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.POLYMBRXSA'l'ION OP·. CYCLOSJ:LOXANBS . . ·. . . . . . 

Thi$ invention relates to the-ring-:c:>pening 
po~yin~_risat·ion o~ cy~losilox.:lnes :cata~ysed by. _·phosph~zene · 
·. . . . . . . . . . . . 

.·.base~. · . 
. . cYcl,osil~X:an.es: are c;rit;iC;:al· intermedi'ates. in the . 

silicone. industry~- p~imarily- as $ta;rtiJ;l~ mono.mers fqr. . 
-·pol.ymerisatio_?l· sever~l gel').eral ·ro.utes are .known· f·or .t:ie 
·preparat~C>n ~f cyc~osi~o~a~~s~ Toge-ther ·wj.th hydroxy·· . 
~ndblocked linear.polydiorga~osiloxanes,_ they.are formed.as a 
product of· hydrolysis·of the corresl>onding. 
diorganodihalosi.lanes· .. Mixtures of cyclic and/or linea-.:· 

. . . . 

polydiorganosiloxanes ·can al~o be equilibrated or 11 cra.c ~ed 11 . 

by.reaction in the presence of a catalyst such as a bass to 
foz:m an equilibrium mixture of more desired cyclics and 
linears. 

Various catalysts are known for the polymerisatio!: of 
cy~losiloxa~es. Examples are a~kali metal hydroxides, -:\1 kali 

· met.al alkoxides ·or. complexes of alkali metal hydroxidef:: and 
an alcohol, . alkali ·metal silanolates, and phosphonitr.:U e 
halides (sometimes referred to as acidic phosphazenes) . .Such 
polymerisations can be carried out in bulk, in solvents (such 
as non-polar or polar organic solvents) or in emulsion. An 

endblocking agent may be used to regulate the molecul~x 
.weight of the polymer.and/or to add_ functionality . 
. Polymerisation may be ·terminated by -using a neutralizit':'.;: · 
agent which reacts W:ith the catalyst to. render it non ·a ::.tive .. 
In most cases catalyst residues remain in the polymer p~oduct 

. and are desirably removed, such as.by filtration. 
Phosphazene bases are known to be extremely strong 

bases. Numerous phosphazene bases and routes fbr·their 
synthesis have been described in the literature~ for ex-lmple 
in Schwesinger et al, Liebigs Ann. 1996, l055-1081. 

·- - ,,.. 
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· •.. · _ T~e use . ~f ~ phospp.a~ene base .:catalyst for ·the .;ing- · ·: 

.. · op~n:Lng ··P~iYm,eri~~tio~ ·pf a ·~yc:los.iio~.ne on· a iab~r~.eory .. 
. ·. ..: ~c~i~· ~s· h~en des.cribe.d. in· Molenb~rg··~~d MO lier".,· Ma~~omol· · 

. ·R~p~4. C~rm:nun. "1~ ,·· 44~·:..;45~ '·:(~995) • · .".. · · .. · . : · 

.· .. · 

. · · · · .· .. oct·amethylcyclotetrasiioxane (D4~ .where D· denotes ari. 

:· -si ·cC!i',:) 
2
0- u~it·>. w~s-_ polymer"ised. i~. toluene soiu~i.o~ in. the 

. . . . . . 
P:t;'.fi!:~enc::e· o~· methario..l and the. phosphazene. base· ":r ··(i?,igure ·1:) ~ . 

. " used a~ a ·J, molar $olution j,n h~xane .. ··Alt the comp~nen~s 
. . 

·we.re carefully dri·ed b~-fore t~e reaction, which". was· ca.r.ried 

... out unde;r ap argon .. a.trnosphere containing· less. than 1pptn ol 
· ·· ~~q H:10 ~. ·The meth~ol ·was ··d~protonat~d by the .. Phosphazene. 

. . . . . 

base to. form methoxide ions which initiate the .. reaction. The 
. . .· .. 

phosphazene_b.ase catalyst was ~sed~ in an amount of ·at least 

~7lppm based on the w~dght;.._ of D4. A simi1ar ·reaction system 

has been ·used by Van Dyke .and Clarson". in Poly Prep.ACS Div· 

.Polym Chem 1996, 3.7, 668 .. In this case; 

tetraphenyltetramethyl- cyclotetrasiloxane, .the .Phenylmethyl 

analog of 04, was polymeris.ed. · The catalyst system was the · 

same as in Molenberg and Moller, but was used at 

concentrations which were higher based on ·the weight of D4, 

and. again.all the reac.t"ion components were carefully dried 

beforehand. 

We have found that addition of this hexane/methanol 

act.ivated catalyst .gives erra.tic polyµterisation behavioar. 

We have therefor.e sought. ·a ·catalyst triediu~ th~t gives 

reproducible polymerisation, preferably without the need for 

solvent. We· have surprisingly "found that it is possible to 

carry out ·the ring-:opening.polymerisation of cyclosi.iox:a.nes 

with a phosphazene base catalyst in the ·presence of wat.~r. 

In the simplest case, su·f f icient .. water can be.· provided 3{mply 

by taking no special steps to dry the cyclosiloxane starting 

material. To ensure the presence of· water it is sufficient 

to avoid totally anhydrous conditions. Very small amounts ·of 

water, e.g. a few molecules, have been found to suffice to 

allow the polymerisation to take place. Furthermore, we have 
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~ound·"tha.t;_.it is-no.~ e .. s .. sent·:Lai·:to ·form a·methoxide ion, ·e.g . 

. by usi~g_.~'eth~nol, in ·~rinerast.·, to·· ·the. prior .-art teachi:µg .. · . 

.. Surpri:s:ingly, .ev~n lower. leveJ,.s _of. ph~sphaz~n~ base. cataly~t 
cai:: be- u:se~ ~~ere wat~r·: i:s . present, · than -~ie~.e used. in .-t.he. · 

·prior. ~.rt, ~hilst maintaini~g ·o_r improving ·_t·he polymerif3ation .. 

eff~ciency·. 

The· .p:i;::e~ent ir),ven~ion thus· p_rovide.s a .. pr~ces~ · for ·.:he 

-~ing,-op~nin_g· polymeri"satiori -~f -~yci~sfloXa.nes; which 

comprises· cont:.acting" a cyclosi.l9Jtane with l - . s·ooppm by 
. . . 

weight of< a i;>.hosphazene· ·base, . -based- .on ~he weig~t ~f· · 

cyclosilox_ane, in· the ppesenc_e of wat~r-.. 
The phosphazene :base· reacts .wi_th t_race quantities ,;::£ 

-water ·pre.s_ent to form highly acti~e hydroxide ioris which 

initiat.e ·the -poiyme.risation. The phosph~zene base wil.J. also 

react with certain other ·chemical ·groups which may .. be 
. . 

pre_sent i e.g. silanol or alcohol, ~o form· similarly act .i. ve 

polymerisation-initiating species. The·phosphazene base.may 

be :i,rt ionic form, with a strong anion· such as fluoride or 

hydroxide, which is active in initiating polymerisation. 

As the.phosphazene base is a v:ery powerful. cata;t.ys:: for 

the pol).rmerisation, it can be present in a relatively l,w. 

proportion, ·for example from 2_ .. _ 2ooppm-by weight, base.-J on 

the weight of cyclosiloxa,ne. The proportion of catalyst: 
. . 

actually used will be selected depending on the 

polymerisation product that. is sought .. 
·. . 

The proportion of water present in the reaction is 

preferably at least o.s, mqre preferably from 0.5-10 mo:~s per 

mol of phosphazene base, most preferably from 1 rnol-10 mols 

per rnol of phosphazene base. It is possible to employ :.-Jigher 

proportions of water, and ~his can have the benefit of 

enabling greater control over the polymerisation reaction, as 

described in mor.e detail below. 

In principle, any phoaphazene base is suitable for use 
. . 

in the present invention·. Phosphazene bases have the 

following core structure P=N-P=N, in which free N valencies 
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·:·are·· ';i:.ink_~d: to·· hyqroge~·; hydr~i::~rbon~ .. ·-·J?.=N .or ~l?-N, and- free ·i> 
~ale~clea: ·are .. l·i·nk~d. to ·"'.':N· .or =N.·· A·~:ide· ~ange· of _.sui~able . 
. ·ph~sphazen~ · b~s·e·~- J;i~::i h:een ,.des~·ri~ed ·in: :-s~:hw~singer · e,t·. a:l · .. · 

. (s·e~. abo~e) ... so~e pbosphaz~ne· bases" .are. comin~rc.ially. 
~vail~bl.e · f~o~ ·Fiuka · Che~i_e·: AG·,:_ s~it:~erland. The phosph~zerie 
bases·. pre::l;e~ably have at. l~ast 3 P-atoms ~ · Some: preferred 

pho.spha.zene base~. ··are ._of the -~otlowing general formulae: 

. . ' 
. i . 1 .. 2+ -

·c. (.CR "!Nl,P=N .. ) x (R ~N) l-xl?~N (H) R.) . [~·] ·.Cr 

:· 

in which R', which may be the same or different in each 

pQsition, is hydrogen or an optionally substituted 

hydrocarbon.group, preferably a C,-c, alkyl·group, or in which 

two R1 ·groups bonded :to the same N atom may be linked tc 

complete a heterocyclic ring, preferably a 5- or 6'-membered 

ring; R> is hydrogen or an optionally substitute_d hydrocarbon· 
. . 
group, preferably a C1 -C2n alkyl group, more .preferably a c1 -c10 · 

alkyl group; x is 1 1 2 or 3, .preferably 2 or 3; y is 1, 2, 3 
. . 

or 4, preferably 2, 3 or .4; and A is an anion, preferably 

·t·iuoride, hydroxide, silanolate, alkoxide, -carbonate oJ.· 

bicarbonate. . . 

· . In particularly preferred compounds, R' is ·me_thyl, R:: is 

· tert. butyl or tert. octyl., x is 3, y is 4 and A ~s ~lu~Jride 

or hydroxide. A pref erred compound is . the phosphazene base . I .. · 

shown in Figure ·1. · 

The polymerisation can be carried out in bulk or in the 

presence of a solvent. Suitable solvent-s are liquid 

hydrocarbons or silicone fluids. The . phosphazene base 

catalyst can be diluted in a hydrocarbon solvent, such as 

hexane or heptane, or dispersed in a silicone fluid such as 

polydiorganosiloxanes. Where the phosphazene base catalyst 



. is .in.i.t::i.allY.: ·in·. ·a.: solv~nt_ SUCh as ·h,~:icane I; . the hexane can be 

~emov:e,d .by-·. evapoi;-a~ion un_der ·:· ya~uum, .. · a.~d: the c~ta~y~t 
di~persed -i~ .. a sili.coµe ·fluid t~ ~i:ve a stabl.e _clear 

. so~V:~i6rt ... ~hen this . si].icone dissolved catalyst is ·us~d for 

. ._pol~~~~sa~i~n rea~tions; ·th~ ·catal,y~t disperses ·_evenly and 

". :· g~iV.es ·r~producible resuI:ts~ . The capaly~t can aiso .be· 

..... diss~lv~d in wat~r, and: ~his. has th~ advant~ge of mo~er;;i..ting 

. a-n~ enablipg greater control over th~ .p~lY.meriisation · 

. · The p.olyme~.isatiofi r~act.ion -can···be ~_ai;r~ed o~~- ·at .. 

. a~i~nt t~mp~rat.~re or under he_ating. ~ea~ing, f_or- exatilpl~ 

.to 100°c or higher~ is apprqpriat~ when the C?atalyst acti.vlty 

has been moderated as described bel.ow. . The time· taken for '· · 
. . 

polymerisation will depend .on the activity Of th~ ca~alyst in 

the chosen system, and on the desired p9lym~r product. In 

the absence of moderation, the phosphazenebase catal.ys~s are 

sufficiently active to convert cyclosiloxanes such as D4. to· . 

high ·molecular weight polysiloxane gums within a few seconds. 

The starting material is ·a cyclosiloxane (also known as 

a cyclic. s11·oxane) . Cyclic. siloxanes which are useful \re 

well known and commercially available materials. They ;1ave. 

the general formula (~Si0) 0, wherein R denotes hydrogen.~r .an 

optionally substituted. alkyl, alkenyl, a,ryl, · alkaryl o:r:· 

.aralkyl group having up to e carbon atoms, n denotes an 

integer with a value of· fr.om 3 to 1·2. R can be substit:·.tted, 

e.g. by hal;ogen su~h as fluorine ·or chlorine. · The alkyl 

group can be, for example, methyl, ethyl, n-propyl, 
... 

trifluoropropyl, n-butyl, sec-but.yl, and tert-butyl.. Tile. 

al_kenyl group can be, for ex.ample, vinyl, ail.yl, propen-yl, 

and butenyl. The aryl and aralkyl groups can- be~- for 

example, phenyl.; tolyl, and benzoyl. The preferred groups 

are methyl, ethyl, phenyl, vinyl, and trifluoropropyl. 

Preferably at least 80% of a.11 R groups are methyl or :t;henyl 

groups, most preferably methyl. It is most preferred t.hat. 

substantially all. R groups are m~thyl groups. Preferably the 
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v~~u~ .-of·. n · i~ ·from ... ~ ·. t7o 6,, . -most. prefer~ly· 4· or s. · -Examples · 

of ... suit~bie cycl.it .. silox_aries are ·octameti:iyl 

. · .·.cyc~otetra$iioxane·_, decam~thyl pentacyclosilpxane, cyclopenta 

· .·. <.m~thylv~riy-l> s_iiox~ne, ··~ycl~t-etra (phenylmetl1yl·) ~iloxane 
anc~_. -~ycl~pen~·a methy_lhydrosiloxarie.. On«;! particularly · . 

. suit.a~le".c~~m~rcially ~"ailable mateX:ial is a.· mixtur~-· of 
. octamethy-lcy~lo.:.·tetrasi..iox~ne. and . 

. -

deca~e.thyl.cyc~~penta~;i.l~xane .. 
. . 

w_h~re · -R. ·is. metnyl, the. compound·· is re_ferr·~~ ·to as . .Dn; 

far· ex.amp.1,e, where· n .... · 4 ·.the compound is".~alle.d D4 •·. 

The- reaction·mixtur~ is genera~ly purged·with.inert: gas, 

. preferably. nitrogen, ·prior to a~dition. of the catalyst so as 

to remove any dissolved .co~. Because .of the extremely· l:-apid 

re~ction, the reaction mixture is vigorously mixed te> ·ensure 
. . 

ho~ogenous dispersion of ~he catalyst~ Inadequate mixing can 

. result. in the catalyst being encap~ulated in beads of g..im as . 

it i·s added to the reaction, ·and the catalyst then takes· some 
. . 

time to diffus~ out of the gum.particles, giving a siower 

reaction.· 

·The process q.ccording to the invention can be used to 

make gums of. high molecular :we.ight,· ·for example _fr_om 1x10~ to 

lOOxlO'. The molecular weight of silicone ·polymers is 

limited by the concentration of end groups and in the absence 

of added endgroups is determined by the catalyst 

con~entration. The catalyst used in the present invent.ion 

has. sufficient activity to use· the r~action ·tc:> result h1 

poiym~rs in a reasonable time at ~ low catalyst 

. concentration. Uses of these high molecular weight polymers 

include high qonsistency rubb~r, dr~g-reducing additives for 

oil pipelines and personal care ·products. We have found. that 

phosphazene base catalysts when used at very low 

concentrations (2-500ppm) based on the weight of the 

cyclosiloxanes produce polymers with very high molecular 

weights (1,000,000-100,000,000) very quickly (10s-Sh) at 

· moderate to low temperatures (20-lOO"C) • Molecular weight 
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qh~~g~i; · dµr.ing pol,.ymerisat_i,on· cat( be ·~onit6reci :by samp_ling . · 

t.:he .reacti~n ·during pol~e~isat;i.on·, and.-·anaiysi~g ~ach' ·sa.~ple 
by G~.C::. (gel perm~ation ~hr~~atography>. to determine th~ 
·mol~cular.· weight:.· Pol¥roerf;J of very high moi~cular wefghts 

~a~ .be·.:obt::aJ:n:ed. ~lmost· ::L~~d-ia~·ely .. ·The pr~ce_ss can· b~ us~d·: 
. ~~ J?~odµc-~·-·.u1t~a-high ~lecular. wei_g.ht ~ateria_ls. ·This is _by 

v'irtu,e. of. the very low .. catatyst concentrati"ons ·needed· ·f.or the . 

pol-yrae:ri:sati.on:, with. th.~ .. "result; that .·the moieeu_lar wefg_ht". of .. 

th~· polym~r p~oduced is· d~pend~nt on.the ·end group 
. . . . .. 

. . . concentration·. whicµ is. eqilal to=· .. the. -catalyst conceritZ"at ion.~ 
. . . . . ·. .· .. ·. . 

.However, we -have found that at very low .catalyst · 
. . . 

concentrat·ions, such as· 2ppm,. the mole·cular weight obta i..n,ed 

increases with reaction time. The process may be limi~~d by 

diffusion of the cataly_st, which is very slow in these high 

mo~ecula.r ~eight. polymers. 

As ·an alternative to high ·molecular weight gums, t~,e 
. . 

process according to the. invention can ·also be us·ed in 
. . 

equilibration reactions to produce·~~licone fluids, for 

example in the viscosity·range at 25°C of from 1 to 
2 . . 

. 150, 00.0tt_lm Is. An endblocker is added in a proport i.on 

calculated .to produce the desired molecular weight of 

polymer. Suitable endblockers are,· for example~ 

polysiloxanes in the molecular weight range from 160 .up~ards, 

in particular polydimethylsiloxanes of the general form .. 1la 
. . 

MD,xM _where M is trimethylsilyl, · D is -Si (CH,) :o- and x hes a 

value of from 0 to 20.. The endblopker may have one or ~raore 

functional groups sue~ as ~ydroxy, v,inyl or hydrogen. ·.Water 

also acts as a endblocker, with.~he introdue.tion of hydroxy 

functional groups.· 

When the desired polymer has been formed, i.t is us·,~ally. 

desirable to neutralise the catalyst to stabilise the p.r.oduct 

and prevent any further r~action. Suitable neutralising 

agents are.acids such as acetic acid, silyl phosphate, 

polyacrylic acid chlorine substituted silanes, silyl 

phosphonate or carbon dioxide. 
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, . we.- h$v~. ·found .. du;r;-ing prepara:tion of . t.he phosphazeile ··base 

', catal..yst~ _th~t.. ai~ re~ci:;:s very ~ap:i.dly with -the ·.cat.·al~~t . ·.· .· .· . 
. ··_solµt_ions gfving··.a··hazy_.~a.terial: which ev~nt-ually lead~ ~o an. 

· · insol~ble: .li~i~ phase_·. · ·This ·i~. b~l-i~~~d: t~ b~· due·· to· the 

·.· ~ea~·tiq~ _of. the: cat.a:J_ys=t w~ t? .. wa.te_r- ~,n<lfor ~2: tQ ·form .'an.·. 

insol'l,lble·· "hydrox.ide; -~~ carbonate .~alt;_ . ··we ··have. al~o :.fo.Und .. 

· f:hat · t_his-· .. deact;:i vati"o~. of :~he. ·c~talyst. -d~~- he. rev~r~~_d_ -e.g ... 

by ·heating, purging.wit:h inert. gas or. subjecting"the mixtux-e . . . . . . . . . . . . 

to red:uced.pressure. This mak~s it poss~ble· to moderate.or".· 

control the·· po.lymer.isat.ion ·X-eactio~. This. is ·partic~l:a:r.ly 
advantageous in vi_ew of t):ie ve·ry rapid ·feaction which. occurs . 

. ·. . . 

when the catalyst is not moderated. .. Because of the vexy low 
levels of· catalyst employed in these_ reactions. (which~an be 

as ·1ow as·: 1 - 10ppm), the reaction with wat~r and CO: needs . . . 

to be taken into account to control the reacti.Pn and obtain 
. . . . . -~ 

reproducible i;-esults. . By· _dissolving the. pho!i3phazene base in 

water. in which it is very soluble and very stable. the 

catalyst activity becomes much more control..lable and· th~~ 

polymers produced are of 10.wer molecular weight. This is 

caused by the water acting as a catalyst inhibitor and -~lso 

as an . end.blocker. The inhibiting ef feet of the water can be 

reduced by reducing the amount of water present e.g. by 

heating. At temperatures below 1oonc the rate of 

polymerisation is relatively slow in _the· presence of wa"t:er 

and/or co2 , _for example taking· up to more than 24 hours to · 

reach gum viscosity·. At· ternperatur~s above 100°c Ce. g. 100 -. 

150ftC), polymerisation becom~s much-faster. for example 

taking up ·to 5 - 6.0 minutes to _reach gum viscos_ity. · Such 

con.trol of the reaction can also be achieved if the wat·~;r is 

mixed with or replace4 by alcohol {e.g. c,-c.. alcohols $1.\•=h as· 

methanol or ethanol) . 

We have also found that polymerisation can be prevented 

by exposing a mixture of cyclosiloxane and phosphazene base 

catalyst to air and/or co... The polymerisation can t.her. be· 

initiated ( 11.command polymerisation") sini.~ly by removing the 



ait,".and/Q~·.c~2 e.g~ by heating the m~xture :<e_.g. to-.1oouc -

.i.40"C ·frir· a. few min:utes) ·. A:'o4 cata·lys~ _mixture· (2.. - .soppm .. 

-o~-_ca'.t;.aiysil is ·at.~bl_e in. air .at 20°c f_or extertded periods .. 
. . . 

. . C_up, .. to 7. _c:iays > •· . . 

. ·J?;riar· methods. f P.r the synth~s~s. of. ~iloxa~e pol:Ymers b}' 

· r~ng-op~~i.ng equilibrati.~n polytner.isation produced. __ products 

. -~hic.h ·may ·t,YPically consist:··~f ·small cycl_ics. cs ·_ io% D4-

n10".) ,- ·mac_rocy~lics ·(5-10% Dl1-D50l and·.-polyme~ ·cao-9.0%). The· 

p~es~nt in~e.ntion makes" it possibl~- to .produce polymers .by 

r!ng-op.eriing polyroe;risatioh. whic~ have. low levels of .. 
. . . . . .· 

. m~c-roc:::yclics·. ·By the use of· the phosphazene base -ca~alysts 
. . 

i,n_tbe ring openj,ng polymerisation-of e.g. 04 ~ccording to 

the present -invention, it is possible to produce polymers· 

that cont_ain less than 1%': by ·weight tc:>tal of macrocyclics. 

Thermogravimetric analysis (TGA) ·of the polymers 

_produced, according to t.he invention ·shows that th~y havu 

enhanced thermal stability. High molecular weighl gums have 

been produced with decompo~itiononset temperatures of more 

than 4S0°c, and silicone.fluids have been produced with 

decomposition onset temperatures of more than S00°C. The 

enhanced thermal stability _is attribiited to the very lc1w 

levels of catalyst residues remaining in the.product. ~he 

low catalyst residues also mean that a filtration step is 

usually not -necessary, which is a· very.significant p:r:oc:-~ss 

advantage. 

The following Examples illustrate the invention. · Jnless 

stated otherWise# all parts and percentages are by weight, 

_and the ph.osphazene base used is that of ·formula I shown in 

Figure l (commercially available from Fluka,_ catalogue ·1umber 

79421) .. 
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·. · ·pr~p~ration of .. Phosph•~~~ .Base-·so1ut·i~n ~~: S:i.loxa~e· Flui,d 

A.· Jl.lixture· of ·1. 3:3 :g .·Qf 'P:examethyldi,silo~ane ~nd 48 .-67· ·g · . 

. . of -~~tame.t;hyl-.~yclote.t~a~i ~oxane_ ·was·. d~ga~s~~. in a schl e_nk .· 

.. : . . flask by -bubbling. nitrogen.:gas through the solution _for a· . 
. . . . . . . . . ' . . . . 

· . · period of ·2 ·hours~ ·. To ,the. solution was·· then added l ml of a 

· _1. o _M.· sol:ution··~n hexane ··of· ~hosphazen~ ·base t. The solution 

·viscosity immediately· began ·to ·rise· with ~tirring.~ After 

equilibration at ~oom ·tempe~ature for.·24 hours,· t~ mix.ture 

· ~as re~dy .f~r us~ ~s. the. catalyst sol~t·ion. :for the subsequent 

· polyme.risation of dimethyl -cyclosiloxanes .. 

Example 2 

· Preparati~n of Phosphazene Base .Solution ·in Heptane 
. . 

The catalyst solut·ion in heptane (less volatile than 

n-hexane) was prepared as _t:o.llows: in a Schlenck tube under 

nitrogen 49 cm; of heptane and ~ ml of phosphazene ·base in 

· solution in n-hexane l mol/l were mixed. The concentration 

of the final catalyst was 0.02 mol/l. 

Bxampl$ 3. 

·High moleou1ar weight si.licqne gwns 

04 cyclics. (lkg) was placed in a reaction vessel u;;der. 

nitrogen, stirred and heated to ioo0c. Nitrogen was bubbled 

through the reaction mixture for 30 minutes to remove any co~ 
. . 

dissolved in the cyclics. The catalyst was added as a 

heptane solution. Polymerisation occurred within 1 rnin~te 

and was monitored by torque measurements. When the stirrer 

could.no longer agitate.the mixture it was tur.ned off but 

heating was continued at 100°c for the required time between 

30 minutes and Sh, followed by cooling the mixture to 2s~c. 
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"Ther~ .. i~· ·a. corr~latitin· between: he.ati·ng. and'. f.:inal molecular 
~eight '.(.~s .sh9~ .in':.the.:.·~~le ··l) •. · " .. : ". . 

• .. ·: . . ..... · ·.. . . .. . 

·Table ·i 

.. 
sample . Catalyst. .Temp Tiane:of Mn ~w Mz 

cone •. . e>c. reacti~n N.umb~r Weig:ht M~/Mn" 
/minur.es average ·aver~ge 

.. .MW Mw . . 

" 

l' 25ppm ·:i.oo :JO 2. 79x10~ l..2Bxl0c 4. 6 
.. 

2 2ppm 100 60 7 .esx105 J.oex10'· 3., 
: .. 

3 ·2ppm· 100.· 'l.80. . .. ' 6 .9xl.O . ,.3x.10' 1.3 

Table 1 shows the results for different catalyst 
concentrations and· times o.f· reaction. In Sample l, 

. . . . . 

""' 
~e{;l.k Mw. 

9.G'i'XlO' 

1 . .7.7x1o" 

3. f'7X101 

polymerisation occurred. w.ithin 30 seconds of adding the 

catalyst and the stirrer was tu~ed off after.l minute. In 

each case, the product was removed from the.reaction vessel 

and stored· in glass jars. The product was analysed by g,pc 

(gel permeation chromatography and TGA (thermogravimet~~c 

analysis)). Further results are shown in Table 2. 

Table 2 

Sample TGA. Volatile content 
Decomposition (TGA) % 
Onset 
Temperature c 

1 509 12 

2 482 1.3 

3 499 13 

The results show higher molecular weights and enhanced 
temperature stability for these gums. Normal decomposition 

onset temperatur~s for gums are below 400°C. 
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. . . 
Exampl$ ·4 .. 

'!'.he proc~d-UZ:~ .is as i~:.Exampi·~. 3. except ·tllat the 
.· phosp~~e~e. base cata-~yst. is. us.ed ·i~ ·a ·:c~ricentr~tj,on· of sppm 

.. Cjlll(f .the. reaction. ~~mp~r~ture 'is. ~-0°c. ~he .resul.ts' ~re 'shown 
... · . . . . . .· . . . 

, · in -Table 3 • 

.. . · . 

Reaction ·Pol~r: Mri: l'Jw Mw/Mn P-eak Mw : NJ:\ 
·1'.'ime t.· 

' 
d~comp. .. 

(TGA) 
.. 

onset·°C .. --
A 60sec. 3.4 NO - - .. . 466 

: 

J,)olyma_r 
observed ·. 

B 90sec. B.l. 1.2x1of 1.ex10" i.s· 1.ex10'. 44·7 

C120sec. l.l.. 3 9.6xio1 1.ex1o' 1.9 l.. 9X1o' 466 

D J.Smin. 74.4 1. 6:xlO' 2.4x10' J..5 2. 7xlo' 482 

Example 5 

The prC?cedure is as described in Example 3, except. that 

the phosphazene base cat~lyst is dissolv.ed in water and used 
in a concentration of· 4ppm. The results are shown in 'l'able 
4 •. 

Table 4 

Reaction Viscosity. Mn Mw Mw/Mn Peak Mw Conversion 
Time min. est. Number: WE;ight .. by GPC 

average average 
Mw Mw 

-· ·-· 
l.O 574 S.5x101 l .2x105 2.2 1.1x10:. 28 

-
20 2859 7. SXJ.O' 1~ sx10" 2.0 1.. 24:Xl.0 35 

:. 

30 1.3470 6. SxlO' J.. Bxl.05 2.8 1. Sx10!. 46 

60 Gum l.SxlO" 4. J.x1a5 2.7 2. Sx10' 85 
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~ple6 

" · Polyn\~ri~a~ion· pf. D4 was .. U:ndert~ken· j.n bulk un4~r . . . . . . 

nitrog~·n ·.iµ . C'.l"· thermos.tat:e.d ··gla~s .. re9.cto~; .. "f i t~ed with. a 

m~chanical stirrer. The ca~a:lyst solut:ion· in· heptane, 
· prepa~ed .~s i.ri. ~xa~ple ?, ·:was weighed i.n a syringe ~a,~d 

. . 

injected into .th~ reaction mixture ... The stop watch was. 
. . .• . . . . . . . . .. 

activated as soon ~s · the phosphazene ·base "'as ·added to t:he. ·., 

. cyc1i·c~ ~. Sampl~s w~~e w~thdrawn regul~rly .an~f que~ched with. 

a solution of. acetic acid in.toluene-" (5 fold excess. com0ared 

i'.; to the initiator con:centration) ... These .. samples. were a:~alysed 
by capi~liary gas ·c:nromatography (GC) and size exclusion 

chro~togr~phy (SEC). These combined analytical techniques. 

allowed us to determine the relative mass percent;;lgesof all 

products (srnal1 cyclic~~ ·linear and cyclics oligomers, and 

po~ymer.> over time. Table 5 below shows the results with a 

catalyst concentration of SxlO-.mol/1 and a temperature ·-Jf 

20°c. 



Table 5 

Time D~ Ds n. D, D, .o. D~• D,; 

.. 

zero 98.9 1.1 0 0 0 0 "() 0 

19 s 90.3 1.2 0.2 .0. 2 0.1 ·o 0 0 

46 s 87.2 1.3 o.s 0.2 0.7 0 ·O 0 
. . 

l min 10.9 1.5 0.7 0.4 0.5 0.5 0.2 0 
15 s 

1 min 9.3 2.1 1.6 0.6 0 0 0 0 
49 s 

3 min 7.8 2.3 2.0 0.3 o· .2. 0 0 0 
2 s 

11 5.2 .. 2. 9 ·O ~ 8 0.3 0.5 0.1 0.2 . 0 .1 
min 
30 s 

0~2 other · .Pe>lymer 
-_ · oligo. · "M>ilOO 

M<l:J-00 
.. 

0 .0 . 0 

.. 
0 o: a.o 

... 
0 . o. 5. 9.6 .. 

. ·· .. 

. 0 1.~ 83.9 
. . 

. . 

0 1.6 . 84.8 
.. : .. . . 

o· 1.8 . . 85~6 
: 

.. 

·o 2~5 : . . 87 .4 . . . . . .. 
.. 

~p-eak ·: 
.. 

0 

. ' 
125000" 

.u;eo·oo 
. .. 

.·· ,· ,' . 

225000 
.. 

.2?8000: 

267000. 

.. ·260000· 

.. 

.·. 

...... 

.s:a. 
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. Examp~f,! ·:1. 

Th~ ·px,:oced~;r~_·is a~ ~escri~ed ·in~EX:ample 6 exc.ept_·that·. 

the ~a~alyst. concentr.ation. is 1·0.~~C?l/1. and. the .temperature ·is .. 
. . . . . . . . . . 

g~~ •. ·The ·r~ault~ are shown ;in .. Table 6· • 

Bx~le_ 8 

'.!"he. 'pr~cedµre- i£? as ·d~scrib~d in ·Exampl~· 6 e~ce.p.t ·that 

the catalyst .. con~e~tration-."±s ".2-.:5.xl.Q"'m~~/1 a;nd. t_hc 

tempe~ature is l.goe·. The ·:r~sult~ ·are ·shown in ·Table · 7 below·. 



Table 6. · 

Time De. Ds D, DT .. D I D, D~a 

zero 98 .9 .l. l 0 0 0 0 0 

18 s 78 .2 l.O .0. 3 0.4 0.1 0 0 

27 s 73.5 1.4 0 .. 2 0 0 0 0 

so s 64.2 ·2.·2. 0.1 0.3 0 .. 8 0 D· .. 
.. 

2 min 50.2 3.4 0.5· 0.2 0~2 0 0 . 
10 s 

3 min .· 32 .4 4.4 0.6 o.s 0.2 0.9 0 
3C·s 

.Da D~z other· : 
-~ligo. · 
M<.1100 · · 

, 

0 0 .. 0 

.. 
0 0 . 2. 8. 

.. 

o· 0 . 3 ~1· .. 

. o. 0 . ·J. 9 
.. 

. .. 

.. 0 ·. 0 -~.4 

0 0 . 7. 9· 

.. 
·polymer· ~pe~k·'·· 
M>llOQ. 

.. 

o· 0 
·. 

: 
. . 

17.2 ·. . 198700 . . . 

.. 
21.e. "3:3410.0 

. .. 

28.5 . · 42,ooo 

:4"1..1 828400 
,. 

. 53 ,'l 640300. 

~ 
en 



Table 1 

Time Da Ds D, 07 . . D, D· 
' 

on· 

zero 98·. 9 l.1 0 0 0 0 0 

18 s 95.2 1.1 0.1 0.2 Q.2 0 0 

1 :nin 94.3 1.1 0.1 0.2 0.3 0 ·o 
3 s 

1 min 67.7 1,7 0.6 0.3 0.3 0 0 
48 s 

2 min 12.l 3.4 1.3 0.4 o·.4 0 0 
18 s 

4 min 9.6 4.6 1.6 . 0. 6. 0 0 0 
48 s 

8 min 7.5 3.9 1.4 0.8 0.2 0 0 
4 s 

Dai 0~2 

0 0 

0 0 

0 ·O 

0 ·o 

0 0 ·. 

0 0 

0 0 

. other Polyme·r Mpeak ... 
· olig:O"; . ,.,:,:>1100 .. . . 

. M<1100 .. 

. O· .. .0 0 

. . . .. . . 
0 3.·. 2 . 74000 ' .. 

. . 

0 . ' 4 •. o 121000-. . _: .. 
•' 

0.9 28 •. 5 . 335000 
" 

0. 9 . .. 81.5 229000 
" 

.0.9 83.9. 290000 
' : 

... 

0.9 8.5 .3 3600 .. 0Q 
.. •' 

,...... 
.;.j 

' 

,, 
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. zxD!>.1e:::· 9 ~: . . · · 

. ~cl.lowing .t;:ne proc~~ure in .. E:x;ampl.e. 6.; ·ehe e.ff·e.ct of the· 
. . . . . . . . . . . . . . 

·. ·.concentr.~tiC?n· of fni,tiato.r: .on .th.e molecular _weigh~ ·of ··the 

. p6lymer. wa$. ·.i,nvestigat:ed,. ·:we :f~~~4 .that the l~wer the· 

.·1niti~1· s~ncent~at;i~n of ~--~~:i.~iato~,· the. lorige~· th~ polymel:' 
.. . . 

·chains for. a· giv.en conve.rsion ·of. D4. ·The results .for 

d~fferent i.niti~1 ··concentr~tio~~ of: initi.ator are shown in 

.Table a .bel9w~ 

·.Tab.le:.e 

.. 

(catalyst] calculated, .Mpeak 
.. 

% Polyrµer 

mol/l Mii obt.ained : 

5. OxlO"' i 10, .oo·o 260,000 87.4 

2. SxlO"' 323,000 360,000 85 .·3 

1.ox10• 2,461,000 2,360,000 27.8 

7. SxlO"' 30,000,000 1,540,000 "24.0 

The.calculated Mn values w~re similar to .experiment~! Mpeak 

·except for very.low.concentrations of initiator. 
. . 

the absence of endblocker, the concentration of 

controlled the molecular weight of .the polymer. 

Thus, in 

initiator 

At very low 

concentrations of initiC!otOr, the theoretical MD can be '.Very 

high· (greater than 10x10'). However, this was not.observed 
. . 

in ·practice·probably because the products bcc;::::ame too viscous 

for the polymer to attain its theoretical molecular weight. 

It will be possible to obtain higher molecular weights by 

reaction in solution. 

Examp1e 10 

Following the.procedure of Example 6, the endblocker 

MDxM (DC 200 fluid, lOcS). was used during polymerisation of 

D4 r.o control the molecular weight of the polymer. For each 
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. target molecular'. weigh:t ·.(Mpea~· e.?'!>ectedf, 1mo1 ·.·of. ~ndblockc~ 

·pe.t" mol of .. polytner ~as use~~ One ".can calculate· a theoretical 

moiecular. weight. (Mpeak calculated") at. partial. GOnversion of 

D4· as follows: · 

The ."resu·lts in Table 9 below show· ·that .. the_ molec:::ular ·weights 

··.:ciet,e~~ned by ~EC·are .in a~cordance with -theoretical: Mpeak.·. 

Table 9 -

[cati!lystJ T· Mpeak Mpe.ak Mpeak l; 

mol/1 ("C) expected calculated SEC ?.olymer 

(at 100% 

D4) 

conversion 

10·• 4.1 400,000 ·iS0,000 217,400 J?.6 .. 

10·· 25-65 100,.000 7S~·ooo 67,000 75.1 
·-

io·s 45 200,000 33,000 40,000 1.6. 7 

10"' 55 200,000 160,000 212,300 78.6 .. 

EXcµL\ple 11 

In a similar way to that in Example l.O, the effect of 

water actins as an endblocker·leading· to SiOH functional 

polymers of various sizes was i;nvestigated. ·Reactions were 

carried out with various concentrations of water premixed 

with the commercial solution of phosphazene base (lmol/:. in 

hexane) . Table 10 below shows a good match between 

theoretical calculated Mpeak -an.d experimental Mpeak 

determined by SEC. 



20 

. '1'8.b1e ·10 · 

.. 

. [catalyst]_· T, cue) CH11Plo % Mpeak MI>eak 

. "(ppm) .. ·. .' mol/l ·polymer . calculateQ SEC . . 
·. . 

.. 101 ·4_.oox1·0' 43~3 
· .. 

100~000 
; .9.0, o·oo 5. .. . ' j . 

. . .. ~ 
.. 

.. 

~ .. 102 .. 4. OOxlO"> 42.7 10.0, 000 i 117:,000 
' .. ! 

5 ··83 4. 35x;ta·• 20 .·s ·446, 000 t 450,000 
!.--

. . ' 
l.O 84• 8~70x10• 23.5 256, ooo. t 292,-000 

; 

It. is thus possible t~ J:1ynthesise silanol-ended pol~e:r with · 

. control.led molecula.r weight. Thus I the process of the 

.invent.ion can be used .to p~epare short: chai~ oligosiloxane 

di"ols. Water also has. the advantage of slowing the 

polymerisation down to allow much more contro.l ·over the 

polymerisation .. 

Example 12 

Following· the .procedure i-n_Example 6, various 

neutralising agents were. tested to neutralise _the_phosphazene 

base catalyst. Reactions ·were undertaken at lOO"C unde1: 

nitrogen. The initial concentration of catalyst was lSppm in 

each experiment. Vinyl endblockers (a short ·chain 

polydimethyl siloxane having_ vinyldimethyi silyl endgr_oups 

and having: a degree of polymerisation of from_s to 10 a:i 

average)_ were used in order to avoid high viscosity products 

_and permit a faster neutralisation.· After 30 · minut.es of 

reaction, the neutralising agent was .added to the flask. 

Vacu~m (15 mBar} was applied 15 minutes after.neutralisation, 
. . . . . 

and the reaction was e~ther maintained at ioo~c or heated at 

150°C. In order to· collect any volatiles (cyclics), the 

flask was equipped with a condensor and a cooling trap. 

Heating and vacuum were maintained unti·1 no more volatiles 

were collected. The results are given in Table 11 below. 



Table ·11 

Compou~d: ·used to 

qtienc:;}:i 

·cataly_st: . ·. · 

co~ 
. . . .. 

Acetic· acid· 

Silyl ph~sphate 

Polyacrylic acid 

C02 

.. 

2·1'. 

S·tr.ipping . ·Mass ·cyclics 

· temperature collected 
. (g) . 

100" ·l. 78 

100 0.".90. 

150 s .·9s 
.. 

. ,150 lS.00 

150 65 .• 50 

The co~pou~ds obtained after quenching the reaction mixture 

with C02 or acetic acid were stable. at 100"C under reduc,.!d 

pressure. However,· with· CO.a as neutralising agent at 150"C · 

under reduced pressure 1 depolymerisation occurred indicating 

the neutralisatior+was rever~ible. With silyl phosphat':! or 

acetic_ acid as neutralising agent the polymer obtained •:.i-.as 

stable up to l50°C. 

Example 13 
Phosphazene. base ring-opening polymerisation using 

[ (Me2N) 3 P ... N-) 4P] [F] catalyst 

· D4 cycl·ics (1Kg) was placed in a reaction vessel u:·1der · 

nitrogen,. stirred and ·heated to 1·oo0 c and stirred _for 30 

minutes to remove. ~ny C02 . dissolved in t~e eye lies. ThE: 

catalyst [ (Me2N) 3 P=N--) 4 P] [Fl· (12ppm) was added as a O. 3 m0:>lar 

benzene solution. Polymerisation occurred within 2 minutes 
. . 

of adding the catalyst and the stirrer was turned of£ after 5 

minutes. Heating was continued for 30 minutes a~ 100°C 

followed by cooling the mixture to 25°C. The product was 

removed from the reaction vessel and stored in glass jars. 

The. product was analysed by gpc {gel permeation 
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chromatograp~y) .and. found tcf have a mol~cular weig~t Mw ~ o.f 

aoo.ooo. 
::·'rhe. reactic;;n was ::r~pea.ted at room temperature in· air 

u~i.i>,g l,00~ ~f. D~ .cyclic;s W.ith 227ppm_ cat;.aiyst .· The 

:- ·.· polymeris~t~on i~ ·s~o~ ·'~n.d: took .2h to ·.~how ari · increa~e ·in 
. . - . . 

viecosity ~nd 18h to· forn( a ·g:u~· <?onsi~te:ric::Y product.· 
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·,.i ~ ·· ·":A. ·proce$s. · for· the"- .ring.-ope~ing polymeri"satiori of 

cycl9si.1o~an~s., -~hich comprise~ co~tacti~g a·· cyc;:l~s-i;Loxane 
~·wi~h a· ·phospb.a~e~~- b~s~~. qhai:-act~:t'.i~~d ~:n that i .;. .·.sooppm by 

w.~igh.t .of·phospba~ene·base is.us~d based on_ the weight of 
·- . . .. . . ·. . . . . 

cyclo~.i.1oxa_ne, .and ... in that it is u~ed in the presenc~ of 

water.. 

'. ·2 .. · · ··. ~- process according to Claim· 1, further .characterised ·in·· 

·that·· water is preset:it. in an· amourit of at least o. s :tnols per 

mol. ·of ·ph.osphazene base . 

. 3 • A pro.cess. according to : Claim 1, f'\.J.rtner charapteri.sed in. 

th.at water is-present in an amount of 0.5 - 10 mols perraol of 

phosphazene base. 

4. A process according to -any of Claims 1 to 3, ·further 

characterised in that the phosphazene base is present i.n an 

amount of from 2 - 200ppm by weight, based on the weight of 

· cyclosiloxane, and in that·water is present in an amount of at. 

least 1 mo! per mol of phosphazene base. 

S. · A process according to -any of Claims 1 to 4, furthe:r 

characterised int.hat the.phosphazene base corresponds to one 

·of t):le following gen~ral formulae: 

0] 

in which ~, which may be ·same or different in each posit ion, 

is hydrogen or an optionally substituted hydrocarbon group, or 

in which two R1 groups bonded to the same N-atom may be linked 
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.. . 

to c~mpJ,.ete· heterocyclic. ;~ing; Rt:. i.s hydrogen ·or an optionally 

sl,lbstituted.hydro9arboi:r.gr<;>.up;· x ·is 1, ·2. or: .. ~i .y ·is 1, 2, 3 or 

4; and A is an .anion .. 

6. A ·p.roc~ss ·according to any ·o·f Claims 1 t:O 5, further. 

·. characteris.ed i.n that ·the;. cyclosiloxane is. of the general · 

for~ula. (.~s.io»P.' wherein· ;R··d.e~otes .hydr.ogen or ,an optionaJ..ly. 

subs.tituted al~y]., .allcenyl, aryl, :alkaryl or. aralkyl ·group· 

having up t~ e carbon .a.toms, and n .denotes an integer .. with a 

.value o.f from 3 to 12. 

7. A ·process according to any of ·Claims 1 to 6, .turther. 

characterised in ·that an agent· or ·condition~ which inhibit 

·catalyst activity is initially present, and in that 

polymerisation is then initiated by reducing the effect of the 

inhibiting a.gent or ~onditions. 

8 .. A process according to Claim 7, further characterised in 

that the inhibiting agent is carbon dioxide and/or excess 

water, and in that the polymerisation reaction is initiated by 

heating. 

9. A process according t·o any of Claims 1 to 8, further 

c.harace.erised in that an endblocker is present in an amount 

calculated to result in a de.sired molecular weight range of 

polyrne·r. 

lO. A process according to any·of Claims ·1 to 9, further 

. characterised in that polymerisation is terminated. by adding. a 

neutralising agiant which prevents ·further catalyst activity. 


