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Abstract

TEA CO, laser irradiation of gaseous mixtures of 1,3-disilacyclobutane — carbon disulfide affords chemical vapour deposition of
solid polythiacarbosilane films that possess Si-S-X (X =Si, C), S-H and Si-H bonds and undergo slow hydrolysis in air to polyoxo-
thiacarbosilanes containing Si-H, Si—O-Si and (C)S—H bonds. The formation of the polythiacarbosilane is proposed to take place
via polymerization of transient silene and incorporation of CS, into growing polysilene network.
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1. Introduction

Laser-induced thermal decomposition of gaseous si-
lacyclobutanes and disilacyclobutanes yields transient
silenes (and silylenes) that efficiently undergo dehydrog-
enative polymerization in the gas-phase and allow chem-
ical vapour deposition of solid polycarbosilane films
(e.g., [1-6]).

The laser-induced decomposition of silacyclobutanes
and 1,3-disilacyclobutane (DSCB) in the presence of
molecular oxygen allows interception of generated si-
lenes with 0, and leads to transient siladioxetane [7]
whose further reactions result in chemical vapour depo-
sition of polyoxocarbosilane films [8].

Similar sulfur-containing polycarbosilanes — (polythi-
acarbosilanes) — have not been yet purposefully studied,
although they are admitted to be initially produced and
later decomposed during conventional hot-wall pyroly-
sis of S-containing organosilicon compounds [9,10].
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Suitable approach to these polymers can be IR laser
generation of silenes in the presence of organic com-
pounds with the C=S bond. The reaction between si-
lenes and thioketones takes place in the course of
conventional thermolysis of benzene solution of 1,1-di-
methyl- (or 1,1-diphenylsilacyclobutanes) and thi-
obenzophenone, proceeds via reactive silanethione and
yields cyclic dimer of dimethylsilanethione (tetramethyl-
cyclodisilthiane) [11]. The IR laser irradiation of DSCB
yielding transient silene in the presence of a C—S group-
containing compound in the gas-phase would benefit
from the absence of unwanted hot-wall reactions and
will circumvent thermal degradation of the once depos-
ited materials. It can extend the potential of the IR laser
decomposition of the silacycles for chemical vapour dep-
osition of heteroatom-containing organosilicon poly-
mers (Scheme 1).

It was therefore, of our interest to study the gas-phase
reaction between IR laser-generated silene and carbon
disulfide, the compound more available than thioke-
tones, and to examine the deposited materials. We re-
port on IR laser decomposition of DSCB in the
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presence of CS,, compare this reaction with IR laser de-
composition of DSCB [6] and show it to afford chemical
vapour deposition of solid polythiacarbosilane films.

2. Experimental

Laser irradiation experiments were conducted using a
grating-tuned transversely excited atmospheric (TEA)
CO, laser (Plovdiv university, 1300 M model) operated
on the R(20) line of the 00°1 —10°0 transition (975.93
cm ') as confirmed by a model 16-A spectrum analyzer
(Optical Engineering Co.). The incident laser beam was
rectangular (1.8 and 1.0 cm per side, or ca. 0.6 and 0.3
cm per side when focused). Focusing of the laser beam
was achieved with a Ge lens (focal lens 15 cm). The laser
energy (0.75 J) was measured with a laser energy pyroce-
ramic sensor (Charles University ml-1U model).

Gaseous samples of DSCB-CS, (molar ratio 1:5 and
5:1; total pressure 60 Torr) and of DSCB (25 Torr) were
irradiated in a Pyrex reactor that had two side arms (one
fitted with septum and the other connecting to vacuum-
line) and was consisting of two orthogonally positioned
tubes (both 3 cm in diameter), one 13 cm and the other
9 cm in length, both furnished with pairs of KBr win-
dows. The irradiation was achieved through the shorter
tube, while the second tube was used for monitoring
IR spectra of the gaseous mixtures after irradiation.
The reactor accommodated KBr substrates which, cov-
ered with deposited film, were transferred for measuring
FTIR spectra.

The chemical changes after the irradiation were mon-
itored directly in the reactor by FTIR spectroscopy (an
FTIR spectrometer Nicolet Impact 400) and also, after
admitting helium into the reactor to atmospheric pres-
sure, by gas chromatography (a Shimadzu 14 A chroma-
tograph with Porapak P or SE-30 columns,
programmed (20-150 °C) temperature, He carrier gas).
The gaseous products were identified by FTIR and
GC-MS spectrometry (a QP 1000 Shimadzu spectrome-
ter) at the conditions identical to those of gas-chroma-
tography analysis.

The depletion of DSCB was followed using diagnos-
tic bands at 786 and 955 cm™' and that of CS, using

bands at 1537 and 2331 cm™'. Formation of methane
(at 1305 and 3006 cm™') and ethyne (at 730 cm ™) was
also followed by FTIR spectroscopy. Quantitative GC
analyses were performed using the FID response factors
from the laboratory data base.

DSCB (from the laboratory stock) and carbon disul-
fide (Aldrich) were distilled prior to use.

3. Results and discussion

The TEA CO, laser irradiation of gasecous DSCB-
CS, mixtures results in infrared multiphoton decompo-
sition (IRMPD, e.g., [12]) of DSCB as the radiation at
975.93 cm™ ! is efficiently absorbed in its 6(SiH») vibra-
tional mode [6]. Carbon disulfide does not absorb the la-
ser radiation and can, in principle, react only with the
major transient product of the decomposition of DSCB,
which is mostly silene [6]. Independent TEA CO, laser
irradiation of gaseous CS, alone confirmed high thermal
stability [13,14] and no decomposition of CS, under the
used irradiation conditions.

The final products of the laser irradiation of the
DSCB-CS, mixtures differ depending on the incident la-
ser energy density and on the composition of the gase-
ous mixtures (Table 1). In excess of DSCB chemical
changes could be accomplished by using unfocused radi-
ation, whereas in excess of CS, they can be only
achieved by using the focused radiation.

3.1. Unfocused irradiation of DSCB-CS,

The unfocused irradiation of the mixtures rich in
DSCB (Table 1, Run 1) yields minute quantities of gas-
eous products and results in chemical vapour deposition
of whitish films. The gaseous products are methane,
ethene, ethyne, Cs-hydrocarbons, methylsilane, dimeth-
ylsilane and trimethylsilane. Quantities of these prod-
ucts resemble those observed in the IRMPD of DSCB
(Table 1, Run 2), which implies that the major portion
of the decomposed DSCB (more than 90%) is used for
the formation of the solid films. The depletion of CS,
is only 8% of that of DSCB, which indicates that most
of generated silene underwent polymerization and dehy-
drogenation as observed in the IRMPD of DSCB [6].
The small depletion of CS; and no formation of volatile
S-containing products reveals that CS, is incorporated
into polymerizing silene. Such incorporation is proved
by the IR spectrum of the deposit through absorption
band of a v(Si-S) bond (see later).

3.2. Focused irradiation of DSCB-CS,
The focused irradiation of the mixtures rich in carbon

disulfide (Table 1, Run 3) yields small quantities of the
same gaseous products together with traces of hydrogen
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Table 1
IR laser decomposition of DSCB in presence of CS,

Run  Irradiated Pulse energy  Focused  No. of  Depletion in Gaseous products® (mol/mol of DSCB decomposed x 100)
mixture (kPa)  (J) pulses (kPa)
DSCB CS, CH; C,Hy GC,H, GCsHy; CHsSiH;  (CH;),SiH,
1 DSCB (6.7) 0.75 No 400 0.95 0.075 1.1 0.6 0.6 0.1 0.22 24
CS, (1.3)
2b DSCB (3.3) 0.90 No 2000 2.4 1.5 0.7 0.2 0.1 4.7 7.0
3 DSCB (1.3) 0.75 Yes 200 0.63 025 15 1.0 28 4.0 4.0 1.0
CS, (6.7)
4° DSCB (3.3) 0.75 Yes 30 1.8 3.0 1.0 1.7 0.1 1.0 1.1
% Gas-chromatography analysis.
® IRMPD of DSCB [6].
obtained upon similar irradiation conditions from the
8 IRMPD of DSCB, which corresponds [6] to a cross-
linked polycarbosilane possessing much less hydrogen
_ than polysilene [16].
o iy 11|12 The deposit obtained from Run 1 differs slightly and
% 5 that from Run 3 noticeably from polycarbosilanes by
&) 2 10 showing a v(Sif.S) absorption band at 1490 em ™! an(.i a
= 4ll 6 5 o v(SfH).absorptlon band at 2?38 cm™ and by havmg
3 M’u M the v(Si-H) band shifted to higher wavenumbers. This
shift confirms that the Si—-H bonds experience different
e local environment due to both inductive effect of S

Retention time, min

Fig. 1. Typical GC-MS trace of irradiated DSCB (10 Torr)-CS, (50
Torr) mixture. Peak designation: (1) CHy and air, shoulder C,Hy, (2)
CHa, (3) HaS, (4) HxO, (5) CH;SiHs, (6) CsHe, (7) CsHa, (8)
(CH3),SiH,, (9) (CH;);5SiH, (10) unidentified product, (11) CS,, (12)
DSCB.

sulfide (Fig. 1) and results in chemical vapour deposition
of greyish films. Methane and ethyne (a high tempera-
ture product) are produced in ~10 times higher yields
than with the unfocused radiation. The low yields of
gaseous products indicate that the major process in the
irradiated system is the formation of the solid films. De-
pletion of CS, being ~40% of that of DSCB) is in line
with significant incorporation of CS; into the solid ma-
terial. This is confirmed by the FTIR spectrum of the de-
posit that shows a very intense v(Si—S) absorption band
(see later). The formation of traces of H,S can be ac-
counted for by reaction of S atoms with H, (available
in the system [5,6]) or by cleavage of Si-S bonds of the
produced solid with traces of H,O inadvertently present
in the system.

3.3. Structure of the deposits assessed from FTIR spectra

The FTIR spectra of the deposits (assigned [15] in
Table 2) show pattern (Fig. 2) similar to that of the solid

and S back-bonding to Si [17].

Some absorption between 600-800 cm ™' (specifically
for the deposit from Run 3) is compatible [15] with the
presence of v(C-S—(Si)) (~640 cm ') and/or of v(C-S—
C) modes.

The absence of bands of sulfur allotropes (S; [18] and
Sg[19]) and of —CS,C— bridges [20] at 470 cm ™! rules
out the presence of elemental sulfur and of disulfide ar-
rangements that might have been produced from de-
composition of CS,.

The deposited films change when exposed to air. This
is illustrated by the FTIR spectra (Fig. 2c and d) that
show depletion of the v(Si-S) absorption band at 490
cm~! and a built-up of bands at 2538 cm™! (the v(S—
H) band) and 1040 cm~'. The latter overlaps with
the v(SiCH,Si) band and assigns to v(SiOSi) mode of
siloxanes.

These structural changes can be interpreted by hy-
drolysis of the Si—S bonds. All silicon—sulfur compounds
are readily hydrolysed [21] and the observed spectral
changes support the assumed presence of the Si—S bonds
in the deposit and rule out the less probable and hydrol-
ytically stable disulfidic bridges. The formation of the
S-H and Si—O-Si bonds is in line with hydrolysis of
Si-S-Si and/or Si-S-C bonds (Scheme 2). The v(S-H)
absorption band at 2538 cm ™' in the hydrolyzed films
does not get lost after several days, which shows
that the HS groups are incorporated in non-volatile
polymeric structures.
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Table 2
FTIR spectra of deposits

Vibrational mode Wavenumber (cm™!)/absorptivity®

IRMPD of DSCB in IRMPD

CS, of DSCB

Runl Run 3 Run 2
v(Si-S) 490/1.2 490/5.0 -
¥(Si-C) and p(CHj) 837/9.0 837/2.8 837/9.8
O0(H,C) and 6(H,Si) 956/5.5 956/0.9 956/5.1
v(SiCH,S1) 1043/2.7 1043/1.4 1043/4.4
d4(CH3Si) 1253/1.0 1253/1.0 1253/1.0
v(Si-H) 2135/6.7 2146/1.4 211 0/8.8
v(S-H) 2538/0.5 - -
v(C-H) 2898/0.5 2898/ 0.2 2898/0.4
v(C-H) 2960/0.5 2960/0.3 2960/0.4

% Normalized to absorptivity of 6(CH3Si) band.

Absorbance (arb. units)
éét m

3000 2000 1000
Wavenumbers (cm-1)

Fig. 2. FTIR spectra of the deposited film from IR laser irradiation of
DSCB (a), DSCB (50 Torr)-CS; (10 Torr) (b) and DSCB (10 Torr)—
CS, (50 Torr) (c). The spectrum (d) corresponds to the deposit
obtained from DSCB (10 Torr)-CS, (50 Torr), which was exposed to
air for 24 h.
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3.4. Gas-phase chemistry
The assessed structure of the solid deposits is appar-

ently the result of an incorporation of CS, into polym-
erizing silene [6].

cs
SiHg  SiH, —MPD_ 5 H,C=—SiH, —2 >

N\ ;
N\ P ;

n H,C=SiH,

polythiacarbosilane H,Si=S + H,C=C=S

Scheme 3.

Thermal decomposition of CS, is unlikely; this reac-
tion starts only at 1400 K [14] and yields [13,14] CS
radical and S atoms dimerizing on walls to S, [13].
The formation of the CS in the gas-phase would have
lead to its gas-phase polymerization [22] yielding poly-
thiene films with characteristic absorptions of C=S,
>C—Cx<, S,C—=CS,, —C—~(C=S)-S— and —S—(C=S)-
S— configurations. No evidence on elemental sulfur
and the absence of the characteristic polythiene absorp-
tions between 1300-1700 cm ™! are therefore, compatible
with CS, reacting mostly with silene and/or silene
oligomers.

The more pronounced depletion of DSCB than CS,
(Table 1) is in accordance with the major channel being
polymerization of transient silene together with dehy-
drogenation of transient silene and its oligomer; CS,
can be incorporated into polymerizing silene via S-nu-
cleophilic attack initiated 2+ 2 cycloaddition and cleav-
age of the adduct into transient silancthione [10] and
thioketene [23] (Scheme 3).

Thioketene has not been detected by IR spectrosco-
py. We assume that both highly reactive silanethione
and thioketene undergo much less self-polymerization
than reactions with silene and/or silene oligomers. The
lower content of the Si—-H bonds and the higher content
of the CH;(Si) groups in the films obtained at the fo-
cused radiation (Table 2) is associated with higher tem-
peratures and formation of more methylsilylene
(through CH3(H)Si: <> H,Si—CH, equilibrium [24,25]),
as well as with more pronounced dehydrogenative steps
[6]. We can then speculate that the whole co-polymeriza-
tion scheme is also contributed by a (yet unknown)
methylsilyne reaction with CS,.

The co-polymerization of silene (and methylsilylene)
and of their partially dehydrogenated oligomers with
CS,, silanethione and thioketene can take place via
a number of molecular and radical steps to finally
yield macromolecules having their skeleton composed
of C, Si and S atoms and possessing S—H and Si-H
bonds.

4. Conclusion

The TEA CO, laser irradiation of gaseous DSCB —
CS, mixtures affords chemical vapour deposition of a
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solid polythiacarbosilane films containing Si—S-Si, C-S—
Si-, Si-H and S—H bonds.

The formation of polythiacarbosilane is assumed to
occur mostly via incorporation of CS, molecule into po-
lymerizing silene. More incorporation of CS; is achieved
with focused laser radiation and higher CS,/DSCB ratio.

The films are modified in air due to hydrolysis of the
Si-S bonds into polyoxothiacarbosilanes containing Si—
0O-Si, Si-H and (C)S—-H bonds.

The IR laser-induced decomposition of DSCB in CS,
extends the potential of the IR laser decomposition of
silacycles for chemical vapour deposition of hetero-
atom-containing organosilicon polymers.
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