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The industrially relevant Direct Synthesis involves the reaction of methyl chloride with silicon in the
presence of a copper catalyst (promoted with Zn, Sn, and P), termed the contact mass, to form methyl-
chlorosilanes. In situ attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) cou-
pled with flow reactor studies was used to help understand the relationship between the composition of
the working catalytic surface and product selectivity during reaction (1 bar CH3Cl at 300 �C). Promotion of
copper–silicon contact masses with Sn and Zn increased the selectivity of the reaction for dimethyldi-
chlorosilane compared to P-promoted and copper–silicon (unpromoted) contact masses. Results showed
that the rate of Si conversion associated with the Sn-promoted contact mass was higher than the Si con-
version rate associated with the Zn and unpromoted contact masses. ATR-FTIR results suggested that Sn
promotion led to a stabilization and relatively high concentration of surface methyl species. In contrast to
Sn or Zn promotion, P promotion led to significant methyl fragmentation on the contact mass surface,
consistent with its relatively low selectivity toward dimethyldichlorosilane.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction that has resulted from prior studies [2–5]. While the mechanistic
The Direct Synthesis (DS) of methylchlorosilanes from the reac-
tion of methyl chloride (MeCl), CH3Cl, with silicon, also known as
the Rochow Synthesis, was developed by Eugene Rochow for the
efficient production of methylchlorosilane monomers for the sili-
cone industry [1]. The most desirable of these monomers to date
has been dimethyldichlorosilane (DMDCS), but it is possible that
future applications may require different monomeric precursors.
The contact mass associated with the DS is comprised of silicon
with 1–10% (by weight) copper that constitutes the catalytic com-
ponent. The unpromoted contact mass, however, is relatively unse-
lective for the synthesis of DMDCS until parts-per-million amounts
of promoters, such as Sn, Zn, and P are added to the unpromoted
contact mass. These additives are termed promoters, since they in-
crease the reactivity and selectivity of the unpromoted contact
mass toward the desired methylchlorosilanes. The DS reaction
can be represented by the following reaction:

MeClðgÞ þ SiðsÞ �����������������!
Cu catalyst; Promoters ð300 �CÞ

MexSiHyClzðgÞ

where xþ yþ z ¼ 4

Due to the importance of the DS, the mechanistic details that
contribute to product formation have been studied for decades.
Excellent reviews have summarized much of the understanding
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detail by which the promoters act is still lacking, there are general
statements that can be made concerning the effects of promoters,
such as Zn, Sn, and P, on the reactivity and selectivity of the unpro-
moted contact mass. Prior research, for example, has shown that a
copper–silicon contact mass promoted with only Zn leads to an in-
creased selectivity for DMDCS although it typically does not have a
significant effect on the rate [6,7]. In contrast, contact masses pro-
moted with only Sn exhibit an enhanced rate compared to Zn and a
higher selectivity toward DMDCS. It has been postulated in prior
studies that zinc increases silicon diffusion to sites above a three-
fold copper site [8]. Phosphorus (typically added as copper phos-
phide) was introduced as a promoter for the DS in 1990 by the
Dow Corning Corporation. The addition of copper phosphide to
the contact mass (with Zn and or Sn) increases the selectivity for
DMDCS [9]. It has been postulated that copper phosphide promotes
active phase formation. No published studies exist, however, which
have investigated the effect of phosphorus when it is the only pro-
moter present in a contact mass.

Prior studies that have investigated the action of promoters [3]
on the DS have utilized a range of experimental techniques that
have included temperature programmed desorption [10], scanning
electron microscopy [8,11], scanning Auger electron microscopy
[12,13], X-ray diffraction [12], and X-ray photoelectron spectros-
copy [12]. These previous studies have largely studied the influ-
ence of promoters on silicon diffusion processes and have not
generally addressed the effect of the promoters on the dissociative
chemisorption of MeCl and the resulting generation of methyl and
chlorine surface groups. Furthermore, these prior studies have
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largely consisted of ex situ studies that have investigated the com-
position of the DS contact mass after reaction. Hence, information
that is concerned with the composition of the surface mono-
layer associated with the working DS contact mass is not yet
available.

In contrast to prior studies, research presented in this contribu-
tion investigates the chemical structure of the working catalytic
surface in situ under real conditions. Attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR) was used to
investigate the structure of the working contact masses as a func-
tion of promoter and reaction time. This information on the struc-
ture of the surface monolayer was combined with studies of the
temporal behavior of the product selectivity as a function of pro-
moter. Relationships between the structure of the surface mono-
layer under working conditions and product selectivity were
developed that help to elucidate the promoter action. To the
best of our knowledge, this is the first study to investigate the
DS in situ with an emphasis on understanding the effect of
promoters on the surface concentration and reactions of surface
intermediates.

2. Materials and methods

Silicon, copper, tin, and zinc used to make the various contact
masses in this study were purchased from commercial suppliers.
Silicon (98.5%), zinc (P99%, powder), and tin (P99%) were ob-
tained from Aldrich and copper (in the form of CuCl, P99%) was
obtained from Sigma–Aldrich. CuP (99.999%) was obtained from
American Elements. The percentage weight compositions of the
Cu and promoters associated with the contact masses used in this
study were typical of those described in the literature [3,4] and
consisted of the following: (1) unpromoted, 10% Cu; (2) zinc pro-
moted, 10% Cu and 0.06% Zn; (3) phosphide promoted, 10% Cu
and 0.02% P (added as CuP); (4) tin promoted, 10% Cu and 0.004%
Sn. Each contact mass formulation was stored as a slurry in hexane.

Individual contact masses with and without promoter (�50 mg)
were added as a slurry on to a diamond ATR lens that was inte-
grated into an ATR-FTIR reaction cell (Specac Supercritical Golden-
Gate ATRTM and Thermo Electron Magna 560). This cell was in line
with a fixed bed stainless steel reactor that contained 1.5 g of the
same contact mass that was present in the ATR reaction cell. The
ATR-FTIR cell and reactor were individually resistively heated to
300 �C. The cell and reactor were set up in series using Teflon (Du-
PontTM) tubing. A schematic of the experimental setup is shown in
Fig. 1. Control experiments were performed to verify that the small
amount of product that presumably formed in the gas stream from
the 50 mg of contact mass in the ATR reactor had no observable
Fig. 1. A schematic of the experimental setup used in this study. MeCl was first
flowed over 25 mg of contact mass on a diamond ATR element. The MeCl reactant
was then passed through a flow reactor containing 1.5 g of contact mass. The
production of methylchlorosilanes was determined by passing samples of the
effluent through a gas chromatograph.
influence on the product distribution, silicon conversion, and MeCl
conversion derived from the effluent of the fixed reactor bed. A
sampling valve (Valco) was present at the exit of the flow reactor
and aliquots of the effluent were bypassed into a gas chromato-
graph (GC) at specified times for product analysis. The GC (HP
5890) was equipped with a 15 m silica column and a thermal con-
ductivity detector. The sensitivity of the thermal conductivity
detector for the different products analyzed in this contribution
was determined by passing known amounts of pure samples
through the GC and measuring the detector response.

A typical experimental run consisted of flowing argon (99.997%,
Air Products) at a rate of 0.1 standard cubic feet/h continuously
over the contact mass mixture until both the reactor and cell were
at 300 �C. A moisture trap (Vici Moisture Trap, model T100-2) was
placed inline to minimize contaminant in the gas stream. No oxy-
gen scrubber was used in this setup. The Ar was kept flowing for an
additional period of 1 h at 300 �C. SiCl4 product was detected after
the contact mass reached 300 �C, but this product decreased in
yield over time and by 2–3 h it was no longer detectable. We sus-
pect that this product was the result of chlorine release during the
alloying process between the Si and Cu (initially present as CuCl).
At this point an infrared spectrum was obtained and then the Ar
was replaced by MeCl (99.99%, Matheson Tri Gas). The infrared
spectrum taken in the Ar flow served as the reference for subse-
quent data taken in the presence of MeCl. GC analysis of the efflu-
ent from the reactor and infrared data were acquired every 15 min
during the DS reaction. Experimental runs reported in this contri-
bution lasted for times up to 6 h.

MeCl conversions (in %) quoted in this contribution were calcu-
lated on the basis of Eq. (1) while selectivity and �Dmass/h (re-
ferred to as Si conversion) quantities were calculated on the
basis of Eqs. (2) and (3), respectively. GC peak areas were deter-
mined using Peak Simple software (SRI Instruments):

MeCl conversion ð%Þ ¼ moles silane
moles MeClþmoles silane

� 100 ð1Þ

Selectivity ð%Þ ¼ moles silaneP
moles silane products

� 100 ð2Þ

� Dmass ð%Þ=h ¼ final moles Si� initial moles Si
initial moles Si� reaction time

� 100 ð3Þ
3. Results and discussion

3.1. Promoter effects on selectivity, MeCl conversion, and Si conversion

Fig. 2 displays the selectivity for DMDCS, dichloromethylsilane
(DCMS), and trichloromethylsilane (TCMS) as a function of expo-
sure time to MeCl at 300 �C for the unpromoted, P-promoted,
Zn-promoted, and Sn-promoted contact masses. Other products
observed included dimethylchlorosilane and trimethylchlorosilane
but the data for these products are not presented in this contribu-
tion. The contact mass with the highest selectivity toward DMDCS
(Fig. 2, top) contained Sn promoter (72%). The maximum selectivity
for this specific product associated with the Zn-promoted, P-pro-
moted, and unpromoted contact masses was 53%, 17%, and 31%,
respectively. Experimental runs were limited to 6 h.

While the selectivity of the P-promoted contact mass was
exceedingly low toward DMDCS, it exhibited the highest selectivity
(65%) of the four different contact masses toward DCMS (Fig. 2,
middle). Interestingly, the initial selectivity of the unpromoted cat-
alyst for this product was �0% after 0.5 h, but it rose to a value of
28% after 5 h. The other three contact masses showed less signifi-
cant changes in their selectivity toward this product over the 6 h
time period. Finally, Fig. 2 (bottom) displays TCMS selectivity for
the different contact masses. For this product, the unpromoted



Fig. 3. MeCl conversion is plotted as a function of time for unpromoted (�), P-
promoted (.), Zn-promoted (�), and Sn-promoted (M) contact masses. The
unpromoted contact mass demonstrates very low MeCl conversion throughout
the run. The P-promoted contact mass has high MeCl conversion earlier in the run,
but decreases after two hours. The Zn-promoted contact mass shows a longer
induction period than the other promoted contact masses, requiring 3 h to reach
maximum MeCl conversion. The Sn-promoted contact mass shows greater MeCl
conversion than the other contact masses.

Fig. 4. The relative percentage change in mass per hour is shown for the
unpromoted, Zn-promoted, P-promoted, and Sn-promoted contact masses. Note
that since overall mass is lost due to product formation during a run, the Dmass is a
negative value. We assume that this weight loss to largely due to the conversion of
Si to gaseous product and hence associate �Dmass/h with the Si conversion rate.

Fig. 2. The selectivities for DMDCS [Cl2Si(CH3)2] (top), DCMS [Cl2SiHCH3] (middle),
and TCMS [Cl3SiCH3] (bottom) are plotted as a function of time for the unpromoted
(d), P-promoted (.), Sn-promoted (M), and Zn-promoted (�) contact masses.
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contact mass showed the highest selectivity, while the P- and Sn-
promoted contact masses exhibited the lowest selectivities (�13%).

Fig. 3 displays MeCl conversion as a function of reaction time for
the different contact masses. Initially, the Sn- and P-promoted cat-
alysts each showed a MeCl conversion of �5%. However, the Sn-
promoted system exhibited a significant increase in MeCl conver-
sion as the DS reaction proceeded over the 5 h reaction time. At
5 h, the Sn-promoted catalyst reached a MeCl conversion of 30%,
which was a factor of 7 higher than any of the other catalyst for-
mulations. Both the P-promoted and Zn-promoted formulations
exhibited MeCl conversions that never rose above 5% within the
first 2 h. After this time, both of these systems exhibited a small
drop in the amount of MeCl conversion; albeit the decrease was
only 2–3%. The unpromoted catalyst showed the poorest MeCl con-
version, never exceeding 2–3%.

Fig. 4 exhibits the �Dmass/h that is based on the weight differ-
ence of the different contact masses before and after a 6 h exposure
to MeCl. It is assumed that this measure is primarily due to the rate
of Si conversion to gaseous product, but the addition of carbon and
chlorine species that are inactive on the surface likely has an effect
on the mass change of the contact mass. Examination of these data
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shows that the rate of Si conversion (i.e., �Dmass/h) is 50% higher
for the Sn-promoted sample than for the P-promoted sample. The
MeCl conversion data, however, presented above show a value
about 7 times higher for the Sn-promoted sample. We suspect that
Cl deposition of the Sn-promoted contact mass is leading to a smal-
ler difference in weight of the contact mass before and after MeCl
exposure. We do not believe CH3 groups (or fragments thereof) are
responsible for the slight mass discrepancy in this case, since infra-
red data shown next suggest that coking or CH3 fragmentation on
the Sn-promoted contact mass is not occurring to a significant ex-
tent. However, even if the data in Fig. 4 are treated on a qualitative
level, the observation that the Si conversion rate increases in the
order of unpromoted < Zn-promoted < P-promoted < Sn-promoted
agrees well with prior research [5].

It is useful to further compare our reaction results to those of
prior studies of the action of promoters on the DS. The majority
of prior research has been focused on the synergistic effects of mul-
tiply promoted contact masses [14]. Less research has investigated
the reactivity and selectivity of singly promoted catalysts [11,15].
Prior research by Ward et al. showed that a Zn-promoted contact
mass exhibited a higher TCMS/DMDCS ratio than a Sn-promoted
contact mass (0.09 vs 0.12) [16]. The rate of product formation in
the Sn-circumstance was over a factor of 2 greater than the Zn-pro-
moted contact mass. Another prior study conducted by Rethwisch
et al. showed a TCMS/DMDCS ratio of 0.34 for the Zn-promoted
contact mass and a ratio of 0.58 for the Sn-promoted active mass
[6]. On a qualitative level our results agree with these prior results.
We find that Sn promotion results in the highest selectivity toward
DMDCS, but it is only marginally higher than the selectivity exhib-
ited for the Zn-promoted catalyst. Furthermore, we find that Sn
Fig. 5. ATR-FTIR of the CH stretching region for the (clockwise from top left) unpromote
function of reaction time at 1 bar MeCl at 300 �C. All the spectra were obtained in situ.
promotion results in the highest MeCl and Si conversion rate. These
experimental observations are consistent with the prior studies
that show that Sn promotion increased the rate of methylchloros-
ilane production exceeding that of Zn promotion. We now present
in situ infrared studies that help to develop a microscopic under-
standing of the origin of the different promoter actions.

3.2. In situ identification of surface intermediates on the DS contact
masses

Fig. 5 displays in situ ATR-FTIR data associated with the CH
stretching region that was obtained after the unpromoted, P-pro-
moted, Zn-promoted, and Sn-promoted contact masses were ex-
posed to argon for 3 h and then to MeCl for 0.5, 2, and 4 h at a
temperature of 300 �C. Table 1 summarizes our mode assignments
associated with the various surface species observed on the cop-
per–silicon contact masses. All the spectra associated with MeCl
exposure exhibit modes that are attributed to the C–H stretches
of adsorbed CH3 and fragment(s) of this group (i.e., CHx=1,2). No evi-
dence of gaseous MeCl modes was observed in any of the ATR-FTIR
spectra.

We mention that all the plots include a spectrum labeled
‘‘under argon.” This spectrum is representative of the respective
contact mass after being exposed to a flow of Ar-gas for 3 h at
300 �C, prior to the introduction of MeCl. All these control spectra
show minimal absorbance in the C–H region, emphasizing that
absorbances that build up in this spectral region are due to the dis-
sociative adsorption of MeCl on the contact mass surfaces.

Infrared modes that we attribute to adsorbed CH3 are in good
agreement with prior research that has investigated the thermal
d (a), P-promoted (b), Sn-promoted (c), and Zn-promoted (d) contact masses as a



Table 1
Summary of assignments based on ATR-FTIR data (all data in cm�1).

Surface species Cu/Si Zn/Cu/Si P/Cu/Si Sn/Cu/Si

mas(CH3) 3000 2995 2977 2988
ms(CH3) 2954 2950 2939 2940
mas(CH2) – – 2880 –
mas(Si–O–Si) 1193 1195 1190 1201
ms(Si–O–Si) 1051 1040 1030 1047
q(CH3) 1276 1276 1276 1276
d(CH3)a �1205 �1205 �1205 �1205
mas(Si–O) 1120 1139 1122 1145
m(C–O)b – – – 1100
s(CH2) – – 1010 –
ms(Si–O) 1004 990 980 990
d(O3Si–H) �900 �900 �900 �900
m(Si–O)b – – – 925
d(Si–H) �820 �820 �820 �820

a Obscured by mas(Si–O–Si) and is not labeled in figures.
b Resulting from methoxy absorbances.
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chemistry of CH3 on pure single crystalline silicon surfaces. Kong
et al. investigated the thermal chemistry of CH3 groups on
Si(111) using infrared spectroscopy and assigned the asymmetric
and symmetric methyl stretches to 2955 cm�1 and 2890 cm�1

absorption features, respectively [17]. In an earlier work, Colaianni
et al. assigned the C–H stretches of CH3 on silicon to absorbances at
2990 cm�1 and 2930 cm�1 [18]. Upon heating to 575 K they in-
duced the fragmentation of the CH3 group to an sp3-hybridized
CH2 mode and assigned modes for this species at 2920 cm�1, which
is slightly higher than our assignment at 2880 cm�1 (most appar-
ent on the P-promoted contact mass). The presence of promoter
and/or copper on the surface of the contact mass provides likely
explanations for the differences in C–H positions between this re-
search and prior studies.

It is useful to bring forward some general observations that can
be made concerning differences in the mode positions and relative
mode intensities between the different contact mass formulations.
After equivalent exposure times to MeCl at 300 �C, mode intensi-
ties attributable to CH3 are higher by a factor of 10 (notice the
absorbance scales) on the Sn-promoted and P-promoted contact
masses than on the unpromoted and Zn-promoted contact masses.
Associated with the P-promoted system, however, is an increase in
mode intensity attributable to CH2 that is greater than any other
contact mass formulation.
Fig. 6. Integrated peak areas for the asymmetric C–H stretching mode of CH3 on the
Sn- and P-promoted contact masses as a function of reaction time. The C–H
stretching region associated with the Zn and unpromoted contact masses was too
low to do a similar analysis.
Fig. 6 displays integrated peak areas of the mas(CH3) mode for
the Sn- and P-promoted contact masses over 5 h of reaction time.
Note that integrated peak areas as a function of reaction time
shown in Fig. 6 were derived from additional infrared data we ob-
tained over what is displayed in Fig. 5. Our analysis was restricted
to the Sn- and P-promoted surfaces due to the increased mas(CH3)
stretching intensity that allowed for more accurate peak fitting.
Analyses of these data show that both surfaces exhibit a significant
increase in CH3 concentration over 5 h of reaction. After 2 h of reac-
tion the surface CH3 concentration associated with the P-promoted
surface exceeds that of the Sn-promoted surface by a factor of �2.
While the P-promoted surface exhibits a relatively high CH3 sur-
face concentration, it does not exhibit a high MeCl conversion com-
pared to the Sn-promoted contact mass. We infer from these
experimental observations that the surface concentration of CH3

alone is not a particularly good indicator of contact mass selectivity
or reactivity. The low MeCl conversion associated with the P-pro-
moted contact mass suggests that the CH3 and surface hydrogen
(from CHx=1,2) that build up on this surface are not being converted
to methylchlorosilane product as efficiently as on the Sn-promoted
contact mass. In the Sn-promoted case, the MeCl conversion is as
much as 7 times greater than that of the P-promoted surface. Based
on this comparison, we speculate that the lower steady state CH3

concentration on the Sn-promoted surface results from a more
substantial fraction of the CH3 resulting from MeCl dissociative
chemisorption being converted to methylchlorosilane product
than on the P-promoted surface. The increased fragmentation of
the CH3 group on the P-promoted surface is consistent with its
selectivity toward DCMS, but this fragmentation may also be
resulting in species (C, CHx=1,2 and/or surface hydrogen) that bind
to and block active Si sites that ultimately lead to the lower MeCl
conversion. The slight decrease in MeCl conversion associated with
the P-promoted surface (see Fig. 3) after 2–3 h of reaction may re-
sult from this coking of the surface.

The reason for the increase in MeCl conversion with time asso-
ciated with the Sn-promoted surface is uncertain, but the result
does suggest that the Sn-promoted contact mass is undergoing
structural and/or compositional changes at the reacting surface
during the DS reaction which are increasing its ability to form
methylchlorosilane product. The Sn-promoted surface shows little
evidence for the presence of C–H species that can be associated
with CH3 fragmentation, suggesting that this contact mass does
not suffer from the coking and blocking of active sites that presum-
ably is associated with the P-promoted surface. Hence, Sn promo-
tion stabilizes the CH3 group on the working surface.

Fig. 7 displays the 800–1300 cm�1 spectral range for the differ-
ent contact masses for the same time sequence shown in Fig. 5 dur-
ing their exposure to MeCl at 300 �C. Interestingly, the spectra are
dominated by absorbances that we attribute to silicon–oxygen
vibrations. Specifically, modes at 1190–1201 cm�1 and 1030–
1051 cm�1 as well as modes at 1120–1145 cm�1 and 980–
1004 cm�1 are assigned to silicon oxides and/or Si–O–Si suboxide
networks. It is emphasized that these mode assignments are in
excellent agreement with the extensive prior research that has
investigated the oxidation of silicon surfaces [19].

We are not entirely certain why at least some oxide modes ap-
pear to increase in intensity with MeCl exposure time. We have
carried out control experiments that exposed pure Si powder (no
Cu or promoter) to Ar for 1 h and then to MeCl for 6 h. In this cir-
cumstance we see no change in the intensity of the silicon oxide
modes associated with the silicon by infrared spectroscopy. Hence,
we argue based on these experimental observations that the alloy-
ing reaction of Cu with Si at 300 �C is at the root of this phenome-
non [20]. It seems likely that residual oxygen contamination in the
gas stream oxidizes Si (in a copper silicide) during the reaction. It
must be noted that copper silicide oxidizes extremely rapidly rel-



Fig. 7. The 800–1300 cm�1 spectral region for the (clockwise from top left) unpromoted (a), P-promoted (b), Sn-promoted (c), and Zn-promoted (d) contact masses after 0.5, 2,
and 4 h of reaction time under MeCl at 300 �C. Mode assignments are listed in Table 1.
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ative to silicon [21]. Interestingly, no prior in situ studies have
probed the composition of the DS contact mass during the reaction.
Hence, whether some oxidation of Si in the active Cu silicide com-
ponent occurred in prior research or even in the working industrial
catalyst cannot be addressed. We emphasize, however, that our
reactor results are in good agreement with those of prior studies,
and this brings up the possibility that oxygen impurities may play
a role in altering the active site concentration (Si in the copper sil-
icide) on the working DS catalyst.

Modes not associated with silicon oxides also appear in the
800–1300 cm�1 spectral region. One in particular that we attribute
to a Si–H deformation mode, d(Si–H), appears at 820 cm�1. We be-
lieve a revealing aspect of these spectra is the increased absor-
bance due to Si–H in the case of the P-promoted contact mass
and the absence of this absorbance in the Sn-promoted circum-
stance. This experimental observation is consistent with the P-pro-
moted contact mass having a relatively high proportion of its C–H
stretching intensity due to CHx=1,2. Also, the absence of Si–H modes
in the spectrum associated with the Sn-promoted mass is consis-
tent with the lack of any significant CHx=1,2 contribution to the
C–H stretching region and is again consistent with the ability of
Sn to stabilize CH3 groups and prevent CH3 decomposition on the
contact mass surface.

Perhaps one of the more definitive peak assignments that can
be made in the 800–1300 cm�1 spectral range is the q(CH3) mode
at 1276 cm�1 that is due to CH3 groups adsorbed on silicon [17,22].
We feel it is of note that the intensity of this peak does not vary
dramatically between the different contact masses even though
the Sn- and P-promoted contact masses exhibit C–H stretching
spectral features at 2988 cm�1 and 2977 cm�1, respectively, that
are a factor of 10 greater than the unpromoted and Zn-promoted
contact masses. At least a fraction of the C–H stretching intensity
associated with the Sn-promoted contact mass could be due to
the presence of surface methoxy (i.e., Si–OCH3) group. This conten-
tion is bolstered by the appearance of a 1100-cm�1 mode that can
be assigned to the m(C–O) mode of methoxy in agreement with
prior research of methoxy groups on Si single crystals [19]. The
q(CH3) mode of methoxy typically appears near 1200 cm�1 [19],
and this mode is presumably obscured by the relatively intense sil-
icon oxide modes in this same region. A similar argument, how-
ever, cannot be made for the P-promoted contact mass (lacks an
absorption feature at 1100 cm�1), suggesting that the presence of
methoxy cannot fully explain the lack of correspondence between
the intensity of the m(CH3) and q(CH3) modes. It may be that the
CH3 coverage influences the m(CH3):q(CH3) ratio, but exploring this
possibility will need to be addressed in further study.

While the presence of methoxy groups appears on the Sn-pro-
moted contact mass surface, we cannot presume that these CH3

groups leave the surface as methylchlorosilane product. We do
suspect that this spillover of CH3 groups to the silicon oxide is a re-
sult of the ability of the Sn-promoted contact mass to facilitate
MeCl dissociative adsorption. The P-promoted contact mass also
exhibits a mode near 900 cm�1, which, based on prior research,
is assigned to the d(O3Si–H) mode associated with hydrogen ad-
sorbed on Si bound in a suboxide [19]. The presence of this mode
is again consistent with the ability of the P-promoted contact mass
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to dissociate surface CH3. The P-promoted contact mass also exhib-
its a mode at 1010 cm�1 that can be attributed to a twisting mode
of adsorbed CH2, consistent with CH3 fragmentation.

Interestingly, the Sn-promoted contact mass exhibits reduced
spectral weight near 1060–1080 cm�1, when compared to the
unpromoted, P-promoted, and Zn-promoted contact masses at all
the reaction times investigated with ATR-FTIR. Consistent with
our contention above, we believe that the Si constituent of the
Cu–Si alloy which forms in the contact mass undergoes a slow oxi-
dation process with residual oxygen in the gaseous stream. We
suggest that the presence of Sn inhibits Si oxide formation during
or after the copper–silicon alloying reaction. This effect may be at
least partly responsible for our experimental observation that the
presence of Sn leads to a higher MeCl and Si conversion than the
other contact masses.

While one of the promoter effects of Sn may be to stabilize the
active copper silicide active site, another promoter action is to sta-
bilize surface CH3 and to prevent its dissociation to CHx=1,2 species.
Prior ultra-high vacuum-based research that investigated the effect
of Sn on a single crystalline Si/Cu(100) surface supports this pro-
moter effect of Sn [23]. In this prior study, the thermal chemistry
of CH3 on Si/Cu(100) led to the formation of trimethylsilane, but
when Sn was present on the surface, tetramethylsilane was ob-
served to desorb from the surface. This prior result again suggests
that Sn inhibits the decomposition of surface CH3 consistent with
the Sn-promoted contact mass showing higher selectivity toward
DMDCS. This effect of Sn directly contrasts the promoter action
exhibited by P in this study. In the P circumstance, the conversion
rate of Si is relatively high, but a significant amount of CH3 disso-
ciation is observed to occur on this surface which is likely respon-
sible for its decreased selectivity for DMDCS and increased
selectivity for the less methylated product DCMS.
3.3. General comments and some outstanding issues

Finally, we offer some general comments about Sn and Zn pro-
motion based on our experimental results. First, while the selectiv-
ity toward DMDCS is slightly higher in the case of Sn promotion,
the amount of product based on the MeCl and Si conversion data
is at least a factor of 2 higher than when Zn is present. Second,
our results are consistent with Sn carrying a higher CH3 surface
concentration than the Zn-promoted surface. The difference in
CH3 concentration between the two surfaces may be due to a high-
er rate of MeCl dissociative chemisorption on the Sn-promoted
surface, relative to a Zn-promoted surface. Prior research has sug-
gested that because of the low melting point of Sn (232 �C), this
promoter may increase the DS rate at 300 �C by fluidizing the sur-
face through a Sn-induced decrease in the surface [5]. It may be
that the ability of Sn to spread on the working surface enables this
element to exhibit its promoter effect over a significant portion of
the active surface area of the contact mass. Based on our results
these promoter effects likely include the stabilization of surface
CH3 and the prevention of the oxidative destruction of Si at active
sites via its reaction with residual oxygen. Based on our experi-
mental observations, the promoter action of Zn is different from
that of Sn. In contrast to Sn-promoted contact mass, the Zn-pro-
moted contact mass exhibits a surface CH3 concentration during
reaction that is closest to the unpromoted surface. The selectivity
of the Zn-promoted surface toward DMDCS production and Si con-
version rate, however, is significantly higher than the unpromoted
contact mass even though the surface CH3 concentration on both
surfaces is similar. It may be that the promoter effect of Zn rests
in its ability to increase the rate of active site formation (rather
than affecting MeCl dissociative chemisorption), which has been
suggested by prior research [8]. Such a possibility is presently
being investigated in our laboratory by studying multiply pro-
moted contact masses.

While we believe that the results of this study have given some
insight into the effects of individual promoters on the DS, they
have also brought up at least two issues that deserve further inves-
tigation. First, both the CH3Cl conversion and CH3 surface popula-
tion increase over 6 h of the DS reaction under the experimental
conditions used in the current study. Studies designed to investi-
gate the changes on the contact mass during this period and to
determine the point at which the CH3 conversion achieves a con-
stant value warrant attention in future studies. Second, the origin
and effect of oxygen on the promoted DS contact masses also de-
serve further study. Our study suggests that Sn has an effect on
Si–O bonds on the DS contact mass, but a more focused study on
determining the effect of oxygen on the product selectivity also
would appear to be a valid course of action in understanding the
DS reaction.

4. Summary

The DS has been investigated on Zn-promoted, Sn-promoted, P-
promoted, and unpromoted copper–silicon contact masses at 1 bar
MeCl at 300 �C. The Sn-promoted contact mass exhibits the highest
reactivity as measured by its Si conversion rate and selectivity to-
ward DMDCS. In situ ATR-FTIR shows that this catalyst has a rela-
tively high surface concentration of CH3, but it is lower than that
associated with the P-promoted catalyst. P-promotion increases
the rate of Si conversion relative to both the Zn-promoted and
unpromoted contact masses, but this promoter leads to the disso-
ciation of surface CH3 that goes on to form CHx=1,2 surface species.
Also, this contact mass formulation is most selective toward DCMS.
At least a fraction of the methyl that is observable with ATR-FTIR
on the Sn-promoted contact mass is thought to be due to methoxy
groups that form on residual oxide associated with the Si compo-
nent. The steady state concentration of CH3 on the Zn-promoted
catalyst was significantly less than either the Sn- or P-promoted
contact masses, and was similar to the unpromoted sample. How-
ever, the Zn-promoted contact mass showed a high selectivity to-
ward DMDCS.
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