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Chapter 1 INTRODUCTION

1-1 Synthesis of Organosilanes

1-1-1 Organosilanes

Organosilanes are the compounds containing Si—C bonds. No
organosilanes exist in nature and all of organosilanes are
synthesized artificially. The number of the kind of
organosilanes is as large as that of organic compounds.

Organochlorosilanes (R4_xSiClX) are the most important
chemicals for producing silicones. Silicones are polymers
including organosilicon groups linked by siloxane bonds
(Si-0-8i). They are generally produced by hydrolysis and
condensation of organochlorosilanes. Silicones are classified
by their nature into three kinds: oils, rubbers and resins.

Organoalkoxysilanes are also important chemicals as silane-—
coupling reagents. Silane—coupling reagents consgst of organic-—
functional and alkoxy groups, which can be bound to organic and
inorganic materials, respectively. For example, they are used
as adhesive reagents between glasses and resins.

In organic syntheses, organosilanes are in use as silylation
reagents in order to protect functional groups of the organic
compounds and to improve their solubilities for solvents and
their heat-resistance. Active hydrogens of hydroxy, carboxy,
amino and mercapt groups in organic compounds are replaced by

triorganosilyl group.



i-1-2 Synthesis of Organosilanes

Organosilanes have been studied since 1800’s. In 1863,
Friedel and Crafts synthesized tetraethylsilane by the reaction
of tetrachlorosilane with alkyl zinc. In 1944, Rochow
discovered the direct synthesis of organchalosilanes [1],
establishing the silicon chemistry as industry.

Rochow reported the formation of methylchlorosilanes by the
silicon—-methyl chloride reaction using copper catalyst [1]. The
synthesis of various silicon compounds from metallic silicon is
called direct synthesis. Various organic halides, alcohols,
phenols, ethers and dimethylamine directly react with silicon.
However, only the reactions of methyl chloride and chlorobenzene
with silicon are carried out industrially. The silicon—-methyl
chloride reaction at 250-350°C gives methylchlorosilanes,
(CH3)ZSiC12 being a major product. Chlorobenzene reacts above
400°C to give phenylchlorosilanes such as PhZSiCIZ, the main
product. #

The direct syntheses of silicon compounds to form Si—-OR and
Si—NRy bonds were also reported.

The selective synthesis of trialkoxysilane by the reaction
of silicon with alcohols was reported and noted for a part of new
route of organosilane synthesis. Trialkoxysilanes are alkylated
to give various organosilanes. For instance, organotrialkoxy-—
silanes are obtained by the hydrosilylation of trialkoxysilane
with alkenes.

The reaction of silicon with dimethylamine to form Si—N bond
was also reported [2]. The products consist of tris— and

tetrakisdimethylaminosilane, their yields being very low.



The exothermic reactions of silicon with chlorine and
hydrogen chloride occur at 200-300 ©C to form tetrachlorosilane

and trichlorosilane, respectively.

Si + HCl ——> HSiClg + SiCly,

Alkoxysilanes can be synthesized by the reactions of chloro-

silanes with alcohols.

The synthesis methods of organosilanes other than direct
synthesis are summarized as follows:

In 1952, Kautsky reported the formation of "active silicon”
[Si] by removing calcium with antimony trichloride from calcium

disilicide [3].
3 CaSig + 2 SbCly —> 6 [Si] + 2 Sb + 3 CaCly

Bonitz showed the formation of "active silicon" [Si] by the
reaction of calcium silicide with chlorine in tetrachloromethane

or tetrachlorosilane at room temperature.

"Active silicon" is so reactive that it reacts with methanol,
chlorine and methyl chloride at gentle reaction conditions (20-60
OCc) to give tetramethoxysilane, polychlorosilanes and methyl-—

chlorosilanes, respectively.



[Si] + 4 CHgOH —> Si(OCHg), + 2 Hy

[Si] + n CH3Cl — (CH3),SiCl,_,

Boudin et al. reported the synthesis of organosilanes from
silica [6]. They obtained organosilanes by the reaction of
Grignard agent and six—coordinated silicon compound formed from
silica and catechol. The merit of this reaction is the absence

of the the reduction process of silica to form metallic silicon.

1-1-3 Metallic Silicon
Metallic silicon utilized for the synthesis of methylchloro-
silanes is formed by reducing silica (SiOy) with cokes as a

reducing agent in an electric furnace.

Si0y + 2 C —> Si + 2 CO

The electric power to obtain 1 t of metallic silicon is so high
(14,000 kWh) that the production of metallic silicon in Japan was

stopped in 1987 and all of metallic silicon is imported.

1-1-4 Direct Synthesis of Methylchlorosilanes

In direct synthesis of methylchlorosilanes, copper catalyst
is prepared by various methods, for example, by heating the
mixture of silicon and copper above 1,050 ©C in reductive
atmosphere to form Si—Cu alloy [7] or by pretreating the silicon-
copper(I) chloride at 260-300 °C prior to the reaction [8].

Copper(I) chloride reacts with silicon to give copper-silicon



intermetallic compounds (CuXSiy) on silicon surface.
CuCl + Si —> CuXSiy + 8iCly

The Cu—-Si alloy adhered to silicon—grains is very reactive.

In methylchlorosilanes synthesis, dimethyldichlorosilane is
much in demand. However, various methylchlorosilanes except
dimethyldichlorosilane are formed as by-products. Much effort
has been made to improve the selectivity for dimethyldichloro-
silane by addition of promoters.

Addition of zinc and tin to the copper catalyst resulted in
the improvement of both the selectivity for dimethyldichloro-
silane and the reaction rate [9,10].

Many reports have been made to obtain selectively for
methylchlorosilane other than dimethyldichlorosilane.

Addition of aluminum gave higher selectivity for trimethyl-
chlorosilane (10-20%) than that in the absence of aiuminum (3~5%)
[11]. Zinc and magnesium have the same effect as aluminum [12].

It was reported that high selectivity for methyltrichloro-
silane was obtained by addition of iron, aluminum or tin chloride
to fhe copper catalyst [13].

Effects of carrier gases during the reaction were reported.
Use of nitrogen as a carrier gas improved the selectivity for
dimethyldichlorosilane [7]. When hydrogen is fed to the
silicon-catalyst mixture, the selectivity for silanes containing
Si—H bonds, CH38101H2, increased [14]. In the reaction under a

hydrogen chloride stream, the main product was CHg3SiClg [15].



1-1-5 Role of Copper as a Catalyst in the Synthesis of Methyl-
chlorosilanes

CugSi phase is one of the stable phases of silicon - copper
alloy, being formed by the dissolution of copper in silicon.
The formation of CugSi phase has been observed in silicon -
copper mixtures treated in various manners. Trambouze reported
that CugS8i phase is important in the formation of
methylchlorosilanes [16]. Voorhoeve et al. also obtained the
indication of CugSi formation in all mixtures of silicon -
catalyst, which were prepared by fusing copper with silicon or
heating the mixture of silicon and copper(I) chloride [17,18].
Falconer et al. [19] reported that Cu3Si phase provides an
reactive surface for methylchlorosilanes formation and that,
however, a clean surface of Cu3Si is not catalytically active
until the silicon is bound to chlorine.

Frank and Falconer proposed that the presence of copper
results in the weakening of silicon bonding [20]. ’ The silicon-—
copper bond energy was calculated to be ca. 128 kJ mol_l, 84 kJ
mol“1 less than the silicon—silicon bond [21].

Banholzer et al. determined the chemical composition of
reaétive surface [22]. They found that the ratio of Si/Cu is
between < 0.5 to 2, almost part being about 1. This indicates
that CugSi is not present in the reacting region of the surface.
Lewis et al. also concluded that the reactive surface is richer
in silicon than CugSi [21].

Gupta et al. determined the chemical state of copper on the
silicon surface after the reaction by XPS. They reported that

catalytic copper is two valence [23,24]. Owen et al. [25] and



Chen et al. [26] reported the zero and one valence of active
copper, respectively. The chemical state of copper has not been
completely clarified yet. However, it seems certain that the
copper exists as the silicon-copper intermetallic compound during

the reaction.

1-1-6 Mechanism of Formation of Methylchlorosilanes

Several mechanisms in the methylchlorosilanes formation have
been proposed.

Rochow and Hurd proposed a radical mechanism in the reaction

of silicon—copper alloy with methyl chloride [27].

2 Cu + CH3C1 —= CuCl + CuCH3
S8i + CuCl —= Cu + (Si-Cl1)

(8i-Cl) + CuCHg —= (CH48iCl) + Cu

This mechanism was supported by the following exberiment. A
stream of methyl chloride was passed over finely divided copper
at 250°C and led over a lead mirror. The lead mirror
disappeared to form volatile Pb(CH3)4 by the reaction of CH3‘ and

Pb.

CuCHg —> Cu + CHg"

Methyl radical formed from CuCHg reacts with silicon to form 8Si-C
bond. However, no evidence for the formation of CuCH3

intermediate was obtained.



Klebansky et al. [6,28] and Bazant et al. [28] proposed the
ionic mechanism.

Klebansky et al. considered that chlorine atoms migrate to
silicon after dissociative adsorption of methyl chloride on
silicon and copper, and that this was caused by polarization of
methyl chloride by the lattice charge of Si—-Cu bonds. In the
reaction of methyl, ethyl, bropyl, tert-butyl and vinyl chloride
with silicon, the reactants having higher dipole moment reacts
with silicon at lower temperatures.

S+ S— S+ §- Cl— CHg CHg

i

Cil
1 i
Cu-Si + CH3—C1 —_— : —_— Cu + \ /
' Si

Cu — Si

In contrast to Klebansky’'s mechanism, Bazant et al. proposed
that methyl group as an electrophile migrates to silicon after
methyl and chlorine combine to copper and silicon, ;espectively.
The reaction rate of methyl bromide instead of chloride

increased. This shows that methyl group easily migrate to

silicon since bromine is more electron—donative than chlorine.

CHg— Cl CHy Cl

i i
e cu \/
i }

Cu — Si Si

Voorhoeve et al. [18,30,31] supported the ionic mechanism by
the relationship between product selectivity and lattice charge

in variation of silicon-metal alloy such as copper, calcium,



chromium and iron. Their mechanism is shown in Fig. 1-1. On
the alloy surface, copper and silicon charged with plus and
minus, respectively. The physisorbed methyl chloride is
polarized on the surface to charge methyl and chlorine with plus
and minus, the Si—C bond formation involving C-Cl bond cleavage.
The intermediates of the reaction have been studied.
Zubkov et al. found the formation of dichlorosilylene in the
reaction of silicon with copper(I) chloride by mass spectroscopy
[32]. They proposed that dichlorosilylene reacts with methyl
chloride and copper to form dimethyldichlorosilane and copper(I)

chloride.
:SiClz + MeCl, Cu —> Me281012 + CuCl

Lewis proposed the intermediacy of methylchlorosilylene (:SiMeCl)
in dimethyldichlorosilane formation [21].

However, Clarke et al. concluded that silyleneés(:SiXCI (X =
Me, Cl1)) in gas phase is not reaction intermediates [33]. When
butadiene as a trapped reagent of silylene was added to methyl
chloride feed, very low yields of butadiene-—trapped products were
obtained, indicating that silylenes are not involved in the
reaction mechanism.

Podgornyi et al. concluded that the chlorinated surface
silicon is the reaction intermediate since high reaction rate was
caused by chlorination of silicon by chlorine before the reaction
[34,35]. Chlorinated silicon reacts with two molecules of
methyl chloride to give dimethyldichlorosilane (Fig. 1-2).

Falconer and coworkers also reported that the reactive site in
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Figure 1-1 Voorhoeve’s mechanism of dimethyldichlorosilane

formation.
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the formation of dimethyldichlorosilane was chlorinated silicon
species, using AES [19,36]. The silicon (LVV) Auger transition
gave evidence for the formation of Si-Cl bond on the silicon
surface at the induction period.

As described above, many reaction mechanisms have been
proposed. However, the mechanism consistent with all

experimental results has not been found yet.
1-2 Synthesis of Alkoxysilanes

1-2-1 Alkoxysilanes

Organocalkoxysilanes contain alkoxy groups, which are readily
hydrolyzed, and hydrophobic organogroups. Alkoxy groups are
condensed with the surface of inorganic materials (M-OH) to form
8i—-0-M bond. When the silane has functional groups such as
vinyl group, the silane is used as silane—coupling agent for
combining between organic and inorganic materials. l’For example,
organcalkoxysilanes are applied to the modification of organic-

inorganic complex materials and the improvement of their

mechanical strength and their water resistance.

Organoalkoxysilanes are industrially synthesized by the

alkoxylation of organochlorosilanes.

RySiCly_, + (4-x) R’OH —= R,Si(OR’)4_x + (4-x) HCI

In this reaction, a special reactor resistant to acids is

required since corrosive hydrogen chloride gas is formed as a by-

product.

12



Another synthesis method of organocalkoxysilanes is the

hydrosilylation of trialkoxysilanes.
HSi(OR’)3 + RCH=CHy —> RCHZCHZSi(OR’)3

In this reaction, the ordinary reactor can be used because no
corrosive gases are formed. This reaction will be expected as a
part of a new route of organoalkoxysilanes synthesis, if easier
synthesis of trialkoxysilanes is developed.

At present, however, trialkoxysilanes are produced by the
reaction of trichlorosilane and alcohols in spite of the
formation of hydrogen chloride. Thus, the procedures of
organoalkoxysilanes production will be simplified 1if
trialkoxysilanes are directly formed from metallic silicon
without using any halides.

Trialkoxysilanes are very reactive. Si~-H bond adds to
alkenes or alkynes (hydrosilylation), and is alkylatéd by organic
lithium (reductive silylation), leading the formation of
organosilanes with various functions. The disproportionation of

trimethoxysilane gives silane [37,38].
4 HSi(OCHg)g —> SiH, + 3 Si(OCHg) 4

Silane is industrially formed by the disproportionation of tri-
chlorosilane. The method of trimethoxysilane disproportionation
does not involve the formation of hydrogen chloride, having the
merit of non-corrosivity of the reactors.

As mentioned above, it is expected that trimethoxysilane

13 -



could be used as a raw material for organosilanes and silane, if
the method of direct synthesis of trimethoxysilane is

established.

1-2-2 Synthesis of Alkoxysilanes

Rochow synthesized methoxysilanes from silicon with methanol
in vapor phase [39]. The mixture of metallic silicon (90 wt%)
and copper (10 wt%) was pretreated at 1,050 °C for 1 h under a
hydrogen stream, and then was exposed to methanol at 250-300 e
to give tetramethoxysilane as a main product.

Rochow et al. demonstrated the liqgquid phase synthesis of
alkoxysilanes [40]. In the reaction of methanol, silicon
conversion was 33% and products consisted of trimethoxysilane and
tetramethoxysilane, the selectivity for trimethoxysilane being
87%. Furthermore, they carried ocut the reactions of silicon
with higher alcohols such as ethanol, l-propanol and isobutyl
alcohol to give alkoxysilanes especially trialgoxysilanes,
silicon conversions being low at 15.5, 4.8, and 8.3%,
respectively. n-Butyl, secondary and tertiary alcohols, such as
isopropyl, sec—butyl and tert—-butyl alcohol, did not react with
silicon.

There have been many efforts to improve the selectivity for
trimethoxysilane, which is of greater value than tetra-
methoxysilane. Many patents about liquid—-phase synthesis of
trimethoxysilane have been reported and discussed about the
effect of solvents [41]. The mixture of silicon and copper(I)
chloride was heated in the solvent such as dodecylbenzene,

dibenzyltoluene, octylbenzene and liquid paraffin, and reacted

14



with methanol at 200-240 OcC. The selectivity for
trimethoxysilane was high at 85-90%, silicon conversion being 80—
92% in 8-10.5 h.

The method of trimethoxysilane synthesis using fluidized
reactor was reported in a patent [42]. The silicon—copper(I)
chloride mixture was pretreated at 350°C and reacted with
methanol under a hydrogen stream, products consisting of tetra—,
tri— and dimethoxysilane. At 325 °C of reaction temperature,
the selectivities for tetra—, tri— and dimethoxysilane were 6, 68
and 14 wt%, respectively. The point of this patent is the
formation of dimethoxysilane. In the absence of hydrogen,
tetra—-, tri- and dimethoxysilane were obtained at 42, 45 and 2
wt% of the selectivities, respectively. These facts shows that
the presence of hydrogen gave an increased yield of products
having Si-H. This indicates hydrogen affects the selectivity.

The selective synthesis of trimethoxysilane in the presence
of alkyl halide was reported [43]. The high sel;ctivity for
trimethoxysilane was obtained by the addition of alkyl chloride
(1/90 of methanol) in an alkylbenzene solvent.

Suzuki et al. carried out the reaction in the fixed-bed flow
reactor [44]. The mixture of silicon (with oxide overlayers)
and copper(I) chloride heated under a helium stream at 723 X for
1 h before the reaction with methanol at 513 K. The silicomn
conversion reached 98% in 3 h, the selectivity for trimethoxy-
silane being 82%. High silicon conversion was obtained after
high—-temperature pretreatment (>623 K). The CugSi phase was
observed on the surface by the silicon—copper(I) chloride

reaction above 623 K at the pretreatment stage. It is

15



s

transformed into reactive sites once the reaction started.

We studied the effect of the oxide—-layers covering the
silicon surface on the reaction [45]. When the oxide overlayers
were removed by washing silicon grains with a HF solution, a high
silicon conversion was obtained even after low—temperature
pretreatment (513 K), the selectivity for trimethoxysilane being
almost 100%.

The preparation of the silicon-catalyst mixture was studied
in order to improve the reaction rate. In the study of Kamata
et al., copper(I) chloride was supported on the silicon surface
to attempt to increase the number of reactive sites [46].
Silicon covered with oxide overlayers hardly reacted at 513 K of
reaction temperature after the physical mixture of silicon and
copper(1l) chloride (2.5 wt%) was pretreated at 533 K. When the
reaction of the copper(I) chloride—-supported silicon with
methanol was carried out, the silicon conversion reached 15%.
Supporting copper(II) chloride on the silicon gave‘high silicon
conversion [47]. When the supported silicon was reduced in a
hydrogen stream at 553 K and reacted with methanol, silicon
conversion and the selectivity were 100% and 89% in 5.5 h,
respectively.

A catalyst other than copper compounds was reported [48].
Using sodium methoxide as a catalyst, the silicon reacted with
methanol in tetramethoxysilane solvent at 140°C in an autoclave
reactor. However, tetramethoxysilane was only produced in this
reaction, the reaction rate being slower than that using a copper
catalyst.

The novel method of tetraalkoxysilanes formation from silica

16



instead of metallic silicon was reported by Ono et al. [49].
The silica gel reacted with dialkyl carbonate to form
tetraalkoxysilane. When dimethyl carbonate vapor was fed to
silica gel loaded with alkali (or alkali earth) metal hydroxides
or salts as catalysts, a 100% yield of tetramethoxysilane was
obtained. They demonstrated that the reaction of rice hull ash
can be used as a source of silica with dimethyl carbonate [50].
As described above, many studies of direct synthesis from
metallic silicon and methanol were reported. However, there

were a few reports of the reaction mechanism.
1-3 Aims of This Thesis

The synthesis of trimethoxysilane from silicon and methanol
is important as a new route of synthesis of organosilanes. As
mentioned in the previous section, Rochow discovered the reaction
of silicon with methanol in vapor phase, a pr;duct being
tetramethoxysilane [39]. Rochow et al. also reported the
liquid—-phase synthesis, tri— and tetramethoxysilane being formed
[40]. Up to date, many patents for selective synthesis of
trimethoxysilane were reported. In most of these patents,
tedious operations for separation of the product from the solvent
may be needed due to the ligquid—-phase reactions.

Suzuki et al. performed the gas—phase reaction of methanol
and silicon covered with oxide layers in a fixed-bed flow reactor
[44]. The silicon conversion and the selectivity for
trimethoxysilane greatly depended on the conditions of the

pretreatment of the silicon-copper(I) chloride mixture. Thus, a
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high silicon conversion with a high selectivity was obtained
after the pretreatment of the silicon-copper(I) chloride mixture
above 623 K. We reported the removal of oxide overlayers
greatly improves the reactivity of silicon toward methanol [45].

The aims of this thesis are to determine the pretreatment
and reaction conditions for obtaining a high yield of
trimethoxysilane and to examine the mechanism for methoxysilane
formation in the genuine reaction of pure silicon without oxide
overlayers with methanol.

In order to obtain a high yield of trimethoxysilane, the
pretreatment and reaction conditions was determined. In
particular, the effect of the pretreatment conditions on the rate
of methoxysilanes formation and the selectivity for
trimethoxysilane was examined.

In the reaction of silicon with methanol using copper(I)
chloride as a catalyst, copper(I) chloride reacts with silicon to
form the precursor, Cu-Si alloy, of reactive sites oﬁ the silicon
surface. The formation of reactive site was examined during the
time course of the rate of methoxysilanes formation. In order
to examine the nature of reactive sites, the kinetics of the

reaction was examined.

The silicon—-methanol reaction gives +tri- and
tetramethoxysilane. The factor determining the selectivity has
not been clarified yet. It was reported that tetramethoxysilane

is formed upon the reaction of trimethoxysilane with methanol
catalyzed by metallic copper [17]. In the silicon—methanol
reaction, metallic copper is formed during the reaction. It was

determined whether tetramethoxysilane is a primary product or is
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formed by the secondary reaction of trimethoxysilane and methanol
by the action of metallic copper. Poisoning of metallic copper
by a proper additive to give selective formation of
trimethoxysilane was carried out.

Several mechanisms for methylchlorosilane formation has been
proposed, calling for further discussion. One of the aims in
this thesis is to clarify the mechanism of methoxysilane
formation. On the base of the reaction pathway of formation of
methoxysilanes, the mechanism of methoxysilane formation and the
intermediate of the reaction will be proposed. To obtain
further evidence for the intermediate of the silicon—-methanol
reaction, the experiment of trapping the intermediate is
attempted.

Organosilanes are produced by the reaction of silicon with
alkyl chloride such as methyl chloride. On the base of the
proposed mechanism, a new synthesis of organosilanes without the
use of any alkyl halides is pursued.

The formation of Cu—-Si intermetallic compound, which is the
precursor of reactive sites, includes the transport of copper (1)
chloride onto the silicon surface and the reaction of silicon
with copper(I) chloride at the pretreatment stage. The wvapor
pressure of copper(I) halide and the reactivity of copper(I)
halide toward methanol changes with the kind of the halide ion.
To examine the role of halide ions in the formation of reactive
sites, the reactions of silicon with methanol using various
copper(I) halides were carried out. If the halide ion is in-
volved in the reactive sites, the reaction order with respect to

methanol pressure and the activation energy might change with the
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kind of the halide ion. The kinetics of the reaction with the

three halides are examined and the results is discussed.
i-4 OQutline of This Thesis

This thesis consists of following seven chapters.

In Chapter 1, I started with reviewing the direct syntheses
of organosilanes and alkoxysilanes. The aims and outline of
this thesis are stated.

In Chapter 2, the effect of the pretreatment conditions of
the silicon-copper(I) chloride mixture on the rate of
methoxysilanes formation and on the selectivity for
trimethoxysilane is described. The time courses of the reaction
rate and the selectivity after pretreating the mixtures at
various temperatures and for various time were examined. To
examine the surface state of the pretreated or reacting mixtures,
'the mixtures after the pretreatment were analyzed by XRD and EPMA
and the reacting silicon surface were examined by SEM.

In Chapter 3, the kinetics of methoxysilanes formation is
described. The effect of pretreatment conditions on the nature
of reactive sites was examined from the dependences of methanol
pressure and reaction temperature on the reaction rate.

In Chapter 4, the reaction pathway of methoxysilanes
formation are examined. The method of the selective synthesis
of trimethoxysilane is established and will be proposed the
mechanism of trimethoxysilane formation.

In Chapter 5, a new synthesis of method of organosilanes

will be presented. This offers supporting evidence for the
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reaction mechanism proposed in a previous chapter.

In Chapter 6, the silicon—methanol reactions using copper(I)
bromide and iodide instead of the chloride as catalysts are
described. The effect of the halide ion on the rate of
methoxysilanes formation, the formation of reactive site and the
nature of reactive sites is examined.

In Chapter 7, the content of this thesis is summarized and
the remaining problems and future possibilities of direct

synthesis will be discussed.
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S

Chapter 2 Effect of the Pretreatment on the Rate of
Methoxysilanes Formation and the Selectivity for
Trimethoxysiane

2=1 Introduction

Trimethoxysilane is one of the important chemicals from
which various organosilicon compounds can be derived.

Rochow discovered the vapor—phase synthesis of tetramethoxy-
silane from methanol and silicon fused with copper as a catalyst
[1]. Rochow et al. reported the liquid-phase synthesis of
methoxysilanes, the products being of tri— and tetramethoxysilane
[2].

Many efforts have been made to obtain trimethoxysilane with
a high selectivity [3]. When the reaction of silicon with
methanol using copper(I) chloride as a catalyst was carried out
in the solvent such as dodecylbenzene and diundecyl£enzene, a 90%
selectivity with a high silicon conversion was obtained.

Suzuki et al. studied the reaction of methanol and silicon
covered with oxide-layers [4,5]. They reported that the
reaction rate and the selectivity for trimethoxysilane were
greatly influenced by the conditions of the pretreatment of the
silicon—-copper(I) chloride mixture prior to feeding methanol as
well as the reaction conditions. Thus, when the pretreatment
temperature was below 573 K, the reaction at 513 K started only
after an induction period and the reaction stopped at a low
silicon conversion, though the selectivity for trimethoxysilane

was very high (>96%). On the other hand, when the pretreatment
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temperature was above 623 K, the induction period was eliminated
and almost complete conversion of silicon was attained, though
the selectivity for the trimethoxysilane was low (70-80%).
Formation of the CugSi phase was observed after the pretreatment.

We have shown that silicon grains stored in ambient
conditions have SiOz—overlayers and that the treatment of the
silicon grains with an aqueous HF solution greatly improves the
reactivity of the silicon towards methanol [6]. Viale et al.
have also noted that the formation of CugSi by the reaction of
gsilicon with copper(l) chloride vapor is greatly promoted by
removing SiOg—overlayers [7].

It is very important to use silicon grains without oxide
overlayers for understanding the mechanism of the reaction.
Therefore, I examined the vapor—phase reaction of methanol with
silicon grains which had been washed with an aqueous HF solution.

In this chapter, in order to determine the pretreatment and
reaction conditions for obtaining a high conversidL with a high
selectivity for trimethoxysilane, the effects of the pretreatment
of the silicon—-copper(I) chloride mixture and the reaction
conditions, especially pretreatment temperature are examined.
To examine the effect of the pretreatment temperature on the
formation of Cu-Si intermetallic compounds by the reaction of
silicon and copper(I) chloride, the mixtures of silicon and
copper(I) chloride pretreated at various temperatures were

analyzed by XRD, SEM and EPMA.
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2—-2 Experimental

2-2-1 Reagents

Silicon grains obtained from Soekawa Chemical Co., Ltd. were
99.9% in purity and contained Fe as a major impurity. They were
sieved into grains of 45-63 pm and washed with an aqueous
hydrogen fluoride solution (46%) at room temperature for 1 h to
remove the SiOg-overlayers. The silicon grains thus treated
have SiOz—overlayers with 0.23 nm in thickness, as determined by
ESCA [6].

Optically polished silicon wafers with (100) crystallog-
raphic orientation, containing ca. 0.01 ppm of P as a doped atom,
were obtained from Toshiba Ceramics Co., Ltd. and washed with a
46% HF solution for 1 h.

Copper(I) chloride grains (Wako Pure Chemical Industries,
Ltd.) were 99.9% in purity. They were sieved into grains of 45—
63 um. F

Methanol and heptane (Kanto Chemical Co., Ltd.: guaranteed

reagent grade) were dehydrated over molecular sieve 3A.

2-2-2 Reaction Procedures and Analysis of the Products

The reaction of silicon with methanol was carried out in a
fixed-bed reactor. A 0.168 g (6.00 mmol) portion of the silicon
grains was mixed with the copper(I) chloride grains (Cu/(Cu+8i) =
0.01-0.1 by weight) in a vial. The mixture was loaded in a
reactor of silica quartz tube (10 mm i.d.) placed in an infrared
furnace and then heated under a helium stream (30 cc h_l) at 513~

723 K for 0-12 h prior to feeding methanol. In the experiments
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where the silicon wafer was used, a small piece of the wafer (4.5
Xx 4.5 mm) was embedded in the mixture of silicon and copper(I)
chloride grains.

Methanol at various pressures between 12-98 kPa was fed to
the reactor at 493-553 K. The total flow rate of methanol and
helium was 71 mmol n~1. The effluent gas was analyzed
automatically every 3.5 min with a gas chromatograph equipped
with a 2-m long SE-30 column and a thermal conduction detector.

Scanning electron micrographs (SEM) of the samples were
taken using a Hitachi 8-510 instrument operating at 15 kV.
Electron probe microanalysis (EPMA) of the samples was carried
out using a JEOL JSM—-35CF equipped with EDX facility, operating
at 2b kV. X-ray diffraction (XRD) patterns were recorded on a

Rigaku Geigerflex 2013, operating at 30 kV and 20 mA.

2~3 Effect of the Pretreatment on the Rate of Methoxysilanes

Formation

2-3-1 Effect of the Pretreatment Temperature

As described above, in the reaction of methanol with silicon
having thick Sioz—overlayers, the temperature of pretreating a
silicon—-catalyst mixture had a great effect on the reactivity of
silicon and the selectivity for trimethoxysilane [4]. Here, the
effect of the pretreatment temperature of the mixture on the
reactivity of the silicon washed with a HF solution was examined.

After the silicon - copper(I) chloride mixture (Cu = 10 wt%)
was pretreated at a given temperature for 1 h, methanol (59 kPa)

was fed to the reactor at 513 K. Figure 2-1 shows the changes
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Figure 2-1 Effect of the pretreatment temperature on the
change in the rate of methoxysilanes formation and the
selectivity for trimethoxysilane with time.

Preheating temperature= 513(a), 553(b), 603(c), 623(d),
673(e), and 723 K(f), pretreatment time= 1 h, Cu= 10 wt%.
Reaction temperature= 513 K, CH30H= 59 kPa.

S€olid and dashed lines represent the rate of methoxysilanes
formation and the selectivity for trimethoxysilane,

respectively.
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in the rate of methoxysilanes ((CH30)gSiH and (CHg0),4Si)
formation and in the selectivity for trimethoxysilane with
reaction time. When the pretreatment temperature was 513 K
(Fig. 2-1a), the rate increased just after starting a methanol
feed and, beyond a maximum, it decreased. At the pretreatment
temperature of 553 K (Fig. 2-1b), an induction period in the rate
curve became apparent, and the position of the rate maximum
shifted to a later reaction time. With the low pretreatment
temperatures, trimethoxysilane was formed with a high selectivity
(> 98%) throughout the reaction.

At the pretreatment temperature of 603 K (Fig. 2-1c), the
rate maximum shifted further to a later reaction time of 1.2 h,
with an earlier and lower rate maximum appearing at 0.25 h. At
623 K-pretreatment, the later maximum shifted further to an even
later reaction time, while the earlier maximum at 0.25 h became
more evident (Fig. 2-1d). The later maximum seems to correspond
to the one formed at lower pretreatment temperaturei The shift
of the rate maximum to a later reaction time indicates that the
surface state changes with pretreatment temperature. The
appearance of the earlier maximum suggests the development of a
new type of the reactive surface.

At higher pretreatment temperatures of 673 and 723 K (Figs.
2-1e and f), only one rate maximum appeared at 0.25 h. Thev
selectivity for trimethoxysilane became very low with increasing
reaction time except the very end of the reaction.

These results indicate the presence of two types of reactive
sites on the silicon surface. One appears at lower pretreatment

temperatures and gives a high selectivity for trimethoxysilane.
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The other appears at higher pretreatment temperatures and gives a
low selectivity for trimethoxysilane.

The silicon conversion at 5 h of reaction time, calculated
by the integration of the rate curves in Fig. 2-1, was 88, 78,
75, 88, 74, and 74% for the mixtures pretreated at 513, 553, 603,
623, 673, and 723 K, respectively. In this order of
pretreatment temperature, the overall selectivity for trimethoxy-
silane during 5 h was 98, 99, 97, 96, 66, and 64%. As mentioned
above, lower pretreatment temperature favors the high selectivity
for trimethoxysilane.

Voorhoeve [9,10] studied the effect of pretreatment of a
silicon—-copper(I) chloride mixture on the formation of CugSi
phase and concluded that the pretreatment at 673 K is effective
for obtaining high reactivity toward methyl chloride, since high
temperature is advantageous to effectively convert copper into
CugSi phase, which was supposed to be the active phase. The
result in this study shows that this does not directi; applicable
to the reaction of silicon with methanol, since very high
reactivity of silicon was attained by the pretreatment as low as
513 K.

It must be pointed out that the effect of pretreatment has
been studied only at over 620 K for the reaction with methyl
chloride, since the reaction with methyl chloride was usually

carried out only at above 620 K.
2-3=2 Effect of the Pretreatment Time

As mentioned in the preceding section, there seem to be two

types of reactive sites on the silicon surface, as shown by two
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maxima in the rate—time curves. The ratio of the two types of
reactive sites depended on the temperature of pretreating the
silicon—-catalyst mixture. Time of pretreatment also affects the
ratio of the two types of reactive sites.

The reaction was started by feeding methanol (59 kPa) to the
gsilicon—-catalyst mixture at 513 K after the mixture had been
pretreated for 0.17, 0.5, 1.0, 5.0, or 12 h at 603 K. An
experiment without pretreatment was also carried out. Results
are shown in Fig. 2-2.

When no pretreatment was carried out, the reaction occurred
immediately upon feeding methanol (Fig. 2-2a). As shown in
Figs. 2-2b and 2—-2c¢, upon increasing the pretreatment time, the
induction time became apparent with the shift of the rate maximum
to a later reaction time. When the pretreatment time was 1 h
(Fig. 2-2d), two rate maxima were observed. When the
pretreatment time was further prolonged, the rate curve had a
single maximum at 0.25 h (Figs. 2-2e and 2-2f). ’

The silicon conversions after 5 h of the reaction at 603 K
with pretreating at 513 K for 0, 0.17, 0.5, 1.0, 5.0, and 12 h
were 83%, 91%, 67%, 75%, 83%, and 74%, respectively.

The selectivity for trimethoxysilane was very high (> 98%)
for silicon with pretreatment time of less than 1 h. On the
other hand, the selectivity was depressed upon prolonged
pretreatment.

These results show that the effect of the increase in the
pretreating time on the reaction was similar to that of the
raising pretreating temperature. Thus, low—severity treatment

gives the reactive sites with high trimethoxysilane selectivity,
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Figure 2-2 Effect of the pretreatment time on the change in

the rate of methoxysilanes formation and the selectivity for
trimethoxysilane with time.

Preheating temperature= 603 K, pretreatment time= 0(a),
0.17(b), 0.5(e), 1(d), 5(e), and 12 h(f), Cu= 10 wt%.
Reaction Temperature= 513 K, CH3OH= 59 kPa.

Solid and dashed lines represent the rate of methoxysilanes
formation and the selectivity for trimethoxysilane,
respectively.
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while high—-severity pretreatment gives those with low trimethoxy-—

silane selectivity.

2=3-3 Analysis of the Silicon-Copper(I) Chloride Mixture after
the Pretreatment

In the reaction of silicon with methyl chloride, it is a
usual practice to pretreat silicon-catalyst mixtures at 620-670 K
prior to the reaction [5-11]. The pretreatment promotes the
formation of silicon-copper alloys such as CugSi, which are
believed to be a prerequisite for the reaction to start [8,9].
It is rather surprising that the reaction of silicon with
methanol starts with mild pretreatment or without any
pretreatment.

The mixtures of copper(I) chloride and silicon grains were
examined by an X-ray diffraction (XRD) after heating the mixture
at 513, 603, 623, and 723 K for 1 h. No new phases were
observed from the mixtures heated at below 603 K (}ig. 2-3a).
On the other hand, a CugSi phase (d= 0.201 and 0.203 nm) was
observed for the mixtures heated at 623 K (Fig. 2-3b). The
diffraction peaks due to the CugSi phase was more intense at 723
K of the heating temperature (Fig. 2-3c¢). When heating time was
prolonged to 12 h at 603 K, the CugSi phase was observed (Fig. 2-

3d), though it was not observed upon 1 h or 5 h-heating.

2—-3~-4 Analysis of the Silicon Surface after the Pretreatment
Weber et al. [12] reported that the CugSi phase formed on
the silicon surface can be washed away by a successive treatment

with aqueous soclutions of nitric acid and sodium hydroxide and
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Figure 2-3 XRD patterns of Si—-CuCl mixtures heat—-treated
under various conditions.

Heat~-treatment conditions:(a) 603 K for 1 h, (b) 623 K for -
1 h, (c) 723 K for 1 h, and (d) 603 X for 12 h.
Cu= 10 wt%.
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that pits are formed on the silicon surface where the Cu3Si phase
has been located. The formation of the Cu3Si phase was examined
using this technique. The method by Weber et al. [12] was
slightly modified; the wafers were treated with aqueous ammonia
before treating with nitric acid and then with sodium hydroxide,
simply because more contrasty photos were obtained in this way.

Silicon wafers were embedded in the silicon — copper(I)
chloride mixture and heated in a helium stream at 493, 623, and
723 K for 1 h. As shown in Fig. 2-4a, essentially no change in
the morphology of silicon surface was observed upon heating the
mixture at 493 K. On the other hand, when heating was carried
out at 623 and 723 K, pits were observed on the silicon surface
after the washing procedure, the number of pits being larger at
higher temperature of the heat treatment (Figs. 2-4b and c).
These results show that the patches of a Cu—-Si alloy phase are
formed and scattered on the silicon surface by the heat treatment
of the silicon—-catalyst mixture. As described ;bove, the
patches were not detected upon the treatment at 493 K. The
change in the surface morphology conforms to the result of the
XRD study. The scattered formation of CugS8i on silicon surface
upon a reaction with copper(I) chloride above 695 K has been
reported by Weber et al. [12-15].

The microanalysis of the surface of silicon wafers heated in
a bed of copper(Il) chloride — silicon mixture under a severe (723
K) or mild (493 K) condition was made by an electron probe
microanalysis (EPMA). Figure 2-5a showe an electron micrograph
of silicon wafer heated at 723 K for 1 h. Patches are scattered

on the surface. The size of the patches varied in the range of

36



Figure 2-4 Scanning electron micrograph of the silicon

wafers after the pretreatment.
Preheating temperature= 493(a), 623(b), and 723 K(c).

Preheating time= 1 h, Cu= 10 wtk%.

The wafers were washed successively with aqueous solutions
ammonia for 15 min, nitric acid (11 mol dm*3) for 1 h, and
sodium hydroxide (1 mol dm—3) for 1 h at room temperature.

Micrographs were taken at 240 magnifications.
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Figure 2-5 Electron probe microanalysis (EPMA) of the
silicon wafer pretreated at 723 K.

The silicon was heated with copper(I) chloride at 723 K for
1 h.

(a) electron micrograph at 38 magnifications.

(b) EPMA signals from the area without patches.

(c) and (d), EPMA signals from the area in a patch.
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10-200 pm. The EPMA pattern from the area without the patches
showed no signals other than silicon as shown in Fig. 2-5b.
Examples of EPMA patterns from the patches are shown in Figs. 2-
5c and d. In the case of Fig. 2-5c, the pattern mainly consists
of signals of copper and chlorine. The atomic ratio Cu/Cl,
estimated from the relative signal intensity and relative
sensitivity, was close to unity, indicating that some of the
patches mainly comnsist of CuCl deposited on the silicon surface.
In the case of Fig. 2-5d, the EPMA pattern consists of signals of
silicon and copper, no chlorine signal being observed. This
indicates that the reaction between silicon and copper(I)
chloride occurs on the silicon surface to form Si—-Cu alloy at 723
K in accord with the XRD results.

Figure 2-6a shows an electron micrograph of silicon wafer
heated with copper(IlI) chloride at 493 K. In contrast to the
wafer heated at 723 K, the presence of patches is not evident.
Inspection by EPMA for the areas designated as 1 and 2 in Fig. 2-
6a gave the signal patterns shown in Figs. 2-6b and c,
respectively. Both patterns did not give any indication of the
presence of copper or chlorine atoms on the silicon surface
beyond the background level. In other words, the amount of
copper and chlorine on the surface is extremely small and below
the detection limit of EPMA. However, the reaction of silicon
with methanol proceeds even after pretreatment at 493 K,
indicating that a chemical interaction exists between the silicon
surface and copper(I) chloride. It is concluded that the size
of the alloy formed under mild pretreatment conditions is too

small to be detected by an XRD or an EPMA technique.
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Figure 2-6 Electron probe microanalysis (EPMA) of the

silicon wafer pretreated at 493 K.
The silicon was heated with copper(I) chloride at 493 K for

1 h.
(a) electron micrograph at 78 magnifications.
(b) and (c) EPMA signals from the areas designated as 1 and 2

in (a), respectively.
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The results described above clearly show that the pretreatment
conditions of silicon—-copper(I) chloride mixtures, especially
pretreatment temperature, affect the rate and the selectivity of
the reaction and the surface state of the silicon. Therefore,
we examined the details of the reactions with the mixture
pretreated mainly at two temperatures (723 and 513 K), which
represent the pretreatment under high and low severity

conditions, respectively.

2-3-5 Effect of the Pretreatment Temperature on the Formation of
Reactive Site by SEM

In the direct synthesis of methylchlorosilanes from silicon
and methyl chloride using copper(I) chloride catalyst, pits are
formed on the surface of silicon upon a reaction with methyl
chloride [10]. We observed the formation of the pits in the
copper(I) chloride—catalyzed reaction of methanol with silicon
with SiOg—overlayers [47. ‘

As described above, the patches of CugSi phase are formed on
silicon surface after the high-temperature treatment of a silicon
—~ copper(I) chloride mixture. On the other hand, we could not
obtain any positive evidence for the formation of the alloy phase
after the low-temperature pretreatment by XRD or EPMA technique.

Here, we examined with a scanning electron microscope how
the state of the silicon surface changes upon the reaction with
methanol. A silicon wafer was embedded in a mixture of silicon
grains and copper(Il) chloride, pretreated at 723 K or 493 K, and
subjected to the reaction with methanol (16 kPa) at 493 K. After

the reaction, the wafer was separated from the grains, and
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scanning electron microscopic measurements were made for the

grains and the wafer.

(a) Reaction after the Pretreatment at 723 K

Figure 2-7 shows the SEM photographs of the grains and the
vafer, after the reaction for 183 min, when the silicon
conversion reached 30%. Pits are formed both on the grains and
the wafer. The shape and size of the pits on the grains and on
the wafer are quite similar, indicating that the chemistry
occurring on the surface is essentially the same in the two types
of silicon materials.

The distribution of the size and the number of the pits on
silicon wafer was examined at various silicon conversions.
Reactions were carried out at 493 K with 16 kPa of methanol
pressure. The reaction was stopped at 36, 58, 91, 183, and 303
min and the wafers were subjected to scanning electron
microscopic investigation. For these reaction times, s;licon

conversions of the grains were 1, 5, 10, 30, and 45%,

respectively. Scanning electron micrographs of the samples are
shown in Fig. 2-8. The size of the pits increases with reaction
time. At 45% conversion, some of the pits come into contact

each other.

Though the size of the pits increases, the number of the
pits does not change appreciably with reaction time. Thus, the
number of the pits per unit area of the wafer surface was 110,

2 at silicon conversion of 1, 5, 10,

97, 109, 101, and 104 per mm
30, and 45%, respectively. This indicates that the reaction

starts at discrete area on the surface and that the silicon atoms
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Figure 2-8 Change in the distribution of pits on the
surface of silicon wafer with silicon conversion.
Reaction conditions are the same as those in Fig. 2-7.
Silicon conversion= 1(a), 5(b), 10(ec), 30(d), and 45%(e).
The plates were obtained at 120 magnifications.
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are consumed around the area.

Distribution of the size of the pits is shown in Fig. 2-9.
It is clear that the average size of the pits increases with
reaction time and that the distribution becomes broader as
reaction time increases. This indicates that a part of the pits
stop growing probably due to the formation of metallic copper
particles. The formation of metallic copper may be related to the
decrease in the rate of the silicon consumption and ultimately a
low conversion of silicon. The formation of metallic copper
during the reaction was confirmed by XRD. The metallic copper
may also be related to lowering of the selectivity for
trimethoxysilane with reaction time. We have confirmed that
metallic copper functions as a catalyst for the reaction of tri-
methoxysilane with methanol. This point will be discussed in
Chapter 4.

As described above, the patches of Cu3Si phase are formed on
the silicon surface during the pretreatment of thé silicon-
catalyst mixtures. The number of the Cu3Si patches was
estimated to be 120-130 per mmz, which is close to the number of
pits formed upon the silicon-methanol reaction, indicating that
the reaction starts at the Cussi phase and that silicon atoms are
consumed only from the surrounding area.

The Cu3Si phase was detected by XRD after the pretreatment
at 723 K, while the rate curve had an acceleration period.
There was no similarity between the change in the amount of the
CugSi phase with reaction time and the change in the rate curve.
This shows that Cu3Si may not be a reactive intermediate once the

reaction with methanol starts. This suggests that the reaction
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during the silicon-methanol reaction. '
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those in Fig. 2-8.
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intermediate is probably an intermetallic compound of Si and Cu,
but that the CugSi phase formed during the pretreatment is merely
a source of Cu for the real reactive intermediate. Banholzer
and Burrell [11] studied the surface of silicon in the silicon -
methyl chloride reaction by Auger spectroscopy. The estimated
value of the Cu/Si ratio in the active region varied from < 0.5
to 2, with the majority of the values near 1. From this, they
guestioned the hypothesis that Cu3Si is the active species in the
silicon — methyl chloride reaction.

An electron probe microanalysis was made of the pits on the

silicon surface. An image of an area where the small pits are
located is shown in Fig. 2-10a. The EPMA signals from the
center of the pits are shown in Fig. 2-10b and c. Both of the
spectra consist of Cu and Si signals. A Cl signal was not
detected at all. The signal due to copper atoms were not
detected at the flat part of the surface. These results

conform with the idea that the reaction starts aroundlthe area
where Cu3Si phase has been located.

The formation of the alloy phase by a transport of copper(I)
chloride onto silicon surface from the vapor phase has been
reported [7,12,15]. To confirm the transfer of copper(I)
chloride through gas phase in the present system, the following
experiment was carried out. Copper(I) chloride was placed at
1.2 em upstream from the bed of silicon grains and heated in a
helium stream at 723 K for 1 h. Then, methanol 55 kPa was fed
at 513 K. The reaction proceeded. When the reaction was
stopped at a 10% conversion of silicon, the formation of pits was

observed. The number and the size of the pits are close to
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Figure 2-10 Electron probe microanalysis of the silicon
wafer pretreated at 723 K and exposed to methanol.

Reaction temperature= 493 K, CH3OH= 18 kPa. Si conversion =
0.3%.

(a) Electron micrograph at 950 magnifications,

(b) and (c) EPMA signal patterns from the center of pits.

49



those in the reaction where a mixture of silicon and copper(I)

chloride was subjected to the reaction.

(b) Reaction after the Pretreatment at 493 K

A mixture of silicon, a silicon wafer, and copper (1)
chloride grains was packed in a fixed-bed reactor. The mixture
was pretreated at 493 K for 1 h and methanol was fed at the same
temperature. The reaction was stopped when the silicon
conversion reached a certain value.

Figure 2—-11 shows the micrographs of the silicon wafers at
silicon conversions of 0.01, 0.4, 0.7, 4.8, 15.1, and 43.5%.
These conversions correspond to the reaction for 24.5, 38.5, 42,
52.5, 80.5, and 301 min, respectively.

As shown in Fig. 2-11, pits were observed even at the
conversion of 0.01%. Upon increasing the conversion to 0.4%,
the number of pits sharply increased (Fig. 2-11b), indicating
that the reaction sites were newly formed after feedingvmethanol.
The number of pits per unit surface is far greater than that of
the reaction after high—temperature pretreatment. The pits grew
in size as the conversion increased to 0.7% (Fig. 2-11¢), and
pits merged with each other. As a result, most of the surface
area became reactive. This is also a very sharp difference from
the reaction after the high—-temperature treatment, where the
reactive areas are scattered on the surface.

As the conversion increased (Figs. 2-11d and e), the number
of smaller pits decreased and the surface became more flat except
for the area of large pits. At 15.1% conversion, a skin of the

silicon wafer was reacted away in parts of the wafer (not shown
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Figure 2-11 Scanning electron micrographs of silicon wafers
reacted with methanol up to various silicon conversions after
pretreatment at 493 K.

Preheating temperature= 493 K, Cu= 10 wtk%.

Reaction temperature= 493 K, CH30H= 27 kPa. '
Silicon conversion= 0.01(a), 0.4(b), 0.7(c), 4.8(d), 15.1(e),
and 43.5%(f).

The plates were obtained at 780 magnifications.
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in Fig. 2-11e). At 43.5% conversion (Fig. 2-11f), the surface
became very rough, probably because of a repeated irregular
stripping of the skin of the wafer.

The high density of small pits on silicon surface formed
during the reaction with methanol indicates that the Si-Cu
colonies existed on the surface even at low pretreatment
temperature. The reason that the alloy phase was not observed
by EPMA is probably due to smallness of the phase. The reaction
with methanol magnifies the small patches into pits with
observable size due to the consumption of silicon atoms around
the patches. The micrographs of the silicon grains are shown in
Fig. 2-12. Though the number and size of pits on the grains
changes from grain to grain, the micrograph of a typical grain
was selected for a conversion level.

At conversion of 0.01%, the formation of small pits are seen
(Fig. 2-12a). As seen in Fig. 12b, the number of pits increased
when the conversion increased to 0.4%. Thé size of pit
increased with increasing silicon conversion (Figs. 2—-12c and d).

At conversion of 4.8%, every part of the surface became reacting

area (Fig. 2-124d). This tendency is more clearly seen at higher
conversion level (Fig. 2-12e). As the result, the number of pit
decreases and the surface becomes smooth. When the conversion

was increased to 43.5%, most of pits disappeared and the surface
became very smooth (Fig. 2-12f). This means that silicon atoms
are consumed homogeneously at all areas of the surface at this
stage. These change in the surface morphology of the grains
with silicon conversion is very similar to that found on the

surface of the wafer, except for the stripping of surface skins
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Figure 2-12 Scanning electron micrographs of silicon grains
reacted with methanol up to various silicon conversions after
pretreatment at 493 K.

Conditions of sample preparation and silicon conversions are.
same as those in Fig. 2-11. The plates were obtained at 780

magnifications.
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found only on the wafers.

As described above, it is shown that copper(I) chloride is
easily transferred onto silicon surface through gas phase during
the high-temperature pretreatment. In order to know if this is
the case also for the low-pretreatment conditions where the vapor
pressure of copper(I) chloride is very low, the following
experiments were carried out. A bed of copper(I) chloride
(0.200 g) was placed at 1.2 cm upstream of a bed of silicon
grains (0.168 g ) in the reactor. The beds were heated at 513 K
for 1 h under a helium stream and then methanol (55 kPa) was fed
to the reactor at 513 K. Silicon did not react with methanol at
all. As described earlier, when a mixture of copper(I) chloride
and silicon grains was placed in the reactor, silicon reacted
with methanol up to an almost complete conversion under the same
reaction conditions. These results show that a long-range
vapor—-phase transport of copper(I) chloride onto silicon surface
does not occur in this temperature range and that silicon grains
and copper grains must be present in a close vicinity with each
other for the formation of the reaction sites. Since the
concentration of pits formed is greater than the estimated
concentration of the contact points of the two kinds of grains,
most of reactive sites is not formed by a direct contact of the
grains. The actual mechanism of copper transport from
copper (I)-chloride grains to silicon surface is not clear at this
moment . Perhaps copper(I) chloride migrates from the contact
points of silicon and copper(l) chloride grains over the silicon
surface. Since the induction period depends on methanol

pressure and the number of pits increases with reaction time, it
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is plausible that adsorbed methanol facilitates the transport of
copper species. At 0.3% conversion, the pits were examined by
an electron probe microanalysis. Copper atoms were not detected
by this technique, indicating that the size of chemical species

containing copper is still too small to be detected.
2=-4 Conclusions

The silicon—-methanol reaction using copper(I) chloride
catalyst proceeds at different reaction environments depending on
the conditions of pretreating the silicon—-catalyst mixture prior
to feeding methanol. Thus, a low—severity pretreatment such as
low temperature and short time, results in a highly selective
formation of trimethoxysilane, while a high-severity pretreatment
results in a lower selectivity. When the pretreatment was
carried out at 513 K for 1 h, the silicon conversion reached 88%
at 5 h of reaction time, the selectivity for tr;methoxysilane
being 98%.

The XRD and EPMA revealed that Cussi phase is scattered on
the surface of silicon after pretreatment under the high severity
conditions. The higher rate of copper(I)-chloride transfer and
the easier migration of copper—species on silicon surface may
favor the formation of large CugSi patches during high-
temperature pretreatment. By heating silicon - copper(Il)
chloride mixture at 723 K, copper(I) chloride is tramnsported
through vapor phase onto silicon surface to form patches of Cu3Si
phase. The Cu3Si phase is a precursor of the reactive sites.

The presence of induction time in the reaction with methanol
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suggests that methanol participates in the formation of the
reactive sites. Silicon is consumed around the area where the
CugSi phase has been located, resulting in the formation of pits
on the silicon surface.

Upon a low—severity pretreatment, the formation of the Cu3Si
phase was not confirmed, though the rate of the reaction was
higher than that upon pretreatment under a high—-severity
conditions. The formation of pits was, however, observed on the
silicon surface during the reaction with methanol also with low-
temperature pretreatment. This indicates that the formation of
an Si—Cu intermetallic compound on the silicon surface occurs
even in the reaction with the low temperature pretreatment of the
silicon-catalyst mixture. The number of pits increased with
reaction time and at low conversion.

The failure to detect the alloy phase with XRD and EPMA
techniques may be attributed to small size of each alloy
ensemble. The high initial reaction rate f;llowing low-
temperature pretreatment is due to the high number of the
reaction areas, though the size of each area is small. In the
later stage of the reaction, most of the surface becomes
reactive, resulting in a complete conversion of silicon by the

reaction with methanol.
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Chapter 3 Kinetics of the Formation of Methoxysilanes
3-1 Introduction

As described in Chapter 2, the pretreatment conditiohs
greatly affects the selectivity for trimethoxysilane as well as
the rate of methoxysilanes formation. When the silicon-
copper(I) chloride mixture was pretreated at 723 K, the
selectivity for trimethoxysilane was low (74%). The formation
of CugSi phase was confirmed by XRD and SEM. Silicon reacted
with methanol only around the CugSi patches formed during the
pretreatment. On the other hand, when the pretreatment was done
at 493 K, the selectivity was almost 100%. No direct indication
of the formation of Cu-Si intermetallic compound was obtained,
probably because the size of the alloy was very small. A large
number of pits were formed upon consumption of silicon by its
reaction with methanol. These facts suggests that’surface state
of the reacting silicon changes with the pretreatment
temperature.

The rate of methoxysilanes formation increases with reaction
time in the beginning of the reaction after the pretreatment both
at 723 and 493 K, indicating that methanol participates in the
formation of the reactive sites. The reaction temperature
probably also affects the formation of the reactive sites.

In this chapter, in order to obtain information on the
mechanism of the reactive—-sites formation, the reactions were
carried out at various methanol pressures and reaction

temperatures and the kinetics of methoxysilanes formation was
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examined. The pretreatment was done at high (723 K) or low
temperature (493 or 513 K). Furthermore, to examine the effect
of the pretreatment temperature on the nature of reactive sites,
the reaction order with respect to methanol pressure and the

apparent activation energy were measured.
3-2 Experimental

The procedures of the silicon-methanol reactions are the

same as those described in Chapter 2.

3-3 Effect of Methanol Pressure on the Rate of Methoxysilanes

Formation

As described in Chapter 2, the state of silicon surface
sharply depends on the pretreating temperature of the Si—-CuCl
mixtures. The kinetics of the reactions uponfpretreating
silicon—copper(I) chloride mixtures at 723 K and 493 K were
examined to see if the change in the surface state is reflected

on the reaction kinetics.
3-3-1 Reaction after Pretreatment at 723 K

(a) Time Courses of the Rate of Methoxysilanes Formation at
Various Methanol Pressures

After pretreating a silicon - copper(I) chloride mixture at
723 K, methanol (16, 29, 59, and 87 kPa) was fed to the reactor

at 513 K. Figure 3-1 shows the change in the rate of methoxy-
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silanes formation with reaction time for each methanol pressure.
At 87 and 59 kPa of methanol pressure, the rate increased immedi-—
ately after methanol was fed (Figs. 3—-1a and b). When methanol
pressure was reduced (Figs. 3-1c and d), the initial rate in-
crease slowed and a short induction period appeared. This shows
that methanol participates in the formation of reactive sites.
The lower the methanol pressure, the lower the overall conversion
of silicon.

At every methanol pressure, the selectivity for trimethoxy-
silane was 100% only at the beginning and decreased sharply as
the silicon conversion increased, indicating that the state of
the catalyst changes as the reaction proceeds. The selectivity

increased in the very final stage of the conversion.

(b) Effect of Methanol Pressure on the Formation of Reactive
Sites as Observed by SEM

As described above, methanol takes part in éhe reactive~
sites formation. Here, the reacting silicon surface was
examined with SEM. A silicon wafer was embedded in silicon-
copper(Il) chloride mixture, pretreated at 723 K for 1 h, and then
reacted with methanol at 493 K.

Figure 3-2 shows the SEM photographs of the wafer upon the
reaction with methanol of 16, 22, 28 kPa for 50 min. Pits were
formed on the silicon wafer in every case. The size of pits
increased with increase in the pressure since high pressure gives
high silicon conversion in the same reaction time. The numbers
of pits were almost constant (about 110 per mmz) irrespective of

methanol pressure, indicating that methanol reacts with only
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Figure 3-2 Scanning electron micrographs of silicon wafers
reacted at various pressure of methanol after the
pretreatment at 723 K.

Pretreatment temperature = 723 K.
Reaction temperature = 493 K. Reaction time = 50 min.

Methanol pressure = 16 (a), 22 (b), 28 kPa (c).
Micrographs were taken at 120 magnifications.
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vicinity of CugSi patches formed on the silicon surface at the

pretreatment stage, as mentioned in section 2-3-5.
3=3=2 Reaction after Pretreatment at 493 K

(a) Time Courses of the Rate of Methoxysilanes Formation at
Various Methanol Pressures

After the silicon — copper(I) chloride mixture was heated in
a helium stream at 493 K, methanol was fed to the reactor at 493
K. Figure 3-3 shows the change in the rate of methoxysilanes
formation with reaction time at various methanocl pressures. As
in the case of high—-temperature pretreatment, methanol pressure
affects the induction time, but the effect is more significant at
lower pretreatment temperatures. At 98 kPa of methanol
pressure, the rate increased immediately after methanol was fed
(Fig. 3-3a). With decreasing methanol pressure (Figs. 3-3 b-f),
the initial rate increase slowed and eventually a ldng induction
period appeared. The reciprocal of the induction period may be
a measure of the the rate of the reactive—site formation on the
silicon surface. As shown in Fig. 3-4, the reciprocal of the
induction period (1 / tind) depended greatly on methanol
pressure. These results show that methanol participates in the

formation of reactive sites on the silicon surface.

(b) Effect of Methanol Pressure on the Formation of Reactive
Sites as Observed by SEM
As described above, the influence of methanol pressure on

the induction period indicates that methanol takes part in the
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Figure 3-3 Effect of methanol pressure on the change in the
rate of methoxysilanes formation with time, when the
pretreatment was done at 493 K.

Pretreating temperature= 493 K, Cu= 5 wt.%.

Reaction temperature= 493 K, CH30H= 98(a), 86(b), 59(c),
29(d), 18(e), and 12 kPa(f).
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reactive—site formation. The effect of methanol pressure on the
morphology of the reacting silicon surface was examined. The
silicon—-copper(I) chloride mixture with a silicon wafer was
pretreated at 493 K for 1 h and then reacted with methanol for
52.5 min at 493 K.

Figure 3-5 shows the SEM photographs of the wafer reacted
with methanol of 19, 24, 27 kPa for 52.5 min. Pits were formed
on the silicon wafers. The number of pits increased with
increase of the methanol pressure, indicating that the number of

reactive site is large at high pressure of methanol.
3=4 Kinetics of the Methoxysilanes Formation

The rate of silicon consumption may be a product of the
number of the reactive sites and the rate of reaction per
reactive site. Since the number of the reactive sites (or area)
changes with reaction time, the kinetics for tge rate per
reactive site cannot be obtained under ordinary reaction
conditions. In order to eliminate the effect of the change in
the number of reactive site, a pressure— and temperature—jump

method was employed.

3=-4-1 Dependence of the Rate of Methoxysilanes Formation on

Methanol Pressure
(a) Reaction Order with Respect to Methanol Pressure

The partial pressure of methanol was changed during a run.

The rate change just before and after the pressure change may be
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ascribed to the pressure dependence of the reaction rate per
reactive site, since the number of reactive sites (or area) does
not change immediately after the pressure jump.

The reaction was started at methanol pressure of 57 kPa
after high-temperature pretreatment (723 K), methanol pressure
was changed stepwise to another pressure (Py). After a certain
time, the pressure was again changed stepwise back to 57 kPa. A
typical experimental run is shown in Fig. 3-6, where Py is 85
kPa. The rate changed sharply upon the stepwise change of
methanol pressure. The pressure of methanol shifted to a new
steady state after 3 min. The pressure P; was varied and the
time, at which the pressure was Jjumped, was also varied. The
logarithmic ratio of the rates before and after the pressure jump
(relative rate) was plotted against the logarithm of pressure P,
(Fig. 3-7). The reaction order with respect to methanol was
estimated to be 1.4. This indicates that the reaction rate is
determined by a chemical process involving methagol and that
neither the diffusion of silicon atoms to the reactiom sites nor
the formation of a silicon—copper intermetallic species is a rate
determining step in this gas solid reaction.

When the pretreatment at low temperature was carried out or
was not done, the pressure—jump method revealed that the rate per
reaction site is the first order with respect to methanol
pressure as shown in Fig. 3-7. The reaction order is different
from that for the reaction after the high-temperature (723 K)
pretreatment. This difference indicates that the nature of
reactive sites depends on the pretreatment conditions of the

silicon—-catalyst mixture.
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Figure 3-6 Effect of stepwise change in methanol pressure

on the reaction rate.
Reaction temperature= 513 K, reaction was started at 57 kPa
of methanol pressure and the pressure was changed stepwise to

85 kPa and afterwards back to 57 kPa.
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Figure 3-7 Dependence of the relative rate on methanol

pressure.
(Q ) pretreating at 723 K and reaction at 513 K, ( @ )
pretreating at 493 K and reaction at 493 K, (@ ) no

pretreating and reaction at 463 K.

Rates at 57 kPa ( [J ) are taken as unity for the reaction
with 723 K-pretreating, and those at 59 kPa ( B ) for the
reactions with the 493 K-pretreating and without the

pretreating.
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(b) Dependence of the Formation Rate of Reactive Site on Metha-
nol Pressure

The rate of methoxysilanes formation (r(t)) at reaction time
t is proportional to both of the number of reactive site (C(t))

and the term of methanol pressure (PD, n: the reaction order).
r(t) = kC(t)P™ (k: rate constant)

Thus,
(r(t)/P™) = kC(t)

The term (r(t)/PP®) is proportional to the number of reactive
site. When the pretreatment is carried out at high and low
temperature, the order of methanol pressure is 1.4 and 1.0,
respectively, as mentioned above. The reaction rates at various
methanol pressures (Fig. 3-1 and 3-3) were divided Ly ph (Pi“4
and Pl'o) to re—-draw the time courses of (r/P"®) at various
methanol pressures. These results are shown in Figs. 3-8 and 3-
9, respectively. The values of the ordinate (r/P®) in Figs. 3-8
and 3-9 should be proportional to the number of reactive site
c(t).

In the reaction after the high-pretreatment (Fig. 3-8), a
high methanol pressure gave a rapid increase of (r/P®) in the
beginning of the reaction, showing that the increase of number of
reactive sites was large in the reaction at high pressure. This
clearly indicates that the formation rate of reactive sites is

high when the methanol pressure is high.
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Figure 3-8 Change in (r/P™) with time at various methanol
pressure, when the pretreatment was done at 723 K.

Reaction temperature= 513 K, CHgOH= 87(a), 59(b), 29(c), and
16 kPa (d).
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Figure 3-9 Change in (r/P®) with time at various methanol
pressure, when the pretreatment was done at 493 K.
Pretreating temperature= 493 K, Cu= 5 wt.%.

Reaction temperature= 493 K, CH30H= 98(a), 59(b), 29(c),
18(d), and 12 kPa(e).
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When the pretreatment was done at 723 X, methanol reacted
with silicon only at the vicinity of CugSi patches (Chapter 2).
Thus, the number of pits formed upon the silicon-methanol reac-
tion was independent on reaction time, meaning that the number of
reactive regions was constant. However, the number of reactive
sites depended on reaction time, since (r/P») increased with time
in the beginning of the reaction in Fig. 3-8. These results
shows that the number of reactive sites per reactive region
increase with time. This suggests that the wall of pit is
reactive and that its area is in proportion to the number of
reactive sites.

When the pretreatment was carried out at low-temperature
(Fig. 3-9), the increase of (r/P®) is high at high pressure of
methanol. This shows that methanol participates in the
formation of reactive site, thus high pressure of methanol gives
high formation rate of reactive site. As compared with the
result of high—-temperature pretreatment, methanoi pressure
affected the change in (r/P®) with time more significantly,
indicating that high methanol pressure is more effectivé on the
formation rate of reactive site than that in the reaction after

pretreating the silicon—catalyst mixture at high temperature.

3-4-2 Dependence of the Rate of Methoxysilanes Formation on
Reaction Temperature

The silicon—-methanol reactions were carried out at various
temperatures after a silicon—-catalyst mixture was heated in a
helium stream at 513 K for 1 h. The results are shown in Fig.

3-10. The reaction rate was sharply increased just after
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Figure 3-10 Effect of reaction temperature on the change in

the rate of methoxysilanes formation with time.
Pretreating temperature= 513 K, Cu= 10 wt.%.
Reaction temperature= 513 (a), 493 (b), 483 (c¢), and
473 K(d), CH3OH= 56 kPa.
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methanol was fed to the reactor. Almost complete conversion of
silicon was attained at 513 K. As the reaction temperature
decreases, the induction period appeared and became longer. The

selectivity for trimethoxysilane was always close to 100%.

(a) Apparent Activation Energy

The temperature dependence of the reaction rate was also
measured by a temperature—jump method. An example is shown in
Fig. 3-11. The logarithm of the relative rate was plotted
against the reciprocal of the reaction temperature (Fig. 3-12).
The activation energy thus determined was 44 kJ mol"l, when the
pretreatment was done at 723 K.

The temperature dependence of the reaction rate per reaction
site was determined by a temperature—jump method after low-
temperature pretreatment. The activation energy for the
reaction was determined to be 88 kJ mol—l, against 44 kJ mo1™ 1
for the reaction with the high-temperature pretreatmént. The
difference of the activation energy as well as the reaction order
indicates that the nature of reactive sites depends on the

pretreatment conditions of the silicon-catalyst mixture.

(b) Dependence of the Formation Rate of Reactive Site on
Reaction Temperature
The rate of methoxysilanes formation (r(t), t: reaction

time) is represented by the following equation:

r(t) kC(t)pn

k’exp(-E/RT)C(t)pP1 (k = k’exp(—-E/RT))
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course of reaction rate.

was started at 513 K and the reaction
stepwise to 493-533 K and afterwards
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Figure 3-12 Dependence of the relative rate on reaction
temperature.

( O ) pretreating at 723 K and reaction at 513 K, (@ )
pretreating at 513 K and reaction at 513 K.

Rates at 513 kPa ( @ ) are taken as unity for the reaction.
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The letters, k, C(t), E and T stand for the rate constant, number
of reactive site, activation energy and reaction temperature,

respectively. Thus,

r(t) (exp(-E/513R)/exp(~E/RT)) k’C(t)PRexp(~E/513R)

r(t)(exp((E/R)(1/T-1/513))) = k’C(t)pR

r(t)f(T) k’C(t)ph

(£(T) = exp((E/R)(1/T-1/513)))

r(t)f(T) is proportional to the number of reactive site.
r(t)f(T) was calculated from the data in Fig. 3-10. Figure 3-13
shows the time courses of r(t)f(T) at various reaction
temperatures. The increase of rf(T) in the beginning of the
reaction increased with reaction temperature, indicating that the
rate of reactive-site formation at high reaction temperature is

high.

3=5 Conclusions

After the mixture of silicon and copper(l) chloride was
heated at 723 K, the reactions were carried out at various
pressure of methanol. The increase of initial rate was large in
the reaction at high pressure of methanol, indicating that
methanol participates in the formation of reactive site. On the
other hand, when the pretreatment temperature was low, the
induction period remarkably depended on the methanol pressure.
The number of pits formed on the silicon surface after the

reaction increased with increase of methanol pressure. The
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Figure 3-13 Change in rf(T) with time at various methanol
pressure, when the pretreatment was done at 513 K.
Pretreating temperature= 513 K, Cu= 10 wt.%.

Reaction temperature= 513 (a), 493 (b), 483 (c),

and 473 K (4), CH40H= 56 kPa.
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dependence of the methanol pressure on the induction period and
the number of pits shows that methanol takes part in the reac-—
tive—site formation.

The reaction order with respect to methanol pressure and the
activation energy were determined by the pressure- and
temperature—jump methods, respectively. The reaction order was
1.4 or 1.0, when the pretreatment was done at high or low
temperature, respectively. This shows that the diffusion of
silicon atoms to reactive sites is not a rate—-determining step in
the reaction. The activation energy in the reaction with the
pretreatment at high and low temperature were determined toc be 44
and 88 kJ mol "1, respectively.. The differences of the reaction
order and the activation energy upon the different pretreatment
temperature indicate that the nature of reactive sites depends on
the pretreatment temperature.

A high methanol pressure and a high reaction temperature
give a large amount of reactive site. Thus, a £igh yield of
trimethoxysilane is obtained by the reaction at a high methanol
pressure and at a high reaction temperature after the low-

temperature pretreatment.
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Chapter 4 Reaction Pathway of Formation of Methoxy-
Silanes in the Reaction of Silicon with Methanol Catalyzed
by Copper(I) Chloride

4-1 Introduction

Trialkoxysilanes are important chemicals which react with
unsaturated organic compounds to give various organosilanes.
These organosilanes are used as silane—coupling reagents.

Trimethoxysilane (HSi(OCH3)3) is directly synthesized by the
reaction of silicon and methanol using copper(I) chloride as a
catalyst [1-31]. In this reaction, the selectivity for
HSi(OCH3)3 depends significantly on the pretreatment conditions
of silicon — copper(l) chloride mixtures as well as the reaction
conditions, tetramethoxysilane (Si(OCH3)4) being formed as a by-—-
product as described in Chapter 2. In no cases, dimethoxysilane
(HZSi(OCH3)2) is found in the product.

When the pretreatment temperature of a silicon — copper(I)
chloride mixture is high (> 603 K), the selectivity for
HSi(OCH3)3 is low (60 - 70%). After this preheating, the
formation of Cu3Si phase has been confirmed by XRD. On the
other hand, when the pretreatment temperature is low (< 553 K),
the selectivity for HSi(OCH3)3 is very high (> 98%). With lower
pretreatment temperatures, the formation of alloy phase has not
been confirmed, indicating that the size of the silicon-copper
intermetallic phase is very small. This is supported by the
small size of pits, which form on the silicon surface during the

course 0of silicon — methanol reaction. These results indicate

84



that the chemical state of copper species on the silicon surface
has a decisive role in determining the selectivity of the
reaction.

In fact, metallic copper was observed by XRD during the
reaction at high preheating temperatures. This suggests that
Cu3Si on the surface is at least partly transformed into metallic
copper during the silicon - methanol reaction. Metallic copper
was not totally observed or only slightly observed in the
reactions at lower pretreatment temperatures, where the
selectivity for HSi(OCHg)g was high.

It has been reported that metallic copper catalyzes the
reaction of HSi(OCH3)3 with methanol to form Si(OCH3)4 [41].
This suggests the possibility that the formation of Si(OCHg),
during silicon - methanol reaction is caused by the secondary
reaction of HSi(OCHg)g by the action of metallic copper, which is
formed on the silicon surface during the reaction.

The aims of this chapter are to determinegthe decisive
factor in selectively producing HSi(OCH3)3, and whether Si(OCH3)4
is a primary product or is formed by the secondary reaction of
HSi(OCHg)g with methanol. For the latter purpose, the selective
poisoning of the metallic copper formed during the silicon-
methancl reaction was attempted. The effect of the amount of
the catalyst on the selectivity for HSi(OCHg)5 was also examined.
Based on the results obtained, the mechanism of formation of

alkoxysilanes on a silicon surface is proposed.
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4-2 Experimental

Pulverized silicon (45 — 63 pm : purity 99.9%) was washed
with a 46% HF solution for 1 h to remove SiOg overlayers. The
gsilicon grains (0.168 g : 6 mmol) and copper(Il) chloride grains
(45 — 63 pm : purity 99.9%) were mixed in a small vial with
vigorous vibration. The mixture was placed in a quartz tube

(i.d. 10 mm) and heated under a helium stream at 553 or 723 K for

1 h. The amount of copper was 0.31 mmol (Cu / (Si + Cu) = 10
wt%, if not otherwise mentioned). Methanol (guaranteed reagent
grade) was dehydrated over molecular sieve 3 A. Methanol (39

mmol h™!, 56 kPa) and helium (total flow = 71 mmol h™l) were fed
to the reactor at 513 K. The rates of the formation of the
products were determined by analyzing the effluent by a gas
chromatograph (SE-30 packed column) every 3.5 min.

Metallic copper was prepared by the following method [5].
An aqueous solution of copper(II) nitrate (1 M) W;S neutralized
by adding an aqueous solution of sodium carbonate (1 M), and
stirring the solution at 363 K for 1.5 h. The precipitate was
filtered, calcined in air at 623 K for 3 h and then reduced under
a stream of 10% hydrogen and 90% helium at 523 K for 5 h.

X-ray diffraction samples were prepared as follows: After
the silicon - copper(I) chloride mixture was preheated and
subjected to the reaction with methanol, it was taken out from
the reactor and granulated with silica quartz (internal standard)
in an agate mortar in nitrogen atmosphere. The XRD patterns of
the mixtures were recorded in air on Rigaku Geigerflex 2013 using

CuK«& radiation.
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4-3 Time Course of the Reaction

Figure 4-1la shows the change in the rate of the formation of
HSi(OCHg) 4 and Si(OCHg), with reaction time in the silicon -
methanol reaction at 513 K; when a silicon - copper(I) chloride
mixture was preheated at 723 K. The rates of formation of both
HSi(OCH3)3 and Si(OCH3)4 increase at first to reach a maximum and
then decrease. The rate increase in the beginning indicates
that reactive sites are created in this stage. Fig. 4-1b shows
the change in the cumulative conversion of silicon and the change
in the selectivity for HSi(OCH3)3. The conversion of silicon
reached 73% in 5 h. The selectivity for HSi(OCH3)3 was almost
100% at the beginning and sharply decreased with time. At the
very final stage it increased again. This indicates that the
active sites for the formation of Si(OCH3)4 are produced as the
reaction proceeds. The overall selectivity for HSi(OCH3) g3 for 5
h is 64%. .

Figure 4-2 shows the change in the intensity of the
diffraction lines due to CugSi and metallic Cu phase in the
course of the reaction. The reaction was stopped at different
reaction time and the XRD measurements were made on the remaining
reaction mixtures. After the pretreatment at 723 K, only the
CugSi phase was obtained and the phase of metallic copper was not

observed. The formation of CugSi is expressed as
12 CuCl + 7 S8i ————> 4 CusgSi + 3 SiCly,.

The intensity of the CugSi phase decreases with reaction time,
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Figure 4-1 Reaction of silicon with methanol at 513 K,

when a silicon — copper(I) chloride mixture was preheated at

723 K.

(a): Change in the rate of the formation of HSi(OCH3)3
(solid 1line) and Si(OCH3)4 {dashed line) with time,

(b):
HSi(OCH3)3 (dashed line).

Preheating conditions: 723 K,

Reaction conditions:

1 h.
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Figure 4-2 Change in the intensity of the diffraction
lines due to CuSSi and metallic copper phase in the course
of the reaction.

a: metallic copper, b: CuSSi.

Preheating conditions: 723 K, 1 h.

Reaction conditions: 513 K, methanol = 39 mmol h"1(56 kPa).
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while the phase of metallic copper develops in the first 30 min
of the reaction. The amount of the Cu3Si phase monotonously
decreases with time. In contrast, the reaction rate increases
at the beginning of the reaction (Fig. 4-1a). This shows that
CugSi itself is not an reactive intermediate, but the precursor
which is composed of silicon and copper. Silicon is removed
from the reactive sites and the remaining copper further reacts
with underlying silicon to cycle the reaction. The part of
copper may coagulate to form metallic copper.

When the temperature of the pretreatment was 513 K, the
formation of Si—-Cu alloy was not observed by XRD since the size
of the alloy is very small (Chapter 2). The silicon conversion
after 5 h was 97% (Fig. 4-3) and the average selectivity for
HSi(OCHg) 3. was practically 100% under the same reaction
conditions. The metallic—-copper phase was observed at the end
of reaction, but the intensity of the diffraction peak was very

small.

4-4 Effect of Addition of Trimethoxysilane to the Feed

In order to examine whether HSi(OCH3)3 is converted into

Si(OCH3)4 by its reaction with methanol under the reaction

conditions, HSi(OCHg)g was added to the feed. Figure 4-4 shows
the result. The reaction was started under the same conditions

as the experiment shown in Fig. 4-1. After 0.7 h of the
reaction, HSi(OCH3)3 (4.0 mmol h_l) was added to the methanol
feed. The difference between the rates of effluence of

HSi(OCH3)g3 Jjust before and just after the addition was smaller
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Figure 4-3 The rate of formation of methoxysilanes
(HSi(OCHg3)3 + Si(OCHg),) (a), the cumulative silicon
conversion (b), and the selectivity for HSi(OCH3)3 (c) in
the reaction of silicon with methanol, when a silicon -
copper(I) chloride mixture was preheated at 553 K.
Preheating conditions: 553 K, 1 h.

Reaction conditions: 553 K, methanol = 39 mmol h_1(56 kPa) .
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Figure 4—-4 Change in the effluent rate of methoxysilanes
upon the addition of HSi(OCH3)3 to the feed.
a: HSi(OCHg)s, b: Si(OCHg),.
Preheating conditions: 723 K, 1 h.
Reaction conditions: 513 K,
(I1): methanol = 39 mmol h™1( 56 kPa),
(II): methanol = 39 mmol h™1(56 kPa) and
HSi(OCH3)g = 4.0 mmol h™1(5.7 kPa).
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than the feeding rate of HSi(OCH3)3. On the other hand, the
rate of effluence of Si(OCH3)4 increased upon addition of
HSi(OCH3)3 to the feed. The rate of the formation of Si(OCH3)4
decreased when HSi(OCH3)3 was eliminated from the feed. These
results clearly indicate that a part of HSi(OCH3)3 added was
transformed into Si(OCH3)4 under the reaction conditions. This
suggests that, in the silicon — methanol reaction, at least a
part of Si(OCH3)4 is originated from the secondary reaction of

HSi(OCHg)g with methanol.
4-5 Effect of Addition of Thiophene to the Feed

It has been reported that metallic copper catalyzes the
reaction of methanol and HSi(OCH3)3 to give Si(OCH3), [4]. As
described above, metallic copper is formed in the course of the
reaction. Thus, it is plausible that metallic copper formed on
silicon surface acts as a catalyst to convert HS£(OCH3)3 into
Si(OCH3)4. It is known that sulfur compounds poison the
catalytic activity of copper catalysts. Therefore, thiophene
was added to the methanol feed in the silicon - methanol reaction
to see if the selectivity for HSi(OCH3)3 is affected by copper-—

poisoning.

4-5-1 Effect of Thiophene on the Selectivity for Trimethoxy-
silane

Figure 4-5 shows how the rate of formation of methoxysilanes
and the selectivity for HSi(OCH3)3 change with addition of

thiophene to the feed. In the absence of thiophene, the silicon
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Figure 4-5 Effect of thiophene on the change in the rate
of methoxysilanes formation and the selectivity for
HSi(OCH3)3 with reaction time.

Preheating conditions: 723 K, 1 h.

Selectivity [/ b

Reaction conditions: 513 K, methanol = 39 mmo 1 h_l( 56 kPa),

thiophene = 0 (a), 0.39 (b), 1.29 mmol n! (c).
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conversion at the reaction time of 5 h was 73%, and the overall
selectivity averaged for 5 h was 64%, as described above.
Addition of thiophene affected both the rate and the selectivity.
Silicon conversion for 5 h was 84 and 80%, when 0.39 and 1.29
mmo 1 h—1 of thiophene was added to the methanol feed,
respectively. Thus, the addition of thiophene gave higher
silicon conversion.

The selectivity for HSi(OCH3)3 was significantly improved.
The overall selectivity for 5 h upon addition of 0.39 and 1.29
mmo 1 h"1 of thiophene was 97 and 94%, respectively. This fact
strongly indicates that HSi(OCH3)3 is an exclusive primary
product in the silicon - methanol reaction and that Si(OCH3)4 is
formed by the secondary reaction of HSi(OCH3)3 with methanol by
catalytic action of metallic copper formed during silicon -
methanol reaction.

When thiophene was added to the methanol feed, the
intensities of the X-ray diffraction peaks due to mefallic copper
in the mixture at the end of the reaction were 70% of those in
the absence of thiophene, showing that thiophene addition
inhibits the formation of metallic copper during the silicon -
methanol reaction. This suggests that thiophene suppresses the
deactivation of the catalytic system by inhibiting the growth of
metallic copper. This explains the higher silicon conversion in
the presence of thiophene. Thiophene (or sulfur) probably
covers the surface of the small copper particles to prevent their
coagulation.

In order to further confirm the effect of thiophene on the

selectivity, the reaction was started by feeding methanol to the
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reactor and then thiophene was added to the feed at a later
stage. Figure 4-6 shows the change in the rate of the formation
of methoxysilanes upon addition of thiophene. At reaction time
of 0.7 h, thiophene (0.39 mmol h“l, 1% of methanol) was added to
methanol feed. Upon addition of thiophene, the rate of
Si(OCH3)4 decreased and that of HSi(OCH3)3 increased, while the
sum of the rates of the formation of the two methoxysilanes
remained constant. This indicates that Si(OCH3)4 is formed at
the expense of HSi (OCHg) 3. It is concluded that Si(OCH3)4 is
formed exclusively by the secondary reaction of HSi(OCH3)3 with
methanol over metallic copper, which is formed during the silicon
- methanol reaction. It should be noted that thiophene does not
inhibit the silicon -~ methanol reaction at all.

As described above, when thiophene was added to the feed
from the beginning, the reaction rate depends on thiophene
pressure. This shows that thiophene also affects‘the stage of
the reaction-site formation. |

The selective poisoning by thiophene was also observed in
the reaction of silicon and ethanol [6]. Thus, HSi(OC2H5)3 was

almost exclusively formed when thiophene was added to the system.

4-5-2 Poisoning of the Reaction of Trimethoxysilane with
Methanol over Metallic Copper by Thiophene

In order to confirm that metallic copper catalyzes the
reaction of HSi(OCH3)3 and methanol to form Si(OCH3)4, the
reaction was carried out using metallic copper as a catalyst at
513 K. Figure 4-7 shows the change in the vield of Si(OCH3)4

with time. The yield of Si(OCH3)4 was 100% in the Dbeginning,
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Figure 4-6 Change in the rate of methoxysilanes formation
upon addition of thiophene.

a: HSi(OCHg)g, b: Si(OCHg),.

Preheating conditions: 723 K, 1 h.

Reaction conditions: 513 K,

(I): methanol = 39 mmol h_1(56 kPa),

(II): methanol = 39 mmol h~1(56 kPa) and
thiophene = 0.39 mmol h~ 1,
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Figure 4-7 Poisoning of the metallic copper catalyst by
thiophene in the reaction of HSi(OCH3)3 with methanol.
Reaction temperature = 513 K, metallic copper = 0.33 g.
(I): methanol = 39 mmol h_1(56 kPa),

HSi(OCH3) 3 = 4.0 mmol h™1(5.7 kPa),
(I1): methanol = 39 mmol h™1(56 kPa),

HSi(OCHg)3 = 4.0 mmol h™1(5.7 kpa),

and thiophene = 0.39 mmol h™1(0.56 kPa).
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though it decreased with reaction time. Figure 4-7 also shows
the effect of addition of thiophene. Upon addition of thiophene
at 0.67 h of reaction time, the yield of Si(OCH3)4 decreased
guickly to zero. Even after the feed of thiophene was stopped
at 1.33 h, the formation of Si(OCHg), was not observed. These
results clearly indicate that the reaction of HSi(OCH3)3 and
methanol is catalyzed by metallic copper and that thiophene
irreversibly inhibits the reaction.

A separate experiment showed that metallic copper catalyzes
the reaction of HZSi(OCZH5)2 and ethanol into tri- and
tetraethoxysilane. This reaction was inhibited, though not
completely, by adding thiophene. On the other hand, the
formation of HZSi(002H5)2 was not observed even in the presence
of thiophene during silicon—ethanol reaction, indicating that
H9Si(0OC9H5)9 is not a primary product of the reaction. In other
words, HSi(OCzH5)3 is a sole primary product of the silicon-

ethanol reaction.
4-6 Effect of Addition of Alkyl Chlorides to the Feed

It has been reported in a patent that addition of alkyl
halides enhances the selectivity for HSi(OCH3)3 [7]. Here, the
effect of addition of methyl or propyl chloride as an alkyl

halide on the selectivity was examined.
4-6-1 Effect of Methyl Chloride on the Selectivity for

Trimethoxysilane

Figure 4-8 shows the effect of methyl chloride. Under the
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Figure 4-8 Effect of methyl chloride on the change in the
rate of methoxysilanes formation and the selectivity for
HSi(OCH3)3 with reaction time.

Preheating temperature = 723 K.

Reaction temperature = 513 K, methanol = 39 mmol n1

(56 kPa),

methyl chloride = 0 (a), 0.39 (b), 1.29 mmol h™ % (e).
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reaction conditions, no methylchlorosilanes were formed. The
overall selectivity for HSi(OCHg)g for 5 h increases upon
addition of methyl chlorides. Upon adding 0.39 and 1.3 mmol h_1
of methyl chloride to the methanol feed, the selectivity for
HSi(OCHg)3 increased to 83% and 97% from 64%, the silicon

conversion being 73, 79%, respectively.

4-6-2 Effect of Propyl Chloride on the Selectivity for

Trimethoxysilane
Propyl Chloride was added to the methanol feed. The
results are shown in Fig. 4-9. When 0.078 and 0.39 mmol h_l of

propyl chloride was added, the overall selectivity and silicon
conversion for 5 h were 96%, 75% and 98%, 76%, respectively.
Propyl chloride is more effective than methyl chloride in
enhancing the selectivity.

To further examine the effect of alkyl chloride, 0.39 mmol
h—1 of propyl chloride was added to the feed at 0.7 ﬂ of reaction
time. The result is shown in Fig. 4-10. Upon the addition of
propyl chloride, the rate of Si(OCHg), decreased and that of
HSi(OCHg)g increased. The total rate of methoxysilanes
formation did not change. This indicates that addition of
propyl chloride affects the selectivity, but that propyl chloride

does not affect the rate of the silicon—methanol reaction.

4-6-3 Poisoning of the Reaction of Trimethoxysilane and Methanol
over Metallic Copper by Propyl Chloride
In order to find if the effect of alkyl chlorides results

from poisoning of metallic copper as in the case of thiophene
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Figure 4-9 Effect of propyl chloride on the change in the
rate of methoxysilanes formation and the selectivity for
HSi(OCH3)3 with reaction time.

Preheating temperature = 723 K.

Reaction temperature = 513 K, methanol = 39 mmol h—1

(56 kPa),

propyl chloride = 0 (&), 0.078 (b), 0.39 mmol n1 (e).
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Figure 4-10 Change in the rate of methoxysilanes formation
upon addition of propyl chloride.
a: HSi(OCHg)g, b: Si(OCHg) 4.
Preheating conditions: 723 X, 1 h.
Reaction conditions: 513 K,
(I): methanol = 39 mmol h—1(56 kPa),
(IT1): methanol = 39 mmol h™1(56 kPa) and
propyl chloride = 0.39 mmol nl.
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addition, propyl chloride was added to the feed in the course of
the reaction of HSi(OCH3)3 and methanol over metallic copper, as
shown in Fig. 4-11. The catalytic activity of copper
disappeared upon addition of propyl chloride, indicating that
propyl chloride poisons metallic copper. When the feed of
propyl chloride was stopped, the catalytic activity was
completely recovered in 20 min, indicating that the adsorption of
propyl chloride on metallic copper is reversible.

These results strongly suggest that the enhancement of the
selectivity upon adding alkyl chlorides is caused by poiéoning of

metallic copper formed during the silicon — methanol reaction.

4-7 Poisoning of Metallic Copper by Copper(I) Chloride in the

Silicon - Methanol Reaction

4=-7-1 Effect of the Amount of Copper(I) Chloride on the Rate of
Methoxysilanes Formation ’

The selectivity for HSi(OCH3)3 depends on the amount of
copper(Il) chloride even when the temperature of the pretreatment
is low. Figure 4-12 shows the effect of the amount of copper(I)
chloride on the reactivity of silicon and the selectivity for
HSi(OCH4)q at 553 K. When the amount of Cu is less than 2 wt%
of silicon, the selectivity for HSi(OCH3)3 starts to decrease
sometime after starting the reaction. On the other hand, the
selectivity is very high throughout the reaction, when the amount
of Cu exceeds 2.5%. When the amount of CuCl was 10 wt%, the SEM
image showed that the copper(I) chloride grains still remained

even after the pretreatment of the silicon - copper(I) chloride
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Figure 4-11 Poisoning of the metallic copper catalyst by
propyl chloride in the reaction of HSi(OCH3)s; with methanol.
Reaction temperature = 513 K, metallic copper =0.33 g,
(I): methanol = 39 mmol h~1(56 kPa),

HSi(OCHz)3 = 4.0 mmol h™1(5.7 kPa),
(II): methanol = 39 mmol h™1(56 kPa),

HSi(OCHg)5 = 4.0 mmol h™1(5.7 kPa),

and propyl chloride = 0.39 mmol h—1(0.56 kPa) .
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Figure 4-12 Effect of the amount of copper(I) chloride on
the rate of methoxysilanes formation and the selectivity for
HSi(OCHg) 3.

Amount of copper(l) chloride was indicated in wt.% as Cu.

a, b: Change in the rate of methoxysilanes formation and the
selectivity for HSi(OCH3)3.

c, d: Change in the cumulative conversion of silicon.
Preheating conditions: 553 K, 1 h.

Reaction conditions: 553 K, methanol = 39 mmol h—1(56 KPa) .
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mixture at 553 K. This indicates that the formation of metallic
copper is inhibited or that the metallic copper is poisoned even
when it is formed, as long as excess copper(I) chloride exists in
the system. As described in a previous section, alkyl halides
inhibits the formation of Si(OCHg),. The fact that the
selectivity for HSi(OCH3)3 depends on the catalyst amount,
indicates that chloride ions from copper(I) chloride are somehow
transferred onto the copper surface to inhibit the activity of
the metal formed during the silicon — methanol reaction.

The overall conversion of silicon was also a function of the
amount of copper(l) chloride. As shown in Fig. 4—-12c and d, the
conversion of silicon exceeds 90%, when the amount of copper was
2 wt% or more. In contrast, it was only 70% and 80%, when the
catalyst amount was 1 wt% and 1.75 wt%, respectively. The
increase in silicon conversion with increasing the catalyst
amount again suggests that excess copper(I) chloride serves to
suppress the deactivation of the silicon - methanél reaction
probably by inhibiting the formation of metallic copper. If this
is the case, a high selectivity as well as high conversion would
be attained by adding proper additives to the system even when

the amount of the catalyst is small.

4~7-2 Effect of Propyl Chloride in the Case of a Small Amount of
Copper(I) Chloride |

Figure 4-13 shows the result of such an experiment. The
silicon - methanol reaction was carried out with only 0.1 wt% of
Cu, after the silicon — copper(l) chloride mixture was preheated

at 553 K for 1 h. Without any additives, the selectivity for
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Figure 4-13 Effect of propyl chloride on the selectivity
for HSi(OCH3)3.
Catalyst: copper(I) chloride (0.1 wt.% of Si as Cu) .
a: methanol 39 mmol h_1(56 kPa),
b: methanol 39 mmol h"1(56 kPa)
+ propyl chloride = 0.39 mmol h_1(0.56 kPa).
Preheating conditions: 553 K, 1 h. Reaction temperature:

553 K.

]
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HSi(OCH3)3 was sharply dropped just after starting the reaction.
When 0.56 kPa of propyl chloride was added to the methanol feed,
the selectivity for HSi(OCHg)gq was 100% throughout the reaction.
The overall conversion of silicon also increased from 71% to 89%
by adding propyl chloride to the feed.

These results strongly indicate that the chloride ions are
transferred to the surface of metallic copper formed during the
reaction to poison the catalytic activity for the HSi(OCHg)g -

methanol reaction.

4-8 Addition of Thiophene or Propyl Chloride in the Reaction of

Methanol and Silicon with the Oxide Overlayers

The results described above are all obtained with silicon
grains, which had been washed with a HF solution, since silicon
grain is usually covered with native oxide overlayers. We have
reported that the reactivity of silicon with SiOz ovérlayers is

too low to get a high silicon conversion when the pretreatment

temperature was low [7]. Therefore, it is essential to pretreat
a silicon — copper(I) chloride mixture at a high temperature to
obtain a high silicon conversion [3,8]. However, under this

preheating condition, the selectivity for HSi(OCHg)g is low, as
described above. It may not be industrially practical to remove
the oxide overlayers from silicon grains before using them for
the reaction. The method of poisoning might be useful to
improve the selectivity also for the oxide—covered silicon.

The effect of addition of propyl chloride or thiophene on

the reaction of silicon with silica overlayers (thickness 1.7 nm)
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was examined at 513 K, and the results are shown in Fig. 4-14.
When the silicon with oxide layer was used for the reaction, the
silicon conversion and the overall selectivity for 5 h were 62%
and 57%, respectively. When thiophene was added to the feed,
the conversion and the overall selectivity for 5 h increased to
69% and 97%, respectively. Addition of propyl chloride also
enhanced the conversion and the overall selectivity. They were
76% and 98%, respectively. It is clear that a very high
selectivity can be attained without decreasing the silicon

conversion, when a proper additive is added to methanol feed.
4-9 Reaction Mechanism

4-9-1 Mechanism of Trimethoxysilane Formation

The results described above clearly show that the HSi(OCHg)g
is an exclusive primary product in the silicon - methanol
reaction. I speculate the mechanism of HSi(OCH3)3son silicon

surface as follows:

MeOH /H MeOH /OMe MeOH MeO\ /OMe
MpSi: ——=> M,Si — MpSi —— Si (1)
2 2 2 \ Y,
OMe OMe H OMe
(1) (I1) (I11)
Step 1 Step 2 Step 3
(M = Cu)

On the surface of silicon, there may be a copper—-rich region
as indicated by the formation of a Cu—Si alloy phase. The
migration of silicon to this region may give silicon species

having a silylene character (I). This species reacts with
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Figure 4-14 Effect of thiophene and propyl chloride on the
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reaction of methanol with silicon with oxide overlayers.

a:
b:

methanol = 39 mmol h 1 (56 kPa),
methanol = 39 mmol h~1

and thiophene = 0.39 mmol h™! (0.59 kPa),

: methanol = 39 mmol h~1

and propyl chloride = 0.39 mmol h™! (0.59 kPa).
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methanol to form a surface species (II1). The reaction of
methanol with silylene has been well established [9,10]. The
surface 8i-H bond undergoes an attack of another methanol
molecule to dimethoxysilicon species (III), which undergoes
further attack of methanol to form HSi(OCHg)g. Silicon atoms
migrate from the bulk of the metal to the surface to regenerate
copper — silicon intermetallic species. A certain fraction of
the copper species on the surface combines to form metallic

copper, which catalyzes the reaction of HSi(OCH3)g4 with methanol.

4=9~2 Reaction of Methanol with Silicon in the Presence of

2=-Propanol

(a) Reaction of 2-Propanol with Silicon

The mechanism of trimethoxysilane formation is supported by
the formation of methoxyisopropoxysilanes by the reaction of
silicon with 2-propanol in the presence of methangl.

n-alcohols such as methanol, ethanol, 1-propanol and n—-butyl
alcohol reacted with silicon, while sec-alcohol (2-propanol and
2-butyl alcohol) and tert—alcohol (tert-butyl alcohol) did not
[61.

The reaction of methanol, ethanol, or 1-propanol with
silicon, the induction time depends significantly on the alcohol
pressure, indicating that alcohol molecules are involved in the
formation of the reactive sites on the silicon surface (Chapter
2) [61. This suggests that 2-propanol might be incapable of
forming the reactive sites. If this is the case, the reaction

of 2-propanol with silicon should proceed when the induction time
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was eliminated. However, this idea was refuted by the following
experiment (Fig. 4-15).

The reaction of l-propanol with silicon was started at 483 K
without any pretreatment. The reaction occurred as expected,

indicative of the formation of the reactive sites on the silicon

surface. After 1 h of the reaction, the reactant alcohol was
switched to 1-propanol to 2-propanol. No reaction of 2-propanol
with silicon was observed. At 2 h, the reactant alcohol was
switched back to l-propanol. The reaction of l-propanol
resumed.

(b) Reaction of Methanol with Silicon imn the Presence of
2-Propanol

To further elucidate the reactivity of 2-propanol towards
silicon, 2-propanol (30 kPa) was fed together with methanol (63
kPa) to a silicon—copper(I) chloride mixture a; 513 K. No
pretreatment of the Si—-CuCl mixture were done. Figure 4-16
shows the change in the rates of the formation of the products
with time. The products mainly consist of trimethoxysilane
(27%), dimethoxyisopropoxysilane (63%), methoxydiisopropoxysilane
(9%) . No tetraalkoxysilanes were formed. Triisopropoxysilane
was only slightly formed (0.8%). Thus, isopropoxy groups are
incorporated in the product, though the neat 2-propanol does not
react with silicon.

As described above, the mechanism of trimethoxysilane
formation is proposed (eq. (1)). There are three steps that

alkoxy groups are bonded to a silicom atom; Step 1: The reaction
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Figure 4-15 Reaction of silicon with 2-propanol after the
activation of silicon by l-propanol.

No pretreating.

Reaction conditions: reaction temperature = 483 K,

(I) 1-propanol = 96 kPa, (II) 2-propanol = 101 kPa.
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Figure 4-16 Change in the rates of formation of the
products with time in the reaction of silicon, 2-propanol
and methanol.

a: trimethoxysilane, b: dimethoxyisopropoxysilane,

c: methoxydiisopropoxysilane, d: triisopropoxysilane.

No pretreating.

Reaction conditions: reaction temperature = 513 K,
methanol = 63 kPa and 2-propanol = 30 kPa.
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of alcohol with surface silylene species(I), Step 2: The reaction
of the hydride(II) with alcohol, Step 3: The simultaneous
cleavage of the two Si—-Cu bonds with alcohol. The last step may
be the most difficult step to occur. The negligible formation
of triisopropoxysilane indicates that 2-propanol is only involved
in first two steps out of the three. I presume that 2-propanol
is involved only in steps 1 and 2. This mechanism explains why
2—-propancl does not react with silicon and why isopropoxy groups
are incorporated in the product silane when 2-propanol was added
to methanol in the Si — methanol reaction.

Further evidence for the presence of silylene species was
obtained by the reaction of methanol with silicon in the presence

of alkenes. This will be discussed in Chapter 6.
4-10 Conclusions

The selectivity for HSi(OCHg)g in the reaction of gsilicon
with methanol with using copper(I) chloride sharply increases
when thiophene or am alkyl halide was added to the feed.
Separate experiments showed that metallic copper is an active
catalyst for the reaction of HSi(OCH3)3 and methanol to form
Si(0OCHg),- These facts show that HSi(OCHg)g is exclusively
formed in the silicon - methanol reaction and a part of
HSi(OCH3)3 is converted into Si(OCH3)4 by metallic copper, which
is formed in the silicon — methanol reaction.

The presence of an excess amount of a copper(I) chloride
catalyst also has an enhancing effect on the selectivity. This

indicates that the chloride ions are transferred onto the surface
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of metallic copper formed in the course of the reaction to poison

the catalytic activity for the HSi(OCH3)3 — methanol reaction.
The reaction mechanism involving surface silylene species is

proposed to explain the exclusive formation of HSi(OCH3)g in the

silicon—methanol reaction.
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Chapter 5 Direct Formation of Organosilicon Compounds
from Silicon, Methanol and Alkenes

5-1 Introduction

It is shown in Chapter 2 that HSi(OCH3)3 is almost
exclusively formed upon properly selecting pretreatment
temperature of the S8Si—-CuCl mixture as well as the reaction
conditions, when the reaction was carried out using a fixed—bed
flow reactor. It ie also shown in Chapter 5 that, even when
Si(OCHg),4 is appreciably formed, HSi(OCH3)3 is an exclusive
primary product and that Si(OCHg), is formed by the secondary
reaction of HSi(OCH3)3 and methanol by the action of metallic
copper formed on the silicon surface during the reaction.

To explain the exclusive formation of HSi(OCH3)3, I have

proposed the following reaction scheme.

MeOH OCH3 MeOH /OMe MeOH MeO\ /OMe
MpSi: ——> MpSi| — Mpsi ——>  8il (1)
H —Hz OMe H OMe
I IT ITT
(M = Cu)

The surface silylenoid, I on the silicon surface reacts with
methanol to form methoxysiliconhydride species, II. It is known
that silylenes react with methanol to form methoxysilanes [1,2].
The hydride species II rapidly reacts with methanol to form
dimethoxysilicon species, III. Finally, two silicon copper
bonds of the species III are cleaved by a methanol molecule to

form the final product, HSi(OCH3)3. Silicon atoms diffuse from
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the bulk to the surface to reform the surface silylenoid. The
most important features of the mechanism is the intermediacy of
the surface silylenoid and the simultaneous cleavage of the two
silicon—-copper bonds with a methanol molecule.

This chapter describes the attempts to trap the silylenoid
intermediate and to synthesize organosilicon compounds based on
this mechanism. Alkenes (butadiene, ethylene and propylene) and

allyl compounds were used as trapping agents.
5-2 Experimental

The reaction procedures are the same as those described in
Chapter 2. When the reactions of phenol were.carried out,
phenol dissolved in dipropyl ether was fed by a motor—-driven
syringe into the reactor.

Allyl propyl ether and allyl ethyl ether were synthesized by
the following method. Sodium hydride (26.7 g: 1.11 mol) was
dissolved in propanol or ethanol (500 cc) to form the sodium
alkoxide. Allyl chloride was dropped into the solution at room
temperature and the solution was refluxed for 3 h. To remove
the precipitated salt and unreacted alcohol, water was added to
the solution. Allyl ether was separated from ether phase by
distillation. The allyl ethers obtained were 98% in purity

(impurity: diethyl ether 2%, allyl chloride <1%).
5-3 Reactions of Surface Silylenoid with Alkenes

Silylene intermediates are known to react with various
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alkenes [3,4]. If the surface silylenoid is the intermediate in
the reaction of silicon with methanol, alkenes may react with the
surface silylenoid. Therefore, the reactions of silicon with
methanol were carried out in the presence of alkenes butadiene,

ethylene or propylene.

5-3=-1 Reaction of Surface Silylenoid with Butadiene
The reactions of silylene intermediates with butadiene are
known to form silacyclopent-3—-enes [5-7]. This type of

butadiene insertion is the inherent nature of silylene

intermediate.
HC=CH
/ \
H,C CH,

" H,C=CH-CH=CH, N\ /
Si > Si (2)

/ \ / \

H H H H

3

If the surface silylenoid reacts with butadiene and'subsequently
two Cu—Si bonds are cleaved by attack of methanol molecule, the

following reaction would be expected.

HC=CH HC =CH
/ \ / \
HqoC CH, H,C CH,
- H,C=CH-CH=CH, \ / CH40H \ /
Si > Si — Si (3)
/ 0\ / N\ / \
M M M M CHg0 H
(M = Cu)

When methanol (56 kPa) and butadiene (40 kPa) were fed to
the mixture of silicon and copper(I) chloride at 513 K, 1-

methoxysilacyclopent—-3—ene was formed in a 3% selectivity, a
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major product (97%) being trimethoxysilane. This result
supports the mechanism of trimethoxysilane formation expressed by

reactions (1).

5-3-2 Reaction of Surface Silylenoid with Ethylene or Propylene

Ethylene reacts with silylene to form vinylsilanes through
dimethylsilacyclopropane intermediates [3]. In the reaction of
silylene with alkenes in the presence of methanol, alkylmethoxy-
silanes, the methanolysis products of silacyclopropane

intermediates, are obtained [8-10].

RpSi: — > RySi ———> R,Si (4)

If this type of the reaction occurs between the surface
silylenoid and ethylene and the cleavage of the two Si-Cu bonds
are caused by methanol, ethyldimethoxysilane, HSi(C2H5)(0CH3)2,

must be found in the products.

CoHy CH, MeOH CHpCHz MeOH MeO,  CH,CHg
MsSi: —> Mo,Si —_— M,Si e Si (5)
2 2 2 AN
CH, OMe H  OMe
(M = Cu)

Ethylene (63 kPa) and methanol (27 kPa) was fed to the Si-
CuCl mixture in a fixed-bed reactor at 513 K. After the
reaction for 3 h, 80% of silicon was consumed, the products being
composed of 8% of the predicted compound, HSi(C2H5)(OCH3)2 and

HSi(OCHg) g (92%) . The selectivities were calculated by the
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ratio of the lg-NMR peak areas of the products. The change in
the formation rates of the two products with time is shown in
Fig. b5—1. The rates first increased and decreased. The
selectivity for HSi(CzH5)(OCH3)2 was constant during the
reaction.

Similarly, the reaction of propylene and methanol with the
silicon gave HSi(C3H7)(OCH3)2 together with HSi(OCH3)3. When
propylene (84 kPa) and methanol (16 kPa) reacted with silicon at
513 K for 5 h, HSi(C3H7)(OCH3)2 was formed in a 4% selectivity,
the overall silicon conversion being 60%.

The selectivity for alkyldimethoxysilane was high when the
pressure of alkene was high. In the atmospheric reaction
system, the selectivity for organosilane was below 10%.
However, if alkenes was fed at high pressure above 1 atm, the
higher selectivity could be obtained and this reaction might
offer a new route for the synthesis of organosilanes.

When the vapor—phase reaction of gilicon (200 mg: 711 mmol),
methanol (18 mmol) and ethylene (40 atm at room temperature:
about 210 mmol) was carried out in a 120 cc—autoclave at 433 K
for 15 h, organosilanes, HSi(C2H5)(OCH3)2 and Si(C2H5)(OCH3)3,
were formed, the other products being HSi (OCHg) 3, Si(OCH3),4 and
oligomers containing silicon. The fraction of organosilanes,
HSi(CZH5)(OCH3)3 and Si(CzH5)(OCH3)3 among the silane monomers
was high (26%), however, the total yield of the four silane
monomers was low (19%).

The reaction of ethanol instead of methanol was also carried
out. When ethanol (72 mmol), ethylene (20 atm at room

temperature: 105 mmol) and silicon (500mg: 18 mmol) were heated
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~1

Rate / mmol h

Figure 5-1 Change in the formation rates of the products

with time in the reaction of silicon, methanol and ethylene.

Products: HSi(OCHg)g (solid line),
HSi(C2H5)(OCH3)2 (dashed limne).

No pretreating.

Reaction condition: reaction temperature = 513 K,

methanol = 27 kPa, ethylene = 63 kPa.
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in the autoclave at 473 K for 3 h, the expected products,
HSi(C2H5)(OCZH5)2 (0.5% yield), Si(C2H5)(OC2H5)3 (5%), were
formed. The yields of HSi(OCZH5)3 and Si(OCzH5)4 were 1.3% and

17%, respectively.

5-3=-3 Reaction of Surface Silylenoid with Ethylene in the

Presence of Phenol

(a) Reaction of Silicon with Phenol

It was reported that phenol reacted with silicon fused with
metallic copper as a a catalyst to form tetraphenoxysilane [11].
Here, the reaction of silicon with phenol (25 kPa) was carried
out in a fixed-bed flow reactor at 513 K without the pretreatment
of the silicon-copper(I) chloride mixture. Triphenoxysilane
obtained in a 81% yield in 5 h, tetraphenoxysilane being not

formed.

(b) Reaction of Surface Silylenoid with Ethylene in the Presence
of Phenol

The reaction of surface silylenoid with ethylene in the
presence of phenol instead of methanol was carried out without
pretreating a silicon—copper(I) chloride mixture. The results
are shown in Table 5-1. The expected product, HSi(CyHgy) (OPh),,
was formed, the formations of Si(CgyHgy) (OPh) g and
tetraphenoxysilane being not observed. When phenol (11 kPa) and
ethylene (85 kPa) were fed at 513 K, HSi(CqHg) (OPh) 5 of a 2.4%
yield was obtained, the selectivity being 8.7%. The selectivity

for ethyldiphenoxysilane increased with increasing partial
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pressure of ethylene or decreasing reaction temperature (Table 5-

1).

5-4 Reactions of Surface Silylenoid with Allyl Compounds

The formation of organosilanes more effectively proceeds
with use of allyl ethers instead of simple alkenes.
The reaction of allyl alkyl ether with silylene in the

presence of methanol was reported to afford allylmethoxysilane

[12].
4 N
CgH5ORS CHy MeOH CH, CH,CH=CH,
1p2g; . 1p2g;" 152g; 1524;7
rRIR2gi: ——— RIR?si ——> |rR1RZsi — Rlr2gi (6)
\
cH -r%0H 1 \cB OMe
CHy MeQ CH,
or3 H ¥ OR3
~ 7

(! = siMes, R? = Pn, R® = Et)

If the similar type of the reaction occurs on the silicon
surface in the presence of allyl alkyl ether and methanol and the
Si-Cu bonds are cleaved in the final step, the product

allyldimethoxysilane, HSi(CH20H=CH2)(OCH3)2 must be found in the

products.
C3H50R /CHZ MeOH CH,CH=CHy MeOH MeO\ /CHZCH=CH2
MgSi: —> M,Si —> Mgy8i —_— /Si (7)
?H ~ROH OMe H \OMe
Ciy
OR

(M = Cu, R = CzH5, 03H7)
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The overall reaction can be expressed as
Si + CHp=CHCH50R + 2 CH3OH —— HSi(CHZCH=CH2)(OCH3)2 + ROH (8)

Allyl propyl ether (63 kPa) and methanol (27 kPa) were fed
to the Si-CuCl mixture at 513 K. Since commercial allyl propyl
ether contained a small amount of allyl alcohol which inhibits
the silicon—-methanol reaction, I used the ether synthesized by
the method without use of allyl alcohol as describedvin the
experimental section. The silicon-containing products were
HSi(CHZCH=CH2)(OCH3)2, HSi(OCH5)g, and HSi(OCH3)2(003H7).
HSi(CHZCH=CH2)(OCH3)2 was identified by mass spectrum. The
authentic HSi(CHoCH=CH,) (OCH3) 4 was prepared by the reaction of
HSi(OCHg)g with CHo=CHCHoMgCl. The change in the rates of the
formation of the three products is shown in Fig. 5-2. The
products were analyzed in every 8 min. The rates of formation
of the three products first increased and then decr;ased. The
silicon conversion reached 50%, when the reaction stopped at 3 h.
The overall selectivity for HSi(CHoCH=CH,) (OCHg)g for 3 h was
38%. Thus, the overall yield of HSi(CHZCH=CH2)(OCH3)2 was 19%.
The selectivities for other two products, HSi(OCHg)g3 and
HSi(OCHg)9(0OCgqH7), were 44% and 18%, respectively. The latter
product may be formed by the transesterification reaction between
HSi(OCH3)3 and propyl alcohol, a reaction product.

The results of the reactions at various partial pressures of
allyl propyl ether and reaction temperatures is shown in Table 5-—
2. When the pressure of allyl propyl ether increased, the

selectivity increased, however, the silicon conversion decreased.
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Figure 5-2 Change in the formation rates of the products
with time in the reaction of silicon, methanol and allyl
propyl ether.

Products: HSi(CHZCH=CH2)(OCH3)2 (4), HSi(OCH3)3 (&),
HSi(OCH3)2(0C3H7) (
No pretreating.
Reaction conditions: reaction temperature = 513 K,
methanol = 27 kPa, allyl propyl ether = 63 kPa.
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High reaction temperature resulted in a high conversion and a low
selectivity.

The use of allyl ethyl ether as an alkene results in the
formation of HSi(CHZCH=CH2)(OCH3)2. The selectivity for
allylation was 30%, the silicon conversion being 44%. The
reaction of diallyl ether was also carried out. The overall

selectivity for HSi(CH9CH=CH,) (OCHg)o was 12%, 58% of silicon

being consumed. Allyl alcohol formed as a by—product poisoned
the reaction of silicon with methanol. This resulted in a low
silicon conversion. Allyl methyl sulfide gave

HSi(CHZCH=CH2)(OCH3)2, though the yield was very low because of
poisoning of the silicon—-methanol reaction by the sulfide. The
results and the details of the reaction conditions are summarized
in Table 5-3.

These results clearly show the intermediacy of the surface
silylenoid in the reaction of metallic silicon wit& methanol and
support the mechanism expressed by eqg. (1). Clarke and Davidson
attempted to trap silylene intermediates in the reaction of
silicon with methyl chloride using butadiene as a trapping agent
[13]. The yield of the trapped products, however, was very low
and they concluded that silylene was not important in the overall
mechanism. In the case of the silicon—-methanol reaction, the
trapped product HSi(CHZCH=CH2)(OCH3)2 accounts for 38% of the
whole product, indicating the importance of the surface

silylenoid as an intermediate.
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5-5 Conclusions

The reaction of metallic silicon with methanol in the
presence of alkenes gave alkyldimethoxysilanes. When butadiene
was fed to the silicon - copper(l) chloride mixture, 1-
methoxysilacyclopent—3—ene was formed, suggesting that surface
silylene species is the intermediate in the silicon—-methanol
reaction. Addition of ethylene or propylene to the methanol
feed resulted in the formation of ethyl- or propyldimethoxysilane
at 8 or 4% of the selectivity, respectively.

Phenol reacted with silicon to give triphenoxysilane. The
reaction of silicon with phenol in the presence of ethylene
afforded ethyldiphenoxysilane, the selectivity being about 8%.
This indicates that the surface silylenoid as an intermediate is
formed in the silicon—phenol reaction.

When allyl ether was used instead of anealkene,
allyldimethoxysilane was obtained in higher yield. Especially,
the use of allyl propyl ether gave the high selectivity (38%),
indicating the intermediacy of surface silylenoid in the silicon—
methanol reaction.

High pressure of ethylene (40 atm) gave high selectivity
(26%) for ethylmethoxysilanes. Thus, the reactions of silicon,
alcohol and alkenes may offer a potential method for synthesis of

organosilanes when high-pressure reactor is used.
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Chapter 6 Effect of Halide ion of Copper(I) Halide
Catalyst on the Reaction of Silicon with Methanol

6-1 Introduction

The synthesis of trimethoxysilane from metallic silicon and
methanol has been performed by using copper(I) chloride as a
catalyst [1,2]. As described in Chapter 2, the rate of
methoxysilanes formation and the selectivity for trimethoxysilane
greatly depend on the pretreatment conditions of the mixture of
silicon and copper(I) chloride as well as the reaction
conditions. When the mixture is pretreated at 723 K, the
selectivity is low. Copper(I) chloride reacts with silicon to
form CugSi phase on the surface during the pretreatment.
Silicon is consumed around CugSi patches formed at the
pretreatment stage. On the other hand, when the pregreatment is
done at low temperature, the selectivity is high. The small
size of the Cu-Si intermetallic compounds, whose formation is not
observed by XRD, is formed.

In the silicon-methanol reaction, silicon reacts with
copper(I) chloride to form Cu-Si alloy at the pretreatment stage.
During the pretreatment at 723 K, a liquid- and vapor—phase
transport of copper(I) chloride onto the silicon surface occurs
and then reacts with silicon. If copper(I) bromide or iodide
instead of the chloride is used as catalysts, the difference of
halide ion may affect the formation of Cu-Si alloy due to the
differences in the reactivity of the copper(I) halide toward

silicon and in the physical properties such as Vapor pressures.
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Therefore, the formation of reactive sites may be influenced by
the halide ion. In the reaction with the pretreatment at 513 K,
the mechanism of the transport of copper(I) chloride onto the
silicon surface has not clarified yet (Chapter 2). It is
plausible that the formation rate of reactive sites depends on
the kind of the halide ion.

As described in Chapter 3, when the pretreatment temperature
was high (723 K) and low (< 573 K), the reaction order with
respect to methanol and the activation energy are 1.4, 44 kJ
mol~ ! and 1.0, 88 kJ mol_l, respectively. If the halide ion
would affect the nature of the reactive sites, the reaction order
with respect to methanol pressure and the activation energy might
change with the kind of the halide ion.

In this chapter, in order to examine the role of halide ions
in the formation of reactive sites, the reactions of silicon with
methanol using copper(I) bromide and iodide as catalysts were
carried out. The results are compared with those of the
reactions with a copper(I) chloride catalyst and the role of

halide ions in the reactive—-site formation is discussed.

6~2 Experimental

Copper{I) bromide grains obtained from Wako Pure Chemical
Industries, Ltd. were 99.9% in purity. They were sieved into
grains of 45-63 um.

Copper(I) iodide grains (purity: 99.5%) of 1-4 um were
obtained from Wako Pure Chemical Industries, Ltd.

The reaction procedures are the same as those described in
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Chapter 2. The silicon and copper(I) halide grains were mixed
in the vial vigorously by hands. The mixture, containing 6 mmol
of silicon and 0.31 mmol of copper(I) halide, was loaded in a
fixed-bed reactor of quartz tube (10 mm i.d.). The mixtures

were pretreated under a helium stream (30 cmS min_l) at 493, 513

and 723 K for 1 h. Methanol, dehydrated over molecular sieve
3A, was fed into the reactor. The flow rate (CH3OH + He) was 71
mmol h_l. The methanol pressure was 55 kPa. The products were

analyzed automatically every 3.5 min with a gas chlomatograph

equipped with a 2 m—long SE-30 column.

6-3 Effect of the Halide Ion on the Rate of Methoxysilanes

Formation

When copper(I) chloride catalyst was used, the rate of
methoxysilanes formation and the selectivity for trimgthoxysilane
remarkably changed with the pretreatment temperature as mentioned
in Chapter 2. When copper(I) bromide or iodide was used as a
catalyst, the pretreatment at high temperature (723 K) or low
temperature (513 K) was carried out before methanol was fed into

the reactor at 513 K.

6-3-1 Reaction after the Pretreatment at 723 K

Figure 6-1a shows the time course of the rate of
methoxysilanes formation when the mixture of silicon and a
copper(IlI) halide were pretreated at 723 K. The rates increased
to a maximum and decreased in all cases. The increase of the

rate at the beginning of the reactions shows that the reactive
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Figure 6-1 Change in the rate of methoxysilanes formation
(a) and cumulative silicon conversion (b) with time, when
the preatreatment was done at 723 K.

Catalysts are copper(I) chloride (solid lines), bromide
(dashed lines) and iodide (dotted limes).

Reaction temperature = 513 K, methanol pressure = 59 kPa.
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sites are formed when methanol vapor is in contact with silicon.
The maximum rate in the reaction using copper(I) bromide or
iodide was larger than that using copper(I) chloride. Figure 6-
1b shows the change in the silicon conversion with the reaction
time. The silicon conversion were calculated by the integration
of the rate of methoxysilanes formation in Fig. 6-1la. When
copper(I) bromide or iodide was used, the rate of formation was
high at the beginning of the reaction. However, the use of
copper(I) iodide resulted in low silicon conversion. The
overall silicon conversion till the end of the reaction using
copper(I) chloride, bromide, and iodide was 75, 84, and 42%,
respectively. The selectivity for trimethoxysilane was
decreased from 100% with reaction time in the beginning of the
reaction in every case. The overall selectivity was 74, 73, and
94%, when copper(I) chloride, bromide, and iodide was used,

respectively.

6-3=-2 Reaction after the Pretreatment at 513 K

Figure 6-2a shows the change in the rate with time when the
pretreatment was carried out at 513 K. In the case using
copper(I) iodide as a catalyst, silicon did not react with
methanol. When copper(I) bromide was used, methoxysilanes were

formed, the selectivity for trimethoxysilane being almost 100%

during the reaction. The rate increased to a maximum and
decreased in every time course. This means that the reactive
sites are formed when silicon was exposed to methanol. Figure

6—2b shows the change in the silicon conversion with reaction

time. The silicon conversion for 5 h was 95% and 68% in the
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Figure 6-2 Change in the rate of methoxysilanes formation
(2) and cumulative silicon conversion (b), when the
pretreatment was done at 513 K.

Catalysts are copper(I) chloride (solid lines) and bromide

(dashed lines).
Reaction temperature = 513 K, methanol pressure = 59 kPa.
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reaction using copper(I) chloride and bromide, respectively.
Under this pretreatment conditions, the reaction rate using
copper(I) bromide was slower than that using copper(I) chloride.
The reaction using copper(I) chloride resulted in a shorter
reaction time till the maximum rate of formation than that using
copper(Il) bromide. This indicates that copper(Il) chloride gives
a higher rate of formation of the reactive sites than copper(I)

bromide.

6-4 XRD Analysis of the Silicon-Catalyst Mixtures after the

Pretreatment

In order to examine the effect of the halide ions on the
state of silicon-copper(I) halide mixture, the pretreated mixture
was analyzed by XRD. When the copper(I) chloride was used as a
catalyst, Cugsi phase was formed after the pretreatment above 603
K. On the other hand, when the low temperat;re (< 573 K)
pretreatment was carried out, the diffraction peaks of Cu3Si by
XRD were not observed (Chapter 2).

Figure 6—3 shows the XRD patterns of the mixtures after the
pretreatment at 723 K. The most intense diffraction peak at 26=
47.3 is ascribed to silicon. Since this peak was very sharp,
the peak diffracted by CuKd, of X-ray near CuKdl is observed at
20= 47.5. When the pretreatment was carried out above 633 K,
two diffraction peaks were observed at 20= 44.6 and 45.1 irre-—
spective of the kind of copper(I) halides. These peaks are
attributed to the Cu3Si phase. As shown in Fig. 6-3, the inten—

sity of the Cu3Si peak was almost same in every sample.
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Figure 6-3 X—ray diffraction patterns of the mixtures of

silicon and copper halides heated at 723 K for 1 h.

Copper(I) halides are chloride (a), bromide (b) and iodide
(c).
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The fact that no peaks due to copper(I) bromide at 20= 45.1
and 53.2 were observed (Fig. 6-3b), indicates that all of
copper(I) bromide had reacted. The diffraction peaks due to
copper at 20= 43.3 and 50.4 appeared only from the sample using
copper(I) bromide as the catalyst. The diffraction peaks of
copper(I) iodide at 26= 41.6 and 49.3 were observed as shown in
Fig. 6-3c. Since the diffraction peak of copper(I) chloride
appeared at the same diffraction angle as that of silicon, the
amount of copper(I) chloride in the system can not be known.

Weber et al. reported that copper(I) chloride reacts with
silicon to form CugSi and SiCl, and subsequently reacts with

CugS8i to form Cu and SiCl, [3].

Si + CuCl — CugSi + 8iCly

Cu3Si + CulCl ——s —= Cu + SiCl4

The fact that copper(l) iocdide remained after the éretreatment at
723 K and the formation of metallic copper only after pretreating
the silicon-copper(I) bromide mixture at 723 K suggest that the
extent of copper(I) halide deposition on the silicon surface may
change in the order CuCl > CuBr > Cul since the vapor pressure of
copper(I) halide is in this order at 723 K [3], and that the
extent of formation of Cussi upon the reaction of silicon and
copper(I) halide may be in the order Cul > CuBr > CuCl. These
explain why copper(I) bromide reacted with silicon most easily
among cdpper(I) halides.

In no case, there was any indication of formation of Si-Cu

intermetallic compounds upon the pretreatment of the silicon-
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copper(I) halides mixtures at low temperature (< 603 K).
6~5 Observation of Silicon Surface after the Reaction

In order to examine the surface state of silicon during the

reaction with methanol, the silicon surface was examined by SEM.

6-5-1 Reaction after the Pretreatment at 723 K

The morphology of the silicon-copper(I) halide mixtures
partially reacted with methanol after the mixtures pretreated at
723 K was examined. Figure 6—4 shows the SEM images of the
mixtures of 10% silicon conversion after the reaction at 513 K
and the magnified SEM images of silicon grains. In the cases of
copper(I) bromide and iodide, silicon reacted with methanol at
the large area covered with the small particles as shown in Figs.
6—4(b-2) and (c-2). The morphology of the reacting silicon
grain using copper(I) bromide and iodide was very hifferent from
that using copper(I) chloride. Upon the reaction of silicon and
methanol catalyzed by copper(I) chloride, a few pits were
observed on the surface of the silicon grain as shown in Fig. 4—-
4(a-2). The reacting area was larger than that using copper(I)
chloride and was in the order CuBr > Cul > CuCl as shown in Figs.
6—-4(a,b,c—1). This order was the same as that of the rate of
formation of methoxysilanes, showing that a large reacting area
gives a high reaction rate. As shown in Chapter 2, silicon
reacts ﬁith methanol around the area where Cu3Si patches are
located. Therefore, the large area of Cu3Si patches formed upon

the reaction of silicon and copper(I) bromide or iodide compared
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with the case of copper (1) chloride may be the reason for the

higher reaction rate.

6-5-2 Reaction after the Pretreatment at 493 K

The change in morphology of reacting silicon after the
pretreatment at 493 K with the kind of the halide ion was
examined. No apparent change was observed by heating silicon
grains with copper{(I) chloride and bromide at 493 K. This
result was different from that in the case of the 723 K-
pretreatment. Figure 6-5 shows the SEM images of the samples at
2% of silicon conversion, when the catalysts were copper (1)
chloride and bromide. Figures 6-5(a—-2) and (b-2) are the
magnified images of the silicon grains in Figs. 6-5(a-1) and (b—
1), respectively. There were many pits (< 1 um) , whose size was
much smaller than those found on the surface after the reaction
following pretreatment of the gilicon — copper(I) bromide mixture
at 723 K as shown in Figs. 6-5(b-2). The morphology of the
reacting silicon using copper(I) bromide was similar to that
using copper(I) chloride. In the case of copper(l) chloride,
pits were observed on all the silicon grains (Fig. 6-5(a—1)).
However, when copper(I) bromide was used, a few silicon grains
did not have pits on the silicon surface (Fig. 6-5(b-1)). The
number of pits of the surface using copper(I) chloride was larger
than that using the bromide. This result indicates that
copper(I) chloride gives a larger number of the reactive sites
then the bromide.

The formation of Cu-—-S8i intermetallic compounds in the

mixtures of silicon and copper(I) bromide as well as the chloride
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was not confirmed by XRD. However, pits were observed on the
surface as shown in Fig. 6-5b. This indicates that the Si—-Cu
intermetallic compound was formed at the pretreatment stage and
that the size of the alloy is very small.

Copper(I) chloride transferred onto the silicon surface only
by its vapor does not catalyze the silicon-methanol reaction as
described in Chapter 2. The use of copper(Il) bromide resulted
in smaller number of pits on the silicon surface as compared with
the use of the chloride. These suggest that copper(I) halide
migrates from the contact points of silicon and catalyst grains
over the silicon surface and that the amount of the migrating
copper(I) halide at 513 K is in the order CuCl > CuBr > Cul. No
formation of pits using copper(I) iodide is probably caused by
little amount of migration of copper(I) iodide on the silicon

surface.

6-6 Kinetics of Methoxysilanes Formation

A kinetic study of silicon-methanol reaction was made to
discuss the reactivity of silicon with methanol per reactive site
on the silicon surface when the three copper(I) halides were
used. Since the number of reactive sites changes with reaction
time, a pressure-jump method is used to determine the reaction
order with respect to methanol as described in Chapter 3. The
activation energy was determined by jumping the reaction
temperature during the reaction. Table 6—1 shows the reaction
order and the apparent activation energy after high- (723 K) and

low—-temperature (493 K) pretreatment when copper(I) halides were
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used as catalysts.

6-6-1 Reaction Order with Respect to Methanol Pressure

The estimated reaction order are 1.0 + 0.2 and 1.3 + 0.1
after the pretreatment at low temperature in the reaction using
copper(I) chloride and bromide, respectively, and 1.4 + 0.2 after
the pretreatment at high temperature in the reaction using each
of three catalysts. No change of the reaction order with the
halide ion indicates that the nature of the reactive site does

not change with the kind of the halide ion.

6-6-2 Apparent Activation Energy

The apparent activation energy was determined to be 44 and
88 kJ mol"1 in the reaction at 59 kPa of methanol pressure after
the pretreatment of the mixture of silicon and copper(I) chloride
at 723 and 493 K, respectively (Chapter 3). Since the rate of
the reaction using copper(I) bromide or iodide raéidly increased
and decreased at 59 kPa of methanol pressure (Fig. 6-1), it was
difficult to determine the activation energy under these reaction
conditions. Therefore, the activation energy was determined at
18 kPa of methanol pressure when the rate change was moderate.

The apparent activation energy at 24 kPa of methanol
pressure was different from that at 59 kPa, when the pretreatment
of the silicon - copper(I) chloride mixture was done at 723 K.
Thus, the activation energy was 24 kJ mol_1 at 16 kPa of methanol
pressure against 44 kJ mol_1 at 59 kPa. The reason of the
dependence of methanol pressure on the activation energy is not

clear yet.
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In the reaction using each of the three catalysts after the
pretreatment at 723 K, the activation energy was 24 kJ mol_1 at
16 kPa of the methanol pressure. When the pretreatment
temperature was 513 K, the activation energy using copper(I)
bromide was similar to that using copper(I) chloride. The
activation energy did not depend on the catalyst after the
pretreatment at the same temperature. This result indicates
that the nature of reactive sites does not change with the kind
of the halide ion and suggests that the reactive sites do not

contain the halide ions.
6-7 Conclusions

The reactions of silicon with methanol were carried out
using copper(I) bromide and iodide as catalysts to be compared
with the reaction catalyzed by copper(I) chloride.

When the pretreatment was done at higﬁ (> 603 K)
temperature, the formation rate of methoxysilanes depended on the
halide ion, the order of the rate being CuBr > Cul > CuCl.
Methanol reacted with silicon only the vicinity of CugSi patches
on the silicon surface which was formed during the pretreatment.
Thus, since silicon grains pretreated with copper(I) bromide and
iodide were widely covered with Cussi patches, the formation rate
was high in the beginning of the reaction. The selectivity for
trimethoxysilane was low (40-90%).

On the other hand, when the pretreatment was carried out at
low temperature (513 K), the reaction using copper(I) bromide

occurred to give high selectivity for trimethoxysilane of about
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100%. Methanol did not react with silicon upon using copper(I)
jodide. The reaction rate using copper(l) bromide was slower
than that using the chloride. The number of pits formed on the
silicon surface upon the reaction with methanol using copper(I)
chloride was larger than that using copper(I) bromide. This
indicates that copper(I) chloride gives a larger number of
reactive sites than the bromide. Copper(I) chloride and bromide
may be transported onto the silicon surface by their migration
from the contact points of silicon and catalyst grains. A large
amount of the reactive sites in the reaction catalyzed by
copper(I) chloride is due to easier migration of copper(I)
chloride over the silicon surface. Since no copper(Il) iodide
may migrate on the silicon surface, the reaction did not occur.
When the pretreatment was done at the same temperature, the
reaction order with respect to methanol pressure and the
activation energy did not change with the kind of the halide ion.
This shows that the nature of reactive sites does n;t change with
the halide ion, though it depends on the pretreatment

temperature.
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Chapter 7 General Conclusions

In this work, the reaction of metallic silicon with methanol
to form tri— and tetramethoxysilane using copper(I) chloride
catalyst in a fixed-bed flow reactor was studied. The mixture
of silicon grains and copper(I) chloride grains was heated under
a helium stream and then the methanol vapor was fed to the
reactor.

In Chapter 2, the effects of the pretreatment conditions on
the rate of formation of methoxysilanes and the selectivity for
trimethoxysilane were examined. The rate and the selectivity
greatly depended on the pretreatment temperature.

When the pretreatment temperature was above 623 K, the
selectivity was 60-90%. The XRD and EPMA studies revealed that
CugSi phase was formed at the pretreatment stage by the reaction
of silicon and copper(I) chloride and are scattered on the
silicon surface. Pits arekformed upon the reacti;n of methanol
on the surface of the reacting silicon. The number of pits did
not change with reaction time and was close to that of Cu3Si
patches formed during the pretreating period, indicating that
silicon was consumed only at the vicinity of CuSSi patches.

On the other hand, when the pretreatment was done below 603
K, the selectivity was almost 100%. When the reaction was
carried out at 56 kPa of methanol pressure at 513 K after the
mixture was pretreated at 513 K for 1 h, the silicon conversion
reached to 88% in 5 h, the selectivity for trimethoxysilane being
98%. The rate of silicon consumption was higher than that in

the case of high—-temperature pretreatment. The number of pits
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increased with increasing reaction time and was much larger than
that in the reaction after the higher—temperature pretreatment.
The formation of Cu-Si intermetallic compounds was confirmed by
XRD. The small pits were observed on the surface of the
reacting silicon, indicating that the small size of the Cu-—-Si
intermetallic compound is formed. High silicon conversion
(about 90%) with high selectivity (almost 100%) for
trimethoxysilane was obtained in the reaction after low-
temperature pretreatment.

In Chapter 3, the kinetics of the reaction was examined.\
The kinetics depended on the pretreatment temperature. When the
mixture of silicon and copper(I) chloride was pretreated at 723
K, the reaction rate decreased with decreasing the methanol
pressure and a short induction period was observed at very low
pressure of methanol. When the pretreatment temperature was 513
K, the reaction rate was low and a long induction period was
observed at low pressure of methanol. The inéuction period
greatly changed with the pressure. In both cases of the high-
and low-temperature pretreatment, the dependence of the methanol
pressure on the induction period indicate that methanol
participates in the formation of reactive site.

When the pretreatment temperature was 513 K, the number of
pits formed upon the reaction of silicon with methanol increased
with increasing methanol pressure. The dependence of methanol
pressure on the number of pits means that higher methanol
pressure gives larger number of reactive site. In the reaction
after the pretreatment at 723 K, the number of pits did not

change with methanol pressure. This is in conformity with the
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conclusion that pits were formed only around the CugSi patches.
The number of reactive site is probably proportional to the area
of the wall of pits. The area of the pit wall was large at a
high methanol pressure. This indicates that the large reactive
area is formed at the high pressure of methanol.

The reaction order with respect to methanol pressure and the
apparent activation energy were determined by the pressure- and
temperature—jump method, respectively. The reaction order was
1.4 and 1.0, when the pretreatment temperature was 723 K and 493
K, respectively. The dependence of the methanol pressure on thé
reaction rate shows that the diffusion of silicon atoms to
reactive sites is not a rate—determining step. The activation
energy was estimated to be 44 and 88 kJ mol_1 in the case of the
pretreatment at 723 K and 498 K, respectively. The dependence
of the reaction order and the activation energy on the
pretreatment temperature indicates that the nature of reactive
sites changes with the pretreatment temperature. c

In Chapter 4, the reaction pathway in the silicon-methanol
reaction was determined. When the mixture of silicon and
copper(I) chloride was pretreated at 723 K, addition of a small
amount of thiophene to the methanol feed enhanced the selectivity
for trimethoxysilane. The formation of metallic copper was
observed formed upon the reaction of silicon with methanol. It
was confirmed that metallic copper catalyzes the reaction of
trimethoxysilane with methanol to give tetramethoxysilane, the
tetramethoxysilane formation being completely poisoned by
thiophene. These facts indicate that trimethoxysilane is an

exclusive primary product and that the formation of tetramethoxy-
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silane is caused by the reaction of trimethoxysilane with
methanol by the action of metallic copper formed during the
reaction. Alkyl chloride was also an effective additive for
improving the selectivity for trimethoxysilane. Alkyl chloride
was a poison for the catalytic action of metallic copper.

On the basis of the exclusive formation of trimethoxysilane,

the intermediacy of surface silylenoid (MZSi:) was proposed.

MeOH H MeOH OMe MeOH MeO OMe
Mp8i: ——> MZSi/ —_— MZSi/ e /Si/ ‘
OMe -H, OMe H OMe
I IT ITI
Step 1 Step 2 Step 3
(M = Cu)

The surface silylenoid (I) formed during the silicon—-methanol
reaction reacts with methanol to give monomethoxysilicon species
(11). Dimethoxysilicon species (III) was formed by the reaction
of methanol with the species (II) and undergoes ;n attack from
another methanol molecule with the simultaneous cleavage of two
§i-Cu bonds to form trimethoxysilane. Silicon atoms migrate
from the bulk to the surface to reform the silylenoid (I).

In Chapter 5, on the basis of the speculated mechanism for
trimethoxysilane formation, the reaction of silicon with methanol
was carried out in the presence of alkenes to trap the silylenocid
intermediate (I). When methanol were fed with butadiene,
ethylene and propylene to the silicon—copper(I) chloride mixture,
1-methoxysilacyclopent—3-ene, ethyldimethoxysilane and
propyldimethoxysilane were formed, respectively, trimethoxysilane

being & major product. This suggests that the surface
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silylenoid is the intermediate in the silicon-methanol reaction.
In the case of the reaction of silicon with phenol instead of
methanol, the same type of reaction occurred. Silicon reacted
with phenol and ethylene to give ethyldiphenoxysilane besides
triphenoxysilane. This suggests the intermediacy of silylene
species in the silicon-phenol reaction. The use of allyl
compounds instead of simple alkenes gave higher selectivity for
organosilanes. The feeding of allyl propyl ether with methanol
resulted in a 38% selectivity for allyldimethoxysilane. Diallyl
ether and allyl methyl sulfide also gave allyldimethoxysilanes.

In Chapter 6, in order to examine the role of chloride ion
of copper(I) chloride catalyst in the formation of reactive site,
the reactions of silicon with methanol using copper(l) bromide
and iodide as catalysts were carried out. When the silicon-
catalyst mixture was pretreated at 723 K, the selectivity for
trimethoxysilane was low in every case. Copper(I) chloride and
bromide gave about 80% of silicon conversion, however, using
copper(I) iodide resulted in 42% of silicon conversion. The
rate increase in the initial stage using copper(I) bromide or
iodide was higher than that using copper(I) chloride. Copper (1)
halide may be transferred onto silicon surface and then react
with silicon to form Cu-Si alloy during the pretreatment.
Copper(I) bromide and iodide reacted with silicon to form the
large areas of the alloy on the silicon surface during the
pretreatment, suggesting that higher reaction rate at the
beginning of the reaction with the two catalysts may be due to
the larger area of CugSi on the silicon surface.

When the pretreatment temperature was 513 K, the reaction
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using copper(I) chloride or bromide occurred, the selectivity
being 99%. However, no reaction occurred, when copper(I) iodide
was used. The use of copper(I) bromide resulted in low reaction
rate and low silicon conversion as compared with the reaction
using copper(I) chloride, indicating that the formation rate of
reactive sites is lower than that using copper(I) chloride. At
513 K of pretreatment temperature, copper(I) chloride transported
onto the silicon surface only by its vapor did not catalyze the
silicon-methanol reaction. This suggests that copper(I)
chloride is spread from the contact points of silicon and
copper(I) chloride grains over the silicon surface. The low
reaction rate using copper(I) bromide and no formation of
methoxysilanes using copper(l) iodide is probably caused by the
difficulty of the spread of copper(Il) bromide and iodide over the
silicon surface. In both cases of high- and low—-temperature
pretreatment, the reaction order with respect to methanol
pressure and the apparent activation energy did no; depend on the
halide ion, showing that the nature of reactive sites does not
change with the kind of the halide ion after the same

pretreatment conditions.

The following problems remains. 1) The reactive sites was

formed after the methanol vapor was fed to the silicon-catalyst

mixture. This indicates that methanol participates in the
formation of reactive sites. However, it is not clear how
methanol is involved in the formation of reactive sites. 2)

When the silicon—-copper(I) chloride mixture was pretreated at 513

K, a large number of pits were formed on the silicon surface upon
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the silicon-methanol reaction. When copper(I) chloride was
placed at upstream of silicon grains, the reaction did not occur,
indicating that a long-range vapor—phase transport of copper(I)
chloride onto the silicon surface does not occur at 513 K. in
the case of the use of copper(I) chloride grains mixed with
silicon grains, the reactive sites were formed. The mechanism
of the transport of copper(l) chloride onto the silicon surface
at lower temperatures is not clear yet. 3) When the reactions
of silicon with methanol in the presence of alkenes were carried\
out, alkyldimethoxysilanes were formed. Allyl compounds instead
of alkenes resulted in the high selectivity for
allyldimethoxysilane. The reason why organosilane was obtained
with a high selectivity only in the case of the reactions of
allyl compounds has not been clarified yet. It will be examined
what kind of alkene give high selectivity for organosilane.

There are some future possibilities in the direct synthesis.
1) The reactions of silicon, methanol and alkene; were carried
out using atmospheric fixed-bed flow reactor. This reaction is
expected as a new method of organosilane synthesis. The higher
selectivity for organosilane would be obtained if the reaction is
carried out at higher pressure of alkenes. A high selectivity
for organosilane would be expected if a high-pressure reactor or
a batch reactor was used. 2) Methyl chloride reacts with
silicon to afford methylchlorosilanes. If methyl chloride and
alkenes were fed, the products trapped by alkenes would be
formed. There is a possibility that the reaction of silicon,
methyl chloride and alkene is a new method of organosilane

synthesis. Clarke et al. reported that addition of butadiene to
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methyl chloride gave the formation of the products trapped by
butadiene in a batch flow reactor. The partial pressures of the
reactants were very low (< 3 kPa), the yields of trapped products
being low. It is expected that high yields of the trapped
products are obtained when the reaction of silicon, methyl
chloride and alkenes is carried out in the atmospheric reactor

used in the silicon-methanol reaction or a high-pressure reactor.
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