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Abstract This paper reviews different methods of synthesis of polysilalkylene or silary-
lene siloxanes that are sometimes called “hybrid” silicones. This special type of silicone
has been developed to avoid the drawback of the depolymerization of classical polysilox-
anes in certain conditions and to obtain elastomers with enhanced thermal and fuel
resistance properties. These silicones have been prepared through two main routes: the
polycondensation of &, w-bis silanol monomers (prepared either via an organometallic
route or via hydrosilylation of «,w-dienes) and the polyhydrosilylation of «,w-dienes
with dihydrodisiloxanes or oligosiloxanes.

Keywords Fluorinated polysiloxanes - Hydrosilylation - Polycarbosiloxanes -
Polycondensation - Polysilalkylene siloxanes - Polysilarylene siloxanes

Abbreviations

BPA bisphenol A

DMS dimethylsiloxane

HSCTs high speed civil transports
PDMS polydimethylsiloxane
PI/PS poly(imidesiloxanes)

Pt-DVTMDS platinum-divinyl-1,3 tetramethyldisiloxane
PTFPMS polytrifluoropropylmethylsiloxane
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ScCO, supercritical carbon dioxide

TMG/CF;CO,H tetramethylguanidine/trifluoroacetic acid
TMPS-DMS tetramethyl-p-silphenylenesiloxane-dimethylsiloxane
1

Introduction

Classical polysiloxanes — [(R)(R)SiO], — have been extensively studied and
some of them were already commercialized as early as the 1940s. Their var-
ious properties allowed applications in such various fields as aeronautics,
biomedical, cosmetics, waterproof surface treatment, sealants, unmolding
agents, etc. What is particularly interesting with silicones is the great flexibil-
ity of their backbones, due to the OSiO chainings, which induces a very low
glass transition temperature (Tg), and also their low surface tension which
makes them hydrophobic. These two properties account for their wide range
of applications despite their high cost.

They also exhibit a rather good thermal stability, but in certain conditions
(in acid or base medium or at high temperature) they may depolymerize due
to chain scission of some SiOSi moieties through a six centers mechanism [1]
(cf. Fig. 1), and give rise to cycles and shorter linear chains.

Fig.1

This intramolecular cycloreversion may occur from at least 4 SiO bonds [2].

So, several researchers have shown interest in another type of polysiloxane:
polysilalkylenesiloxanes or hybrid silicones alternating SiO and SiC bonds in
their backbones and having the following general formula:

Rl Rl
| I
—Q Si— R®*—si o)n—
P
Fig.2

where R? may be an alkyl, aryl, alkyl aryl or fluoroalkyl chain.
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Several synthetic routes have been described in the literature to obtain
these polysiloxanes. They will be examined hereafter.

One of the first examples of hybrid silicone was published in 1955 [3]
by Sommer and Ansul, who reported the obtention of hybrid “paraffin-
siloxanes” containing the 1,6-disilahexane group which was synthesized as
follows:

Me Me
. . 1)H;SO4 1 |
Me;Si(CH,),SiMe; S5 HE —[§1— (CHy),— IS]O‘}—n + 2n CH,
Me Me
Scheme 1

This hybrid silicone was presented as a compound having an intermediate
structure between linear methylpolysiloxanes and paraffin hydrocarbons.

Then, during the years 1960-1970 many other examples of hybrid silicones
were described, particularly silphenylene-siloxanes that are hybrid silicones
containing phenyl groups in the backbone of the siloxane chain, and also flu-
orinated hybrid silicones with or without aromatic groups in the backbone or
as side chains.

These silicones are generally obtained using two main pathways:

1. From bis-silanol monomers, themselves prepared either via an organo-
metallic route or via hydrosilylation of «,w-dienes. The bis-silanol
monomers are then polymerized to give hybrid homopolymers or con-
densed with difunctional silanes to give copolymers (cf. Scheme 2).

a) organometallic route

Rl R! R!
]
X—R-X + Mg + a— 51 a ———  a-Si—R-Si—a
R R R
R = alkyl, fluoroalkyl,aryl 1
X =Cl, Br Wirolysis
R! or R? = alkyl, phenyl, fluoroalkyl R! R!
I ]
HO-Si—R-Si— OH
by 0
R K
b) hydrosilylation route /
Rl
— -— u S a Ca_talys_t» L hydrolysis
- + H—Si— S
/_ 2)x 2 x'\\ R; / \ 51 X
Rl
HO— (Sl—R s|0),, HO—[(SI R- slo),,- (S.O),,,} H
RZ Rz RZ Rz
Homopolymer Copolymer

R = (CHpyyy—R'= (CHy)ysp

Scheme 2
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2. Through polyaddition of «, w-dienes with «, w-dihydro di or oligosilox-
anes, in other words by polyhydrosilylation (cf. Scheme 3).

R! R! R! R!
|
— CHLR (CHi~ * H- (:Si O} Si—H Colyek. ¢ (:Si O}~ $i CoH, (CHy), R (CHy), CHds
R? R R? R

Scheme 3

This review concerns silalkylene siloxanes fluorinated or non fluorinated,
aromatic or nonaromatic, but we have voluntarily excluded polysilanes, i.e.
polymers that contain silicon but without any SiOSi bonds.

2
Synthesis of Hybrid Silicones Starting from Bis-Silanol Monomers

2.1
From Bis-Silanol Monomers Obtained via an Organometallic Route

211
Aryl and/or Alkyl Backbone

One of the first hybrid bis-silanols that was used in the synthesis of hy-
brid silicones, and reported by Merker and Scott in 1964 [4], was bis-
hydroxy(tetramethyl-p-silphenylene siloxane) 1. It was obtained via a magne-
sium route according to Scheme 4:

Me Me Me . Me Me
| I | Hydrolysis | |
B—~O)-Br + Mg a—si—a — a—si—~O)—si—a ——» Ho—$5i—(O)—si—oH
1
Me Me Me Me Me

1

Scheme 4

Then, after polycondensation, it led to the corresponding homopolysil-
phenylene siloxane (cf. Fig. 3):

I\I'Ie l\l/Ie
— §i@ $i0),-
Me Me

Fig.3

In reference [4] some previous attempts to synthesize bis-silanol 1 are cited
but the results were not reproducible.
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The hybrid homosilphenylenepolysiloxane presents a better thermal sta-
bility than polydimethylsiloxane (PDMS). It is solid (melting point = 148 °C
instead of — 40 °C for PDMS).

Bis-silanol 1 has been used in different syntheses of random, alternated or
block copolymers. Merker et al. [5] described random and block copolymers
of the following structure:

l\l'le I\I/Ie l\I/le
5O por- o
Me Me Me

Fig.4

These polymers were elastic at temperatures above their melting points
(which may be up to 148 °C depending on the amount of oxysilphenylene
component).

Alternating copolymers were supposed to exhibit the lower crystallinity
and the higher thermal stability, but the authors were not able to ob-
tain such polymers as their synthesis method (condensation of 1 with
dimethyldichlorosilane) did not lead to alternance.

One year later, Curry and Byrd [6] obtained alternating copolymers by
condensing diol 1 with diaminosilanes (cf. Scheme 5):

R Me Me Me Me R /
I ) ] : | . I N | . ] ) ,

RON—Si—NR; + HO- ISI_©_IS1'OH S —E.51—©—|Slo'slo—]; + 2 R,NH
R Me Me Me Me R

a)R=R'=Me 1 2a)

b)R=®, R =Me b)

Scheme 5

This same reaction has been reproduced some years later by Burks
et al. [7] and amorphous copolymers 2a and 2b were prepared, and studied
as thermostable elastomers for the aeronautic industry. Copolymer 2a or
poly[1,4-bis(oxydimethylsilyl)benzene dimethylsilane] exhibited a glass tran-
sition temperature Tg =— 63 °C and a very good stability at high temperature.
Copolymer 2b or poly[1,4-bis(oxydimethylsilyl)benzene diphenylsilane] ex-
hibited a Tg = 0 °C and a higher stability at high temperature.

They were crosslinked at room temperature with Si(OEt); and dibutyltin
diacetate to give thermostable elastomers.

Since the beginning of the 1980s and during the 1990s, Dvornic and Lenz
and their co-workers have published numerous articles on the synthesis of
silarylene siloxanes and the study of their thermal properties [8-18]:
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The synthesis was achieved according to Scheme 6:

R' R' R’ R' R R’
I | | !, 1. b
HO—Si—@—Si—OH + 0 X—§i-X ——> —E§1—©—Isl—o—(§lo;-]—n + 2nHX
R R2 R* R’ R? rR*
Scheme 6

In reference [15], the authors compare four different ways to obtain these
hybrid silarylene-siloxane copolymers:

1. X=Cl
2. X=0COCH3;
3. X=NMe;

4. X =N(®)CON < (ureido)

They conclude that the copolymers with higher molecular weights are ob-
tained with ureidosilanes, while those with the lower molecular weights are
obtained with chloro and acetoxy silanes, because in both these cases, degra-
dation side reactions occur with the acids formed (HCl and CH3COOH).

In the various publications [8-18], the nature of R! to R* were different:
methyl, ethyl, vinyl, alkyl, phenyl, cyanoethyl, cyanopropyl, hydrogen and,
more recently, fluoroalkyl [17].

The relations between the nature of the polymers and the glass transition
temperatures have been studied [16], as well as their thermal stability [13, 14].
The authors have shown that the presence of an aromatic unit in the main
chain increases the Ty, as well as the presence of bulky side groups (phenyl,
cyanoalkyl, fluoroalkyl). On the contrary, the presence of vinyl or allyl side
groups decreases the Tg.

Concerning thermal stability, the best resistance to thermal degradation is
obtained with exactly alternating copolymers (x = 1 in Scheme 6).

In nitrogen, resistance to pure thermal degradation decreases depending
on the type of the side groups R* and R* (when R! = R? = CH3) in the follow-
ing order:

CH =CH; >C¢Hs5 >CH3 >H > C,H4CF3 > C;H4CgFq3

So, the highest stability is observed with the vinyl group.
The synthesis and the properties of silphenylene-siloxanes have been sum-
marized in a chapter of a monograph on silicon polymers [18]:

e DSC (Differential Scanning Calorimetry) measurements showed that the
Tg increased when the size of the side groups increased.

e Thermal stability of these polymers is very high: in TGA (Thermal Gravi-
metric Analysis), they show decomposition not until 480 to 545 °C.
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e The average molecular weights of the polymers range from 70000 to
340000.
More recently, in 1998 and 1999, McKnight et al. [19-21] reported some
vinyl-substituted silphenylene siloxane copolymers with exactly alternating
structures and varying vinyl content that were synthesized through disilanol
diaminosilane polycondensation, as follows:

3 1

Me_ I,{ Me Me I\I/Iel‘l /

nleon ON-sioN ——> 45i<(O)—Si0siod; + 2 MeNH
Me R? Me Me Ve R

R! = R? = CH3, CH=CH,, mixt. CHy/CH=CH,

Scheme 7

The copolymers were described as thermally stable, high-temperature
elastomers.

It was said that “they had low Tgs (ranging from - 26 to — 86 °C) and ex-
hibited the highest degree of thermal and oxidation stability that has been
observed so far for any elastomers”. Additionally they were supposed to
be promising candidates for potential applications as flame-retardant elas-
tomers, one of the critical needs in many industrial branches such as the
aircraft and automotive industry.

A few years earlier, in 1991, Williams et al. [22] had performed the
structural analysis of poly(tetramethyl-p-silphenylene siloxane)-poly(di-
methylsiloxane) copolymers (TMPS-DMS copolymers) by 2°Si NMR. These
copolymers were obtained by the condensation of bis-hydroxy(tetramethyl-
p-silphenylene siloxane) 1 with «, w-dihydroxy polydimethyl oligosiloxanes,
in the presence of a guanidinium catalyst (cf. Scheme 8):

| 1 [ | |
1+ HO—(ISiO%,,H . ™ —[e'Si—@—lsiO)m——(lsiO)d—

TMPS -DMS copolymers

Scheme 8

This NMR analysis is particularly useful as the block TMPS-DMS copoly-
mers exhibit a wide range of properties depending upon the composition and
average sequence lengths of the soft dimethylsiloxane segments and the hard
crystalline silphenylene blocks.

In the years 1988 and 1989, in our laboratory [23, 24] the same bis-hydroxy
(tetramethyl-p-silphenylene siloxane) 1 had been used in polycondensa-
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tion with chlorosilanes fluorinated or nonfluorinated, type Cl,Si(Me)R’
withR'=H, CH=CH,;, Rr and Rg = C3Hs0C;H4CnF2ns+1, CoH4CeFs,
C3H60CF2CFHCF3, C2H4SC2H4CnF2n+1, C3HGSC3H60C2H4CHF2,1+1 and sil-
icones with the following general formula were obtained:

I\l/[e I\I/[e I\I/Ie
H5—O—§ion-Giomly
1
Me Me R

Fig.5

Silicones containing, at the same time, R’ = Rg, R’ = H and R’ = vinyl, are
fluorinated silicones with low viscosities, easily crosslinkable by addition of
Pt catalyst and that give access to “pumpable” fluorinated silicones.

Later, in 1997, we also described a hybrid silalkylene (C¢H;;) polysiloxane
obtained by polycondensation of the corresponding hybrid bisilanol bearing
methyl and phenyl pendant groups and showed that it also exhibited a good
thermal stability [25]. Its Ty = — 52 °C was higher than that of PDMS, but its
degradation temperature in nitrogen was about 100 °C higher than for PDMS
and was also higher in air.

Stern et al. [26] had published, in 1987, an article where they studied the
structure-permeability relations of various silicon polymers and which gave,
among others, the T of several hybrid silicones — [(Me),Si — R — Si(Me),0], —,
whereR =— C2H4 = C6H12 =y C3H16 = (TgS around — 90 OC), R= m-C6H4 -
(Tg =—-48°C) and R = p-C¢Hy — (Tg =—18°C), but nothing was said about
their synthesis.

In fact, in 1997, the synthesis of poly(tetramethyl-m-silphenylene siloxane)
was reported by Mark et al. [27] as follows:

+ HMe;,SiCl hydrolysis polycondensation
Q s O ey il

X X HSiMe, SiMe,H HOSiMe, SiMe,0H HO(SiMe, SiMe,0),H

Scheme 9

The T was then evaluated as — 52 °C which is close to the value of — 48 °C
given by Stern et al. and no melting temperature was detected, contrary to the
equivalent p-silphenylene polymer. TGA measurements revealed very good
high temperature properties with the onset temperatures for degradation be-
ing 415 °C under nitrogen and 495 °C in air.

Finally, silarylene-siloxane-diacetylene polymers were reported by Hom-
righausen and Keller in 2000 [28], as precursors to high temperature elas-
tomers. They were obtained as follows:



