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Efficient laser-induced generation and polymerization of the highly
unsaturated compound diethynylsilene in the gas phase
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Abstract

The CO, laser photosensitized (SF;) decomposition of 1,1-diethynyl-1-silacyclobutane in the gas-phase involves a clean elimination
of ethene to give a transient highly unsaturated diethynylsilene, which undergoes very efficient polymerization to yield saturated
macromolecules with a cross-linked structure. The results reveal the very large enhancement of the ease of triple ~C=C- bond
polymerization for molecules containing proximal C=C and Si=CH, bonds.

1. Introduction

The laser-induced chemical vapour deposition of
organosilicon polymers [1] is one aspect of current
research on laser-driven production of novel silicon-
containing materials. Two types of these high-molecu-
lar weight compounds have been prepared in this way
so far, namely (a) organosiloxanes [2,3] obtained by
infrared laser multiphoton decomposition of silane in
the presence of some common monomers, and (b)
polycarbosilanes [4-8], formed by infrared laser photo-
sensitized decomposition of silacyclobutanes and
methoxysilanes. Use of the latter technique, involving
CO,-laser heating of a sensitizer [9,10], was shown
[11-13] to generate many new pathways in the gas-
phase chemistry owing to the elimination of heteroge-
neous steps that normally occur on hot reactor walls.
The laser photosensitized decomposition (LPD) of sila-
cyclobutanes RMeSiCH,CH,CH, (R = H, Vi) [4,5] and
of 4-silaspiro |3.4 |octane [7] is an efficient and selec-
tive route to polymers arising from intermediary silenes,
whereas conventional thermolysis (CT) of the parent
compounds yields mostly silene cyclodimers [14,15]
(Scheme 1).

A very interesting feature of LPD of 1-methyl-1-
vinyl-1-silacyclobutane (MVSCB) is the polymerization
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of an intermediary 2-methyl-2-silabuta-1,3-diene (MSD)
to give a polymer with no C=C bonds [11-13]. Such
polymerization is very unusual, and contrasts with that
of 1,2- or 1,4-polymerization of the carbon analogue
(isoprene), which yields macromolecules in which half
of the double bonds are retained. The fact that both
C=C and Si=C bonds in MSD are lost is surprising in
view of the great difficulty of polymerizing vinylsilanes
[20]. We assume that MSD does not disappear by
separate polymerizations at Si=C and C=C bonds, but
rather through a sequence of the 1,4- and 1,2-polymeri-
zations (Scheme 2), in which the first step gives a
reactive polymer with the Si=C bonds, which drives the
reaction to completion.

We now report that LPD of 1,1-diethynyl-1-silacyc-
lobutane (DESCB) yields ethene and a fully saturated
polymer, which implies that intermediary diethynylsi-
lene (DES) undergoes very efficient polymerization
involving all the unsaturated bonds. This shows that a
neighbouring Si=CH, bond greatly increases the ease
of polymerization of C=C bonds, as it does that of C=C
bonds, opening the way into a new field of very effi-
cient polymerization reactions in the gas-phase.

2. Results and discussion

1,1-Diethynyl-1-silacyclobutane was prepared in 22%
yield by treatment of 1,1-dichloro-1-silacyclobutane (0.1
mole) with sodium acetylide (0.2 mol) in diethyl ether,
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~
CH, ——7 [RR,Si==CH,]

R,. R, = Me. H: Me. Vi; (CH,)..

Scheme 1.

and obtained as a liquid boiling at 67-78°C /4 kPa.
Characterization data: IR spectra (gas) 3300s, 2985m,
2940m, 2885w, 2040s, 1340m, 1115m, 895w, 860s, 700vs,
and 680vs cm '. '"H NMR spcctra (CDCly) & 1.30
triplet (4H), 2.17 multiplet (ZH) and 2.64 singlet (2H).
The '3C shifts (with respect to CDCI L) — 6114~ 58.44,
7.40 and 19.35 ppm.

The experiments were carried out with a ¢cw CO,
laser operating at the P(20) line of the 00°1 - 10°0
transition (944.19 cm ') with 10 W output. Mixtures of
DESCB (0.3 kPa):SF, sensitizer (0.5 kPA):cyciohe-
xane (internal standard, 0.3 kPA): Ar (12 kPa) were
irradiated with a focused beam (incident cnergy 20 W
cm2) in a vertically positioned glass tube (equipped
with NaCl windows) which formed a part of a set-up
permitting GLC monitoring of the disappearance of
DESCB and the appecarance of gaseous products. Al-
ternatively, the LPD of DESCB was monitored by IR
and GC-MS spectrometry; in this case mixturcs DE-
SCB (0.5-0.8 kPa) and SF, (0.8-3.3 kPa) were used in
a similar reactor fitted with NaCl windows and a sleeve
with rubber septum. The mean effective temperature
[9] of the DESCB decompositicn was estimated in
separate runs from the rate of LPD of chloroethanc.
This value is in the range 700-780 K, depending on the
SF, pressure, but the maximum temperature inside the
hot zone, wherc thermolysis effectively takes place. is
probably considerably higher [10].

The LPD of DESCB takes a very simple course,
yielding ethene (together with minor quantities of
ethyne) and a vellow solid deposited on the cold reac-
tor surface. The decomposition in mixtures DESCB-
SFK,, monitored by TR spectra at 2040 ¢m . can be
driven only to 20% conversion, since large amounts of
the deposit coat the entrance window of the reactor.
The C,H, : C,H, ratio is, irrespective of the initial SF,
content, ca. 0.20. The decomposition in the presence
of argon (lesser initial amounts of DESCB) can be

1.4 polymerization

n CH,=S8iMe—CH=CH, ————>

Scheme 2.
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Fig. 1. The product distribution in LPD of DIISCB. (e DESCB.
ethene, - cthynel.

taken to higher conversions and the C,H, :C,H, ratio
increases from ~ 0.05 to .15 as the rcaction pro-
gresses (Fig. 1), Ethvne cannot be the product of the
decomposition of ethene, as verified independently by
irradiation of a C.H, (0.7 kPa):SF, (2 kPa) mixture,
The material balance (Fig. 1) is in line with the as-
sumption that the predominant route in the DESCB
decomposition involves elimination of cthene. A simi-
lar mode of fragmentation i1s also evident from the
mass spectrum of DESCB. MS (70 eV m /2. relative
intensity): 120 (M. 3). 119 (M - 1, 19), 105 (10). 92
(M =27, 100}, 77 (10}, 66 (33). 53 (78), 28 (10). Small
amounts of cthyne are probably formed by cleavage of
the Clsp)-Si bond and a subsequent abstraction of
hyvdrogen from the parent by a HC, - radical. The
presence of diethynylsilene (DES) as an intermediate
was detected by trapping it with methanol: irradiation
of DESCB (0.5 kPa):SF, (4 kPa):CH,OH (7 kPa) did
not afford solid material, volatile dicthynyl(methoxy)
methylsilane being the dominant product: MS (70 ¢V.
m/z. relative intensity) 124 (M, < 1), 109 (M - 15,
|

P2 polymenization

£ CH,—SiMe = CH—CH . 200 4 O = SiMe — CH—CH , 3=
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Fig. 2. SEM image of the deposit.

100), 79 (26) and 53 (20). This transient species, the
most unsaturated silene generated so far, must there-
fore be a precursor of the observed deposited material.

The deposit is insoluble in organic solvents, suggest-
ing that it has a cross-linked structure. Scanning elec-
tron microscopy (Fig. 2) reveals network morphology
or, with a thicker film, a compact surface. The IR
spectrum (Fig. 3) consists of broad bands at 650, 800,
1050 and 2500 cm ™! assignable [21,22] to stretching
vibrations of Si—-C, C-C, Si—-C-Si and C-H bonds,
respectively. The band centred at 1050 cm ™' obviously
has some contribution from »(Si-0) or »(C-0) vibra-
tions, since very strong absorption bands at this
wavenumber and at 1600-1700 and 3450 cm ™' appear
when the deposit is exposed to the atmosphere; these
bands relate to 8(OH) and »(OH --- H) vibrations.
This result reveals the reactivity of the deposit towards
oxygen and moisture in the air which is evidently the
result of the presence of a very small number of
unsaturated carbon and/or silicon centres embedded
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Fig. 3. IR spectrum of the deposit (upper part) after evacuation of
the reactor (solid line) and after 48 h exposure to the atmosphere
(dotted line), and that of DESCB (lower part).

in the polymer framework [23]. The deposit shows no
absorption at 3300 or 2040 cm™! (observed with DE-

SCB), nor that of —-C=CH- bonds, indicating that both
ethynyl groups in DES react to give an almost com-
pletely saturated system. This is in line with the very
efficient polymerization of DES, which can occur ei-
ther via separate 1,2-polymerizations at Si=CH, and
C=CH bonds (path A), or via a 1,4-polymerization
(path B), both leading to saturated macromolecules
(Scheme 3):

This polymerization is very interesting when viewed
in the light of the very inefficient thermal polymeriza-
tion of vinylsilanes [22] and ethynylsilanes [24], which
both give only very low yields of low-molecular sub-
stances. Comparison of thermal behaviour of DES with
that of its carbon analogue, vinylacetylene, is also ap-
propriate. The latter is known [25-27] to decay below

So . |
_Si=CH, —— —Si—CH,— —— —Si—CH,—
& | |
C— —C—
/ |
—CH -—CH
I |
\
B Si—CH,—
7/
C
Vi
CH
/
Scheme 3.
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1000 K predominantly to give dimers, oligomers and
polymers along with a small amount of decomposition.
In contrast to LPD of DESCB (short irradiation time,
low pressure), thermal polymerization of vinylacetylene
requires high pressures and long heating periods, and
gives only low yields of polymers. Furthermore, high-
molecular substances obtained from vinylacetylene in-
corporate significant numbers of unsaturated bonds
[28.29].

The great difference in the case of thermal polymer-
ization of HC=C-Si=CH, and HC=C-C=CH, means
that new types of polymers can be produced from
highly unsaturated hydrocarbons containing Si=CH,
bonds. Even a small amount of a catalyst embedded in
the polymer framework leads to undesired properties
of the polymers, and the thermal mode of polymeriza-
tion described in this paper eliminates this disadvan-
tage and offers a new entry into the field of polycar-
bosilanes [30,31].
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