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Reaction kinetics under steady-state and transient conditions were used to study the effects of
the catalyst (copper) and promoters (zinc and tin) on the direct reaction of methyl chloride with
silicon to produce methylchlorosilanes. Use of infrared spectroscopy allowed rapid analysis of the
gas-phase product composition. This allowed the accurate measurement of the apparent activation
energy and the apparent reaction order for each product. An improved method for calculating direct
reaction rates is also introduced. Addition of Zn as a promoter to Cu did not change the overall
reaction rate but increased the selectivity for more methylated silanes. Tin promotion increased the
selectivity for more chlorinated silanes, while having little affect on the overall reaction rate.
Copromotion with zinc and tin increased the overall reaction rate; however, the selectivity for
dimethyldichlorosilane (DMDC) was dependent on the concentration of tin. A trace amount of tin
(ca. 0.005-0.01 wt%) produced the highest selectivity for DMDC; however, increasing the amount
of tin to 0.2 wt% decreased the selectivity. We propose that the primary role of zinc is to direct the
dissociative adsorption of MeCl such that the methyl group is attached to the Si and the Cl group

is attached to the Zn. © 1992 Academic Press, Inc.

INTRODUCTION

The majority of previous reaction Kinetics
investigations of the direct synthesis of or-
ganohalosilanes (the direct reaction)

2CH,CI + Si — (CH3), H,SiCl,
(wherex + y + z = 4)

were aimed at providing the necessary data
for industrial operation (I-11). In general,
gas chromatography (GC) was used to deter-
mine the product composition. However,
the separation of the silanes is demanding,
resulting in analysis times of 15-60 min per
data point. This significantly limits the time
resolution of data acquisition. In the direct
reaction, the catalyst and promoters are
supported on silicon, which is a reactant.
The support is constantly consumed and the
surface is constantly changing; therefore,
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the reaction is never at ‘‘steady state’’ for
any appreciable time. Indeed, at higher con-
version (>ca. 40% conversion of silicon) a
significant decrease in the reaction rate has
been observed (/). There is only a short
window of a few hours in which to collect
steady-state kinetics, and even those data
must be treated carefully as the overall ac-
tivity may decrease with time. In many
cases this has limited studies so that only
one set of reaction conditions could be in-
vestigated for each sample. This is particu-
larly problematic as it is difficult to obtain
reproducible behavior from sample to sam-
ple. The long analysis times also limited the
study of the behavior during the initial tran-
sient kinetics (often referred to as the induc-
tion period). The induction period typically
lasts less than 1 h; therefore, GC analysis
would allow no more than a few data points
to be examined during this time.

Recently, Friedrich et al. (12) demon-
strated that infrared spectroscopy (IR) can
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be used to rapidly follow changes in the gas-
phase composition of the product stream in
the direct reaction. Specifically, IR provides
compositional analysis comparable to re-
sults from GC; however, sample composi-
tion can be measured every 15 s rather than
every 15-60 min. The improved sampling
speed allows a broader range of reaction
conditions to be studied on a single sample,
leading to reduced error in studies of the
apparent activation energy, the apparent re-
action order, and the transient kinetics.
The reaction kinetics experiments that re-
sulted were used to determine the effect of
catalyst and promoters in the direct reaction
and to study the apparent reaction order.
Copperis commonly accepted as the catalyst
of choice for the formation of dimethyl-
dichlorosilane (DMDC, the desired product
in the direct reaction). Recently, it was re-
ported that a copper-silicon contact mass
copromoted with zinc and tin was several
times as active as an unpromoted CuSi mass,
while also giving increased selectivity and
stability (13, 14). The exact nature of this syn-
ergistic behavior is not fully understood.
Therefore, this research is focused on the
role of copper as a catalyst and on the roles
of promoters in the contact mixture system.

EXPERIMENTAL

High-purity  polycrystalline  silicon
(Union Carbide, 80—100 mesh, 0.5 m?/g,
99.99% pure) was acid-treated prior to use
to remove surface impurities and the native
silicon oxide layer (/4). Contact masses
were prepared using a ball-milling method
or by impregnation. The ball milling method
was similar to that reported by Ward ef al.
(14). Briefly, CuCl-2H,0 (Aesar, 99.99%
pure) and promoters SnCl, - 2H,O (Aesar,
99.9% pure) and ZnCl, - $H,0 (Aesar, 99.9%
pure) were mixed with hexane and ball-
milled for 24 h. This slurry was poured over
the cleaned silicon, and the hexane was re-
moved under vacuum at 373 K. For impreg-
nation, the metal chloride to be added was
dissolved in acetone, and the solution was
poured over the pure silicon powder or the
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preprepared copper—silicon contact mass.
The acetone was removed under vacuum at
373 K. In all cases, Cu was added by the
ball-milling method. Several samples were
also prepared with anhydrous salts. The re-
sults for hydrated or anhydrous salts were
essentially the same.

Sample names were derived from their
compositions. For example, CuZnSnSi(5/
0.5/0.01) is a sample containing 5 wt% Cu,
0.5 wt% Zn, 0.01 wt% Sn, and the balance
(94.5 wt%) Si. High-purity silicon and re-
agents were used to minimize the uncer-
tainty due to the impurities, which may sig-
nificantly affect the catalyst performance.
An asterisk added to a sample name (e.g.,
ZnSi*(3/97)) indicates that the sample was
prepared by the impregnation method.

Reaction kinetics were measured using
the continuous, fixed-bed reactor system
described in detail elsewhere (12). To en-
sure rapid heat transfer, a 0.25-in.-o.d.,
0.18-in.-i.d. stainless-steel tube was used for
the reactor. For these studies, ca. 2 g of
freshly prepared contact mass was loaded
in the reactor and pretreated (activated) in
flowing helium at 603 K for 3 h. Following
activation, the reactor was cooled to room
temperature, evacuated, and the flow of
methyl chloride (Matheson, 99.9% pure)
was initiated. Helium (Air Products,
99.998% pure), was purified by passing
through Ridox and 4A molecular sieves, and
methyl chloride was used as received. The
reactor was then heated at 10 K/min to the
desired reaction temperature. To determine
the onset reaction temperature (the temper-
ature at which products were initially ob-
served) and to determine relative rates of
methyl and chlorine group deposition, tran-
sient reaction kinetics were measured dur-
ing the initial heating. The steady-state con-
dition was defined as the point when the
activity and selectivity remained unchanged
(<5%) for ca. 2 h. Ambient pressure and
reaction temperatures from 523 to 623 K
were used. To eliminate external diffusion
limitations, flow rates greater than 3
cm’/min were used.
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The reactor effluent was analyzed by on-
line GC or IR, although primarily IR was
used. GC conditions are described in detail
elsewhere (12, 15). The IR data were col-
lected using a Mattson, Polaris infrared
spectrometer. Spectra were collected at 4
cm~! resolution. The IR gas cell was main-
tained at 373 K to prevent condensation of
desorbed gases and to provide a uniform
temperature for product analysis. Gas lines
to the IR were heated to >373 K to prevent
condensation of products. The spectra were
quantified using a partial component regres-
sion method (Mattson, MQUANT). Infra-
red cannot detect chlorine (Cl,) or hydrogen
(H,); however, previous studies using GC
for detection indicate that these gases are
not present under these conditions. For
some samples, traces (<2 mol%) of disilanes
were observed in both GC and IR; however,
these peaks were weak and no standards
were available for reliable quantitation. In
addition, there may have been partial con-
densation in the gas cell and lines; however,
materials in the IR cell prohibited higher
operating temperatures.

Several contact masses were examined to
see if the sequence of temperature change
effected the observed results. The overall
reaction rate was independent of the order
of change of the reaction temperature. The
selectivity for DMDC obtained during de-
crease of the reaction temperature were
lower than those obtained when an increas-
ing temperature is used. When the reaction
was performed for long time periods (ca. 2 h)
at a certain decreased reaction temperature,
the selectivity for DMDC became similar to
that for the case of increasing temperature.
Therefore, only the data collected while in-
creasing the temperature are reported.

CALCULATION OF RATE

A variety of methods have been used in
the literature to calculate the conversion and
the reaction rate for silane products. Most
of these calculations assumed DMDC was
the only product. These methods are strictly
applicable only if the selectivity for DMDC
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is near 100%. In this case, due to the change
in the number of moles of gas during reac-
tion, the mole balance on methyl chloride
gives

) 1 -
Conversion (Xyec) = 1= Owcld) yyMeC;z) ¢}
MeCl
. F, in
Reaction rate (— ryc) = W Xmect s 2
cat

where yp.c is the mole fraction of MeCl in
the product stream, ryc; is in gmol of MeCl
consumed per s per g of contact mass
loaded, F, represents the reactant feed rate
(in gmol/s), and W, is g of contact mass
loaded. However, in many cases the selec-
tivity for DMDC is 50% or less. In this case,
calculations using the above equations may
involve considerable error (up to 30%). In
addition, the conversion is calculated using
only the reactant concentration. Since MeCl
conversion is maintained below 10%, the
calculations are based on a relatively small
change in a large number, and significant
error can result. Finally, the IR sensitivity
for methylchlorosilane products is 10 times
greater than that for MeCl. Thus, silane con-
centrations can be measured more accu-
rately. These problems are avoided using
the calculation method described below.
For this study, conversions were calcu-
lated based on material balances for chlorine
or methyl groups. All of the observed reac-
tion products are included in these balances.
No assumptions of reaction stoichiometry
are required. For the mass balance on Cl,

total Cl in = Fin yMeCl,in (3)
total Clout = F, 2 n;ey; )
2 noY; = Ymea T Yua + Yomcs
+ 2ypmpc + 2Ympcs + 3Ymrcs
+ 4yqcs + 3Yres + Yrmess O)

where n,¢, is the number Cl atoms in species
i, y; is the mole fraction of species i in the
product stream, and F;, and F, are the total
molar flow rates of reactants and products,
respectively. The product species i are
methane, HCl, dimethylchlorosilane
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(DMCS), dimethyldichlorosilane (DMDC),
methyldichlorosilane (MDCS), methyl-
trichlorosilane (MTCS), tetrachlorosilane
(QCS), trichlorosilane (TCS), and trimeth-
ylchlorosilane (TMCS). This derivation ne-
glects changes in the surface concentration
of chlorine. As discussed above, disilanes
and gas-phase cracking species such as H,
and Cl, were assumed to be present in negli-
gible amounts.

Assuming pure MeCl feed, the mole bal-
ance on Cl gives

F) 1

— = . 6
(Fin a 2 ngy; ©)
Hence, the MeCl conversion for a differen-
tial reactor can be obtained,

F,
Xvecra = 1 = ( Fom) YMeCl
in /C1

YMecl o)

=1 =
2 nic1yi

and used with Eq. (2) to calculate the reac-
tion rate. Similarly, the equation for the Me
balance can be derived,

F
Xmearme = 1 = ( Fom> YMecl
in /Me

YMeCl
2 nage Vi ®)

For this calculation, a hydrogen atom in a
species (e.g., HCl) was treated as one-third
of a methyl group.

If X # Xy and, therefore, re) # ry. , the
difference can be ascribed to the adsorption
of Cl or Me on the catalyst surface. Hence,
the increase of surface concentration of Cl
or Me can be obtained, in particular, in the
case of transient reaction conditions. The
results calculated using the methyl and chlo-
rine balances were essentially the same un-
der steady-state conditions.

In general, the rate expression for the di-
rect reaction has been assumed to be of the
form

=1-

_ kiPnMeCl
(1 + VK, Pyear + KpPrijane)™

&)

—r;
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where k; is the apparent rate constant, K;
are adsorption equilibrium constants, P; is
partial pressure, and » and m are constants
with n usually assumed to be 1 and m = 2.
However, for low conversions KgPg;j,, < 1
and the equation can be approximated as

—-5h= kiPﬁIeCl’ (10)

where g is the apparent reaction order.
Equation (10) was used in this study to cal-
culate the apparent reaction order.

RESULTS

Transient kinetics. Transient reaction ki-
netics for CuSi (10/90), CuZnSi (10/1), and
CuZnSnSi (10/1/0.01) are shown in Fig. 1.
A rapid increase in product formation was
observed at temperatures of 525, 505, and
455 K for CuSi (10/90), CuZnSi (10/1), and
CuZnSnSi (10/1/0.01), respectively (Fig.
la). Therefore, promotion with zinc de-
creased the onset temperature, and
copromotion with zinc and tin decreased the
onset temperature even further. For all
three samples, the direct reaction rate goes
through an apparent maximum at ca.
570-600 K. This maximum results from the
transient nature of the measurement. During
these measurements the sample was heated
at 10 K/min. Thus, the reported reaction
rates include contributions from both reac-
tion and temperature-programmed desorp-
tion. Figure 1b shows that for all samples,
silanes are formed initially at ca. 420 K and
go through a maximum selectivity at ca. 560
K with a shoulder at ca. 480 K. For the CuSi
contact mass, the reaction rate calculated
using the methyl balance was higher than
that using the chlorine balance (Fig. 1a).
However, for the others, the overall reac-
tion rates calculated using both equations
were the same. Previous studies in our lab
indicate that a short induction period (5-15
min at 600 K for CuSi) is observed following
the helium pretreatment; therefore, the tran-
sient kinetics were taken during the induc-
tion period. Comparison of results calcu-
lated using the methyl and chlorine balances
suggests that the surface Cl concentration
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FiG. 1. Reaction rate and seléctivity for DMDC as a function of temperature for the direct reaction
over CuSi(10/90), CuZnSi(10/1), and CuZnSnSi(10/1/0.01): (a) reaction rate. Open symbols were
calculated using methyl group balance, closed symbols were calculated using chlorine balance; (b)
selectivity for DMDC calculated as the fraction of methylchlorosilane products. MeCl flow rates were
3 cm*/min for CuSi(10/90) and 6 cm?*/min for CuZnSi(10/1) and CuZnSnSi(10/1/0.01). Lines are only

intended to guide the eye.

for CuSi increased during the induction pe-
riod, while it remained roughly constant for
CuZnSnSi and CuZnSi.

Steady-state reaction kinetics. The re-
sults of steady-state reaction kinetics (Table
1) are similar to those reported previously
(1, 14, 15). They have been included to show
the reproducibility of the work and to indi-
cate the selectivity and activity of the sam-
ples used in this study. Briefly, promotion
with Zn increased the selectivity for DMDC
while having little effect on the reaction rate.
Zinc promotion via impregnation (which
gave a sample with higher zinc dispersion
than the ball-milling method) increased both
activity and selectivity relative to CuSi.
Copromotion with Zn and Sn (CuZnSnSi (5/
0.5/0.01)) doubled the reaction rate and the
selectivity for DMDC; however, increasing
the tin loading further (CuZnSnSi (5/0.5/
0.2)) decreased both the reaction rate and
the selectivity. Addition of 0.3 wt% Snto the
5 wt% Cu contact mass (CuSnSi*(5/0.3)),
decreased the selectivity for DMDC by a
factor of 3 relative to CuZnSnSi (5/0.5/0.01)
with a corresponding increase in the forma-
tion of MTCS. The reaction rate was almost
unchanged by addition of tin.

Zinc and tin were tested as catalysts in
the absence of copper (Table 1). In the time

scale of the experiment, pure silicon shows
little reaction with methyl chloride and pro-
duces only CH, and HCI; no silanes were
detected. Zinc as a catalyst (ZnSi*(3/97))
increased the decomposition rate of methyl
chloride several times over that of pure sili-
con, but again no silane products were
formed. The SnSi*(3/97) sample showed
higher overall activity than ZnSi*(3/97) and
it also produced various methylchlorosi-
lanes. The primary product was CH, and the
main silane products were MTCS and TCS.
As the temperature was increased, selectiv-
ity for MTCS increased while that for TCS
decreased. When zinc was added to the SnSi
contact system (ZnSnSi*(3/1/96)), the activ-
ity was much higher than that for tin alone.
The selectivity for MTCS was increased,
but the selectivity for TCS was decreased,
although the ZnSnSi* contact mass still pro-
duced primarily CH,.

Reaction order. The apparent reaction or-
der with respect to methyl chloride was de-
termined for CuSi and CuZnSnSi and is re-
ported in Table 2. The overall reaction (i.e.,
the consumption of MeCl) was ca. 1.6 order
with respect to MeCl. The apparent reaction
orders for the formation of CH,, DMDC,
and MTCS were similar to the overall reac-
tion order. The apparent reaction order for
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TABLE 1

Comparison of Reaction Rates and Selectivities for DMDC and MTCS in the Direct Reaction Obtained from
Various Contact Masses at 573 and 613 K

Contact mass 573 K 613 K
Rate? DMDC? MTCS? Rate?® DMDC? MTCS?
(X107 (mol%) (mol%) (x 107 (mol%) (mol%)
mol/g-s mol/g-s
CuSi(10/90) 1.2 54 29 4.2 38 36
CuSi(5/95) 0.5 58 28 2.2 41 37
CusSi(2/98) 0.3 55 31 1.1 40 37
CuZnSnSi(10/1/0.01) 4.7 89 9 9.6 83 11
CuZnSnSi(5/0.5/0.01) 2.1 88 9 5.8 78 13
CuZnSnSi(1/0.1/0.01) 0.7 65 14 1.4 60 17
CuZnSi(10/1) 1.4 70 13 4.3 54 20
CuZnSi*(5/0.5) 1.4 79 9 33 71 11
CuSnSi*(5/0.3) 0.6 19 72 3.0 14 70
CuZnSnSi*(5/0.5/0.2) 1.5 33 48 6.0 28 S1
ZnSnSi*(3/1/96) 2.8 7 64 5.6 8 65
ZnSi*(3/97) 0.4 — 0.8 — — —
SnSi*(3/97) 0.7 13 28 1.6 11 47
pure Si 0.1 — — 0.3 — —

4 Reaction rates in moles CH;Cl consumed per second per gram of initial reaction mass; errors in reaction rates

typically ca. 20%.

b Selectivity defined as ratio of moles of given product to total moles of analyzed silane product times 100;

error in selectivity is typically <S5 mol%.

production of TMCS was higher than the
overall reaction order, while those for the
hydrogen-containing silanes, DMCS and
MDCS, were lower than the overall reaction
order. The MeCl pressure had little effect
on the selectivity for DMDC.

Activation energy. The apparent activa-
tion energies both for the overall reaction
rate and for the formation of individual si-
lanes using Arrhenius plots are summarized
in Table 3. The activation energy values cal-
culated for the CuSi samples were indepen-
dent of copper loading. Adding tin to the
CuSi system (CuSnSi*(5/0.3)) increased the
activation energy, while copromotion with
zinc and tin gave an activation energy lower
than the CuSi or CuZnSi system. These re-
sults agree well with the data of Gasper-
Galvin et al. (15), but are somewhat lower
than values reported by others (I, 3, 6, 14).
The activation energies were affected by the
sample preparation method. Preparing sam-

ples by impregnation of zinc on the surface
of the CuSi mass decreased the activation
energy to a greater extent than preparation
by ball-milling.

The apparent activation energies for each
of the reaction products were also calcu-
lated. For CuSi the activation energy for
DMDC formation was 20% lower than that
for the overall reaction, and that for TMCS
was 20% higher. The remaining products
(CH,, DMCS, MDCS, and MTCS) had acti-
vation energies that were comparable to the
overall activation energy. Promotion with
zinc (CuZnSi (10/1)) slightly decreased the
activation energies for DMDC, MDCS, and
TMCS but had no affect on the activation
energies of the other silanes. When tin was
added to the CuSi system (CuSnSi*(5/0.3)),
all activation energies were increased by
about 20% with the exception of MDCS,
which doubled its activation energy. Also,
for this sample, the activation energy of
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TABLE 2

Apparent Reaction Orders for Overall and Individual
Reactions for the Direct Reaction at 603 K over Cu
(10/90) and CuZnSnSi (10/1/0.01)

Products CuSi CuZnSnSi
Overall 1.6 = 0.2 1.7+ 04
CH, 1.6 = 0.4 1.6 £ 0.6
DMCS 1.0 =03 0.5+05
DMDC 1.7 £ 0.2 1.7 03
MDCS 1.3 +0.5 0.6 +0.4
MTCS 1.5+03 1.8 +04
TMCS 2304 23 +0.6

Note. The partial pressure range was 0.3 to 1.0
atm~!. The data were fit using the power-law expres-
sion r = kP -

DMDC was comparable to those for CH,,
MTCS, and TMCS. All activation energies
obtained for the CuZnSnSi (10/1/0.01) sys-
tem were reduced from those of CuSi (10/
90) or CuZnSi (10/1).

Distribution of Cl, CH;, and H groups in
reaction products. The fraction of methyl
groups, chlorine groups, and hydrogen
groups included both in the total products
(including methane) and in the silane prod-
ucts for each contact mass is calculated and
shown in Table 4. The hydrogen fraction in
the total products indicates the extent of
decomposition of methyl chloride, since H
atoms are produced by coking of surface
methyl groups. Therefore, the ratio of H
groups to CH; groups in the total products
can be used as a measure of the extent of
coking of methyl chloride on the surface.
Higher temperature increased the H/CH,
ratio for all contact masses, indicating more
coking on the catalyst surface (as expected).

The apparent coking rate decreased as
follows: ZnSi*(3/97) > SnSi*(3/97) >
ZnSnSi*(3/1/96) > CuSnSi*(5/0.3) = CuZn
SnSi*(5/0.5/0.2) > CuSi (10/90) = CuSi (5/
95) > CuZnSi (10/1) = CuZnSi*(5/0.5) =
CuZnSnSi (10/1/0.01). The overall coking
rate of single metals during the direct reac-
tion decreased in the order Zn > Sn > Cu.
However, addition of zinc to the CuSi or
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SnSi system decreased the coking rates be-
low those for the corresponding single metal
contact masses. Therefore, Zn as a pro-
moter decreased the coking rate while Zn in
the absence of Cu increased the coking rate.
This apparent anomaly is discussed in detail
below.

As coking increased (as measured by
H/CH; ratio) the Cl and H content in silane
products increased for all contact masses,
while the CH, group content decreased (Fig.
2). Zinc as a promoter increased the fraction
of CH, in silanes but decreased Cl and H
fraction, while tin as a promoter increased
the fraction of Cl in silanes and decreased
CH, and H fractions.

DISCUSSION

Results from the transient reaction kinet-
ics indicated that the surface chlorine con-
centration of the CuSi contact mass in-
creased during the initial stages of reaction.
The promoted samples (CuZnSi and CuZn
SnSi) did not show this effect, suggesting
that promoters act in part by facilitating acti-
vation of the sample. Indeed, promotion
with Zn or Zn and Sn has been shown to
decrease the time required to activate the
reaction mass (/4). We also observed using
TPR that Zn- or Sn-promoted samples (Cu
ZnSi or CuSnSi) retained more chlorine dur-
ing activation than CuSi samples (16, 17).
Frank and Falconer (/1) suggested that SiCl,
surface species are the active sites for the
direct reaction. The observed results (both
TPR and transient kinetics) further suggest
that surface chlorine is necessary for the
direct reaction, that Zn and Sn promote the
formation of these active sites, and that
these sites are essentially formed during the
activation treatment. In the absence of pro-
moters, the CuSi samples sorbed additional
chlorine during the induction period (tran-
sient kinetics) to form active sites containing
CL

The apparent overall reaction order for
the direct reaction was approximately 1.6
with respect to the MeCl pressure for both
CuSi and CuZnSi. The apparent reaction
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TABLE 3

Apparent Overall Activation Energy and Activation Energies for the Formation of Individual Products in the
Direct Reaction Obtained for Various Contact Masses in the Temperature Range of 543 to 633 K

Contact mass Overall Activation energies? (kcal/gmol)

CH, DMCS DMDC MDCS MTCS TMCS QCS TCS
CuSi(10/90) 21 23 23 17 22 23 25 — —
CuSi(5/95) 21 23 23 17 22 23 25 — —
CuZnSi(10/1) 18 22 24 14 19 23 20 — —
CuZnSnSi(10/1/0.01) 14 18 19 12 16 18 15 — _—
CuZnSnSi(5/0.5/0.01) 13 20 21 11 19 20 17 —_ _
CuZnSi*(5/0.5) 15 21 21 13 18 20 23 — —
CuSnSi*(5/0.3) 26 25 — 24 47 25 25 — —
CuZnSnSi*(5/0.5/0.2) 25 27 —_ 15 45 25 21 — —
ZnSi*(3/97) 18 — — — — — — —_ —
SnSi*(3/97) 16 24 — — 14 17 — 11 6
ZnSnSi*(3/1/96) 11 12 — — 25 10 — 13 37
Pure Si 11 — — — — — — — —
Pure Si’ 14 11 — — 27 24 — 21 11

4 Error in activation energy is typically <20%; Values not given had too little product to give an accurate

determination.
% Data from Frank and Falconer (11).

orders for DMDC, MTCS, and methane
were ca. 1.5. However, the individual reac-
tion orders for the hydrogen-containing si-
lanes (DMCS and MDCS) were 1.0 and 1.3,
respectively, and that for TMCS was 2.3.
This is consistent with results in the litera-
ture (I), which show that a higher pressure
of MeCl produced more methylated silanes.
Operating at higher pressures also reduces
the production of hydrogen-containing si-
lanes. These results suggest that the mecha-
nism for the chlorination, methylation, and
hydrogenation steps in silane production are
different. Specifically, TPR results suggest
that Si-Me bonds in silanes result from di-
rect adsorption of MeCl on the surface,
while Si—Cl bonds require transfer of Cl to
the silicon from other surface groups (17).
This type of mechanism was first suggested
by Andrianov et al. (18) and Klebansky and
Fikhtengol'ts (19). This is discussed in more
detail in the second paper in this series (I7).

There has been considerable debate
whether Zn promotes the direct reaction
through a chemical or mechanical mecha-

nism. The results in this study suggest that
a chemical mechanism is responsible for at
least some of the effects of zinc. In particu-
lar, promotion with zinc decreased the ap-
parent activation energies for the overall re-
action and for the formation of more
methylated silanes (DMDC and TMCS) and
increased the fraction of methyl groups in
silane products. We propose that the pri-
mary role of zinc is to direct the dissociative
adsorption of MeCl such that the methyl
group is attached to the Si and the CI group
is attached to the Zn. TPR studies indicated
that Zn was in the chloride form on the sur-
face after the activation process (16, 17).
Thus, Zn may act as a chlorine sink. In addi-
tion, electronegativity arguments indicate
that MeCl should adsorb with the chlorine
going to zinc and methyl group to Si or Cu
(20, 21). When zinc is used as a catalyst,
methyl groups chemisorb on the surface Si.
However, in the absence of Cu, the Si-Si
bonds are too strong to allow further reac-
tion to form silanes. Therefore, the only
available reactions for the sorbed methyl
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TABLE 4

Distribution of Cl, CH;, and H Groups in the Total Products and the Silane Products from the Direct
Reaction at 573 K

Contact mass

Total products”

Silane products®

Cl CH, H H/CH, Cl CH, H
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

CuSi(10/90) 46 42 12 0.29 55 40 4
CuSi(5/95) 46 43 11 0.26 55 41 4
CuZnSi(10/1) 48 45 7 0.16 51 45 4
CuZnSnSi(10/1/0.01) 49 48 3 0.07 51 48 1
CuZnSi*(5/0.5) 48 47 5 0.10 51 47 2
CuSnSi*(5/0.3) 44 39 17 0.43 67 33 tre
CuZnSnSi(5/0.5/0.2) 47 39 16 0.41 62 35 3
ZnSi*(3/97) 33 17 50 3.03 — — —
SnSi*(3/97) 38 33 29 0.88 73 17 10
ZnSnSi*(3/1/96) 38 37 24 0.65 70 27 3

4 Selectivity defined as ratio of moles of given product to total moles of all analyzed product times 100; error

in selectivity is typically <5 mol%.

b Selectivity defined as ratio of moles of given product to total moles of analyzed silane product times 100;

error in selectivity is typically <S mol%.
¢ tr, Trace detected.

groups were cracking or hydrocarbon for-
mation. Indeed, IR indicates only methane
was observed in appreciable amounts for
ZnSi*. When Zn is used as a promoter (i.€.,
CuZnSi) the methyl groups chemisorb on
silicon sites. However, in this case the sili-
con is activated due to the presence of
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Ratio (H/Me) in total products

Fi1G. 2. Fraction of Cl, Me, and H groups in methyl-
chlorosilane products versus H/Me ratio in the total
products. Results for all samples and temperatures
used in this study are included. Lines were fit using
linear regression.

Cu-Si bonds. These ‘‘activated”” Si—-CHj,
species react further to form methylchlo-
rosilanes rather than methane. Therefore,
as observed, Zn alone on Si increases the
cracking rate of methyl groups, while pro-
motion with Zn decreases the cracking rate
of methyl groups. The proposed ability of
Zn to promote the adsorption of Me groups
onto Si sites also accounts for the increased
selectivity for DMDC observed for CuZnSi
samples. ;

The ability to zinc to promote the adsorp-
tion of MeCl could result in an increase in
the number of sorption sites or a change in
the enthalpy of adsorption or the activation
energy of adsorption for sorption sites. It is
difficult to determine the number of active
sites for these reaction samples. TPR results
indicate that CuZnSi had 50% more total
product desorbed than CuSi (/7). However,
it is unclear whether this was caused by an
increase in the number of sites or by an
increase in the fraction of sites occupied.
In addition, all adsorption sites may not be
active for the production of methylchlorosi-
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lanes. Without additional studies of the ad-
sorption process, no direct conclusion as to
the relative number of sites or the energetics
of these sites can be made. Thus, this re-
mains a fertile area for future study.

The SnSi* sample had a product distribu-
tion similar to that reported by Frank and
Falconer (/1) for the uncatalyzed reaction
of pure silicon after extended exposure to
MeCl (ca. 2-day activation period at 670 K).
The presence of tin reduced the induction
period from several days for pure silicon
to <1 h for SnSi*. In both cases, highly
chlorinated silanes (MTCS, TCS, and QCS)
were the main products, and increasing the
temperature increased the selectivity for
MTCS while that for TCS decreased. Fur-
thermore, the apparent overall activation
energies were similar (see Table 3). This
suggests that the reaction scheme for the
formation of silanes for tin in the absence of
copper is similar to that for pure silicon.
Addition of Sn to pure Silowered the activa-
tion energies for formation of the highly
chlorinated silanes, which were the domi-
nant methylchlorosilane products. Tin pro-
motion of a CuSi contact mass (CuSnSi*)
increased the production of chlorinated si-
lanes relative to CuSi and decreased the in-
duction period. This suggests that tin pro-
motes the formation of Si—Cl species in
methylchlorosilanes. The increased chio-
rine content in the methylchlorosilanes may
be explained in part by the increased crack-
ing of methyl groups over CuSnSi*; how-
ever, this does not explain the ability of tin
to decrease the induction period. As men-
tioned above, Frank proposed that the ac-
tive species for the direct reaction were
SiCl, sites (/1). We propose that the role of
tin both alone and in the presence of Cu is to
increase the surface transfer of Cl, thereby
promoting the formation of the active SiCl,
species and increasing the production of
more chlorinated silanes. However, the
ability of tin to increase surface transfer of
Cl may be related to the ability of tin to
change coordination number to accommo-
date additional ligands (22, 23).
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Tin promotion (CuSnSi* vs. CuSi) in-
creased cracking of surface methyl groups
(as evidenced by the increased H/CH, ratio)
but decreased the H fraction in silane prod-
ucts (Table 4). This apparent anomaly sug-
gests that the concentration of methyl
groups on tin containing areas was relatively
high. As aresult, surface H groups (resulting
from cracking) are scavenged by these
methyl groups to form CH, rather than re-
acting to form hydrogen-containing methyl-
chlorosilane species.

Copromotion with zinc and tin increased
the overall reaction rate by a factor 3 relative
to CuSi. In addition, the apparent activation
energies for DMDC and TMCS in CuZnSnSi
samples were reduced by about 35% relative
to CuSi while the apparent activation ener-
gies for the other products were essentially
unchanged. The selectivity for DMDC from
the CuZnSnSi contact system containing a
trace amount of tin (0.005-0.01 wt%) was
the highest of all the reaction masses. This
result is consistent with the zinc-tin syner-
gism for the copper-catalyzed reaction for
Sn concentrations of 0.01-0.03 wt% (I3,
14). However, when the amount of tin in the
CuZnSnSi mass was increased to 0.2 wt%
(CuZnSnSi*), the reaction rate remained
high, but the selectivity for DMDC de-
creased. While this appears to be inconsis-
tent with the literature, the Sn concentration
in our sample was 10 times greater (13, 14).
Indeed, increasing the Sn content in the
CuZnSnSi* sample to 0.2 wt% shifted the
apparent activation energy and product dis-
tribution to values more typical of CuSnSi*.
The results in the CuZnSnSi system may be
explained by the proposed roles and relative
concentrations of zinc and tin. That is, (1)
zinc increases the adsorption of methyl
chloride and accelerates the formation of
Si—-CH; bonds in methylchlorosilane prod-
ucts and (2) tin increases the surface transfer
of Cl and accelerates the reformation of the
active SiCl, sites. Therefore, at low tin con-
centration DMDC was the dominant prod-
uct, while at higher tin concentrations ex-
cess Si—Cl are formed, and the selectivity
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for DMDC is decreased while that for MTCS
1s increased.

CONCLUSIONS

Addition of Zn as a promoter to Cu (CuZn
Si) did not change the overall reaction rate
but increased the selectivity for more meth-
ylated silanes. Tin promotion increased the
selectivity for more chlorinated silanes,
while having little affect on the overall reac-
tion rate. Copromotion with zinc and tin
increased the overall reaction rate; how-
ever, the selectivity for dimethyldichlorosi-
lane was dependent on the concentration of
tin. A trace amount of tin (ca. 0.005-0.01
wt%) produced the highest selectivity for
DMDC; however, increasing the amount of
tin to 0.2 wt% decreased the selectivity. The
results of this study suggest that the mecha-
nism for the chlorination and methylation
steps in silane production are significantly
different. Specifically, methylation is pro-
posed to occur directly by dissociative ad-
sorption of MeCl with the methyl group at-
taching to Si. Formation of Si-Cl bonds is
proposed to occur by surface transfer from
adjacent chlorine-containing sites. We pro-
pose that the primary role of zinc is to direct
the dissociative adsorption of MeCl such
that the methyl group is attached to the Si
and the Cl group is attached to the Zn.
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