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Pol ydic h lorop hosp hazene Polymerization Studies 
GARY L .  HAGNAUER 

Polymer Resea rch  D i v i s i o n  
U.S. Army Materials and Mechanics Resea rch  C e n t e r  
Watertown, M a s s a c h u s e t t s  02172 

ABSTRACT 

Po lyd ich lo rophosphazene  (NPC12)x i s  u n i q u e  as a s y n t h e t i c  p r e c u r s o r  
f o r  poly(organo)phosphazenes [ l -61 and p r e s e n t s  s p e c i a l  p rob lems  
i n  p o l y m e r i z a t i o n  s t u d i e s  b e c a u s e  o f  b r a n c h i n g ,  c r o s s l i n k i n g ,  
and c y c l i z a t i o n  r e a c t i o n s  and i n  c h a r a c t e r i z a t i o n  due t o  t h e  
po lymer ' s  h y d r o l y t i c  i n s t a b i l i t y .  T h i s  p a p e r  reviews t h e  
l i t e r a t u r e  and d i s c u s s e s  problem areas and r e c e n t  advances  
r e l a t i n g  t o  po lyd ich lo rophosphazene  p o l y m e r i z a t i o n .  M e l t ,  
s o l u t i o n ,  and i r r a d i a t i o n  p o l y m e r i z a t i o n  r e a c t i o n s  and mechanisms 
are d i s c u s s e d .  P r e v i o u s l y  unpub l i shed  r e s u l t s  are p r e s e n t e d ,  
and c u r r e n t  r e s e a r c h  e f f o r t s  and areas f o r  f u t u r e  i n v e s t i g a t i o n  
are c o n s i d e r e d .  

BACKGROUND 

I n  1897 ,  H. N .  S t o k e s  [ 7 ]  f i r s t  r e p o r t e d  h i g h  t e m p e r a t u r e  

r e a c t i o n s  o f  c y c l i c  ch lo rophosphazenes  fo rming  an  i n s o l u b l e  

" i n o r g a n i c  rubbe r"  which was l a t e r  r e c o g n i z e d  as b e i n g  c r o s s l i n k e d  

polydichlorophosphazene.  . E a r l y  worke r s  s u c h  as Schenck and R o m e r  

[ 8 ] ,  Ficque lmon t  [ 9 ] ,  and Schmitz-Dumont [10 ,11 ]  i n v e s t i g a t e d  t h e  

p o l y m e r i z a t i o n  r e a c t i o n ;  b u t  t h e  f i r s t  d e t a i l e d  s t u d i e s  were n o t  

made u n t i l  t h e  1950s by P a t a t  and coworke r s  [12-151. S i n c e  t h e n ,  

t e c h n i q u e s  f o r  h i g h  t e m p e r a t u r e ,  m e l t  and s o l u t i o n  p o l y m e r i z a t i o n s  

and f o r  i r r a d i a t i o n  p o l y m e r i z a t i o n  have been d e v e l o p e d ;  and t h e  
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386 HAGNAUER 

e f f e c t s  o f  t e m p e r a t u r e ,  p r e s s u r e ,  c a t a l y s t s ,  e tc .  have been 

s t u d i e d  [16-371. Also,  a number o f  p o l y m e r i z a t i o n  k i n e t i c s  

s t u d i e s  have been r e p o r t e d  f o r  bo th  c a t a l y z e d  and u n c a t a l y z e d  

r e a c t i o n s  [18-20, 22,  2 7 1 .  The most s i g n i f i c a n t  advance r e l a t i n g  

t o  t h e  development of  t e c h n o l o g i c a l l y  u s e f u l  polymers  was made i n  

1965 when Al l cock  and coworkers developed methods f o r  p r e p a r i n g  

s o l u b l e ,  open-chain po lyd ich lo rophosphazene  [l, 21.  Un l ike  t h e  

c r o s s l i n k e d  o r  i n s o l u b l e  polymer,  l i n e a r  o r  branched p o l y d i c h l o r o -  

phosphazene is s o l u b l e  i n  a v a r i e t y  of  s o l v e n t s  ( e . g . ,  benzene,  

chloroform,  and t e t r a h y d r o f u r a n )  and t h e r e f o r e  i s  amenable t o  

subsequent  s u b s t i t u t i o n  r e a c t i o n s  where t h e  c h l o r i n e  atoms are 

r e p l a c e d  w i t h  o r g a n i c  n u c l e o p h i l e s  t o  y i e l d  s t a b l e ,  h i g h  molecu la r  

weight po ly  (organo)phosphazenes.  

H I G H  TEMPERATURE, MELT POLYMERIZATION 

The h i g h  t e m p e r a t u r e ,  m e l t  p o l y m e r i z a t i o n  r e a c t i o n  of  hexa- 

chlorocyclotriphosphazene (I) t o  po lyd ich lo rophosphazene  has  been 

mst widely s t u d i e d .  T r i m e r  (I) i s  t h e  p r i n c i p a l  p roduc t  o b t a i n e d  

i n  t h e  s y n t h e s i s  o f  chlorocyclophosphazenes [ 8 ,  38-40]. The c y c l i c  

trimer (I) is a w h i t e ,  c r y s t a l l i n e  (mp 112-114°C) s o l i d  t h a t  

sub l imes  i n  vacuum and i s  s o l u b l e  i n  o r g a n i c  s o l v e n t s .  Thermal 

po lymer i za t ion  p roceeds  a t  a f a s t e r  ra te  and a t  lower t e m p e r a t u r e s  

w i t h  t h e  trimer (I) t h a n  w i t h  h i g h e r  m o l e c u l a r  weight  c y c l i c  

homologs [18, 251. Also ,  m e l t  p o l y m e r i z a t i o n  h a s  been p r e f e r r e d  

because s o l u t i o n  po lymer i za t ion  g e n e r a l l y  is  s lower  and t e n d s  t o  

y i e l d  i n s o l u b l e  o r  l o w  molecu la r  weight p r o d u c t s  [ 1 2 ,  19 ,  361. 

Melt po lymer i za t ion  r e a c t i o n s  are u s u a l l y  run i n  s e a l e d  , evacua ted  

g l a s s  t u b e s .  Below 2 3 O o C ,  t h e  unca ta lyzed  p o l y m e r i z a t i o n  i s  q u i t e  

slow and may n o t  p roceed  a t  a l l  i f  t h e  t r i m e r  is ex t r eme ly  pu re  

[18 ,  291. Between 230' and 35OoC, t h e  ra te  of p o l y m e r i z a t i o n  

i n c r e a s e s  w i t h  t empera tu re  [MI. With i n c r e a s i n g  p o l y m e r i z a t i o n  

t i m e  and a s  t h e  t empera tu re  is r a i s e d ,  t h e  r a t e  of  c r o s s l i n k  

formation i n c r e a s e s .  C r o s s l i n k i n g  i s  u n p r e d i c t a b l e  and i s  g r e a t l y  

enhanced by t h e  p re sence  of  i m p u r i t i e s .  A l so ,  as t h e  t empera tu re  
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 387 

i s  i n c r e a s e d ,  depo lymer i za t ion  r e a c t i o n s  o c c u r  such  t h a t  a t  abou t  

600°C, ring-polymer e q u i l i b r i u m  r e a c t i o n s  p r e v a i l  and t h e  polymer 

deg rades  t o  low molecu la r  weight  c y c l i c s  “ p C l 2 1 3 - 7  [ l o ,  1 4 ,  1 5 ,  

251. F i n a l l y ,  t h e r e  i s  a l a r g e  number of  materials which behave 

as po lymer i za t ion  c a t a l y s t s  o r  a c c e l e r a t o r s  and promote polymer- 

i z a t i o n  a t  t e m p e r a t u r e s  as low as 200°C. A d d i t i v e s  o r  i m p u r i t i e s  

which are a b l e  t o  e x t r a c t  c h l o r i d e  i o n s  from phosphorus t e n d  t o  

a c c e l e r a t e  t h e  ra te  of  p o l y m e r i z a t i o n  [18-20, 2 2 ,  2 5 ,  2 7 ,  2 9 ,  3 0 ,  

3 2 - 3 4 ] .  U n f o r t u n a t e l y ,  such c a t a l y s t s  a l s o  t e n d  t o  promote 

c r o s s l i n k i n g  [18-20, 2 7 ,  30, 331.  

T o  o b t a i n  s o l u b l e ,  h i g h  molecu la r  weight  polymer,  t h e  polymer- 

i z a t i o n  i s  b e s t  run u s i n g  h i g h l y  p u r e  trimer (I) at  t e m p e r a t u r e s  

between 240 and 255OC i n  c l e a n ,  g l a s s  t u b e s  s e a l e d  unde r  vacuum 

(0.005 t o  0.010 mm Hg). Procedures  f o r  p u r i f y i n g  p o l y m e r i z a t i o n  

g rade  trimer have been p u b l i s h e d  [ 2 ,  161. The h i g h l y  pu re  

commercial  c y c l i c  trimer/tetramer m i x t u r e ,  Phosn ic  390 [ 4 1 ] ,  may 

b e  used w i t h o u t  f u r t h e r  p u r i f i c a t i o n  1371.  A s  p o l y m e r i z a t i o n  

p roceeds ,  t h e  c o n t e n t s  of t h e  p o l y m e r i z a t i o n  t u b e  become 

i n c r e a s i n g l y  more v i scous .  When t h e  r e a c t i o n  m i x t u r e  becomes so 

v i s c o u s  t h a t  l i t t l e  o r  no f l o w  o c c u r s ,  u s u a l l y  w i t h i n  1-7 days ,  

t h e  r e a c t i o n  shou ld  be  t e r m i n a t e d  by r e d u c i n g  t h e  t e m p e r a t u r e  

below 20OoC. S e a l e d  po lymer i za t ion  t u b e s  may be  kep t  a t  ambient 

t e m p e r a t u r e  f o r  y e a r s  w i t h o u t  e f f e c t i n g  f u r t h e r  r e a c t i o n .  

Depending on trimer (I) p u r i t y ,  p o l y m e r i z a t i o n  t e m p e r a t u r e ,  and 

r e a c t i o n  t i m e ,  polymer y i e l d s  up t o  75% may be o b t a i n e d .  However, 

i f  po lymer i za t ion  i s  al lowed t o  c o n t i n u e  beyond t h e  t i m e  a t  which 

f low c e a s e s ,  e x c e s s i v e  b ranch ing  and c r o s s l i n k i n g  may occur .  

c1, ,c1 
<P \ c1 

% 250°C ~ f N  ;+ f u r t h e r  c r o s s l i n k e d  
, x h e a t i n g  o r  (1 )  

’ 
c1 i n s o l u b l e  p roduc t  c1 
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388 HAGNAUER 

Recent ly  t h e  u n c a t a l y z e d ,  h i g h  t e m p e r a t u r e ,  melt polymeriza-  

t i o n  [Eq. (l)] was i n v e s t i g a t e d  i n  c o n s i d e r a b l e  d e t a i l  [42 ] .  Two 

b a t c h e s  o f  trimer (I) were o b t a i n e d  from d i f f e r e n t  manufac tu re r s  

and p u r i f i e d  e x t e n s i v e l y .  P u r i f i e d  trimer ( I )  from each  b a t c h  was 

p l aced  i n  py rex  t u b e s ,  s e a l e d  under  vacuum, and polymerized i n  an 

aluminum b lock  oven a t  250°C. Tubes were removed from t h e  oven 

p e r i o d i c a l l y  t o  t e r m i n a t e  p o l y m e r i z a t i o n  a t  v a r i o u s  s t a g e s ;  and 

t h e  r e a c t i o n  p r o d u c t s  were conve r t ed  i n t o  h y d r o l y t i c a l l y  s t a b l e  

trifluoroethoxyphosphazenes by  n u c l e o p h i l i c  d i sp l acemen t  of  c h l o r i n e  

on t h e  phosphorus atoms. 

c1 OCH2CF3 
1 

fN = {+x Na0CH7CF? benzene-tetrahydrofuran'  f N  = PjX 1 + 2xNaCl ( 2 )  
c1 OCH2 CF 3 

Mild r e a c t i o n  c o n d i t i o n s  were used t o  p r e s e r v e  t h e  polyphospha- 

zene c h a i n  backbone s t r u c t u r e  and s o l u t i o n  p r e c i p i t a t i o n  t e c h n i q u e s  

were used t o  s e p a r a t e  t h e  polymer from u n r e a c t e d  tr imer [ 4 2 ,  4 3 1 .  

Polymer y i e l d s  were determined g r a v i m e t r i c a l l y .  

then thoroughly c h a r a c t e r i z e d  us ing  l i q u i d  s i z e  e x c l u s i o n  chromato- 

graphy,  v i scomet ry ,  membrane osmometry and l i g h t  s c a t t e r i n g .  

Polymer y i e l d  i s  p l o t t e d  v e r s u s  po lymer i za t ion  t i m e  i n  f i g u r e  1. 

The po lymer i za t ion  b e h a v i o r  of t h e  two trimers, d e s i g n a t e d  A and 

B ,  i s  q u i t e  d i f f e r e n t .  A f t e r  7 days ,  polymer p repa red  from trimer 

A c o n t a i n s  2% c r o s s l i n k e d  p r o d u c t ;  whereas no g e l  i s  e v i d e n t  i n  

polymers p repa red  from trimer B .  No i n d u c t i o n  p e r i o d  i s  e v i d e n t .  

Po lymer i za t ion  starts almost  immediately;  however t h e r e  a r e  g r e a t  

d i f f e r e n c e s  i n  t h e  rates of  po lymer i za t ion  of  t r i m e r s  A and B.  

The p o l y m e r i z a t i o n s  a u t o a c c e l e r a t e  a f t e r  1 day and 6 days  f o r  

trimers B and A ,  r e s p e c t i v e l y .  Changes i n  t h e  i n t r i n s i c  v i s c o s i t y  

[q ]  of  t h e  s t a b i l i z e d  polymer correspond t o  changes i n  polymer 

y i e l d  w i t h  po lymer i za t ion  t i m e  [F ig .  (2)  1. Molecular  weight  t e n d s  

t o  i n c r e a s e  w i t h  p o l y m e r i z a t i o n  t i m e  and,  as shown i n  f i g u r e  3,  

s i g n i f i c a n t  changes i n  t h e  molecu la r  weight  d i s t r i b u t i o n  t a k e  p l a c e .  

The polyphosphazene has  a bimodal molecu la r  weight  d i s t r i b u t i o n  

The polymer was 
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Figure 1. X polymerization of trimer A (-) and trimer B (----I 
versus polymerization time at 250°C. 
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O . . '  " ' I " " i " " i " 
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389 

Figure 2. Intrinsic viscosity of polymer from trimer A(-) and 
trimer B(----) versus polymerization time. 
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390 HAGNAUER 

B 

n 

I \  
A 

Figure 3 .  
of poly[bis(trifluoroethoxy)pho~phazene] products from t h e  
polymerization of trimer B .  

Weight d i f f e r e n t i a l  molecular weight  d i s t r i b u t i o n s  

with peak maxima at 2 x lo4 and a t  1 x lo6 g/mol. 

s t a g e s  of  polymerization,  t h e  main product i s  low molecular weight 

polymer; but as polymerization proceeds,  increas ingly  l a r g e r  

amounts of high molecular weight polymer are  produced. 

m l e c u l a r  weight d i s t r i b u t i o n s  of polymers prepared from trimer A 

are a l s o  bimodal but not as broad a s  t h e  B polymers. F i n a l l y ,  t h e  

In t h e  e a r l y  

The 
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 391 

a n a l y s e s  sugges t  t h a t  polymers prepared  from trimer A are 

r e l a t i v e l y  l i n e a r  dur ing  t h e  e a r l y  s t a g e s  of  po lymer iza t ion ;  b u t  

a f t e r  6 days,  branching and c r o s s l i n k i n g  r e a c t i o n s  set i n .  All t h e  

polymers prepared  from trimer B are branched t o  some e x t e n t  b u t  

t h e r e  a r e  no i n s o l u b l e  p r o d u c t s ,  s u g g e s t i n g  t h e  absence of a h i g h  

degree  of c r o s s l i n k i n g .  

The q u a l i t y  of  trimer (I) has a profound e f f e c t  n o t  on ly  on 

t h e  rate of  po lymer iza t ion  b u t  a l s o  on t h e  n a t u r e  of t h e  r e a c t i o n  

p r o d u c t s  [ 3 7 ] .  For example, d i f f e r e n t  b a t c h e s  of  commercial trimer 

[ 4 1 ] ,  d e s i g n a t e d  IJ-3 and IL-22,  and of h i g h l y  pure  trimer PN-1 

were melt polymerized i n  s e a l e d ,  evacuated  g l a s s  t u b e s  a t  250'C. 

S p e c i a l  t e c h n i q u e s  were developed f o r  t h e  s e p a r a t i o n  and d i l u t e  

s o l u t i o n  c h a r a c t e r i z a t i o n  o f  t h e  dichlorophosphazene r e a c t i o n  

p r o d u c t s .  The commercial trimer samples conta ined  9% c y c l i c  

t e t r a m e r ,  octachlorocyclotetraphosphazene; however, in both  cases, 

t h e  trimerltetramer mixtures  were f r e e  of apparent  i m p u r i t i e s .  

Polymer iza t ion  times, y i e l d s ,  and c h a r a c t e r i z a t i o n  d a t a  are shown 

i n  Table  1. I n t r i n s i c  v i s c o s i t y  [Q], a b s o l u t e  number- and weight -  

average  molecular  weights ,  and t h e  z-average r a d i u s  of g y r a t i o n  

(s >'; were measured f o r  each polymer i n  d i l u t e  t o l u e n e  s o l u t i o n  

a t  25'C. 

nonpolymeric components i n  t h e  r e a c t i o n  mixtures  and t o  charac-  

t e r i z e  molecular  weight d i s t r i b u t i o n s  o f  t h e  polymers.  It is  n o t e d  

t h a t  t h e  c y c l i c  tetramer c o n c e n t r a t i o n  does n o t  change and t h a t  

no i n s o l u b l e  p r o d u c t s  are formed. Seemingly,  t h e  tetramer p l a y s  

no a c t i v e  r o l e  i n  polymer iza t ion ;  however, t h e r e  may be an i n d i r e c t  

b e n e f i t  i n  t h a t  t h e  tetramer t e n d s  t o  keep t h e  v i s c o s i t y  of t h e  

r e a c t i o n  medium from i n c r e a s i n g  t o o  r a p i d l y  as p o l y m e r i z a t i o n  

p r o g r e s s e s  and t h e r e b y  reduce  t h e  l i k e l i h o o d  o f  c r o s s l i n k i n g .  

The commercial  samples g i v e  comparable polymer y i e l d s  t o  t h e  h i g h  

p u r i t y  t r imer  but  w i t h  s h o r t e r  po lymer iza t ion  times. 

Also, s i d e  r e a c t i o n s  o c c u r  d u r i n g  polymer iza t ion  producing  h i g h  

and i n t e r m e d i a t e  molecular  weight o l igomers ,  p a r t i c u l a r l y  w i t h  

t h e  commercial samples .  The i n t e r m e d i a t e  MW ol igomers  are c y c l i c  

Liquid  s i z e  e x c l u s i o n  chromatography w a s  used t o  ana lyze  
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392 HAG NAU ER 

TABLE 1. Analys is  of Polymer iza t ion  Products  
____ 

SAMPLE PN-1 I J -3  IL-22 

Polymerizat ion T i m e  (hours)  

% Polymer 

% High MW ol igomers  

% In te rmedia te  MW ol igomers  

% Y i e l d  

% Cycl ic  t e t r a m e r  

100 

30.8 

1.8  

2 . 4  

35.0 

0 

1.35 

24.5 

4.30 

5 .7  

874 

45 

26.0 

12.4 

18.4 

56.8 

9 .O 

0.94 

8.96 

3.24 

2.77 

570 

21.5 

31.4 

4 .0  

7 .8  

43.2 

9.0 

1.68 

18.1 

4.15 

4.36 

774 

with  molecular  weights  up t o  l O O O g / m o l  and t h e  high MW oligomers  

a r e  c y c l i c  and l i n e a r  s p e c i e s  ranging between 1000 and 8000 g/mol. 

The polymers have high molecular  weights  and broad molecular  weight 

d i s t r i b u t i o n s ;  and t h e  [ o ]  and (S2)  2 v a l u e s  suggest  t h a t  t h e r e  is 

l i t t l e ,  i f  any, polymer cha in  branching.  Upon comparison, t h e r e  

may b e  a r e l a t i o n s h i p  between t h e  somewhat lower molecular  weight 

and narrower d i s t r i b u t i o n  of sample 13-3 and t h e  r e l a t i v e l y  high 

concent ra t ion  of  high and i n t e r m e d i a t e  MW ol igomers  formed dur ing  

i t s  polymerizat ion.  

The presence of  trace i m p u r i t i e s  may e x p l a i n  why d i f f e r e n t  

ba tches  of  trimer (I)  p u r i f i e d  i n  an i d e n t i c a l  manner o r  ob ta ined  

from t h e  same manufacturer  should polymerize a t  d i f f e r e n t  r a t e s  

and form products  w i t h  d i f f e r e n t  s t r u c t u r e s .  For example, small 

amounts of  water  (0 .02 t o  ~ 0 . 1  m o l  X )  i n c r e a s e  t h e  rate of polymer- 

i z a t i o n ;  whi le  l a r g e r  amounts of water (>0 .2  m o l  %) tend t o  retard 

polymer iza t ion  [ 3 3 ] .  Trace amounts of  phosphorus p e n t a c h l o r i d e  

(<0.10 mol %),  a reagent  used i n  t h e  s y n t h e s i s  of chlorophospha- 
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 393 

z e n e s ,  t end  t o  r e t a r d  p o l y m e r i z a t i o n  and lower polymer m o l e c u l a r  

w e i g h t s  [ 331. Hydrogen c h l o r i d e ,  formed when ch lo rophosphazenes  

r e a c t  w i t h  w a t e r ,  i n  t r a c e  amounts (<0.083 m o l  % >  a l s o  r e d u c e s  t h e  

r a t e  o f  p o l y m e r i z a t i o n  and l o w e r s  m o l e c u l a r  weight  [33 ] .  Indeed 

s l i g h t  d i f f e r e n c e s  i n  t h e  s u r f a c e  t r e a t m e n t  and volume o f  t h e  

g l a s s  p o l y m e r i z a t i o n  t u b e s  o r  i n  t h e  amount o f  a i r  and oxygen 

t r a p p e d  i n  t h e  trimer may have a c a t a l y t i c  e f f e c t  on polymeriza-  

t i o n  [29,  32,  421. 

A v a r i e t y  o f  compounds are r e p o r t e d  t o  c a t a l y z e  t h e  melt 

p o l y m e r i z a t i o n  of t h e  c y c l i c  trimer ( I )  and tetramer. Alcoho l s ,  

e t h e r s ,  k e t o n e s ,  esters, c a r b o x y l i c  a c i d s ,  p e r o x i d e s ,  n i t r o -  

methane, and m e t a l s ,  l i k e  t i n ,  z i n c  and sodium, enhance t h e  ra te  

of p o l y m e r i z a t i o n  at  200"-235°C when added i n  c a t a l y t i c  amounts 

[ la-20,  25,  271. A t  h i g h e r  t e m p e r a t u r e s  w a t e r  [27 ,  33, 341, 

s u l f u r  [ 3 0 ] ,  oxygen [ 2 9 ] ,  and t h e  s u r f a c e  t r e a t m e n t  o f  t h e  

w a l l s  o f  g l a s s  p o l y m e r i z a t i o n  t u b e s  [22,  321 have a c a t a l y t i c  

e f f e c t  on p o l y m e r i z a t i o n .  I n  t h e  p a s t ,  most attempts t o  c a t a l y z e  

mlt  p o l y m e r i z a t i o n s  r e s u l t e d  i n  t h e  fo rma t ion  o f  p r o d u c t s  which 

were p a r t l y  o r  who l ly  i n s o l u b l e  and t h e r e f o r e  u n s u i t a b l e  as 

p r e c u r s o r s  f o r  t h e  s y n t h e s i s  o f  poly(organo)phosphazenes. However 

r e c e n t l y ,  s o l u b l e ,  h igh  m o l e c u l a r  we igh t  polymers  have  been 

p r e p a r e d  i n  c a t a l y z e d ,  m e l t  p o l y m e r i z a t i o n s  by u s i n g  h i g h l y  p u r e  

ch lo rocyc lophosphazenes  and l i m i t i n g  c o n v e r s i o n s  t o  abou t  50%. 

For  example,  a t  t e m p e r a t u r e s  between 200" and 3OO0C,  v e r y  low 

c o n c e n t r a t i o n s  o f  w a t e r  (0.005-0.10 m l  %) c a t a l y z e  p o l y m e r i z a t i o n  

[33 ,  441. C a t a l y s i s  o f  trimer (I) p o l y m e r i z a t i o n  a t  231°C w i t h  a 

Lewis a c i d  (0.024 mol % Et3A12C1)3yields  78% polymer a f t e r  6 hour s  

r e a c t i o n  [45].  The polymer h a s  a h i g h  m o l e c u l a r  we igh t  as 

i n d i c a t e d  by i t s  i n t r i n s i c  v i s c o s i t y  ( [ n ]  = 1.46 d l / g )  w i t h  on ly  

0.79% i n s o l u b l e  g e l  [ 4 5 ] .  O the r  L e w i s  a c i d s ,  such  as A l C 1 3 ,  

EtAlC12, and Et2AlOEt, a l s o  have proven t o  b e  e f f e c t i v e  c a t a l y s t s  

p roduc ing  s o l u b l e  polymer w i t h  l i t t l e  o r  no g e l  and p o l y m e r i z a t i o n  

t i m e s  r a n g i n g  from 60 h o u r s  a t  175'C t o  1.5 h o u r s  a t  245OC [46-481. 

Melt p o l y m e r i z a t i o n  w i t h  Z i e g l e r  c a t a l y s t s  c o n t a i n i n g  T ic13  and 

Et3Al y i e l d e d  50% polymer a f t e r  12  h o u r s  at  22OoC [ 4 9 ] .  
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SOLUTION POLYMERIZATION 

HAGNAUER 

S o l u t i o n  po lymer i za t ion  t e c h n i q u e s  have been a p p l i e d  i n  

a t t e m p t s  t o  p r e p a r e  h igh  molecu la r  weight  po lyd ich lo rophosphazene  

[12 ,  1 3 ,  1 9 ,  361. The p o t e n t i a l  advan tages  o f  s o l u t i o n  polymeriza-  

t i o n  i n c l u d e  lower v i s c o s i t y  and b e t t e r  c o n t r o l  o f  polymer c h a i n  

s t r u c t u r e  as compared w i t h  t h e  melt p o l y m e r i z a t i o n .  Concep tua l ly ,  

it shou ld  be p o s s i b l e  t o  comple t e ly  po lymer i ze  t h e  trimer and 

o b t a i n  h igh  molecu la r  w e i g h t ,  f u l l y  s o l u b l e  polydichlorophosphazene. 

I n i t i a t i o n ,  t e r m i n a t i o n ,  cha in  t r a n s f e r  and b ranch ing  r e a c t i o n s  

should be  c o n t r o l l a b l e  t o  t h e  e x t e n t  t h a t  c a t a l y s t s  and s o l v e n t s  

i n  conven t iona l  s o l u t i o n  p o l y m e r i z a t i o n s  are e f f e c t i v e .  I n  p r a c t i c e ,  

however, s o l u t i o n  p o l y m e r i z a t i o n s  have n o t  been s o  s u c c e s s f u l .  A t  

t h e  h i g h  t e m p e r a t u r e s  r e q u i r e d  f o r  p o l y m e r i z a t i o n  (200-3OO0C) many 

s o l v e n t s  react w i t h  t h e  chlorophosphazenes t o  form o i l y  o r  

i n s o l u b l e  r e s i d u e s  [12 ,  13 ,  1 9 ,  361. Trimer (I) p o l y m e r i z a t i o n s  

a t  270-300°C w i t h  carbon t e t r a c h l o r i d e  as t h e  s o l v e n t  and 5-30% 

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

by m e l t  p o l y m e r i z a t i o n s  run a t  s imilar  t e m p e r a t u r e s  and t imes; 

b u t ,  a l t hough  polymer f r a c t i o n s  w i t h  m o l e c u l a r  w e i g h t s  as h i g h  as 

130000 were ana lyzed ,  less t h a n  h a l f  of t h e  p r o d u c t s  were s o l u b l e  

[12] .  For trimer (I) p o l y m e r i z a t i o n s  a t  210°C, o n l y  c r o s s l i n k e d  

p roduc t s  are o b t a i n e d  i n  cyclohexane;  m i x t u r e s  o f  s o l u b l e  and 

c r o s s l i n k e d  p r o d u c t s  are formed in chlorobenzene w i t h  t h e  h i g h e s t  

y i e l d s  of  s o l u b l e  polymer ( ca .  40%)  and t h e  l e a s t  amount of c r o s s -  

l i n k e d  product  ( c a .  5%) produced i n  t h e  40-60% c o n c e n t r a t i o n  r ange ;  

and s o l u b l e ,  low molecu la r  weight  (<10000 g/mol) p r o d u c t s  are 

formed i n  benzene ove r  t h e  20-80% c o n c e n t r a t i o n  r ange  [36 ] .  

S o l u b l e  f r a c t i o n s  from t h e  chlorobenzene p o l y m e r i z a t i o n  have 

m l e c u l a r  we igh t s  o f  2 . 6  X lo6 
of m e l t  polymerized polymers and ,  upon comparison w i t h  r e s u l t s  

u s i n g  benzene and cyclohexane as s o l v e n t s ,  s u g g e s t s  an e f f e c t  

r e l a t i n g  t o  t h e  p o l a r i t y  o r  e l e c t r o p h i l i c i t y  of  t h e  s o l v e n t  [ 3 6 ] .  

Trimer (I) s o l u t i o n  p o l y m e r i z a t i o n s  a t  21OoC w i t h  benzene a s  

t h e  s o l v e n t  are c a t a l y z e d  by b e n z o i c  a c i d ,  e t h y l  e t h e r ,  and e t h y l  

a l c o h o l  bu t  y i e l d  on ly  s o l u b l e ,  low m o l e c u l a r  weight  ( c a .  1300 

g/mol which i s  similar t o  v a l u e s  
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 395 

g/mol) products  [19] .  A more promising polymer iza t ion  uses  

polyphosphoric  a c i d  (1%) a s  a c a t a l y s t  and i s  run a t  200°C u s i n g  

50% trimer (I) s o l u t i o n s  w i t h  1 ,2 ,4- t r ich lorobenzene  [50] .  The 

polymer iza t ion  y i e l d s  s o l u b l e  polymer which i s  amenable f o r  u s e  i n  

s u b s t i t u t i o n  r e a c t i o n s  but  h a s  a somewhat lower molecular  weight  

and broader  molecular  weight d i s t r i b u t i o n  t h a n  polymers o b t a i n e d  

by m e l t  po lymer iza t ion  [ 5 ] .  Metal o r  q u a t e r n a r y  ammonium sa l t s  o f  

c a r b o x y l i c ,  s u l f o n i c ,  p i c r i c ,  o r  phosphorus a c i d s  are a l s o  e f f e c t i v e  

c a t a l y s t s  f o r  s o l u t i o n  polymer iza t ion  of  chlorocyclophosphazenes 

i n  1 ,2 ,4- t r ich lorobenzene  [51] .  For example,  a s t i r r e d  s o l u t i o n  

c o n s i s t i n g  of 1 p a r t  c y c l i c  t r i m e r  ( I ) ,  1 p a r t  t r i c h l o r o b e n z e n e  

"C 

511. 

and 0.01 p a r t  (cH3S03)2 Hg and b lanketed  w i t h  n i t r o g e n  a t  2 1  

f o r  3 hours  produces s o l u b l e ,  high molecular  weight  polymer 

There i s  a l s o  ev idence  t h a t  t h e  presence  of  c e r t a i n  f l u o r i n e  

compounds, s u l f u r ,  o r  su l fur -donors  prevent  g e l a t i o n  i n  t h e  

s o l u t i o n  polymer iza t ion  of chlorocyclophosphazenes a t  t e m p e r a t u r e s  

i n  t h e  range  140-225°C when s o l v e n t s  are used t h a t  d i s s o l v e  t h e  

chlorocyclophosphazenes and have d i e l e c t r i c  c o n s t a n t s  €22 [52 ,  531. 

An amazing 94% y i e l d  of  s o l u b l e  polymer and no i n s o l u b l e  g e l  i s  

obta ined  when a 50% s o l u t i o n  o f  c y c l i c  t r imer  (I) and 0 .5  m o l  % 

s u l f u r  i n  t e t r a l i n  i s  h e a t e d  f o r  70 hours  a t  205°C [ 5 2 ] .  I n  t h e  

absence o f  s u l f u r ,  I n s o l u b l e  p r o d u c t s  w i t h  c o n c e n t r a t i o n s  as h igh  

as 15% are found [52] .  

SOLID STATE POLYMERIZATION 

The c y c l i c  trimer (I) polymerizes  i n  t h e  s o l i d  state when 

i r r a d i a t e d  w i t h  50kV X-rays [23] .  The rate of  po lymer iza t ion  

i n c r e a s e s  w i t h  tempera ture  t o  a maximum of  0.8% p e r  hour  a t  t h e  

m e l t i n g  p o i n t  o f  t h e  trimer and drops t o  z e r o  above t h e  m e l t i n g  

tempera ture  [23] .  The presence  of  w a t e r ,  oxygen, s o l v e n t ,  and 

even c y c l i c  tetramer d e c r e a s e s  t h e  polymer iza t ion  ra te  and t h e  

polymer iza t ion  appears  t o  t e r m i n a t e  a f t e r  about 10% convers ion  

[23, 261. F i n a l l y ,  it is  n o t e d  t h a t  t h e  c y c l i c  tetramer does n o t  

polymerize i n  t h e  s o l i d  s t a t e  [23] .  
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396 HAGNAUER 

P r o p e r t i e s  o f  polymer p repa red  by s o l i d  s ta te  i r r a d i a t i o n  are 

i d e n t i c a l  t o  t h o s e  of  c r o s s l i n k e d  po lyd ich lo rophosphazene  p repa red  

by h i g h  t e m p e r a t u r e ,  m e l t  po lymer i za t ion .  

e x h i b i t s  e l a s t o m e r  b e h a v i o r ,  and c r y s t a l l i z e s  when s t r e t c h e d  t o  

g i v e  an x-ray d i f f r a c t i o n  spec t rum i d e n t i c a l  t o  t h e  m e l t  polymerized 

polymer [23,  261. 

The polymer i s  i n s o l u b l e ,  

POLYMERIZATION MECHANTSM 

The mechanism of  t h e  po lyd ich lo rophosphazene  p o l y m e r i z a t i o n  

is  n o t  known w i t h  c e r t a i n t y .  Attempts  t o  s t u d y  t h e  p o l y m e r i z a t i o n  

k i n e t i c s  have been plagued n o t  on ly  w i t h  e x p e r i m e n t a l  d i f f i c u l t i e s  

due t o  t h e  h i g h  po lymer i za t ion  t e m p e r a t u r e s  and h y d r o l y t i c  

i n s t a b i l i t y  of d i ch lo rophosphazenes ,  bu t  a l s o  w i t h  t h e  problem of  

r e p r o d u c i b i l i t y  caused by t r a c e  i m p u r i t i e s .  A d d i t i o n a l l y ,  t h e r e  

are problems o f  i n t e r p r e t a t i o n  where t h e  r e a c t i o n  m i x t u r e  i n c l u d e s  

c y c l i c  and l i n e a r  o l igomers ,  s o l u b l e  l i n e a r  and branched polymers ,  

and i n s o l u b l e ,  c r o s s l i n k e d  p r o d u c t s .  For  u n c a t a l y z e d ,  m e l t  

p o l y m e r i z a t i o n ,  second-order  p o l y m e r i z a t i o n  k i n e t i c s  are r e p o r t e d  

w i t h  a c t i v a t i o n  e n e r g i e s  o f  4 2 ,  51.3 and 57 kca l /mol  [ 1 2 ,  22 ,  271. 

However r a t e  c o n s t a n t s  determined a t  250°C d i f f e r  by a lmos t  an 

o r d e r  of magni tude,  p robab ly  as a consequence of trace i m p u r i t i e s .  

The a c t u a l  rate c o n s t a n t  may be  a p p r e c i a b l y  smaller t h a n  r e p o r t e d  

i f  i m p u r i t i e s  are e n t i r e l y  e l i m i n a t e d  [29 ] .  C a t a l y z e d ,  m e l t  

po lymer i za t ions  f o l l o w  f i r s t - o r d e r  k i n e t i c s  and are r e p o r t e d  t o  

have i n d u c t i o n  p e r i o d s  which d e c r e a s e  w i t h  I n c r e a s i n g  t e m p e r a t u r e  

[18-20, 271. O t h e r  i n v e s t i g a t o r s  f i n d  no i n d i c a t i o n  of an 

i n d u c t i o n  pe r iod  f o r  e i t h e r  c a t a l y z e d  o r  unca ta lyzed  polymeriza-  

t i o n  [12 ,  22 ,  29 ,  33, 3 4 ,  421. For m e l t  p o l y m e r i z a t i o n s  c a t a l y z e d  

w i t h  benzoic  a c i d ,  t h e  a c t i v a t i o n  energy i s  24 .3  kcal /mol  i n  t h e  

range 200-220°C and t h e  ra te  i n c r e a s e s  e x p o n e n t i a l l y  w i t h  c a t a l y s t  

c o n c e n t r a t i o n  [ 2 7 ] .  F i n a l l y ,  i t  i s  n o t e d  t h a t  i n s o l u b l e  p r o d u c t s  

were formed i n  most s t u d i e s  and r e c e n t  f i n d i n g s  i n d i c a t e  t h a t  t h e  

po lymer i za t ion  i s  t o o  complex t o  a n a l y z e  as simple f i r s t -  o r  

second-order k i n e t i c s  [37,  421. 
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 397 

Po lyd ich lo rophosphazene  p o l y m e r i z a t i o n  r e a c t i o n s  are 

exo the rmic  [ l o ,  11, 241 and t h e  e x t e n t  t o  which t h e  p o l y m e r i z a t i o n  

is exothermic d e c r e a s e s  w i t h  i n c r e a s i n g  s i z e  of  t h e  c y c l i c  

ol igomer [25 ] .  T h i s  i s  a l s o  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  rate 

of p o l y m e r i z a t i o n  of t h e  c y c l i c  tetramer is  much s lower  t h a n  f o r  

t h e  trimer [18 ] .  A s  mentioned p r e v i o u s l y ,  t h e  rate o f  polymeriza-  

t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  [12,18,  1 9 ,  22 ,  26,  27 ,  

291 and w i t h  c e r t a i n  i m p u r i t i e s  o r  c a t a l y s t s  p r e s e n t  [18-20, 22,  

25,  27,  29,  30, 32-34, 44-51].  O the r  compounds lower  t h e  rate 

of po lymer i za t ion  and reduce polymer molecu la r  weight  [ 3 3 ] .  

I n c r e a s i n g  t empera tu re  and t h e  p r e s e n c e  o f  i m p u r i t i e s  o r  c a t a l y s t s  

a l s o  i n c r e a s e  t h e  ra te  o f  c r o s s l i n k i n g  [ 2 ,  18-20, 27,  30, 331; 

w h i l e  o t h e r  compounds i n h i b i t  c r o s s l i n k  fo rma t ion  [52 ,  531. 

Compounds, such a s  phosphorus p e n t a c h l o r i d e ,  cause  polymer c h a i n  

d e g r a d a t i o n  [33 ]  and may promote s i d e  r e a c t i o n s  d u r i n g  polymeriza-  

t i o n  of  t h e  c y c l i c  tr imer t o  produce h i g h  molecu la r  weight  c y c l i c  

and l i n e a r  o l i g o m e r i c  chlorophosphazenes [37 ,  541. A t  h igh  

po lymer i za t ion  t e m p e r a t u r e s ,  e s p e c i a l l y  above 3OO0C, polymer c h a i n  

depo lymer i za t ion  r e a c t i o n s  o c c u r  and c o n s i d e r a t  i o n  of ring-polymer 

e q u i l i b r i a  becomes impor t an t  [16 ,  551. I n c r e a s i n g  p r e s s u r e  

between 10 and 70 k b a r s  f a v o r s  t h e  fo rma t ion  of  polymer;  however 

t h e  rate o f  p o l y m e r i z a t i o n  d e c r e a s e s  as t h e  p r e s s u r e  is r a i s e d  

[ 2 4 ] .  Th i s  s u g g e s t s  t h a t  t h e  ra te  d e t e r m i n i n g  p o l y m e r i z a t i o n  s t e p  

h a s  a t r a n s i t i o n  s t a t e  t h a t  o c c u p i e s  a l a r g e r  volume t h a n  t h e  

r e a c t a n t s  and a r g u e s  i n  f a v o r  of a r ing-opening c h a i n  p r o p a g a t i o n  

mechanism. O f  c o u r s e ,  t h e r e  a r e  ample s p e c t r a l ,  chemical  and 

p h y s i c a l  p r o p e r t y  d a t a  s u p p o r t i n g  t h a t  po lyd ich lo rophosphazene  

is an open-chain polymer and n o t  a series o f  l i n k e d  c y c l i c  u n i t s  

[3 ,  161.  

S i n c e  h i g h  molecu la r  weight  polymer i s  formed a t  t h e  ve ry  

o n s e t  o f  po lymer i za t ion  [12 ,  421, t h e r e  i s  l i t t l e  doubt  t h a t  a 

cha in  growth p o l y m e r i z a t i o n  is invo lved  ; however t h e r e  are 

q u e s t i o n s  conce rn ing  t h e  e x a c t  n a t u r e  of  t h e  a c t i v e  c e n t e r  f o r  

k i n e t i c  c h a i n  growth. F r e e  r a d i c a l  mechanisms have been proposed 

f o r  bo th  h i g h  t e m p e r a t u r e ,  m e l t  and s o l u t i o n  p o l y m e r i z a t i o n s  
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398 HAGN AUER 

[12-14, 22,  301. Of t h e  compounds t h a t  are s u f f i c i e n t l y  s t a b l e  

t o  be  used as f r e e  radical  i n i t i a t o r s  a t  e l e v a t e d  tempera tures ,  

s u l f u r  has a powerful c a t a l y t i c  e f f e c t  a t  250'C [30]  and oxygen 

appears  t o  be an a c t i v e  i n i t i a t o r  above 3OO0C [29] f o r  melt 

polymer iza t ions .  I n  f a c t  t h e  exceedingly slow polymer iza t ion  of 

h i g h l y  pure trimer at  300°C may be a thermal  polymer iza t ion  

involv ing  f r e e  r a d i c a l  formation and i n i t i a t i o n  of  t h e  trimer [29] .  

However most evidence s u g g e s t s ,  a t  least  f o r  tempera tures  below 

3OO0C, t h a t  a f r e e  r a d i c a l  mechanism is  u n l i k e l y .  Melt polymeriza- 

t i o n  of trimer i s  n o t  i n i t i a t e d  a t  e l e v a t e d  tempera tures  by u l t r a -  

v i o l e t  i r r a d i a t i o n  [ 1 8 ] ,  X-rays [ 1 7 ] ,  o r  a c c e l e r a t e d  e l e c t r o n s  

[56] .  A d i f f e r e n t  mechanism involv ing  bond in te rchange  may e x p l a i n  

why i r r a d i a t i o n  wi th  X-rays induces  trimer polymer iza t ion  i n  t h e  

s o l i d  s t a t e  [23, 2.61. And f i n a l l y ,  dur ing  melt polymer iza t ion  a t  

25OoC, no f r e e  r a d i c a l  s p e c i e s  are d e t e c t e d  by e l e c t r o n  s p i n  

resonance spectroscopy [57] .  

Most evidence favors  an i o n i c  mechanism f o r  po lymer iza t ion .  

Compounds which t y p i c a l l y  c a t a l y z e  i o n i c  polymer iza t ions  are a l s o  

observed t o  a c c e l e r a t e  polymer iza t ion  of t h e  trimer [18-20, 25,  

2 7 ,  33, 44-51]. It is a l s o  noted  t h a t  t h e  r e a c t i o n  o f  a 5 : l  molar 

mixture  of c y c l i c  trimer and phosphorus p e n t a c h l o r i d e  a t  250-300°C 

proceeds by an i o n i c  mechanism t o  form l o w  molecular  w e i g h t ,  

l i n e a r  products  of  t h e  t y p e  [Cl(PC12 = N )  PC131PC16 [ 2 8 ] .  And 

dur ing  m e l t  po lymer iza t ion  o f  t h e  c y c l i c  tr imer,  both  t h e  conduc- 

tance  and d i e l e c t r i c  cons tan t  of t h e  r e a c t i o n  mixture  i n c r e a s e  

rap id ly  a s  t h e  tempera ture  i s  raised from 203" t o  253OC and 

cont inue t o  i n c r e a s e  wi th  t i m e  a t  253°C [57] .  When t h e  tempera ture  

i s  lowered from 253' t o  202"C, t h e  r e a c t i o n  m i x t u r e ' s  d i e l e c t r i c  

cons tan t  va lue  remains h igh  which can be  a t t r i b u t e d  t o  t h e  presence  

of polymer, and t h e  f a c t  t h a t  p a r t  of  t h e  conductance i s  r e v e r s i b l e  

is i n d i c a t i v e  o f  i o n i z a t i o n  e q u i l i b r i a  [57] .  Conductance d a t a  

i n d i c a t e s  t h a t  i o n i z a t i o n  of t h e  tr imer i s  t h e  pr imary i n i t i a t i o n  

s t e p  and t h a t  i o n i z a t i o n  o c c u r s  concurren t ly  w i t h  polymer iza t ion .  

F i n a l l y ,  an i o n i c  mechanism is  c o n s i s t e n t  w i t h  s o l v e n t  e f f e c t s  

r e p o r t e d  i n  t h e  uncatalyzed,  s o l u t i o n  polymer iza t ion  of trimer 

3x 
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 399 

[36]; i . e . ,  t o  produce high molecular  weight  polymer t h e  d i e l e c t r i c  

c o n s t a n t  of t h e  s o l v e n t  must be high.  I n  an i o n i c  polymer iza t ion  

a h igh  d i e l e c t r i c  medium is  e f f e c t i v e  i n  s h i e l d i n g  o r  s o l v a t i n g  

t h e  a c t i v e  c e n t e r  from i t s  counter ion  t o  achieve  h i g h e r  rates of  

po lymer iza t ion  and h igh  molecular  weights ,  whereas f r e e  r a d i c a l  

r e a c t i o n s  g e n e r a l l y  a r e  i n s e n s i t i v e  t o  t h e i r  environment. 

Two types  of  i n i t i a t i o n  processes  are proposed [57] i n v o l v i n g  

(a )  h e t e r o l y t i c  c leavage of  a phosphorus-nitrogen bond o r  (b) 

d i s s o c i a t i o n  of a c h l o r i d e  i o n  from phosphorus. 

Mechanism ( a )  is unfavored s i n c e  t h e  c y c l i c  trimer [NP(OCgHg)2]3, 

which has  a phosphorus-nitrogen bond s t r e n g t h  s imi l a r  t o  t h a t  of 

t h e  chlorophosphazene trimer (I) ,  n e i t h e r  polymerizes  n o r  shows 

l a r g e  i r r e v e r s i b l e  i n c r e a s e s  i n  conductance o r  d i e l e c t r i c  

cons tan t  over  the tempera ture  range 120-350°C [57]. Mechanism 

(b) is c o n s i s t e n t  w i t h  t h e  conductance behavior  of  t h e  trimer 

and t h e  low conductance of [NP(OCgHg)2]3 a t  35OoC, s i n c e  t h e  

phosphorus-oxygen bond i n  [NP(OCgHg)2]3 is  q u i t e  s t a b l e  t o  i o n i c  

r e a c t i o n s  [16]. The c h l o r i d e  i o n i z a t i o n  mechanism (b)  i s  a l s o  

c o n s i s t e n t  wi th  t h e  f a c t s  t h a t  c a t a l y s t s  f o r  t h e  polymer iza t ion  

are g e n e r a l l y  t h o s e  which a l s o  are a b l e  t o  e x t r a c t  c h l o r i d e  i o n s  

from phosphorus [18-20, 25, 27, 32-34, 44-51] and t h a t  hydrogen 

c h l o r i d e  is found i n  r e a c t i o n  t u b e s  a f t e r  po lymer iza t ion  [18, 20, 

27, 32-34]. Furthermore,  t h e  decrease  i n  t h e  rate o f  polymeriza- 

t i o n  and r e d u c t i o n  i n  polymer molecular  weight upon adding small 

amounts of hydrogen c h l o r i d e  dur ing  t h e  m e l t  po lymer iza t ion  of 
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400 HAGNAUER 

trimer [ 3 3 ]  a g r e e s  w i t h  mechanism ( b )  i n  Eq. (3)  and a mechanism 

f o r  t e r m i n a t i n g  c h a i n  p r o p a g a t i o n .  

The h i g h  c o n d u c t i v i t y  o f  t h e  r e a c t i o n  m i x t u r e  d u r i n g  

p o l y m e r i z a t i o n  a r g u e s  a g a i n s t  t h e  c h l o r i d e  i o n  b e i n g  t h e  

i n i t i a t i n g  s p e c i e s  [ 5 7 ] .  Because of t h e  greater e l e c t r o p o s i t i v i t y  

o f  phosphorus ,  t he  e l e c t r o p h i l i c  c e n t e r  o f  t h e  i n i t i a t i n g  s p e c i e s  

is p r o b a b l y  l o c a t e d  on phosphorus rather t h a n  n i t r o g e n  and p ropa -  

g a t i o n  can b e  e n v i s i o n e d  as t h e  e l e c t r o p h i l i c  phosphorus  center 

a t t a c k i n g  a n o t h e r  r i n g  and i n d u c i n g  r ing -open ing .  

c1\ ,CL 
clb+? :YP" - c 1. ' ' kc1  cl.fi " A1 

N 4  hl 

c 1  Cl' N'P\C1 
2 - N  / \ 

c 1 

I 
c 1  

( 4 )  

Eq.  ( 4 )  i s  i n  a c c o r d  w i t h  conduc tance  and d i e l e c t r i c  d a t a  and w i t h  

t h e  obse rved  p r e s s u r e  dependence of t h e  p o l y m e r i z a t i o n  rate [ 2 4 ]  

which s u g g e s t s  t h a t  t h e  ra te  d e t e r m i n i n g  s t e p  h a s  a t r a n s i t i o n  

s t a t e  occup ing  a l a r g e r  mola r  volume t h a n  t h e  sum o f  t h e  r e a c t a n t  

volumes. The h i g h  m o l e c u l a r  w e i g h t ,  l i n e a r  polymer found a t  l o w  

c o n v e r s i o n s  i m p l i e s  t h a t  t h e  a c t i v e  c e n t e r  f o r  p r o p a g a t i o n  i s  

q u i t e  s t a b l e  [ 4 2 ] .  I n  f a c t  t h e  u n c a t a l y z e d ,  m e l t  p o l y m e r i z a t i o n  

of h i g h l y  p u r e  trimer a t  250°C h a s  many o f  t h e  c h a r a c t e r i s t i c s  of  

a " l i v i n g "  polymer p o l y m e r t z a t i o n  [ 4 2 ] .  I f  i n i t i a t i o n  w e r e  

c o n t r o l l e d  and s i d e  r e a c t i o n s  cou ld  be  a v o i d e d ,  h i g h  m o l e c u l a r  

w e i g h t ,  l i n e a r  polymer h a v i n g  a na r row m o l e c u l a r  we igh t  d i s t r i -  

b u t i o n  p robab ly  cou ld  be r e a l i z e d .  

E q .  ( 3 )  and (4 )  s u g g e s t  mechanisms f o r  polymer c h a i n  

b r a n c h i n g  and c r o s s l i n k i n g .  I o n i z a t i o n  o f  a c h l o r i d e  i o n  from 

ch lo rophosphazene  u n i t s  w i t h i n  t h e  polymer c h a i n  c o u l d  g e n e r a t e  

an a c t i v e  c e n t e r  f o r  c a t i o n i c  c h a i n  p r o p a g a t i o n  and t h e r e b y  c a u s e  

b ranch ing  [Eq. ( 5 ) ]  o r  t h e  active c e n t e r  may a t t a c k  a n i t r o g e n  

atom on t h e  backbone o f  a n o t h e r  c h a i n  r e s u l t i n g  i n  c r o s s l i n k i n g  

@I.  ( 6 ) l .  
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c1 

5 
N 
I1 

.-P-Cl 

I -c1-, N [NPCl? ] 2, 
c1-P 

' +a- 
c1- 

c1- 

I 

t 
N C 1  C1 C 1  

'+ II \ / 
P-(N = P f N  = P (5) 

2 t c1 
N 

( 6 )  

An a c t i v e  cha in  end a l s o  may produce a branch u n i t  by a t t a c k i n g  

a backbone n i t r o g e n  atom [ E q .  ( 7 ) ] .  

\ c1 c1 

A phosphorus atom i n  t h e  polymer c h a i n  backbone i s  probably 

not h ighly  prone t o  i o n i z a t i o n  when one c o n s i d e r s  t h a t ,  i n  

comparison wi th  t h e  c y c l i c  t r i m e r ,  t h e  molecular  s t r u c t u r e  and 

chemical behavior  of an NPC12 chain u n i t  and h igher  c y c l i c  

chlorophosphazenes [N = P C l z ]  (n = 4 ,  5 ,  6 ,  ...) a r e  q u i t e  n 
s imi l a r  and t h a t  t h e  h igher  c y c l i c s  polymerize s lowly ,  i f  a t  a l l ,  

a t  tempera tures  below 300°C. Indeed,  f o r  t h e  unca ta lyzed ,  m e l t  

po lymer iza t ion  of a c y c l i c  trimer/tetramer mixture  a t  250°C,  t h e  

tetramer concent ra t ion  does not  change w i t h  polymer y i e l d s  a s  h i g h  

a s  50% [ 3 7 ,  5 4 1  demonstrat ing a r e s i s t a n c e  both t o  i o n i z a t i o n  and 

t o  a t t a c k  by an active c e n t e r .  Under t h e  same r e a c t i o n  c o n d i t i o n s  

polymer w i t h  no apparent  polymer cha in  branching o r  c r o s s l i n k i n g  

i s  produced [ 3 7 ,  5 4 1 .  One may c o n j e c t u r e  t h a t  u n i t s  w i t h i n  t h e  

polymer cha in  behave s i m i l a r  t o  t h e  tetramer and i n h e r e n t l y  are 

nwre r e s i s t a n t  t h a n  t h e  c y c l i c  trimer t o  i o n i z a t i o n  and a t t a c k  by 

an a c t i v e  c e n t e r .  Perhaps t h i s  r e s i s t a n c e  r e f l e c t s  a g r e a t e r  

degree of  s h i e l d i n g  of both t h e  phosphorus t o  i n h i b i t  an a c t i v e  

c e n t e r  and t h e  n i t r o g e n  f o r  p r o t e c t i o n  a g a i n s t  e l e c t r o p h i l i c  

a t t a c k  i n  h i g h e r  c y c l i c s  and chain u n i t s .  I t  is a l s o  noted t h a t  
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402 HAGNAUER 

t h e  a c t i v e  c e n t e r  generated by t h e  e q u i l i b r i u m  i n  E q .  (5) i s  less 

e l e c t r o p h i l i c  than  t h e  a c t i v e  end i n  Eq. ( 4 )  and t h e r e f o r e  

probably less l i k e l y  t o  a t t a c k  a n i t r o g e n  atom. 

An i n c r e a s e  i n  i o n i z a t i o n ,  as shown i n  E q .  (3b) and ( 5 ) ,  and 

a reduct ion  is s t e r i c  b a r r i e r s  may e x p l a i n  both t h e  h i g h e r  r a t e  

of po lymer iza t ion  and t h e  i n c r e a s e  i n  branch o r  c r o s s l i n k  formation 

wi th  i n c r e a s i n g  tempera ture  above 250OC.  Autoacce lera t ion  e f f e c t s ,  

as noted i n  t h e  s e c t i o n  High Temperature, Melt Polymer iza t ion ,  

may a l s o  be i n t e r p r e t e d  i n  terms of  t h e  i o n i c  mechanisms. Auto- 

a c c e l e r a t i o n  occurs  a t  10-15% conversion of  trimer [ F i g .  (l)] 

and is accompanied by a r a p i d  rise i n  molecular  weight .  I n  t h e  

ear ly  s t a g e s  of m e l t  po lymer iza t ion ,  t h e  v i s c o s i t y  and d i e l e c t r i c  

constant  (e%2.5) of t h e  r e a c t i o n  mixture  a r e  r e l a t i v e l y  low; but  

a s  po lymer iza t ion  proceeds,  t h e  mixture  becomes more v i s c o u s  and 

i t s  d i e l e c t r i c  cons tan t  i n c r e a s e s  ( c h  3.29)  [ 5 7 ] .  Envis ioning  

melt polymerizat ion as an i o n i c ,  s o l u t i o n  polymer iza t ion  where 

t h e  s o l v e n t  med ium i s  changing from trimer t o  trimer p l u s  

i n c r e a s i n g  amounts of  polymer, a s t a t e  of r e a c t i o n  ( c a .  10-15% 

conversion)  I s  achieved where, because of  i n c r e a s e s  i n  t h e  

d i e l e c t r i c  c o n s t a n t ,  t h e  s o l v e n t  e f f e c t i v e l y  s h i e l d s  t h e  a c t i v e  

c e n t e r  from i t s  counter ion  r e s u l t i n g  i n  an increased  ra te  of 

polymerizat ion.  Low molecular  weight products  formed e a r l y  i n  

t h e  r e a c t i o n ,  where t h e  d i e l e c t r i c  cons tan t  i s  l o w e s t ,  may be  a 

consequence of poor d i s s o c i a t i o n  of t h e  i o n  p a i r .  V i s c o s i t y  of  

t h e  r e a c t i o n  medium may a l s o  be  important  i n  t h a t  charge t r a n s f e r  

o r  perhaps cha in  b a c k b i t i n g  mechanisms are more e f f e c t i v e  f o r  

te rmina t ing  cha in  growth i n  t h e  e a r l y  s t a g e s  of  po lymer iza t ion  

when t h e  molecules  a r e  most mobile. The enhanced rate of 

polymerizat ion o f  trimer w i t h  added tetramer [ 3 7 ]  may be  t h e  

r e s u l t  of t h e  tetramer being more p o l a r i z a b l e  than  t h e  trimer 

and persumably , t h e r e f o r e ,  r a i s i n g  t h e  d i e l e c t r i c  c o n s t a n t  dur ing  

polymerizat ion.  

The dramatic  i n c r e a s e  i n  g e l  formation a t  about 70% conversion 

of trimer dur ing  m e l t  po lymer iza t ion  [ZO] i s  i n d i c a t i v e  of a 

change i n  mechanism. A t  h igh conversions where v i s c o s i t y  i s  s o  
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POLYDICHLOROPHOSPHAZENE POLYMERIZATION 403 

h i g h  t h a t  f low e s s e n t i a l l y  c e a s e s ,  t h e  trimer no l o n g e r  e f f e c t i v e l y  

s h i e l d s  a d j a c e n t  polymer c h a i n s  bu t  c h a i n  u n i t s  have enough 

m o b i l i t y  t h a t  b ranch ing  o r  c r o s s l i n k i n g  mechanisms [Eq. ( 6 )  and 

(7) ] become i m p o r t a n t .  Indeed t h e  r e a c t i o n s  p robab ly  i n v o l v e  

cha rge  t r a n s f e r  t o  a d j a c e n t  c h a i n  u n i t s  t o  p e r p e t u a t e  t h e  a c t i v e  

c e n t e r .  A s  100% conver s ion  i s  approached,  t h e  r a t e  o f  

po lymer i za t ion  n a t u r a l l y  d e c r e a s e s  bu t  i o n i c  c e n t e r s  may remain 

a c t i v e  and c o n t i n u e  t o  i n c r e a s e  t h e  deg ree  o f  c r o s s l i n k i n g .  

Mechanisms i n v o l v i n g  depo lymer i za t  i o n  a l s o  s h o u l d  b e  

cons ide red .  I n  t h e  m e l t  p o l y m e r i z a t i o n  of  h i g h l y  p u r e  trimer at  

250"C, small amounts o f  c y c l i c  homologues [NPC12] (x>3)  a r e  formed 

a t  l o n g  po lymer i za t ion  times and s lowly  i n c r e a s e  i n  c o n c e n t r a t i o n  

w i t h  t i m e  [42 ] .  In  view of  r ing-polymer e q u i l i b r i a  r e p o r t e d  a t  

h i g h e r  t e m p e r a t u r e s  [lo, 1 4 ,  1 5 ,  251,  c y c l i c  fo rma t ion  i s  

unde r s t andab le  and p robab ly  i n v o l v e s  a b a c k b i t i n g  mechanism 

X 

[Eq. ( 8 ) l .  

c1 c1 c1 c1 c1 c1 c1 c1 
( 8 )  

\ /  \ /  \ /  =P+ + [NPC12]*l 

c y c l i c  

I n t e r m o l e c u l a r  r e a c t i o n s  i n v o l v i n g  r i n g - r i n g  o r  r ing -cha in  i n t e r -  

conve r s ion  a l s o  may e x p l a i n  t h e  fo rma t ion  of  h i g h e r  c y c l i c  

homoloques [ 35 ] . 
B a c k b i t i n g  and b ranch ing  r e a c t i o n s  [Eq. ( 7 ) ]  have been c i t e d  

as p o s s i b l e  t e r m i n a t i o n  mechanisms. Trace i m p u r i t i e s  cou ld  a l s o  

t e r m i n a t e  c h a i n  growth. Melt p o l y m e r i z a t i o n s  are t e r m i n a t e d  by 

lower ing  t h e  t e m p e r a t u r e  which s u g g e s t s  a mechanism i n v o l v i n g  

a s s o c i a t i o n  of i o n  p a i r s  [Eq. ( 9 )  1 .  

For t y p i c a l  m e l t  p o l y m e r i z a t i o n s  w i t h  c o n v e r s i o n s  less t h a n  70%, 

no a d d i t i o n a l  p o l y m e r i z a t i o n  o r  c r o s s l i n k i n g  o c c u r s  i f  t h e  polymer- 
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404 HAGNAUER 

i z a t i o n  m i x t u r e s  are k e p t  a t  room t e m p e r a t u r e .  However i f  t h e  

r e s i d u a l  trimer is removed from t h e  po lymer ,  c r o s s l i n k i n g  

r e a c t i o n s  are i n d i c a t e d  i n  t h a t  t he  s o l u b i l i t y  of  t h e  t r imer  

d e c r e a s e s  w i t h  t i m e .  Expe r imen t s  s u g g e s t  t h a t  t h e  c r o s s l i n k  u n i t s  

are d i f f e r e n t  f rom P-0-P t y p e  c r o s s l i n k s  which are due t o  

h y d r o l y s i s  [ 5 5 ] .  S p e c u l a t i o n  i s  t h a t  i o n i z a t i o n  and c r o s s l i n k i n g  

[ E q .  ( 6 ) ]  are p o s s i b l e  a t  room t e m p e r a t u r e .  

The p r e c e d i n g  d i s c u s s i o n  assumes t h a t  t h e r m a l  i o n i z a t i o n  is 

an e f f e c t i v e  i n i t i a t i o n  mechanism f o r  p o l y m e r i z a t i o n .  There i s  

some q u e s t i o n  whe the r  p o l y m e r i z a t i o n  would o c c u r  a t  250°C u s i n g  

a t o t a l l y  p u r e  trimer i n  an  iner t  environment  [29 ,  331.  Minute 

amounts o f  i m p u r i t i e s  a c t i n g  as c a t a l y s t s  may i n i t i a t e  

p o l y m e r i z a t i o n  and d i ' c t a t e  t h e  c o u r s e  of  p o l y m e r i z a t i o n  [ F i g .  (1) 1 .  
Mechanism ( b )  i n  Eq. ( 3 )  may e x p l a i n  t h e  c a t a l y s i s  by compounds 

which f a c i l l i t a t e  removal o f  c h l o r i n e  from phosphorus ;  however 

t h e  a c t u a l  mechanism i s  p r o b a b l y  more complex. S i n c e  Lewis a c i d  

c a t a l y s t s  a r e  p a r t i c u l a r l y  e f f e c t i v e  i n  p romot ing  p o l y m e r i z a t i o n  

of trimer [ 4 5 - 5 1 1 ,  p e r h a p s  a d i f f e r e n t  c a t i o n i c  mechanism s h o u l d  

b e  c o n s i d e r e d  f o r  i n i t i a t i o n .  I n  c a t i o n i c  sys t ems  p o l y m e r i z a t i o n  

i s  commonly i n i t i a t e d  by B r o n s t e d  a c i d s  (water, a l c o h o l s ,  m i n e r a l  

a c i d s ,  e t c ) ;  b u t  when t h e  B r o n s t e d  a c i d s  do n o t  i n i t i a t e  s u f f i -  

c i e n t l y ,  a Lewis a c i d  ( e . g . ,  h a l i d e s  o f  aluminum, i r o n ,  t i n ,  

t i t a n i u m  and bo ron)  can s e r v e  as an e f f e c t i v e  c o c a t a l y s t  

[ E q .  ( l o ) ] .  Mechanism ( d )  i s  s imi l a r  t o  ( b )  i n  E q .  ( 3 )  and would 

e x p l a i n  t h e  g e n e r a t i o n  of hydrogen c h l o r i d e  o b s e r v e d  i n  many 

c a t a l y z e d  p o l y m e r i z a t i o n s .  I n  mechanism ( e )  t h e  p r o t o n  a t t a c h e s  

i t s e l f  t o  a n i t r o g e n  atom t o  form an i n t e r m e d i a t e  s t r u c t u r e  which 

r ing-opens p r o d u c i n g  a p o s i t i v e  c e n t e r  f o r  c h a i n  p r o p a g a t  i o n .  

C o n s i d e r i n g  t h a t  t h e  n i t r o g e n  atom i s  more e l e c t r o n e g a t i v e  t h a n  

phosphorus ,  mechanism ( f )  may o c c u r  b u t  d o e s  n o t  i n v o l v e  t h e  

g e n e r a t i o n  o f  hydrogen c h l o r i d e .  Mechanism (g) is  a p o s s i b l e  

i n t e r m e d i a t e  r o u t e  f o r  mechanism ( d ) .  An i n t e r m e d i a t e  s imilar  t o  

t h e  o n e  i n  mechanism ( g )  h a s  been p roposed  t o  e x p l a i n  c a t a l y s i s  

by t h e  s u r f a c e s  of g l a s s  p o l y m e r i z a t i o n  t u b e s  [ 3 2 ] .  
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C 

c1 c1 c1 
HNf P - N*2P+ 4 

1 \ I  f 
1 

c1 I +  
C a t a l y s i s  by water a l s o  may i n v o l v e  an oxophosphazane i n t e r m e d i a t e  

[ 3 3 ] .  H y d r o l y s i s  of  t h e  trimer by c a t a l y t i c  amounts of  w a t e r  

(0.005-0.10 mol%) may produce an oxophosphazane unit which i s  

t h e r m a l l y  u n s t a b l e  and may cause  t h e  r i n g  t o  open and g e n e r a t e  

a c t i v e  s p e c i e s  f o r  e i t h e r  a n i o n i c  o r  c a t i o n i c  c h a i n  p r o p a g a t i o n  

[ E q .  (11)l .  

Cl, ,c1 

c1 
>;Cl 

C 1  N C 1  

c1 0 
\ &  

N /p ‘NH 
I 1  d ‘ C l  - c1. ?~N~KCl Y 

fi c1 c1 6-  6+ 
\ /  

o r  P*--P*N-H 
R “fF‘ 

+ P f F P  j2-NH- 
I I 
c1 C 1  

COMMENTS 

The p roduc t ion  and development of t e c h n o l o g i c a l l y  u s e f u l  

poly(organo)phosphazenes depend d i r e c t l y  on o p t i m i z i n g  t h e  

polydichlorophosphazene p o l y m e r i z a t i o n  r e a c t i o n .  P romis ing  

developments have been made i n  t h e  areas of h i g h  t e m p e r a t u r e ,  
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melt and s o l u t i o n  p o l y m e r i z a t i o n .  Advances are b e i n g  made i n  

g a i n i n g  a b e t t e r  u n d e r s t a n d i n g  of t h e  p o l y m e r i z a t i o n  mechanism(s)  . 
However t h e r e  are s t i l l  major  problem areas which must b e  

surmounted f o r  po lyphosphazenes  t o  be  commerc ia l ly  v i a b l e .  

P o l y m e r i z a t i o n  run  t i m e s  are o f t e n  t o o  l o n g  and t e m p e r a t u r e s  are 

too h i g h  f o r  s a f e  and e f f i c i e n t  h a n d l i n g  and c o s t  e f f e c t i v e n e s s .  

Highly p u r e  trimer must b e  used and c o n v e r s i o n s  must be  l i m i t e d  

t o  p r e v e n t  c r o s s l i n k  f o r m a t i o n .  The p o l y m e r i z a t i o n  b e h a v i o r  from 

ba tch - to -ba tch  o f  t r imer  i s  n o t  r e p r o d u c i b l e  and polymer c h a i n  

s t r u c t u r e  cannot  b e  c o n t r o l l e d  w i t h  c e r t a i n t y .  And f i n a l l y ,  there 

are problems i n  h a n d l i n g  h y d r o l y t i c a l l y  u n s t a b l e  p o l y d i c h l o r o -  

phosphazene and c u n t r o l l i n g  o r  p r e v e n t i n g  changes  i n  polymer 

c h a i n  s t r u c t u r e  t h a t  may o c c u r  d u r i n g  n u c l e o p h i l i c  s u b s t i t u t i o n  

[ 5 ] .  More b a s i c  r e s e a r c h  is r e q u i r e d ,  e s p e c i a l l y  i n  d e v e l o p i n g  

c a t a l y s t s  and c h a i n  t r a n s f e r  a g e n t s  f o r  l o w e r i n g  p o l y m e r i z a t i o n  

t e m p e r a t u r e s ,  o b t a i n i n g  h i g h e r  c o n v e r s i o n s ,  p r e v e n t i n g  c r o s s l i n k  

and c y c l i c  o l i g o m e r  f o r m a t i o n ,  and c o n t r o l l i n g  polymer m o l e c u l a r  

w e i g h t ,  m o l e c u l a r  we igh t  d i s t r i b u t i o n ,  and b r a n c h i n g .  Up t o  t h e  

p r e s e n t ,  e f f o r t s  t o  expand polymer p r o d u c t i o n  have r e l i e d  upon 

sca l ed -up  l a b o r a t o r y  p o l y m e r i z a t i o n  c o n d i t i o n s .  C o n s i d e r a t i o n  

shou ld  b e  g iven  t o  i n n o v a t i o n s  r e q u i r e d  f o r  t h e  p i l o t  p l a n t  and 

f u l l  scale p r o d u c t i o n  of polydichlorophosphazene. 
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