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Abstract

The pyrolysis of polyl(germylene)diacetylenes] and poly{[germylene)diacetylene]{(silylene)diacetylenes]} was studied under argon.
The ceramic residues were obtained in good yield (66-82%) due to cross-linking through the triple bonds at relatively low
temperatures (150-250°C) which gave a carbon sp? matrix with disubstituted organogermyl and/or silyl groups. The ceramic
residues contained a high amount of carbon (40-61%) and all the germanium was recovered as metallic germanium above 500°C.
Pyrolysis of poly[(germylene)diacetylenes) under ammonia gave germanium nitride after cross-linking and nitridation between 400

and 600°C.
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1. Introduction

As a part of our studies of organosilicon and
organogermanium polymers containing a w-electron
system in the polymer backbone, we reported recently
on the synthesis of polymers A in which a regular
arrangement of a silylene or germylene unit alternate
with a diacetylide group [1].
A=[(ER'R?),-C=C-C=]

(E=Si,m=10r2; E=Ge, m=1;
R!, R? = alkyl, aryl)
These derivatives were obtained by condensation of

a dilithium derivative with dihalogeno-silanes or -ger-
manes, according to eqn. (1).

(R'R?E),, X, + LiC=C-C=CLi —>
[(R'R2E),,—C=C-C=C|, (1)

The above polymers exhibit conductivity values in
the range 1073-1075 S cm~! when doped with FeCl,

Correspondence to: Dr. B.J.L. Henner.

0022-328X /94 /$7.00
SSDI 0022-328X(93)23880-7

[1]. These compounds are also interesting as ceramic
precursors. Indeed, due to the easy cross-linking capa-
bility of the diacetylene unit, we observed high ceramic
yields for the poly[(dialkyl- or diaryl-silylene)di-
acetylenes). For instance, a weight loss of only 15% was
observed after pyrolysis of the poly[(dimethylsilylene)-
diacetylene] to 1400°C, leading to a mixture of silicon
carbide and carbon in the ratio SiC/4C [2]. Two suc-
cessive steps were observed in the pyrolysis process:
the first, between 200 and 400°C, corresponds to the
thermal cross-linking of the acetylene units leading to a
carbon sp? network; the second, above 500°C, occurred
with weight loss and is related to the mineralization
stage with evolution of CH, and H,. The amount of
silicon in the polymer was completely retained in the
final ceramic residue as SiC. The formation of the
carbon matrix by cross-linking of the acetylene units
allowed the transformation of isolated SiMe, groups
into an SiC network.

We have extended the above study using germanium
as heteroelement in order to prepare germanium ce-
ramic phases. We describe now the thermal behaviour
of polyl(germylene)diacetyienes] and poly{[(germylene)
diacetylene][(silylene)diacetylenes]} under inert and re-
active atmospheres.

© 1994 — Elsevier Sequoia. All rights reserved
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2. Results and discussion

2.1. Synthesis of polymers A

The synthesis of the polymers of structure A has
been described previously [1]. Equation (2) gives the
reaction in the case of the germanium polymers.

Li-C=C-C=C-Li + R'R?GeBr, —

[R'R%Ge-C=C-C=C],, (2)

1: R'=R?=Et
2: R!=Me; R?=Ph
3: R!'=Et; RZ=Ph
4: R1=R?="Ph

The copolymers having both silylene diacetylene and
germylene diacetylene units were prepared according
to Scheme 1. Table 1 gives the characteristics of the
copolymers 5 and 6. The polydispersities observed, 1.73
for 5 and 2.25 for 6, were consistent with a linear and
regular alternation of a diacetylene unit and a group
with a heteroelement. The molecular weights obtained
by gel permeation chromatography (GPC) using
polystyrene standards (1780 for 5 and 3040 for 6)
indicated that these oligomers have, on average, seven
units in the chain.

Li-C=C-C=C-Li + 0.5 MePhGeBr, —— Li-C=C-C=C(GeMePh-C=C-C=C),,Li

TABLE 1. Li-C=C-C=C-[{-MePhGe-C=C-C=C],,Li + RR'SiCl, —
Me-[-SiRR’-C=C-C=C-(-MePhGe-C=C-C=C-),,],SiRR'Me
Chlorosilane MW ?* MW/M,? DP, Yield(%) Polymer

Me,SiCl, 1780 1.73 7 92 5
MePhSiCl, 3040 225 7 88 6

2 Molecular weights were determined relative to polystyrene stan-
dards.

2.2. Pyrolysis under argon

2.2.1. Bulk pyrolysis

The pyrolysis of the germanium polymers 1-4 and
the silicon-germanium copolymers 5§ and 6 were per-
formed under argon at a heating rate of 10°C min~! up
to 1400°C, where the temperature was held for 3 h.
Tables 2 and 3 summarize the yields, elemental analy-
ses and stoichiometries obtained. The residues were
also analysed using X-ray powder diffraction spec-
troscopy and, in the case of 2, scanning electron mi-
croscopy (SEM).

We always observed high ceramic yields (66-82%).
Elemental analyses indicated germanium and carbon
(polymers 1-4) or silicon, germanium and carbon
(polymers 5 and 6). The amount of carbon in the
' (1) RR'SICl,

—_—
(2) MeMgBr

(as a mixture of m =1, 65% and m = 2, 35%) *
Me[RR'Si-C=C-C=C-(GeMePh-C=C-C=C),,| ,SiRR'Me

(m=1,2; R=R'=Me, 5; R=Me, R'=Ph, 6)

Scheme 1. (a) The mixture was analysed as follows: the condensation of this dilithioderivative with Me,SiCl gave a mixture of two compounds,
m=1 and m=2. The derivative (m = 1) was prepared independently as described in the Experimental section and this allowed the
determination of the composition of the mixture using 'H NMR spectroscopy.

TABLE 2. Pyrolysis of [R'R*Ge-C=C-C=C],, under argon

Precursor R! R? Y% ® Analysis (%) Stoichiometry of
c Ge o the residue

1 Et Et 715 20.16 54.00 34 GeCyr 50028

2 Me Ph 7 52.13 3.43 17 GeCy2600.17

3 Et Ph 66 47.09 29.17 40 GeCy 40,5

4 Ph Ph 67 60.03 36.74 147 GeC1y00 18

? Ceramic yield. Y% = m/m X 100; m = weight of the residue after pyrolysis; m, = weight of the precursor.

TABLE 3. Pyrolysis of Me—[-SiRR'-C=C-C=C-(GeMePh-C=C-C=C),,],SiRR'Me

Precursor R R’ Y% ? Analysis Stoichiometry
Ge Si C (0]

5 Me Me 82 26.5 123 55.4 5.7 GeSi, ,C125005

6 Me Ph 69 18.7 123 612 5.7 GeSi, 7C 19401 7

2 Ceramic yield. Y% = m/m % 100; m = weight of the residue after the pyrolysis; m, = weight of the precursor.
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TABLE 4. Calculated and observed germanium percentages in the
ceramics

TABLE 5. Calculated and observed germanium and silicon percent-
ages in the ceramics

Precursor Ge, * Ge, Pre- Si,®  Si (%) Ge,? Ge (%)
Calc.® Found ? cursor (%) Caled® Found ® (%) Caled® Found ?
1 40.7 56.9 54.0 5 10.10 123 12.3 21.3 26.0 26.5
2 31.15 404 434 6 88 1275 123 13.9 20.1 18.7
3 323 489 49.2 a - % " - —
4 276 412 367 Obtained by clemental analysis. ° Calculated using E_= (Ep X

* Ge,, = wt% germanium content of the starting polymer; Ge, = wt%
germanium content of the ceramic. P Calculated Ge_ = (Ge, x
100)/Y with Y = ceramic yield.

residue depended on the nature of the substituents at
the germanium atom in the precursor: 60.0% for 4,
52.13% for 2 and 40.16% for 1. As observed with the
silicon analogues [2], a phenyl group enhanced signifi-
cantly the amount of carbon in the residue. A small
amount of oxygen (1.5-4%) was always present in the
residues.

The X-ray powder diffractograms of the pyrolysis
residues of 1-4 corresponded to crystalline germa-
nium; for 5 and 6, a mixture of B8 SiC and crystalline
germanium was observed. In contrast to SiC, which is
very stable, non-stoichiometric germanium carbides,
Ge,C,_, (x between 0.2 and 0.7) are known to decom-
pose near 500°C, leading to metallic germanium [3].

As with the silicon analogues [2], we did not observe
any loss of germanium or silicon during pyrolysis of the
polymers 1-6. Tables 4 and S give the calculated and
observed percentages of germanium and silicon in the
ceramic residues.

These values, based on elemental analyses, are in
relatively good agreement and prove that all germa-
nium and silicon of the starting polymers was recov-
ered. Furthermore, the mixed oligomers 5 and 6 led to
ceramics whose stoichiometries appear to be equal to
the sum of the stoichiometries of the solid residues
obtained from separate pyrolysis of the corresponding
germanium and silicon polymers.

The SEM micrograph of pyrolysed 2 (Fig. 1) shows
large germanium particles. Germanium melts at 937°C,
so that during heating at 1400°C for 3 h, diffusion of
the germanium in the ceramic residue to form aggre-
gates which then crystallize on cooling may occur.

2.2.2. Thermal studies

The thermal analyses of polymers 1-4 were per-
formed up to 1200°C at a heating rate of 10°C min~ L
The TGA curves and the gas analyses of the heated
polymers 1 and 2 are shown in Figs. 2 and 3, respec-
tively.

The DSC analyses of polymers 1-4 were performed
under argon up to 500°C at a heating rate of 10°C

100)/Y with E = Si, Ge; E_ = wt% Si or Ge in the ceramic; E,=wi%
Si or Ge in the precursor.

min~'. Figure 4 gives the DSC curve obtained with
polymer 2.

As observed previously in the case of polyl(silylene)-
diacetylenes] [2], thermal analysis indicated two steps.
The first corresponds to an exothermic transformation
without weight loss at ca. 200°C. The DSC analysis
confirms this result: no melting point, but a strong
exotherm was observed between 100 and 250°C de-
pending on the substituents at germanium. The second
step occurs mainly between 400 and 600°C and corre-
sponds to the ceramization of the samples with weight
loss. For polymer 1 (Fig. 2), ethylene evolution started
near 350°C and continued up to 500°C. Hydrogen was
detected mainly from 350 to 600°C. Methane and
propene, which may originate from ethylene decompo-
sition [4], were also observed. In the case of polymer 2
(Fig. 3), benzene evolved between 400 and 600°C and
then methane in the temperature range 450-600°C.
Hydrogen was detected mainly in the range 500-800°C.
Some toluene, characterized as the tropylium cation in
the mass spectrum, was also present.

Both steps were also followed using infrared and
NMR spectroscopy.

Fig. 1. SEM microphotograph of the ceramic obtained from the
pyrolysis of 2 under argon.



136 J.L. Brefort et al. / Organogermanium polymers

Ionic Current (a.n.)

Weight Loss (%)

{-40

!

200 400 600 800

Temperature (°C)

1000 1200

Fig. 2. Pyrolysis of 1 under argon followed by TGA. Analysis of the volatiles by mass spectrometry.

2.2.2.1. Thermal cross-polymerization. Et;Ge-C=
C-C=C-GeEt, (7) was chosen as a model for diacety-
lene polymerization studies. The DSC curve of 7 indi-
cated an exotherm between 190 and 250°C, in the same
temperature range as for the polyl(germylene)di-
acetylene] derivatives. Compound 7 was also heated in
a sealed tube under vacuum at 230°C for 120 h. A
red-brown liquid soluble in organic solvents, such as
Et,0 and CH,Cl,, was obtained. A GPC analysis gave
an average molecular weight MW = 1180 and a poly-

dispersity of 1.2. This latter value indicated a linear
oligomeric structure. The infrared spectrum of the
red-brown liquid showed no absorption band at 2060
cm~! characteristic of the diacetylene unit, and two
new bands at 2130 and 1880 cm ™! which are attributed
to an ene-yne structure [5] and a butatriene unit [6],
respectively. The >*C NMR spectrum of the red-brown
oil confirmed the presence of both moieties [7].
Polymer 2 showed similar properties. IR spectra of
samples heated at room temperature, and at 190, 280,
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Fig. 3. Pyrolysis of 2 under argon followed by TGA. Analysis of the volatiles by mass spectrometry.
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and 400°C (Fig. 5) indicated the progressive disappear-
ance of the diacetylene band at 2070 cm~! and the
appearance of the two bands at 2125 and 1870 cm ™!
attributed to the ene-yne and triene units. At 400°C,
the ene-yne and triene bands diminished and a new
band appeared at 1630 cm ™!, corresponding to conju-
gated carbon double bonds. This last structure is con-
firmed by solid state *C NMR spectrum which gave a
broad signal centred at 130 ppm.

Solid-state polymerization of diacetylene monomers,
R-C=C-C=C-R, has been studied extensively [8]. The
reaction proceeds via 1,4-addition of the diacetylene
units in the crystal lattice to give ene-yne and triene
structures. A similar polymerization process was de-
tected in the case of Et;Ge—C=C-C=C-GeEt, (7) and
can be extended to the pyrolysis of poly(germylene)di-
acetylenes. Cross-polymerization occurs through 1,4-
addition of the triple bonds, leading to a carbon sp?
matrix (with GeR, groups isolated in the matrix).
These results parallel those obtained in the case of the
silicon analogues [2]. Furthermore, the dominant influ-
ence of cross-polymerization through the diacetylene
units on the ceramic yield is confirmed by the following
example. The reduction of the triple bonds of 2 using
H, with palladium dispersed in carbon led to the
saturated polymer [GeMePh(CH,)],. Pyrolysis of the
latter at 1100°C gave only 9% of solid residue.

2.2.2.2. Organometallic-inorganic transition. The
second step of the pyrolysis occurred in the tempera-
ture range 400-600°C with weight loss. It corresponds
to the transformation of isolated GeR, in a carbon
matrix into metallic germanium. The IR spectra of
polymer 2 pyrolyzed at 450, 500, and 565°C (Fig. 6)
showed that the vibrations arising from GeMe and
GePh at 1230 and 1082 cm™! [9] diminished, and

T EXOTHERM 155°C

i 1 " I 5
20 100 150 200 250

Fig. 4. DSC curve of 2.

190°C s /
280°C e e M
400°C _ /wv
+ o
4000 3(:XX) 2(:XX) lS:G) l(:XX) 500
(cm™)

Fig. 5. IR spectra of 2 at room temperature and after heating at 190,
280, and 400°C under argon (e, 2070 cm~!; =, 2125 cm™!; O, 1870
cm ™),

disappeared above 565°C. The same observation was
made for ¥(Ge—C) at 580 cm ™.

These results are consistent with the evolution of
benzene and methane (Fig. 3). Furthermore, a sample
of 2 heated at 550°C for 3 h gave a solid *C NMR
spectrum with a broad peak at 125 ppm characteristic
of sp? carbon atoms. No NMR signal was observed in
the Ge-alkyl region. The X-ray powder diffractogram
indicated the presence of germanium metal only. The
SEM micrograph of 2 heated at 600°C showed that
germanium was randomly dispersed in the carbon ma-
trix (Fig. 1). Similar data were obtained for the
polyl(diethylgermylene)diacetylene] (1). Pyrolyzed at
350°C, 1 gave an IR spectrum with carbon-hydrogen
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Fig. 6. IR spectra of 2 after heating at 450, 500 and 565°C under
argon (*, 580 cm™1).

stretches at 2384 and 2960 cm™~!. These absorptions,
and v(Ge-C) at 580 cm ™! also disappeared completely
after heating at 480°C. This result is consistent with the
weight loss detected between 350 and 500°C, corre-
sponding to ethylene evolution.

In summary, germanium—carbon bond cleavage oc-
curred between 350 and 600°C leading to germanium,
carbon matrix, and volatiles. The volatiles are mainly
ethylene and hydrogen with polymer 1, and benzene,
toluene, methane, and hydrogen in the case of 2. At
600°C, the X-ray powder analysis indicated only metal-
lic germanium.

2.2.3. Mechanism of the ceramization

The main results of the mineralization of poly-
[(germylene)diacetylenes] 1 and 2 are the following.
Weight loss occurred between 350 and 550°C, at lower

temperatures and in a narrower range than in the case
of polyl(silylene)diacetylenes] (400-700°C) {2). The ce-
ramic residues were obtained in good yields (71.5% for
1 and 77% in the case of 2). As observed for silicon
with poly[(silylene)diacetylenes), no germanium was lost
during the pyrolysis. The amount of carbon in the
ceramic residues depends on the substituents at germa-
nium: Ge, 4.5C with 1, Ge, 7.2C with 2. The main
difference is the formation of germanium metal in the
carbon matrix above 500°C instead of the carbide in
the case of the silicon polymers.

2.2.3.1. Mineralization of —-[-GeEt,~-C=C-C=C-],-
The pyrolysis of tetraethylgermanium has been studied
[3,10] and the mechanism proposed is a homolytic
scission of a Ge-Et bond followed by the decomposi-
tion of the ethyl radical into ethylene and a hydrogen
radical, which led to H,.

During the ceramization of 1, we observed elimina-
tion of C,H, starting at 300°C, and followed by hydro-
gen evolution above 350°C (Fig. 2). These observations
are consistent with a cleavage of the Ge-Et bond
involving a B-elimination mechanism and leading to an
ethyl hydridogermanium moiety (eqn. (3)) and thence
to a dihydrogermanium moiety in a second step (eqn.

4).

Et H

«W(l}evw — -/W(I}evW + CH,=CH, (3)
b b
H H

«W(l}evW — MC|}eM + CH,=CH, (4)
b i

The next step is the formation of a germylene species
(eqn. (5)) and it can be related to the important evolu-
tion of H, which takes place up to 550-600°C.
Germylenes can react by insertion into the Ge-H
bonds leading to Ge—-Ge units. Indeed, such a route is
followed in the pyrolysis of poly(silethylene) [11). Thus,
germylene formation and subsequent insertion reac-
tions would progressively lead to a polygermane back-
bone (eqn. (6)). Reaction of two germylenes giving
polygermanes is a second possible process.

i
mwGemn  — > avGea + H, (5)

|
H
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H

. I 3 3

mmGew + wGeww —— H—Ge—Ge—H

i 333
—— —» H+Get+H (6)
T

The above reactions give a general picture of most
of the experimental data. However, we cannot defini-
tively rule out the homolytic scission of the Ge-Et
bond in the early stages of the pyrolysis. This would
generate ethyl and hydrogen radicals and explain some
of the hydrogen initially detected. Furthermore, a small
excess of carbon is observed in the ceramic residue
whose stoichiometry is GeC, 5. Only four carbon atoms
can be yielded by the diacetylene units and thus we
have to invoke the addition of ethyl radicals to the
carbon matrix. As a consequence, the hydrogen ob-
served in the last stages of the pyrolysis up to 800°C
probably arises from dehydrogenation of the carbon
matrix.

Finally, the cleavage of the germanium—carbon ma-
trix bonds will give germanium and free carbon.

2.2.3.2. Mineralization of -[-MePhGe-C=C-C=
C-],—. The thermal behaviour of 2 is more complex
than that observed in the case of the diethylgermanium
polymer 1. The main features are the following: (i)
during pyrolysis, the ligands at germanium (Me and Ph,
i.e. 7 carbon atoms) yielded 3.2 atoms in the formation
of the free carbon matrix, on average half of the phenyl
groups; (ii) the decomposition temperature was ca.
100°C above the temperature found in the case of the
diethyl-substituted germanium polymer 1 (500°C in-
stead of 400°C); (iii) benzene was detected at lower
temperatures than methane (Fig. 3).

Since benzene was observed first, the initial step of
the pyrolysis of 2 must be the homolytic cleavage of the
germanium-phenyl bond (eqn. (7)).

l\l/Ie Me
~Nv(|ie~'\~‘ — GeM + Ph- (7D
Ph

I\I'Ie l\l'Ie

mwGew + wGevw ———»

Ph

3

Me—Ge—Ge—Me + Ph-

$ 3 3
—— —— Me+Ge+Me (8)
{z]Ln (

l\l/Ie l\lrie
Ph- + »wwGemsr — wwGemn + PhH  (9)
Ph

Me Me
w(Geww + wawGew ——

l
Ph

Me—ée‘Q—ée—Me + Ph- (10)

The germyl radicals can attack another germanium to
form a polygermane backbone stepwise (eqn. (8)). In
parallel, the phenyl radicals gave benzene by abstrac-
tion of a hydrogen atom from a phenyl group leading
to a 4-(organogermyl)phenyl radical (egn. (9)). Indeed,
the -attack of a phenyl radical on a phenyl group was
proposed previously, for instance, to explain the forma-
tion of benzene in the pyrolysis of PhSiO, s [12]. A
radical substitution on another germanium will incor-
porate a phenylene unit between two germanium atoms
(eqn. (10)). Propagation of these reactions explains the
participation of nearly one phenyl group of two in the
formation of the carbon matrix.

At temperatures close to 450°C, the germanium-
methyl bonds are broken and evolution of methane was
observed. Finally, all the germanium—carbon bonds are
broken at 550°C to give germanium metal and free
carbon. Hydrogen evolution between 600 and 900°C
arises from the phenyl groups incorporated into the
carbon matrix.

A minor process was also observed. The detection of
toluene by the gas analysis at a lower temperature than
methane (Fig. 3) indicates that it cannot come from the
coupling of a phenyl and a methyl radicals, and it may
be explained by the generation of germylenes (eqgn.

an).
Me

«w(l}ewv —— wwGem + PhCH, (11)
Ph

2.3. Pyrolysis under ammonia

The bulk pyrolysis of poly[(dimethylsilylene)di-
acetylenes] to 1400°C under ammonia led to a white
ceramic residue in 20% yield. X-Ray powder diffrac-
tion indicated a mixture of « and B8 Si;N, [2]. Elemen-



140 J.L. Brefort et al. / Organogermanium polymers

tal analysis gave less than 0.1% of carbon in the
residue. Complete elimination of carbon as HCN
[2,13,14] was explained by reactions in the carbon ma-
trix of the radicals formed by the decomposition of
ammonia at temperatures above 750°C.

We studied the reaction of ammonia and poly[(ger-
mylene)diacetylenes] in order to prepare germanium
nitride, which is known to be stable only up to 760°C
under an ammonia atmosphere [15,16]. The germa-
nium polymers were pyrolysed under ammonia at a
heating rate of 10°C min~! up to 750°C, and then held
there for 3 h. In the case of polyl(methylphenylgermy-
lene)diacetylene] (2), the ceramic yield was 71%. Ele-
mental anaiysis (N, 7.8; C, 30.97; Ge, 50.4; O, 10.8%)
corresponds to GeN, ;C;:0,,. The contamination of
the ceramic residue with oxygen is certainly due to the
high affinity of the product for oxygen and moisture of
the NH; stream and also to the small volume of the
sample submitted to pyrolysis compared to the volume
of the furnace [17]. Nevertheless, the amount of germa-
nium found in the final residue (50.4%) was close to
the expected value (54%), were no germanium lost
during the pyrolysis. Carbon involved in the cross-poly-
merization of the triple bonds, four atoms per Ge, was
recovered nearly quantitatively at the end of the exper-
iment.

The X-ray diffractogram of the grey solid (Fig. 7)
showed crystalline Ge;N, and germanium. The pres-
ence of free germanium may be due to the partial
thermal decomposition of Ge;N, as was observed pre-
viously [16] (eqn. (12)).

Ge,N, 225 3Ge+2N, (12)
NH,

70 60 50 40 30 20 10
(20)

Fig. 7. X-Ray diffractogram of the ceramic obtained from the pyroly-
sis of 2 under NH ;.

The pyrolysis of 2 under ammonia was also followed
by TGA and DTA. The DTA curve showed an
exotherm at 160°C corresponding to a reticulation pro-
cess as observed in the reaction under argon. The TGA
curve gave a weight loss of 29% between 400 and
600°C, below the decomposition temperature of ammo-
nia (750°C). In order to gain more information on the
incorporation of nitrogen into the matrix, 2 was heated
under ammonia to 420°C for 2 h. Elemental analysis of
the residue (N, 6.05; C, 43.9; Ge, 45.6; O, 6.63%)
indicated a product stoichiometry GeNy,Cs0,. The
IR spectrum of the sample showed a large absorption
band at 766 cm~! corresponding to ¥(Ge-N) [16). This
resuit is consistent with the formation of germanium-
nitrogen bonds.

The pyrolysis of polymer 4 under ammonia confirms
the results obtained with 2. A weight loss of 46% was
observed between 350 and 600°C. The residue has the
same stoichiometry as the residue obtained from poly-
mer 2. This confirms the cleavage of all the sub-
stituents from the germanium and nitrogen incorpora-
tion. The mechanism of the reaction must involve a
nucleophilic displacement of the methyl and phenyl
substituents at germanium by ammonia (eqn. (13)).

=Ge-Ph + NH, > =Ge-NH,+ PhH (13)

In conclusion, the pyrolysis of polyl(germylene)di-
acetylenes] gave high yields of ceramic residues (66—
82%). The efficient reticulation through the triple
bonds at low temperature (150-250°C) avoids depoly-
merization side-reactions and affords a carbon matrix
with disubstituted germanium groups. At the end of
the pyrolysis, all the germanium was recovered as crys-
talline clusters, together with a large amount of free
carbon (40-61%).

As observed in the case of the silicon analogues, the
reticulation process proceeds via formation of ene-yne
and triene units which evolved further on heating to
give a highly conjugated carbon system. The mineral-
ization step can be explained by a radical mechanism
leading to organic volatiles and metallic germanium
included in a free carbon network after successive
radical and germylene formation and recombination.

The pyrolysis under an atmosphere of ammonia
afforded germanium nitride. The cross-linking was fol-
lowed by nitridation and ceramization of the precursor
between 400 and 600°C with elimination of the sub-
stituents bonded to germanium.

3. Experimental section
All reactions were carried out under argon or dini-

trogen using a vacuum line and Schlenk tubes. Solvents
were dried and distilled before use. Tetrahydrofuran
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(THF) was distilled over calcium hydride and then over
sodium benzophenone.

Trimethylchlorosilane, dimethyldichlorosilane, and
methylphenyldichlorosilane were purchased from
Janssen, Aldrich, or Lancaster, and distilled over mag-
nesium before use. 1,4-Dilithio-1,3-butadiyne and 1,4-
bis(triethylgermyl)-1,3-butadiyne were prepared ac-
cording to published methods [1,18]. Methylphenyldi-
bromogermane was prepared from germanium tetra-
chloride using the general procedure of Brook and
Peddle [19]. The synthesis of the poly[(germylene)di-
acetylenes] was described previously [1].

Gel permeation chromatography (GPC) was per-
formed using a Waters 410 instrument with UV and
refractive index detection. The solvent was THF and
the porosities of the columns used were 100, 500, 103
and 10 A. The elution rate was 0.9 ml min~'. Argon
(0, <5 ppm; H,0 < 5 ppm) was used as the inert gas
for the TGA experiments and the thermal decomposi-
tion reactions. Transmission infrared spectra were
recorded with a Perkin-Elmer 1600 FT IR spectropho-
tometer operating at 4 cm~! resolution. Solid IR sam-
ples were prepared under a normal atmosphere as KBr
pellets.

Elemental analyses of the ceramic materials were
performed by the Centre de Microanalyse du CNRS.

X-Ray diffraction measurements were obtained us-
ing Cu Ka radiation with a Philips diffractometer,
modified by Professor R. Fourcade (Université Mont-
pellier II).

Simultaneous TGA /DTA analyses were performed
under flowing argon (50 ml min ~!) with a Netzsch STA
409 thermobalance interfaced with an Anagas 200
Delsi-Nermag mass spectrometer through a capillary
tube and a molecular leak. The typical heating rate was
10°C min 1.

DSC experiments were performed on a Mettler 30
instrument under argon at a heating rate of 10°C
min '

All NMR spectra were obtained at ambient temper-
ature. 'H spectra were acquired by using a Bruker AW
80 instrument and *C and #Si solution spectra with a
Bruker WP 200 SY or WP 250 AC spectrometer.
Chemical shift data were referenced to tetramethylsi-
lane (TMS). Solid state *C and #Si cross-polarization
magic-angle spinning (CP MAS) NMR spectra were
obtained in natural abundance on a Bruker WP 300
AM spectrometer working at 75.47 and 59.62 MHz for
carbon and silicon, respectively. A ZrO, cylindrical
rotor was used in all cases.

Scanning electron microscopy (SEM) was performed
on a Jeol T 300 instrument, operating at 20 kV.

The pyrolysis experiments were performed by pour-
ing weighed portions (0.1-1 g) of the polymer into an

aluminium oxide boat (80 X 10 X 10 mm?>) which was
placed into a gas-tight aluminium oxide tube (1 m, i.d.
30 mm) fitted with glass taps to allow connection to a
vacuum line. During pyrolysis the argon flow was main-
tained at ca. 50 ml min~!. Pyrolyses were performed
with a Eurotherm or Carbolite furnace, using a tem-
perature programme of 10 K min~! up to 1673 K with
a 3 h hold at that temperature. In the case of ammonia
(50 m!l min~'), a hold of 3 h at 1023 K was used.
Ammonia was dried over KOH (60 cm column) and a
50:50 mixture of 3 A molecular sieves and silica gel
(30 cm column).

3.1. Poly{[(methylphenylgermylene)diacetylene] [(di-
methylsilylene )diacetylene]} (5)

A solution of methylphenyldibromogermane (0.0125
mol) in THF was added dropwise to a slurry of 1,4-di-
lithio-1,3-butadiyne (0.025 mol) in the same solvent.
The reaction mixture was stirred for 3 h at room
temperature and dimethyldichlorosilane (0.015 mol)
was added dropwise. After 3 h stirring, the polymer
was stopped using MeMgBr (0.005 mol). After hydroly-
sis (H,0-NH,CD) and extraction with pentane, the
solution was dried over MgSO, and concentrated un-
der vacuum. The oil was washed several times with
pentane giving 3.6 g, 92% vyield, of the title compound.
IR (CCl,): »(C=C) 2072 cm~'. 'H NMR (CCl,): 6 0.17
(s, SiMe;); 0.41 (s, SiMe); 0.63 (s, GeMe) ppm [20*],
7.0-7.6 (m, Ph) ppm. 3C NMR (CDCl,): § —0.1, 0.1
(CH,); 80.5, 82.0 (Si-C=C-, Ge-C=C-), 89.3 (Ge-
C=C-, Si-C=C-); 133.5, 130.7, 129.1 (Ph) ppm. ¥Si-
(CDCl;): & —37.0 (SiMe,); —17.7 (SiMe,) ppm. Anal.
Found: C, 60.05; H, 5.26; Si 10.10; Ge 21.30; O, 3.30%.
(C,;H,GeSi), calc.: C, 64.00; H, 4.39; Si 8.78; Ge,
22.78%.

3.2. Poly{[(methylphenylgermylene)diacetylene] [(meth-
ylphenylsilylene)diacetylene]} (6)

The same procedure as for 5 was used. The title
compound was obtained as a brown powder with 88%
yield. IR (CCl,): 2072 cm~!. 'H NMR (CCl,): 6 0.3 (s,
SiMe,); 0.5 (s, SiMe); 0.8 (s, GeMe) [20*] 7.0-7.8
(m, Ph) ppm. *C NMR (CDCl,): —0.6, 0.1, 1.4 (Me);
82.2, 81.6, 80.5 and 79.9 (Si-C=C and Ge-C=C); 89.4
and 90.6 (Si-C=C- and Ge-C=C); 128.2 (br); 128.7,
129.1, 130.8, 131.2, 133.5, 133.8 (br), 134.5 (Ph) ppm.
¥Si NMR (CDCl,): 6 —42.2. Anal. Found: C, 67.93;
H, 4.21; Si, 8.8; Ge 13.9; O, 3.4. (C,,H,;GeSi), calcd.:
C, 69.3; H, 4.20; Si, 7.35; Ge, 19.07%.

* Reference number with asterisk indicates a note in the list of
references.
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3.3.  Bis(1-trimethyisilyl-1, 3-butadiynyl )methylphenylger-
mane

A solution of methylphenyldibromogermane (3 g,
0.013 mol) in diethylether was added to a solution of
1-lithio-4-trimethyisilyl-1,3-butadiyne, prepared accord-
ing to the Zweifel procedure in the same solvent. The
mixture was stirred for 2 h at room temperature,
hydrolyzed and extracted with pentane. The pentane
solution was dried over MgSO,, concentrated under
vacuum and chromatographed over a short column of
silica gel. The title compounds (3 g) was obtained with
63% vyield. IR (CCl,): »(C=C) 2069 cm~'. '"H NMR
(CCl1,): & 0.05 (s, 18H, SiCH3); 0.0 (s, 3H, GeCH,);
7.0-7.8 (m, 5H, GePh) ppm. *C NMR (CDCl,): —0.17
(GeCHj;, SiCH,); 128.7, 129.0, 129.6, 130.6, 133.5 (Ge
Ph); 79.8, 86.9 (Ge-C=C, Si-C=C); 88.07, 89.6 (Ge-
C=C-, Si-C=C) ppm. #Si NMR (CDCl,): 8 —15.6
ppm. Anal. Found: C, 62.15; H, 6.13; Ge, 17.52; Si,
13.68. C,,H,;GeSi, caled.: C, 61.97; H, 6.39; Ge, 17.85;
Si, 13.77%.

3.4. Hydrogenation of 2 on Pd /C

Pd/C (0.010 g) was added to a solution of 0.68 g
(0.0032 mol) of 2 in a mixture of THF (20 ml) and
pentane (30 ml). The medium was evacuated and put
under hydrogen. The reaction was followed by IR
spectroscopy. After 10 days, the mixture was filtered
and the solvents were removed under vacuum to leave
a red-brown oil in quantitative yield. GPC: MW = 1092,
I=1.70. IR (CCl,): no C=C vibration. 'H NMR (CCl,):
8 7.2 (5H, Ph); 0.8-2.6 (11 H, broad multiplet, CH,
and CH;) ppm.
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