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Overall reaction rates and selectivities for dimethyldichlorosilane were determined for the direct
reaction of silicon with methyl chloride to produce methylchlorosilanes. Copper was used as the
catalyst, and zinc, tin, and aluminum were investigated as promoters. To unambiguously determine
effects of the promoters, high-purity reagents were used for contact mass sample preparation.
Others have reported that tin significantly increases both reaction rate and selectivity for samples
prepared using technical grade silicon. However, promotion of high purity samples with tin alone
(i.e., SiCuSn) significantly decreased both the reaction rate and selectivity. These conflicting results
are explained in terms of the aluminum impurities present in technical grade silicon. Tin is suggested
to promote this reaction synergistically with zinc and aluminum by lowering the melting points and

surface tensions of the catalyst/promoter alloys which form on the surface.

INTRODUCTION

The direct reaction of methyl chloride and
silicon in the presence of a copper catalyst
was first discovered by Rochow in 1939 (Z):

2CH,CI + Si— (CH,),SiCl,.

The direct reaction is now the most widely
used industrial method for the production of
methylchlorosilanes (2). Dimethyldichloro-
silane (DMDCS) is the major product, typi-
cally constituting 90% or more of the indus-
trial product. Other products include silanes
with the general structure (CH,),H,SiCl,
(where x + y + z = 4), and trace amounts
of hydrocarbons and disilanes. DMDCS is
the preferred product, since it has the great-
est number of large-volume commercial ap-
plications. DMDCS is used as the starting
material to produce linear polysiloxane flu-
ids, polymers for the production of heat-
cured rubber elastomers, and silicone rub-
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ber elastomers which are vulcanizable at
room temperature (3).

The direct reaction has been investigated
by many researchers with varying results.
Although it is well established in the litera-
ture that copper is the best catalyst for selec-
tive formation of DMDCS, there has been
controversy concerning the effects of vari-
ous promoters and impurities. In this work,
a promoter is defined as a substance which
is deliberately added in amounts of 1 wt%
or less to the copper—silicon contact mass.
Promoters and poisons in concentrations as
low as several parts per million have been
shown to have a significant effect on the
reaction kinetics (2). For most studies of the
direct reaction, low-purity starting materials
were employed. Therefore, it has been dif-
ficult to unambiguously determine the ef-
fects of these elements.

Recently, several investigators have re-
ported studies in which the composition of
the reaction mass was carefully determined
(4-15). In one such study, Ward et al. (4)
reported that for technical grade silicon,
zinc and tin are both promoters at concen-
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trations of 0.5 wt% and 0.005 wt%, respec-
tively; furthermore, they found that when
zinc and tin are present together, a strong
synergism is observed.

In this paper, we report the results of the
investigation of the direct reaction over con-
tact masses prepared from high purity re-
agents. The effects of tin, zinc, and alumi-
num in combination with pure silicon and
copper(l) chloride were determined. The
synergism of the binary promoter systems
zinc—tin and aluminum-tin were also stud-
ied. The results for promotion of high-purity
contact masses with tin are significantly dif-
ferent than those reported for samples pre-
pared from technical grade silicon.

METHODS

High-purity silicon flakes (Union Car-
bide, 99.99% pure) were pretreated before
use in contact mass synthesis. The silicon
flakes were ball milled and sieved to 80 X
100 mesh (149-177 um). The silicon was
then cleaned by room temperature treat-
ments of 90 min each in concentrated HNO,
and concentrated HCI. After each treatment
the silicon was rinsed to neutrality with dis-
tilled water. The silicon was then boiled in
distilled water to remove traces of acid. Fi-
nally, the silicon was treated in 1 wt% HF
for 3 min, rinsed with distilled water, fil-

TABLE 1

Concentrations of Impurities in Samples

Element Concentration (ppm)

Pure silicon SiCa (4.2 wi% copper)

As received  Acid-etched As prepared Post reaction

Phosphorus 12 6.3 21 25
Aluminum 130 77 <25 <25
Antimony <10 <20 <50 <75
Arsenic <0.5 <0.5 <25 <25
Bismuth <25 <25 <50 <75
Iron 330 21 13 33
Lead <5 <5 <10 <25
Indium <25 <25 <50 <75
Tin — — — <10
Zinc 12 8 150 170
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TABLE 2

Composition of Reaction Masses?

Sample Silicon Copper Zinc Aluminum Tin
Cu 95 5 0 0 0
CuZn 94.5 5 0.5 0 0
CuAl 94.5 S 0 Q.5 [i]
CuSn 94.99 5 0 0 0.01
CuZnSn 94.49 5 Q0.5 0 0.01
CuAlSn 94.49 5 0 0.5 0.01

% Approximate initial concentrations in wt%.

tered, and dried under flowing nitrogen (Air
Products, 99.99% pure) at greater than 373
K. These treatments reduced the level of
metallic impurities (see Table 1). The HF
treatment removes the thick oxide layer
which passivates the silicon surface. Re-
moval of the SiO, layer increases the mea-
sured reaction rates and reduces the induc-
tion periods (5). The nitrogen BET surface
area of the resulting purified silicon was .14
m?/g.

The contact masses were prepared as de-
scribed by Ward ez al. (4, 5). Copper(I) chio-
ride and promoters (where used) were ball
milled in a hexane slurry for ca. 4 h for
copper chloride alone or 24 h when promot-
ers were added. This slurry was poured over
the cleaned silicon, and the hexane was re-
moved by heating the sample to 373 K in a
vacuum oven (ca. 1072 Torr) for 1 h. The
sample was then treated in flowing nitrogen
for 2 h at 653—673 K and stored in a desicca-
tor until use. The reagents used for contact
mass preparation included Cu(I)Cl (Aesar,
99.999% pure), zinc powder (Aesar,
99.9999% pure), tin powder (Aesar,
99.9999% pure), and aluminum powder (Ae-
sar, 99.99% pure). Contact mass names
were derived from the catalyst and promot-
ers used. For example, SiCuZnSn contains
ca. 94.49% silicon, 5 wt% copper, 0.5 wt%
zinc, and 0.01 wt% tin. The chemical com-
positions of the contact masses are summa-
rized in Table 2. Levels of impurities for a
typical sample, both as prepared and after
reaction, are shown in Table 1. The low level
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of impurities indicates that the preparation
and reaction techniques did not introduce
impurities into the contact mass samples.
Tin concentrations were determined by Gal-
braith Laboratories (using graphite furnace
atomic absorption), while all other metals
were determined by the lowa State Hygienic
Laboratory (using inductively coupled
plasma emission spectroscopy (ICP)).

Reaction Kinetics were carried out using
a 316 stainless-steel, continuous flow, fixed-
bed reactor system. For previous studies
of the direct reaction, both fixed-bed and
fluidized-bed reactors have been used, with
the majority of studies using fluidized beds.
The fixed-bed reactor was selected for these
studies because smaller sample amounts
could be used and the reactor was easier to
operate. To ensure rapid heat transfer, a
0.25-ino0.d.,0.18-ini.d., (0.64-cm o.d., 0.46-
cm i.d.) reactor was used. Approximately 2
g of sample was loaded into the reactor,
pretreated in flowing helium (Air Produgcts,
99.998% pure) at reaction temperature for
ca. 12 h, and then the flow of CH,;CI (Mathe-
son, 99.5% pure) was initiated. The flow rate
was controlled to maintain CH;Cl conver-
sion below 40% (more typically less than
25%) and the reactor was modeled as differ-
ential. Comparison to an integral model at
high conversion indicated that the differen-
tial model was in error by less than 5%.
Overall silicon conversion was maintained
below 40% for all samples, except for reac-
tion of SiCuZnSn at 673 K, for which over-
all silicon conversion was 54%. All reac-
tion masses were aged at least 2 months
before conducting kinetic studies, except
for SiCuAlSn and fresh SiCu, which were
aged for only 4-8 days and 1-10 days, re-
spectively.

Product composition was determined us-
ing a gas chromatograph (GC) and a gas
sampling valve. The GC contained a #-in
(3.2 mm) o.d., 10-ft (3.05 m) stainless-steel
analytical column packed with 70% FS1265
and 30% OV-101, 20% on 80/100 mesh Chro-
mosorb P-AW. Operating parameters for
the GC included (1) a temperature program
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of 16 min at 313 K, followed by ramping at
25 K/min, and 14 min at 473 K; (2) injector
and thermal conductivity detector tempera-
tures of 523 K; and (3) helium carrier gas
flow of 24 cc/min. Disilanes were observed
in the GC trace of the products; however,
the amount of disilane could not be repro-
ducibly quantified though it was less than ca.
2 mol% for all samples. For some studies, a
gas-phase IR cell was placed downstream of
the reactor and the product composition was
determined using an FT-IR spectrometer.
Both detection techniques gave essentially
the same results; however, while the GC
took approximately 1 h per data point, the
FT-IR could collect a data point in as little
as 15 s (14).

The first data point for each sample was
collected 30 min after CH;Cl flow was initi-
ated, and data points were collected hourly
thereafter. An induction period of 90 min
was observed for the aged SiCu (see results
for a description of the “‘aged SiCu’” sam-
ples) and SiCuSn samples; these samples
reached relatively steady activity and selec-
tivity by the second data point. The other
samples did not show an induction period
with respect to reactivity, indicating that if
an induction period were present, it was less
than 30 min. Many of the other contact
masses, however, did show 90-min induc-
tion periods with respect to product distri-
bution.

RESULTS

The results of the reaction kinetics for the
direct reaction are summarized in Table 3.
The reaction rates and selectivities were av-
eraged over the entire 8.5-h run, except for
the first injection at 0.5 h, due to the induc-
tion period. In the case of the experiments
conducted at 623 K, reaction rates and se-
lectivities were averaged for two or three
runs. The units of the reaction rate are moles
of the CH;Cl consumed per second per gram
of initial reaction mass. The overall reaction
rate for the direct reaction decreased in the
order SiCuZnSn > aged SiCu > SiCuAlSn
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TABLE 3

Reactivities and Selectivities of Direct Reaction Contact Masses?

Reaction T Rate? Selectivities (mol%)©
mass K) (*107) .
mol/g-s  (CH3),SiCL, CH,SiCl; T/D CH, CH;HSICl, (CH;);SiCl (CHs),HSiCl
D T
Aged SiCu 623 5.3 (1.4) 30 19 0.63 33 10 2 6
613 3.8 (0.6) 40 16 0.40 26 6 3 10
603 3.0 (0.7) 46 15 0.33 25 4 4 6
Fresh SiCu 623 1.5 (0.5) 13 19 1.46 44 19 1 5
SiCuZn 623 4.3 (0.7) 32 11 0.34 33 20 2 1
598 2.5 (0.3) 58 7 0.12 25 7 2 1
573 1.3 (0.2) 55 7 0.13 30 7 2 1
SiCuAl 623 2.1 (0.5) 21 18 0.86 38 17 1 6
598  0.87 (0.07) 20 16 0.80 43 13 1 6
SiCuSn 623 1.2 (0.3) 24 14 0.58 46 14 0 3
SiCuAlSn 623 4.3 (0.7) 5t 14 0.27 18 8 4 6
SiCuZnSn 6234 12 (2) 75 6 0.08 13 2 4 1
598 7.3 (0.4) 78 5 0.06 13 2 3 1
573 4.4 (0.3) 80 4 0.05 13 1 3 0

¢ Values averaged over entire run except for the first analysis at 0.5 h (due to induction time).
b Reaction rate in moles CH;Cl consumed per second per gram of initial reaction mass; values in parentheses

are standard deviations.

¢ Selectivity defined as ratio of moles of given product to total moles of analyzed product times 100; error in

selectivity in typically <5 mol%.
4 Values averaged over first 6 h only.

= SiCuZn > SiCuAl > fresh SiCu = Si
CuSn. The selectivity for DMDCS de-
creased in the order SiCuZnSn > SiCuAlSn
> SiCuZn = aged SiCu > SiCuSn = SiCuAl
> fresh SiCu.

For SiCu samples, the effect of aging the
contact mass was investigated. For these
studies, ‘‘fresh SiCu’’ refers to contact
masses which were aged for 10 days or less
before being used for reaction Kinetics stud-
ies. ““Aged SiCu’’ refers to contact masses
which were stored for 4 months before mea-
surement of reaction kinetics. The aged
SiCu showed a 3.5-fold greater reaction rate
and more than double the selectivity for
DMDCS than observed for fresh SiCu.

The reaction rates and selectivities of
most of the samples were relatively constant
with time (reaction rates typically decreased
gradually by ca. 25% over 8.5 h). However,
SiCuSn, SiCuAl, and aged SiCu displayed
induction periods. Initially, the primary

product for SiCuSn, SiCuAl, and aged SiCu
was methane; after 0.5 h on-stream, SuCuAl
produced the greatest amount of methane

(i.e. 90 mol%). By the time the second data

point was taken (ca. 90 min) the reaction
rate and/or selectivities reached relatively
stable values and they changed only slowly
over the remainder of the experiment. The
initial high production rates of methane for
these samples suggests the deposition of
carbon and chlorine on the surface. This is
consistent with reports that the deposition
of surface carbon and chlorine is necessary
to activate an inactive surface (9).

The reaction rate and selectivity of Si
CuZnSn at 623 K were relatively constant
for the first 4.5 h but then they both de-
creased rapidly over the remaining 4 h. The
decrease in rate and selectivity roughly co-
incides with the point at which 40% of the
silicon has been consumed; above 40% sili-
con consumption the reaction rate in the
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TABLE 4

Average Stoichiometry of Methylchlorosilanes
(CH5),H,SiCl, for Each Reaction Mass

Reaction T Methyl Hydrogen Chlorine
mass (K) x y z
Aged SiCu 623 1.59 0.24 217
613 1.74 0.21 2.05
603 1.80 0.12 2.08
Fresh SiCu 623 1.33 0.42 2.24
SiCuZn 623 1.56 0.32 2.12
598 1.83 0.11 2.06
573 1.83 0.11 2.06
SiCuAl 623 1.46 0.37 2.17
598 1.51 0.34 2.15
SiCuSn 623 1.50 0.3¢ 2.20
SiCuAlSn 623 1.77 0.17 2.06
SiCuZnSn 623 1.95 0.03 2.02
598 1.96 0.03 2.01
373 1.98 0.01 2.01

direct reaction is commonly observed to de-
crease (2), though no decrease was ob-
served at 40% in a more recent study (4).

The average number of methyl groups,
chiorine atoms, and hydrogen atoms per si-
lane produced for each reaction mass are
indicated in Table 4. In Fig. 1, the average
number of methyl groups, chlorine groups,
and hydrogen atoms per silane (from Table
4) is plotted versus the selectivity of that
sample for methane (from Table 3). The
lines are included only to guide the eye.
A positive correlation is observed between
chlorine and hydrogen content of the silanes
and methane production, while a negative
correlation is observed between methyl con-
tent and methane production. This result is
explained by the simplified reaction se-
quence for carbon deposition,

CH,Cl— CHf + CI*
CHf — C*(s) + 3H*
CH#f + H*— CH,
CHf + H* + CI*+ Si* — silanes,

where starred species indicate surface spe-
cies. Production of methane is indicative of
carbon deposition on the samples. Hydro-
gen-containing silanes and methane are the
result of hydrogen produced during carbon
deposition.
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Fi1G. 1. Average number of methyl, hydrogen, and
chlorine groups per silane produced in the direct reac-
tion plotted versus methane production. The methane
fraction is taken from Table 3 and the average
silane compositions are taken from Table 4. Note;
(CH;),H,SiCl,.

For the reaction masses in which the pro-
moters had a positive effect on the selectiv-
ity for (CH;),SiCl, (i.e., SiCuZnSn, SiCu
AlSn, and SiCuZn), there was an increase
in the average methyl content of the product
silanes. This increase was accompanied by
a decrease in the selectivities for CH,SiCl;,
(CH;),HSiCl, and CH,. This suggests that
these promoters either inhibit carbon depo-
sition (eliminating the hydrogen source), or
increase the rate of production of the meth-
ylated silanes relative to the hydrogen-con-
taining products. The latter argument is con-
sistent with the proposed methylating power
for the promoters. Hurd previously demon-
strated the methylating power of zinc and
aluminum in experiments in which he
passed vapors of a chlorosilane together
with an alkyl halide over finely divided alu-
minum or zinc at 300-500°C (16); this re-
sulted in the replacement of part or all of the
chlorine of the chlorosilane by alkyl groups.
Furthermore, Gilliam showed that in
amounts greater than 1 wt%, aluminum or
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zinc substantially increase the selectivity
for trimethylchlorosilane, while decreasing
(CH,),SiCl, (I7). This argument is further
strengthened by post-reaction Auger spec-
troscopy analysis which indicated that the
SiCuZnSn sample (which had the lowest
production of hydrogen-containing silanes
and CH,) had significant carbon deposition.
Frank and co-workers (8, 18) also reported
that zinc promotes carbon deposition, and
the conversion of carbide to graphitic
carbon.

Scanning electron micrographs of aged
SiCu and SiCuZnSn are shown in Fig. 2. On
unreacted SiCu (micrograph a), the copper
tended to agglomerate on the surface (X-ray
microprobe analysis showed that the lighter
portions of the particle contain the greatest
amount of copper). After reaction, the cop-
per showed increased dispersion from the
unreacted state (micrograph b). In every
case, prior to reaction, the promoted sam-
ples appeared to have better metal disper-
sion than the SiCu samples. A typical exam-
ple of a promoted sample, unreacted
SiCuZnSn, is shown in micrograph c. Post
reaction micrographs of the most reactive
samples, such as SiCuZnSn (micrograph d),
showed a significant amount of spalling or
flaking of metal-containing silicon particles
from the surface.

X-ray microprobe point analysis showed
that the contact mass surfaces were quite
heterogeneous. However, definite trends in
chlorine content were observed. Analysis
of unreacted contact masses indicated that
masses which contained aluminum or zinc
retained 15 to 60% more chlorine (from
preparation with Cu(I)Cl) than those which
contained only copper or copper and tin.
Post reaction analysis of SiCuZnSn, Si
CuAl, and SiCuSn, using energy dispersive
spectroscopy (EDS) scans and point analy-
sis, also indicated that SiCuZnSn and Si
CuAl contained significantly more chlorine
than SiCuSn (75).

Post-reaction elemental analysis of the
samples indicated that the concentrations
of copper, aluminum, tin, and other metals
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generally increased near the top of the bed,
as expected, due to consumption of silicon.
However, the concentration of zinc in Si
CuZnSn decreased during reaction and zinc
was transported down the reaction bed. For
example, the initial concentration of zinc
in the unreacted SiCuZnSn mass was 4200
ppm. Following 8.5 h of reaction in methyl
chloride at 623 K, the concentration of zinc
at the top of the sample bed was 1300 ppm
while at the bottom of the bed it was 3900
ppm (15). Zinc may have been transported
through the bed by several mechanisms, in-
cluding spalling and blowing of zinc parti-
cles, and formation of various volatile zinc
compounds (such as Zn(CH,),) which con-
tain chlorine and/or methyl groups. Under
similar conditions Zn(CH;), has been ob-
served by infrared spectroscopy (15).
Increasing the temperature generally in-
creased the reaction rate, but decreased the
selectivity for DMDCS while increasing the
selectivity for the chlorinated products
(CH;HSICl, (MDCS) and MTCS. Frank et
al. (9) have reported that the selectivity for
DMDCS increases with increasing tempera-
ture in the range from 520 to 595 K. The
decrease in selectivity for DMDCS and in-
crease in other chlorine-containing products
observed in this study may be caused by the
rapid increase in the rate of carbon deposi-
tion near 623 K (2). Indeed, a carbon bal-
ance on the product stream and post-reac-
tion analysis indicated that carbon was
being deposited in the reaction bed at these
temperatures. The apparent activation ener-
gies for SiCuZn and SiCuZnSn were deter-
mined to be 16.8 and 13.5 kcal/g mol, re-
spectively (insufficient data were available
to make calculations of the activation energ-
ies for the other contact masses). These acti-
vation energies are somewhat lower than
literature values which range from 20 to 30
kcal/g mol (4, 9, 19-21) for various cop-
per—silicon alloys, with or without signifi-
cant amounts of impurities and promoters.
The activation energies in this study may
have been lower by the HF pretreatment.
Golubtsov ef al. (22) showed that pretreat-
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F1G. 2. Scanning electron micrographs of SiCu and SiCuZnSn reaction masses (magnification 1000 x ).
(a) Unreacted SiCu; (b) reacted SiCu; (¢) unreacted SiCuZnSn; (d) reacted SiCuZnSn.

ment of a copper—silicon alloy with HF re-
sulted in a lowering of the temperature at
which the formation of halomethylsilanes
was observed to begin.

DISCUSSION

Although there is an extensive body of
literature on the effects of promoters on the
direct reaction, many of the reported resuits

are contradictory. These contradictions are
often due to differences in contact mass pu-
rity. The results of this study resolve several
of these apparently contradictory reports.
Effect of zinc. There is general agreement
in the literature that promotion of the direct
reaction with 0.1-1.5 wt% zinc increases
the selectivity for DMDCS and slightly in-
creases the reaction rate (2, 4, 9). Copromo-
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tion with zinc and tin produces a synergistic
relationship which greatly increases the re-
action rate, and vyields selectivities for
DMDCS of as high as 95% (4, 5, 7). In this
study, the SiCuZn mass showed an increase
in reaction rate with respect to fresh SiCu,
and an increase in selectivity compared to
both fresh and aged SiCu.

Zinc appears to be a strong methyl-
ating agent, as evidenced by the low 7/D
(MTCS to DMDCS) ratio (Table 3). This
effect is enhanced by the synergism be-
tween zinc and tin, which yields a 7/D ratio
that is nearly an order of magnitude lower
than that for several of the other contact
masses.

Effect of aluminum. Since aluminum is a
common impurity in technical grade silicon,
its effect on the direct reaction is difficult to
evaluate. At high concentration (ca. 5 wt%)
it was claimed that aluminum increased the
selectivity for TMCS (23), while another
study indicated that 0.2 to 0.3 wt% alumi-
num decreased the selectivity for DMDCS
24).

In the current study, the promotion of
high-purity samples with 0.5 wt% aluminum
(i.e., SiCuAl) decreased the reaction rate
by a factor of two and decreased the se-
lectivity for DMDCS relative to aged SiCu.
Copromotion with 0.5 wt% aluminum and
0.01 wt% tin (SiCuAlSn) had little effect on
the reaction rate, but increased the selectiv-
ity for DMDCS relative to aged SiCu, and
decreased the induction period to less than
0.5 h. Thus, aluminum alone does not ap-
pear to act as a promoter for high-purity
samples; however, the addition of only 0.01
wt% (100 ppm) tin to an aluminum-pro-
moted system leads to a strong synergism
which significantly increases both the reac-
tivity and selectivity with respect to the Si
CuAl sample.

Effect of tin. The literature indicates that
the effect of tin on the direct reaction is
uncertain. One study reported that it has
no effect on the direct reaction (25) while
others indicated that it acts as an inhibitor
(2, 26). This confusion may have been
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caused in part by the high concentrations
which were used. Also, in many studies ce-
mented copper was used; however, ce-
mented copper contains 400-3000 ppm of
tin. More recently, promotion with tin at
low levels (ca. 100 ppm) has been reported
to increase both the reaction rate and the
selectivity for DMDCS (4).

In the current study, the promotion of
high-purity contact masses with 0.01% tin
(i.e., SiCuSn) decreased the reaction rate by
afactor of four and decreased the selectivity
for DMDCS by 20% compared to aged SiCu.
However, in the presence of either zinc or
aluminum, 0.01 wt% tin causes a strong syn-
ergism. This synergism results in improved
selectivity for DMDCS, and, in the case of
SiCuZnSn, doubles the reaction rate over
that for aged SiCu.

The apparent contradictions reported for
promotion with tin are explained by the im-
purities in the technical grade silicon. Ward
et al. (4) reported that addition of 0.01 wt%
tin to a reaction mass prepared using techni-
cal grade silicon increased both the reaction
rate and the selectivity for DMDCS. The
technical grade silicon contained significant
traces of aluminum (ca. 0.3 wt%) and iron
(ca. 0.6 wt%). We observed that while Si
CuAl and SiCuSn showed no promotion
over aged SiCu (see Table 3), the SiCuAlSn
samples in our study increased the reaction
rate with respect to fresh SiCu, and in-
creased the selectivity relative to both fresh
and aged SiCu. We propose that the pre-
viously reported promotional ability of tin
alone for technical grade silicon is caused
by a synergistic interaction between tin and
impurities (particularly aluminum) in the
silicon.

As discussed above, tin displays a syner-
gistic effect in promoting the direct reaction
in the presence of zinc or aluminum. There
are several potential explanations for these
results. Tin may produce this synergism by
acting as a methyl transfer agent or by de-
creasing the melting point and surface ten-
sion of the mixture of metals on the contact
mass suirface (resulting in increased disper-
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sion of catalyst/promoters on the surface
and increased diffusion rates in the surface
phase). These explanations will be consid-
ered briefly below.

The addition of zinc to a reaction mass
increased the selectivity for methyl-con-
taining species, suggesting that zinc is a
methylating agent. This is consistent with
the observation in our lab that flowing
Zn(CHj;), and CH,Cl over silicon at temper-
atures as low as 493 K produces large
amounts of Si(CH;), and (CH;);SiCl. Simi-
larly, methyltin compounds are reported in
the organometallic literature to be methylat-
ing agents, and tin is known to readily
change coordination number of accommo-
date additional ligands (27,28). Thus,
though both zinc and tin may act as methyl-
ating agents, the ability of tin to accommo-
date extraligands may provide a more kinet-
ically favored pathway to transfer methyl
groups to silicon. The CHj;-metal bond
strength increases in the order Zn-CH,; <
Sn—-CH; < Si~CH; (29). This suggests that
zinc surface species may methylate surface
tin species, which would in turn transfer
the methyl group to a surface silicon. The
primary silane biproducts of the reaction
contain only one methyl group (MTCS and
MDCS); therefore, increased methylation
would also increase the selectivity for
DMDCS. For the observed enhancement in
selectivity and reaction rate of SiCuZnSn
relative to SiCuZn, each tin atom would
transfer one methyl group per second (i.e.,
a turnover frequency of 1 s~!). While this
number is large, it is not unrealistic.

As discussed above, tin may also produce
the synergism by modifying the alloy prop-
erties of the copper, zinc, aluminum, and
silicon. The effects could include decreasing
the melting point and surface tension of the
mixture of metals on the contact mass sur-
face (resulting in increased dispersion of cat-
alyst/promoters on the surface), and in-
creasing the mobility of the metals in this
surface alloy. The increase in dispersion
would increase the number of active surface
sites.

GASPER-GALVIN ET AL.

Binary phase diagrams of Sn-Zn and
Sn—Al show that small amounts of tin can
cause the melting points of zinc and alumi-
num to decrease. Mixed solid and liquid
phases exist above 471 K for Sn—Zn mix-
tures of greater than 1.7 wt% Zn, and above
502 K for Al-Sn mixtures of greater than
0.01 wt% Sn (30). There are few ternary
phase diagrams available for the Cu-Zn-Sn
and Cu-Al-Sn systems. But the high-tem-
perature phase diagram shown by Butts for
Cu-Sn—-Zn generally indicates that greater
amounts of tin cause greater decreases in
melting point (31). Segregation of tin at the
surface, which has been observed by Goum-
iri and Joud using Auger spectroscopy, sug-
gests that the concentration of tin at the
surface may be quite high (32). Further-
more, Goumiri and Joud reported that when
aluminum is alloyed with elements of the
fourth and fifth group of Mendeleev’s sys-
tem (Sn, Pb, Sb, and Bi) in amounts of a few
thousandths or hundredths of a percent, the
surface tension is strongly reduced. Lower
surface tension results in a greater degree of
wetting and spreading of the metals on a
substrate surface (33). Decreased surface
tension would also increase the ability of the
liquid-phase metals to penetrate into small
crevices in the silicon, thus creating more
active sites of contact between the copper
catalyst, the promoters, and pure silicon.

The increased reaction rate with contact
mass aging has been largely ignored in the
literature. The amount of time which has
elapsed between synthesis of a contact mass
and the measurement of reaction kinetics is
rarely reported. However, both the present
study and studies by DeCooker indicate the
effect of aging the reaction mass on the reac-
tion kinetics of the direct reaction (34). In
both studies, it was seen that the activity of
the contact mass increased with age. More
specifically, DeCooker showed an increase
in average reaction rate of a mass for which
kinetics were measured from 1 to 23 days
after preparation; the average reaction rate
was approximately 25% higher after 23 days
of aging as compared with one day of aging.
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Further investigations will be required to
determine the cause of the increased activity
with contact mass aging.

CONCLUSIONS

The overall reaction rate for the direct
reaction at 623 K decreased in the order
SiCuZnSn > aged SiCu > SiCuAlSn = Si-
CuZn > SiCuAl > fresh SiCu = SiCuSn.
The selectivity for DMDCS (the desired
product) at 623 K decreased in the order
SiCuZnSn > SiCuAlSn > SiCuZn = aged
SiCu > SiCuSn = SiCuAl > fresh SiCu. The
selectivities further indicate that promoters
increase the selectivity for methylated prod-
ucts. Promotion of samples with tin or alu-
minum alone decreased or had no effect on
the reaction rates and selectivities. Zinc is
proposed to promote the direct reaction by
acting as a methylating agent. Tin is sug-
gested to promote this reaction synergisti-
cally with zinc and aluminum by reducing
the melting points and surface tensions of
metal alloys on the contact mass surface.
This causes increased wetting and spreading
of the copper/promoter mixture on the sur-
face, resulting in increased reactive surface
area.
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