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The activities of the single phase alloys a (Ge in Cu), { (CusGe), and e (CusGe)
in the reaction with methyl chloride to form methylchlorogermanes were measured
at 426.7°C. The alloys displayed essentially the same reactivity when compared on
the basis of the same number of germanium atoms exposed to methyl chloride.
Selectivity for (CHs):GeCl. approached 100% at 0% conversion of germanium, thus
supporting the ionic mechanism of Voorhoeve. The extent of cracking of methyl
chloride could be correlated with the fraction of the surface estimated to consist
of copper atoms not involved in the synthesis of methylehlorogermanes. Removal
of copper from thin surface layers, probably as CuCl, was confirmed by X-ray
analysis in the case of the a phase. Mechanical mixtures of alloys and free ger-
manium showed greatly enbanced reactivities which could be explained only by
the creation of additional reaction sites on the surfaces of the free germanium

particles.

INTRODUCTION

The preparation of methylchloroger-
manes by direct synthesis from germanium
and methyl chloride in the presence of a
copper catalyst was first reported by
Rochow (1) in 1947. Since then, details of
the reaction have been investigated by a
number of workers (2-6) using mechanical
mixtures of powdered germanium and pow-
dered copper. In these studies the ratio of
germanium to copper by weight ranged
from 2.5:1 to 4:1. Rochow (7) prepared
an alloy of copper and germanium by
pressing a mixture of germanium and cop-
per powders (ratio 85:21) into a disk and
firing in hydrogen at 705°C. The particular
intermetallic phases so found were not
reported. Belij et al. (8) reported the direct
synthesis of dimethyldichlorogermane from
methyl chloride and copper-germanium
alloys, but did not identify the alloy phases
present.

From the phase diagram of the copper—
germanium system (Fig. 1) it is seen that
the overall compositions of the contact mix-
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tures used in the above studies fall in the
two-phase ¢ + Ge region. Copper and ger-
manium form two Hume-Rothery “electron
compounds”’—CusGe (¢ phase) and Cu,Ge
(e phase). The properties of these phases
are listed in Table 1. In a series of investi-
gations (9-13) Voorhoeve and Vlugter
established that for the copper catalyzed
reaction between methyl chloride and sili-
con, copper and silicon must be present as
an intermetallic compound for copper to

TABLE 1
INTERMETALLIC PHASES IN Cu-Ge SysTEM
Electron- Crystal
Phase atom ratio structure
a (solid solution of Face-centered cubic
Ge in Cu)
¢ (CusGe) 1.5 Hexagonal close-
packed
e (CusGe) 1.75  Orthorhombically

distorted hexag-
onal close-packed
{ordered)
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Fia. 1. Equilibrium diagram of the system cop-
per-germanium (from ‘“Constitution of Binary
Alloys” by Hansen. Copyright 1958. Used with
permission of McGraw-Hill Book Company).

function as a catalyst. Both the 5 phase
(CuySi) and the e phase (CuysSi,) were
prepared, and were shown to have high
initial  reactivity and selectivity for
{CH,).SiCl,. The object of the work re-
ported here was to compare the activities
of the single phase (e, ¢, and ¢) copper—
germanium alloys for the direct synthesis
of dimethyldichlorogermane, and thus to

gain additional insight into the mechanism
of the reaction.

EXPERIMENTAL METHODS

Materials and Apparatus

Appropriate weights of copper (99.999
+ % purity, American Smelting and Re-
fining Co.) and germanium (resistivity 40
ohm-cm, Eagle Picher Industries) were
melted together under an argon atmosphere
in a nonconsumable electrode arc melter.
The ingots were turned over and remelted
several times to promote homogenization.
Since rapid cooling in the melter caused
inhomogeneous crystallization, the ingots
were next sealed under vacuum in quartz
tubes and homogenized in a furnace. The
« and ¢ phase ingots were homogenized at
700°C for 4 days, while the ¢ phase alloy
was homogenized at 525°C for 3 wk. After
slow cooling to room temperature, samples

of the alloys were removed by filing and
were subjected to chemical analysis and

X-ray analysis. The samples taken for
X-ray analysis were annealed under
vacuum at 490°C for 3 hr to relieve strains
due to filing. A Debye-Scherer camera and
CuKe radiation with a Ni filter were used
for X-ray analysis of the « and ¢ phase
alloys. Cobalt K« radiation and an Fe filter
were used for determining the erystal
structures of the e phase alloys. The results
of these analyses are given in Table 2. A
portion of the filings were sereencd, and
alloy particles between 45 and 100 mesh
were taken for testing in the reactor. The

TABLE 2
ANALYSIS OF ALLOYS

Lattice parameters (&)

Found experimentally Literature values Surface
Atomy 9, — - — aren
Phase Ge a b ¢ a b ¢ (em2igh
o 8.8 3.643 3. 6438« 241
¢ 15.6 2596 4.224 2. 5956 4.225b 460
€ 25.0 2.636 4.571 4,202 2. 645k 4.5532b 4.2025b %00

¢« Hume-Rothery, W., Lewin, G. F., and Reynolds, P. W., Proc. Roy. Soc. Ser. A 157, 167 (1965).
¢ Schubert, K., and Brandauer, G., Z. Metallk. 43, 262 (1953).
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surface areas of particles in this size range
were measured by the BET method using
krypton as the adsorbed gas. Results of
these surface area determinations are re-
ported in Table 2.

The methyl chloride used in this study
(99.5+ % purity, Matheson) was passed
through a drying agent (magnesium per-
chlorate) before being introduced into the
reactor. Analysis of the methyl chloride
by gas chromatography revealed trace
amounts of methane, ethane, and nitrogen.

The microreactor and associated equip-
ment (Fig. 2) were constructed according
to the design of Harrison, Hall, and Rase
(14). The reactor itself was a length of
0.25 in. o.d. stainless steel tubing immersed
in a fluidized sand bed whose temperature
could be controlled to within +0.2°C. The
temperature of the fluidized sand bed was
measured at three positions with calibrated
iron-constantan thermocouples.

Since the composition of the copper—
germanium alloys was continually chang-
ing due to germanium removal, analysis of
integral reactor data would be very diffi-
cult. It was decided to operate the reactor
as a differential reactor. Preliminary tests
showed that at 426.7°C the reaction was
relatively slow, and long contact times
were needed to obtain measurable conver-
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sion. Accordingly, reactor lengths of 3 to 4
in. and methyl chloride flow rates (at 760
mm Hg, 20°C) of 10 to 40 em?®/min were
selected. Under these conditions fractional
conversion of the methyl chloride ranged
from 0.1 to 14%. For the largest flow rate
the measured pressure drop through the
3 in. packed bed, with the feed stream at
atmospheric pressure, was 0.15 psi. The ex-
ternal transport factor calculated accord-
ing to the method of Huang and Sather
(15) was of the magnitude 1-10-°. Since
the analogous reaction with silicon-copper
alloys was reported to be quite exothermie
(10) a calculation was performed to check
the assumption of isothermal reactor opera-
tion. The one-dimensional steady-state
mass and heat balance equations were
solved on a digital computer assuming a
heat of reaction of —40.0 kecal/g-mole
methyl chloride reacted and an activation
energy of 250 kcal/g-mole. Using the
highest reaction rate found experimentally
the maximum temperature rise thus cal-
culated was 1.2°C.

Samples of the product gas stream were
removed by a sampling valve and sent to
a Perkin Elmer 154D gas chromatograph
for analysis. The analytical column was a
41 by 0.25 in. stainless steel tube contain-
ing silicon oil DC 500, diethyl phthalate,
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and Chromosorb WAW 60/80 mesh in the
ratio 20:60:100. The elution times of some
of the methylchlorogermanes were up to
60 min.

Procedure

To detect any catalytic effect of the re-
actor wall methyl chloride was passed
through the empty reactor at 426.7°C. A
small amount of hydrogen chloride and
trace quantitics of methane and ethane
appeared in the gas chromatogram of the
exit stream. At the lowest methyl chloride
flow rate the cumulative amount of prod-
ucts other than methyl chloride was only
0.5 mole % of the exit stream. Due to the

volume. The maximum diserepancy was
1.9%. The cracking of methyl chloride oc-
curred in parallel with the formation of
methylchlorogermanes as evidenced by the
change in color of the contact masses from
golden yellow or bluish white to gray to
black during the course of the reaction.

The alloys tested varied both in ger-
manium content and in surface area per
gram. The primary purpose of this study
was to investigate the ease of removal of
germanium atoms from the various single
phase alloys. The following definition of
reaction rate was taken as most meaning-
ful for a comparison of the intrinsic reac-
tivities of the different phases:

g-atom Ge reacted

Ty

relatively long time required to complete
a gas chromatographic analysis of the
product gases, an intermittent mode of
operation was used in testing the copper—
germanium alloys. Methyl chloride was
passed over the contact mass for 6 to 12
min. Then a sample of the exit gas stream
was taken for analysis and simultaneously
the methyl chloride feed was replaced by
a stream of pure nitrogen until the gas
chromatographic analysis was completed.
To investigate the possibility that the alloy
particles might be poisoned by impurities
in the nitrogen or undergo other changes
during the 60 min required for completion
of the analysig, duplicate runs were per-
formed on the e phase alloy using both
intermittent and continuous cxposure to
methyl chloride. Figure 7 shows that hoth
methods of operation yielded essentially
the same reaction rate versus germanium
conversion curve.

For each alloy multiple runs having dif-
ferent cumulative methyl chloride contact
times were performed. After each run the
contact mass wag removed from the reactor
and a sample taken for X-ray analysis. In
all runs the total moles of products found
by gas chromatography were compared
with the number of moles taken for anal-
vsis as caleulated from the sample loop

~ {em? alloy surface area) (atom frac. Ge in alloy before reaction) (min)

This definition is based on the assumption
that initially the copper—germanium ratio,
averaged over all surfaces of the poly-
crystalline particles, is roughly the same as
the ratio of copper:germanium in the bulk.

REsuLTs

To compare the reactivities of the alloys
on the basis outlined above, it was recog-
nized that the reaction rate—germanium
conversion curves would have to be extrap-
olated to 0% germanium conversion. Re-
action rate-germanium conversion curves
determined for the a, ¢, and ¢ phase alloys
(Figs. 3, 5, and 7) displayed lengthy in-
duction periods. The distribution of methyl
groups in the products (Figs. 4, 6, and 8)
showed that in the period of maximum re-
activity the selectivity for (CH,).GeCl.
approached the same limit (60-70%) for
all three alloys. At the beginning of the in-
duetion period and at the end of the falling-
rate period the rate of production of
methylehlorogermanes was low and erack-
ing products constituted a large percentage
of the reaction products. Since the indue-
tion period was probably due to an oxide
film on the germanium; attempts were made
to remove the oxide film after the alloy
particles were loaded into the reactor. Two
methods were tried. According to Rosen-
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NOTE: DIFFERENT SYMBOLS REPRESENT
a DIFFERENT SETS OF RUNS

MOLE _ Ce REACTED

GM
CM2 CAT. MIN FRAC. OF Ge IN ORIGINAL CAT.

& PHASE

e x 108

o L ! L : ”t s 1 L .

0 i 2 3 4 5 6 7 8 9 0 il

GERMANIUM  CONVERSION, %

Fia. 3. Reactivity of « phase alloy. X-Ray
analysis: (a) High angle lines of « phase shift slightly
in the direction of higher Ge content; ¢ phase lines
present. (b) « Phase lines remain unchanged; {
phase lines present. (¢ and d) High angle lines of
a phase shift slightly in the direction of higher Cu
content. No ¢ phase or free Cu lines.

berg, Robinson and Gatos (16) GeO. could

be removed at above 575°C by the reaction,
Ge + GeO, — 2GeO,

where GeO is a relatively volatile oxide.

The alloy particles in the reactor were
therefore heated in a stream of nitrogen to
a temperature of 575-600°C for 2 hr before
being allowed to react with methyl chlo-
ride. The second method of pretreatment
involved reduction with hydrogen at 590—
600°C for a period of 60-80 min. The ther-
mal pretreatment was sufficient to eliminate
the induction period only for the « phase
alloy. Figure 9 shows that the hydrogen
pretreatment successfully eliminated the
induction period for all three alloys.

The curves for the o and ¢ phase alloys,
when extrapolated to O% germanium con-
version, approach initial reaction rate
values in the range 14 X 10~ to 16 X 1078
The ¢ phase curve extrapolates to a value
in the range 5 X 10-% to 7 X 10%. The dif-
ferences between these values are of the
order of magnitude of the experimental and
extrapolation errors. No significant differ-
ences between the initial reactivities of the
three single phase alloys are apparent
when they are compared on the basis of the
reaction rate defined above.

A limited number of experiments were
performed using mechanical mixtures of
the powdered { or ¢ phases with powdered
germanium. These mixtures are similar to
the actual contact masses used industrially
in the direct synthesis of methylechloro-
silanes, and they were not pretreated to

100

(CH)pGeClp
(CH3)36eCl
CH,
CaMe

90 -

hose

DISTRIBUTION OF METHYL GROUPS IN PRODUCTS, %

GERMANIUM CONVERSION, %

F1a. 4. Product distribution from « phase alloy.
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Fic. 5. Reactivity of ¢ phase alloy. X-Ray analysis: (a) ¢ Phase lines remain unchanged. (b) ¢ Phase
lines shift slightly in the direction of higher Cu content; « phase lines are present. (¢) ¢ Phase lines largely

disappear; « phase lines are strong.

remove oxides. Using, as before, a reaction
rate based on the surface area and com-
position of the alloy particles in the mix-
ture, the addition of free germanium in-
creased the maximum reactivity by 50% in
the case of the ¢ + Ge mixtures, and by
400% 1in the case of the ¢ + Ge mixtures
(Fig. 10). Associated with these high re-
activities were high selectivities for
(CH,).GeCl, sustained over a long period
of time (Figs. 11 and 12).

Discussion oF REsuLTs

In studies of the reaction of methyl
chloride with copper-silicon alloys Kolster,
Vlugter, and Voorhoeve (9) attributed the
continual decline in reactivity of the alloy
to carbon deposited on the active sites by
the ecracking of methyl chloride. In this
work an investigation was made of the
contribution of surface depletion of ger-
manium to the falling-rate period. A
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Fic. 7. Reactivity of e phase alloy. X-ray anal-
ysis: (a) e Phase lines; no change. (b) ¢ Phase lines
diffuse. (¢) e¢ Phase lines shift in the direction of
higher Cu content; { phase lines are present. (d) ¢
Phase lines shift further in the direction of higher
Cu content; ¢ phase lines are more intense than
those in (¢). (e) ¢ Phase lines shift further in the
direction of higher Cu content; ¢ phase lines are
more intense than those in (d). (f) e Phase lines shift
further in the direction of higher Cu content; ¢ phase
lines are more intense than those in (e). Note:
According to stoichiometric calculations the bound-
ary between the ¢ phase and the ¢ + { phases should
oceur at 9.11%, conversion of Ge. The boundary
between the ¢ + ¢ phases and the ¢ phase should
occur at 26.49, conversion of Ge.

mathematical model of diffusion in a
sphere with a first order surface reaction
was constructed. The analogous reaction of
methyl chloride with silicon—copper alloys
is reported (17) to follow the rate equation,

_ kKAPCH;,Cl
(1 + (KaPcue)'?P,

at low conversions. This reduces to first
order with respect to methyl chloride if
K, <€ 1. A sphere of diameter 0.025 cm was
assumed, corresponding to the average size
of alloy particles taken for testing in the
reactor. The alloy particles were obtained

To
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by filing the cast and homogenized ingots
and then screening the filings. The diffusiv-
ity of germanium in the a phase alloys was
assumed to be the same as the diffusivity
of germanium in copper. Diffusivity data
for germanium in the ¢ and ¢ phases were
not available. Values had to be estimated
by analogy with the copper-antimony sys-
tem, which contains intermediate phases
having the same crystal structures as the
¢ and ¢ phases. Reaction rate constants
were calculated using the highest values of
the reaction rates obtained with the unpre-
treated alloys.

The results of these calculations are
shown in Fig. 13 as theoretical surface
germanium concentration versus cumula-
tive reaction time. Phases found in thin
surface layers® by X-ray analysis of the
used contact mixtures are indicated by
arrows, and are also listed in Table 3. The
theoretically predicted surface concentra-
tions do not seem in accord with the X-ray
determinations of the compositions of thin
surface layers. However, if the estimated
diffusion coefficient for germanium in the
¢ phase were 2.1 X 10 c¢m?/sec rather
than 5.3 X 10 em?/sec, the broken curve
would be calculated, which is in agreement
with the X-ray data. A diffusion coefficient
of 2.1 X 107*° em?/sec is not unreasonable.

TABLE 3
X-Ray Anavnysis oF Usep CATALYSTS

Cumulative Phases found

reaction in used

Initial phase time (min) catalyst

@ 18 a+¢

@ 28 a+¢
@ 46 a
¢ 18 ¢

¢ 28 {+ a
€ 9 €
€ 18 €

€ 39 e+ ¢

€ 49 e+ ¢

€ 62 e+ ¢

€ 95 e+ ¢

*By thin surface layers are meant surface
layers less than 20 wm in thickness.
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FiG. 8. Product distribution from e phase alloy.

The diffusion coefficients estimated for the
various single phase alloys at 426.7°C range
over four orders of magnitude. In addition,
the exact location of the theoretical curve
is determined by the parameter L' = «'a/D,
and the variation in radius a from the
smallest to the largest particles and the
uncertainty in the rate constant o could
also account for the diserepancy. Similarly,
in the case of the { phase alloys a change in
estimated diffusion coefficient from 5.2 X
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Fic. 9. Reactivities of hydrogen pretreated alloys.

107 to 6.0 X 102 em?®/sec would be suffi-
cient to bring the theoretical surface con-
centration curve into agreement with the
X-ray data for thin surface layers.

The « phase, however, presents a differ-
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Fig. 10. Reactivities of mixtures of single phase
alloys and germanium. X-ray analysis: (a) Strong
¢ phase lines and « phase lines; Ge lines are strong.
(b) ¢ phase lines remain strong; « phase lines are
strong; Germanium lines are strong. (c) e phase lines
disappear; ¢ phase lines and « phase lines are strong;
Germanium lines are present but weaker than the
« phase and ¢ phase lines. (d) ¢ phase lines are weak;
« phase lines are strong; Ge lines are present but
weaker than the o phase lines.
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DISTRIBUTION OF METHYL GROUPS IN PRODUCTS, %
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Fig. 11. Product distribution from mixture of ¢ phase alloy and germanium.

ent situation. Contrary to theoretical pre-
dictions, the X-ray data reveal the pres-
ence of both the « phase and the ¢ phase
after 18 and 28 min of reaction. To check
this result, the compositions of thin sur-
face layers of the o phase particles were
calculated from the position of the « phase
lines using published X-ray data on «
phase alloys of different compositions.
These results are shown as a broken line
in Fig. 13. They indicate either a concen-
tration of germanium or a depletion of
copper in thin surface layers of the « phase
particles during the initial 30 min of reac-
tion with methyl chloride. The following
explanation, in accord with the known

%

chemistry of the system, is offered. While
germanium is being removed by reaction
with methyl chloride, copper atoms on the
surface are also being removed by reaction
with methyl chloride to form the relatively
volatile CuCl (18):

Ge + QCHacl hd (CHa)gGeclg,
Cu + CH;Cl — CuCl + CH,-

In the case of the « phase alloys, which
contain 91.2 atom % copper, the second
reaction predominates, and more copper
atoms than germanium atoms are removed
from the surface during the initial 20 min
of reaction. Gradually the copper atoms
are covered by products from the cracking
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Frc. 12. Product distribution from mixture of ¢ phase alloy and germanium.
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Fia. 13. Variation of surface concentration of
germanium with length of reaction period as pre-
dicted by theoretical model. Phases found experi-
mentally in thin surface layers are indicated by
arrows.

of methyl chloride. The first reaction then
predominates, and the germanium concen-
tration on the surface decreases as expected.

The above model of simultaneous surface
reaction and bulk diffusion is admittedly
greatly oversimplified. The possibility of
significant differences between surface com-
positions and bulk compositions just below
the surface are ignored. Nevertheless, the
model is useful in attempting to relate
measured rates of germanium removal,
estimated bulk diffusion coefficients, and
X-ray analyses of thin surface layers.

It is of interest to examine the various
mechanisms proposed for the direct syn-
thesis of methylehlorosilanes in light of the

29

results of this study. The two main con-
tenders are the free radical mechanism of
Hurd and Rochow (19) and the more re-
cent ionic mechanism of Klebansky and
Fikhtengolts (20, 21) as fully developed
by Voorhoeve (17). The latter mechanism,
applied to the copper—germanium system,
would require the assumption that atoms in
the alloy are polarized so that the copper
atoms carry a partial positive charge and
the germanium atoms a partial negative
charge. Then a dissociative chemisorption
of methyl chloride would occur with the
methyl group being attracted to the ger-
manium and the Cl to the copper:

S & st &
Ci—CH; CH,—ClI
8 8 & & &
—Ge—Cu—Ge—Cu—Ge—
RN /7 N\ / N\
M M M M M M
8 / -
Cl CH H
, 3 /C 3 (,:‘
—Ge—Cu Ge Cu—Ge—
7\ AN 7\
M M M M M M

Next, by analogy with the silicon case,
various internal transitions take place in-
volving the nucleophilic attack of adsorbed
Cl on the germanium substrate bonds. Ulti-
mately the Ge-M bonds are cleaved and
(CH,).,GeCl, is formed:

Cl\ e/Cl

/N e Co——
—7G\e—Cu H3C CH3 Cu /Gs
M M M M

First it is necessary to examine the basic
assumption of the ionic mechanism con-
cerning the polarity of the metal atoms.
Sanderson (22) assigns to germanium the
electronegativity value 2.31 and to copper
the value 1.64. Darken and Gurry (23)
from a study of the solubility data of many
elements 1n copper estimate a value of 1.5
for the eclectronegativity of copper. In
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FiG. 14. Variation of selectivity for (CH;),GeCl, with conversion of germanium.

either case, germanium is appreciably more
electronegative than copper.

The ionic mechanism of Voorhoeve pre-
dicts the formation of (CH,).GeCl: ex-
clusively. The selectivity of the hydrogen
pretreated alloys for (CHs).GeCl,, with
respect to all germanium-containing prod-
ucts, is plotted versus conversion of ger-
manium in Fig. 14. All curves extrapolate
to 100% selectivity for (CHs,).GeCl. at
0% conversion of germanium. Similar
curves are obtained for the thermally pre-
treated and unpretreated alloys. This in-
dicates that (CH;).GeCl; may be the only
germanium-containing product initially
formed, and that the other methylchloro-
germanes are formed only after the alloy
surface has been disrupted by removal of
germanium atoms. Similar results were
found by Kolster, Vlugter and Voorhoeve
(9) for the reaction of methyl chloride with
the n and e phase copper-silicon alloys.

Voorhoeve (17) considers the formation
of CH,SiCl; in the analogous reaction with
copper—silicon alloys as due to the rela-
tively rare “reverse orientation” adsorption
of methyl chloride:

GH3—Cl
—si—Cu -
N
M

LCH;—Cl
Cu—Si—
VRN
M M

N<TE
M

Once this adsorption occurs the attachment

of Cl to Si is relatively lasting, but the
Cu-CH, linkage is unstable, and the
methyl group easily leaves the surface. The

chlorine-rich product CH;SiCl; is thus
produced.
We propose that in the ecase of

(CH;) ;GeCl the adsorption occurs nor-
mally, but one of the Cl radicals is re-
moved as CuCl before the formation of
(CH;).GeCl, is completed. Intrusion of a
methyl group from an adjacent site or from
the cracking of CH,Cl then occurs and
(CH;) 3GeCl results.

According to the ionic mechanism of
Voorhoeve the direct synthesis of (CHs).-
GeCl, would involve a germanium atom
and two adjacent copper atoms. Thus, these
adjacent copper atoms would presumably
not be available for the eracking of methyl
chloride. There should be a correlation be-
tween the number of exposed copper atoms
not involved in the synthesis of methyl-
chlorogermanes and the amount of crack-
ing products (CH,, C,Hs) produced. As-
suming that bulk and average surface
compositions are roughly the same, the
fraction of surface atoms representing
copper atoms not involved in the synthesis
of methylehlorogermanes is:

1 — 3 X (atom fraction Ge in original alloy).

To test this assumption the rate of crack-
ing per unit area of isolated copper atoms
was defined as,
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g-moles of CH;Cl cracked to CH, and C.Hs

e = (min) (cm? catalyst surface area) [1 — 3 X (atom frac. Ge in original catalyst)]’

and is plotted versus germanium conver-
sion in Fig. 15. The curves for the three
single phase alloys appear to converge at
low germanium conversion. When a 2 or a
4 is substituted for the 3 in the denominator
of the above definition of reaction rate and
the data are plotted in a similar manner,
the curves for the three alloys are widely
disparate and do not converge.

When f{ree germanium particles were
mixed with the { or ¢ phase particles in
the contact mixture, both the reactivity
and the selectivity for (CH,).GeCl, were
greatly increased. A simple explanation
might be that the free germanium particles
acted as “feeders” to supply the germanium
removed from the alloy particles and thus

prevent surface depletion of germanium.
This explanation does not stand up under
close examination. The maximum reaction
rate for the ¢ + Ge mixtures was four
times the maximum reaction rate found by
extrapolating to 0% conversion the reac-
tion rate data for ¢ phase alloys pretreated
with hydrogen. The mechanical mixtures
loaded into the reactor were neither pressed
together nor sintered. The transport of
germanium atoms from germanium par-
ticles to alloy particles by solid phase
diffusion or surface transport must have
been limited to those few points where the
particles actually contacted each other.
Also, a drastic change in the reaction
mechanism due to the presence of free
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Fia. 15. Variation of rate of cracking of methylchloride with conversion of germanium.
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germanium particles is unlikely. The high
selectivity (95%) for (CH,).GeCl, among
germanium-containing products strongly
supports the ionic mechanism of Voorhoeve.

The above theories having been ruled
out, the only remaining explanation for
the marked increase in reactivity on addi-
tion of free germanium is an increase in
the number of copper—germanium pairs
which are sites for the synthesis of (CHs):
GeCl.. In the discussion of the reactivity
of the pure « phase unequivocal X-ray evi-
dence was presented indicating an initial
increase in germanium concentration in thin
surface layers of the alloy. This was attrib-
uted to the removal of copper by forma-
tion and sublimation of CuCl:

CH;Cl 4+ Cu — CH;- 4+ CuCl.

This would provide a mechanism for the
transport of copper (as CuCl) to the par-
ticles of elemental germanium and the for-
mation of deposits of copper on the sur-
faces of these particles. The peripheries of
these deposits would then provide addi-
tional Cu-Ge sites for the formation of
methylchlorogermanes. For the analogous
reaction of methyl chloride with silicon
Kolster, Viugter and Voorhoeve (9) have
demonstrated that a catalytically active
solid can be prepared by the reaction of
CuCl with silicon.
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