The desire for an airtight cell stems from the observation that potentiostat channels
installed in glove-boxes suffer problems with shielding resulting in high noise levels of the CV
curves during the measurements. The shielding issue is aggravated by the relatively small
currents that are measured.
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Thus, a modular system for a versatile reference electrode based on commonly used multiple
joints with a Haber-Luggin capillary was developed. Therefore, conjoining parts were
manufactured from PEEK as shown in Figure 46. Porous glass frits (CoralPor™, frit diameter 2.8
mm, specific surface area 212 m? g!, pore diameter 7.8 nm) were attached using a heat shrink
Teflon® (PTFE) tube following the example of Bithlmann and co-workers.?’! The created reference
electrode was able to be adapted to and used with different solutions — either with a silver
chloride coated silver wire in TBACI/AgCl (sat.) solution in MeCN or as redox reference electrode
with a platinum wire in a solution of 4 mM (equimolar) ferrocene/ferrocenium
hexafluorophosphate (Fc/Fc*PFe) solution in THF with an additional salt bridge, the latter set-up
being inspired by Compton and co-workers.2

One of the greatest challenges was posed by the introduction of the metal wire into the system.
The most important aspect was the sealing of the wire. Nearly all commercially available
reference electrodes consist of glass bodies to which the connecting metal wire is glued with
epoxy resin or similar adhesives. However, this is only feasible for aqueous systems, as organic
solvents such as MeCN or THF are dissolving or swelling the adhesive over time and thereby
introducing impurities into the reference. In order to circumvent this problem, HPLC fittings
made of PEEK with bores according to the wire thickness, i.e. 0.25 mm for the Pt and 0.5 mm for
the Ag wire, and an outer diameter of 1/16 inch were used. In order to seal the wires tightly,
additional PTFE tubing was applied at two distances which was fastened together via a
respective conical inset (Figure 45). In this way, an airtight sealing could be provided, although
this was in fact an interim solution until a setup with less joints became available. Nevertheless, it
still has the advantage of being customisable.

\\\‘7

Figure 45 Setup for the metal wire sealing (interim solution) with 2 HPLC fittings and connecting PTFE tubing.

Initial experiments were run with the redox reference electrode in THF as stated above.
Therefore, the frits were conditioned with the respective electrolyte solutions for at least 48 h. The
PEEK part A was filled with an Fc/Fc'PFe~ solution in THF and the Pt wire was immersed.
Following the example of Compton,®? PEEK part B was filled with a 0.1 M TBAP solution and
connected to part A to form the full redox reference electrode. Pt and GC macro-electrodes were
used as working- and counter-electrodes, respectively (Figure 46). Despite several attempts at
assembling this setup and replacing individual parts, ionic contact through the reference
electrode was poor, this leading to a high impedance of the reference electrode. Very likely, this
can be traced to the less than optimal performance of the glass frits that were either defective or
clogged by impurities during assembly. However, when omitting the salt-bridge (part B), the
reference worked adequately and some CVs could be measured without further ado.
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With this setup, a first overview over the electrochemical behaviour of aryl-substituted silanes
could be gained. Besides the insights into the role of size and number of aryl residues on group
14 metals, the limitations of the chosen solvent became evident: the observed oxidations take
place at the edge of the electrochemical stability window of THF at 0.5 V vs. Fc/Fc*. In order to
enlarge the oxidative region of the CV, MeCN was chosen as solvent. The initial decision to use
THF as solvent was based on the solubility of the aryl-substituted group 14 compounds; resorting
to MeCN came along with a considerably lower solubility of the samples.

The measurements, however, revealed other interesting facts. First, all CV curves showed
irregularities on the upper oxidation limit in form of small current pulses. These irregular current
pulses may be an indication of a passive layer that develops cracks or delaminates from the
surface of the electrode during the CV scan. Second, a behaviour similar to nucleation loops for
all measured samples was recorded close to the oxidation onset potentials as well as close to the
potential upper limit (Figure 47). This is consistent with new phase formation, although in the
two regions completely different electrochemical processes may take place. Third, the potential
difference between the anodic and the cathodic sweep (the return curve) points strongly towards
a dominant electrode passivation phenomenon. Fourth, the oxidation peak recorded during the
cathodic (return) scan is intriguing. Such a feature may nevertheless occur whenever an
electrochemical reaction is coupled with a chemical reaction that may lead to a second
electroactive species. Therefore, the role of the diffusion to and from the electrode surface is likely
to play a role in shaping the curves.

To complicate matters even more, at a closer inspection, it could not be excluded that the
frontally aligned macro-electrodes were spatially not sufficiently separated leading to direct
interactions between working- and counter-electrode. Consequently, in order to minimise such
interactions, a Pt microelectrode with a diameter of 20 ym embedded in a glass mantle was used.
Since the glass mantle of the microelectrode was too slender to fit seamlessly into the cell, a PTFE
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sleeve was designed to seal the electrode tightly into the cell and to adjust the distance to the
counter electrode if needed. Together with the use of the microelectrode a utilisation of a Faraday
cage became mandatory.

807 — |-naphthyl,SiH,
) Figure 47 Typical CV measurements of 2 mM
60- 2) reduction  |_naphthyl,SiH2 in 0.1 M TBAF solution in
<:: MeCN vs. Ag/AgCl at 100 mV s!. Two
= "nucleation loop domains" are visible at
o approximately 1.5 and 2.1 V. Also, small
< 407 . .
= irregular current pulses recorded at higher
(@) potentials as well as indications of a passive layer
build-up are present. See test for further
20 explanations.
I) oxidation
0
T T
1.0 1.5 20

Potential / V vs. Ag/AgClI

In order to assemble a good Ag/AgCl reference electrode, the silver wire needed to be coated
with AgCl, while, in order to increase the AgCl surface, the wire was formed into a spiral before
coating. Therefore, the electrode was assembled as described above, the wire was cleaned with
concentrated nitric acid and deionised water, was subsequently dipped into an aqueous 0.05 M
KClI solution and 3 V were applied for 10 min vs. a Pt counter electrode. The coated wire was
washed with deionised water and subsequently dried thoroughly in vacuo until its use. The PEEK
container was filled with 0.1 M TBACI solution saturated with AgCl and the coated silver wire
was immersed (Figure 48). Using this reference electrode, several of the aryl-substituted silanes
and stannanes prepared over the course of this work could be characterised.

AgCl coated Ag wire

Figure 48 Modular CV cell setup
with a Pt microelectrode (WE), a
glassy carbon macroelectrode
(CE) and a Ag/AgCl reference
electrode in MeCN. The sealing
of the Ag wire is omitted for
clarity.

AgCl deposit

sat. TBACI/AgClI solution

porous glass frit in MeCN

reference electrode

sample solution

contact pin in 0.IMTBAF in MeCN

\

W

working electrod counter electrode *

(] F)
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During the measurements a further problem emerged, resulting in a sloping of the base-line.
Ohmic drops caused by the low conductivity of the silanes solution as well as a slow dissolving
of the AgCl coating in the MeCN solution were suspected. However, the same problems recurred
when the distance between the electrodes was adjusted and a freshly coated silver wire in newly
prepared electrolyte solution was used. To assure a sufficient provision of ClI-ions and contact to
the former, a glass vessel was attached to the silver wire, in which AgCl was provided.
Additionally, another way of sealing the silver wire was attempted: the wire was threaded into a
cylindrical piece of PEEK with an outer diameter of 1/16 inch which was subsequently shrunk by
heating to 120 °C and sealed tightly. Despite these efforts, no improvement of the measurements
could be achieved. There are nevertheless indications that the glass frits used are unsuitable for
these measurements as they clog all too easily. For instance, only after few uses the glass frits
show yellow discolouration on the exposed side, a tell-tale of clogging with impurities.
Nevertheless, for any future developments a compromise must be found between the leakage
through the frit, which must be kept low to ensure reproducible results, and the risk of clogging,
which should be, the worst case, kept moderate, if a low risk of clogging is not achievable.

204 = Blank (0. MTBAF in MeCN)
<
210 Fi . .
- igure 49 Sloping of the base line at the
S example of a 0. M TBAF in MeCN blank
g solution vs. Ag/AgCl at 100 mV s-!.
O 0
-10
T T T T
9 -1 0 | 2

Potential / V vs. Ag/AgCl

Hereafter, a suitable Ag/AgCl reference electrode for non-aqueous systems consisting of a
polychlorotrifluoroethylene (PCTFE) container, equipped with a ceramic frit, filled with AgCl
and contacted with a silver wire was found and purchased from Metrohm. Solvent/electrolyte
contact is assured by a ceramic diaphragm, the electrolyte solution may be chosen at will. We
chose to use a saturated solution of TBACl and AgCl in MeCN. In order to fit into the cell, a PTFE
sleeve was designed and manufactured, doubling as salt-bridge. A porous glass frit was attached
to the latter with a PTFE shrink-tube and soaked in 0.1 M TBAF solution in MeCN for several
days before use. Intermittently, measurements were attempted to assure the compatibility of all
cell parts. However, even after one week of soaking the frit in the electrolyte and also exchanging
the frit as well as the solution, no sufficient ionic contact was achievable. The most probable part
to cause these issues was identified to be again the frit, which was of the same Vycor glass like
the ones used before. The problems with the frit consisted of different factors, as briefly described
above, one being a tendency to clog easily. In our case the slow process of dissolving AgCl from
the coated wire during use and storage of the electrode led to an oversaturation of AgCl in the
electrolyte solution. The therefrom resulting finely precipitating salt consequently blocked the
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pores of the frit. Another factor is the brittleness of the material: the frit tends to break upon weak
impacts which may occur during the assembly, leading to hard-to-clean patterns which in turn
cause impurities. Despite cleaning every frit with different organic solvents before use, i.e.
acetone, isopropanol, toluene and acetonitrile, some residues of an undisclosed surface coating
seem to remain, which may be observed by a colour change to slightly yellowish when dried for
several days after cleaning. Due to all of the mentioned reasons, the frit was removed for further

tests and another type of diaphragm should be considered for future uses of the designed cell.

Upon removal of the frit, the reference electrode was assembled like a Haber-Luggin capillary
and finally proved to work flawlessly. A scheme of the optimised cell design is shown in Figure
50. Measurements with the optimised cell were carried out in 0.1 M TBAF solution in MeCN with
sample concentrations of 2 mM, each, limited by the low solubility of triaryl silanes in the organic

solvent.
| = Ag wire
5 1 AgCl deposit
g /
< i Figure 50 Optimised CV cell
9 setup with a Pt microelectrode
[ =
o (WE), a glassy carbon macro-
ko .TB[\’:‘C(':/QgC' (s5) electrode (CE) and a non-
= 2k aqueous  Ag/AgCl  reference
contact pin -l sample solution electrode.
\ 0.IMTBAF in MeCN
e
' working electrode e counter electrode
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3.5.2.1  Summary of Cell Optimisation

In conclusion: a system consisting of a Pt micro-electrode as working electrode, a glassy carbon
macro-electrode as counter electrode and a non-aqueous Ag/AgCl reference electrode using
saturated TBACI and AgCl solution in MeCN housed in a Swagelok® PFA body was developed
and successfully tested (Figure 50). The main issues in the design stemmed from complications in
the sealing of the reference metal wire and from the use of nano-porous glass frits. The designed
cell offers several advantages: the modular nature of the cell makes it versatile in terms of
electrode choice and easy to handle, only small sample volumes of 0.6 mL are needed, it is
(electro-)chemically inert, airtight, transportable and could be easily used with a cooling mantle

to carry out reactions at lower temperatures.
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3.6 Li-lon Batteries

As aryl silanes are electro-active and Si has a high theoretical capacity of 4200 mAh g, these
compounds are interesting candidates for an application as anode materials in Li-ion batteries.
The main focus of these investigations was on the pyrolysis products due to their particle sizes,
structures and elevated silicon contents. Nevertheless, their precursor aryl silanes were tested as
well.

3.6.1 Electrode Preparation

Electrode preparation is crucial for reproducible battery data. An ideal electrode consists of a
current collector which is homogeneously coated with active material at even, defined film-
thicknesses. Since many active materials lack sufficient adhesive properties to stick on the metal
foil, an (electro-)chemically inert binder material is added to the samples. Most frequently used
binder materials are composed of fluorinated polymers, e.g. polyvinylidene difluoride (PVdF). In
order to ensure conductivity, also a certain percentage of carbon black (i.e. typically 4-10%wt
Super C65) is added to the mixture. All components are usually dispersed in a solvent, the most
common being N-methyl pyrrolidone (NMP), to form viscous slurries which are cast on the
current collector.

In this work, different electrode preparation methods were tested and optimised for the use with
organometallic compounds containing elements of group 14, i.e. Si and Sn. The tested methods
comprised different slurry compositions as well as homogenisation techniques. The latter was
tested at model graphite slurries. Reproducible data was obtained by employing previously ball-
milled graphite (400 rpm, 60 min with tungsten carbide milling balls) and homogenising the
slurry in a planetary ball-mill with stabilised ZrO: balls at 300 rpm for a total of 45 min.
Electrodes prepared by this procedure deviated by approximately 6%, thus lying in an acceptable
range, while the electrodes prepared from stirred slurries (12 h at 600 rpm) deviated by 25%. To
prepare composite anodes from the insoluble pyrolysed silanes, the black silane component was
roughly milled in a mortar and subsequently homogenised with the planetary ball-mill. Since the
casting step is critical to produce homogeneous electrodes, it is discussed in detail in section 4.3.1.
In a typical procedure, the silane and/or PVAF were dispersed in NMP before adding carbon
black and/or graphite and milling of the slurry. Thereby, better dispersions (slurries) were
obtained and the binder material was distributed more evenly.

Furthermore, the composition of the slurries varied in the aspects of active material to additive
(carbon black/binder) as well as in silane to graphite ratio. Details to the tested compositions are
summarised in Figure 51. The aim of this work was to enhance the capacity of the currently used
graphite anode standard by using a blend of a silicon-rich phase with graphite. It was hoped that
a composite might overcome the hurdle of volume expansion, while still delivering higher
capacities. Therefore, graphite blanks were prepared accordingly in order to compare the
composite anodes to the reference materials.
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Figure 51 Routes towards electrode materials: blanks and silanes as starting materials. Hereafter, the preparation
methods are referred to this figure and indicated with the respective letters.

3.6.2 Cyclic Voltammetry

Pyrolysed silanes appear as black, silicon enriched micro- or nano-sized particles with residual
carbon content which are insoluble in common organic solvents (cf. section 3.4). Thus, an
electrochemical characterisation in a classical setup was not feasible. Therefore, the
electrochemical properties of these materials were determined by testing them as anodes in Li-ion
battery half-cells. Therefore, composite anodes were prepared from the pyrolysed samples either
with or without the addition of graphite.

Cyclic voltammetry measurements were conducted in Li-ion battery half-cells with lithium
hexafluorophosphate (LiPFe) in an ethylene carbonate (EC):dimethyl carbonate (DMC) 1:1 (vol.)
solution as electrolyte. A potential range of 0-2 V vs. Li was applied. In order to monitor both fast
and slow reactions occurring during the CV experiments, different scan rates, i.e. 0.05, 0.1, 0.2, 0.5,
1, 2, and 5 mV s7, were applied. Typical experiments started with two cycles at 1 mV s,
followed by a resting period of 12 h at open circuit voltage (OCV) and subsequent cycling at scan
rates given above with two consecutive scans, each. Hereafter, all cyclic voltammetry curves are
displayed normalised to the respective mass of active material.

The effect of the scan rates on the resulting CV curves is displayed in Figure 52 at the example of
a graphite blank electrode. Peaks appear most distinct at the slowest applied scan rate of
0.05mV s7!, where three reversible (de-)intercalation steps are visible in the highlighted area
between 0.05 and 0.25 V vs. Li/Li*. This corresponds to the classical staging mechanism leading to
the formation of graphite intercalation compounds. With increasing scan speeds, higher currents
are observed. The aforementioned oxidation and reduction peaks broaden and overlap, leading
to a single broad peak with shoulders hinting at the original peaks. Additionally, the oxidation
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and reduction peaks shift apart from each other — oxidation peaks towards higher, reduction
peaks towards lower potentials.
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A solid electrolyte interphase (SEI) formed in all tested samples during the first cycle, at a scan
rate of 1 mV s1. The respective peaks are found in the range of 0.52-0.59 V vs. Li/Li* and appear
more distinct in graphite containing samples while pure silane samples display a broad shoulder.

Since the subsequent cycles lack any electrochemical response at potentials over 0.3 V vs. Li and
no additional information could be gained from scans at faster rates, cyclic voltammetry data of
the range between 0-0.3 V vs. Li at the slowest rate of 0.05 mV s are used for discussion.

The graphite blank displays reversible reduction and oxidation peaks which may be assigned to
the different saturation stages of the graphite with lithium ions during charge and discharge
(Figure 53, black line). In total three distinct peaks are found at 0.2, 0.10 and 0.6 V
(reduction/charge) and 0.10, 0.15 and 0.23 V (oxidation/discharge), along with small shoulders.
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Figure 53 CV of a silane precursor
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- and graphene blanks at 0.05 mV s-.
::D 0 ] Cyclic voltammetry was measured in
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& -2007 graphite and graphene blanks were
g prepared with 80%wt of the active
3 =190 materials. Preparation method G (cf.
600 _ Figure 51) consisted of a 25:55%wt ratio
— graphite blank (B) of the arylsilane to graphite.
800 graphene blank (D)
— phenyl,SiH, (13, G)
-100 T 1
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Potential / V vs. Li/Li®

As expected, the same peaks are found for graphite/silane composite anodes, displayed at the
example of phenyl:SiHz (Figure 53, purple line), showing the effect of silane on the graphite
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system. The influence of the silane component, however, is seen as a shift of the peaks towards
lower potentials during the reduction step and towards higher potentials during oxidation,

indicating a higher over-potential.

Additionally, the distinct oxidation peaks of the graphite are blurred and broadened by the
silane, possibly caused by the inductive effect of the silane as discussed in section 0 or by coating
of the graphite with the less electroactive silane component.

Regarding the graphene blank (Figure 53, grey dotted line), fewer peaks are determined than for
the graphite blank. During reduction only a shoulder hinting at the comparable graphite peak at
0.10 V and one distinct peak at 0.08 V are present, while peaks in the region of 0.20-0.25 V are
missing completely. This is possibly caused by the reduced symmetry of the graphene lattice
upon recombining after the exfoliating in an organic solvent (cf. Figure 53). Typically,
intercalation of lithium ions into the graphite lattice of an anode during the charging step occurs
at the edges and imperfections of the substrate, after which a redistribution takes place. Thereby,
defined LiCx phases are formed, namely LiCr2, LiCi2 and the (ideally) fully lithiated phase LiCe.

A different substituent pattern on the silicon atom has some effects on the electrochemical
potentials (Figure 54). In contrast to the results found in section 0, the successive exchange of
phenyl with 1-naphthyl groups did not result in consequent lowering of the oxidation potentials
as seen in the classic CV approaches. While the oxidation peaks of 1-naphthyl.SiH2 (16) are
shifted towards lower potentials as compared to phenylSiH> (13), the peaks of
1-naphthyl(phenyl)SiH2 (15) are shifted slightly towards higher potentials (e.g. 0.17V (13) —
0.16 V (16) — 0.18 V (15)).
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The asymmetrical nature of compound 15, was compared to the equally asymmetrical
1-naphthyl(phenyl)2SiH (19). The latter displays the anticipated shift of the oxidation peaks
towards lower potentials, as well as clearly broadened peaks caused by the increased steric
demand of the aromatic substituents. Since the observed peaks correspond to the ones found for
pure graphite, a complete blocking of graphite active sites inhibiting its storage capacity of
lithium ions can be excluded. The effect of the silanes, however, is seen by broadening and
blurring of the prevalent reduction/oxidation peaks in the range of 0.05-0.18 V. Considering that
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the pure silanes are electricall insulating compounds, this effect is unsurprising. The anomalous
behaviour of compound 15 remains to be fully understood.

The particles formed by pyrolysis of the precursor silanes were tested as composite anodes with
or without adding graphite. Some examples of the resulting curves are displayed in Figure 55.
When embedded in a graphite matrix, the same effects as for the precursor materials are evident
with oxidation/reduction peaks stemming mainly from the (de-)intercalation of lithium ions into
graphite (Figure 55, a)). With respect to the different temperatures at which the samples in a)
were treated, only marginal differences are noticeable. A slight shift of the reduction peaks
assigned to phenylioSis pyrolysed at 800 °C towards higher potentials as well as overall higher
currents found for this sample are possibly caused by the morphology of the particles or their
distribution within the electrode.

Examples for the electrochemical behaviour of the silanes without addition of graphite is
displayed in Figure 55, b). All of the pyrolysed samples undergo a reduction close to 0 V and
show partial reversibility in form of an oxidation peak at 0.12 V emerging for the pyrolysed 1-
naphthylSiH and broader shoulders for other samples. Of all tested silane particles, the ones
obtained from the cyclic silane phenylioSis treated at 800 °C displayed the highest electroactivity.
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Figure 55 CV of pyrolysed silane
composite anodes with (a)) and without
(b)) addition of graphite at 0.05 mV s-I.
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In conclusion: all of the tested silanes are affecting the electrochemical potentials of a graphite
anode by means of potential shifts and broadening of the specific reduction/oxidation peaks. The
effects on the cycling behaviour are less distinct as in classical cyclic voltammetry (cf. section
3.5.1). Anodes prepared from pyrolysed silanes without addition of graphite display only partial
reversibility. However, when mixed with graphite the oxidation/reduction processes of the latter
are not impaired.

3.6.3 Galvanostatic Cycling with Potential Limitation (GCPL)

Encouraged by the CV results also constant current cycling experiments (GCPL) were performed
with which the specific anodic capacities could be determined.

In a typical experiment, a half-cell was cycled at a C-rate of C/2 for 100 cycles. The active material
consisted of either the silane component or mixtures of silanes with graphite. Details for the
electrode compositions are summarised in Figure 51. At least three electrodes of the respective
compositions were tested in order to assure the reproducibility. Regular experiments recorded
100 cycles to determine the long—term stability of the specific capacities reached. The capacities
were compared to those of a graphite composite electrode, further referred to as blank.

3.6.3.1  Graphite and Graphene Blanks

Blank graphite anodes were prepared for optimising of the electrode preparation as well as for
reference purposes. Therefore, two different compositions were chosen, consisting of
graphite:binder:carbon black ratios of 92:4:4%wt (A) and 80:10:10%wt (B), respectively. In a series
of experiments 10 electrodes, each, were tested in order to determine reproducibility. All slurries
were prepared by the aforementioned method and the maximum error between all of the tested
electrodes was determined to be 6%, therefore lying within an acceptable range.

Electrodes prepared according to method B (Figure 56) gave specific anodic capacities of
averagely 360 mAh g! which is remarkably close to the maximum theoretical capacity of fully
lithiated graphite with 375 mAh g-'. Additionally, a coulombic efficiency of averagely 99% was
achieved. These excellent results were reproduced at two different occasions and are therefore
deemed reliable.

Similar results could be obtained for a series of graphene blanks obtained by exfoliated graphite
in THF. However, the graphene capacity decays in the observed cycling range, which leads to an
overall coulombic efficiency of 97% (Figure 56).
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Considering the introduction of a silane into the anode materials, partial coating of the graphite
component by the silane may not be excluded as seen in the cyclic voltammetry. Therefore,
another attempt aimed at the incorporation of the silane between graphene sheets by mixing
exfoliated graphite sheets in a suspension of THF with the silane and subsequently mixing the
dried composite with graphite. The accordingly prepared blank (method E) is displayed in Figure
56, amounting to average specific anodic capacities of 325 mAh g! and displaying coulombic
efficiencies of up to 99%.

3.6.4 Precursor Materials

Di- and triaryl silanes (13, 15, 16, 19 and 20) as well as the cyclic perphenylated silanes (33a/b)
were tested as additives to graphite anodes in different ratios. Preliminary works in our group
found that a ratio of 4%wt binder/carbon black yielded the most reproducible cells. Therefore,
initial experiments were carried out with silane:graphite:binder:carbon black ratios of
25:67:4:4%wt (preparation method F). The resulting specific anodic capacities for differently
substituted silane precursor materials are shown in Figure 57, a). Compared to the respective
graphite blank, the tested precursor materials display lower capacities with deviations between
23% (phenyl2SiHz, 13) and 40% (phenylwoSis, 33b). The only exceptions are anodes containing
1-naphthyl(phenyl)SiH2 (15), which exceed the blank by 12%, amounting to 246 mAh g-'.

Considering this unexpected result, the influence of compound 15 was tested in another
composition. Therefore, 10%wt binder/carbon black, each, was taken into account. The amount of
silane remained the same and the one of the graphite component was reduced (25:55:10:10%wt,
preparation method G). The resulting capacities are shown in Figure 57, b). Compared to the
respective blank, the specific anodic capacities of 1-naphthyl(phenyl)SiHz deviate by 11% and
amount to 322 mAh g'. Even though the silane did not emerge as the desired capacity enhancing
material, overall higher capacities and lower deviations (7-17%) could be achieved by employing
preparation method G, as shown in Figure 57, c).
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Figure 57 Specific anodic capacities
(reversible capacity) of precursor silanes
determined by GCPL experiments.
Measurements were carried out in LiPFs
in EC:DMC I:1 (vol.) vs. Li.

a) Active material ratios of 25%wt silane,
67%wt graphite and 4%wt binder and
carbon black, each, were employed
(method F, cf. Figure 51). (A) represents
a blank with 92%wt graphite.

b) Comparison of specific capacities of
I -naphthyl(phenyl)SiH. at different active
material ratios (methods F and G)
(determined by GCPL experiments. (B)
represents a blank with 80%wt graphite.
c) Active material ratios of 25%wt silane,
55%wt graphite and 10%wt binder and
carbon black, each, were employed (G).
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When graphene was added to compound 33b, however, the capacity dropped to 143 mAh g. In
order to investigate this occurrence, electrodes prepared by method F were subjected to SEM-
EDX as well as Raman-SEM spectroscopy. The resulting pictures, shown inFigure 58, shed light
on the issues: despite several attempts to distribute the precursor material homogeneously in the
graphite, crystalline junks of silane are found on and near the electrode surface. These cause an
insulating effect on the graphite overall by blocking attack sites for lithium intercalation.

e
SR

Figure 58 a) SEM-EDX b) Raman-SEM pictures of a resin-embedded silane anode (phenyloSis (25%wt), graphite
(67%wt), binder/carbon black (4%wt, each)).

3.6.4.1  Pyrolysed Materials

3.6.4.1.1  Pyrolysed Materials with Graphite

An objective of this work was the investigation of silicon enriched particles created by pyrolysis
of precursor silanes. Therefore, different silanes were pyrolysed at different conditions, varying
in temperature, dwell time as well as gas-flow and heating rate during pyrolysis (cf. section 3.4).
The resulting particles were tested in Li-ion battery anodes. In this section, the different
approaches to create composite anodes with pyrolysed silanes are summarised.

The main focus was set on the pyrolysed cyclic compounds phenylsSis and phenylioSis (33a/b),
due to their comparably high silicon content (28%wt) as well as their facile synthesis and
handling. Nevertheless, also pyrolysed monosilanes, i.e. 1-naphthyl2SiH2 (16) and 1-naphthylsSiH
(21), were investigated.

Initial experiments investigated the effect of the pyrolysis temperature, morphology and particle
size on the cycling behaviour. In analogy to the precursor materials, electrodes were prepared
with 4%wt binder and carbon black. However, the insoluble particles required adapting a
different electrode preparation method: the materials were ground in a mortar and subsequently
mixed with dissolved PVdF in NMP, carbon black as well as graphite and homogenised via ball-
milling. In these experiments, an equal amount of graphite and pyrolysed silane were employed.
The resulting curves for 33a and b, pyrolysed at different temperatures, predetermined by
TGA/DSC are shown in Figure 59.

Among the tested substances, compound 33b pyrolysed at 800 °C (with 20 °C min™ heating rate,
2L min? gas flow, 2h dwell time) displays a remarkably high average specific capacity of
440 mAh g1, Tt exceeds the accordingly prepared graphite blank by 100%. These promising
results mirror the high currents observed in the CV experiment for this sample (cf. Figure 55, a)).

71



Silanes — Li-lon Batteries

The other samples show capacities similar to the one of the respective graphite blank prepared by
method A. However, a tendency towards higher capacity may be noted for both the four- and
five-membered silicon ring systems pyrolysed at 850 °C for 33a and 800 °C for 33b, respectively.
This may be caused by remaining aryl groups abstracted from the silicon atoms during the
pyrolysis process, which are trapped in the bulk and thus not able to evaporate. These residual
aryl moieties are likely to arrange in a symmetrical order allowing for the storage of lithium ions
during charging of the battery (cf. section 3.4). This assumption is further reinforced by the fact
that the pyrolysed samples show a noteworthy cycle stability with coulombic efficiencies ranging
between 97 and 99%.
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3.6.4.1.2  Pyrolysed Materials without Graphite

Encouraged by the high capacities of the pyrolysed five-membered ring (33b, at 800 °C), the
interest in the capacity of the pure material without the influence of graphite arose.

However, the first electrodes with 92% silane prepared according to method J showed capacities
of averagely 205 mAh g (Figure 60, red line). This unsatisfactory result is explained by
insufficient adhesion of the active material to the surface of the current collector. This led to
optically detectable uncovered patches on the electrode where the active material lost contact
during cycling. All subsequent experiments were therefore carried out with 10% binder and
carbon black, each, to ascertain adhesion between the active material and the current collector
(method K).
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With this new method, compound 33b pyrolysed at 800 °C showed the highest measured
capacities of 425 mAh g in average. This corresponds to an improvement of 17% compared to
the respective graphite blank. Similar results were obtained for the pyrolysed four-membered
ring (33a at 850 °C) with capacities of averagely 387 mAh g-! over the first 100 cycles. Along with
the reduced amount of carbon in the sample, a rapid capacity decay was anticipated. However,
the samples contained enough carbon to mediate the volume expansion of the silicon during the
charging step and show coulombic efficiencies of 98.7% (33b) and 98.9% (33a), respectively.

The pyrolysed silane samples are prone to adsorption of oxygen when stored under air
(cf. section 3.4). The influence of this adsorption was investigated by preparing a series of
electrodes under strictly inert conditions. Details for this procedure are discussed in section 4.3.1
(page 92). Thereby created electrodes showed a similar progression as the ones created under air,
however, at lower capacities of averagely 352 mAh g and thus falling below the graphite blank
by 3%. The lowered capacities are most likely caused by the complicated electrode preparation
under inert conditions. Therefore, the following experiments were carried out under ambient
conditions.

3.6.4.1.3 Interdependence between Pyrolysis Conditions, Morphology and Performance

Further experiments focused on the effects of different pyrolysis procedures and thereby
resulting morphologies on the performance of the particles in Li-ion battery anodes.

Initial investigations focused on the morphologies obtained when the sample is placed in a cold
oven (I), in an oven pre-heated to 800 °C (II) or in an oven pre-heated to 450 °C with subsequent
heating to 800 °C (III). The latter two approaches resulted in similar specific anodic capacities of
290 and 266 mAh g, respectively (Figure 61, orange and red lines). These values are well below
the average capacity of the sample prepared according to the first approach (440 mAh g).
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This lower capacity is possibly caused by the morphology of the amorphous particles. In contrast
to the usual procedure, which results in edged particles, the sudden change in temperature upon
placing the samples in the pre-heated oven leads to spherical particles covering the usual edged
ones (cf. section 3.4). These are likely to encapsulate partially cleaved silanes and thereby offer
less intercalation sites for lithium ions during charging. Another explanation might be related to
the binder efficiency, which could be significantly lower for particles with a smoother surface. An
example of a silane electrode prepared by step-wise heat treatment was imaged by SEM
spectroscopy (cf. Figure 62). The uncycled electrode (a) displays the edged particles covered by
the much smaller spherical particles mixed with carbon black and gives an idea of the course
nature of the particles. Figure 62, b) shows the electrode recovered after the GCPL experiments.
The volume expansion caused by lithium intercalation into silicon leads to a smoothening of the
particle edges as well as a more homogeneous surface morphology.
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Figure 62 SEM images of cross-sections of an anode (80:10:10%wt) of step-wise pyrolysed phenylioSis (450/800 °C).
a) uncycled, b) after cycling (GCPL).

The next series of experiments was devoted to investigate the distribution of the pyrolysed silane.
To this end, a mixture of graphite and silane was pyrolysed. Therefore, the precursor silane was
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dissolved in THF, mixed with graphite in a mass ratio of 1:1, dried in vacuo and subsequently
pyrolysed at 800 °C using the standard parameters (heating rate: 20 °C min™, gas flow: 2 L min-},
dwell time: 60 min). The resulting bulk was mixed with 10%wt binder and carbon black, each.
Electrodes prepared by this method yielded stable capacities of 370 mAh g and are therefore 3%
above the capacities of the respective graphite blank (Figure 63). The latter was prepared from
graphite pyrolysed at the same conditions, yielding an average specific capacity of 351 mAh g1.
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The graphite seems to be only minimally affected by the thermal treatment, which was also
confirmed by SEM spectroscopy (Figure 64, a)). The overall effect of the silane on the pyrolysed
graphite may be seen in SEM images of the sample (Figure 64, b)).

Compared to the pure pyrolysed graphite, the silane containing composite material prepared
according to method J shows agglomerations of larger graphite flakes, most likely adhered by the
silane component. Considering the performance of the materials, the capacities for the latter
exceed the respective blank by 6%. However, they are still outperformed by samples prepared
according to the first approach.

Figure 64 SEM images of a) graphite and b) graphite mixed with phenyl oSis. ¢) surface of a neat pyrolysed phenyl;cSis
electrode. All samples were pyrolysed at 800 °C with a heating rate of 20 °C min-!, a gas flow of 2 L min-' and a
dwell time of 60 min.

Another way to force intermixing of silane and graphite is ball-milling. Therefore, either the plain
silane particles (K) or a mixture of silane particles with graphite (1:1 wt, J) were ball-milled in a
tungsten carbide beaker before adding the remaining ingredients. Both of these samples
surprisingly result in almost the same curves, regardless of the amount of graphite added to the
mixture (Figure 63). The average anodic capacity amounts to 156 mAh g-! in both samples.
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This behaviour indicates that an essential structure for the interaction between lithium ions and
silicon was destroyed by the mechanical stress applied by the ball-mill. Originally, the physical
appearance of the pyrolysed silanes could be compared to a pumice or an amorphous sponge. It
is very likely that the residual aromatic groups in the samples, regardless if attached to the silicon
atom or not, are forming a structure allowing for intercalation of lithium ions as well as a contact
to the silicon atom. The surrounding organic structure seems to be able to mitigate the volume
expansion and contact loss. The ball-milling destroys the (layered) structure, which is vital for
Li-ion storage.

These findings are further corroborated by cyclic voltammetry (Figure 65), which allows to follow
the intercalation and deintercalation of lithium ions into/from the active material. The
intercalation steps are best seen at the example of a graphite blank: the step-wise lithiation of the
graphite is seen by plateaus in voltage, which correspond to the LiCx phases already discussed
for cyclic voltammetry experiments.?®® Regarding the pyrolysed samples (purple line), broad
shoulders hint at a similar intercalation behaviour, however less defined. The ball-milled,

pyrolysed sample (orange line) lacks any indication of staged intercalation.
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To study the varying silicon content, other silanes, i.e. pyrolysed 1-naphthylSiH2 (16, 42%wt Si')
and 1-naphthylsSiH (21, 30%wt Si!) were tested; their cycling behaviour is shown in Figure 66.
For these samples a higher capacity was expected due to the overall higher silicon content with
for compound 16 and for compound 21 as compared to the phenylated silane rings (28%wt).
However, for both samples rather low anodic capacities were determined, amounting to
229 mAh g (16) and 128 mAh g (21), respectively. This indicates that in samples containing
1-naphthyl moieties, a structure necessary for lithium (de-)intercalation is formed, however not
as efficiently as with the smaller phenyl residues. Nevertheless, despite the unsatisfying
performance of pyrolysed monosilanes, all samples displayed a remarkable cycle stability and
may thus be interesting for further research.

! Determined by elemental analysis of the respective samples.
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In summary, it was found that the morphology has a much larger influence on the cycling
performance than the overall silicon content. The morphology provides intercalation sites for
lithium ions, which could not be enhanced by pyrolysis of the silane directly in a graphite matrix.
The structures vital for the lithium intercalation are destroyed by ball-milling and are directly
influenced by the pyrolysis protocol, especially by the heating and gas flow rate (cf. section 3.4).

3.6.5 Summary of Li-lon Batteries

Electrochemical characterisation of the precursor aryl silanes as well as of pyrolysed particles
derived from aryl silanes was carried out by cyclic voltammetry and constant current cycling
(GCPL) experiments in Li-ion battery half-cells. Different electrode preparation methods as well
as different compositions were tested. Composite anodes created with the precursor materials
and graphite resulted in broader oxidation/reduction peaks in CV experiments and lower specific
anodic capacities compared to a respectively prepared graphite blank. This is most likely caused
by coating of the graphite component by the silane, partially inhibiting lithium ion
(de)intercalation during charge/discharge.

Similar to the behaviour observed in cyclic voltammetry of the pure silanes in MeCN, the
oxidation peaks shift towards lower potentials along with the successive exchange of a phenyl
substituent on the silicon atom by a 1-naphthyl group.

The highest specific anodic capacities of averagely 440 mAh g! were achieved by composite
anodes containing pyrolysed phenylioSis (46%wt) equal amounts of graphite (46%wt) and 4%wt
binder/carbon black, each. The pyrolysis of the silanes was carried out at 800 °C with a heating
rate of 20 °C min, gas flow of 2 L min™ and a dwell time of 60 min. Capacities in the same range
could also be obtained from electrodes prepared with 80%wt of the same pyrolysed silane and
10%wt, each, of binder/carbon black, amounting to 425mAhg'. The electrochemical
performance does not solely depend on the effective silicon content. Instead, it strongly depends
on the structure/morphology of the pyrolysed silane. Additionally, the structure enables contact
of the lithium ions to the silicon while mitigating the volume expansion of the latter upon
lithiation. This leads to a stable cycling behaviour with coulombic efficiencies of 98-99% and the
comparatively high capacities.
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3.7 Summary of Silanes

The present work aimed for the synthesis and comprehensive characterisation of novel or
incompletely characterised, literature-known aryl silanes, as well as for the investigation of their
reactivity and prospective applications.

Therefore, several mono-, di- and triaryl(chloro)silanes were synthesised with varying steric bulk
of the aromatic system. The employed aryl groups consisted of phenyl, 1-naphthyl or 2,5-xylyl
moieties. Depending on the number of desired aryl-substituents on the silicon atom, the
aryl(chloro)silanes could be synthesised either via reaction of the corresponding chlorosilane
SiCls or phenylnSiClan (n = 1-2) with arylMgBr or arylLi reagents. With respect to di- and
triarylated compounds, a focus was set on species with mixed substituents, i.e. 1-naphthyl and
phenyl. The aryl(chloro)silanes were used as educts for the preparation of either 1) the respective
hydrogen-rich aryl silanes (compounds 10-21), 2) triaryl(allyl)silanes (compounds 22-25) or 3)
mixed-substituent tetraarylsilanes and cyclic phenylated silanes (compounds 30-33). All
compounds were characterised by 2°5i NMR, showing trends of the chemical shift corresponding
to the substituents. Crystal structures of these compounds displayed Si-C bond lengths in the
expected range of 1.844-1.889 A, which is in agreement with values reported in literature.t
Stabilising effects like of Van-der-Waals (C—H--Cl or Si-H---Si), edge to face and/or mt-1t stacking
interactions were found in mono-, di- and triaryl silanes. The latter, however, are much less likely
to occur with increasing numbers of aryl substituents.

Furthermore, the reactivity of triaryl(allyl)silanes (22-25) was investigated via iEDDA reactions
with tetrazines in THF. These resulted in novel silanes, where the terminal olefin of the allyl
group is implemented into the ring system of the pyridazine under nitrogen abstraction. The
products (26-29) could be identified using 'H, 3C and #*Si NMR spectroscopy, as well as with 2D
HSQC and HMBC spectra. A single crystal of compound 29 elucidated the structure of the
products. Additionally, UV-Vis kinetic measurements in toluene assessed their first order
reaction rates (k) to be in the same range as the ones of styrene with k2629 = 3.95 x 10-% - 9.01 x 10~
M- st and kstyrene = 3 x 103 M-s"l. The found reactivity of triaryl(allyl)silanes with tetrazines
opens new application possibilities in the field of surface functionalisation or polymerisation.

For the planned application in Li-ion batteries, aryl silanes were electrochemically characterised
by cyclic voltammetry in a non-aqueous system using MeCN as solvent in a purpose-built CV
cell. The oxidation potentials of the aryl silanes are located around 2 V vs. the non-aqueous
Ag/AgCl reference electrode and decrease along with increasing substituent bulk-size. No
reduction potentials could be detected within the electrochemical stability window of the solvent
reaching to —2.0 V wvs. non-aqueous Ag/AgCl. Along with the increasing number of aryl
substituents on the silicon atom, the response of the 20 um Pt working electrode diminished due
to fast passivation of its surface.

Silicon-enriched Si/C materials were gained by the bulk pyrolysis of di- and triaryl silanes as well
as of perphenylated cyclic silanes under different pyrolysis conditions. Pyrolysis protocols were
established for each compound, considering the corresponding TGA/DSC curves. Materials
gained by pyrolysis were characterised by SEM/EDX as well as CHN elemental analysis and
displayed layered structures consisting of 19-32%wt silicon and 68-81%wt carbon. The silicon
content in the Si/C material is tuneable not only by adjusting the pyrolysis protocol, but also by
number and nature of the aryl substituents. Tuning of the pyrolysis conditions as well as
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employing larger aromatic residues such as anthracene or pyrene is likely to lead to the
formation of pure nano-structured silicon.

Electrochemical characterisation was carried out for the pure arylsilane precursor compounds
mixed with graphite as well as for the respective pyrolysed materials in Li-ion battery half-cells.
Therefore, several electrode preparation methods were tested, resulting in insightful and
reproducible data. While the graphite composite anodes with precursor compounds mostly
lowered the capacity of graphite itself, the pyrolysed samples displayed a different behaviour in
cyclic voltammetry as well as in constant current cycling experiments. With respect to the GCPL
experiments, overall best results could be obtained by employing Si/C materials from phenylioSis
(33b) pyrolysed at 800 °C in combination with graphite (46%wt, each), binder and carbon black
(4%wt, each), resulting in average capacities of 440 mAh g (22% above the graphite blank at
360 mAh g') and Coulombic efficiencies between 98-99% over 100 cycles.
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4 Results and Discussion

4.1 Synthesis

Over the course of this work a series of known aryl-substituted tin hydrides were synthesised via
routes already discussed in literature and tested for their electrochemical behaviour.! The whole
reaction path is depicted in Scheme 6. In all cases, the synthesis was started with a conversion of
the commercially available aryl bromide into a Grignard reagent which was subsequently treated
with tin tetrachloride (SnCls) in order to generate either the diaryldichloro stannane (aryl2SnCl2)
or the tetraarylstannane (arylsSn). The latter was reacted with stoichiometric amounts of SnCls to
generate the aryltin trichloride (arylSnCls) according to the Kozeshkov equilibrium.?* Finally, the
chloride species were hydrogenated using an excess of LiAlH4 as described in literature.”” In
general, the thermal stability of tin hydrides was reported to decrease when a replacing organic
substituents by a hydrogen atom; trihydride species being the most labile.*® Therefore,
purification of the liquid aryltin hydrides was carried out by distillation in vacuo at the lowest
possible temperatures according to their boiling point. The solid hydride 1-naphthyl2SnH> could
be recrystallized from Et2O at -30 °C.

1) Mg’ THF or Et,O, reflux

.LIAH,, Et,0
Sn exc i .
2) 0.5 eq SnCl, aryl,SnCl, —— 2« aryl,SnH,
aryIBr N 0.5 eq SnCl,, neat
1) Mg’, THF or Et,O, reflux aryl Sn 3.1 eq SnCl,, neat aryISnCI exc. LIAIH,, Et,0 arylan

2) 0.2 eq SnCl,

Scheme 6 Synthetic routes to aryltin hydrides.

Phenyl, o-tolyl, 1-naphthyl and mesityl were selected as aromatic substituents in order to
determine the influence of the number and the steric demand of the ligands on the
electrochemical properties of this compound class (see Figure 67). Since the investigated aryltin
trihydrides were known in literature, the material characterization was confined to 'H and "*Sn
NMR. Additional information on morphology was obtained by SEM/EDX and SAXS
measurements, electrochemical properties were determined by cyclic voltammetry.

arylSnH, @ ?\

aryl,SnH, phenyl  o-tolyl I-naphthyl

Figure 67 Aromatic substituents used for organotin hydrides.
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4.1.1 Dehydrogenative Coupling

The formation of oligo- and polystannanes from diaryltin dihydrides and aryltin trihydrides may
be approached by a dehydrogenative coupling reaction promoted by the labile Sn—-H bond and
has been extensively studied by Uhlig and co-workers.®”72205 The properties of the tin particles,
insoluble in usual organic solvents, are particularly interesting: Zeppek reported that the nature
of the solvent as well as reaction time influences both, size and morphology of the resulting
particles.” The use of toluene, for example, leads to nano rods whereas donating solvents such as
Et20 or DME lead to spherical particles. It was found that these particles consist of spherical
superstructures exhibiting diameters of approximately 1 um and are furthermore composed of
smaller spherical subunits which display a size range of 7-30 nm These spherical substructures
are usually formed very quickly upon addition of the amine base and display a strong propensity

towards agglomeration, finally leading to the described superstructures (Figure 68).72

Figure 68 FESEM and SEM pictures of a) subunits?2 and b) superstructures of Sn@o—tolyl from Et;O. EDX: Sn
84%wt (36%at), C 15%wt (64%at).

All experiments towards (nano)particles were carried out according to the work of Zeppek.”? In a
typical reaction a 0.8 M solution of the pure aryltin trihydride in a dried, degassed solvent
(toluene, Et20, DME or cyclohexane) was treated with an equimolar amount of TMEDA and was
stirred at room temperature under inert atmosphere. The initially clear, colourless solution
immediately turned yellow and hydrogen formation could be observed. Over the course of a few
minutes the colour darkened over orange to brown and finally reddish-black as insoluble
precipitates were formed (Sn@aryl). This colour change indicates the formation of Sn—-Sn bonds
allowing for 0-0* and o—mt transitions as has been reported for poly(diaryl)stannanes.> The
precipitate was filtered off subsequently dried. Due to high susceptibility of the black solids to
oxidation when exposed to trace-amounts of oxygen leading to off-white stannoxanes, the
products were further handled under inert atmosphere.
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4.1.1.1  Ultrasonication Experiments

Sn@aryl particles formed via dehydrogenative coupling are interesting not only due to their high
tin and low carbon content, but also due to the size of their substructures (cf. Figure 68).
Considering a possible application in Li-ion batteries i.e. a Sn nanoparticle graphite composite to
be used for anodes, homogeneous sizes in the range of the substructures are desirable. In order to
decrease the sizes of the superstructures/agglomerates, ultrasonication experiments were carried
out with o-tolylSnHs. This compound was chosen due to its extensive characterisation carried out
by Zeppek.”> As stated before, the size and shape of the resulting particles remain the same when
the polymerisation is carried out in Et20 or DME;”? due to its higher boiling point, DME was used
for the presented ultrasonication experiments. Therefore, a probe-type ultrasonicator was placed
in a Schlenk flask under inert atmosphere, filled with dried, degassed DME and 1 mL of a 0.8 M
stock solution of o-tolylSnHs (170 mg, compound 42) in the same solvent. The probe was
immersed 1-2 cm deep into the solution; the amount of solvent was adjusted to the size of the
Schlenk flask. In all experiments the treatment consisted of a sequence of 0.5 s of sonication at
40 W followed by a 1.5s pause. Upon start of the ultrasonication 1 equivalent of TMEDA
(0.12mL) was added to the solution and the conditions were maintained during a defined
amount of time. Since a considerate amount of solvent evaporated due to local heating at the
ultrasonicator probe in addition to the flowing nitrogen in the open setup, the flask was
ice-cooled upon repetition of the experiments. During the ultrasonication the expected change in
colour of the solution was observed. Within 30 seconds of the treatment the mixture turned from
colourless over orange, red and brown to the eventual black that was reached after
approximately 2 min of overall sonication time. After the experiment the probe was replaced by a
stopper and the Schlenk flask was set aside in order to allow the particles to precipitate. This,
however, did not take place even after 4 days. Therefore, the particles were collected by careful
evaporation of the solvent under reduced pressure. A collection by filtration via a Por. 4 frit with
additional filter paper had failed beforehand, despite this being the established gathering method
for the untreated particles. The dried particles were subjected to SAXS measurements, performed
by Dr. M. Kriechbaum, from which correlation lengths in the range of 1.52-1.64 nm could be
calculated. Upon repetition of the experiment samples of the suspension were taken after 2, 5, 10
and 15 min of overall ultrasonication time.

In order to determine the influence of the ultrasonication an in-situ SAXS experiment without the
ultrasonic treatment was set up to follow the sizes and form of the formed particles over time.
These experiments were designed and performed in cooperation with Dr. A. Chemelli. Therefore,
the reaction was carried out using the same concentrations while stirring at room temperature.
The suspension was transported from the flask into the flow-cell via a Teflon® tube stuck through
a septum, aided by the pressure of the gas evolution during the reaction. The system was held
airtight by fixing a nitrogen-flooded syringe on the opposite end of the tubing, thereby providing
a deposit for both, the flowed through suspension as well as the hydrogen gas (Figure 69). By
using this closed system no further sample preparation was necessary and the formation process
could be monitored by measurements taken every minute.
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Figure 69 Flow-cell setup for SAXS measurements. Teflon® tubing is depicted in blue.

An evaluation of the SAXS data of particles taken from the ultrasonicated (u.s.) suspension gave
two main peaks which may be associated with particle radii of 0.6 nm and 2.3-2.6 nm for samples
taken after a total of 2, 5, 10 and 15 min of ultrasonication treatment, respectively (Figure 70). In
order to compare the data of the different experiments, the intensity of all obtained curves was
normalized with respect to the first peak. The intensity distribution is therefore given in arbitrary
units (a.u.). For the in-situ measurements with the flow cell samples were measured at
comparable times with respect to the time needed for sample preparation (e.g. measurements for
2 min u.s. corresponds to 18 min of stirring (8 min treatment + 10 min sample preparation)). The
resulting curves display two maxima, again at average radii of 0.65 and 2.2 nm. Judging from the
position and appearance of the curves two different sizes are superimposing each other,
indicating either the presence of two differently sized spherical particles as main components in
the sample or one elongated particle as seen from different angles resulting in the difference of
length. Assuming monodispersity in the sample and a cylindrical shape with a width of 0.7 nm
and a length of 5 nm a simulation was carried out resulting in a curve remarkably close to the
experimental data (Figure 70, right). The experimental curves for both, the ultrasonicated and
stirred samples display a less steep decline than the simulation, which indicates the presence of
particles with different lengths. Considering these data, it is not yet clear if the particles present
are solely spherical and agglomerate along one dimension forming rods or if a formation of
wholly cylindrical particles is taking place under the given conditions.

These results are only one step into the full characterization of the Sn@o—tolyl particles and needs
to be further reinforced by variations of the reaction conditions, e.g. concentrations or solvent as
well as with theoretical investigations, which lies not in the scope of this work.
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Figure 70 SAXS measurements of particle formation from o-tolylSnH3 during ultrasonication (u.s.) treatment (left);
comparison of ultrasonicated and stirred particle formation with a simulated curve for cylindrical particles (0.7 nm x
5 nm) (right).

4.1.1.1.1  Summary of Ultrasonication Experiments

In summary it may be stated that a treatment with ultrasonication of the reaction solution
resulted in no significant difference of neither the size range of the formed (nano)particles nor
their shape. Also, an influence on the agglomeration caused by ultrasonication may be excluded.
However, considering the aspect of using the Sn@aryl particles for composite anodes in Li-ion
batteries, ultrasonication might provide a useful way to introduce Sn@aryl particles
homogeneously into graphite in the future by simultaneously exfoliating the graphite sheets to
form graphene and assisting in the distribution of the in-situ formed particles on its surface.

4.1.2  Pyrolysis Experiments

The spherical particles formed by arylSnHs when reacted with TMEDA in ethereal solutions have
shown indications on existing as layered core-shell particles with an organic core wrapped in a
Sn layer and decorated with the aryl moieties as the outer shell as reported by Zeppek.”? In order
to in cleave some of the aryl substituents from the Sn cores and thereby enhance the
concentration of Sn within the sample pyrolysis experiments were carried out. Therefore,
o-tolyl@Sn particles were prepared via the usual reaction with 1 equivalent of TMEDA in Et20,
dried in vacuo and were subsequently pyrolysed under argon atmosphere. Here, Et2O was chosen
due its low boiling point resulting in fast evaporation after the polymerisation. SEM
investigations on the influence of the treatment at elevated temperatures are displayed in Figure
71, the respective details to weight and atomic percentages of Sn and C determined by EDX are
summarized in Table 19. The first pyrolysis experiment was carried out at 250 °C and therefore
close to the melting point of elemental tin (232 °C). Treatment of the samples at this temperature
resulted in a partial melting of the structures to some larger agglomerates, yet the carbon to tin
ratio remained largely unaltered in comparison to the untreated particles (Table 19; Figure 71, a)
and b)). When treated at temperatures above the melting point, namely 400 °C, however, the Sn
content rose rapidly to an average of approximately 95%wt.
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In addition to the frayed surface structures of the particles, large lumps of elemental Sn with a
diameter of approximately 1-2 mm were detected (Figure 71, d)). These findings further provide
indication on the core-shell nature of the spherical particles.

Table 19 Weight (wt) and atomic (at) percentages of Sn and C in Sn@o-tolyl particles determined by EDX.

Sn@o—tolyl Untreated 250 °C 400 °C
Jowt %at Jowt %at Jowt Z%at

Sn 85 36 79 31 97 76

C 15 64 21 69 3 24

The pyrolysis experiments showed that temperatures above the melting point of tin are necessary
in order to cleave a Sn—C bond, yet the main structure remains in frayed form. Furthermore, the
particles treated at higher temperatures are interesting candidates for additives in anodes for Li-
ion batteries, due to their elevated, nanostructured tin content and a possibility to form into a
graphite-Sn nanocomposite when created in-situ.

Figure 71 SEM pictures of Sn@o-tolyl particles from Et2O; a) untreated, b) pyr. at 250 °C, c) pyr. at 400 °C, d)
lump of Sn® formed during pyrolysis at 400 °C.
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4.2 Electrochemical Characterisation of Aryltin Hydrides by Cyclic Voltammetry

As stated above, to the best of our knowledge, very little and imprecise information on
electrochemical properties of aryltin hydrides is available. Similarly as for their silicon
counterparts, the focus of research laid mostly on the electrochemical generation of organotin
hydrides starting from the respective halides rather than on their characterization.?’® One reason
for this lack of information stems from the sensitive nature of aryltin hydrides posing several
challenges for even the simplest cyclic voltammetry measurements: the pure compounds are
highly sensitive towards oxygen, temperatures above -35 °C and, in some cases, even towards
visible light. Similar to their silicon counterparts, electrochemical reduction and oxidation
processes have to be expected at comparatively high/low potentials, thus requiring of a solvent
with a sufficiently large electrochemical stability window. Additionally, a high reactivity towards
several chemicals, including solvents or supporting electrolyte salts, drastically restrict the choice
of experimental conditions. Following some long-term exposure NMR studies of different
solvents and supporting electrolyte salts, the combination of either tetrahydrofuran (THF) or
acetonitrile (MeCN) with tetrabutylammonium hexafluorophosphate (TBAF) appear as the most
suitable ones from the chemical stability point of view.

All of the above-mentioned reasons immensely complicate not only the design of a suitable cell
but also the preparation of the samples needed for CV measurements, since for the transfer into
an argon-filled glovebox the compounds will inevitably be warmed up. In the case of phenyltin
trihydride, for example, the initially colourless, clear liquid turned yellow and finally orange
within the few minutes necessary for transferring the sample into the glovebox and exact
weighing in, indicating the dehydrogenative coupling reaction leading to insoluble particles. By
minimizing the timeframe between the interruption of the cooling and the dilution of the aryltin
hydride in the pre-cooled electrolyte solution (0.1 M TBAF in MeCN) by means of omitting the
weighing step, the samples could be prepared fast enough to prevent polymerisation. The diluted
samples were stored in tightly sealed vials immersed in liquid nitrogen outside of the glovebox.
In order to slow down the reactions taking place during the CV measurements, all parts of the
Swagelok® cell were cooled with liquid nitrogen before use, only warming up during the
assembly. The measurements were carried out at 0 °C in a thermostatic cabinet, doubling as a
faraday cage. Even though this preparation method came at the cost of quantitative results,
useful qualitative information could be obtained.

By comparing differently substituted arylSnHs compounds measured at 100 mV s an oxidation
is visible for all tested trihydrides at potentials of 1.8 — 1.9 V vs. non-aqueous Ag/AgCl (Figure
72). The absence of any oxidation/reduction processes at the same potentials under the same
conditions of the blank (Figure 72, black line) proves that the peaks are not to be assigned to
instability of the supporting electrolyte solution and that the measured potentials lie within its
stability window. In case of the 1-naphthyl species, a second oxidation peak is evident at 1.3V,
suggesting a multi-step reaction.
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Figure 72 Cyclic voltammetry response of differently substituted aryltin trihydrides
(aryl = phenyl, o—tolyl, I-naphthyl) in 0.1 M TBAF in MeCN vs. Ag/AgCl (saturated, in
MeCN) at 100 mV s-! on a 20 ym Pt microelectrode. The direction of the CV
experiments is indicated by arrows. All experiments were carried out equally.

All of the observed oxidation steps appear highly irreversible due to the lack of according
reduction signals. A comparable behaviour was also observed for the comparable silicon
derivatives shown in section 3.5.1, Figure 38. However, the oxidation potentials of the respective
aryl moieties are further lowered by the presence of tin than by silicon. Thus, it may be possible
that a 2 e transfer also takes place for the silanes, albeit outside of the measurable range. Similar
to the oxidation of the tin hydrides also some reduction reactions are observed for the
compounds substituted with phenyl and 1-naphthyl again close to the limit of the measurable
range lying at —2.2 V each. In case of the phenylSnHs (41) also a second reduction step is visible at
-1.3 V vs. Ag/AgCl whereas for its o—tolyl counterpart no reduction may be detected at all. This
could indicate an effect caused by the methyl-group in a-position of the aromatic residue,
shifting the reduction peaks towards lower potentials. In the following cycles a gradual loss in
intensity of the peaks was observed indicating a passivation of the electrode which is most
probably caused by a deposition of possibly electrically insulating Sn@aryl particles on the
electrode surface.

Although the mechanism/reaction is not very well understood, an electrodeposition/
-polymerisation is presumed to take place during the measurements. This is further backed up by
a change in colour of the solution from colourless to dark orange as well as the observation of
black particles on the working electrode upon opening the cell after cycling. The electrochemical
reactions taking place are very likely coupled with other chemical reactions leading to the
observed particles; passivation could also occur due to hydrogen gas evolution leading to
insulating bubbles that obstruct the electrode. An influence of the temperature on the reactions
cannot be excluded, yet with the presently available cell investigations in this direction could not
be performed.
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The influence of the number of substituents was investigated for both the phenyl and 1-naphthyl
moieties. Since both showed similar behaviours, only the example of 1-naphthyl is displayed in
Figure 73. Contrary to the trihydride species the dihydrides do not show any reduction peaks,
possibly due to a shift towards lower potentials caused by the additional aromatic system
attached to the tin centre. The main difference between one and two aryl groups is seen in the
region between 1.2 and 2.0 V, where in case of one aromatic ring system on the tin two distinct
peaks are visible whereas for two ring systems these peaks seem to merge closer to each other,
forming a shoulder. Very similarly to the arylSnHs a colour-change of the electrolyte solution of
the aryl:SnH> species could be detected, albeit less distinct. An optical determination of particle
size was not possible.
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Figure 73 CV of |-naphthyltin di- and trihydride in 0. M TBAF in MeCN vs. Ag/AgCl
at 100 mV s-I.

4.2. Summary of the Electrochemical Characterisation of Aryltin Hydrides

In conclusion it may be stated that for both, aryltin trihydrides as well as diaryltin dihydrides,
irreversible oxidation processes could be observed which lead to a colour change of the sample
solution. Electrochemical reactions occurring in the cell are likely to be coupled with a chemical
reaction, leading to the formation of oligo- or polymeric particles on the surface of the working
electrode and thus accounting well for the irreversibility. The particles show similarities to
Sn@aryl particles formed by thermal or base-induced polymerisation reported for the aryltin
trihydrides which in turn consist of a covalently bound Sn-Sn core/chain decorated by aryl
moieties. Aryltin trihydrides display additional reduction peaks. However, the exact mechanisms
of the reactions occurring during cyclic voltammetry are not yet completely understood. Future
investigations should include NMR and FT-IR spectroscopy as well as SEM/EDX for the
determination of the products formed. Finally, adaptions to the CV cell should be made, possibly
by a change of the body-material, by designing a cooling mantle for the device, as well as the
introduction of a septum for the possibility to fill the cell also outside of an argon-filled glovebox
if necessary.
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4.3 Li-lon Batteries

Encouraged by the redox processes of aryltin trihydrides seen in cyclic voltammetry experiments
and the comparatively high theoretical capacity of tin (990 mAh g) further investigations in
direction of an application of these compounds in Li-ion batteries were carried out. Thereby the
Sn@aryl particles resulting from arylSnHs were especially interesting due to their high tin
contents and particle sizes in the nanometre range.

4.3.1 Electrode Preparation

Particles based on aryltin trihydrides were tested as composite anode materials in Li-ion
batteries. Therefore, several approaches for their incorporation were tested. A summary of the
routes used towards the electrodes is displayed in Figure 74.
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Figure 74 Routes towards electrode materials with arylSnHs as starting material. Hereafter, the preparation
methods are referred to this figure and indicated with the respective letters.

The electrode preparation was challenging as, in contrast to their silicon analogues, none of the
steps could be carried out at ambient conditions and therefore certain equipment could not be
used. All slurries were prepared in an argon filled glovebox with dried and (in case of solvents)
degassed chemicals. Routes A-D included an in-situ formation of the Sn@aryl particles, either
carried out by stirring the neat aryltin trihydride with graphite A, stirring a mixture of graphite
and tin trihydride in Et2O B, or by addition of aryltin trihydride along with a few droplets of
TMEDA to a suspension of graphite in Et2O at room temperature C. Subsequently, a solution of
polyvinylidene difluoride (PVdF) as binder in N-methyl pyrrolidone (NMP) and carbon black
were added to the mixture.

The slurries were homogenised either by stirring for approximately 72 h or by using a ball-mill
with stabilised ZrO2 balls at 300 rpm for 45 min. In both, B and C the solvent was evaporated
after 30 min of stirring and the remaining solids were used for the slurry production. As a
variation of path C, the arylSnHs was added along with a few droplets of TMEDA onto a
previously prepared graphite blank electrode. In case of D, the solid obtained by route A was
pyrolysed under argon atmosphere at 250 °C for 30 min before use. In routes E to G the Sn@aryl
particles were formed before their addition to the respective mixtures; for E the particles were
tested without the addition of graphite, for F they were used as composite materials and finally
for G they were mixed with graphite and pyrolysed at 250 °C.
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Importance of the Casting Step during Electrode Preparation

As stated before, the casting step is crucial for the reproducibility of battery data. Ideally, the
slurry is distributed homogeneously over the current collector (i.e. Cu foil with a thickness of
20 um) in meticulous evenness and thickness. In reality, different problems are encountered as
depicted in Figure 75. The film thickness may be reduced by crumples in the Cu foil, which in
turn may lead to insufficient covering of small areas, resulting in contact loss to the current
collector (1). This issue may be tackled by using a casting table with vacuum suction, where the
current collector may be smoothed and held in place during the casting. Other factors to
influence the film thickness are the viscosity of the slurry and the casting speed; if both of these
aspects are too high, bubbles may be provoked on the substrate surface, resulting again in a
thinning of the film (2). Therefore, an appropriate slurry texture and casting speed have to be
determined. The latter may be managed by using the aforementioned casting table with an
adjustable speed rate for the casting blade.

casting
) 2) 3) blade

A

Cu foil

Figure 75 Possible complications during the casting step.

Complications in the homogeneous distribution of the samples were encountered especially with
the investigated Sn@aryl (nano)particles. Since these compounds are prone to agglomeration
(cf. section 4.1.1), a particle distribution similar to the one depicted in Figure 75, 3) occurred,
leading to parts of the cast foil containing bundles of Sn@aryl on graphite whereas on other parts
no Sn species could be found at all, evidenced by their performance in Li-ion battery cells.

Inside the argon-filled glovebox no casting table with vacuum suction was available and the
procedure hence was carried out manually. The most effective way of keeping the current
collector flat during the casting was by attaching the copper foil to a glass plate by using the
adhesive effect of an ethanol film. Subsequent fixation with adhesive tape was followed by
evaporation of the ethanol film lead to a flat foil. Even though this procedure could not prevent
every imperfection in flatness, it provided a stable underground for casting. The constant casting
speed could only be approximated when moving the casting blade manually. By applying the
mentioned methods, areas wide enough for the cutting of the actual electrodes with 10 mm
diameter used in Li-ion battery cells as well as even film thicknesses were made available.
Cycling data showed a maximum deviation of the specific anodic capacities of 15%.

The agglomeration of the Sn@aryl particles, however, is still a challenging issue. Different
approaches were tried in order to avoid this matter. One consisted of an in-situ formation of the
particles on the graphite by mixing o-tolylSnHs (42) with graphite and TMEDA in ethereous
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environment while stirring vigorously in order to obtain a homogeneous distribution of the
forming particles and possibly even avoid an agglomeration altogether as in Figure 74, B/C. A
visualization of this effect, however, was not yet possible with SEM.

In another attempt ultrasonication was used to prevent the agglomeration to superstructures (cf.
4.1.1.1), which unfortunately did not lead to the desired effects. In a physical approach, ball-
milling in a planetary mill using stabilised ZrO:2 balls for a total of 45 minutes at 300 rpm was
chosen for homogenisation instead of stirring. Hereby a more homogeneous distribution of the
Sn@aryl particles in the electrodes could be achieved, as again evidenced by their performance in
galvanostatic cycling experiments in Li-ion battery cells which is further described in section
433.

43.2 Cyclic Voltammetry with Sn@aryl Anodes

The electrochemical characterization of Sn@aryl particles by cyclic voltammetry in a classical
setup is restricted by the insolubility of the materials in common organic solvents. Alternatively,
the electrochemical properties of these materials could be determined by means of building
anodes in Li-ion battery half-cells with particles formed from arylSnHs in EtO. The
dehydrogenative coupling reaction was either carried out by stirring the mixture at room
temperature (Figure 74, route B) or by acceleration via the addition of TMEDA (Figure 74, route
Q).

The CV measurements conducted in Li-ion battery half-cells were carried out in an electrolyte
containing 1 M lithium hexafluorophosphate (LiPFs) in an ethylene carbonate (EC):dimethyl
carbonate (DMC) 1:1 (vol.) solution as electrolyte. A potential range of 0 to 2 V vs. Li*/Li reference
electrode was applied and the anodes were cycled at different scan rates. A typical experiment
was started with two scans at a sweep rate of 1 mV s followed by a 12 h resting period at open
circuit voltage (OCV) and subsequent cycling at rates of 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 mV s~! with
two scans each. A comparison between the different scan rates showed only insignificant
differences in shape of the curves. Therefore, the data derived from measurements at 1 mV s,
including the first cycles were chosen as displayed in Figure 76 are used for discussion. Each CV
is compared directly to a graphite blank prepared according to the respective preparation routes,
replacing the tin compounds with graphite.

The graphite blank displays lithium intercalation steps during the reduction process at potentials
of 0.6 and 0.2 V (black line at negative currents) while the de-intercalation takes place over a
broader step at 0.3 V during the oxidation (black line at positive currents). As seen in the
highlighted area (shaded with blue) of a), the Sn@aryl samples display additional peaks during
both, reduction and oxidation steps, which broaden upon further cycling of the samples, yet do
not vanish. They may be assigned to multistep electrochemical reduction reactions of tin with
lithium to form various LixSn alloys, as described in literature.2” Three discrete peaks, plus a
shoulder at 0.5 V, are visible between 0.6 and 0.8 V in the anodic scan and may be assigned to the
extraction of lithium from the formed alloys. The remaining peaks that appear at lower potentials
result from (de)lithiation of the graphite. These curves indicate a formation of nanostructured Sn®
in the electrode.

When focusing on the experiment where the Sn@aryl particles were used without the addition of
graphite (Figure 76 b)), it is seen that all intercalation steps occur over an enormously broadened
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potential range during the first cycle (solid line). The three discrete Sn° peaks seen in Figure 76, a)
(inset) have merged into one broad shoulder possibly due to a much higher concentration of the
tin (overall being 88%wt in comparison to 20%wt F) and the lack of graphite as a supporting
matrix. However, the intercalation of lithium into the Sn particles seems to occur only during the
first cycle as in the following cycle (Figure 76, b), dotted line), the oxidation and reduction curves
are minimized to one peak each, lying at 0.2 V for the reduction and at approximately 0.5 V for
the oxidation process. These peaks indicate that after the first cycle only the carbon in the
samples, be it the additive carbon black or the aryl substituents “decorating” the tin particles, are
electrochemically active.

A loss of contact due to swelling of the tin during the intercalation as well as incomplete tin
delithiation is likely the reason for that. The broadening of the peaks during both processes
indicates that the formation and the delithiation of LixSn alloys occur over less defined stages
than the intercalation of lithium into a graphite lattice. This is most likely caused by the non-
symmetrical array of the particles as well as some free spaces between the agglomerated spheres.
These are generated by the hydrogen evolution during the dehydrogenative coupling reaction
leading to the particles. Therefore, those particles are possibly not soaked completely by the
electrolyte upon the first cycles and thus suffer an initial lack of contact to lithium ions.
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In conclusion the CV measurements of Sn@aryl particles in Li-ion battery half-cells have shown
reduction and oxidation processes. These are most pronounced during the first cycle and fade
quickly over the course of a few cycles, caused by swelling of the tin within the electrodes leading
to contact loss or by incomplete delithiation of the tin particles. The swelling was shown to be
mitigated by the use of graphite.

4.3.3 Galvanostatic Cycling with Potential Limitation (GCPL)

The redox processes seen in cyclic voltammetry experiments in addition to the high theoretical
capacity of tin encouraged further investigations in direction of an application of the materials in
Li-ion batteries. Therefore, constant current cycling experiments (GCPL) were performed with
which the specific anodic capacities could be determined.

A usual experiment consisted of cycling a half-cell within the range of 0.02 to 1 V at a C-rate of
C/2, always calculated with respect to the mass of active material contained in each electrode,
usually Sn@aryl and graphite combined. At least three electrodes of the respective series were
tested in order to assure the reproducibility of any given effect and exclude malfunctions of the
cells. Regular experiments recorded 100 cycles to determine the long-term stability of the specific
capacities reached. Despite possible inhomogeneities of the films resulting from manual casting
of the air-sensitive samples, reproducibility could be achieved by the casting method described
above. In order to compare the resulting capacity, an accordingly prepared blank, containing
only graphite, conductive carbon and binder was used for reference in each procedure.

4.3.3.1 Sn@aryl as Anodes

Initial experiments aimed for the investigation of specific anodic capacities of the particles
without addition of graphite to the mixture (Figure 74, route E). Additionally the influence of the
amount of binder and carbon black on the performance was tested at two different ratios of active
material:carbon black:binder of 92:4:4 (w/w; dark blue line, Figure 77) and 80:10:10 (w/w; light
blue line, Figure 77). The overall Sn content accounted to 76 and 66%wt, respectively. From the
cycling performance determined by GCPL measurements starting from 550 mAhg! or
285 mAh g a rapid capacity fading is observed within the first cycles. This behaviour evidences
the contact loss of the active material since the nature and overall content of carbon in the active
material is not suitable for mediating the volume expansion stemming from the elemental tin.
Cross-sections of both, uncycled and cycled, electrodes were acquired by SEM. The resulting
images further prove a swelling of the active material during the GCPL experiments loosening its
structure and thereby provoking a loss of contact compared to uncycled samples (Figure 78).
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The influence of the carbon amount used as conductive agent carbon black is clearly seen as well:
in the light blue curve in Figure 77 the decay advances slower than its counterpart, indicating
that the remaining capacity stems solely from the conductive agent rather than the tin
(nano)particles. The initially high specific anodic capacities of the Sn@aryl particles, however,
encouraged further investigations on these materials as composite materials with graphite in Li-
ion anodes. For these experiments, the ratio of binder and carbon black was reduced to 4%wt in
order to minimise the contribution of carbon black to the overall capacity.
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Figure 78 SEM images of éos-sctions of Sn@aryl (92:4:4) electrodes. a) uncycled, b) after cycliné (GéPL).

4.3.3.2 Composite Anodes — Graphite and Sn@aryl

Different aspects have to be considered when introducing Sn@aryl particles into graphite for the
creation of composite anodes: on one hand the ratio of carbon to tin is relevant, on the other a
homogeneous distribution of the chosen tin content, preferably within the graphite layers as
intercalation compounds is important. However, first of all it was necessary to verify if the
introduction into graphite could mitigate the swelling of the anodes as seen in the cyclic
voltammetry (Figure 76) also over the course of 100 cycles. Hence, a ratio of 25%wt of the tin
containing material was chosen, applying the afore determined amounts of 4%wt binder and
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carbon black, each, leaving the remaining 67%wt of the active material to graphite. Electrode
preparation was carried out by mixing an ex-situ prepared Sn@aryl polymer with the remaining
ingredients and stirring the slurry for 72 h. Galvanostatic cycling of these samples is compared to
the neat Sn@aryl sample and an accordingly prepared graphite blank in Figure 79 a). Clearly, the
stabilisation of the specific anodic capacity is seen as after the first cycle, an average capacity of
205 mAh g of active material is maintained over the course of 100 cycles. However, judging by
the graphite blank displaying an average specific anodic capacity of 275 mAh g, the Sn@aryl
particles inhibit the lithiation of the graphite rather than enhance the capacity. This could be
caused by coverage of the graphite surface by adsorption or (partial) clogging of the attack sites
on the graphite by the inorganic material thus leading to a loss of possible lithium intake. The
absence of a decay in capacity and the stability of the cycle curves leading to a coulombic
efficiency of overall 97%, however, indicate close to no contact loss. This might indicate a
decreased formation of LixSn and thus less volume expansion. The transport of lithium ions into
the particles could be hindered by an irregular array of aryl-residues “decorating” the tin core.
Another aspect to be considered is the (in)homogeneity of the particle distribution within the
active material. Most electrodes containing ex-situ prepared Sn@aryl particles were afflicted with
the issue of strong accumulation of particle agglomerates on certain points of the electrode as
described in section 4.3.1.

Therefore, in a next step, an introduction of the samples via in—situ polymerisation of the
arylSnHs was studied. It was already shown by Zeppek’? that a dehydrogenative coupling
reaction of aryltin trihydrides may be initiated by either temperature or by the addition of a
Lewis base, i.e. TMEDA. Therefore, both of these methods were tested by the addition of the
trihydride to graphite while stirring for at least 2 h (Figure 74). Preparation methods were varied
into three different approaches carried out at room temperature: A neat arylSnHs, B a solution of
arylSnHs in EO and C a solution of arylSnHs in ERO + 1.0 eq TMEDA. Representative results
from galvanostatic experiments are shown in Figure 79, b). All samples showed a stable
behaviour over the course of 100 cycles with coulombic efficiencies between 97 and 98%.
Compared to the ex-situ prepared anode material with an average specific anodic capacity of
205 mAh g, samples prepared according to approach B and C performed at average capacities
of 167 mAh g! and 121 mAh g, respectively. In case of approach C, a possible reason for the low
capacity may be the high reaction speed induced by TMEDA which leads to an equally fast
formation as well as agglomeration of the particles. An influence of the base on the
electrochemical behaviour of graphite could be excluded as graphite blanks soaked with a few
droplets of TMEDA did not show any differences in capacity when compared to the untreated
ones. The lowest capacity was observed for the samples prepared in the ether solution. An
agglomeration of the particles formed by temperature could possibly be affected by a slow
evaporation of the solvent in combination with stirring: while the particles themselves are
insoluble in common organic solvents their suspension during the polymerization process is still
quite mobile. Once fixed to any position of the graphite it provides a target for agglomeration
with particles suspended in the ether, accelerated by the movement of the suspension allowing
for an agglomerate growth until complete evaporation of the solvent. By such a mechanism a
passivation of the graphite surface as discussed before could take place.

The electrodes providing the highest capacities of an average of 303 mAh g-! were prepared by
mixing the pure arylSnHs with graphite at room temperature (Figure 74, a)). By this approach the
reaction rate was fast enough to distribute particles homogeneously over the graphite while
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being slow enough not to allow the formation of larger agglomerates. The tin distribution over
the surface of an electrode was mapped using SEM/EDX showing a largely improved
homogeneity (Figure 80).
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Further experiments included the pyrolysis of the neatly in-situ prepared composites consisting
of tin trihydride and graphite at 250 °C. Since preliminary SEM/EDX measurements confirmed
only a morphological change for the trihydride particles at this temperature and no visible
graphite change, electrodes with a ratio of trihydride:graphite:carbon black:binder of 46:46:4:4
(w/w) were prepared, with the expectation of a higher capacity resulting from additional 20%wt
of the tin species. However, the resulting specific anodic capacities revealed quite the opposite
effect: despite a minimally higher initial capacity of 285 mAh g! a continuous decay of the
capacity is evident (Figure 79, c)). This effect is most likely caused by a combination of the
elevated tin content of overall 36%wt as compared to the 20%wt investigated before and a slight
alteration of surface. In case of the at 400 °C pyrolysed samples from ex-situ prepared composites
(g) the decay of capacity is much more pronounced. Reason for this is the melting of the Sn in the
particle agglomerates to large lumps, suffering all negative effects from lithiation.

Sn Lal

Figure 80 SEM/EDX (left) and EDX mapping (right) of the tin distribution in composite anodes containing tin
prepared according to (a) (solvent free).

4.34 Summary of Li-lon Batteries

In conclusion, the electrochemical behaviour of Sn@aryl particles in Li-ion batteries was
investigated using cyclic voltammetry and constant current cycling as characterization methods.
For this purpose, a method of carrying out the electrode preparation under inert atmosphere was
developed and optimised. A need for graphite in the use as composite material became evident
as it is required for the mitigation of the volume expansion of the tin particles occurring during
the lithiation step proved in both, CV and GCPL, experiments. Furthermore, the presence of Sn°
in the material was visualised using CV. The specific anodic capacities of Sn@aryl particles in
graphite composite materials were determined by GCPL giving the best results when the pure
arylSnHs was polymerised in-situ into the graphite. Thereby created electrodes yielded stable
capacities reaching 303 mAh g, hence being approximately 20% higher than the capacity
reached by identically prepared graphite blanks (250 mAh g).
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4.4 Summary Stannanes

Aryltin di- and trihydrides were synthesised and the latter were polymerised via base-assisted
dehydrogenative coupling according to literature procedures.”> The pure aryltin hydrides were
electrochemically characterised in a purpose-built CV cell under non-aqueous conditions. The
oxygen-, temperature- and light-sensitive compounds displayed irreversible one or two electron
oxidation processes, which led to a colouring of the sample solution to orange. This is most likely
the result of a polymerisation reaction on the 20 um Pt working electrode, covering its surface
with insulating materials not unlike the polymers obtained by base-assisted dehydrogenative
coupling (Sn@aryl).

In order to apply the latter in Li-ion batteries, several methods for introducing them into graphite
were developed and tested under inert conditions. These methods included mixing of Sn@aryl
materials with graphite and in-situ preparation of the Sn@aryl materials in graphite. The former
resulted in inhomogeneous distribution of tin on the electrode surface due to strong
agglomeration. Cyclic voltammetry experiments of in-situ generated Sn@aryl particles in
composite anodes with graphite showed three distinct oxidation peaks, indicating the presence of
SnP. The highest capacities could be gained by the same electrodes, yielding stable capacities of
303 mAh g7, being approximately 21% higher than the capacity reached by identically prepared
graphite blanks (250 mAh g).

These positive results could possibly be further enhanced by employing different aryl-
substituents or in-situ generation of Sn@aryl materials in graphite or on graphene sheets via
ultrasonication.
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5 Experimental

5.1 Materials and Methods

NMR Spectroscopy

'H (300.2 MHz), *C (75.5 MHz) and #Si (59.6 MHz) NMR spectra were recorded on a Mercury
300 MHz spectrometer from Varian at 25 °C. Chemical shifts are given in parts per million (ppm)
relative to either TMS (d = 0 ppm) or CDCls (7.26 ppm for 'H or 77.0 ppm for C). Coupling
constants (J) are reported in Hertz (Hz).

GC-MS Measurements

GCMS measurements were performed on an Agilent Technologies 7890A GC system with a HP-
SMS column and a mass selective detector Type Agilent 5975C using electron impact ionisation
(EI) at 70 eV.

Crystal Structure Determination

All crystals suitable for single crystal X-ray diffractometry were removed from a vial or a Schlenk
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 N2 stream provided by an Oxford Cryosystems
cryostream. XRD data collection was performed for compounds 1, 3, 4, 7-9, 14, 18-25, 29, on a
Bruker APEX II diffractometer with use of an Incoatec microfocus sealed tube of Mo Ka radiation
(A= 0.71073 A) and a CCD area detector. Empirical absorption corrections were applied using
SADABS or TWINABS.282% The structures were solved with use of the intrinsic phasing option
in SHELXT and refined by the full-matrix least-squares procedures in SHELXL.?10-212 The space
group assignments and structural solutions were evaluated using PLATON.213214 The solvent of
crystallization for compound I1-naphthybphenyl:Si (toluene) (31) was removed from the
refinement by using the “squeeze” option available in the PLATON program suite.?15216

Non-hydrogen atoms were refined anisotropically. Hydrogen atoms bonded to silicon atoms
were located in a difference map and refined isotropically. All other hydrogen atoms were
located in calculated positions corresponding to standard bond lengths and angles and refined
using a riding model. Disorder was handled by modeling the occupancies of the individual
orientations using free variables to refine the respective occupancy of the affected fragments
(PART).2"7

In compound 29, the similar-ADP restraint SIMU and the rigid-bond restraint RIGU, were used
to make the ADP values of problematic atoms in one of the naphthyl residues more reasonable.
The distances between the atom pairs were restrained to possess the same value using the SADI
instruction. Anisotropic Ui-values of one naphthyl carbon atom was restrained (ISOR) to behave
more isotropically. Additional restraints to afford optimized geometries (FLAT) were used.

Electrostatic non—covalent intermolecular interactions,?'$2?'Van-der-Waals contacts (C-H:--X),2?%*-
224 Si-H--Si contacts,?® for presented and published compounds were based on a Cambridge
Structural Database?”® search and fall within expected ranges. Centroids and planes were
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determined by features of the programs Mercury?® and Diamond.?”” All crystal structures
representations were made with the program Diamond. Tables containing crystallographic data
and details of measurements and refinement for compounds may be found in the Appendix.

SEM/EDX

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

Small Angle X-Ray Scattering (SAXS)

The SAXS equipment consisted of a SAXSess camera (Anton-Paar, Graz, Austria). The X-ray
source was a sealed tube X-ray generator (DebyeFlex3000) operating at 40 kV and 50 mA. The
divergent polychromatic X-ray beam was focused into a line shaped beam of Cu Ka radiation (A
= 0.154 nm) with a Goebel mirror. A 1 D-Diode detector (Mythen 1K, Dectris, Swizerland) was
used to record the two-dimensional scattering patterns. It has 1280 pixels each having a size of
50 um. The scattering patterns were edited by correcting the cosmic X-ray impacts. The samples
were filled into a capillary or a flow-through cell for in-situ measurements. Ten times 60 seconds
measurements were recorded and averaged. In case of in-situ measurements they were recorded
for 60 seconds without delay. All measurements were performed at 20 °C. The absolute scale
calibration was achieved by using water as a secondary standard.??® All SAXS data have been
evaluated by an indirect Fourier transform (IFT) method,??*?° using a model-free determination
of P(Q) or a size distribution of spheres weighted by intensity?}! was calculated.

Complementary Techniques

Elemental analysis was performed on a VARIO micro cube (Elementar) with a CHN detector at
1200°C. All CHN contents were verified by threefold determination.

Melting point measurements were carried out by threefold determination with a Stuart Scientific
SMP 50 (up to 400 °C).

Infrared spectra were recorded on a Bruker ALPHA FT-IR spectrometer with platinum-diamond
top. For air-sensitive samples measurements took place in a glove-box.

TGA/DSC measurements were performed on a NETZSCH STA 409 under argon atmosphere at a
heating rate of 10 °C min! up to 1500 °C.
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5.2 Synthesis

52.1 Organosilicon Compounds

For arylsilicon chlorides from commercial sources only characterization is given below.

phenylSiCls: 'TH (CDCls, 300 MHz): d = 7.91 (d, 2H, 3Jus = 7.3 Hz), 7.67-7.54 (m, 3H) ppm. *C
(CDCls, 75.5 MHz): § = 133.2, 132.8, 131.6, 128.7 ppm, 2Si (CDCls, 59.64 MHz): & = —0.6 ppm. EA:
34.07% C, 2.38% H (calc.), 33.97% C, 2.29% H (found).

phenyl:SiClz: 'H (CDCls, 300 MHz): & = 7.81 (d, 2H, 3Jrn = 7.5 Hz), 7.59-7.47 (m, 3H) ppm. 1*C
(CDCls, 75.5 MHz): § = 134.1, 132.0, 131.8, 128.4 ppm, ®Si (CDCls, 59.64 MHz): d = 6.21 ppm. EA:
56.92% C, 3.98% H (calc.), 56.87% C, 3.99% H (found).

phenyl:SiCl: 'H (CDCls, 300 MHz): d = 7.66 (d, 6H, 3Jun = 6.7 Hz), 7.52-7.40 (m, 9H) ppm. BC
(CDCL, 75.5 MHz): § = 135.2, 132.9, 130.7, 128.1 ppm, %Si (CDCls, 59.64 MHz): & = 1.19 ppm. EA:
73.32% C, 5.13% H (calc.), 73.46% C, 4.76% H (found).

Preparation of R,SiCls

RSiCl3

The arylsilicon trichlorides were prepared by reaction of the respective Grignard reagent with a
4 to 6-fold excess of SiCls in THF at 0 °C. In a typical reaction, a three—necked flask equipped with
reflux condenser, dropping funnel and gas inlet was charged with Mg and Et2O or THF. The
dropping funnel was charged with an ethereal solution of the respective aryl bromide of which
10% were added to the Mg. The reaction was started with careful heating of the reaction mixture
or by addition of 0.15 mL 1,2-dibromoethane. The aryl bromide solution was added slowly and
upon complete addition the reaction was refluxed for 2-12 hours, until complete consumption of
the Mg. The reaction mixture was allowed to warm to room temperature and was stirred for
approximately 4 hours. The solvent was evaporated in vacuo and the solid residue dissolved in
boiling toluene. The insoluble salts were filtered over Celite® and washed with hot toluene. The
solvent of the resulting clear solution was evaporated under reduced pressure to give the product
in form of a colourless liquid or solid. Purification was in all cases carried out by distillation.

Special care has to be directed at the evaporated THF, as, due to their similar boiling points, a
separation of SiCls and solvent is not possible. Therefore, the SiCls/THF solution has to be
carefully quenched with alcohol and water.

2,5-xylylSiCls (1): 2.67 mL 1-bromo-2,5-xylene (19.5 mmol, 1.0 eq) in 50 mL THF, 0.5 g Mg (21
mmol, 1.05 eq). 5.6 mL SiCls (48.9 mmol, 2.5 eq). Yield: 72 % (3.3 g, 14 mmol). mp: 44 °C. 'H
(CDCl, 300 MHz): & =7.66 (s, 1H, ortho-H), 7.29 (d, 1H, 3Ju-u = 8.3 Hz), 7.18 (d, 1H, 3Ju-u=7.7 Hz),
2.61 (s, 3H, CH3s), 2.37 (s, 3H, CH3) ppm, 13C (CDCls, 75.5 MHz): 6 =140.7, 135.3, 135.2, 133.9, 131 4,
129.3, 22.2, 21.1 ppm, #Si (CDCls, 59.64 MHz): d = -0.91 ppm. GC-MS: tr = 9.45 min, m/z = 238.0
(M*). EA: 40.10% C, 3.79% H (calc.), 40.55% C, 3187% H (found).
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1-naphthylSiCls (2): 24.3 mL 1-bromonaphthalene (173.5 mmol, 1.0 eq) in 80 mL THF, 4.64 g Mg
(191 mmol, 1.1 eq) in 100 mL THEF. 119.5 mL SiCls (1.041 mol, 6.0 eq). Yield: 65 % (29.85 g, 114
mmol). mp: 46 °C. 'H (CDCls, 300 MHz): 0 = 8.45 (d, 1H, 3Ju-n = 8.4 Hz), 8.17 (d, 1H, 3Ju-u=7.1 Hz,
uu = 0.9 Hz), 8.08 (d, 1H, 3Ju-1 = 8.2 Hz), 7.95 (d, 1H, 3Ju-u = 7.8 Hz), 7.68-7.50 (m, 3H) ppm, °C
(CDCI, 75.5 MHz): 6 = 135.6, 134.5, 134.2, 133.7, 129.5, 128.0, 127.6, 127.2, 126.7, 124.7 ppm, *Si
(CDCI, 59.64 MHz): d =-0.87 ppm. GC-MS: t: = 11.9 min, m/z = 260.0 (M*). EA: 80.97% C, 4.76% H
(calc.), 80.99% C, 4.84% H (found).

R,SiCl,

Diarylsilicon dichlorides were prepared via a lithiation reaction with n-butyl lithium.

2,5-xylyl2SiCl2 (3): 6.9 mL 1-bromo-2,5-xylene (50 mmol, 2.0 eq) in 40 mL Et:O, 34.7 mL n-BuLi
(1.6 M, 55 mmol, 2.2 eq). 2.87 mL SiCls (25 mmol, 1.0 eq). Yield: 57 % (8.8 g, 28.5 mmol). mp: 63
°C. 'H (CDCls, 300 MHz): 6 = 7.7 (s, 1H, ortho-H), 7.25 (d, 1H, 3Ju-n = 8.2 Hz), 7.22-7.08 (m, 1H),
2.35 (s, 3H, CHs), 2.29 (s, 3H, CH3) ppm, 1*C (CDCls, 75.5 MHz): § = 140.6, 135.8, 135.1, 132.8, 131.7,
130.8, 22.4 (meta—CH3), 22.3 (ortho—-CHs) ppm, °Si (CDCls, 59.64 MHz): 6 = 6.4 ppm. GC-MS: t: =
14.4 min, m/z = 308.1 (M*). EA: 62.13% C, 5.87% H (calc.), 62.26% C, 5.76% H (found).

1-naphthyl(phenyl)SiClz (4): 70 mL 1-bromonaphthalene (500 mmol, 1.0 eq) in 250 mL EtO,
220 mL n-BuLi (1.6 M, 550 mmol, 1.1 eq). 160 mL phenylSiCls (1 mol, 2.0 eq). Yield: 44 % (67.4 g,
222 mmol). mp: 72 °C. 'H (CDCls, 300 MHz): d = 8.17 (d, 1H, 3Jin = 7.7 Hz), 8.01 (t, 2H, i1 = 8.8
Hz), 7.90 (d, 1H, 3t = 8.1 Hz, Jnn = 1.6 Hz), 7.77 (d, 2H, *Jun = 6.8 Hz), 7.54-7.42 (m, 6H) ppm,
13C (CDCls, 75.5 MHz): 5 = 1364, 135.4, 134.0, 133.5, 133.1, 131.7, 129.1, 128.6, 128.4, 127.9, 126.8,
126.1, 124.8 ppm, #Si (CDCls, 59.64 MHz): 0 = 6.89 ppm. GC-MS: tr = 19.9 min, m/z = 302.2 (M").
EA: 63.37% C, 3.99% H (calc.), 63.72% C, 3.78% H (found).

1-naphthyl2SiCl2 (5): 14 mL 1-bromonaphthalene (100 mmol, 1.0 eq) in 100 mL Et:O, 57.1 mL n-
BuLi (1.8 M, 105 mmol, 1.05 eq). 5.74 mL SiCls (50 mmol, 0.5 eq). Yield: 59 % (20.8 g, 59 mmol).
mp: 150 °C. 'H (CDCls, 300 MHz): 6 = 8.27 (d, 2H, 3Ju-1 = 8.2 Hz), 8.12 (d, 2H, ®Ju-1 = 7.1 Hz), 8.06
(d, 2H, 3Ju-u = 8.2 Hz), 7.92 (d, 2H, 3Ju-1 = 7.9 Hz), 7.56-7 43 (m, 6H) ppm, 3C (CDCls, 75.5 MHz): &
=136.2, 135.6, 133.7, 133.2, 129.7, 129.3, 128.1, 127.0, 126.4, 125.2 ppm, ¥Si (CDCls, 59.64 MHz): d =
7.34 ppm. GC-MS: tr = 21.6 min, m/z = 352.1 (M*). EA: 67.99% C, 3.99% H (calc.), 68.21% C, 4.07%
H (found).

RsSicl

An oven—dried Schlenk flask was charged with a solution of the aryl bromide in Et20, cooled to
-78 °C and n-butyl lithium was added dropwise using a syringe. The reaction solution was
stirred for 1 h and allowed to warm to room temperature. In a second flask, the educt
chlorosilane was dissolved in EtO and cooled to 0°C. The lithiated species was transferred
slowly via a cannula, the resulting suspension was stirred for 1 h at room temperature. The
solvent was evaporated in vacuo, the colourless solid residue taken up in hot toluene and the
insoluble salts filtered over Celite®. The solvent was evaporated and the resulting product
recrystallized from toluene, THF or ethyl acetate.

2,5-xylylsSiCl (6): 10.3 mL 1-bromo-2,5-xylene (75 mmol, 3.0 eq) in 150 mL Et:O, 45.0 mL n-BuLi
(2.0 M, 90 mmol, 3.6 eq). 2.86 mL SiCls (25 mmol, 1.0 eq). Yield: 52 % (4.9 g, 13 mmol). mp: 110 °C.
'H (CDCls, 300 MHz):  =7.26 (d, 3H, *Ju-n =2.4 Hz), 7.19 (d, 3H, 3Ju-u = 8.1 Hz), 7.09 (d, 3H, 3Js-1 =
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8.1 Hz), 2.28 (s, 9H, CHs), 2.25 (s, 9H, CHs) ppm, ®C (CDCls, 75.5 MHz): & = 141.7, 137.0, 135.0,
134.5,132.7, 131.7, 131.6, 130.8 ,130.6 ppm, ®Si (CDCl3, 59.64 MHz): d = 2.9 ppm. GC-MS: t: = 17.7
min, m/z = 378.2 (M"). EA: 76.06% C, 7.18% H (calc.), 76.11% C, 7.26% H (found).

1-naphthyl(phenyl)2SiCl (7): 4.05 mL 1-bromonaphthalene (1.0 eq, 29 mmol) in 50 mL Et20, 19.9
mL n-BuLi (1.1 eq, 31.8 mmol), 6.1 mL Ph2SiCl2 (1.0 eq, 29 mmol) in 30 mL EtO. Yield: 80 % (9.2 g,
23.2 mmol) of colourless crystals. mp: 111°C, 'H NMR (CDCls, 200 MHz): 6 8.10 (d, 1H, 3Ju-u=8.5
Hz), 8.0 (d, 1H, 3Ju-u = 8.1 Hz), 7.90 (d, 1H, 3Ju-x = 8.1 Hz), 7.67 (d, 4H, 3Ju-u =7.7 Hz), 7.62 (d, 1H,
3Ju-n = 7.0 Hz), 7.50-7.35 (m, 9H) ppm. 3C NMR (CDCls, 75.5 MHz): § 137.48, 136.56, 135.39,
133.54, 130.83, 130.37, 129.09, 128.32, 126.42, 126.04, 125.04 ppm. #Si NMR (CDCls, 59.64): 6 2.43
ppm. GC-MS: t-=18.99, m/z =344.1. EA: 79.07% C, 4.85% H (calc.). 78.6% C, 4.94% H (found).

1-naphthyl2(phenyl)SiCl (8): 7.08 mL 1-bromonaphthalene (2.0 eq, 50.6 mmol) in 50 mL Et0O,
34.8 mL n-BulLi (2.1 eq, 55.6 mmol), 4.06 mL PhSiCls (1.0 eq, 25.3 mmol) in 30 mL EtO. Yield: 87
% (8.7 g, 22.0 mmol) of colourless crystals. mp: 171°C. 'H NMR (CDCls, 300 MHz): d = 8.21 (d, 2H,
3 = 8.6 Hz), 7.99 (d, 2H, 3Ju-u = 8.4 Hz), 7.91 (d, 2H, ®Ju-u = 8.4 Hz), 7.67 (t, 4H, 3Ju-u =7.1 Hz),
7.50-7.46 (m, 3H), 743 (m, 6H) ppm, 3C NMR (CDCls, 75.5 MHz): o = 137.18, 136.42, 135.44,
133.57, 132.03, 130.73, 128.99, 128.21, 126.28, 125.89, 124.97 ppm, #Si NMR (CDCls, 59.64 MHz): &
= 3.12 ppm. GC-MS: tr = 21.9 min, m/z = 394.1. EA: 79.07% C, 4.85% H (calc.), 78.92% C, 4.92% H
(found).

1-naphthylsSiCl (9): 24.8 mL 1-bromonaphthalene (3.0 eq, 177 mmol) in 200 ml Et:O, 73.5 mL
n-BuLi (3.1 eq, 183 mmol), 6.75 ml SiCls (1.0 eq, 59 mmol) in 200 ml Et20. Yield: 71 % (18.6 g, 41.8
mmol) of colourless crystals. mp: 207°C. H (CDCls, 300 MHz): d = 8.34-8.31 (d, 3H, 3Ju-u = 8.5 Hz),
8.02-8.00 (d, 3H, ®Ju-u = 8.3 Hz), 7.94-7.91 (d, 3H, *Ju-u = 8.1 Hz), 7.75-7.73 (d, 3H, 3Ju-1 = 6.6 Hz),
7.49 (t, 3H, 3Ju-n = 7.5 Hz), 7.39-7.26 (m, 6H) ppm, 3C (CDCls, 75.5 MHz): & = 137.6, 136.6, 133.8,
132.2,130.9, 129.3, 129.1, 126.4, 126.0, 125.2 ppm, #Si (CDCls, 59.64 MHz): d = 3.69 ppm. GC-MS: t:
=26.5 min, m/z =444.2. EA: 80.97% C, 4.76% H (calc.), 80.32% C, 5.01% H (found).

Preparation of R,SiH 4+

Method A: An oven-dried Schlenk flask was charged with the triarylchloro silane dissolved in
Et2O and THF (vol 1:1). The solution was cooled to 0 °C and the LiAlH4 was carefully added
portion-wise.

Method B: An oven-dried three-necked flask, equipped with a dropping funnel, was charged
with a suspension of LiAlHi in dry Et2O and cooled to 0 °C. A solution of the educt
arylchlorosilane in dry Et2O was added dropwise.

Upon complete addition, the reaction mixture was stirred for 1 h and allowed to warm to room
temperature. To quench the excess of LiAlH4 the greyish suspension was cooled to 0°C and
diluted, degassed H2S0s (10%) was added. The phases were separated via cannula, and the
aqueous phase washed with THF or Et2O twice. The combined organic phases were extracted
with saturated potassium tartrate in degassed, deionised water and the resulting organic phase
dried over CaCl.. After filtering off and washing the drying agent twice with Et2O, the solvent
was evaporated in vacuo and the resulting colourless product recrystallised from toluene, THF or
ethyl acetate.
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RSiH;
The arylsilicon trihydrides were prepared according to Method A and occur as liquids.

phenylSiHs (10): 2.96 mL phenylSiCls (18.5 mmol, 1.0 eq) in 20 mL EtO, 0.84 g LiAlHa4 (22.2
mmol, 1.2 eq). Yield: 80% (1.6 g, 14.8 mmol). 'H (CDCls, 300 MHz):  =7.63 (d, 2H, 'Jun = Hz), 7.4
(m, 3H), 4.24 (s, 3H, Jsin = 200.7 Hz) ppm. *C (CDCls, 75.5 MHz): 6 = 135.9, 134.2, 129.9, 128.3
ppm. ¥Si (CDCls, 59.64 MHz): 6 = -59.2 ppm. GC-MS: t: = 7.59 min, m/z = 108.1. EA: 80.02% C,
6.19% H (calc.), 80.01% C, 6.15% H (found).

2,5-xylylSiHs (11): 4.8 g 2,5-xylylSiCls (20 mmol, 1.0 eq) in 20 mL Et20, 0.91 g LiAlH4 (24 mmol,
1.2 eq). Yield: 83% (2.26 g, 16.6 mmol). 'H (CDCls, 300 MHz): d = 7.46 (s, 1H, ortho—-H), 7.21 (d, 1H,
3Ju-n = 8.0 Hz), 7.14 (d, 1H, 3Juu = 7.8 Hz), 4.25 (s, 3H, "Jsi:n = 200.15 Hz), 2.46 (s, 3H, CH3), 2.38 (s,
3H, CHs) ppm, 3C (CDCls, 75.5 MHz): & = 141.8, 1384, 135.1, 131.8, 129.7, 128.5, 22.6, 21.4 ppm,
29Si (CDCI3, 59.64 MHz): 6 = —-62.9 ppm. GC-MS: tr = 8.61 min, m/z = 136.1. EA: 70.51% C, 8.88%
H (calc.), 70.54% C, 8.99% H (found).

1-naphthylSiHs (12): 25 g 1-naphthylSiCls (95.6 mmol, 1.0 eq) in 200 mL Et:O, 5.0 g LiAlH4 (133.8
mmol, 1.4 eq). Yield: 80% (12.23 g, 76.4 mmol). H (CDCls, 300 MHz): & =8.06 (d, 1H, *Jnu =7.8
Hz), 8.0 (d, 1H, 3Ju-1 = 8.3 Hz), 7.95-7.90 (t, 2H, *Ju-1 = 7.1 Hz), 7.66-7.50 (m, 3H), 4.59(s, 3H, Jsi-n=
201.3 Hz) ppm, 1*C (CDCls, 75.5 MHz): & = 137.5, 136.9, 133.1, 131.0, 128.9, 127.9, 127,4., 126.5,
126.0, 125.4 ppm, #Si (CDCls, 59.64 MHz): 6 = —61.7 ppm. GC-MS: t: = 9.08 min, m/z = 158.1. EA:
75.89% C, 6.37% H (calc.), 74.35% C, 6.08% H (found).

R,SiH,
The diarylsilicon dihydrides compounds were prepared according to Method B.

phenyl2SiH2 (13): 2.3 mL phenyl:SiCl2 (8.5 mmol, 1.0 eq) in 25 mL Et:O, 0.49 g LiAlH4 (13 mmol,
1.2 eq). Yield: 78% (0.72 g, 6.6 mmol). 'H (CDCls, 300 MHz): d =7.66 (d, 4H, 3Ju-u = 7.1 Hz), 7.47-
7.25 (m, 6H), 4.99 (s, 2H, 'Jsi-z = 199.6 Hz) ppm, 3C (CDCls, 75.5 MHz): 6 =135.7, 131.6, 129.9, 128.2
ppm, ¥Si (CDCls, 59.64 MHz): d = -33.4 ppm. GC-MS: tr = 9.74 min, m/z = 184.2. EA: 78.20% C,
6.56% H (calc.), 78.12% C, 6.56% H (found).

2,5-xylyl2SiHz (14): 5 g 2,5xylyl2SiCl2 (16.1 mmol, 1.0 eq) in 25 mL EtO, 0.74 g LiAlH4 (19.4 mmol,
1.2 eq). Yield: 77% (2.98 g, 12.4 mmol). mp: 63 °C. 'H (CDCls, 300 MHz): & = 7.30 (s, 2H, ortho-H),
7.15 (d, 2H, ¥Juu = 7.8 Hz), 7.09 (d, 2H, 3Juu = 7.9 Hz, 4Ju-x = 1.8 Hz),4.93 (s, 2H, Jsi-u = 197.12 Hz),
2.37 (s, 6H, meta—CHs), 2.29 (s, 6H, ortho—-CHs) ppm, 3C (CDCls, 75.5 MHz): § = 141.5, 137.6, 134.6,
131.1, 130.7, 129.5, 22.1 (meta—CHs) , 21.1 (ortho—-CHs) ppm, ¥Si (CDCls, 59.64 MHz): o = -39.5
ppm. GC-MS: tr = 12.7 min, m/z = 240.1 (M*). EA: 79.93% C, 8.39% H (calc.), 79.98% C, 8.43% H
(found).

1-naphthyl(phenyl)SiH2 (15): 15.16 g 1-naphthyl(phenyl)SiCl> (50 mmol, 1.0 eq) in 25 mL Et:O,
2.28 g LiAlHa (60 mmol, 1.2 eq). Yield: 74% (8.7 g, 37 mmol). 'H (CDCls, 300 MHz): d = 8.09 (m,
1H), 7.98 (d, 1H, ®Ju-u = 8.3 Hz), 7.93-7.86 (m, 2H), 7.67 (d, 2H, 3Ju-u = 7.1 Hz), 7.54-7.45 (m, 3H),
7.43-7.37 (m, 3H), 5.31 (s, 2H, 'Jsir=200.0 Hz) ppm, 1°C (CDCls, 75.5 MHz): 6 =137.0, 135.8, 131.1,
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130.0, 129.0, 128.3, 128.1, 126.5, 126.0, 125.5 ppm #Si (CDCls, 59.64 MHz): d = -35.9 ppm. GC-MS: t:
=14.12 min, m/z = 234.1. EA: 82.00% C, 6.02% H (calc.), 81.36% C, 5.86% H (found).

1-naphthyl2SiH: (16): 12 g 1-naphthylxSiClz (33.9 mmol, 1.0 eq) in 25 mL Et:O, 1.4 g LiAlH4 (13
mmol, 1.1 eq). Yield: 81% (7.8 g, 27.4 mmol). mp: 100.5 °C. 'H (CDCls, 300 MHz): 6 = 8.16 (d, 2H,
3Ju-u = 8.8 Hz), 7.97 (d, 2H, 3Ju-u = 8.4 Hz), 7.92 (d, 2H, 3Ju-u = 8.8 Hz), 7.80 (d, 2H, 3Ju-1 = 6.8 Hz),
7.55-7.44 (m, 6H), 5.60 (s, 2H,, Jsiz = 200.6 Hz) ppm, 3C (CDCls, 75.5 MHz): & = 137.6, 137.1,
133.3, 131.1, 129.8, 129.0, 128.1, 126.5, 126.0, 125.6 ppm, ¥Si (CDCls, 59.64 MHz): d = -38.7 ppm.
GC-MS: tr=18.11 min, m/z = 284.1. EA: 84.46% C, 5.67% H (calc.), 83.93% C, 5.56% H (found).

R,SiH

The triarylsilicon hydrides were mostly prepared according to Method B. Due to the low
solubility of triarylsilicon chlorides carrying at least one 1-naphthyl moiety in Et2O, THF and/or
toluene were used as supporting solvents.

phenylsSiH (17): The compound was prepared according to literature. The spectroscopic data is
in full agreement with literature data.’® mp: 42 °C. 'H (CDCls, 300 MHz): & = 7.66 (d, 6H, 3Ju-u =
7.4 Hz), 7.51-7.41 (m, 9H), 5.57 (s, 1H, Jsn = 199.1 Hz) ppm. *C (CDCls, 75.5 MHz): & = 135.9,
133.4, 130.0, 128.21 ppm, #Si (CDCls, 59.64 MHz): 6 = -18.1 ppm. GC-MS: t: = 14.5 min, m/z =
260.1(M"). EA: 83.02% C, 6.19% H (calc.), 83.04% C, 5.64% H (found).

2,5-xylylsSiH (18): 2 g 2,5-xylyIsSiCl (5.3 mmol, 1.0 eq) in 25 mL Et20, 0.24 g LiAlH4 (6.3 mmol, 1.2
eq). Yield: 47% (0.86 g, 27.4 mmol). mp: 162 °C. 'H (CDCls, 300 MHz): d = 7.13 (s, 3H, ortho-H),
6.79-6.69 (m, 6H), 5.80 (s, 2H, YJsiz = 196.80 Hz), 2.12 (s, 9H, meta—CHs), 1.70 (s, 9H, ortho—CH3)
ppm, 13C (CDCls, 75.5 MHz): 6 = 141.5, 137.6, 134.6, 131.1, 130.7, 129.5, 22.1 (meta—CHz) , 21.1
(ortho—CHs) ppm ?Si (CDCls, 59.64 MHz): d = -28.7 ppm. GC-MS: tr = 16.6 min, m/z = 344.2. EA:
83.66% C, 8.19% H (calc.), 84.01% C, 8.25% H (found).

1-naphthyl(phenyl)2SiH (19): 3 g 7 (8.7 mmol, 1.0 eq) in 20 mL Et2O and 20 mL toluene, 0.66g
LiAlH4 (17.4 mmol, 2.0 eq) at 0 °C. Yield 33% (1 g, 2.9 mmol). mp: 92 °C. 'H NMR (CDCls, 300
MHz): 6 =8.08 (d, 1H, 3Ju-u = 8.5 Hz), 7.95 (d, 1H, 3Juu = 8.2 Hz), 7.90 (d, 1H, 3Ju-n = 8.4Hz), 7.64—
7.59 (m, 5H), 7.49-7.36 (m, 9H), 5.93 (s, 1H, 'Jsiz = 199.0 Hz) ppm; ¥C (CDCls, 75.5 MHz): § =
1374, 136.9, 136.1, 133.3, 130.9, 129.9, 128.9, 128.3, 128.2, 126.3, 125.8, 125.4 ppm; ¥Si (CDCls, 59.64
MHz): § = -20.7 ppm. GC-MS: tr = 18.19 min, m/z = 310.1. EA: 85.11%C, 5.53% H (calc.), 86.29% C,
5.66% H (found).

1-naphthylz(phenyl)SiH (20): 1.5 g 8 (1.0 eq, 3.8 mmol) in 28 mL Et20 and 12 mL toluene, 0.35 g
LiAlIH4 (2.0 eq, 7.6 mmol). 10 mL H2504, 10 mL aqueous, degassed potassium tartrate solution
(sat.). Yield: 60% (0.85 g, 2.3 mmol) of colourless crystals .mp: 169°C. "TH NMR (CDCls, 300 MHz):
6=8.12 (d, 2H, 3Ju-11 = 8.5 Hz), 7.96 (d, 2H, 3Ju-11 = 8.4 Hz), 7.929 (d, 2H, 3Ju-11 = 8.1 Hz), 7.61 (d, 2H,
3Ju-n=7.5 Hz), 7.57 (d, 2H, 3Ju-u = 6.7 Hz), 7.53-7.35 (m, 9H), 6.38 (s, 'H, 'Jsit = 196.5 Hz) ppm; 1°C
(CDCls, 75.5 MHz): 6 = 137.5, 137.2, 136.3, 133.4, 133.2, 131.3, 130.9, 129.9, 128.9, 128 .4, 128.2, 126.3,
125.8, 125.4 ppm; Si (CDCls, 59.64 MHz): § = —24.5 ppm. GC-MS: tr = 21.31 min, m/z = 360.2. EA:
86.62% C, 5.59% H (calc.), 86.12% C, 5.53 % H (found).

1-naphthylsSiH (21): 10 g 9 (1.0 eq, 22.4 mmol) in 150 mL THF and 20 mL toluene 2.16 g LiAlHa4
(2.5 eq, 56,9 mmol). 50 mL H2504, 40 mL aqueous, degassed potassium tartrate solution (sat.).
Yield: 78% (7.25 g, 17.6 mmol) of colourless crystals. mp: 237 °C. 'TH NMR (CDCls, 300 MHz): § =
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8.18 (d, 3H, 3Ju-u = 8.3 Hz), 7.93 (t, 6H, *Ju-1 = 9.2 Hz), 7.52-7.48 (m, 6H), 7.42-7.32 (m, 6H), 6.52 (s,
1H, Jsin = 196.6 Hz) ppm; 13C (CDCls, 75.5 MHz): § = 137.5, 133.5, 131.0, 19.0, 128.6, 126.3, 125.9,
125.6 ppm; Si (CDCls, 59.64 MHz): 5 = -28.9 ppm. GC-MS: tr = 25.3 min, m/z = 410.2. EA: 87.76%
C, 5.40% H (calc.), 87.77% C, 5.50% H (found).

Preparation of Rs(allyl)Si

An oven-—dried flask equipped with a reflux condenser was charged with Mg? and Et:O. After the
addition of approximately 10% of the allylchloride, the suspension was warmed up carefully to
initiate the reaction. Upon complete addition, the reaction was stirred at room temperature for 1.5
to 24 h. The concentration of the Grignard reagent was determined by diluting a small volume of
the solution with deionised water and titration with HC], using phenolphthalein as indicator. In a
second flask the chlorotriaryl silane was dissolved in THF and Et20 (Vol. 1:1) and subsequently
transferred drop-wise onto the Grignard reagent using a syringe. The reaction suspension was
stirred overnight and the excess of Grignard reagent was quenched with deionised water. The
phases were extracted twice, the combined organic phases dried over Na250y, filtered and the
solvent was evaporated in vacuo. Purification of the product was carried out by crystallisation
from either Et20 or toluene.

Additionally, NMR were recorded in acetone de¢ for easier comparison to the sensitive
dihydropyridazine products.

Scheme 7 Schematic representation of triaryl(allyl)silane for the assignment of coupling constants.

phenyls(allyl)Si (22): 0.5 g Mg (1.8 eq, 20.6 mmol) in 35 mL Et:O, 1.60 mL allylchloride (1.7 eq,
19.6 mmol), 3.32 g phenylsSiCl (1.0 eq, 11.3 mmol) in 51 mL Et20. Yield: 73% (2.51g, 8.3 mmol)
mp: 91 °C. 'H NMR (CDClIs, 300.2 MHz): 8 7.53 (d, 6H, 3Ju-1 = 6.5 Hz), 7.44-7.36 (m, 9H), 5.87 (ddt,
1H, CHa=CH?2), 4.99 (dd, 2H, 3Jxa-tib = 10.9 Hz CH=CHeH., ®Jta-tic = 18.3 Hz, CH=CHcHp), 2.43 (d,
2H, 3Jaa-td = 7.8 Hz, CH2@-CH=CH2) ppm. *C NMR (CDCls, 75.5 MHz): & 135.87, 134.69, 133.92,
129.67, 127.96, 115.21, 21.33 ppm. ¥Si NMR (CDCls, 59.64): & —-13.8 ppm GC-MS: tr = 15.95 min,
m/z =300. 1.. EA: 83.94%C, 6.71%H (calc.), 83.94% C, 6.61% H (found).

'H NMR (acetone de, 300.2 MHz): § 7.54-7.51 (d, 6H), 7.44-7.34 (m, 9H), 591-5.77 (m, 1H,
CH=CHz), 4.96-4.81 (dd, 2H, CH=CHz), 2.43 (d, 2H, CH2-CH=CH2) ppm. 3C NMR (acetone ds,
75.5 MHz): 6 136.2 (6C), 135.2 (q, 2C), 134.5 (q, 1C), 130.2 (3C), 128.5 (6C), 115.1 (1C), 21.3 (1C)
ppm. ¥Si NMR (acetone ds, 59.6 MHz): § -13.8 ppm

1-naphthyl(phenyl)(allyl)Si (23): 0.89 g Mg (2.5 eq, 36.6 mmol) in 45 mL EtO, 2.84 mL
allylchloride (2.4 eq, 34.9mmol). 5g 7 (1.0 eq, 14.5 mmol) in 15 mL THF and 15 mL Et0. Yield:
36% (1.8 g, 5.1 mmol). mp: 188 °C. 'H NMR (CDCls, 300.2 MHz): 6 7.94 (d, 2H, 3Jn-n =7.2 Hz), 7.88
(d, 2H, 3Ju-n = 9.3 Hz), 7.63 (d, 2H, *Ju-u = 7.5 Hz), 7.58 (d, 2H, 3Ju-n = 7.2 Hz), 7.46-7.33 (m, 9H),
5.85 (ddt, 1H, CHa=CHb>), 4.96 (d, 1H, 3Jna-tc = 16.8 Hz, CH=CHcHb), 4.85 (d, 1H, *Jnatp = 10.2 Hz,
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CH=CHsH.), 2.57 (d, 2H, ¥Jstat1a = 7.6 Hz, CHz@-CH=CHz) ppm. 3C NMR (CDCls, 75.5 MHz): &
137.34, 137.00, 135.90, 135.30, 133.59, 130.83, 129.63, 129.31, 129.03, 128.03, 125.82, 125.63, 125.26,
115.21, 22.58 ppm. 2Si NMR (CDCls, 59.64): 3 —12.9 ppm. GC-MS: t- = 19.14 min, m/z = 350.2. EA:
85.66% C, 6.33% H (calc.), 84.64% C, 6.19% H (found).

TH NMR (acetone ds, 300.2 MHz): § 7.99-7.87 (m, 3H), 7.66-7.53 (m, 5H), 7.46-7.31 (m, 9H), 5.91-
5.77 (m, 1H, CH=CH2), 4.93 (d, 1H, CH=CH>), 4.76 (d, 1H, CH=CHy), 2.58 (d, 2H, CH2-CH=CH>)
ppm. 3C NMR (acetone ds, 75.5 MHz): § 137.5(1C), 137.1 (2C), 135.9 (4C), 135.6 (q, 1C), 134.6 (q,
1C), 134.1 (q, 1C), 131.2 (1C), 130.0 (2C), 129.5 (1C), 1294 (1C), 128.4 (4C), 126.0 (2C), 125.6 (1C),
115.0 (1C), 22.4 (1C) ppm. #Si NMR (acetone ds, 59.6 MHz): 6 —13.1 ppm.

1-naphthly2phenyl)(allyl)Si (24): 0.5 g Mg (2.7 eq, 20.6 mmol) in 35 mL Et:O. 1.60 mL
allylchloride (2.5 eq, 19.6 mmol). 3.05 g 8 (1.0 eq, 7.7 mmol) in 30 mL Et2O and 30 mL THEF. Yield
95% (3.0 g, 7.5 mmol). mp: 179 °C. 'H NMR (CDCls, 300.2 MHz): 6 7.98 (d, 2H, 3Ju-u = 8.4 Hz), 7.93
(d, 2H, 3Juu = 8.1 Hz), 7.87 (d, 2H, 3Ju-u = 8.2 Hz), 7.68 (d, 2H, 3Ju-u = 6.9 Hz), 7.60 (d, 2H, 3Juu =
7.1 Hz), 7.49-7.29 (m, 9H), 5.74 (ddt, 1H, CHa=CH>), 4.97 (d, 1H, ®Jta-tic = 16.8 Hz, CH=CHcHb), 4.77
(d, 1H, 3Jsa-1 = 10.1 Hz, CH=CHbHc), 2.78 (d, 2H, 3Jta-t1a = 7.9 Hz, CH2-CH=CH2) ppm. 3C NMR
(CDCI, 75.5 MHz): § 137.31, 136.83, 136.08, 135.73, 134.81, 133.50, 130.68, 129.59, 129.14, 128.98,
127.98, 125.83, 125.57, 125.33, 115.19, 23.64 ppm. ¥Si NMR (CDCls, 59.64): 5 —11.5 ppm. GC-MS: t:
=21.86 min, m/z =400.2. EA: 86.87% C, 6.03% H (calc.), 85.76% C, 6.01% H (found).

'H NMR (acetone ds, 300.2 MHz): § 8.00-7.90 (m, 6H), 7.70 (d, 2H), 7.58 (d, 2H), 7.47-7.19 (m, 9H),
5.72-5.60 (m, 1H, CH=CH), 4.95 (d, 1H, CH=CH), 4.67 (d, 1H, CH=CHy), 2.79 (d, 2H, CHz-
CH=CH>) ppm. *C NMR (acetone ds, 75.5 MHz): & 137.1 (q, 2C), 136.5 (2C), 135.7 (2C), 1354 (q,
1C), 1345 (1C), 134.2 (q, 2C), 131.5 (q, 2C), 130.4 (2C), 129.8 (1C), 129.5 (2C), 128.7 (3C), 126.4 (2C),
126.3 (2C), 125.9 (2C), 115.3 (1C), 23.7 (1C) ppm. 2Si NMR (acetone ds, 59.6 MHz): 5 -11.3 ppm.

1-naphthyls(allyl)Si (25): 1.5 g Mg (6.4 eq, 61.7 mmol) in 100 mL EtO. 4.8 mL allylchloride (6.1
eq, 58.7mmol). 4.3 g 9 (1.0 eq, 9.7 mmol) in 30 mL Et:O and 30 mL THF; Yield: 85% (3.7 g, 8.2
mmol). mp: 171 °C. "H NMR (CDCls, 300.2 MHz): § 8.30 (d, 3H, %Ju-1 = 8.6 Hz), 7.9 (t, 6H, *Ju-u=
8.5 Hz), 7.67 (d, 3H, it = 6.4 Hz), 7.44 (t, 3H, Juni= 7.6 Hz), 7.36 (d, 2H, Juu= 7.5 Hz), 7.31 (d,
2H, 3Ju-u= 5.0 Hz), 7.26 (d, 2H, 3Ju-u= 6.8 Hz), 5.74 (ddt, 1H, CH.=CH>), 5.03 (d, 1H, 3Jta-tic = 16.7
Hz, CH=CHdHb), 4.76 (d, 1H, %J#atw = 10.0 Hz, CH=CHpH.), 2.94 (d, 2H, ®Jnatda = 8.1 Hz,
CHx«-CH=CH2) ppm. 3C NMR (CDCls, 75.5 MHz):  137.42, 135.44, 133.90, 133.68, 130.78, 129.71,
129.10, 125.86, 125.63, 125.47, 115.85, 24.88 ppm. Si NMR (CDCls, 59.64): 8 7.6 ppm. GC-MS: tr =
25.8 min, m/z = 450.2. EA: 87.95% C, 5.82% H (calc.), 87.92% C, 5.82% H (found)

'H NMR (acetone ds, 300.2 MHz): 6 8.05 (d, 3H), 7.99-7.91 (dd, 6H), 7.69 (d, 3H), 7.44-7.33 (m, 6H),
7.29-7.24 (t, 3H), 5.70-5.59 (m, 1H, CH=CH>), 5.00 (d, 1H, CH=CHz), 4.65 (d, 1H, CH=CHz), 2.96 (d,
2H, CH2-CH=CHz2) ppm. *C NMR (acetone ds, 75.5 MHz): § 138.1 (2C), 137.8 (q, 3C), 135.9 (q, 1C),
134.6 (g, 2C), 131.6 (q, 3C), 130.1 (4C), 129.9 (4C), 126.5 (4C), 126.5 (4C), 126.1 (3C), 115.9 (1C), 24.9
(1C) ppm. ¥Si NMR (acetone de, 59.6 MHz): 6 -8.3 ppm.

Methyls(allyl)Si: 'H NMR (CDCl;, 300.2 MHz): & 5.80 (ddt, 1H, CH:=CHz), 4.85 (d, 1H, *Jsatic =
7.5 Hz, CH=CH.Hb), 4.81 (s, 1H, CH=CHbH.), 1.51 (d, 2H, a1 = 8.0 Hz, CHa-CH=CH2), 0.01 (s,
9H, Si-CHs) ppm. 3C NMR (CDCls, 75.5 MHz):  135.4 (1C), 112.7 (1C), 24.8 (1C), -2.0 (3C) ppm.

Methoxys(allyl)Si: 'H NMR (CDCls, 300.2 MHz): & 5.81 (ddt, 1H, CH-=CH>), 5.02 (d, 1H, 3JHa-Hc =
16.9 Hz, CH=CHcHb), 4.94 (d, 1H, 3Jxa-tv = 10.1 Hz, CH=CHsH.), 3.57 (s, 9H, O-CHz), 1.67 (d, 2H,
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ratia = 7.8 Hz, CHz2w-CH=CHz) ppm. *C NMR (CDCl;, 75.5 MHz): & 132.2 (1C), 115.1 (1C), 50.8
(3C), 17.1 (1C) ppm. Si NMR (CDCls, 59.6 MHz): § —46.8 ppm.

Preparation of R3Si dihydropyridazines

All triarylsilyl pyridazines were prepared by mixing 3,6-(2-pyridinyl)>-1,2,4,5-tetrazine
(pyTz)!314 with allyltriaryl silane in a THF solution. The reaction mixture was stirred at room
temperature, intermittently monitored by TLC with cyclohexane:ethyl acetate (10:1), until a
complete reaction of the pyTz was evident. Complete conversion was also indicated by a colour
change from brightly pink to yellow. The solvent was evaporated and the residual yellow solid or
oil was purified by column chromatography with cyclohexane:ethyl acetate (10:1). Due to
decomposition of the product in CDCls the NMR were taken in acetone ds allowing for data
interpretation without interfering solvent signals.

3,6-(2-pyridinyl)2-1,2,4,5-tetrazine (pyTz): 'H NMR (acetone ds, 300.2 MHz): & = 8.94 (d, 2H, 3Jun =
4.1 Hz), 8.69 (d, 2H, 3Jun = 7.9 Hz), 8.16 (dt, 2H, 3Jun = 7.8 Hz, *Jun = 1.47 Hz), 7.71 (dt, 2H, 3Juu =
6.2 Hz, 4Jun = 1.05 Hz) ppm. 3C NMR (acetone ds, 75.5 MHz): § = 165.1 (q, 2C), 152.0 (g, 2C), 151.8
(2C), 138.5 (2C), 127.4 (2C), 125.3 (2C) ppm.

3,6-(2-pyridinyl)2-4-((phenylssilyl)methyl)pyridazine (26): 61.1 mg 9 (0.203 mmol, 1.2 eq, 40 mg)
pyTz (0.169 mmol, 1.0 eq) in 2 mL THF. "H NMR (acetone ds, 300.2 MHz): § =9.46 (bs, 1H, NH),
8.67 (d, 1H, 3Jun = 4.5 Hz, Py), 8.52 (d, 1H, 3Juu = 4.5 Hz, Py), 8.13 (d, 1H, 3Jun = 8.1 Hz, Py); 7.77
(dt, 1H, 3Jun = 8.2 Hz, 4Jun = 1.8 Hz, Py), 7.73 (dd, 6H, 3Jun = 7.9 Hz, 4Jun = 1.4 Hz, Ph), 7.66 (dt, 1H,
3Jun = 7.6 Hz, *Jun = 1.7 Hz, Py), 7.45-7.38 (m, 9H, Ph), 7.32-7.26 (m, 2H, Py), 6.88 (d, 1H, 3Jux = 8.0
Hz, Py), 5.06 (d, 1H, 3Juu = 6.5 Hz, Pz), 4.64—4.60 (m, 1H, Pz), 1.85-1.72 (m, 2H, CH2) ppm. 3C
NMR (acetone ds, 75.5 MHz): & = 155.5 (q, 1C), 151.2 (q, 1C), 149.4 (1C), 149.1 (1C), 144.4 (g, 1C),
137.9 (q, 1C), 1374 (1C), 137.0 (1C), 136.6 (9C), 130.3 (3C), 128.8 (6C), 123.9 (1C), 123.7 (1C), 121.5
(1C), 120.0 (1C), 100.7 (1C), 27.7 (1C), 18.6 (1C) ppm. 2Si NMR (acetone d¢, 59.64): 5 —13.2 ppm.

3,6-(2-pyridinyl)2-4-((1-naphthyl(phenyl)zsilyl)methyl)pyridazine (27): 71.1 mg 10 (0.203 mmol,
1.2 eq, 40 mg pyTz (0.169 mmol, 1.0 eq) in 2 mL THF. '"H NMR (acetone ds, 300.2 MHz): § = 9.52
(bs, 1H, NH), 8.67 (d, 1H, 3Jun = 4.0 Hz, Py), 8.45 (d, 1H, 3Jun = 4.4 Hz, Py), 8.10 (d, 1H, 3Jun="7.6
Hz, py), 8.02 (d, 1H, %Juu = 8.0 Hz), 7.97-7.11 (m, 20H, Naph, Ph, Py), 6.47 (d, 1H, 3Jun = 9.4 Hz,
Py), 4.81 (d, 1H, 3Juu = 6.3 Hz, Pz), 4.67-4.60 (m, 1H, Pz), 1.78-1.74 (m, 2H, CH2) ppm. #¥Si NMR
(acetone ds, 59.64): 6 —12.4 ppm.

3,6-(2-pyridinyl)2-4-((1-naphthyl2(phenyl) silyl)methyl)pyridazine (28): 81.2 mg 11 (0.203 mmol,
1.2 eq, 40 mg pyTz (0.169 mmol, 1.0 eq) in 2 mL THF. '"H NMR (acetone ds, 300.2 MHz): & = 9.55
(bs, 1H, NH), 8.64 (d, 1H, 3Juu = 4.4 Hz, Py), 8.46 (d, 1H, 3Jun = 4.4 Hz, Py), 8.13-7.08 (m, 24H,
Naph, Ph, Py), 6.45 (d, 1H, 3Juu = 8.4 Hz, Py), 4.67-4.64 (m, 1H, Pz), 4.60-4.52 (m, 1H, Pz), 1.77-
1.73 (m, 2H, CHz2) ppm. Si NMR (acetone ds, 59.64): 5 —10.9 ppm.

3,6-(2-pyridinyl)2-4-((1-naphthylssilyl)methyl)pyridazine (29): 91.6 mg 12 (0.203 mmol, 1.2 eq, 40
mg pyTz (0.169 mmol, 1.0 eq) in 2 mL THF. "H NMR (acetone ds, 300.2 MHz): 6 = 9.58 (bs, 1H,
NH), 8.64—8.62 (m, 1H, Py), 8.58-8.56 (m, 1H, Py), 8.13 (t, 6H, *Jun = 7.4 Hz, Naph), 8.05 (d, 1H,
3Jun = 7.9 Hz, Py), 7.99 (d, 3H, 3Jun = 8.2 Hz, Naph), 7.89 (d, 3H, 3Juu = 7.9 Hz, Naph), 7.72 (t, 1H,
3Jun = 8.1 Hz, Py), 7.60 (t, 1H, 3Juu = 7.6 Hz, Py), 7.4-7-19 (m, 11H, Naph), 6.74 (d, 1H, 3Jaun = 7.9
Hz, Py), 4.69-4.67 (m, 1H, Pz), 4.43-4.36 (m, 1H, Pz), 2.59-2.50 (m, 1H, CH2), 2.28-2.22 (m, 1H,
CH:) ppm. 3C NMR (acetone ds, 75.5 MHz): § = 155.5 (q, 1C), 151.1 (q, 1C), 149.6 (1C), 149.3 (1C),
145.1 (g, 1C), 138.9 (g, 1C), 138.4 (2C), 138.1 (3C), 137.7 (1C), 137.0 (1C), 137.0 (1C), 135.3 (1C),
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134.8 (1C), 131.7 (3C), 130.4 (3C), 130.0 (3C), 129.9 (2C), 129.2 (2C), 126.6 (3C), 126.5 (3C), 126.3
(3C), 124.0 (1C), 123.8 (1C), 121.6 (1C), 119.9 (1C), 99.7 (1C), 29.2 (1C), 20.9 (1C) ppm. ¥Si NMR
(acetone ds, 59.64): 6 9.1 ppm.

Preparation of R4Si

Tetraaryl silanes were prepared, wherever possible, according to literature procedures via
lithiation of the respective aryl halide.’¥” The preparation of tetra—1-naphthyl silane, however,
was attempted several times yet never resulted in the desired product. The attempts are
summarized below.

(I-naphthyl)phenylsSi (30): A solution of 7.5 mL 1-bromonaphthalene (53 mmol, 1.5 eq) in 100
mL Et2O was lithiated with 11 mL #-BuLi (2.5 M, 59 mmol, 1.65 eq) at —78 °C. The lithiated
species was transferred onto a solution of 7.6 mL phenylsSiCl (36 mmol, 1.0 eq) in 100 mL Et20 via
cannula after approximately 1 h of stirring and allowing to warm up to room temperature. Reflux
for 90 min was followed by filtration over Celite® and aqueous extraction of the product. The
organic phases were dried over sodium sulphate, the solvent evaporated and the product
recrystallised from THF. Yield: 43% (5.9 g, 15.5 mmol). mp: 177 °C. 'H (CDCls, 300 MHz): 6 =7.95
(d, 1H, 3Ju-u = 8.2 Hz), 7.89-7.81 (dd, 2H, 3Ju-u = 8.4 Hz), 7.57 (d, 6H, 3Ju-u = 8.6 Hz), 749 (d, 1H,
3Ju-n = 7.5 Hz), 7.44-7.31 (m, 11H), 7.19 (t, 1H, 3Ju-u = 7.3 Hz) ppm, °C (CDCls, 75.5 MHz): § =
138.1, 136.6, 134.9, 133.6, 131.0, 130.2,129.6, 128.8, 128.0, 125.7, 125.4 ppm, ¥Si (CDCls, 59.64 MHz):
0 =-13.7 ppm. EA: 87.00% C, 5.74% H (calc.), 86.91% C, 5.65% H (found).

(1-naphthyl)2phenyl2Si (31): A solution of 0.61 mL 1-bromonaphthalene (43 mmol, 1.5 eq) in 10
mL Et2O was lithiated with 2.9 mL n-BuLi (1.6 M, 46 mmol, 1.6 eq) at —78 °C. The lithiated species
was transferred onto a solution of 1 g 1-naphthyl(phenyl):SiCl (28 mmol, 1.0 eq) in 10 mL Et2O
and 10 mL toluene via cannula after approximately 2 h of stirring and allowing to warm up to
room temperature. The solvent was evaporated, the residue dissolved in toluene and filtered
over Celite®. The concentrated solution yielded in colourless crystals. Yield: 36% (4.3 g, 10 mmol).
mp: 203 °C. 'H (CDCls, 300 MHz): 6 =7.98 (d, 2H, 3Jn-1 = 8.2 Hz), 7.87 (d, 4H, °Ju-n = 8.6 Hz), 7.65
(d, 3H, *Ju-n =7.0 Hz), 7.60 (d, 3H, *Jn-u = 7.4 Hz), 7.43-7.37 (t, 6H, *Ju-u = 7.5 Hz), 7.31 (t, 4H, 3Jn-n
= 7.5 Hz), 7.20-7.12 (dd, 2H, *Jn-x = 8.4 Hz) ppm, *C (CDCls, 75.5 MHz): é = 137.7, 1374, 136.5,
135.2, 133.6, 132.7, 130.8, 129,9, 1294, 128.7, 127.9, 125,4 ppm, #Si (CDCl, 59.64 MHz): d = -12.9
ppm. EA: 88.03% C, 5.54% H (calc.), 88.17% C, 5.60% H (found).

(1-naphthyl)sphenylSi (32): 1.83 g of 1-naphthylsSiCl (4.1 mmol, 1.0 eq) was dissolved in 30 mL
toluene and cooled to 0 °C. 3 mL of a phenyllithium solution (1.9 M in dibutylether, 4.5 mmol, 1.1
eq) was added dropwise via septum. The reaction mixture was allowed to warm to room
temperature and was stirred overnight. The solvent was evaporated in vacuo, the residue
dissolved in toluene and insoluble salts were filtered over Celite®. The product was obtained as
brown powder. Recrystallisation attempts with toluene, ethyl acetate, THF and mixtures of the
former with pentane failed. Yield (crude product): 58% (1.2 g, 2.3 mmol). mp: 192 °C. 'H (CDCls,
300 MHz): d =7.93-7.80 (m, 12H), 7.60 (d, 2H, ®Ju-u = 7.5 Hz), 7.41-7.23 (m, 9H), 7.05 (t, 3H, 3Ju-u =
7.7 Hz) ppm, BC (CDCls, 75.5 MHz): 6 = 137.7, 137.0, 133.7, 133.4, 131.0, 129.7, 128.9, 128.1, 125.7,
125.6 ppm, #Si (CDCl, 59.64 MHz): = -12.2 ppm. EA: 88.84% C, 5.38% H (calc.), 88.19% C, 5.50%
H (found).
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Attempts towards |-naphthylsSi

In order to complete the row of homologues, the preparation of 1-naphthylsSi was attempted.
Therefore, lithiation and Grignard-type reactions with different chlorosilane educts at different
excesses of reagent were tested. Generally, the lithiation reactions were carried out by providing
a solution of 1-bromonaphthalene in Et2O or DME at -78 ° followed by the dropwise addition of
an n-BuLi solution in hexanes. Work-up procedures for lithiation reactions consisted of
evaporation of the used solvent, dissolving of the residues in toluene, filtering of the insoluble
salts over Celite® and evaporation of toluene. For the Grignard reactions Mg was provided in
THF and a solution of 1-bromonaphthalene was added dropwise to keep the exothermic reaction
at reflux. Subsequently, the respective chlorosilanes were added to the lithiated or Grignard
reagent or vice versa. For the work-up, the solvent was evaporated; the residue was taken up in
aqua dest. and the silane was extracted with dichloromethane (DCM) before the solvent was
evaporated again. The experiment protocols are summarised below. For all experiments 2°Si
NMR shifts are given.

a) 1-naphthylLi + SiCls

4:1 5.6 mL 1-bromonaphthalene (40 mmol, 4.5 eq) in approximately 50 mL EtO,
17.6 mL n-BulLi (2.5 M, 44 mmol, 4.9 eq). 1 mL SiCls (8.7 mmol, 1.0 eq) was added via septum at
-30 °C. Si NMR (THF, D20): 6 =4.0 ppm.

6:1 7.3 mL 1-bromonaphthalene (52.3 mmol, 6 eq) in approximately 80 mL Et0O,
23 mL n-Buli (2.5 M, 57.5 mmol, 6.6 eq). 1 mL SiCls4 (8.7 mmol, 1.0 eq) was added via septum at
—-20 °C. Si NMR (toluene, D20): 6 =3.7, -5.7 ppm.

b) 1-naphthylMgBr + SiCls

3.38 g Mg (137.5 mmol, 4.6 eq) provided in 250 mL Et2O, 18.1 mL 1-bromonaphthalene (125
mmol, 4.17 eq) were added. The Grignard solution was replenished to a total of 800 mL Et20. 3.44
mL SiCls (30 mmol, 1.0 eq) were added via Septum after filtration of the Grignard reagent.
295i NMR (CsDs): 6 =12.73, 4.10 (1-naphthylsSiCl), -1.15, -6.46 ppm.

¢) 1-naphthylLi + 1-naphthylsSiCl

0.95 mL 1-bromonaphthalene (1,40 g, 6.7 mmol, 3.0 eq) in 10 mL Et20, 3 mL n-BuLi (25 M, 7.5
mmol, 3.3 eq), 1 g 1-naphthylsSiCl (2.2 mmol, 1.0 eq).

Sample NMR taken after a) stirring for 2 days: 2251 NMR (THF, D20) = 3.8 ppm and b) 14 d (336 h)
reflux: Si NMR (THF, D:20) = 3.5, -9.6 ppm

The obtained NMR shifts indicate solely a conversion of 1-naphthylsSiCl to 1-naphthylsSiOH,
possibly caused by a leak in the reaction apparatus.

d) 1-naphthylMgBr + 1-naphthylsSiCl

0.58 g Mg (24 mmol, 12.0 eq) were provided in approximately 120 mL THF. 2.8 mL 1-
bromonaphthalene (20 mmol, 10.0 eq) were added via septum. Reflux for 4 h. The Grignard
reagent was transferred to a solution of 0.89 g 1-naphthylsSiCl in approximately 50 mL THF via
filter cannula at 0 °C. Stirring at room temperature for 72 h. The Si containing species were
extracted with DCM. #Si NMR (Ce¢De): 6 = 4.0 ppm.
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e) 1-naphthylLi + 1-naphthyl2SiCl2

2.8 mL 1-bromonaphthalene (4.1 g, 20 mmol, 4.0 eq) in 30 mL Et0O, 13.75 mL »n-BuLi (1.6 M, 22
mmol, 4.4 eq). Addition of the lithiated species to a solution of 1.76 g 1-naphthylSiCl2 (5 mmol,
1.0 eq) in 60 mL Et20 at 0 °C. Refluxing for 8 h at room temperature resulted in 1-naphthylsSiCl
(¥Si NMR (Et20, D20): 6 = 4.1 ppm.) The solvent was evaporated and exchanged for toluene.
Refluxing of the reaction mixture for 8 h showed no signs of further conversion, either. 2Si NMR
(toluene, D20): § = 4.1 ppm.

f) 1-naphthylLi + 1-naphthy2SiF>

0.65 mL 1-bromonaphthalene (0.97 g, 4.7 mmol, 3.0 eq) in 10 mL DME, 3.2 mL n-BulLi (1.6 M, 5.1
mmol, 3.3 eq). Addition to 0.5 g 1-naphthyl:SiF2 (1.5 mmol, 1.0 eq) in 10 mL DME at 0 °C. Stirring
for 12h at room temperature. The obtained F and ?Si NMR data correspond to 1-naphthylsSiF.
»5i NMR (DME, D20): 6 =8.5 ppm. YF NMR (DME, D20): § = -153 ppm.

In all cases, Si NMR showed 1-naphthylsSiX (X = Cl, F) as product.

phenylsSis/phenylioSis (33a/b)

The perphenylated silane rings were prepared according to literature procedure via Wurtz-type
coupling of phenyl2SiCl> with Li in THF.4¢ The spectroscopic data are in full agreement with
literature values.??> Si NMR (CDCls): & = —22.5 (phenylsSis), —34.7 (phenylioSis) ppm.

522 Organotin Compounds

The preparation of aryltin compounds was carried out according to literature-known
procedures.? In the following, only 'H and *Sn NMR shifts are provided.

R4Sn

o-tolylsSn (34): 'H (CDCls, 300 MHz): & = 7.53 (d, 4H, 3Jus1 = 7.6 Hz, Jursnst = 39.2 Hz, Jiosntt =
53.8 Hz ppm), 7.31-7.23 (m, 8H), 7.19-7.11 (m, 4H). 1%Sn (CDCl3, 112 MHz): d = —121.8 ppm.

1-naphthylsSn (35): 'H (CDCls, 300 MHz): d = 8.44 (d, 4H, %Jin1 = 8.3 Hz), 8.23 (d, 4H, i = 6.6
Hz, 3Juzsnt = 27.2 Hz, Jnosnst = 59.2 Hz ppm), 7.68 (dd, 8H, st = 8.2 Hz), 7.20-7.09 (m, 8H), 6.94
(t, 4H, 3Jun = 7.7 Hz) 19Sn (CDCls, 112 MHz): & = —-117.2 ppm.

RSnCl;

phenylSnCls (36): 'H (CDCl;, 300 MHz): d = 8.10-8.07 (m, 2H), 8.03-7.98 (m, 3H) ppm, 'Sn
(CDCls, 112 MHz): d=—61.2 ppm.

o-tolylSnCls (37): 'H (CDCls, 300 MHz): d = 7.64 (d, 1H, 3Juu = 7.55 Hz), 7.59-7.51 (m, 1H),
7.46-7.31 (m, 2H), 2.68 (s, 3H, CHs) ppm, *Sn (CDCls, 112 MHz): & = —60.3 ppm.

1-naphthylSnCl; (38): 'H (CDCls, 300 MHz): d = 7.99-7.91 (dd, 1H, 3Ju-ni = 7.59 Hz ppm), 7.52-7.32
(m, 3H), 7.15-7.04 (m, 2H), 6.95-6.87 (m, 1H), Sn (CDCls, 112 MHz): d=—54.2 ppm.
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RzSnC/z

phenyl2SnClz (39): 'H (CDCls, 300 MHz): & = 7.72-7.69 (m, 4H), 7.55-7.51(m, 6H) ppm, "°Sn
(CDCls, 112 MHz): d = -27.4 ppm.

1-naphthyl2SnCl2 (40): 'H (CDCls, 300 MHz): d = 8.09 (t, 2H, 3in = 8.62 Hz ppm), 7.94 (t, 4H,
Trnt = 6.28 Hz), 7.83 (dd, 2H, 3Jun = 8.61 Hz), 7.64 (t, 2H, FJuu1 = 7.85 Hz), 7.58-7.48 (m, 2H), 7.41-
7.35 (m, 1H), 7.14 (t, 1H, 3Jrn = 7.85 Hz) 19n (CDCls, 112 MHz): d = -8.8 ppm.

RSHH3

In order to avoid a reaction with halogenated solvents due to weak Sn—-H bonds, the following
NMR spectra were taken in CeDe.

phenylSnHs (41): 'H (CsDs, 300 MHz): = 7.30-7.25 (d, 2H, it = 7.6 Hz, Jursnn = 43.8 Hz,
ussnti = 54.2 Hz ppm), 7.11-7.03 (m, 3H), 5.02 (s, 3H, Jriesnti = 1925 Hz, Jrirsnti = 1839 Hz, SnHs)
ppm, °C (CsDe, 75.5 MHz): & = 138.0, 132.5, 129.2, 128.8 ppm, 119Sn (CsDe, 112 MHz): d = —344 .4
(J119snt1 = 1909 Hz) ppm. EA: 36.24% C, 4.06% H (calc.), 35.97% C, 4.01% H (found).

o-tolylSnHs (42): 'H (CsDs, 300 MHz): & = 7.36 (d, 1H, 3Juu = 7.2 Hz, *Juzsatt = 56.3 Hz, 3J119sn-1 =
70.3 Hz ppm), 7.08 (d, 1H, 3Ju-u = 7.4 Hz), 6.99-6.93 (m, 2H), 4.91 (s, 3H, Ju9sn-t1 = 1908 Hz, Ju7sn-n
= 1825 Hz, SnHs) ppm, 3C (CeéDs, 75.5 MHz): & = 144.8, 139.0, 134.4, 129.8, 126.0, 25,8 (ortho—CHs3)
ppm, 19Sn (CeéDe, 112 MHz): 6 = -359.9 (Ju9sn-t1 = 1914 Hz) ppm. EA: 39.50% C, 4.74% H (calc.),
39.09% C, 4.56% H (found).

1-naphthylSnHs (43): '"H (CsDs, 300 MHz): 0 =7.69 (d, 1H, 3Ju-1 = 6.8 Hz), 7.67-7.56 (m, 2H), 7.50
(d, 1H, 3Ju-u = 6.8 Hz), 7.26-7.21 (m, 2H), 7.12 (dd, 1H, 3Ju-u = 7.4 Hz), 5.15 (s, 3H, J19sn-1 = 1935
Hz, YJuzsnn = 1849 Hz, SnHs) ppm, 13C (CeDs, 75.5 MHz): § = 139.2, 138.2, 134.5, 134.1, 130.4, 130.1,
129.2, 126.6, 126.0, 125.9 ppm, %Sn (CsDs, 112 MHz): 6 = -353.8 (Ju9sn-t = 1915 Hz) ppm. EA:
48.02% C, 4.05% H (calc.), 48.98% C, 3.99% H (found).

RzSnHz

phenyl:SnH: (44): 'H (CsDs, 300 MHz): d = 7.41-7.39 (m, 4H), 7.14-7.10 (m, 6H), 6.07 (s, 3H,
Nuosn-u1 = 1925 Hz, Juzsn-u = 1843 Hz, SnH2) ppm, 3C (CeDs, 75.5 MHz): 6 = 137.7, 135.5, 129.1,
128.9 ppm, 5Sn (CeDs, 112 MHz): d = -232.0 (YJuosn-t = 1929 Hz) ppm. EA: 52.42% C, 4.40% H
(calc.), 52.18% C, 4.21% H (found).

1-naphthyl:SnH: (45): 'H (CeDe, 300 MHz): d = 7.96 (d, 2H, 3Ju1 = 7.3 Hz), 7.62 (dd, 6H, 3Jrn =
5.3 Hz, ¥Juzsnt = 58.6 Hz, JJussnti = 72.1 Hz ppm), 7.28-7.08 (m, 6H), 6.44 (s, 3H, Jniosns = 1938 Hz,
izsnti = 1851 Hz, SnHa)ppm, PC (CsDs, 75.5 MHz): & = 139.2, 137.9, 136.7, 134.3, 130.5, 130.1,
129.1, 126.1, 125.9 ppm, 1Sn (CeDs, 112 MHz): d = —248.4 (Juosnti = 1951 Hz) ppm. EA: 64.05% C,
4.30% H (calc.), 64.18% C, 4.16% H (found).
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5.3 Pyrolysis

Equipment and Sample Preparation

The pyrolysis experiments were carried out in a Carbolite GHA 12/600 single zone horizontal
tube furnace. A schematic of the typical pyrolysis setup is given in Figure 81. The loosely heaped
precursor sample were introduced into the quartz glass tube in an aluminium oxide shuttle
under argon counter-flow and the tube was flooded for at least 15 min with argon before heating.

sample shuttle metal pipe
quartz glass tube

7N l—— argon inlet
%{@ | ; - @éi

L1 Doee

l exhaust

transfer flask

Figure 81 Schematic of the pyrolysis setup (horizontal tube furnace Carbolite GHA 12/600).

The heating process was adapted to each substrate; the three most frequently used procedures
are summarised in Figure 82. Temperatures, heating rates, gas flow rates and dwell times suitable
for the pyrolysis of the substrates were determined empirically.

800-
dwell time
\m ™ i m— | -step heating (fast)

600- \.,c:%.; L . = | -step heating (slow)
¥ N " e 2-step heating
~ " \-4/- B e
8 i .
3 400
£
(]
a
S
o
200

0 1 1 T
0 100 150 200

Time / min

Figure 82 Typical heating procedures for pyrolysis.
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After the pyrolysis, the samples were transferred into an Argon filled glovebox to avoid
adsorption of oxygen onto the substrate surface. Characterization of the pyrolysed products was
carried out by SEM/EDX. A summary of all conducted experiments is given in Table 20.
Elemental analysis (CHN) results of the pyrolysed samples are summarised in Table 21.
Measured nitrogen values stem from flooding of the transfer flask with the gas between two
evacuation steps.

Table 20 Mass loss and experimental parameters for pyrolysis experiments.

Compound Initial Mass  Final Mass Mass Loss  Temp. Pre- Rate  Gas Flow Dwell Time
[mg] [mg] [%] [rd Heated [°C min-'] [L min-!]  [min]
I-naphthyl,SiH; 250 31 88 450/700 — 10 2 60/60
231 26 89 700 — 10 2 120
I-naphthylsSiH 251 8 97 450/700 — 50 2 60/60
230 2 99 700 — 50 0.1 30
225 2 99 700 — 20 0.1 120
227 32 86 700 — 50 0.1 60
250 17 93 700 — 50 0.1 120
262 23 92 700 v — 2 30
I-naphthyl;(phenyl) SiH 245 I 99 400 — 50 0.1 30
253 | 99 500 v — 0.1 10
250 2 99 500 — 50 0.1 30
247 I 99 700 — 10 0.1 30
251 2 99 700 — 50 0.1 30
261 35 87 700 — 50 2 30
I-naphthyl(phenyl)2SiH 543 63 88 600 — 50 2 30
511 4 99 700 — 50 2 30
phenylgSiy 520 129 75 450 — 20 2 60
556 122 78 700 — 20 2 60
549 89 84 850 — 20 2 60
phenyl,oSis 493 133 72 500 — 20 0.1 120
561 163 71 500 — 20 2 60
521 99 8l 800 — 20 2 120
536 1o 80 800 — 10 2 120
551 89 84 800 — 50 2 120
520 78 85 800 — 50 2 60
531 69 87 800 — 50 2 360
512 102 80 800 v — 0.1 60
550 83 85 900 — 20 2 120
587 88 85 450/800 v 50 2 30/30
graphite 146 142 3 800 — 50 0.1 60
o—tolyl@Sn 98 48 51 250 — 50 0.1 30
100 47 53 400 — 50 0.1 30
z;t:’gg@s” with graphite 311 309 | 250 — 50 0.1 30
o—tolyi@Sn with graphite 158 156 | 250 — 50 0.1 30

(in-situ, Et20)
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Table 21 Elemental analysis (CHN) of pyrolysed samples.

Compound Pyrolysis Temp. Rate Gas Flow  Dwell Time %N %C %H
[°q [°Cmin-']  [L min-'] [min]

[-naphthyl,SiH; 700 50 2 120 0.68 50.52 1.80

[-naphthylzSiH 700 20 0.1 120 0.92 69.12 1.55

700 50 0.1 30 [.10 83.98 1.73

700 50 0.1 60 0.68 67.83 1.21

700 50 0.1 120 0.99 71.12 1.05

700 — 0.1 120 0.70 74.48 2.20

phenylsSis 450 20 2 60 — 66.75 3.93

700 20 2 60 0.29 71.47 1.30

850 20 2 60 0.15 74.50 0.40

phenyl;0Sis 500 20 2 120 0.26 70.66 3.80

500 20 0.1 120 0.39 80.24 1.73

800 10 2 120 0.30 74.85 0.56

800 20 2 120 0.23 73.42 0.68

800 50 2 120 0.39 74.78 0.76

800 50 2 360 0.42 74.21 0.79

800 20 0.1 120 0.18 73.13 0.87

800 — 2 60 .18 72.46 1.36

450/800 — 2 30/30 .13 72.83 [.10

900 20 2 120 0.09 7291 0.59

5.4 Electrochemistry

54.1 Cyclic Voltammetry

Swagelok®—Cell (Ag/AgCl Reference)

In order to measure small quantities of the sensitive aryl silanes and -stannanes, a CV cell was
designed to fit their needs the best way possible. This cell corpus consisted of a Swagelok® PFA-
620-3 tube fitting with a diameter of % inch, allowing the sample volumes to be as small as
0.5 mL. As working electrodes either a platinum microelectrode with a diameter of 20 um using a
sleeve of PTFE or glassy carbon or platinum disk electrodes with a diameter of 3 mm in a
modified PEEK-body were used. The reference electrode was designed to be adaptable to
different situations: on one hand the parts designed may be used in a redox-reference setup
inspired by Compton et al.,? while on the other hand the parts may be realigned to build a
Ag/AgCl reference including a container for the solid AgCl which is in contact with the platinum
wire. Detailed description and pictures of the cell may be found in section 3.5.2.
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Vial-Cell (Pseudo Silver Reference)

In other cyclic voltammetry experiments a cell consisting of a glass-vial with a PTFE lid, in which
the electrodes were fit. In this setup, a glassy carbon electrode acted as working electrode, a
platinum wire as a counter electrode and a silver wire as a pseudo-reference electrode was used.
Ferrocene was added to the sample solutions as an internal reference. All measurements were
carried out in an Argon-filled glove-box, using approximately 1.5 mL of a 0.1 M TBAF solution of
the samples (2 mM, 5mM or approximately 10 mM) in either THF or MeCN.

PTFE lid Figure 83 Vial-cell as used in the glove-box.
Sample volume approximately .5 mL.

glassy carbon (WE)

sample solution in
0. MTBAF/MeCN or THF

5.4.2 Li-lon Half-Cells

The experiments in Li-ion half-cells were carried out in an airtight three electrode setup housed
within a PFA-220-3-Swagelok® tube fitting with a diameter of % inch, using parts made of
submarine steel for the electrodes. All test cells were assembled in argon filled glove-box. The
reference and counter electrodes were covered with a layer of lithium (lithium ribbon,
0.38 x 23 mm, Sigma-Aldrich, AT), the working electrode, consisting of a copper foil coated with
active material, was contacted with the corresponding steel part.

()
o
2
P
(o)
L
(9]

sample electrode o

cast on Cu foil b5 o1 :
g ‘ lithium foil as CE and RE
N
2 separator soaked in electrolyte

LiPF, (EC:DMC 1:1)
: : Sl !
working electrode Af\“,“,'\;‘,m counter electrode

[ Sy, |

Figure 84 Scheme of a Li-ion half-cell used for CV and GCPL experiments vs. Li/Li+.

122



Experimental — Electrochemistry

Electrode Preparation

The typical preparation of electrodes mostly involved a set of standard chemicals, including a
conductive additive in form of carbon black (SuperC 65, conductive carbon black, Imerys Timcal
C-NERGY, CH) and a polymeric binding agent (Kynar 761, polyvinylidene difluoride, PVdF,
ARKEMA, FR). N-methylpyrrolidone (NMP, Sigma-Aldrich, AT) was used as a solvent for the

slurry preparation.

Graphite (KS 6L, Imerys Timcal C-NERGY, CH) was ground in a planetary rotary mill at 400 rpm
for 1 h using a beaker and milling balls made from tungsten—carbide. As supporting metal and
current collector, a copper foil with rough surface (Goodfellow Cambridge Limited, 99.9%, thickness
17.5 or 50 um) was used.

The electrode compositions of silane samples with graphite are summarised in Table 22. A
summary of samples prepared without the addition of graphite are given in Table 23. All
electrode compositions containing stannanes are found in Table 24.

Table 22 Electrode compositions with silicon compounds incl. graphite.

Silane [%wt] PVAF [%wt]  SuperC 65 [%wt] Graphite [%wi]

phenyl;oSis 30 4 4 62
phenyl;0Sis + graphene 25+5 10 10 50
phenylioSis, pyr. (500°C) 46 4 4 46
phenyli0Sis, pyr. (700°C) 46 4 4 46
phenylioSis, pyr. (800°C) 46 4 4 46
phenyl0Sis, pyr. (800°C), ball-milled (incl. solvent) 46 4 4 46
phenylsSia 30 4 4 62
phenylsSis, pyr. (700°C) 30 4 4 62

46 4 4 46
phenylsSia, pyr. (800°C) 46 4 4 46
phenylsSia, pyr. (800°C), ball-milled (incl. solvent) 46 4 4 46
I-naphthyl(phenyl)SiH 25 4 4 67

25 10 10 55
I-naphthyl,SiH 25 4 4 67

25 10 10 55
phenyl,SiH 25 4 4 67

25 10 10 55
I-naphthyl>(phenyl) SiH 40 10 10 40

25 10 10 55
I-naphthyl(phenyl)2SiH 25 10 10 55
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Table 23 Electrode compositions with silicon compounds ("neat").

Silane [J%wt] PVdF [%wt] SuperC 65 [%wt]

phenylsSia 80 10 10
phenyli0Sis, pyr. (800°C) 92 4 4

80 10 10
phenyloSis, pyr. (800°C),ball-milled (dry) 80 10 10
phenyli0Sis, pyr. (800°C, preheated oven) 80 10 10
phenylioSis, pyr. (450/1800°C, preheated oven) 80 10 10
phenyl;0Sis + graphite pyr. (800°C) 80 10 10
I-naphthyl,SiH; 80 10 10
I-naphthylzSiH 80 10 10

Table 24 Tin compounds (with and without graphite).

Stannane [%wt] PVdF [%wt] SuperC 65 [%wt]  Graphite [%wt]

I-naphthyl@$n (Et.0) 25 10 10 55
[-naphthyl@Sn (DME) 25 10 10 55
[-naphthylSnH: 25 10 10 55
[-naphthylSnH3 + TMEDA 25 10 10 55
o-tolyl@5Sn (Et20) 25 4 4 67
o-tolylSnH3 + TMEDA 25 4 4 67
o-tolyl@Sn + graphite, pyr. (250 °C) 46 4 4 46
o-tolyl@Sn + graphite (in-situ, T), pyr. (250 °C) 46 4 4 46
o-tolyl@Sn + graphite (in-situ, T) 46 4 4 46

Exfoliation of Graphene from Graphite

The graphene sheets used in this work were prepared in-situ along the lines of the exfoliation of
boron nitride nano-sheets optimised in our research group.?* Therefore, natural graphite was
treated with ultrasonication for 12 h at 10 °C. Therefore, organic solvents such as the established
NMP and THF were tested.?> Yields were determined by UV-Vis spectroscopy, applying
Lambert-Beer’s law. Generally, the experiments carried out in NMP resulted in higher yields of
averagely 1.1 mg mL- while experiments in THF yielded 0.4 mg mL-'. The comparatively high
yield resulting from NMP is correlated with the viscosity of the solvent which enables better
suspension than the less viscous THF. For the coupling experiments, however, THF was
preferred over NMP, due to the solubility of the silanes involved.

Cyclic Voltammetry in Li-lon Batteries

For the studies on reduction and oxidation processes occurring inside of a lithium-ion battery
half-cell, Cyclic Voltammetry (CV) was conducted on a modular potentiostat/galvanostat/EIS
(electrochemical impedance spectrometer) VMP3 from Bio-Logic Science Instruments. Data
processing was carried out with the proprietary software EC-Lab, while plotting was done in
IGOR Pro.
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Galvanostatic Cycling with Potential Limitation (GCPL)

GCPL of Li-ion half-cells over the course of 100 cycles was performed using a MACCOR 40 cell
tester with a charge and discharge current corresponding to a C-rate of ¢/,, calculated from the
battery capacity according to Faraday’s law (below). The C-rate is a measure of the rate at which
a battery is charged or discharged in relation to its maximum capacity. In case of ¢/, the necessary
current is applied to or drained from the battery to charge or discharge it completely within two

hours.
m-F-z
I =
t-M
I current [A] z= é number of e~ exchanged per C atom
m mass of electro—active material [g] M molar mass [g mol]
F Faraday’s constant [96485 C mol™]

Considering the discharge reaction in the test cell (reduction process)
Li* + e~ + 6Cgraphite) = LiCq

the following calculation was done for each electrode used:

m[g] - 96485 [C mol™1] 1

6
7200[s] - 12[g mol~1]

Data processing was carried out in MIMS (the proprietary software for processing MACCOR
data files) followed by plotting in IGOR Pro.
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6 Appendix

2D NMR Spectra
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Appendix — Crystallographic data

Averaged Bond Lengths, Angles, Inter- and Intramolecular Interactions

Table 25 Selected bond lengths and angles for presented chlorosilanes.

N°  Compound Space Si—Caryi Si—Cen Si=cl C-Si—C a-si-ci c-Si-cl
Group  [A] (avg) [A] (avg) [A](avg) T[] (avg) [I(avg)  [](avg)
I 2,5-xylylSiCl3 P2i/m  1.844(12) 2.039(3) — 106.39(7) 112.39(2)
2,6-xylylSiCl3'5 Pnma  1.860(4) 2.048(4) — 105.35(7) 113.37(7)
I-naphthylSiCls¢ P2i/c  1.841(2) 2.034(8) — 106.9(4) 111.9(7)
2-naphthylSiCls'7 P2i/in  1.873(4) 2.034(10) — 107.2(4) 111.7(9)
2,4-xylyl,SiCl,7 P-1  1.858(3) 2.059(2) 118.15(9) 104.95(4) 108.24(9)
3 2,5-xylyl2SiCl; P2i/c  1.861(3) 2.063(3) 116.11(4) 104.667(5)  108.86(3)
2,6-xylyhSiCl2? P-1  1.877(2) 2.069(2) 113.72(7) 102.66(3) 110.09(3)
4  [-naphthyl(phenyl)SiCla P2i/c  1.859(3) 2.0621(9) 113.03(12) 106.57(4) 109.24(9)
I-naphthyl;SiCl, 7 P2i/n  1.859(3) 2.063(2) 116.84(10) 106.18(4) 110.01(8)
phenylSiCl'ee P2i/c — 1.861(2) 2.079(2) 111.57(3) — 107.27(3)
6 2,5-xylylsSiCl P2i/ic  1.871(17) — 2.096(6) 112.31(7) 106.43(5) 1.871(17)
7 [-naphthyl(phenyl),SiCl P2i/c  1.868(2) 1.859(2) 2.079(2) 111.25(10) — 107.61(8)
8 I-naphthylz(phenyl)SiCl P-1  1.869(3) 1.863(2) 2.086(3) 110.86(9) — 107.99(7)
I-naphthylzSiCle P-1  1.874(3) — 2.089(2) 111.23(6) — 107.66(5)
9  I-naphthyl;SiCl - naph. P-1  1.872(2) — 2.078(2) 110.78(9) — 108.12(6)
N°  Compound TIT Stacking Edge to Face CHs -~ C-H-d
[A] [A] [Al [A]
d R

I 2,5-xylylSiCl3 — — — 2.95 3.02-3.20
2,6-xylylSiCl3'5 — — — 2.94 3.07-322
I-naphthylSiClz6 341 1.72 2.94 — 3.0l -3.19
2-naphthylSiCl3'7 — — 278 —-2.87 — —
2,4-xylyl2SiCly7 — — 3.26 2.99 —

3 2,5-xylyl;SiCl, — — 2.73 3.17-3.38 3.08 -3.33
2,6-xylyl,SiCly7 3.45 1.46 — 3.24 2.99

4 |-naphthyl(phenyl)SiCl; 3.42 2.2 2.73,3.39 — 297 -3.19
I-naphthyl,SiCl, 7 3.58, 3.69 1.54, 1.23 2.95 — 291
phenyl;SiCli¢8 — — — — —

6 2,5-xylylsSiCl — — 3.08-3.35 2.51-3.29 —

7 I-naphthyl(phenyl),SiCl — — 2.87 - 337 — 295-3.15
I-naphthylz(phenyl)SiCl — — 2.69 —3.39 — 3.10-3.12
I-naphthyl3SiClé 3.45 1.6l 2.79-3.20 — 3.08-3.19

9  I-naphthyhsSiCl - naph. 3.67 2.92 2.59 - 3.38 — —
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Table 26 Selected bond lengths and angles as well as intermolecular interactions for presented silanes.

N°  Compound Space Si—Cary Si—Cen Si-H C-Si-C C-Si-H
Group [A] (avg) [A] (avg)  [A] (avg) [°] (avg) [°] (avg)
2,4-xylyl2SiH;8 P2i/c 1.869(2) — 1.389(2) 117.18(6) —

14 2,5-xylyl,SiH; P-1 1.8723(18) — 1.426(18) [14.15(8) 108.8(8)

2,6-xylyl2SiH8 P2i/c 1.885(2) — 1.354(2) 114.05(7) —
I-naphthyl,SiH,® Pbca 1.869(3) — 1.385(2) 109.90(6) —
phenylzSiH'! P2i/c — 1.851(2) 1.490(2) 111.03(5) 107.87(5)

18  2,5-xylylsSiH P2i/c 1.889(2) — 1.463(18) 110.1(9) 108.83(7)

19 I-naphthyl(phenyl)2:SiH ~ P2i/n 1.884(3) 1.874(3) 1.437(3) 110.36(5) 108.57(5)

20  [-naphthyly(pheny))SiH  Pbca 1.869(4) 1.874(4) 1.36(3) 109.69(17)  109.23(12)

21 I-naphthylzSiH Pna2, 1.872(6) — 1.4200 111.07(3) 107.83(4)

2,4,6-mesityl;SiH'52 Cc 2.02 — — 105.23 —
2,3,4,5,6-mesitylsSiH'73  P-1 1.963(4) — 1.000(2) 105.87(2) 105.41(2)
N°  Compound Edge to Face CHs -1 Si—H - Si
[A] [A] [A]
2,4-xylyl,SiH8 3.18 2.83 —

14 2,5-xylyl,SiH; — 2.80 3.19
2,6-xylyl2SiH,8 2.95 2.76 —
I-naphthyl,SiH,8 2.79-2.83 — —
phenyl;SiH'! 2.82 - 3.09 — —

18  2,5-xylylsSiH — 2.76 — 3.0l 3.78

19 I-naphthyl(phenyl).SiH 2.65-2.93 — —

20  I-naphthyly(bhenyl)SiH 2.88-3.18 — 3.63

21 [-naphthylsSiH 2.98 - 3.39 — 3.49 - 3.51
2,4,6-mesitylzSiH'52 — — —
2,3,4,5,6-mesityl3SiH'73 — 2.82-3.32 —
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Table 27 Selected average bond lengths of triaryl(allyl)silanes.
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N°  Compound Si—Chaph Si—Cpn Si—Cr Cr—C» Cr—C»
(Al (ave) [Al(ave) [Al(ave)  (Aly)[A] (Al [A]
22 phenyls(allyl)Si — 1.872(3) 1.892(3) 1.494(2) 1.325(2)
23 [-naphthyl(phenyl)2(allyl)Si 1.891(3) 1.881(3) 1.899(3) 1.492(2) 1.317(3)
24 [-naphthyl:(phenyl) (allyl)Si 1.890(3) 1.881(3) 1.920(3) 1.483 (2) 1.323(2)
25  [-naphthyls(allyl)Si 1.892(3) — 1.918(3) 1.506(2) 1.326(2)
I-naphthyl(2,4,6-mesityl)(phenyl)(allyl) Si's! 1.873(2) 1.877(2) 1.888(2) 1.491(2) 1.305(2)
2,4,6-mesitylz(allyl) Si'52 — 1.909(2) 1.919(3) 1.454(3) 1.351(8)
N°  Compound Cary—Si—Caryi Cary—Si—Calyi Si—Cr—Cz Cr—Cr—Cy
[] (avg) [] (avg) (Ally) [’ (Ally) [°]
22 phenylz(allyl)Si 110.01(6) 108.93(6) 115.14(9) 125.56(13)
23 [-naphthyl(phenyl)2(allyl)Si 110.21(7) 108.69(7) 117.49(12) 125.62(19)
24 [-naphthyly(phenyl) (allyl)Si 109.00(6) 109.89(6) 117.21 (10) 126.20 (16)
25  [-naphthyls(allyl)Si 108.61(5) 110.32(6) 118.00(9) 125.11(14)
I-naphthyl(2,4,6-mesityl)(phenyl) (allyl)Si's! 109.65(6) 109.26(2) 114.52(1) 125.53(1)
2,4,6-mesitylz(allyl) Si'52 112.87(1) 105.81(2) 124.71(2) 124.82(3)

Table 28 Inter- and intramolecular interactions of triaryl(allyl)silanes.

N°  Compound Edge to Face CH3 -7 CHx(allyl) -- 17 CH=CH;(m) (allyl) --H
[A] [Al [Al [Al
intra inter
3.28 2.92 2.94, 3.02
22 phenylx(allyl)Si 2.81 —-3.34 — ’
phenyls(ally)Si 8l -33 (methylene-pi) edge to face  edge to face
; 2.90, 3.31 2.95, 3.34
23 |-naphthyl(phenyl)2(allyl)Si 2.81 - 3.4l — — edge to face  edge to face
; 2.72 2.89
24  |-naphthylx(phenyl) (allyl)Si 3.21-3.74 — — edge to face  edge to face
; 2.65 2.82
25 [-naphthyls(allyl)Si 2.66 —3.28 — — edge to face  edge to face
[-naphthyl(2,4,6-mesityl) _ 281 2.96, 3.09
(bhenyl)(allyl)Si 284294 285 325 edge to face  edge to face
2,4,6-mesityls(allyl) Si'52 — 3.12-3.3I 3.49 3.23 methyl  3.29 methyl
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Appendix — Crystallographic data

Table 29 Crystallographic data and details of measurements for compounds 1, 3, 4.

Mo Ka (A=0.71073 A). Ry = 5/ [Fo| = [Fel/|S|Fs; WR2 = [Sw(Fo2-F2) 25 (Fo)2] 12,

Compound 2,5-xylylSiClz (1) 2,5-xylyl2SiCl> (3) I-naphthyl(phenyl)SiCl> (4)
Formula CsHsCl5Si CieH1sClSi Ci6H12CLSi
Fw (g mot') 239.59 309.29 303.25
alA] 8.9210(7) 9.3063(4) 8.9439 (6)
b [A] 7.2244(6) 15.4212(7) 8.9911 (6)
c[A] 9.3319(7) 11.4517(6) 17.4880 (11)
al’] 90 90 90
B[] 118.142(2) 110.085(1) 91.733 (2)°
vI[] 90 90 90
vV (A3) 530.33(7) 1543.53(13) 1405.66 (16)
4 2 4 4
Crystal size (mm) 0.12 x 0.10 x 0.08 0.08 x 0.04 x 0.04 0.10 x 0.09 x 0.06
Crystal habit Blocks, colourless Block, colourless Block, colourless
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/m P2i/c P2i/c
dealc (Mg m=3) 1.500 1.331 1.433
U (mm-!) 0.92 0.48 0.53
T (K) 100(2) 100(2) 100(2)
20 range [°] 2.5-333 2.3-33.2 3.2-33.2
F(000) 244 648 624
Rint 0.060 0.054 0.059
independent reflns 2197 5921 2457
No. of params 72 244 172
RI =0.0289 Rl =0.0367 RI =0.0442
RI, wR2 (all data)e wR2 = 0.0722 wR2 = 0.0857 wR2 =0.1020
RI =0.0244 RI =0.0294 RI1 =0.0402
RI, wR2 (>20)° wR2 = 0.0686 wR2 =0.0798 wR2 =0.0999
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Table 30 Crystallographic data and details of measurements for compounds 7-9.

Mo Ka (A=0.71073 A). Ry = 5/ [Fo| = [Fel/|S|Fs; WR2 = [Sw(Fo2-F2) 25 (Fo)2] 12,

Appendix — Crystallographic data

Compound [-naphthyl(phenyl)SiCl (7) I-naphthylz(phenyl)SiCl (8) I-naphthylzSiCl Naph (9)
Formula CuH i, ClSi CaH\5CISi C30H2/CISi 0.5(CioHs)
Fw (g mol) 344.89 394.95 509.09
a [A] 11.0731(5) 9.4897(7) 9.4283(5)
b [A] 8.9778(4) 9.5015(7) 12.1949(7)
c[A] 18.1359(8) 12.3469(10) 12.5213(7)
al’] 90 110.360(3) 96.162(2)
B[] 98.594(2) 93.101(3) 108.914(2)
vI] 90 104.691(3) 99.300(2)
v (A3) 1782.68(14) 997.09(13) 1324.21(13)
Z 4 2 2
Crystal size (mm) 0.07 x 0.07 x 0.05 0.10 x 0.09 x 0.08 0.09 x 0.08 x 0.08
Crystal habit Block, colourless Block, colourless Block, colourless
Crystal system Monoclinic Triclinic Triclinic
Space group P2\/c P-1 P-1
dealc (Mg m-3) 1.285 1.315 1.277
U (mm-) 0.28 0.26 0.21
T (K) 100(2) 100(2) 100(2)
26 range [°] 2.5-27.9 2.6-28.1 2.4-33.2
F(000) 720 412 532
Rint 0.053 0.048 0.114
independent reflns 3427 4789 4652
No. of params 286 329 334
R1 =0.0643 RI =0.0616 RI =0.0506
RI, wR2 (all data)e wR2 =0.1073 wR2 = 0.1042 wR2 = 0.1097
R1 =0.0490 RI =0.0443 RI =0.0397
RI, wR2 (>20)° wR2 =0.1017 WwR2 = 0.0962 WwR2 = 0.1033
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Table 31 Crystallographic data and details of measurements for compounds 14 and 18.

Mo Ka (A=0.71073 A). Ry = 5/ [Fo| = [Fel/|S|Fs; WR2 = [Sw(Fo2-F2) 25 (Fo)2] 12,

Compound 2,5-xylyl,SiH; (14) 2,5-xylylsSiH (18)
Formula CieH20Si Ca4HasSi
Fw (g mot') 24041 344.55
alA] 4.9753(4) 5.2443(6)
b [A] 11.4103(8) 33.820(3)
c[A] 12.4601(8) 11.1289(12)
al’] 96.895(4) 90
B[] 96.562(3) 95.673(4)
vI[] 94.975(3) 90
vV (A3) 694.01(9) 1964.2(4)
4 I 4
Crystal size (mm) 0.03 x 0.001 % 0.001 0.04 x 0.001 % 0.001
Crystal habit Needle, colourless Needle, colourless
Crystal system Triclinic Monoclinic
Space group P-1 P2\/c
deaic (Mg m-3) 1.15037 I.165
u (mm-) 0.15 0.12
T (K) 100(2) 100(2)
26 range [°] 1.6-28 2.2-25.8
F(000) 260 744
Rint 0.068 0.102
independent reflns 3329 3453
No. of params 166 236
RI =0.068I Rl =0.0586
RI, wR2 (all data)e wR2 =0.1233 wR2=0.1110
RI =0.0457 R1 =0.0438
RI, wk2 (>20) WR2 = 0.1114 wR2 = 0.1015
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Table 32 Crystallographic data and details of measurements for compounds 19-21.

Mo Ka (A=0.71073 A). Ry = 5/ [Fo| = [Fel/|S|Fs; WR2 = [Sw(Fo2-F2) 25 (Fo)2] 12,

Appendix — Crystallographic data

Compound I-naphthyl(phenyl):SiH (19)  I-naphthylphenylSiH (20) [-naphthylsSiH (21)
Formula CuHsSi CaeH20Si C3oH2:Si
Fw (g mol') 310.45 360.51 410.56
a[A] 9.9345(16) 11.1928(9) 9.7302(9)
b [A] 9.8379(16) 9.9036(8) 37.050(3)
c[A] 17.532(3) 34.006(3) 17.7365(15)
al] 90 90 90
B[] 97.198(6) 90 90
v[] 90 90 90
vV (A3) 1700.0(5) 3769.5(5) 6394.1(10)
V4 4 8 12
Crystal size (mm) 0.09 x 0.08 x 0.07 0.20 x 0.06 x 0.02 0.10 x 0.08 x 0.07
Crystal habit Block, colourless Block, colourless Block, colourless
Crystal system Monoclinic Orthorhombic Orthorhombic
Space group P2i/n Pbca Pna2,
deac (mg m-3) 1213 1.270 1.279
Y (mm-) 0.14 0.13 0.13
T (K) 100(2) 100(2) 100(2)
26 range [°] 2.4-353 2.2-25.0 2.2-234
F(000) 656 1520 2592
Rint 0.050 0.149 0.127
independent reflns 2996 3250 5814
No. of params 280 248 838
R1 =0.0305 Rl =0.1271 R1 =0.0827
RI, wR2 (all data)e wR2 = 0.0788 wR2 = 0.1586 wR2 = 0.1265
R1 =0.0291 Rl =0.0593 R1 =0.0574
RI, wk2 (>20) WR2 = 0.0776 WR2 = 0.1243 wR2=0.118|
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Table 33 Crystallographic data and details of measurements for compounds 22-25.
Mo Ka (A=0.71073 A). Ri = ¥/ |Fo| — |F|/|X|Fa; WR2 = [Sw(Fo2F22)2/ 3 w(Fo?)2] 2.

Compound phenylz(allyl)Si I-napthyl(phenyl)2(allyl)Si  I-napthyl(phenyl)(allyl)Si I-naphthylz(allyl)Si
(22) (23) 24) (25)

Formula CaiH20Si CasH2Si CasHa4Si Cs3HaeSi

Fw (g mot') 300.46 350.51 400.57 450.63

a [A] 9.4416(4) 9.8889(4) 10.0602(12) 10.0156(4)

b [A] 9.5596(4) 10.0106(4) 10.1861(12) 11.7046(4)

c[A] 10.0151(4) 30.6810(13) 11.3942(14) 11.7835(4)

al’] 90.465(2) 84.358(2) 75.617(6) 111.075(1)

B[] 110.968(2) 87.240(2) 69.312(6) 102.357(1)

v [] 99.629(2) 72.797(2) 84.092(6) 92.698(1)

vV (A3) 829.92(6) 2886.7(2) 1057.9(2) 1247.39(8)

V4 2 6 2 2

Crystal size (mm) 0.12 x 0.10 x 0.07 0.10 x 0.09 x 0.08 0.13 x0.11 x 0.09 0.08 x 0.07 x 0.06

Crystal habit Block, colourless Block, colourless Block, colourless Block, colourless

Crystal system Triclinic Triclinic Triclinic Triclinic

Space group P-1 P-1 P-1 P-1

deac (mg m3) 1.202 1.210 1.257 1.200

M (mm-!) 0.14 0.13 0.12 0.11

T (K) 100(2) 100(2) 100(2) 100(2)

20 range [°] 24-304 2.2-332 2.4-35.2 2.5-33.1

F(000) 320 116 424 476

Rint 0.070 0.075 0.050 0.032

independent reflns 4394 10099 3689 4339

No. of params 279 703 271 411

RI, wR2 (all data)e R1 =0.0500 R1 =0.0433 R1 =0.0378 Rl =0.0384

’ wR2 =0.0910 wR2 = 0.0942 wR2 = 0.0924 wR2 =0.1129

R1 =0.0383 R1 =0.0376 RI =0.0334 RI =0.0347

RI, wR2 (>20)¢ WR2 = 0.0840 WR2 = 0,090 WR2 = 00887 wR2 = 0.1084
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Table 34 Crystallographic data and details of measurements for compounds 29 and 31.

Mo Ka (A=0.71073 A). Ry = 5/ [Fo| = [Fel/|S|Fs; WR2 = [Sw(Fo2-F2) 25 (Fo)2] 12,

Compound NaphsSiPyPz (29) [-naphthylz(phenyl),Si (31)
Formula CasH34N4Si, C7Hs CaHadSi
Fw (g mol) 750.66 436.60
a [A] 9.8642(4) 18.2253(14)
b [A] 11.3904(5) 7.4874(6)
c[A] 18.7421(9) 19.1104(14)
al’] 74.315(2) 90
8] 88.009(2) 93.889(3)
vI[] 79.822(2) 90
vV (A3) 1995.30(15) 2601.8(3)
V4 2 4
Crystal size (mm) 0.09x 0.06 x 0.08 0.09 x 0.06 x 0.06
Crystal habit Block, colourless Block, colourless
Crystal system Triclinic Monoclinic
Space group P-1 P2i/c
dealc (Mg m=3) 1.249 I.115
u (mm-!) 0.10 0.11
T (K) 100(2) 100(2)
29 range [°] 2.3-32.8 2.2-32.1
F(000) 792 920
Rint 0.0578 0.097
independent reflns 7032 4569
No. of params 519 298
Rl =0.0578 R1 =0.0499
RI, wR2 (all data)e WR2 = 0.1009 WR2 = 0.0988
Rl =0.0398 R1 =0.0368
RI, wRZ (>20)¢ wR2 = 0.0886 wR2 = 0.0908
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