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The explanation of the mechanism of the copper-catalyzed reaction of methyl chloride
and silicon is closely related to the state in which copper is catalytically active. The initial
stages of the reactions of methyl chloride and various contact masses are studied. The
results indicate that the copper catalyst has to be allied with the silicon in order to allow
a selective and rapid formation of dimethyldichlorosilane. This idea is substantiated
further by observing silicon-copper contact masses under the polarization microscope
during the preparation from copper(I) chloride and silicon, during the reaction with
methyl chloride, during a heat treatment producing conversion of free copper into g
phase, and during a hydrogen sulfide treatment for selective removal of free copper from
a mixture of free copper, silicon, and allied copper. These experiments provide full proof
of the proposed assignment of the catalytic activity of copper to the allied state.

1. INTRODUCTION

Prompted by theoretical and practical
interest, considerable attention has been
paid in the literature to the question of the
mechanism of the catalytic action of copper
in the synthesis of methylchlorosilanes from
silicon and methyl chloride. This problem
is related to the question of the catalytically
active form of the copper catalyst. An essen-
tial difference between the mechanisms,
proposed by Rochow and Hurd () on one
side and by Trambouze, Imelik (2, 3),
Klebansky, Fikhtengolts (4, &), BaZant,
Joklik, and Kraus (6-8) on the other side, is
the state in which copper must be present
to be effective as a selective catalyst. Rochow
and Hurd consider the presence of the metal
in the elementary state, not allied, but in
the immediate vicinity of elementary silicon,
to be sufficient. The other mechanisms so
far proposed have an essential adsorption of
methyl chloride on the silicon-copper surface
of an alloy in common. The assumed orienta-
tion of the adsorption is different in the
various mechanisms, but in each case the
presence of a mixture of silicon and copper

on an atomic scale is considered to be in-
dispensable. The mechanism, proposed by
Andrianov, Krylov, Vabel, Efremov, Kle-
nina, and Lelchuk (9-11), constitutes an
intermediate form in which the presence of
free copper as well as 4 phase is assumed to
be necessary. In the present paper the
mechanism will not be subject to elaborate
discussions, as this part of the work will
appear in the next article of the present
series (12).

In the literature some attention has
already been devoted to the question of
the state in which copper is present in the
synthesis of organohalosilanes from silicon
and organohalides. It has to be stressed that
in drawing conelusions from the experiments,
attention should be given to the selectivity
of the reactions, as at present we are in-
terested in the formation of diorganodi-
halosilanes. In case data concerning the
selectivity are not communicated, some con-
clusions concerning the selectivity may
follow from the reaction temperature. For
instance, the reaction of methyl chloride
and silicon-copper yields dimethyldichloro-
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silane selectively at 260-340°C in systems
with high heat transfer ecoefficients (73).
The corresponding temperature in the syn-
thesis of ethylchlorosilanes is 200-300°C.
Beyond these temperatures the cracking of
the alkyl halide plays an important role in
the over-all reaction (14, 15).

Some important literature results will be
reviewed here. Trambouze e al. (2, 3) and
Klebansky et al. (4, 5) demonstrated that
the reactivity of contact masses, prepared
from silicon and copper, could be correlated
qualitatively with the amount of an inter-
metallic compound which was detected by
X-ray analysis. Trambouze (3) first identi-
fied this compound as the  phase (~Cu,Si)
of the copper-silicon system. Active contact
masses contained much # phase and only
small amounts of free copper, whereas in-
active or exhausted masses contained much
free copper and hardly any 5 phase.

Contrary to this, Krylov et al. (10, 11)
and Andrianov ef al. (9), employing silicon-
copper alloys composed of 5 phase and
silicon, found that after an induction period
the reaction velocity increased in the initial
stages of the reaction with concurrent de-
composition of the » phase and formation
of finely dispersed free copper. The above-
mentioned authors concluded that free
copper acts as a catalyst, but that the g
phase must be present to provide active,
finely divided free copper. However, alterna-
tively it might be concluded that the increase
of the activity resulted from the etching of
the w-phase surface which, in view of the
observed induction period, was probably
inactivated by oxidation. As a matter of
fact fresh n-phase surfaces do not show an
induction period in the reaction with alkyl
halides, as we have frequently experienced in
the course of investigations published earlier
(14~16).

In the present paper, from an inspection
of the experimental evidence from the
literature and of our own, it is concluded that
copper is present in an alloyed state (which
generally is the n phase)} whenever it is active
as a selective catalyst in the reaction of
methyl chloride and silicon.

The experiments to be discussed concern
the initial stages of the reaction of methyl
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chloride and various silicon-copper confact
masgses, the effects on the reaction of heating
the masses in an inert atmosphere, the
effects of a hydrogen sulfide treatment, and
the results of microscopic investigation of
polished pieces of silicon treated with cop-
per(I) chloride vapor.

2. Tar INrmanL Staces oF THE REACTION
oF Mgrayy CHLORIDE AND SILICON-
CorpErR MaAsses

The results obtained in the initial phases
of the reaction of methyl chloride and a
silicon-copper mass are strongly dependent
on the state of the copper catalyst at the
start of the process. If the catalyst is added
to the silicon powder in the form of a copper
powder, as is usual in industry, an induction
period of variable duration is frequently
observed. In the course of the induection
period the organochloride is cracked on free
copper, copper(l) chloride being formed
[Eq. (1), Rochow and Hurd (7)].

Cu + RCl — CuCl 4 R- 1)

The organic radical decomposes into car-
bonaceous products and hydrogen. Conse-
quently copper(I) chloride reacts with
silicon [Eq. (2)], producing an active copper-
silicon complex which easily gives rise to the
formation of the 5 phase.

4CuCl+n8i—>(n— 181 +4Cu+8SiCL (2)

In this period the reaction products are very
rich in chlorine. The formation of the »
phase allows the subsequent selective pro-
duction of diorgancdichlorosilanes.

This sequence of reactions explains the
induction period and the initially low and
afterwards Increasing selectivity of the
process. In the reaction of ethyl chloride
and silicon-copper the appearance of this
sequence has been demonstrated by X-ray
analysis [Krylov et al. (17)].

Another type of contact mass is obtained
by reaction of copper(I) chloride and silicon,
producing 8 mass consisting of silicon par-
ticles, irregularly covered by copper. Most
of the copper is present as g phase {[Voor-
hoeve, Lips, and Vlugter (15)], but the
surface is relatively copper-rich. This is
reflected in the first stage of the reaction
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F1e. 1. The rate of reaction of a silicon-rich alloy and methyl chloride. (Expt. Mi-2).

by the appearance of a rather modest selec-
tivity, which is gradually increased to
85-909, (wt 9, dimethyldichlorosilane in the
products) during the conversion of the first
109, of the silicon. By X-ray analysis it
could be shown that most of the copper is
present as 5 phase. Microscopic investigation
of the contact masses showed that in the
initial stage of the reaction the amount of
copper in the surface layer of the particles
diminished in favor of the amount of 4 phase.
Extensive measurements of this system have
been published elsewhere (74, 15, 18).
Contrary to the experience with sili-

con-copper masses comprising free copper,
contact masses consisting of alloy particles,
which contained 5 phase and silicon exclu-
sively, did not show a variable selectivity
in the beginning of the synthesis reaction.
Instead the reaction started at a high selec-
tivity level, which remained constant at
90 wt 9, dimethyldichlorosilane in the
products. The course of the reactivity of the
alloys in relation to the silicon conversion
showed a rise, which was initially rather
steep, probably originating from the etching
of the surface. Figures 1 and 2 show an
example of an experiment carried out at
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I16. 2. The reaction of a silicon-rich alloy and methyl chloride. The composition of the products

(Expt. Mi-2). a: alteration of the seale.
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338°C with an alloy containing 8.39, copper
as g phase and in an experimental apparatus
described elsewhere (14, 16).

To demonstrate clearly the difference be-
tween the behavior of contact masses which
contain free, nonallied, copper and those
which do not, the selectivity curve of an
experiment carried out with an alloy com-
posed of 5 phase and silicon as a solid reagent
and the curve obtained with a contact mass
prepared by reaction of silicon and copper(I)
chloride are combined in Fig. 3. The striking
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3. Microscoric aNp CHEMICAL STUDY OF
SiLicoN-CorpEr ConracT MASSES*

Direct evidence concerning the state of
the copper catalyst in contact masses ob-
tained by reacting silicon particles and
copper(I} chloride is gathered by viewing
polished samples under the polarization
microscope. The polarized-light technique
is particularly suitable in this work, because
the 5 phase is the only optically anisotropic
phase commonly encountered in the contact
masses,

—
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F16. 3. The amount of dimethyldichlorosilane in the products from contact masses with and without
free copper: Mi-2, 338°, contact mass prepared from the melt (no free copper present); F 23, 338°
contact mass prepared from copper(I) chloride and silicon (free copper present).

difference indicates that the contact mass
which contained only  phase and silicon
yielded at the beginning of the reaction a
much more selective course of the process.
Herefrom, it may be concluded that pure »
phase yields selectively dimethyldichloro-
silane, whereas contact masses containing
free copper give rise to the formation of
eracked products.

To support further the view that allied
copper must be present to guarantee the
selectivity of the reaction, attention is
directed to experiments in which pure e
phase (~Cuy;Sis), pure » phase (~Cu;Si),
or an eutectic alloy (30 at. 9 Si) mainly
consisting of » phase were contacted with
methyl chloride. From the very beginning
the reactions yielded products with about
85 wt 9, dimethyldichlorosilane, indicating
that the alloyed state of copper is the
catalytically active part of the masses (16).

The work described in this section is
aimed at obtaining a picture of the phe-
nomena appearing in the preparation of the
contact mass, the reaction with methyl
chloride, the heating of the masses in inert
atmosphere, and the treatment with methyl
chloride-hydrogen sulfide mixtures.

The details of the apparatus and the ex~
perimentation may be found elsewhere
(14, 16). Polished pieces of silicon (99.09)
were used to secure a good picture. The
impurities were mainly aluminum (0.1%),
calcium (0.1%), and oxygen.

a. The interaction of silicon and cop-
per(I) chloride. In the first series of experi-
ments the results produced by the interaction
of a polished silicon surface and solid cop-
per(I) chloride at 350°C were examined. The

* We are indebted to Mr. P. F. Colijn of the
Laboratory for Metallurgy of the Technological
University of Delft for the microphotographs.
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copper(l) chloride reacted preferably at
disturbances of the silicon surface, such as
polishing grooves. The reaction with the
polished silicon was of course much slower
than with the unpolished particles usually
present in the preparation of the contact
mass. After 2.5 hr of contact the polished
surface was covered by a number of red
fields, the surface layer mainly consisting of
free copper. Ey polishing carefully, it came
out that inner layers of the copper had
combined with the silizon, producing 4 phase
just under the surface of the copper fields.
The following experiments were carried out
by contacting the silicon with gaseous cop-
per{l} chloride, which allowed a more even
attack of the surface. In Fig. 4 a sample is
shown which was obtained by this method
in a contact tin:e of 5 hr, the temperature
of the silicon being 530-540°C, while the
vapor temperature was 490°C. A fine-grained
copper field is easily recognized. In Fig. 5 a
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similar area is shown, obtained in 15 hr and
after careful removal of the surface layer.
The n-phase crystallites, which show dif-
ferent crystallographic orientations, are
distinetly visible. The experiments diseussed
show that copper is initially formed in the
preparation of the contaet mass [IEq. (2)].
Subsequently » phase is produced at the
interface of copper and silicon [formal Eq,
(3)]. These phenomena are illustrated by
Iig. 6(a-c).

3 Cu 4 8i — CusSi () 3)

b. The reaction of methyl chloride and a
silicon-copper 7-phase surface. A sample
with a surface consisting of silicon, free
copper, and 5 phase was treated with methyl
chloride for 5 hr at 350°C. After this period
copper(l) ehloride crystals had heen formed
on the surface by the cracking of methyl
chloride. A good deal of the 5 phase was still
present, uncovereld by copper(I) chloride,

Fic. 4. Copper deposited on a silicon surface in the reaction with copper(l) chloride vapor. The
surface consists mainly of free copper, although some y phase is also present (white spots). Magnifica-

tion X 300. Polurized lLight.
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Fre. 5. Surface obtained after polishing a deposit of copper on a silicon surface in the reaction with
copper(I) chloride vapor. The different orientations of the g-phase crystallites are perceptible. Magnifi-

cation, X400. Polarized light,

On the contrary, much of the free copper
was covered by a thick layer of copper(l)
chloride. Hence, it seems probable that
methyl chloride is mainly cracked on free
copper, in accordance with experiences
obtained earlier. The reaction is supposed to
be:

CH;Cl + Cu — CuCl + CHy {4)

c. Heating the contact mass in an argon
atmosphere. The concept that copper is
present in the contact masses in two phases,
in an allied, catalytically active form and
in a free, catalytically inactive state, has
led us to the idea that it should be possible
to convert the silicon more effectively into
dimethyldichlorosilane by converting free
copper into 7 phase at the start of the
process.

Relative experiments were carried out
with contact masses prepared from silicon
and copper(l) chloride [Eqgs. (2) and (3)] in
a fluid-bed reactor device described else-

where (14, 15). Results obtained with such
a contact mass were published earlier in this
series (15). X-ray analysis revealed that the
copper is mainly present as 4 phase, but the
results mentioned in Section 3,a indicate
that the surface is relatively rich in free
copper. Conversion of free copper into g
phase wag effected by heating the mass at
400°C in an argon atmosphere. A heat
treatment of 4 hr resulted in a diminution
of the amount of free copper to a value too
small to be measured by X-ray analysis,
Contacting the silicon-copper mass obtained
with methyl chloride (Expt. no. F28, 338°C)
showed that the attainable silicon conversion
had increased from about 709, to at least
809. Similar results were obtained by heat-
ing the contact mass for 16 hr at 400°C and
subsequently reacting with methyl chloride
at 333°C (Expt. F25). The results are pre-
sented in Fig. 7, which shows the reaetion
rate, expressed as grams of methyl chloride
converted into silanes per gram of silicon
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Fra. 6. A model to represent the formation of
the surface of a contact mass. (a) A mixture of
copper(1) chloride and silicon. (b) Polycrystalline
copper has been deposited on the surface. (¢) The
larger part of the copper is rapidly converted into
» phase, but a rclatively copper-rich surface re-
mains. (d) All copper has been converted into 4
phase by a heat treatment in an inert atmosphere,
(e) By selectively sulfiding the copper and subse-~
quent erosion of the copper(I) sulfide the y-phase
surface has been cleaned.

present in the contact mass and per hour, in
relation to the silicon conversion (for com-
parison, curves have been included for some
experiments carried out with contact masses
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which were not heated prior to the reaction).
Except for the initial 59, of the silicon
conversion, the selectivity of the conversion
of methyl chloride into dimethylchlorosilane
was at least 859). Over-all results of the
experiments are presented in Table 1. The
effects brought about by heating the con-
tact masses in an argon atmosphere prior to
the reaction with methyl chloride were also
investigated by polarization microscopy.
Polished samples of silicon, which had been
covered by a layer of copper and » phase,
exhibiting a surface relatively rich in free
copper, were heated at 350°C for 1-15 hr,
Already after 1 hr part of the free copper in
the surface layer was converted into » phase.
After 15 hr almost the entire surface consists
of 5 phase. Copper was left at the boundaries
of silicon and n phase only. The resulting
structure is shown in Fig. 8. The phenomena
are depicted schematically in Fig. 6(c-d).
The results indicate that conversion of free
copper into 5 phase improves the contact
mass and inereases the possible silicon con-
version in the process of dimethyldichloro-
silane formation.

d. Hydrogen sulfide treatment of a sur-
face composed of silicon, copper, and 5
phase. Direct proof of the concept that only
n phase and not free copper is catalytically
active in the synthesis of methylchloro-
silanes may be obtained by removing or
inactivating free copper selectively. This
may be done with hydrogen sulfide. Treat-
ment of a contact mass, prepared from
copper(I) chloride and silicon, with a nmix-
ture of 1 vol 9, hydrogen sulfide in methyl
chloride during 1 hr at 335°C has been shown
to produce a rapid increase in the reaction
rate, without affecting the selectivity of the
reaction (14, 18). These events may be
explained by the conversion of free copper,
which partly covered the n-phase surface,
into flocky, easily removable copper(l)
sulfide, thus exposing the y-phase surface.
Continuous dosage of hydrogen sulfide keeps
the surface continually free from nonallied
copper and thus serves to preserve the
reactivity of the alloy in the course of the
silicon conversion (14, 18).

To check this interpretation of the experi-
mental facts a polished piece of silicon,
covered by a layer consisting of » phase and
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F1c. 7. The relation of the reaction rate and the silicon conversion for contact masses prepared from
copper(I) chloride and silicon: [, F25, contact mass heated in argon at 400°C for 16 hr; O, F28, con-
tact mass heated in argon at 400°C for 4 hr, For comparison, the curves of two experiments with con-
tact masses not treated in argon have been added (F21 and F23).

TABLE 1
OvER-sLL REsurLTs oF EXPERIMENTS WITH CoNtacT Masses HEATED
IN ARGON AT 400°C AND wiTH UNTREATED CoNTacT MASSES?

Reaction
rate at
Total Average the end
Duration amount Composition of the products? methyl of the
Heating of the of wt %) Silicon chloride process
Expt. Temp period process products conversion conversion (g CHiCl/
No. °C) (hr) (hr) [€9] D T M DH Q TH (%) (%) g 8i hr)
25 333 16 30.5 785 8.0 7.9 3.4 25 1.1 0.3 61 17 0.08
F28 338 4 28.5 872 8.4 8.1 3.4 2.5 1.4 0.2 71 21 0.11
F21 327 — 37.0 756 84.5 8.3 3.2 2.5 1.4 0.3 59 14 0.05
¥23 338 — 22.5 630 84.6 7.4 3.1 3.7 1.1 0.2 54 20 0.07

a In all experiments 330 g contact mass were used, containing 10 wt 9% copper. Methyl chloride feed
117 g/hr. For experimental details see refs. (14, 15).

b D, dimethyldichlorosilane; T, methyl triehlorosilane; M, trimethylehlorosilane; DH, methyl dichloro-
silane; TH, trichlorosilane; Q, tetrachlorosilane.
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Tic. 8. Surface obtained by reacting copper(I) chloride vapor and silicon and subsequently heating
in argon at 350°C for 15 hr. Bright areas consist of % phase. The »-phase crystallites are surrounded by
small amounts of free copper (black), which separate the » phase and silicon areas. Magnification,

% 800. Nonpolarized light.

free copper, was treated with a hydrogen
sulfide-methyl chloride mixture (2 vol 9
H,S) at 350°C. After this treatment the red
copper was converted into black copper(l)
sulfide. The 5 phase appeared to be unaf-
fected. Removal of the black sulfide by
means of a soft cloth, which could easily be
done, produced an augmentation of the
n-phase area. The latter experiences confirm
the explanation of the effects of the hydro-
gen sulfide treatment which was given above,
The phenomena are illustrated schematically
by Fig. 6{c) and (e).

It may be concluded that the experiments
discussed here are consistent with the view
that allied copper is catalytically active in
the reaction of silicon and methyl chloride
and that free copper is not.

4, Surviy aND CoNcLUSIONS

For comparison and survey the results
obtained by chemical and microscopic in-

vestigation and by X-ray analysis of the
silicon-copper particles used as solid react-
ants in the synthesis of methylchlorosilanes
are suminarized in Table 2. From this table
and from the discussions in the preceding
sections of this paper the following may be
concluded:

(1) Silicon and copper, allied as an inter-
metallic compound, yield a very selective
and rapid production of dimethyldichloro-
silane from the very beginning of the reac-
tion with methyl chloride.

(2) Intermetallic compounds with up to
80 wt 9, copper yield initially a very selec-
tive production of dimethyldichlorosilane,

(3) When mixtures of copper powder and
silicon powder are employed in the synthesis
of methylchlorosilanes, the elements are
converted into 5 phase (~Cu;Si) through the
cracking of methyl chloride in the initial
stages of the process.
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TABLE 2

TaE CaraLyTicaLty Active State or CoPPER—SURVEY oF THE EXPERIMENTAL RESULTS

Reaction or treatment

Results obtained by the indicated methods of investigation

Chemical analysis X-ray analysis

Microscopic analysis

(1) Reaction of CuCl + Si

(2a)IHeating the contact
mass for a short period
(4 hr at 400°C or 5-10
hr at 350°C

{2b) THeating the mass for a
longer period (16 hr
at 400°C, 15 hr at
350°C)

{3a) Reaction with methyl
chloride. Contact mass
prepared from the melt
(y phase -+ 8i)

(Sb): Reaction with methyl
chloride. Contact mass
prepared from
CuCl 4 Si

(4) Sulfiding the contact
mags (1-29%, H.8 in
CH;Cl for 1 hr)

Liberation of heat
Evolution of SiCly

Formation of 4 phase

The reaction of this
contact mass starts
normally; the selec-
tivity and the reac-
tivity remain at a
high level for a longer
period than without
treatment

Fig. 7

The reaction with
methyl chloride starts
with a small rate

The formation of side
produets is constant
from the start

The attainable silicon
conversion is high

Fig. 7

From the start a con-
stant selectivity is
found. Rapid de-
creage of the selec-
tivity when free Si
has been used up

Fig. 2

Selectivity and reactiv- Constant, very small
ity increase until
about 109, silicon
conversion

Fig. 3

Hardly any copper
traceable; only free
silicon and n phase
left

No copper detectable

No copper detectable
at the start of the
reaction. After the

shown

Activity rises rapidly

Selectivity does not alter

The attainable silicon
conversion is much
larger

and some free copper

reaction, » phase and
free copper could be

amount of free copper
in the contact mass

Formation of n phase
with a copper-rich sur-
face

Figs. 4 and 5.

Copper is mainly con-
verted into n phase.
However, the surface is
still relatively rich in
copper

Free copper present at
the boundaries of the
n-phase grains only

Fig. 8

No copper detectable at
the start of the reac-
tion

Decrease of the amount
of free copper at the
surface

Even attack of the sur-
face

Cracking of methyl
chloride on free copper
with formation of CuCl

Selective attack of free
copper and conversion
inte sulfide; 5-phase
area is increased by re-
moval of the copper
layer

{4) Contact masses, prepared from cop-
per(I) chloride and silicon, contain copper
mainly as n phase. However, the surface is
relatively rich in free copper.

(5) The presence or the formation of free
copper in the contact mass diminishes the

selectivity and the rate of the reaction of
silicon and methyl chloride.

(6) Selective removal of free copper from
the contact masses enhances the rate of the
reaction by uncovering the surface of the
7 phase.
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(7) Copper catalyzes the selective reac-

tion of silicon and methyl chloride to form
dimethyldichlorosilane only if it is present
as an intermetallic copper-silicon phase.

1.

2,
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