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Organosilane Polymer Chemistry: A Review 
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Organosilanc chcmistr\ is a rapidl.~ growing licld. Oxct I()110 papers arc pub- 
lishcd cxcr.~ }Cal and lhc l iterature includes o~cr 21l.{ll)ll research papers ill ld 
patcnls. Besides the sxnlhctic a>,pccts, organosil icon chemistrx has beCOIllc' il 
Ilia lot tool in the plcparatJon of  silvlatcd compounds as i-cacthe intcrmcdiales 
in c~igclnic synthesis and for an cvcr-incicasmg nulnbcr of  technical applications. 
This rcxicw arliclc clisctisscs the origin of  organosil icon chemisir), Ih~: dillTrcn- 
cos between carbon chemistry and silicon chenlislr\, and the application of  
silicon cilrboll chcmislr\ in tl~c licld of  pol)mcrs. 

KEY P,'ORI)S: Organosilanc: ar.xlsilanc: organosilicon: pol.xmcrs: silicon 
C~I Ibon .  

H I S T O R I C A L  B A C K G R O U N D  

Organos i l icon  compounds  are defined as species possessing a silicon 
carbon  (Si C) bond [ I ] .  Nature  does not provide a ready source of 
organosi l icon compounds  [2 ] :  therefore they must be synthesized from 
elemental  silicon. Althou, ,h silicon is second in terrestrial  abundance ,  it 
does not occur in the free state but rather  is bound  in a highly oxidized 
form with the most abundan t  element,  oxygen, as silica or metal  silicates 
[1 ] .  If organosi l icon compounds  had utility, it was not apparen t  to the 
pioneer  investigators:  only, curiosi ty could have led them to determine how 
to synthesize the compounds  and to s tudy their behavior  [3 ] .  The first 
extract ion o f  silicon from its natural  oxygen environment  was itCCOlll- 
plished by Berzelius m the early 1820s when he synthesized te t rachloro-  
silane by igniting sodium hexafluorosi l icate  and poteissium in the presence 
of chlorine gas [4] .  
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The growth of organosilicon chemistry parallels the history of 
organometallic chemistry. However, while Frankland reported the use of 
ethyl zinc iodide and diethyl zinc as organometallic reagents in 1849 [5] ,  
it was not until 1863 that Friedel and Crafts [6, 7] synthesized the first 
organosilicon derivative by heating diethyl zinc with tetrachlorosihtne in 
a sealed tube at 140 160:C (Scheme 1). Tetramethylsilane (TMS) was 
sinfilarly synthesized from dimethyl zinc at 20(Y'C [ 8]. 

SiC14 + 2 Zn(C2Hs) 2 ~ (C2H5)4Si + 2 ZnC12 

Scheme !. Nx'nthcsis ol 'thc first organosilicon derivatixc. 

In 1873, Ladenburg reported the synthesis of the first arylsihme 
derivative by reacting diphenyl mercury with tetrachlorosihme (Scheme 2) 
[9 11]. 

SiC14 + 2 Hg(C6Hs) 2 ~ (C6H5)4Si + 2 HgCI 2 

Scheme 2. Synthesis of the first arylsihulc dcrivatixc. 

The reaction conditions ,equired to transfer the methyl o,- ethyl group 
from zinc to silicon were not particularly attractive, and it was not until 
1884 that Pape performed an organosilicon synthesis via m situ generation 
of dipropyl zinc IScheme 3) [ 12]. 

SIC14 + 4 CH3CH2CH2I + 4 Zn m (CH3CH2CH2)4Si + 2 ZnI 2 + 2 ZnC12 

Scheme 3. Organosilicon synthesis via iJl ,~itu generation of organomctallic reagents. 

However, since the Friedel Crafts reaction and the in.vim synthesis 
were perfornaed in sealed tubes at 150 200C,  the quantity which could be 
prepared was limited. In 1885, Polls used the Wurtz Fittig reaction to 
prepare tetraphenylsilane for the first time (Scheme 4) [ 13]. 

SiCl4 + 4 ~ C l  + 8 Na 

< 

Scheme 4. Organosilicon synthesis via WuFlz Fittig reaction. 

+ 8NaCI 
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The higher reactivity of sodium alkyl eliminated the requirement of 
high-temperature, sealed-tube reactions. However, control o1" the reaction 
was diil]cttlt and tetrasubstitutcd silanes were tormed. 

With the invention of Grignard reagents it+ 1900 [14], Kippmg 
reacted tctrachlorosilanc with ethyl magnesium iodide to obtain a mixture 
of ethyl trichlorosilanc, dicthvl dichlorosilanc, triethyl chlorosilane, and 
tctracthvlsilanc { Scheme 5 } [ 15 ]. 

SiC14 + C2HsMgI -- ~ C+,Hr, SiCI 3 + CpH 5 2SiCl2 

+ {CpHs)+SiCl + C2Hs)4Si 

.qchenle 5. ()rgunt+siliuon sxnihcsis \m (;rignard t-uuction. 

Duling the same tit+no, Dilthc\ and Eduardofl pcrlot+med :t sit-nilar 
reaction with phenyl magnesium bromide to obtain a nfixture of phenyl 
trichlorosilane, diphenyl dichlorosilanc, and triphenyl chlotosilane 
{Scheme6) [ 16 ] .  

S L C I :  + C+ ,H! ,HgBr  ~- 

Cl Cl 
, I /7 '; 

�9 SX Cl + ', " Si </ 

CL - Cl -- 

"<<~ " 

T / - - ~  

C l  

Scheme 6. Orgunosilicon sxnthcsis xia Grigtmrcl tcaction. 

Although fc, rnmtion of the Si C bond \,+;ts cI]cctcd in the earl;' 19{){}s. 
the techniques involrcd wore ortergy intensive and by-product lomovttl was 
very dill]cuh. It was almost four decades after Kippmg synthesized the first 
Si C coml)ound via the Grignard reaction that Rochow disco;rercd the 
direct process and provided a I]rm Iboting Ibr the future of organosilicon 
chemistry {Scheme 7) [ 17]. Industrialh< the direct process, invoh'ing the 
reaction o1 methyl chloride anti silicon with copper as catalyst, is the most 
important route Ior the synthesis of organosilicon compounds [18]. The 

?H3 7H3 ?H3 
300oC ~ CH3--Si--Cl + Cl Si--Cl + Cl--Si--Cl 

Si + CH]C1 Cu Catalyst I I I 

CH 3 CH~ C1 

Scheme 7. Direct ptoccss t'or organ,,',siiJcon s)nthcsis. 
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] ' ab l e  I, T.',l',ical Yie lds  of  C h l o r o s i l a n c s  f rom Di rec l  P rocess  

( ' o m p o u n d  ",, Bo i l ing  po in t  ~ (+! 

I C'l l : )~ SiC'l: 75 711 

t C t t  r I0  66 
~ C l l ~ i r  4 5S 

I( I I~,)Si l [CI, (~ 41 
Si('l~ 5S 
ICI I , I .~S i  5 26 

I ISi ( ' l~  32 
l ' ) isila no:, 

reaction is conducted on :.1 very large scale via lluidized bed reactors and 
gives methyl chlorosilancs which are used as intermediates Ibr silicone 
polymer nmnufacturc. Typical yields arc inchtded in Table I. 

In 1946. Gilman developed an alternative route to synthesize organo- 
silicon compounds with organolithium reagents I Schcmc 8) [ 19 21]. The 
lithium alkyls were prepared and handled much like a Grignard reagent. 
However. the organolithiums wcre more reactive than Grignard reagents 
towa,d organosilicon halides, alkoxides, and hydrides, thus making it 
feasible Ibr the reactions to be performed at low temperatures in anhydrous 
ether. 

Although synthesis olorganosilicon compounds via thermal, photolytic. 
or free n~dical addition of hvdrosilanes to olefins was discovered in the late 

(C H, }SiH + CH;CH.CHCH~LI 

C H, OhSi + 4CH,CHeCH.CHLi 

{C:H,)~(CH~CH;:CH:CH2)Si + LiH 

(CHICH!CH?CH2)ISi + 4 LiOC2H % 

CH: 

�9 Si C1 * ~ L i  -~ , ell, ~ ~ " S i  - / /  ~-CH + 3 LiCI 

C i ,//'-%> 

CH 

Scheme 8. Organosi]icon s~mhesis wifl l  organol i lh iunl  compounds. 
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R3Si- H �9 R3Si. + H" 

R '  H 

R'~ /H Mar kovnikov I I 
R3Si. + C:C R3Si--C--C" 

/ \, Addition ~ I I 
H H H H 

Scheme 9. 

R' H R' H 
I ' 

R,si C C" + "H ~ R~Si c--C H 
I ! I 

H H H H 

Ot'ganosilicon s',nthcsis vhl I]-cc radical additioll of hvdrosihulcs {Markoxnikox 
~H.ldil hq] I. 

1940s (Scheme9) [22,23] ,  it was not until the late 1950s that 
chloroplatinic acid (Speier's catalyst) [24, 25] was successfully used for 
hydrosilylation (Scheme 10). Since then. several transition metal catalysts 
including rhodium, cobillt, nickel, and iron have been developed [26, 27]. 
The nickel catalysts are less reactive than platinum and rhodium catalysts 
[ 28 30], and frequently phosphine nickel complexes cause disproportiona- 
tion of chlorohydrosilanes to a variety of complex by-products. FurtheF- 
more, transition metal salts other than platinum, rhodium, and nickel have 
been found to be el]'cctive only in special cases. 

The free-radical addition of hvdrosilanes to olefins lollows the anti- 
Markovnikov rule, thereby giving the :(-isomer as the major product. On 
the other hand, catalytic hydrosilylation gives the /)'-isomer its the m~0or 
product. If silicon is viewed as being electropositive, catalytic hydrosilyla- 
tion iollows the Markovnikov addition rule. 

A new synthetic scheme to arylsilane synthesis on an industrial scale 
was reported in 1987 (Scheme l l) [31]. The procedure relied on the 
reaction of chlorodinaethylsilane with substituted acid chlorides and was 
compatible with all substituents, even those that could not be used with 
Grignard reagents. The rate of reaction increased its the electron-with- 
drawing nature of the acid chloride substituents increased 

R3Si-- H 

H R' H 
R'~ / H2PtCl 6 I [ 

+ CzC H--C--C--SiR 3 
/ \ Anti-Markovnikov I I 

H H Addition H H 

Scheme 10. Organosilicon synthesis vm free radical addition oFhxdrosilancs Imui-Markox- 
nikox addilion ). 
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~, O CHs CH 3 : - ~  CH 3 
'\~C C1 + Cl Si Si Cl { phCN}2PdCl2/pph3 <~/~ ~ i Cl 

R CH~ CH; R CH3 

S c h e m e  I I .  . '<,\nlhcsis r o u l c  Ik~," ~u'xlsikmcs.  

In sunanmrv, the basic Si C bond Iormadon methods have been 
described. The invention and use of Gi ignard and ovganolitlaium reagents 
provided the basis for modern organosilicon chcn-fisti;:, and the ctivect pro,- 
tess i}rovi{.tcd ovganochlorosilailcs on an industrial scab. Hxdrosilvlation is 
an excellent comi'}ie,nent to ovgunomemllic reagents and 1-}rovided a needed 
degree o1 selectivity. Finalh'. the synthetic apl}i-oitch suggested by Rich 
[31 ] is cltcctivc industliall', lol-mvlsi lanc synthesis. No other generally 
apl}lic:~ble S\lathetic routes to Ol-g:mosilancs are availablc, and oFganosilanc 
svntlaesis lenlains a challenge Ior the Future. 

S I L I C O N - C A R B O N  C H E M I S T R Y  

Tile unit~'ing theme unclevlying the early investigations of Si C 
daemistv;' was the similarities beBveen silicon and carbon. For instance. 
botla silicon and carbon lmve a n,nma/co\alencv of four and their m~rma/ 
bonding is tctralwchal [32] .  Howexer. as research progressed. Kipping 
realized that the field of ovganosilicon chemistr ;  did not match that of 
{..':.llbOll and tlmt silicon's differences far outweighed its similalities to 
carbon. Four major dilTcrences were at)parent [ 33 ]. 

Ial Halosilanes were lavdvolvticall,,: unstable, while halogcnclted 
h \droGtrbons  did not react with water. 

{bl Organosilicon compounds  showed no tenctencics to Iorm 
localized double bollds. 

Ic} Silanones { Si = O } ~t,acl silacarboxylates {O = Si O } have been 
rcporled only as reactive intermectiatcs. 

/el} Orgcmosilicon coml-}ounds have a high inclination to polvllwrize. 

l-ov the most Imrt. thcse differences can be explained by considering 
the following four lundanaental l}ropevtics of silicon: 

{a } atomic size. 

{b} electronegativihv. 

{el lack e lp-orb i ta l  invoh'ement,  and 

{d} availability of vacant d-orbital. 
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Atomic Size 

The atomic radii, relative electron densities, and electronegativity data 
Ior silicon and carbon are included in Table II. 

] 'able  II. Basic Propcrt ics  of Silicon and Carbon  

Propcrt.v Silicon Carbon  

Atomic radius tA) [34]  1.176 (I.772 
Relative electron density [ 34 ] ,'4.6 13.1 
I~lcctroncgativity 

Paul ing [ 35 ] I.,':11 2.511 

:\lh'cd Rochow [36]  1.90 255 

The silicon atom is 1.5 times larger than the carbon atOln and this 
increased size has several ramifications including longer bond lengths, 
lower energy barriers to silicon-element bond rotations, and less stable rc 
bonds [37, 38]. The bond lengths and bond dissociation energies of 
silicon-element and carbon-element bonds are included in Table 1II. 

] 'able  I11. Bond I.cngth. Bond Dissociat ion F.ncrgy. and Ionic Charac tc r  of Si l icon-Element  
and Carbon-Element  Bonds 

Ionic Bond dissociat ion 
Bond length character  encrg) 

Bond (rim) (",,) (k.l tool i ) 

Si 11 o.14s 2 339 
C H (),1()9 4" 42o 
Si C (I.189 12 318 
(2 C O.153 0 334 
Si N O.174 3O 32O 
C N 11.147 (~ 335 
Si O O. IA3 5(1 531 

(" O O.141 22 34O 
Si I- 0.160 7(1 8(17 

C F 0.139 44 452 
Si S o.214 12 293 
C S (}.1811 o 313 
Si CI (I.2(15 30 471 

C ('1 I).335 6 335 
Si Br (I.221 22 4113 

C Br 11.194 2 268 
Si 1 O.322 12 322 
C 1 0.214 (1 213 

" H is more electroposi th 'c  than ('. 
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The increased bond length allows virtually fl'ee rotation of organo- 
silicon compounds [ 39 ]. The results are translated into essentially no rota- 
tional energy barriers and, thus, low glass transition temperatures I T~, ), low 
viscosities, and improved impact resistance in silicone resins [40]. 

Electronegativity 

Althotmh silicon-element bonds are lon,~er than carbon-element 
bonds, they are stronger than expected. The increase in bond strength is 
attributed to the lower electronegativity of silicon compared to carbon. The 
electronegativity values of silicon and carbon are listed in Table II. Regard- 
less of the scale, silicon is markedly more elcctropositive than carbon, and 
the covalent bonds of silicon with other elements exhibit a pronot, nced 
ionic character. The ionic characters of several silicon-element and calbon- 
element bonds are included in Table I11. 

Vurther, depending on the substituent groups on the silicon or carbon. 
bond polarization can be enhanced or weakened. Electropositive moieties 
on carbon, especially hydrogen, and electronegative moieties on silicon, 
especially oxygen, dec,ease bond polarization and stabilize the bond. This 
is evident in polyldimethylsiloxanes), wherein an optimal degree of 
cooperation exists between the hydrogen on carbon and oxygen on silicon. 
Other electronegative groups on silicon also stabilize the Si C bond, e.g., 
trichlorosilane ICI .~SiH)is  thermally more stable than methyl silane 
{CH~SiH), and chlorotriphenylsilane [C1SiIC,,Hs)~ ] can be distilled at 
378:C without decomposition [41]. On the other hand, electronegative 
groups on carbon directly attached to silicon decrease the Si C bond 
strength. The silicon dilluorometlayl (Si CHF_,) and silicon trifluoro- 
methyl {Si CF~) groups can be easily hydrolyzed even with cold water 
[42]. If ttn electronegative group is attached to the /~-earbon atom, dec- 
tron withdrawal occurs at the :x-carbon atom, increasing the susceptibility 
of the Si C bond to nucleophilic reagents. This "/~ effect" is exemplified m 
the hydrolytic decomposition of //-chloroethyl triethylsilanes in alkaline 
media [43]. Other organosilicon compoullds with fl electronegative sub- 
stituents react in a similar way. 

Lack of p-Orbital Involvement 

Although stable (2p 217) re-bonded compounds with carbon exist, 
analogous 13p-2p) v-bonded compounds with silicon have proven to be 
elusive [44-47].  At first sight, this is rather surprising, since the (3p 2p) rr 
bond energy of silaethene {SiH2 = CH2 ), determined via ab initi~ molecular 
orbital calculations [_48], ion cyclotron resonance spectroscopy [_49], and 
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thermochenaically derived data [44 47], indicates that the bond is 
relatively strong. However, the bond is highly reactive owing to the strong 
polarizability and presence of low-lying st* antibonding molecular orbitals. 
Silaethene, silabenzene, and their analogue have been generated as reactive 
intermediates which are stable at very low temperatures ( 10 50 K) or can 
be isolated using trapping agents [50 63]. 

Availability of Vacant d-Orbital 

Organosilicon coml-~ounds are normally quadricovalent with silicon, 
Ibrming tetrahedral .~/~ hybridized bonds. However. the vacant 3d orbital 
is considered to be responsible for a number of physical and chemical 
properties, and they include the following: 

la) stabilization of reaction intermediates and transition states. 

/b} formation of additional ,7 bonds, and 

(el Iornlation of internal rc bonds. 

Somnler's sludies on chiral silicon COl'~lpotirids indicate thai involve- 
nlent of 3U orbitals lowers transition-st:.ite energies for both lroilt;_l] attack 
Iresulting m relentionl and backside attack Iresulting m inversion l [64]. 

The lormation of hexalluorosilicate ion I SiF<, -') is a classic example of 
octet expansion in silicon. X-ray crystallographic analysis [65 ] reveals that 
the six lluorine atoms are arranged octahedrally about silicon, implying a 
,V)~U -~ hybridization l-urther, spectroscopic evidence indicates the presence 
of transannular interaction between nitrogen and silicon in pen ta -coof  
dinated silatranes [66 71]. The Iblmatioi1 of penta or hexavalent com- 
pounds is favored with a decrease in steric hinderance and lowering of 
silicon's electron density by electronegative atoms E 72 ]. The electroneg:ltive 
atoms interact \villa silicon's U-orbital and. thus, allows it to participate in 
bonding [73]. 

Although d-orbital involvement in coordination expansion by ,7 bond 
formation is accepted, there is controversy over proposals of !p U) 7r bond- 
ing [34, 64, 74--76]. The controversy arises from the fact that, contrary to 
,7 electrons, rr electrons do not lie between the nuclei but are directed away 
from the internuclear axis. Therefore, {p-UI 7r bond strength depends on 
the nature of the grottp providing the /J-electrons and the bond overlap 
integral [ 77]. 

The quantum chemical calculations of Nagy and Reffy [78] indicate 
that the (p U) 7r bonding between the unoccupied U-orbital of silicon and 
the phenyl ring in trimethylphenylsilane is 11%, and the dipole moments 
of the bonds are signilicantly higher than those for t-butylbenzene. 
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In an attempt to explain the two contradicting fc, rces of electron doilil- 
tion via inductive effects and electron withdrawal viii (p U) s~ bonding, 
several investigations inchlding acid-base strength analysis [79.80] ,  
spectroscopic studies [81,82] ,  dipole moment determinations [83,84] .  
and kinetic sttidics [ 85] have been reported. 

The acid sircngH~ comparison of F-trimethylsilyl ben• acid and 
/>t-butyl bcnzc)ic acid to explain the existence of II+ </I zr bonding in the 
silicon-based acid has been highly controversial. For instance, Chart and 
Williams [79,81)] reported that />trinaethylsilyl benzoic acid was a 
stronger acid than />t-butyl benzoic acid, and attributed the increased 
acidit\' to clectroli withdrawal by the trimetlLvlsilyl moiety via (p U) sr 
bonding. This rcport was irl direct conl]ict with studies by Roberts ct st/. 
[83, 86] and Bcnkcscr and Krysiak [87], who repel'ted thc acidity of 
/>trimelhylsilyl benzoic acid to be similar to o1 weilkcr than that of benzoic 
acid Later, Zuckerman e ta l .  [88] reported that thc acid dissociation 
consllinls were dependent upoil the solvenl iuld solvation elfeels, and ilol 
tipoI1 IF U) ~ bonding. 

Conclusive evidence l'or (/~ Ui rc bonding was observed in electron spin 
resonance/ES R) sltidies by Bedlord <'/a/. [ 89 ], ESR studies of trimcthylsilyl 
benzene iilld t-butyl benzene indicated tllat the trimethylsilyl group wits 
electron withdrawing and tile t-butyl group was electron donating. Suppof- 
ting this tenet, Curtis and Alhed [90, 91] suggested the presence of (p U) 
rc bondiilg in 4-tril~:lcthylsilyl biphenyl and 4,4'-bis(trirnetllylsilyl) biphenyl. 
hi yet another study, Cowell c l  ttl. [923 reported that the bisl2,2'-biphenyl) 
naethanc radical anion was paramagnetic, while clelocalization of the two 
unpaired electrons into tile 3U orbital of silicon made the bisl2,2'-biphenyl) 
siliille radical anioll dianv.lgnetic. Finally. Beck t,t al. [93] indicated thllt 
p-xylcne, oil reduction, lornaed the 1,2-dihydro species, since the electron- 
don,iting tcndencies of methyl group lowered the stability of the 1.4-radical 
anion. However. reduction of 1,4-bis(trimethylsilyl) benzene gitve exchtsively 
tile 1.4 dihydro species since the 1,4-diradical iulion was stabilized via 
electron delocalization into the 3U orbital. 

Tile study of electronic envirolm)ent of an ittom and the substituent 
effects can bc studied by nuclear magnetic resonance (NMR) spectroscopy, 
:,l.nd this technique is a powerful tool in investigating (p U) zc bonding. 
Vignollet and Marie [94] reported that the interaction between the tri- 
inethylsilyl group and benzene m trimethylsilylbenzene occurred purely via 
inductive effects, whereas tile electron-withdrawing effect of phenyl sub- 
stituenls was due mainly to (F U) a bonding. However, if electron-donating 
groups were attached to the phenyl ring, then (p U) rc borlding effects were 
diminished [ 94 96 ]. 
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Frceburgcr and Spialtcr [97] stuctied the correlation between the C H 
coupliilg constant {.I) and the resr, eclive Hamrnctt ,7 values Ior the n'~cihyl 
group ol" the substituted trimethylplaenylsilancs. The data suggest that 
silicon is a more efl]cient transmitter of electronic eft'cots in comparisola to 
its carbon, oxygen, or nitrogen analogues, and attributed this distilaguishing 
i'cature to {p d) rr back-bonding. 

IH NMR chemical shifts of 2-silyl furans [98] confirm an electron- 
withdrawing effect when silicon atom is directly bonded to the furvl ring. 
However, when the silyl group is separated by iesonance-defeating methylene 
units, inductive cflbcts dominate. Similar results have bcci"t rcportcd fc, r silyl 
thiophcncs, silyl pyridines, silyl pyrrolcs [ 99 ], and main-chain arylsilanes [ 39 ]. 

Bowdcn and Braude [1(1{1] rcporled a bathochromic shift in thc 
ultraviolet {UV} spectlum of p-trmlethylsilyl benzene rclalivc to 
p-t-butylbenzenc, and attributed this cl'i'cct to ( p d} rr bonding electron delo- 
calization. Gilman utal. [101] wrote that the absorption maximuna and 
molar absorptivity of phcnyl- and methyl-substituted disilanes increased v<ith 
increased phenyl ring substitution and optimum conjugation across the 
silicon silicon bonds. A comparative [_.IV analysis of polyphenylated silanes 
and siloxanes with polyphenylated paral'fins and paracyclophailes was per- 
lormcd by Brown and Prescott [81]. v<ho lound that in such cases silicon 
always behaves as an electron-withdrawing group, and they attributed thi.-, 
behavior lO the presence o1" (p d) 7r bonding The clectroil-withdrawmg 
power increased v,'hcn the silane group was replaced v<ith siloxy groul,. 

Gas-phase electron diffraction studies performed by. Dakkouri and 
Typke [102] confirm that the Si C bond length in cyclopropylsilalle is 
shol-ter than that in vinyl silanc. The shortening of the bond length was 
attributed to the delocalization of electrons in the cyclopropyl ring as a 
result of enhanced interaction of silicon's d-orbital 

O R G A N O S I L I C O N  P O L ~ M E R  CHE,~IISTRY 

Organosilicon polymers can be subdivided into four major categories 
based on tile silicon-element linkage, wlfich includes polysilanes (Si Si 
linkage), polysiloxanes (Si O linkage), polysilazanes {Si N linkage), and 
polysilalkylenes and polysilarylencs (Si-C linkage) [103]. Of these, the 
polysiloxanes Ol silicone polymers have been widely studied and have the 
greatest commercial importance [104 109]. The polysilanes [104, t10], 
polysilazanes [ 111, 112], and polysilalkylencs and polysilarylencs are 
finding applications in specialized fields. Since this research has focused on 
compounds with a Si C bond, the ensuing discussic, n is restricted to the 
growth and development of silalkylcnc and silarylene polymers. 
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The first silicon-containing polymer was synthesized by Speck in 1953 
[113 ]. Organosilicon dicarboxylic acids and dibcnzylamilws were prepared 
via the synthetic routes of Scheme 12. Polyamides were synthesized by 
heating dicarboxylic acids with organosilicon diamines or 1,6-hexa- 
methylene diamine under reduced pressure. The thernlal stability and 
mechanical properties of the silicon-containing polyamides were simihu to 
those of theh cai-boll analogues. X-ray diffraction patlerlls indicated that 
the silicon-based polyamides were amoiT)hous alld highly unoriel-ited. The 
ethylene gl.,,col polyesters of bis(p-carboxy phcnyli dimethylsihuw alld 
bis(p-carboxy phenyll diphei~ylsihme possessed mechanical alld thermal 
properties similar to those 4f their C;.llbon all;.iloouese ,, cxcept that the\,, were 
amorphous and softened tit lower temperalures. 

In the early 1960s, the need Iol heat-resistant polymcrs intcnsil]cd. 
Marvel ~,lal. reported that Schil]" bases [114. 115] and bcnzimidazole 
dcrivativcs [116 118] were suitable building blocks for tlaermally stable 
polymers. However, these polymers were insoluble m most organic soh, ents 
and processibility was difficult. In an effort to improve processibility. 
Koxacs el~t/. [119] synthesized model silicon-containing SchilT bases and 
benzimidazole deri\atives by reaction of/>triphenylsilyl bcnzaldehyde with 
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placnylene diamincs I Schcmc 13 I- Thcrmogravimctric analysis (TGA) data 
indicated that the relative ordcl- of heat resistance of these compounds was 
similar to that of thoir carbon analogucs. However, the silicon-containing 
SclailT bases and bcn• derivatives were soluble in organic solvents. 

With the data obtained I)om the model compound sludies, Kovacs 
ct~t/. [ 12(I 122] synthesized novel silicon-containing amides, ben- 
ximidazoles, hvdlazidos, and oxidiazolc polymers I Sdlenae 14)and studied 
tlaeii- oxidative-thcrnaal stability and solubility characteristics. The polymers 
~rc l'C soluble in olganic solvents, and I]hns cast from sohition l]rtnly 
adhered to glass and metal surfaces. Ex,'cn after being heated in air IBr 100 h 
tit 3(}0C and then IBl 3.5 h :it 45() C,  the l]hns posscsscd excellent 
llcxibilit\ and adhesion on alumirmrn. Infrared analysis of the residues 
indicato.t that the polymer structures were essentially unchanged. 

As a part of a continuing research program to improve processing 
characteristics of higla-tempcraturc polymers. Johnston and .lewell [ 123] 

H " - >" : , C H  

" i  ' ' " 

b ' C  L . 

( 

Sdienle 14. S>nthcsis of silicon-cuntahml~ amidc, benzJtnidazolc, hyclrazidc, and c, xi,,.liazolc 
pc, l> triers. 
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reported tile synthesis and characterization of two SClqCS o[" aromatic 
polyimidcs via reaction of novel silicon-containing dianhydridcs with 
aromatic diamincs {Fig. 1t. They compared Htcir properties with those of 
3,3'.4.4'-bcnzophcnone tctracarboxylic acid dianhvdride-bascd polym-iides. 
The organosilane polyin-iidcs were soluble in chlorinated hydrocarbons. 
Thermal analysis by torsional braid and therl-nOmechanical techniques 
illdicatcd that the T,, was lowered bv 7 48-C when silyl groi_lps \vere incor- 
porated into the polymer backboi-ie. Dynamic thermogravimetric (DTGi 
studies showed that the degradation of silicon-containing polyimides 
began at signil]cantly lo\~er temperatures than lbr coriventional aromatic 
polyimides. 

Ghatge and Jadhav [ 124] synthesized polyinlidcs via the diisocwinate 
dianhydride route I Scheme15)�9 The organosilane diisocyanates were 
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Scheme 16. Synthesis of organosilicon polymides from dianhydridcs and organosilicon 
diisoc\ anatcs. 

prepared from the corresponding dicarboxylic acids via the Wienstock- 
Curtis modified rearrangement [ 125] of the diacid azide intermediate 
(Scheme 161 [ 126]. Silicon-containing polyimides were synthesized by the 
reaction of pyroinellitic dianhydride or 3,3',4,4'-benzophenone tetra- 
carboxylic acid dianhydride and organosilane diisocyanates via a seven- 
membered ring intermediate [127]. The TGA, DTG, and difl'erential 
thermal analysis (DTAI data denlonstrated that polymer degradation 
begins at 350 420-C, with maximum degradation at 470:'C: temperatures 
which were lower than reported for conventional polyimides synthesized 
with carbon analogues [ 128, 129]. 

Jadhav e l  al .  [ 130] reported the synthesis of organosilane aramids via 
low-temperature, interliicial polycondensation {Scheme 171. DTA studies 
showed that the majority oi" the polymers had Q values between 245 and 
270'C, and TGA and DTG analysis established that the onset degradation 
temperature ranged from 380 to 400~'C [ 130, 131 ]. The T, increased and 
the thermal stability improved with increasing aromatic content. Most of 

~X4 ~ 2-2 
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Scheme 17. S.~nihcsis of organosilicon aramidcs. 

the aran~ids were soluble in polar solvents such as ,V,A~-dimethylacetanlide 
I DMAc), N,N-dimethyllornlanaide ( DM F I, dinlcthy, l sulfoxide I DMSO). 
and l-methyl-2-p3rrolidi,aonc I NMP) [130]. Sohltion-cast I]lms were 
tough, giving a tensile strength of 820 g95 kg cm-" and elongation lit break 
o1"20 2 5 %  [ 132]. The insulation resistance, vohune resistivity, breakdown 
vohagc, dielectric constant, and dissipation factor of the l]lms toni]treed 
good electrical insulating properties of the aramids [132]. 

Marvel uteri. [133] later reported the synthesis of high molecular 
weight aramids containing silicon and pendent phenyl groups via a low- 
temperature, interfacial polycondensation technique (Scheme IS). All 
polymers were completely sohiblc in DMAc, NMP, and DMF. TGA 
data toni]treed no weight loss below 325 C in both air and nitrogen 
atmospheres. 

Johnston ul~l/. [134, 135] reported the synthesis and characterization 
of aromatic polyamides with benzophenone and compounds with dimethyl- 
silyl, diphenylsilyl, phenyhnethylsilyl, diarylsulfide groups, or th,ee phenyl 
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Scheme 18, Sxnthcsis of silicon-containing aramides. 

groups separated by a methylene or carbonyl group m the polymer back- 
bone (Schemes 19 and 20). In contrast to SOFne of their carbon and sulfur 
analogues, the silicon-containing polymers possessed lower T,: values 
and were soluble in most organic solvents such as DMAc, m-cresol, and 
p-cresol. However. dynamic TGA studies indicated that the thermal 
stability of the silicon-containing polymers was slightly inferior to that of 
their carbon and sulfur ~malogues. 
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Scheme 19. S\II]l.hcSiS or" silk'cm-conlamhlg pol',anlides. 
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Massey and Thames [136] reported the synthesis o1" dimethylsilyl-, 
diphenylsilyl-, and methylphenylsilyl-based polyamides (Scheme 21 ). All 
polymers were soluble in polar aprotic solvents such as DMF, DMAc, 
DMSO, and NMP. The TGA studies indicated that the polymers possessed 
a good thermooxidative stability. Differential scanning calo,imetry (DSC) 
data showed that the methylphenyl-based polyamides gave lower T~ values 
than the dimethylsilyl- and diphenylsilyl-based polymers. 

Jadhav [ 137] reported the synthesis of four new poly(alnide imide)s 
via low-temperature, solution polycondensation of aromatic dianhydrides 
and organosilane dihydrazidcs ( Scheme 22). The polymerization proceeded 
via soluble polyhydrazide intermediates which, on thermal cyclization, gave 
poly(amide imide). The sohlbility of the intermediate polyhydrazide in 
DMV, DMAc, DMSO, and NMP was attributed to interchain hydrogen 
bonding of the amido group. Indeed. TGA data showed that the silicon- 
containing poly(amide imide polymers possessed an excellent thermal 
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Scheme 22. Synthesis of organosilanc polylamide imidc)s. 
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stability, whid l  increasod as :l function of aromatic content, vet I )TA data 
gu;'c no T. or melt cndothcrm (7.,). 

Ghatge c/a/. [ ] 3S ]  next repc>rtcd tho ]o;v-tcmpcrature. intcrl'acia] 
pol>rncrizath'm of silicon-containing azopolvamidcs bv reaction of 4.4'- 
diaminoazobcnzcne whh organosilicon acid dichlorides in a methylene 
chloride water s\stcm i Scheme23). The polymers were sohlblc in polar 
solvents such as DMI-. DMAc, I)MSO. and NMP. X-ra\' dil'lractogranls 
of the azopolyamidcs presented no intense peaks, suggesting that the 
polymers were amorphous, while DTA studies sho\ved no T, or T,,, values. 
TGA and I)TG studies indicated that the polymers \vcrc stable up to 
35(I 400 C. \~ith inaxinltun dcgradation c)ccurring bct\vccn 470 and 520 C 
The thermal stability of the para-substitulcd l~olvmers \vas superior to that 
o1" thc 111cta-substitutcd pol_',mcrs. :.uld in c:.ich series, the thcrnl:.ll stcibilit\ 
improved with a higher aic)illatic COlltCnt. 

Ohatgc v/a/. [139] s;'nthcsizcd tiiliquc silicon-containing 1,2,4-tri- 
azolcs by Fcaclion of i-~olyh>,drazidc plCCtlisors and anilmc in polyphos- 
phoric acid al 26(i O (Schcillc 24). The silicon-containing triazoh_'s \\ClC 
soluble in Iormic and sulfuric acids. DTA studies rcvcalcd no 7~ or T,,,. 
while TGA sttidics indicaicd thai the thermal stability of these polymers 
ranged between 350 and 400 C. with maximunl degradation occurring 
between 530 and 570 C. The thermal stability impro\cd with increasing 
al-onlatic character in the polymer backbone. 

Vcrnckar c! u/. [ 140. 141 ] rcccilllv icported a low-tcnlpcraturo, 
solution condensation pol.vmcrization (Schcmc25i of pol.vamidcs and 
~.'Ol~oly'amides of silicon Llllct sulfolle CIIlcF function:.llit\. Solubility in 
tetrahydrofuran (THF). p xridinc, nitrobenzcne. DMF. DMAc. DMSO, 
and N M P  was achieved. X-ray diffraction analysis coll l l lnlcd that the 
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Scheme 24. Nxl~thcsi>. o[ ,.wgam~sili~:on t~o[x-l.2.4-triazolcs 

polynlcrs \\ere scmicr\stallinc, while the DTA data showed T~ values for a 
number of polymers. Polymer crvstallinit\, and T: increased \vilh highcl- 
aromalic content and para substitution. TGA data indicated polymer 
stabilit\ bct\\ccn 401) and 450 C, \vith maximum thermal degradation 
between 4711 and 51111 C. 

Yokclson eta/. [142] modified commcrciall\ available polysulfone 
cnginecling resins with trimethylsilylchloridc. Scanning electron micros- 
copy studies demonstrated that trimcthylsilyl-grafted polysulfone resins 
\\el-e more resistant to plasma exposure than the unmodified polymer, and 
the etcll rate dccl-Cascd from 4200 to 41)1) alld 7() A rain at 4.3 and 11.8 %, 
by weight, silicon incorporation, respectively. X-ray photoelectron 
spectroscopy, data revealed that plasma exposure transformed the organic 
silane into a protective inorganic silicate which possibly retarded the sur- 
['ace etching 

V:.trnl:.i ~'la[. [143] reported tint synthesis of diphenylsilane-based 
bismaleimide resins {Schcmc261 possessing an excellent thermal stability 
and a char yicld ot51 55 % Lit 80(1 C, which is better than Ior any state-of- 
the :.lrt bismalcimidc resin. They later modified the bismaleimide resins with 
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Scheme 25. Synthesis of organosilicon t',ol.~amidcs containing sulfone units. 

7-ammopropyl trimethoxysilanes IScheme27) [144, 145]. DSC data 
showed that T., values of the modified bismaleinlides decreased with 
increasing sihme incorporation, and finally, the endothermic transitions 
disappeared. Similarly tile onset, peak, and final curing temperatures 
decreased with increasing sihme content m tile polymers. The TGA data 
revealed that the thermal stability of these potymers was slightly lower: 
however, tile char yield at 8 0 0 C  was in tile range of 45 50%. Finally, 
Varma eta/. [146] reported improved thermal stability in trimethoxy- 
silane-modified ethyl methacrylate and butyl methacrylate and their 
copolymers ( Scheme 28 ). 

Yi eta/. [ 147] reported the synthesis of selniconducting organosilane 
polymers of thiophene and terthiophene units (Scheme 29). The electrical 
conductivity of tile organosilane terthiophenes (10 4 10 " S / c m ) w a s  
better than that of the thiophene polymers (10 7 S c m ) a n d w a s a t t r i b u t e d  
to the higher thiophene content in the former. However, TGA data 
indicated that the organosilane thiophene polymers of higher silicon 
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content WClC thermally more stable {420 470 'CI  than the tertlaiophcne 
polynaers 1250 280'C) and ,etained 40 50% weight at 800 C. 

koftus clal. [148. 149] lk~cused their ,esearch on the synthesis of 
silicon-containing polymers vial carbanion chemistry (Scheme 301. DSC 
studies indicated that the silicon-containing polymers possessed low T~ 
values and some of the polymers exhibited liquid crystalline behavior. TGA 
studies revealed that the polymers wcrc thermally stable and the decom- 
position tempcratures ranged tkom 375 to 540 C. 
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Thames and Patti [ 15(I, 151 ] were lhc first to report the utilizaHon of 
organosilicon compounds as curing agents Ibr cpoxy-bascd powder 
coatings. The silicon-containing pov,'dcr coatings possessed cxccllcnt 
llexibility, impact resistance, adhesion, and hardness: improved soh, ent, 
electrical, and coliIosion resistance: and enhanced gloss and gloss retention 
on weathering; alld I ICy cured more rapidly than their carbon counter- 
parts. Similar results were found with cxpoxy polycster powder coatings 
with pcndcnt organosilicon compounds as curing agents [ 152, 153 ] I 

Latcl, Thames :.lnd M:.llonc [154 156] reported the synthesis of 
silicon-contaimng diisoc_vana~.cs and their polyurethanes {Sdwmc 311. All 
polymers were soluble in DMF, DMSO. and THF. The silicon-containing 
isocyanatcs were more reactive and illc thermal stability and weather 
resistance of the f~olyurethanes were better than those of their carbon 
analogues, l--urther, no loss in hardness, impact resistance, toughness, or 
adhesion was observed Io11 the silicon-based coatings. 

Thames and Malone [ 157, 158] reported the synthesis of arylsilanc 
polyesters and thcir carbon ,tulalogucs via condensation polymerization of 
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Scheme 31. Symhcsis of arylsilanc diiso<,anatcs and their pol)urcthancs 
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Scheme 32. Sxnthcsis o fa rx l s i l anc  polyar.xlates. 

silyl ether and various diols with silicon and carbon-based diacid chlorides 
{Scheme 32 ). The silicon-containing polymers exhibited better solubility m 
DMF, DMSO, NMP, THF,  and chloroform (CHCI~) than analogous 
carbon compounds. Solution-cast films were hard and gave excellent 
adhesion. TGA studies indicated that the thermal stability of the silicon- 
containing polyesters up to 40(1~C was slightly better than that of their 
carbon analogues. 
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Scheme 33. S\nthcsis  of pendant  ar \ l s i lanc  aramids.  
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Tlmmes ut al. [ 159] were the Ihst to report tile synthesis of pendant 
arvlsilane aramids via low-temperature, solution polycondensation o f  silicon- 
containing dicarboxylic acids with 1,4-phenylene diamine I Scheme 33 I. The 
arvlsilane aramids were inco,porated into high-t~erforlnance epoxy amine 
coatings its nlolecular reinforcements. The silane-modified coatings mani- 
fested excellent tensile strength, hardness, adhesion, and impact resistance. 

Choi ut aL reported the synthesis of aromatic polyesters alld 
polyamides with pendant silyl groups [160, 161]. The pendant organo- 
silane polyarylates were synthesized via room-temperature, phase transfer- 
catalyzed polymerization (Scheme 34/ [ 16(I]. The polymers werc readily 
soluble in common organic solvents such a.s chlorinatcd hydrocarbons, 
THF, and pyridine. It wits possible to obtain transparent, flexible, and 
though films with a good thermal stability from tile polymer solutions. The 
tensile strength of fihns cast from ;.1 CHCI~ solution was 6.(I 6.7 kg mm 2. 
TGA data confirmed a 1(1~ weight loss between 437 and 495 C, and the 
residual weight at g00 C varied between 27 and 40'~;. 

The silicon-containing polyamides were synthesized by, direct poly- 
condensation (Scheme 35J [161 ] and were soluble in polar aprotic solvents 
such its NMP, DMSO, and DMF. DSC studies showed T~ values 
1240-320-C) for only the meta-substituted polymers. TGA showed all 
polymers to be highly stable, with 10% weight loss occurring between 358 
and 500 C ,  giving a residual weight at 70OC between 46 and 67'!4, under 
a nitrogen atmosphere. 
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,<,', nlhcsis of aromatic pol>amidcs containing pcndanl sihl groups. 

Stern ~'t a/. [ 162] recently studied tile gas pcrn3eability and selectivit\ 
of silicon-containing polyimides to hydrogen ( H3 I, oxygen I O~), nitrogen 
(Ne). carbon dioxide (COe I. and mcthane I CH,,). The gas permeability of 
the silicon-containing polymers was substantially higher than that of the 
carbon analogues, possibly because the large silicon atoms in the backbone 
chain increase the polyrncr free volume. Their pernlselectivity to CO2 CH~, 
O, N,.  H, CH4, [ll]d N, C H  4 w a s  slightly lower than or similar to that 
of the carbon COUlUerpart. 

Lu el a/. [ 163] later reported the gas permeability and selectivity of 
silico.a-coiatzlilliiag polyimides with pendant alkyl groups to H,.  O~, and 
N~, suggesting that the pendant alkyl chains increased the permeability of 
the small gas penetrants such as H, but lowered the permeability of large 
gas penetrants such as O~ and N,. Thus, the selectivity between H, O, 
and H~ N, increased. 

Recently. Lu vial. [164] reported the synthesis of silicon-containing 
polypyrrolone polynlers and copolymers for gas separation application. 
The silicon-containing polypyrrolones were more pe.meable to H,,  O,,  
and N~, but the permselectivity was lower than their carbon counterpart. 
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H o w e v e r ,  in c o m p a r i s o n  to  t h e  s i l i c o n - c o n t a i n i n g  p o l y i m i d e s ,  t he  

p o l y p y r r o l o n e s  p o s s e s s e d  b e t t e r  p e r m e a b i l i t y  a n d  p e r m s e l e c t i v i t y .  

T h e  p a s t  l o u t  d e c a d e s  h a v e  s e e m  t r e r r i enc tous  i n t e r e s t ,  v i t a l i z a t i o n ,  a n d  

g r o w t h  in o r g a n o s i l i c o n  p o l y m e r  c h e m i s t r y .  S i l i c o n - c o n t a i n i n g  p o l y m e r s  

h a v e  e a r n e d  a p r o n l i n e n t  p h i c e  in s p a c e  e x p l o r a t i o n ,  high-perlormance 
a p p l i c a t i o n s ,  a n d  e v e n  c o s m e t i c s  [ 165] .  T h e  i m p e t u s  for  th i s  r a p i d  g r o w t h  

lies in t h e  f u n d a m e n t a l  c h a n g e  m a t t i t u d e  f r o m  a t t e m p t i n g  to  l\-nce s i l i con  

c h e n l i s t r v  i n t o  the  e x i s t i n g  f r a m e w o r k  o f  c a r b o n  chemistry t o  r e a l i z i n g  a n d  

u t i l i z i ng  the  u n i q u e  c t m r a c t e r i s t i c s  t h a t  s i l i con  p r o v i d e s  to  o r g a n i c  c o r n -  

p o u n d s .  I t  is precisely' th i s  s e a r c h  f o r  ur i i quc l l c s s  in  o r g a n o s i l i c o n  chemistry 
t h a t  is t h e  u n d e r l y i n g  t h e m e  o f  th i s  r e s e a r c h  e n d e a v o r .  
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