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Interfacial Synthesis Part II: PhaseTransfer 
Catalyzed Synthesis of PolycarbonatelPolysiloxane 
Block Copolymers 

J. S. R i f f l e ,  R. G. F r e e l i n ,  A. K. Banth ia ,  and J. E. McGrath 

Chemistry Dept. and Polymer M a t e r i a l s  and I n t e r f a c e s  Laboratory 
V i r g i n i a  Poly technic  I n s t i t u t e  and S t a t e  U n i v e r s i t y ,  Blacksburg,  
V i r g i n i a  24061 

ABSTRACT 

A phase t r a n s f e r  ca ta lyzed  (PTC) method f o r  t h e  p r e p a r a t i o n  of 
bisphenol-A polycarbonate/polydimethylsiloxane mult i -block o r  seg- 
mented copolymers of t h e  s t ruc tureshown below h a s  been i n v e s t i g a t e d .  

The s y n t h e s i s  r o u t e  involves  t h e  r e a c t i o n  of a preformed carboxy- 
propyl- terminated polydimethyls i loxane oligomer of v a r i o u s  molecu- 
l a r  weights  w i t h  bisphenol-A, b a s e ,  phosgene, and t h e  PTC. The 
f i n a l  copolymer c o n t a i n s  a d i r e c t  ESi-C- l i n k  between t h e  b lock  
s t r u c t u r e s  as compared t o  t h e  r e l a t i v e l y  h y d r o l y t i c a l l y  u n s t a b l e  
3 i - 0 - C  bond d iscussed  previous ly  by t h e  a u t h o r s  and o t h e r s .  A 
phosgenat ion "pre-step" t o  t h e  i n t e r f a c i a l  r e a c t i o n  w a s  found t o  
be d e s i r a b l e .  T h i s  procedure involves  bubbl ing  phosgene through 
an anhydrous concent ra ted  s o l u t i o n  of t h e  carboxypropyl-terminated 
polydimethyls i loxane i n  methylene c h l o r i d e .  Subsequent ly ,  a two- 
phase CH C 1  /H 0 r e a c t i o n  medium w i t h  t h e  phase t r a n s f e r  c a t a l y s t  
i s  employed i n  t h e  i n t e r f a c i a l  s t e p .  The phosgenat ion pre-s tep  2 2 .  2 
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968 RIFFLE ET AL. 

is believed to enhance the conversion of carboxyl to acid chloride, 
which then promotes the efficient incorporation of the polysiloxane 
into the copolymer. Moreover, anhydride linkages along the chain 
are reduced to undetectable levels. The copolymers could be of 
interest as thermoplastic elastomers, elastoplastics, or biomateri- 
als. 

INTRODUCTION 

Thermoplastic elastomers based on polycarbonate-polysiloxane 

block copolymers display some intrinsic properties which may be of 

interest as biomaterials [l]. The generalized structure of these 
copolymers is shown below. 

t - 1  

There are at least two basic requirements for materials which one 
might consider for biological end-uses. First, the polymers should 
be "compatible"(e. g. not coagulate) with blood, and secondly, the 
materials must also be very stable in the physiological environ- 
ment. The latter requirement specifically requires that the co- 
polymers possess good hydrolytic stability. 

Earlier publications from this laboratory[2-4] and else- 
where[1,5-7] demonstrate that the subject block copolymers and 

related structures easily undergo a microphase separation above 
segment molecular weight of a few thousand. This was recognized 
as being a function of the inherent immiscibility of bisphenol-A 
polycarbonate and polydimethylsiloxane block structures. 
phenomena even 'affect the melt rheology of these systems [7-101. 

Quantification of this immiscibility has been probed by inverse 
gas chromatography [11,121. Moreover, in polystyrene-polydimethyl- 
siloxane block copolymer systems 113-151 ,in our preliminary work [2,161 
and earlier work by Gaines and LeGrand [17\it was demonstrated that 

Such 
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PHASE-TRANSFER CATALYZED 969 

the  polydimethyls i loxane component migrates  t o  the  su r face  of f i lms  

of t hese  ma te r i a l s  i n  preference  t o  the  o the r  block.  

This phenomenon was a t t r ibu tedr l3-161 t o  t h e  f a c t  t h a t  t h e  polydi- 

methylsiloxane component has  a cons iderably  lower su r face  f r e e  

energy r e l a t i v e  t o  polystyrene o r  polycarbonate. The pure poly- 

dimethyls i loxane homopolymer su r face  i s  known t o  be q u i t e  "compati- 

ble"  wi th  blood [18]. The f a c t  t h a t  su r f aces  of t h e  f i lms  of t hese  

copolymers could be  t a i l o r e d  t o  be composed predominantly of s i l ox -  

me [2 ,3]  suggested t h a t  the  su r face  and, hence, t h e  materials, 

could be  t a i l o r e d  t o  be b i o l o g i c a l l y  "compat ib1e"in the  sense  de- 

f ined e a r l i e r .  

I n  view of t h e  requirement f o r  good hydro ly t i c  s t a b i l i t y ,  

block copolymers wi th  two d i f f e r e n t  types of bonds between t h e  

block s t r u c t u r e s  have been inves t iga t ed .  

1. 3i-0-C- l i n k s  

2 .  Di rec t  =Si-C- l i n k s  

The r e l a t i v e  hydro ly t i c  s t a b i l i t i e s  of t h e  LSi-0-C bond ve r sus  the  

ESi-C- bond i n  some s i loxane  copolymers has  been ex tens ive ly  s tud-  

i ed  and i t  is genera l ly  agreed t h a t  t h e  I S i - C  bond is much b e t t e r ,  

even though the  3 i -0-C bond[l8]  is t h e  l i n k  of choice when therm- 

a l  s t a b i l i t y  i s  requi red .  However,Noshay e t  a l .  [1,191 demonstrated 

t h a t  p e r f e c t l y  a l t e r n a t i n g  block copolymers composed of po ly(ary1  

e t h e r s )  o r  po ly(ary1  e s t e r s )  and s i loxanes  were remarkably resis- 

t a n t  t o  hydro lys is .  This was thought [ l9]  t o  be due t o  t h e  hydro- 

phobic s i loxane  na tu re  and t h e  r e l a t i v e l y  few l i n k s  between blocks.  

Consequently, t h e r e  is some reason t o  doubt whether t h e  presence 

of ESi-0-C l i n k s  between b locks  i n  t h e  s t r i c t l y  a l t e r n a t i n g  fA-BjN 

block copolymer a r c h i t e c t u r e  would d e t r a c t  from hydro ly t i c  s t a b i l i -  

ty .  I n  order  t o  f u r t h e r  a s ses s  these  ques t ions ,  m a t e r i a l s  w e r e  

prepared i n  t h i s  s tudy  which cons is ted  of both p e r f e c t l y  a l t e r -  

na t ing  block copolymers conta in ing  the  ESi-0-C and a l s o ,  ran- 

domly coupled block copolymers conta in ing  t h e  d i r e c t  3 i - C  

between the  blocks.  

bond 
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9 70 RIFFLE ET AL. 

H20/CH2C12 

COCl 

base 
I 

Perfectly alternating block copolymers were prepared essential- 

ly 
zene solution by reacting preformed dimethylamine-terminated poly- 

dimethylsiloxane and hydroxyl-terminated polycarbonate oligomers. 

Two series of copolymers produced via this method are briefly dis- 

cussed herein. Both copolymer composition at constant block length 

and block lengths at given compositions were investigated. 

by Noshay and Matzner's procedure [I] i n  refluxing chloroben- 

The preparation of copolymers bearing the direct ZSi-C- bond 

between the blocks has proven to be quite challenging. The general 

synthetic route utilized a preformed carboxypropyl-terminated poly- 

dimethylsiloxane and in situ generated polycarbonate segments as 

schematically shown in equation 1. 

Equation 1 
r - t  

I 5 

\1/ phase transfer catalyst 

Randomly Coupled 
Block copolymer, SSi-C+ linked 

Note that the reaction of two moles bisphenol-A with one mole of 

phosgene yields a carbonate (-0-C-0-1 link. On the other hand, 
R 
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PHASE-TRANSFER CATALYZED 971 

t h e  corresponding r e a c t i o n  of one mole bisphenol-A, one mole of 

ac id- te rmina ted  polys i loxane  ol igomer,  and one mole of phosgene 

is shown producing an ester (-!-O-) bond between t h e  terminal car-  

boxypropyls i loxane and t h e  b isphenol .  Both s o l u t i o n  and inter-  

f a c i a l  ( o r  r a t h e r ,  phase t r a n s f e r  ca ta lyzed)  methods have been 

i n v e s t i g a t e d .  It w a s  reasoned that  t h e  i n t e r f a c i a l  r o u t e  would 

i n s u r e  a c l e a n e r  r e a c t i o n  product  which i n  t u r n  would be  v e r y  

important  f o r  biomedical  a p p l i c a t i o n s .  S o l u t i o n  processes  might 

r e q u i r e  p y r i d i n e  which would b e  d i f f i c u l t  t o  remove q u a n t i t a t i v e -  

l y  a f t e r  copolymer formation.  Res idua l  t r a c e s  could degrade 

e i t h e r  segment. For example, t h e  copolymer product  from t h e  

s o l u t i o n  r e a c t i o n  might r e s u l t  i n  rearrangements  of t h e  s i l o x a n e  

p o r t i o n s  w i t h  t i m e .  The main t h r u s t  of t h i s  paper is t h e  develop- 

ment of procedures  and t h e  r e s u l t s  ob ta ined  u s i n g  t h e  i n t e r f a c i a l  

method f o r  p r e p a r a t i o n  of t h e  randomly coupled b lock  copolymers. 

The p e r f e c t l y  a l t e r n a t i n g  copolymers are d iscussed  i n  d e t a i l  else- 

where [ 4 ] .  

The s y n t h e s i s  of po lycarbonates  der ived  from bisphenol-A i n  

a two-phase medium via  qua ternary  ammonium h a l i d e  c a t a l y s i s  was 

one of t h e  ear l ies t  a p p l i c a t i o n s  of phase t r a n s f e r  c a t a l y s i s  f20-261 
Typica l ly ,  bisphenol-A and t h e  qua ternary  ammonium h a l i d e  c a t a l y s t  

are d i s s o l v e d  i n  an aqueous c a u s t i c  s o l u t i o n  fol lowed by a d d i t i o n  

of t h e  qua ternary  ammonium h a l i d e .  

The aqueous phase is r a p i d l y  mixed wi th  a ( u s u a l l y )  water 

i m i s c i b l e  s o l v e n t  such a s  dichloromethane.  Phosgene i s  then  

in t roduced  i n  s t o i c h i o m e t r i c  q u a n t i t i e s .  The phase t r a n s f e r  c a t a -  

l y s i s  c y c l e  i l l u s t r a t e d  f o r  t h e  s p e c i f i c  case  of t h e  polycarbonate  

homopolymer i s  reviewed i n  equat ion  2.  The s y n t h e s i s  i s  w e l l  

known t o  be both  r a p i d ,  f a c i l e  and i n s e n s i t i v e  t o  minor v a r i a -  

t i o n s  i n  r e a c t i o n  c o n d i t i o n s .  However, t h e  a d d i t i o n  of a pre- 

formed, acid- terminated polydimethyls i loxane oligomer to t h e  

system produced numerous complicat ions and n e c e s s i t a t e s  a much 

more def ined  set of r e a c t i o n  parameters .  

The phase t r a n s f e r  process  envis ioned  as be ing  o p e r a t i v e  i n  

t h e  formation of t h e s e  polycarbonate/polysiloxane random block  
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972 RIFFLE ET AL. 

Equation 2 

HOQTQOH + KOH -> K + o ~ r @ o - + K  

CH3 CH3 
+ -  

(C2H5)4NC1 (Aqueous 

---+ 11 Phase) 

(C2Hs) 4GQT&O-i(C2H5)4 + KC1 

CH3 
/ 

1 

C0Cl2 I 
(Organic 

Phase) 

copolymers is an ex tens ion  of t h e  e s t a b l i s h e d  sequence occurr ing  

i n  t h e  product ion of t h e  bisphenol-A polycarbonate  homopolymers. 

It f i r s t  involves  d i s s o l u t i o n  of t h e  bisphenol-A i n  an aqueous 

c a u s t i c  so lu t ion .  

t h e  a lka l i  metal s a l t  of bisphenol-A wi th  a phase t r a n s f e r  cata- 

l y s t  (P .T .C. )  (equat ion 3). The la t te r  u s u a l l y  possesses  a rela- 

t i v e l y  l a r g e  organic  ca t ion .  

This  is followed by r e a c t i o n  of a p o r t i o n  of 

The a l k y l  qua ternary  ammonium s a l t  of bisphenol-A will then 

p a r t i t i o n  i t s e l f  between t h e  aqueous and an organic  phase. A s  i t  
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PHASE-TRANSFER CATALYZED 

Equation 3 

973 

moves i n t o  t h e  organic  phase, t h e  h ighly  r e a c t i v e  s a l t  is brought 

i n t o  c o n t a c t  wi th  both phosgene and t h e  a c i d  - terminated 

polydimethyls i loxane oligomers and may react t o  form t h e  copolymer 

(equat ion 4 ) .  The by-product of equat ion 4 ,  which is t h e  o r i g i n a l  

phase t r a n s f e r  c a t a l y s t ,  i s  then t r a n s f e r r e d  back t o  t h e  aqueous 

phase which completes t h e  c a t a l y t i c  cyc le .  

The p r e p a r a t i o n  of bisphenol-A polycarbonate  homopolymer v i a  

such a mechanism can be complicated by t h e  f a c t  t h a t  polymerizat ion 

w i t h i n  t h e  organic  phase proceeds v i a  a two-step r e a c t i o n  (equat ion  

5 ) .  

For t h e  at ta inment  of high molecular weight polymers, t h e  ra te  of 

formation of chloroformate endgroups must b e  balanced a g a i n s t  t h e  

r a t e  of t h e i r  f u r t h e r  r e a c t i o n  w i t h  bisphenol-A o r  wi th  t h e  grow- 

ing polycarbonate  chain. 

endgroups which occurs  i f  kl >> k2,  can be c o n t r o l l e d  v i a  a d j u s t -  

ment of a number of r e a c t i o n  parameters. 

Excessive build-up of a r y l  chloroformate 

The r e a c t i o n  of t h e  carboxyl ic  acid-terminated s i l o x a n e  t o  

form an ester bond i n  t h e  r e a c t i o n  scheme adds a t  least  one (and 

p o s s i b l y  more) series of s t e p s  t o  t h e  o v e r a l l  r e a c t i o n .  Although 

t h e  mechanis t ic  pathways have n o t  been c l e a r l y  e s t a b l i s h e d ,  two 

p l a u s i b l e  r o u t e s  t o  ester formation are envis ioned (equat ions  6 ,  

and 7a and 7b). 

Mixed carbonic-carboxyl ic  anhydrides  of t h e  type  i l l u s t r a t e d  

i n  equat ions  6 ,  7a and 7b (4) are known t o  decompose under anhy- 
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974 RIFFLE ET AL. 

Equation 4 

HO 

L 
- 

Step 1: 

Step  2: 

+ 

3-COOH + C 0 C l 2  

M 

3-COOH 

Y + 
f -  

(C2H5) 4NC1 

Equation 5 

0 

(C2H5) 4 ~ - 0 ~ ~ ~  C 0 0-C-C1 " + (C2H5)4N $- 0 - @ @ ) - i ( C 2 H 5 ) a  

CH3 CH3 
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r4 
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I 

0=J 
d 
U 

d 
U 

+ 
X 
0 

I o=u 
I ”  

5 2  N Z  

A 

h 

r% 
I o=u 

X 

V 

U 
n n 

e, U w w 
U 

V 

t g  t ”  
0 

“ \  
I o=u 
0 
X 
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978 RIFFLE ET AL. 

drous c o n d i t i o n s  v i a  pathways analogous t o  2 and 3 i n  both equa- 

t i o n s  6 and 7b [27-301. Proposed mechanisms f o r  t h e s e  decomposi- 

t i o n s [ 3 0 ]  are given i n  equat ions  8 and 9. 

Equation 8 

0 

Equation 9 

0 0  

+ 

0 

2 0-R 
/ 

o=c + co2 
0-R2 

\ 

The r e l a t i v e  propor t ions  of t h e  two pathways o c c u r r i n g  have been 

determinedf301 f o r  a v a r i e t y  of r e a c t i o n s  which inc luded  systema- 

t i c  combinations of b o t h  aromatic  and a l i p h a t i c  a c i d s  and a l c o h o l s .  

For a l l  cases i n v e s t i g a t e d  where t h e  a c i d  moiety w a s  a l i p h a t i c  

(as i t  is  i n  t h e  copolymerizat ion d iscussed  i n  t h i s  paper)  de- 

composition proceeded e x c l u s i v e l y  t o  t h e  e s t e r  even a t  room temp- 

e r a t u r e .  

decomposition pathways were found o p e r a t i v e  a t  room temperature  

and, i n  some c a s e s ,  decomposition occured only a t  e l e v a t e d  tempera- 

t u r e s .  

However, when t h e  a c i d  component was a romat ic ,  = 

Under anhydrous c o n d i t i o n s ,  Goldberg e t  a l .  [31] supported t h e  

pathway t o  the  e s t e r  shown i n  equat ion  6,  r o u t e  3 as opposed t o  

t h a t  given i n  equat ion  7a. r o u t e  3. From t h e  model r e a c t i o n  of 

phenyl chloroformate w i t h  benzoic  a c i d  i n  p y r i d i n e  a t  room tempera- 

t u r e  he w a s  a b l e  t o  i s o l a t e  phenyl  benzoate  i n  good y i e l d  

(equat ion 10) .  
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Equation 10 

979 

Moreover, when phosgene w a s  bubbled i n t o  a s o l u t i o n  of phenol  and 

benzoic  a c i d  i n  p y r i d i n e  he obta ined  t h e  same product .  Goldberg 

et  a l .  d ismissed t h e  p o s s i b i l i t y  of t h e  a c i d  c h l o r i d e  i n t e r m e d i a t e  

from be ing  p l a u s i b l e  f o r  two reasons:  1 )  a c i d  c h l o r i d e s  are less 

r e a c t i v e  than  ch loroformates  , and 2)  no ev idence  of 

carboxyl ic  anhydrides  was r a r e d  s p e c t r a  of  t h e  

products .  While Goldberg's evidence does provide  suppor t  f o r  t h e  

f e a s i b i l i t y  of t h e  pathway shown i n  equat ion  6 ,  r o u t e  3 ,  it would 

appear t o  n o t  p r e c l u d e  t h e  p o s s i b i l i t y  of a l t e r n a t e  r o u t e s .  For 

example, some r e a c t i o n s  n o t  considered could be  o c c u r r i n g  simul- 

taneous ly  ( i e .  equa t ion  7b, r o u t e  3 ) .  Never the less ,  one must 

agree  t h a t  good y i e l d s  of t h e  d e s i r e d  model compound were i s o l a t e d .  

Of  course ,  t h e  a n a l y t i c a l  t echniques  employed were probably n o t  

s e n s i t i v e  enough t o  d e t e c t  minor i n  c h a i n  anhydride imperfec t ions .  

Quite  r e c e n t l y ,  Prevorsek e t  a l .  [32]  have r e i n v e s t i g a t e d  t h e  re- 

a c t i o n  of bisphenol-A, t e r e p t h a l i c  a c i d ,  and phosgene under  an- 

hydrous c o n d i t i o n s  i n  pyridine/dichloromethane co-solvent .  I n  

c o n t r a s t  t o  Goldberg's work, they  did observe c a r b o x y l i c  anhy- 

d r i d e s  i n  t h e  i n f r a r e d  s p e c t r a  of t h e i r  products .  Compared t o  t h e  

c u r r e n t  work h e r e i n ,  both of t h e s e  papers  d e a l t  w i t h  a romat ic  a c i d  

r e a c t i o n s  which may indeed produce r e l a t i v e l y  more s t a b l e  anhydride 

in te rmedia tes .  It is  clear t h a t  a d d i t i o n a l  s t u d i e s  would be  d e s i r -  

a b l e .  

EXPERIMENTAL 

a,u - carboxypropyl-terminated polydimethyls i loxane ol igomers  

(2) of c o n t r o l l e d  number average molecular  weights  were produced 

i n  our  l a b o r a t o r y  v i a  a s i l o x a n e  r e d i s t r i b u t i o n  r e a c t i o n .  Details  

of t h e  s y n t h e t i c  procedure and a n a l y t i c a l  a s p e c t s  w i l l  b e  provided 

% 
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980 RIFFLE ET AL. 

separately 1331. However, a typical synthesis is briefly describ- 
ed below. 
Preparation of Carboxypropyl-Terminated Polydimethylsiloxane 
Oligomers: 

Carboxypropyltetramethyldisiloxane was obtained from Silar 
Laboratories, Scotia, N .  Y. The octamethylcyclotetrasiloxane 
( D - 4 )  was obtained from either Union Carbide, Silar Labs, or 
Petrarch, (Levittown, PA). Trifluoroacetic acid was used as the 
redistribution catalyst and was reagent grade from Fisher Chemical. 

The reaction apparatus consisted of a three-necked, round- 
bottomed flask equipped with a mechanical stirrer, argon inlet, 
condenser with a drying tube and heated with a silicone oil bath. 
The required proportions of the bis(l,3-carboxypropyl)-tetra- 
m6thyldisiloxane and D-4 were charged to the reaction vessel and 
heated to 6OoC. In the reaction, the cyclic monomers ( D - 4 )  are 
opened and inserted into the 1,3-~arboxypropyltetrarnethyldisil- 
oxane. Therefore, the necessary ratio of D-4 to linear dimer 
is determined by the final Rln> desired. Typically, trifluoro- 
acetic acid (2, 0.013 moles per 0.024 moles starting material) 
was added at 6O0C f o r  24 hours. Rapid agitation was maintained 
throughout the reaction. After the equilibration, the reaction 
mixture was washed three times with water to remove the residual 
trifluoroacetic acid catalyst. Remaining traces of water were 
azeotroped with tetrahydrofuran under vacuum. 

tion proton NMR (Varian EM-390 spectrometer) and 1 3 C  NMR (JEOL- 

PFT-100 spectrometer) to insure that the endgroup structure pre- 
sent in the dimer was retained in the final oligomers. Traces of 
residual cyclics can be assessed by liquid chromatography, GLC, 
or TGA. The progress of the redistribution of the carboxypropyl- 
terminatd siloxane was followed by gel permeation chromatography 

Oligomer structure was characterized by both high resolu- 

(Waters 6000-A pump, Waters R-400 D.R.I. detector, mkcro-styragel 
columns - 500 A, 10 A, 10 A, 10 A, toluene solvent). Molecular O 3 "  4 O  5 O  

weights, Oh>, of these oligomers were assessed via potentiometric 
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PHASE-TRANSFER CATALYZED 981 

t i t r a t i o n  i n  i sopropanol  w i t h  an i s o p r o p a n o l i c  potassium hydrox- 

i d e  t i t r a n t  [MI .  
The  development of t h e  s y n t h e t i c  procedures  f o r  t h e  randomly 

placed b lock  copolymers requi red  t h a t  a number of bisphenol-A 

polycarbonate  homopolymers be  produced under d i f f e r e n t  phosgene 

flow rates and c a t a l y s t  c o n c e n t r a t i o n s .  The appara tus  f o r  t h e s e  

r e a c t i o n s  i s  i d e n t i c a l  t o  t h a t  used f o r  t h e  copolymerizat ion 

(F igure  1). T y p i c a l l y ,  7 . 5  gm of bisphenol-A, a s t o i c h i o m e t r i c  

q u a n t i t y  of NaOH (2  moles per  mole bisphenol-A), and t h e  appropr i -  

ate amount of t h e  tetraethylammonium c h l o r i d e  c a t a l y s t  were d i s -  

solved i n  7 5  m l  water. An e q u a l  volume of dichloromethane w a s  

then added. Approximately 18 N.  aqueous sodium hydroxide was 

EFLON WDDLE /u 
5-NECKED ROVNDEDT’TDMED FLASK (250ml) 

FIG. 1. Copolymerization a p p a r a t u s  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



98 2 RIFFLE ET AL. 

added throughout the 30 minutes of phosgene addition. This allow- 

ed the pH to be maintained between 11-12. 

Randomly placed block copolymerization was studied using 

principally a 2000 Rln> carboxypropyl-terminated polydimethyl- 

siloxane oligomer. Results demonstrate that an anhydrous pre- 

step (hereafter called a "pre-phosgenation" step) to the inter- 

facial reaction is desirable. A typical 2-stage copolymer formu- 

lation using optimized experimental parameters is detailed 

below: 

Preparation of Randomly Placed PolycarbonatefPolydimethylsiloxane 

Block Copolymers: 

The preformed polydimethylsiloxane oligomer was prepared and 

characterized according to the methods previously described. 

purity "WAR grade" bisphenol-A obtained from Union Carbide was 

used as received. Tetraethylammonium chloride catalyst used was 

reagent grade from Fisher Chemical. 

Step 1: "Pre-Phosgenation" 

High 

The apparatus, consisting of a two-necked, round-bottomed 

flask equipped with an argon inlet, Dean Stark trap, condenser 

with a drying tube, and a magnetic stirring bar, was heated with 

a silicone oil bath. 
The carboxypropyl-terminated polydimethylsiloxane oligomer 

(7.5 grams) and % 40 ml dichloromethane were charged to the reac- 

tion vessel. The system was dehydrated via distillation of % 20 

ml of the dichloromethane, then was cooled to room temperature. 

Gaseous phosgene was then introduced into the anhydrous solution 

at a rate of 30 ccfmin. for a fifteen minute period. 

Step 2: Interfacial Copolymerization 

Bisphenol-A (7.5g) and a stoichiometric amount of potassium 

hydroxide ( 2  moles KOH per mole bisphenol-A) were charged to the 
reaction vessel and dissolved in 75 ml water. 
chloride catalyst (l.lg, 20 mole percent based on moles of bis- 
phenol-A) was added to the mixture. The siloxane/dichloromethane 

Tetraethylammonium 
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PHASE-TRANSFER CATALYZED 983  

s o l u t i o n  from t h e  "pre-phosgenation" s t e p ,  fol lowed by 55 ml 

a d d i t i o n a l  dichloromethane were added. Phosgene w a s  a g a i n  i n t r o -  

duced t o  t h e  mixture  a t  a rate of 40-58 ccfmin. f o r  one hour .  

Throughout t h e  hour  of phosgene a d d i t i o n ,  pH w a s  monitored u s i n g  

a combination pH e l e c t r o d e  ( g l a s s  body, s i l v e r / s i l v e r  c h l o r i d e  

r e f e r e n c e l a n d  cons t ra ined  t o  a range  of 11-12 by t h e  cont inuous  

a d d i t i o n  of 12 N. aqueous potassium hydroxide s o l u t i o n .  For t h e  

c o n c e n t r a t i o n s  employed, t h e  r e a c t i o n  r e q u i r e d  approximately 2 ml 
KOH s o l u t i o n  every 3 minutes. 

a d d i t i o n  w i t h  t h e  pH maintained between 11-12 ,  phosgene f low was 

cont inued a t  t h e  same rate wi thout  any f u r t h e r  a d d i t i o n  of  KOH 

f o r  an a d d i t i o n a l  t e n  minutes. This  g e n e r a l l y  d e s i r a b l y  produced 

a n e u t r a l  o r  s l i g h t l y  a c i d i c  pH. 

s e v e r a l  t i m e s  wi th  water, coagulated i n  i sopropanol ,  i s o l a t e d  by 

f i l t r a t i o n  and vacuum d r i e d .  

Following t h e  hour of phosgene 

The o r g a n i c  phase w a s  washed 

Copolymers and bisphenol-A polycarbonate  homopolymers w e r e  

analyzed f o r  i n t r i n s i c  v i s c o s i t y  a t  25OC i n  t e t r a h y d r o f u r a n .  

Values given i n  t h e  t a b l e s  are r e p o r t e d  i n  d e c i l i t e r s  p e r  gram. 

Copolymer composi t ional  a n a l y s e s  were performed u s i n g  h igh  

r e s o l u t i o n  pro ton  NMR spec t roscopy (Varian EM-390 spec t rometer )  

v i a  comparison of t h e  areas of t h e  a romat ic  and s i l i c o n  methyl  

peaks ( s e e  Fig.  2 ) .  The p r e c i s i o n  of t h e  composi t ional  a n a l y s i s  

was es t imated  t o  b e  -k 1.0%. 

Copolymer f i n e  s t r u c t u r e  w a s  a l s o  e l u c i d a t e d  by comparison 

of b o t h  I3C NMR (JEOL-FX6OQ ins t rument )  and I R  (Perkin-Elmer 

model 283 ins t rument )  s p e c t r a  o f  t h e  copolymers w i t h  t h a t  of 

model compounds and homopolymers. The d iphenyl  ester of 1,3- 

carboxypropyltetramethyldisiloxane (2) was prepared  as a model 

compound i n  a manner c l o s e l y  p a r a l l e l i n g  t h a t  o f  Mulvaney and 

Marvel. [ 3 4 ]  
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984 RIFFLE ET AL. 

FIG. 2. Proton NMR spectrum of a r.andomly coupled 
polycarbonate/polydimethylsiloxane copolymer 

Assignments: Q, 0.17 P.P.M. - Silicon Bonded Methyls 
% 1.75 P.P.M. - Bisphenol-A Methyls 
'L 7.1 - 7.4 P.P.M. - Aromatic Protons 
?, 5.30 P.P.M. Methylene Chloride 

(Lock Signal and Reference) 

Preparation of 

n= 1 

Thionyl chloride (Fisher reagent grade) and phenol (Fisher 
reagent ACS grade - 0.5% maximum water) were used as received. 

The apparatus consisted of a two-necked, round-bottom flask 
equipped with an argon inlet, condenser with a drying tube, mag- 
netic stirring bar and a silicone oil heating bath. 
carboxypropyltetramethyldisiloxane (11 grams) and thionyl chloride 
(50 ml )  were charged to the reaction vessel and refluxed for 2.5 

hours to produce 1,3-propionyltetramethyldisiloxane. The excess 
thionyl chloride was stripped off under vacuum, and then a 20 

The 1,'- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PHASE-TRANSFER CATALYZED 985 

mole percent excess of phenol was added. The mixture was heated 

at 85OC for three hours to produce the diphenyl ester. 

the reaction, the product mixture was dissolved in 60 m l  of di- 

ethyl ether, washed with water, then with 100 ml 10% aqueous NaOH, 
and finally with water (two more times). Traces of water were 

removed via a tetrahydrofuranlwater azeotrope under vacuum. 

Vacuum distillation of the product produced a small forecut, 
followed by a major fraction of the diester (B.P. 175OC, 0.2 mm). 

Following 

RESULTS AND DISCUSSION 

The investigation described in this paper is perhaps the 
first simultaneous reaction of a carboxylic acid, a phenol, and 

phosgene to be studied in an aqueous PTC type medium. The ap- 

proach taken for development of the synthesis of these block co- 

polymers was to first investigate the formation of the homopoly- 

carbonate. Copolymerizations including the siloxane oligomers 

were then conducted under analogous conditions. This method 

allowed a systematic study of the major differences between homo- 

polycarbonates and copolymer formation. Consequently, results 
and interpretations pertinent to the homopolymer study will first 

be discussed, followed by aspects related to copolymerization. 

A series of homo-polycarbonates were produced where the amount 

of phase transfer catalyst was systematically varied from 4 -40 
mole percent tetraethylammonium chloride based on number of moles 

of bisphenol-A (cf. Table 1, 81-3). These values are seemingly 

high, but were based on some earlier work by Morgan, et a1.[35,36]. 

A maximum in intrinsic viscosity was observed at the middle 

catalyst concentration (20%) initially studied. This suggested 

that a 4% catalyst concentration might be too low to promote 

migration of bisphenol-A to the organic phase. 

Hence, a slower reaction ensues which results in a lower molecular 

weight. Alternatively, the 40% catalyst concentration probably 

causes a relatively rapid transfer of the bisphenol to the di- 
chloromethane phase. Such a rate o f  phase transfer might allow 
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986 RIFFLE ET AL. 

TABLE 1. I n t e r f a c i a l  Polycarbonates:  I n v e s t i g a t i o n  of t h e  
E f f e c t  of C a t a l y s t  Concentrat ion and Phosgene Flow 
Rate 

Phosgene + -  25°C 
Flow Rate React ion (a) (Et)4NC1 [q ]  (dR/g) 
(ccfmin. ) PH Time THF 

1. 40-58 11-12 1 1 2  h r .  4% 0.34 

2 .  40-58 11-12 1 1 2  h r .  20% 1.20 

3. 40-58 11-12 112 h r .  40% 0.22 

4. 120-140 11-12 112 h r .  4% 1.50 

5. 120-140 11-12 1 1 2  h r .  40% 0.23 

(a)Expressed i n  mole % of (Et)&&Ci p e r  mole b isphenol .  

formation of n e a r l y  complete chloroformate endgroup f u n c t i o n a l i t y .  

The r e s u l t  would be  t h a t  t h e  c o r r e c t  s t o i c h i o m e t r y  needed t o  pro- 

duce h igh  molecular  weight  polymers would never  by achieved.  

It w a s  reasoned t h a t  i f  chloroformate endgroups could be  

b u i l t  up through t h e  u s e  of a l a r g e  c o n c e n t r a t i o n  of c a t a l y s t ,  

then t h e  presence of a l a r g e  excess  of phosgene should a l s o  

enhance t h e  e f f e c t .  

gene gas flow r a t e  ( see Table 1) suppor t  t h i s  hypothes is .  Indeed,  

high molecular  weights  are achieved a t  lower c a t a l y s t  c o n c e n t r a t i o n  

a s  phosgene flow r a t e  i s  increased .  

R e s u l t s  o f  r e a c t i o n s  run w i t h  a h igh  phos- 

Copolymerizations were normally performed under b a s i c a l l y  

t h e  i d e n t i c a l  c o n d i t i o n s  which were used f o r  t h e  homopolycarbon- 

ates. 

The polydimethyls i loxane oligomer was added t o  t h e  r e a c t i o n  

t o  y i e l d  a t h e o r e t i c a l  copolymer composition of approximately 50% 

polys i loxane  and 50% polycarbonate  by weight .  The r e a c t i o n s  a lso 

were cont inued f o r  longer  per iods  of t i m e  than  t h e  30 minutes  used 

f o r  t h e  homopolymers. 

Block copolymers were f i r s t  prepared u t i l i z i n g  r e a c t i o n  para- 

meters which had been shown t o  produce h igh  molecular  weight  homo- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PHAS E-TRANSFER CATALYZED 987 

polymers ( c f .  No. 2 and No. 4 ,  Table 1). A f t e r  one hour of re- 

a c t i o n ,  a moderate p o r t i o n  of t h e  t h e o r e t i c a l  amount of s i l o x a n e  

(90% and 85%, r e s p e c t i v e l y  - see Table  2) had been i n c o r p o r a t e d  

i n t o  b o t h  copolymers, bu t  only r e l a t i v e l y  low molecular  weights  

w e r e  obtained.  These r e s u l t s  sugges ted  a d i f f i c u l t y  i n  t h e  in- 

corpora t ion  of t h e  acid- terminated s i l o x a n e  ol igomer.  

I f  t h e  mechanism shown i n  equat ion  6 w a s  o p e r a t i v e ,  then  

formation of t h e  e s t e r  would be  enhanced by f i r s t  producing a 

h igh  concent ra t ion  of a r y l  chloroformate endgroups. By c o n t r a s t ,  

t h e  r o u t e s  shown i n  equat ion  7 would be  promoted by a l a r g e  

excess  of phosgene i n  t h e  o r g a n i c  phase. It w a s  conceived t h a t  

copolymerizat ion might be  a s s i s t e d  i f  e i t h e r  o r  bo th  of t h e  

abovementioned c o n d i t i o n s  could b e  achieved.  R e c a l l  t h a t  t h e  

c o n d i t i o n s  of r e a c t i o n  3 ,  Table 1 were p o s t u l a t e d  t o  have pro- 

duced a n e a r l y  e x c l u s i v e a r y l  chloroformate endgroup. 

reasonable  t h a t  i f  t h e  above is t r u e ,  then  parameters  used f o r  

r e a c t i o n  5,  Table  1 (same as f o r  r e a c t i o n  3 ,  Table 1 except  w i t h  

a much f a s t e r  phosgene flow rate)  should produce both  of t h e  

d e s i r e d  s i t u a t i o n s .  

It appears  

R e s u l t s  ob ta ined  i n  t h e  copolymerizat ion under t h e  c o n d i t i o n s  

of r e a c t i o n  3 ,  Table 1 were encouraging ( s e e  Table  2 ,  r e a c t i o n  3 ) .  

A f t e r  t h r e e  hours  of r e a c t i o n ,  a r e l a t i v e l y  h i g h  i n t r i n s i c  v i scos-  

i t y  of 0.79 dL/g w a s  ob ta ined .  Moreover, t h e  s t o i c h i o m e t r i c  amount 

of s i l o x a n e  w a s  e s s e n t i a l l y  incorpora ted .  Copolymerization under 

t h e  analogous c o n d i t i o n s  a t  a h i g h e r  phosgene flow r a t e  w a s  much 

less s u c c e s s f u l .  Unfor tuna te ly ,  t h e  use  of a l a r g e  excess  of 

phosgene r e s u l t s  i n  excess ive  phosgene h y d r o l y s i s  and hence 

renders  t h e  technique  i m p r a c t i c a l .  For example, n e u t r a l i z a t i o n  

of t h e  H C 1  by-product w i t h  b a s e  produces very  l a r g e  q u a n t i t i e s  

of s a l t .  

A second a t tempt  w a s  made t o  d e f i n e  c o n d i t i o n s  where t h e  

mechanism shown i n  e q u a t i o n 7 m i g h t  be  favored.  I n  t h i s  c a s e ,  an 

anhydrous "pre-phosgenation" s t e p  was used. 

bubbl ing an excess  of phosgene through a dichloromethane s o l u t i o n  

This c o n s i s t e d  of 
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of t h e  s i l o x a n e  oligomer p r i o r  t o  t h e  i n t e r f a c i a l  r e a c t i o n .  It 

was a n t i c i p a t e d  and t h  n confirmed t h a t  one o r  more of t h e  o s s i -  

b l e  i n t e r m e d i a t e s ,  HO-!-(PSX),-!-O-!-Cl and/or  HO-!-(PSX)N- 1 - C 1 ,  

would be  formed v i a  t h i s  approach. The carboxypropyl-terminated 

d i s i l o x a n e  o r  r a t h e r ,  an a n i o n i c  form of i t ,  i s  s o l u b l e  i n  t h e  

aqueous medium used f o r  t h e  i n t e r f a c i a l  r e a c t i o n .  Experiments 

were conducted us ing  t h e  p r e c u r s o r  s i l o x a n e  dimer f o r  t h e  co- 

polymerizat ion.  I n  t h e  absence of  t h e  anhydrous pre-s tep ,  a lmost  

no d i s i l o x a n e  could be incorpora ted  i n t o  t h e  copolymers ( s e e  

r e a c t i o n s  1 and 2 ,  Table  3) .  By c o n t r a s t ,  when t h e  pre-s tep  w a s  

used,  t h e  t h e o r e t i c a l  and a c t u a l  copolymer composi t ions w e r e  

extremely c lose .  Di f fe rences  are b e l i e v e d  t o  r e f l e c t  a n a l y t i c a l  

e r r o r s  and poss ib ly  some non-funct ional  s i l o x a n e  ( c f .  r e a c t i o n s  

1 and 2 ,  Table  3 ,  w i t h  r e a c t i o n  3, Table  3) .  It is hypothesized 

t h a t  when t h e  d i m e r  i s  used i n  t h e  i n t e r f a c i a l  r e a c t i o n  (no 

pre-s tep) ,  i t  does n o t  r e a c t  because i t  i s  e a s i l y  e x t r a c t e d  i n t o  

t h e  b a s i c  aqueous phase. I f  t h i s  is indeed t h e  c a s e ,  then  t h e  

f a c t  t h a t  i t  does r e a c t  when t h e  pre-s tep  i s  u t i l i z e d  s u g g e s t s  

than  t h e  “dimer” w a s  n o t  i n  an e x t r a c t a b l e  form when t h e  aqueous 

phase w a s  added, and must have been i n  t h e  form of one of t h e  

i n t e r m e d i a t e s  proposed earlier. React ions performed w i t h  t h e  

s i l o x a n e  oligomer u s i n g  t h e  “pre-ph0sgenat ion“step 

d e f i n i t e  

compositions ( i d e a l  copolymer composition i s  100% of t h e  t h e o r e t i -  

c a l  amount of s i l o x a n e  incorpora ted  i n t o  t h e  copolymer) i n  a l l  

cases  i n v e s t i g a t e d  ( s e e  Table  3). 

To i n s u r e  t h a t  t h e  ester bond w a s  indeed forming i n  t h e  

i n t e r f a c i a l  copolymerizat ions,  b o t h  13C NMR and i n f r a r e d  s p e c t r a  

were run  on t h e  copolymers and compared w i t h  t h e  analogous 

showed 

improvements i n  both molecular  weights  and copolymer 

s p e c t r a  of t h e  fo l lowing ,  

2 
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and of  a polycarbonate  homopolymer. The carbonyl  reg ion  of t h e  

i n f r a r e d  s p e c t r a  of t h e  model compounds shows a p r o g r e s s i o n  of 

an absorp t ion  a t  % 1713 c m  f o r  t h e  c a r b o x y l i c  a c i d  group t o  

% 1803 cm-l f o r  t h e  a c i d  c h l o r i d e  ( t h i s  compound w a s  n o t  i so-  

l a t e d ,  i t s  I R  spectrum a l s o  c o n t a i n s  a c i d  s t a r t i n g  m a t e r i a l )  t o  

% 1767 cm-' f o r  t h e  phenyl e s t e r  ( s e e  Fig.  3 ) .  

t h e  polycarbonate  carbonyl  a b s o r p t i o n  occurs  a t  'L 1771 c m  ( s e e  

Fig. 4 ) ,  s o  c l o s e  t o  t h e  ester a b s o r p t i o n  t h a t  r e s o l u t i o n  of t h e  

two peaks i n  t h e  copolymer ( see  Fig.  4) i s  d i f f i c u l t .  The pro- 

g r e s s i o n  of t h e  absorp t ions  shown i n  t h e  model compounds t o g e t h e r  

wi th  t h e  f a c t  t h a t  t h e  b o i l i n g  p o i n t  of t h e  d i e s t e r  very  c l o s e l y  

matched t h e  prev ious  l i t e r a t u r e  v a l u e  (175°C a t  0.2 mm as com- 

-1 

Unfor tuna te ly ,  
-1 

pared t o  190°C a t  0.3 

s t r u c t u r e  below, 

mm [17])  d i d  however confirm t h e  es ter  

and, hence, provided a model ester f o r  13C NMR a n a l y s i s .  

The d iphecyl  es ter ,  a copolymer s t r u c t u r a l l y  analogous t o  

t h e  i n t e r f a c i a l  copolymer d iscussed  h e r e i n  b u t  produced i n  an 

anhydrous medium (dichloromethanelpyridine) and a copolymer pro- 

duced i n  t h e  i n t e r f a c i a l  r e a c t i o n  a l l  e x h i b i t  C NMR (see Fig.  5 )  

ester carbonyl  resonance a t  171.8 ppm from TMS. The carbonyl  

resonances due t o  t h e  polycarbonate  and t o  the ac id- te rmina ted  

polys i loxane  ( s e e  Fig. 5) are a l l  w e l l  r eso lved  from t h e  ester 

reg ion .  

13 

Upon expansion of t h e  a b s c i s s a  s c a l e  of t h e  2, 140-180 ppm 

(from TMS) reg ion  of t h e  copolymer, s e v e r a l  small u n i d e n t i f i e d  

peaks i n  t h e  2, 147-149 ppm (from TMS) reg ion  ( s e e  Fig. 6 )  became 

apparent .  This is t h e  reg ion  i n  which t h e  a romat ic  carbon n e x t  

t o  t h e  carbonate  group and t h e  a romat ic  carbon a d j a c e n t  t o  t h e  

i sopropyl idene  group i n  t h e  bisphenol-A polycarbonate  homopolymer 
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FIG. 3. Model compound infrared spectra showing the progression 
of the carbonyl absorbance band as the diphenyl ester 
of 1,3-carboxypropyltetramethyldisiloxane is produced 

Assignments: 

-1 Middle, ( Cl-c-(CH Ip ) -Si- :> 0, % 1803 cm 

m3 2 

'3 0 

Bottom, (@l-!!-(CH2)3-~i , % 1767 cm-I 

CH3 2 
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PHASE-TRANSFER CATALYZED 993 

1800 1700 

FIG. 4 .  Comparison of the carbonyl region of the infrared 
epectra of: 

Top: The diphenyl ester of 1,3-~arboxypropyltetra- 
methyldisiloxane, % 1767 cm-1 

Middle: Homo-polycarbonate, % 1771 cm 

Bottom: Polycarbonatelpolysiloxane copolymer containing 
both the carbonate and the ester bond 

-1 
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994 RIFFLE ET AL. 

13 FIG.  5. Comparison of C NMR spectra: (top to bottom) 

Carbonyl carbon assignments: 

A: 

B: Diphenyl ester of 1,3-carboxypropyltetramethyldisiloxane, 

C: 

D: 1,3-~arboxypropyltetramethyldisiloxane,@= carboxylic 

Copolymer spectrum,@ = carbonate carbon, @ =  ester carbon 

@= ester carbon 
Homopolycarbonate, @ = carbonate carbon 

acid carbon 

resonate. It seems probable that the unidentified peaks are due 

to random copolymer sequence distributions but the proximity of 

this area in the spectrum to the carbonate carbonyl region means 

that the possibility of residual mixed carbonic-carboxylic an- 

hydrides (not visible in the infrared spectra) cannot yet be 

ruled out. Carboxylic anhydrides normally appear 'L 10 ppm upfield 
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500 HZ 

995 

FIG. 6. Expansion of t h e  carbonyl  reg ion  of  t h e  I 3 C  NMR spectrum 
of polycarbonate/polysiloxane copolymer c o n t a i n i n g  b o t h  
carbonate  and ester l i n k s  

from t h e  resonance of t h e i r  p a r e n t  a c i d  1371. The f a c t  t h a t  t h e  

u n i d e n t i f i e d  peaks a l l  appear  % 30 ppm from t h e  a c i d  peak s u g g e s t s  

t h a t ,  a l though c a r b o x y l i c  anhydrides  may form via  several path-  

ways ( s e e  equat ions  6,  r o u t e  2 ,  7a, r o u t e  2 ,  and 7b, r o u t e  2 ) ,  

they a p p a r e n t l y  cannot  s u r v i v e  t h e  c o n d i t i o n s  of t h e  r e a c t i o n .  

In conclus ion ,  i f  copolymerizat ion i s  indeed b e n e f i t e d  by an 

excess  of a r y l  chloroformate groups as our  r e s u l t s  imply, t h e n  

t h i s  s u g g e s t s  t h a t  t h e  r e a c t i o n  pathway proceeding through t h e  

mixed carbonic-carboxyl ic  anhydride (4) t o  t h e  ester (equat ion  

6,  r o u t e  3) i s  o p e r a t i v e  t o  some e x t e n t .  Likewise,  t h e  f a c t  t h a t  

h igher  molecular  weight  copolymers (and w i t h  improved incorpora-  

t i o n  of t h e  s i l o x a n e  component) a r e  formed when t h e  "pre-phosgena- 

t ion"  s t e p  is added, impl ies  t h a t  one o r  more of t h e  pathways t o  

t h e  e s t e r  shown i n  equat ion  7 (equat ion  7a, r o u t e  3 ,  and/or  7b, 

r o u t e  3) a r e  a l s o  v i a b l e .  The p o t e n t i a l  e x t e n t  t o  which t h e  i n t e r -  

f a c i a l  copolymerizat ion can be  guided through a p a r t i c u l a r  mechan- 

i s m  is n o t  y e t  c l e a r l y  understood.  

h igh  molecular  weights  ([q] = 0.6-0.7), good i n c o r p o r a t i o n  of t h e  

s i l o x a n e ,  and w i t h  good f i l m  p r o p e r t i e s  can however, b e  produced 

v i a  u t i l i z a t i o n  of t h e  "pre-phosgenation" s t e p  and t h e  r e a c t i o n  

Copolymers w i t h  reasonably  
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996 RIFFLE ET AL. 

condi t ions  suggested i n  t h e  experimental  s e c t i o n s  h e r e i n .  

red and NMR s p e c t r a  confirm t h e  copolymer s t r u c t u r e  w i t h  t h e  

presence of t h e  d e s i r e d  ester l i n k  between t h e  b lock  types.  

h y d r o l y t i c  s t a b i l i t y  and s u r f a c e  composition of f i l m s  of t h e s e  

block copolymers r e l a t i v e  t o  those  of t h e  so lu t ion-synthes ized  

p e r f e c t l y  a l t e r n a t i n g  b lock  copolymers c o n t a i n i n g  t h e  Si-0-C 

l i n k  between b locks  w i l l  be  t h e  s u b j e c t  of f u t u r e  papers .  
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