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A bstrac t

S t a b i l i z a t i o n  and Degradat ion 

of Aceta l  Copolymers

by

Rose Ann Pesce 

Adviser  : P r o fe s s o r  Nan-Loh Yang

P o ly a c e t a l  copolymers a re  t e c h n i c a l l y  important  macromolecules 

t h a t  a re  com p e t i t iv e  with m e ta l s ,  ceramics and nylons  in many 

a p p l i c a t i o n s .  As the  s im p les t  form of a l i p h a t i c  p o l y e t h e r s ,  they are  

of fundamental i n t e r e s t .  The p r e s e n t  i n v e s t i g a t i o n  involves  d e t a i l e d  

s tu d i e s  aimed a t  the  improvement of p o ly a c e t a l  s t a b i l i t y .

Radica l  and a c i d o l y t i c  deg rad a t io n  of a model t r i o x a n e - e t h y l e n e  

oxide copolymer in s o lu t i o n  were examined. Degradation p ro d u c ts ,  

i d e n t i f i e d  by NMR spec t roscopy ,  have been confirmed to  be formaldehyde,  

formic ac id  and c y c l i c  a c e t a l s  ( 1 , 3 - d io x o lan e ,  1 ,3 ,5  t r io x e p a n e ,

1 , 3 , 5 - t r i o x a n e  and 1 , 3 ,5 , 7  t e t r a o x a n e ) .  The formation of th ese  c y c l i c  

a c e t a l s  i s  a t t r i b u t e d  to  b a c k b i t in g  of th e  depolymeriz ing  chain end.

A method f o r  e v a lu a t in g  fo rm aldehyde-accep t ing  s t a b i l i z e r s  f o r  use 

in p o l y a c e t a l  systems has been developed.  Based on a c cep to r -a d d u c t  

e q u i l i b r iu m  s t u d i e s ,  conducted by t i t r a t i o n ,  N1R spec troscopy  and



V

thermal  a n a l y s i s ,  the  r e l a t i v e  e f f i c i e n c i e s  of  a s e r i e s  of a c c e p to r s  

was de te rm ined .

The need f o r  p o l y a c e t a l s  capab le  of b ind ing  s t a b i l i z e r s  led  to  the  

s y n th e s i s  of  th r e e  new f u n c t io n a l i z e d  a c e t a l  copolymers.  The f i r s t ,  a 

copolymer of t r i o x a n e  and 1 ,3 - d io x e p -5 - ene, y i e l d s  a c i s  2 butene 

s to p p e r  u n i t .  This  th e rm a l ly  s t a b l e  copolymer has been found to  have 

c r y s t a l  U n i t y  comparable to  t r i o x a n e  e th y le n e  oxide  copolymers.

Examples of copolymer m o d i f i c a t io n  a re  r e p o r t e d .  R es i s tan ce  to  bromine 

d e g ra d a t io n  has a l s o  been demonstra ted .  f n and I v have been found to  

be as  high as 6 I  1CH and 8 X 10* r e s p e c t i v e l y .

The second,  a copolymer of t r i o x a n e  and g ly c e r o l  formal ,  is  

th e rm a l ly  s t a b l e  and has pendant hydroxy and methylol  groups.  I v is  

e s t im a ted  to  be l e s s  than 5 X 10J . Equ i l ib r ium  s t u d i e s  of the  g ly c e ro l  

formal comonomer a re  a l s o  d i s c u s s e d .

The t h i r d ,  a  copolymer of t r i o x a n e  and g ly c id y l  a c r y l a t e ,  is a 

th e rm a l ly  s t a b l e ,  c r o s s l in k e d  copolymer with pendant  a c r y l a t e  groups. 

DSC a n a l y s i s  of copolymers with g ly c id y l  a c r y l a t e  feeds  ranging from 4 

to  24 weight p e rc e n t  shows c r y s t a l l i n i t i e s  rang ing  from 36 to  117,.

Each of  the  new copolymers has a f u n c t i o n a l i z e d  comonomer u n i t  

which se rv e s  as both a s to p p e r  a g a i n s t  unzipping and a s i t e  fo r  f u r t h e r  

modif i c a t i o n .
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1. BACKGROUND SURVEY

P o ly a c e t a l  copolymers a r e  t e c h n i c a l l y  importan t  macromolecules,  

co m p e t i t iv e  with m e ta l s ,  ceramics  and nylons  in many a p p l i c a t i o n s .  As 

the  s im p le s t  form of  a l i p h a t i c  p o l y e t h e r s ,  they a r e  of fundamental 

i n t e r e s t .  The p r e s e n t  i n v e s t i g a t i o n  invo lves  d e t a i l e d  s t u d i e s  aimed a t  

th e  improvement of p o l y a c e t a l  copolymer s t a b i l i t y .

Aceta l  copolymers ve ie  f i r s t  r e p o r t e d  by Bu t le rov  in 1859 ( 1 ) ,  but 

were not  s tu d ie d  in depth  u n t i l  the  1920’s (2 ) .  Formaldehyde polymers 

with commercially u s e fu l  molecular  weights  were not  p repared  u n t i l  the  

l a t e  1950’ s .  At t h a t  t ime end-capped,  th e rm a l ly  s t a b l e  formaldehyae 

polymers went i n to  p roduc t ion  by DuPont. The s t a b i l i z a t i o n  method 

involved  th e  r e a c t i o n  of u n s ta b le  m e th y lo l ,  -CHjOH, endgroups with 

a c e t i c  anhydr ide  to  y i e l d  an a c e t a t e  end-capped homopolymer (D e l r in )

(3 ) .  Soon a f t e r ,  a th e rm a l ly  s t a b l e  copolymer was developed by 

Celanese (Celcon) (4 ) .  The product  was the  r e s u l t  of the  

co po lym er iza t ion  of t r i o x a n e  and e th y len e  oxide .  Today, a c e t a l  r e s in s  

a r e  widely used as  rep lacem ents  f o r  meta ls  in a r e a s  such as  machinery, 

a p p l i a n c e s ,  hardware and plumbing. For a d e t a i l e d  review of p o ly a c e ta l  

h i s t o r y  see r e f e r e n c e  5.

One im portan t  c l a s s  of a c e t a l  copolymers i s  t y p i c a l l y  sy n th es ized  

by the  c a t i o n i c  r in g -o p en in g  p o lym er iza t ion  of t r i o x a n e  and a c y c l i c  

e t h e r  such as  e th y len e  oxide  or  1 ,3 -d io x o la n e .

HjC-------- CH j 0 0
\ /
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The r e l a t i v e l y  b r i e f  in d u c t io n  p e r io d  f o r  t r i o x a n e  homopolymer 

i z a t i o n ,  in which monomeric fo raa ldehyde  reaches  an e q u i l ib r iu m  

c o n c e n t r a t i o n ,  i s  lengthened to  vary ing  degrees  depending on the  

coaonoaer .

For t h e  c o p o ly a e r i z a t i o n  of t r i o x a n e  and e th y le n e  ox ide ,  i t  has 

been shown t h a t  a l l  coaonoaer  r e a c t s  b e fo re  any t r i o x a n e  i s  polymerized 

( 6 , 7 ) .  During t h i s  p e r io d ,  th e  coaonoaer r e a c t s  with formaldehyde 

g en e ra ted  from t h e  r in g -o p en in g  of t r i o x a n e  to  f o r a  l a r g e r  c y c l i c  

e t h e r s ,  p r im a r i l y  1 ,3 -d io x o lan e  and 1 , 3 , 5 - t r io x e p a n e .  The 

c o n c e n t r a t i o n  of  t h e s e  sp e c ie s  i n c re a se  u n t i l  the  e th y len e  oxide  is 

complete ly  consumed and the  t r i o x a n e  po lym eriza t ion  begins (8 ) .

I t  would appear  t h a t  p o lym er iza t ion  by such a p rocess  would y i e ld  

a  product  c o n s i s t i n g  of b locks  of coaonoaer .  However, due to  the 

p rocess  of t r a n s a c e t a l i z a t i o n  (see  F igure  1 . 1 ) ,  block copolymers do not 

r e s u l t .  In the  homogeneous c a t i o n i c  po lym er iza t ion  of c y c l i c  a c e t a l s ,  

chain t r a n s f e r  t o  polymer proceeds e f f i c i e n t l y  because polymer is  more 

b a s ic  than monomer.

fiepeated a t t a c k  by growing chain ends on a c e t a l  u n i t s  of completed 

cha ins  r e s u l t  in randomizat ion  of  comonoaer u n i t s .  This  e f f i c i e n t  

chain t r a n s f e r  r e a c t i o n  a l s o  has the  consequence of a f f e c t i n g  chain 

l e n g t h ,  such t h a t  s eg aen ts  of long and s h o r t  cha ins  a re  s h u f f l e d  to  

y i e l d  t y p i c a l  p o l y a c e t a l s  with a MVD of  two. The key f a c t o r  in 

t r a n s fo rm in g  u n s ta b l e  hoaopolyaer  in to  such a s u c c e s s fu l  en g in e e r in g  

r e s i n  was th e  u n d e rs tand ing  of the  d e g ra d a t io n  p ro ce sse s  to  which 

a c e t a l  polymers a re  s u b je c te d .
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CIj -O-CBj-

J 2 —O - C H j  *
g r o w i n g  c h a i n

I

A

C H 2 - 0 - C H  

C£ j —Q—CH j - i  *

i e 2 _ o~CH j —’■'"v* c

2 —0  CH 2 - 0 ^ C H 2 —0 —CH j  —

or

k— ch2- o -c h 2- o -c h 3-o-ch

c o a p l e  t e d  c h a i n

(SimC

‘ CH 2 — 0  —CH 2 S

Figure 1.1 : T ran saceta liza tion  scheme
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At e lev a ted  tem pera tu res ,  even high a o l e c u l a r  weight poly 

oxyaethylenes  r e a d i l y  depo lyae r ize  to ao n o ae r ic  fo raa ld eh y d e .  

Degradation begins  a t  chain ends and a o l e c u l a r  w e i g h t  rap id ly  dec rease s  

as a r e s u l t  of unzipping.  The r a t e  of d e p o l y a e r i z a t i o n  can be reduced 

s u b s t a n t i a l l y  by end-capping or by i n c o r p o ra t io n  of  coaonoaer.

The scheae in Figure  1.2 o u t l i n e s  the  fu n d a a ie n ta l  degrada t ion  

p rocesses  of the  a c e t a l  copolyaer  s y s te a  (9 ) .  A c e t a l  copolyaers  are 

s u s c e p t i b l e  to  both r a d i c a l  and a c i d o l y t i c  d e g r a d a t i o n .  Acetal  u n i t s  

possess  l a b i l e  n e th y le n ic  hydrogens s u s c e p t i b l e  t , o  r a d i c a l  a b s t r a c t i o n .  

The unshared e l e c t r o n  p a i r s  of the  oxygen a to a  o f  the  a c e ta l  u n i t  nay 

be a t t a c k e d  by a c id .  In both cases ,  0- e l i m i n a t i o n  w i l l  occur; polymer 

deg rada t ion  w i l l  r e s u l t  in "unzipping" and the  g e n e r a t i o n  of 

formaldehyde. I t  i s  c l e a r  t h a t  an u n s t a b i l i z e d  p o l y a c e t a l ,  such as 

polyoxymethylene, i s  r e a d i l y  degraded by both a c i d  and r a d i c a l s .  

Formaldehyde, as shown in the  scheme above, p l a y s  an i n t e r e s t i n g  ro le  

in the  degrada t ion  p rocess .  In the presence of h e a t  and l i g h t ,  

formaldehyde can produce r a d i c a l s .  Hydroperoxide produced 

dur ing the  deg rada t ion  process  can ox id ize  f o r a a l d e h y d e  to  formic a c id .  

When t h i s  occurs ,  the  degrada t ion  of the p o l y a c e t a l  i s  observed to 

a u to a c c e l e r a t e .

Successfu l  s t a b l i z a t i o n  f o ra u l a t i o n s  should s t a b i l i z e  the  a c e t a l  

polymer a g a in s t  both s h o r t - t e r a  thermal d e g r a d a t i o n  during p rocess ing  

and long-term o x id a t iv e  degradat ion  a t  s e rv ic e  t e m p e r a t u r e .  An id ea l  

s t a b i l i z a t i o n  s y s t e a  should a l so  i n h i b i t  the  p r o p a g a t i o n  of peroxide 

r a d i c a l s  and thus  l i m i t  a u to a c c e l e r a t i o n  of the  u n z i p p i n g  process .
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HO— C H 2 — C H j  rj'v/v 

H*

H H

*o— i — o—A

/  1 r l
— — “C H j )

Non-Radical Pathway Radical Pathway

HCQQH 
Fornic  Acid

R0‘ , H0‘ e t c .  
Reac t ive  Rad ica ls

0

H ^H

R00H; 0;

F igu re  1.2 : Degradation Scheie
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In g e n e r a l ,  e f f e c t i v e  s t a b i l i z a t i o n  of a c e t a l  copolymers c o n s i s t s  

of  a combination of  t h e  use o f :  1) comonomer s to p p e r  u n i t s ;  2) 

formaldehyde a c c e p t o r s ;  3) a c id  scavengers  and 4) r a d i c a l  i n h i b i t o r s .  

S topper  u n i t s  such as oxye thy lene  t e rm in a te  polymer unzipping and 

thereby  l i m i t  th e  e x t e n t  of  d e g ra d a t io n .  As s t a t e d  e a r l i e r ,  methylenic  

hydrogens a r e  s u b je c t  t o  r a d i c a l  a b s t r a c t i o n .  Oxyethylene u n i t s  a re  

not  a c e t a l s ,  and t h e i r  p ro tons  a r e  not r e a d i l y  a b s t r a c t e d  by r a d i c a l s .  

Hence unzipp ing  proceeds only as f a r  as an o x y e th y le n e  unit  and r e s u l t s  

in a s t a b l e  hydroxyethylene  endgroup.

H* or R‘
CHj—0~CH j CHj—0—(CH j —0) ■ »

'v-v^CHi-OCHj-O-CHjCHj-OH + n CH2O

By means of  an h y d r o ly s i s  p ro c e ss ,  u n s ta b le  h em ia c e ta l  groups, -OCH2 OH, 

can be i n t e n t i o n a l l y  removed, again  r e s u l t i n g  in s t a b l e  endgroups. 

Attack by e i t h e r  a c id  or  r a d i c a l  a t  any p o in t  w i th in  t h e  chain wil l  

r e s u l t  in unzipping  only up to  the  p o in t  of  the  nex t  s topper  u n i t ,  

the reby  l i m i t i n g  d e g ra d a t io n .

An a d d i t i o n a l  c o n s id e ra t i o n  f o r  a c e t a l  copolymer s t a b i l i z a t i o n  is  

the  d i s p e r s io n  of  s t a b i l i z i n g  a g en ts .  Concern about s t a b i l i z e r  

d i s p e r s io n  has led  t o  i n t e r e s t  in polymer-bound s t a b i l i z e r s  f o r  s e v e ra l  

polymeric systems (10).

Vhile  the  copolymers of t r i o x a n e  and e th y le n e  o x id e  are s u p e r io r  

in s t a b i l i t y ,  they  do not  c a r ry  f u n c t io n a l  groups ,  e x c e p t  a t  chain  

ends, f o r  s t a b i l i z e r  b ind ing .  The l i t e r a t u r e  r e v e a l s  t h a t  a 

s i g n i f i c a n t  amount of work has been done to  s y n th e s i z e  new t r io x a n e
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copolymers (11) .  For example, copo lym er iza t ions  with comonomers having 

th e  g e n e ra l  s t r u c t u r e :

1]C--------CB—Cl 2 — X

have been exp lo red .  Using t h i s  approach, polyoxymethylene ionomers 

were p repared  by r e a c t i o n  of t h i o g l y c o l a t e  anions  with t r i o x a n e  

e p ic h lo ro h y d r in  copolymers (12) .

•SCHOO

A . '
HCCOQ

A s i m i l a r  r e a c t i o n  i s  (13):

T r io x a n e -e th y l  g l y c i d a t e  copolymers and modif ied  copolymers have a l so  

been r e p o r t e d  (1 4 ,1 5 ) .  Copolymerizat ion with phenyl g ly c id y l  e t h e r  has 

been r e p o r t e d  (1 6 ) ,  but  does not  y i e ld  a f u n c t io n a l  copolymer f o r  ready 

m o d i f i c a t io n .

Three co po lym er iza t ion  systems were exp lo red  in the  p r e s e n t  work. 

For the  copo lym er iza t ion  of t r i o x a n e  with  an o th e r  g l y c id y l  comonomer,
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i . e .  g l y c i d y l  a c r y l a t e ,

BjC-------- CB— Cl 3—0— d—Cfl=^B;

we r e p o r t  the  s y n th e s i s  and c h a r a c t e r i z a t i o n  of both the  copo lyae r  and 

th e  g l y c i d y l  a c r y l a t e  hoaopolyaer .  Vork on the  c o p o ly a e r i z a t i o n  of 

g l y c id y l  a c r y l a t e  with 1,3 b u tad iene  (17) and N-vinyl p y r ro l id o n e  (18) 

have been documented.

Also p re se n te d  here i s  th e  copo lym er iza t ion  of t r i o x a n e  and 

g ly c e r o l  f o r a a l .

OB

\ /  \ /

o , o - f o r a  a,/?-form

This copo lym er iza t ion  has not been r e p o r te d  to  d a t e ,  a l though a pa ten t  

(19) r e f e r r i n g  to  th e  c o p o ly a e r i z a t i o n  of  the  a ,o - i so m e r  of  the 

g ly c e r o l  formal e s t e r  has been i s sued .

This  d i s s e r t a t i o n  a l s o  d e s c r ib e s  the  f i r s t  d e t a i l e d  i n v e s t i g a t i o n  

of the  copolymer of t r i o x a n e  and 1 , 3 - d io x ep -5 -ene.  The

V
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s y n t h e s i s  of t h i s  copo lyaer  was acc o ap l i sh e d  by Schulz  et  at  

( 2 0 ,2 1 ,2 2 ) ,  however d e t a i l e d  s t u d i e s  on c o p o l y a e r i z a t i o n ,  

c h a r a c t e r i z a t i o n  and p r o p e r t i e s  have no t  y e t  been p u b l i sh e d .
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2 INTRODUCTION AND OBJECTIVES

The development of commercially u se fu l  a c e t a l  r e s i n s  was p o s s ib le  

only  through unders tand ing  of the  degrada t ion  mechanism. Based on a 

thorough unders tand ing  of th e  unique combination of chemical p rocesses  

which a c e t a l  polymers undergo, i n t e l l i g e n t  d e c i s io n s  about 

s t a b l i l i z a t i o n  can be made. I n v e s t ig a t io n s  towards the  achievement of 

po lyace ta l -bound  s t a b i l i z e r s  have been c a r r i e d  out and a re  presen ted  

h e r e .  The scheme shown in Figure  2.1 i l l u s t r a t e s  the  approach taken in 

t h i s  study of p o ly a c e t a l  s t a b i l i z a t i o n  and d eg rad a t io n .  The u l t im a te  

g o a l  of these  i n v e s t i g a t i o n s  i s  the s y n th e s i s  of a "super  s t a b l e "  

p o ly a c e t a l  which could be obta ined  by the  b inding of optimum 

s t a b i l i z e r s  to  p o l y a c e t a l s  v ia  f u n c t io n a l i z e d  s topper  u n i t s .

Two rou te s  have been taken to i d e n t i f y  " id e a l "  s t a b i l i z e r s .  In 

t h e  f i r s t ,  the  r a d i c a l  and a c i d o l y t i c  s o lu t io n  degrada t ion  of a model 

t r i o x a n e - e t h y l e n e  oxide copolymer was examined. Among the primary 

o b j e c t i v e s  of t h i s  s tudy were the  d e te rm ina t ion  of r e l a t i v e  s t a b i l i t i e s  

o f  d i f f e r e n t  comonomer sequences and th e  de te rm ina t ion  of s i t e s  of 

a t t a c k .  More im p o r tan t ly ,  i t  was expected t h a t  i d e n t i f i c a t i o n  of 

p r e v io u s ly  unknown deg rad a t io n  products  or  p rocesses  would lead to  new 

s t a b i l i z e r s  o r  s t a b i l i z a t i o n  methods. This i n v e s t i g a t i o n  focuses  on 

t h e s e  two processes  f o r  a  model t r io x a n e -e th y le n e  oxide copolymer in a 

DMSO s o lu t io n .  The model sample d i f f e r s  from commercial samples in 

t h a t  i t  con ta in s  an unusua l ly  high comonomer i n c o rp o ra t io n .  This model 

compound was sy n th e s iz ed  so t h a t  1SC N1R pentad sequences and 'H NMJt 

t r i a d  sequences could be observed.  This  would not be p o s s ib le  with
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p o l y a c e t a l

S T A BI L I Z A T I ON  AND DEGRADATION

S T A B IL IZ IN G
A D D IT IV E S

s t a b i l i z a t i o n  b y

C O P O L Y M E P I Z A T I O N

w h i c h  t y p e  o f  

STAB ILIZER ?
WHICH SPECIFIC 
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Figure  2.1
Ou t l i ne  of approach to  p o l y a c e t a l  s t a b i l i z a t i o n
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samples having a  low comonomer in c o rp o ra t io n  because v a r ious  

a b s o rp t io n s  would be too  s a a l l  to  observe .  The d e g ra d a t io n  of the 

model p o l y a c e t a l ,  performed in s t i n  in s id e  the  probe of the  NiR 

sp e c t ro m e te r ,  was fo llowed by o b ta in in g  s p e c t r a  a t  s p e c i f i c  time 

i n t e r v a l s .  Using t h i s  exper im en ta l  des ign  i t  was p o s s i b l e  to  monitor  

t h e  appearance  and d i sap p e a ran ce  of  s i g n a l s  so t h a t  conc lus ions  about 

the  d e g ra d a t io n  process  could  be made. I d e n t i f i c a t i o n  of  deg rad a t io n  

produc ts  was accomplished by the  use of  both one- and two-dimensional  

NiR s p ec t ro sco p y .  Confirmation  of  the  i d e n t i t i e s  of t h e se  p roduc ts  was 

made by comparison with known compounds. Aside from formaldehyde and 

formic a c i d ,  a l l  d e g ra d a t io n  products  were found to  be c y c l i c  a c e t a l s  

g e n e ra te d  by b a c k b i t i n g  d u r in g  depo lym er iza t ion .

In t h e  second phase of t h i s  s tudy of p o ly a c e ta l  s t a b i l i z a t i o n  and 

d e g r a d a t io n ,  t h e  r e l a t i v e  e f f i c i e n c y  of a family  of formaldehyde 

ac c e p to r s  was examined. This  c l a s s  of compounds i s  used e f f e c t i v e l y  to  

remove formaldehyde,  a p o t e n t i a l l y  harmful d eg rada t ion  p roduc t .  The 

purpose of t h i s  i n v e s t i g a t i o n  was to  determine th e  e f f e c t  of 

s u b s t i t u e n t s  on th e  formaldehyde a c c e p t in g  a b i l i t y  of amino t r i a z i n e s .  

The " p a ren t"  molecule ,  melamine, e i g h t  melamine d e r i v a t i v e s  and 

cyanoguanamine, a  p r e c u r s o r  in th e  s y n th e s i s  of melamine, were each 

e v a lu a te d  with  r e s p e c t  t o  t h e i r  in h e ren t  a b i l i t y  to  r e a c t  with 

formaldehyde.  Removal of formaldehyde from degrad ing  p o ly a c e t a l  

copolymer systems by th e s e  compounds may be accomplished through the  

fo l lo w in g  r e a c t i o n s :



H CHjOH
C B 3 0 CBj O

— nh2 — N— CBiOH N— CHjOH

H C B j O H
CfljO

— N—CO— — N—CO—

Together  with t h e  r e l a t i v e  thermal s t a b i l i t i e s  of  the s t a b i l i z e r / C H 2Q 

ad d u c ts ,  s t a b i l i z e r s '  r e a c t i v i t i e s  were used to  a s s e s s  s u i t a b i l i t y  fo r  

p o ly a c e t a l  s t a b i l i z a t i o n .

The d e te rm in a t io n  of s t a b i l i z e r  r e a c t i v i t y  towards formaldehyde 

was determined by two e q u iv a le n t  methods. In the  f i r s t  method, water 

s o lu b le  s t a b i l i z e r s  were r e a c te d  with an aqueous formaldehyde s o lu t io n  

of known c o n c e n t r a t i o n .  The amount of formaldehyde r e a c te d  with each 

compound was c a l c u l a t e d  from the  d i f f e r e n c e  in formaldehyde 

c o n c e n t r a t i o n  be fo re  and a f t e r  r e a c t i o n  with each s t a b i l i z e r .  In the  

second method, water  i n so lu b le  s t a b i l i z e r s  and paraformaldehyde were 

d i s s o lv e d  in h ex a f lu o ro i so p ro p a n o l  {HFIP) and allowed to  r e a c t .  

S e m iq u a n t i f i c a t i o n  of  the  amount of formaldehyde with which each 

s t a b i l i z e r  r e a c te d  was performed by l H NIR. To in su re  t h a t  both 

methods a re  c o n s i s t e n t  with each o t h e r ,  two water s o lu b le  samples ( t h a t  

a re  a l s o  s o lu b le  in HFIP) were a l s o  ev a lu a te d  by the  method developed 

f o r  th e  water i n s o lu b le  samples.

The thermal  s t a b i l i t y  of adduc ts  ob ta in ed  by both methods was then 

examined by the rm ograv im etr ic  a n a l y s i s ,  a techn ique  in which the  mass 

of the  sample i s  measured c o n t inuous ly  as  a f u n c t io n  of tem pera tu re .
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A t h i r d ,  but l e s s  s u c c e s s fu l  approach to  th e  d e te rm in a t io n  of 

s t a b i l i z e r  e f f i c i e n c y  was a l s o  taken .  This  method involved the  

r e a c t i o n  of s t a b i l i z e r s  and formaldehyde a t  the  p ro c e ss in g  tem pera tu re  

of  p o l y a c e t a l s  ( i . e .  220°C). Experiments were performed in a modified  

P a r r  bomb. Formaldehyde gas was g e n e ra ted  by decomposit ion of  

paraformaldehyde .  I t  was expected  t h a t  the  e xpe r im en ta l  des ign  would 

be more c o n s i s t e n t  with t h e  somewhat s ev e re  p r o ce ss in g  c o n d i t i o n s .  

U n f o r tu n a te ly ,  due t o  s e v e ra l  d i f f i c u l t i e s  encoun te red ,  in c lud ing  

t em p era tu re  c o n t r o l ,  t h i s  method of a n a l y s i s  was suspended in favo r  of 

s o lu t i o n  s t a t e  a n a l y s i s .

The u l t im a te  goa l  of the  s t u d i e s  d e s c r ib e d  above was to  l e a rn  more 

about the  fundamental chemis t ry  of s e v e ra l  p rocesse s  involved in 

p o l y a c e t a l  d e g ra d a t io n  s t a b i l i z a t i o n ,  and thereby  lay th e  groundwork 

f o r  e v a l u a t i o n  of optimum p o l y a c e t a l  s t a b i l i z e r s .  In th e  q u e s t  fo r  

p o l y a c e t a l s  capable  of b inding  such s t a b i l i z e r s ,  t h r e e  new fu n c t io n  

a l i z e d  a c e t a l  copolymers were s y n th es ized  and c h a r a c t e r i z e d .

The f i r s t  was s y n th es ized  by the  c a t i o n i c  r in g -o p en in g  

copo lym er iza t ion  of t r i o x a n e  (TI) and 1 ,3-dio .xep-5 - ene (DXPE). The 

copolymers were c h a r a c t e r i z e d  by *H and 13C Nil  spec t roscopy  as wel l  as 

by thermal  a n a l y s i s  (TGA, DSC). I t  was found t h a t  i n c o r p o ra t io n  of the  

f u n c t i o n a l i z e d  s to p p e r  u n i t ,  <v*«0-CH;-CH=CH-CHj p rov ides  g r e a t e r

thermal s t a b i l i t y  and chemical r e s i s t a n c e  than  does the  e th y le n e  oxide 

s to p p e r  u n i t .

NKk and v i s c o s i t y  measurements r e v e a l  t h e  TX-DIPE copolymers to  be 

of r ea so n ab le  m olecu la r  w e igh ts ,  i . e .  I„  = 6 X 104 and I v = 8 X 104 .
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Analys is  by DSC i n d i c a t e s  t h a t  c r y s t a l l i n i t y  i s  not  a d v e r se ly  a f f e c t e d  

by th e  i n c o r p o ra t io n  of the  c j j - 2 butene u n i t .

M o d if ica t io n  of s u r f a c e  s to p p e r  u n i t s  was demonstra ted by the 

g r a f t i n g  of sodium a c r y l a t e .  A co lo red  copolymer r e s u l t s  when the 

g r a f t  copolymer i s  s t a i n e d  with a c a t i o n i c  dye.  Copolymers have a l s o  

been modif ied  by ep o x id a t io n  and by in c o r p o ra t io n  of a u rea  moiety .

The second f u n c t io n a l i z e d  a c e t a l  copolymers was produced by 

copo lym er iza t ion  of t r i o x a n e  and g ly c e r o l  formal (GF). Two d i f f e r e n t  

s to p p e r  u n i t s ,  one with  a pendant hydroxy group and the  o th e r  with a 

pendant methylol  group,  have been i d e n t i f i e d  by 13C NMR sp ec t ro sco p y .

OH C H 2 - 0 H
wivwO-CH 2

These copolymers a l so  demonstra te  s u p e r io r  thermal  s t a b i l i t y  as 

compared to  t r i o x a n e - e t h y l e n e  oxide copolymers. Yields  and m o lecu la r  

weights  ( I v = 4 I  103) a r e  no tab ly  lower than those  of both t r i o x a n e  

dioxepene and t r i o x a n e - e t h y l e n e  oxide copolymers.

The t h i r d  copolymer was s y n th e s iz e d  by th e  copo lym er iza t ion  of 

t r i o x a n e  and g l y c i d y l  a c r y l a t e  (GA). The primary comonomer u n i t  in 

t h i s  copolymer has a pendant a c r y l a t e  group.

O - C H j - C H - O
I

CH3
0

fc=o
C H - C H j
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Secondary u n i t s  a r e  b e l ieved  t o  r e s u l t  f r o *  r e a c t i o n  of th e  a c r y l a t e  

g roup,  y i e l d i n g  c r o s s l i n k e d  co p o ly a e r s .  *

Samples with comonomer feeds  rang ing  f ro *  1.1 t o  6 .9  mole pe rcen t  

were found to  have e x c e l l e n t  thermal  s t a b i l i t y .  C r y s t a l l i n i t y  fo r  

t h e s e  copolymers f a l l  between 117. and 357.. All copolymer a r e  i n so lu b le  

in h e x a f lu o ro i s o p ro p a n o l ,  HFIP, a t  room tem pera tu re  as  wel l  as  in DMSO 

and DIF a t  170°C. Sw el l ing  was observed to  vary with coaonoaer  feed s ,  

i . e .  lower feed copolymers swel l  more than  ones with h ig h e r  feeds .

Each of the  copolymers d esc r ib ed  above have f u n c t i o n a l i z e d  

comonomer u n i t s  which se rv es  as  both s to p p e r s  a g a i n s t  unz ipp ing  and as 

s i t e s  fo r  f u r t h e r  m o d i f i c a t io n .
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3 A STUDY OF POLYACETAL DEGRADATION AND STABILIZATION

3-1 Degradat ion  P rocesses  of P o ly a c e t a l  Copolymers 

3 l a  Summary

The d e g ra d a t io n  p roduc ts  ob ta in ed  by the  r a d i c a l  and a c i d o l y t i c  

d e g ra d a t io n  of  a model a c e t a l  copolymer in s o lu t i o n  have been 

i d e n t i f i e d  by iH and NIR sp ec t ro sco p y .  These p roduc ts  have been 

confirmed to  be formaldehyde,  formic ac id  and the  c y c l i c  a c ^ t a l s  

1 ,3 -d io x o la n e ,  1 , 3 , 5 - t r i o x e p a n e ,  1 , 3 , 5 - t r i o x a n e  and 1 , 3 , 5 , 7 - te t r a o x a n e .  

The format ion  of  th e se  c y c l i c  a c e t a l s  i s  due to  the  depolymeriz ing  

chain  end b a c k b i t in g  on an oxygen on i t s  own chain .

3 - lb  Experimental  

3 - l b - 1 Sample p r e p a ra t i o n

DIS0-d« s o lu t i o n s  of the  model p o l y a c e t a l ,  which was k ind ly  

supp l ied  by Hoechst-Celanese  Engineer ing  P l a s t i c s  D iv i s io n ,  were 

prepared  by d i s s o l v i n g  approximate ly  25 mg of the  model compound in 0.3 

ml of  DMS0-d6. To t h i s  s o lu t i o n  was added e i t h e r  2 mg of Luperox 

(2 ,5  d ihydroxy-2 , 5 - dimethylhexane)  (Penva l t  Corp.)  or  5 fiL 

t r i f l u o r o a c e t i c  a c i d ,  f o r  r a d i c a l  and ac id  c a ta ly z e d  d eg rada t ion  

exper im en ts ,  r e s p e c t i v e l y .  All  samples were p repared  d i r e c t l y  in 5 mm 

NIR tu b e s .  P r i o r  t o  the  a d d i t i o n  of e i t h e r  perox ide  or a c id ,  samples 

were g e n t l y  hea ted  and mixed in a Vortex Genie t o  d i s s o l v e  the  polymer. 

On a d d i t i o n  of  degrad ing  ag en t ,  samples were again  mixed.
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3 lb 2 N i l  a n a l y s i s

Both *H and 13C NIR d eg ra d a t io n  s p e c t r a  were ob ta in ed  a t  126°C, 

i . e .  a t  the  minimum t e a p e r a t u r e  f o r  complete po ly ae r  d i s s o l u t i o n  in 

D1S0. For purposes  of  comparison,  aodel  coapounds f o r  d eg rada t ion  

p ro d u c ts  were a l s o  run a t  126°C. All  s p e c t r a  were o b ta in e d  on an IBI 

200-SY NIR s p e c t ro m e te r  u s ing  Bruker so f tw are .

In v e r s io n  recovery  exper iments  (9) show t h a t  a l l  carbons e x h i b i t  a 

I1! value  of approx im ate ly  one second. For the  o b s e rv a t io n  of  

d e g ra d a t io n  p r o c e s s e s ,  p roper  param eters  e . g .  pu lse  angle  and 

r e l a x a t i o n  d e l a y ,  were s e l e c t e d  to  permit  semi q u a n t i t a t i v e  comparison 

among a b s o rp t io n  peaks .  The de lay  t imes and the  number of scans 

c o l l e c t e d  a re  i n d i c a t e d  in the  cap t io n  f o r  each of the  deg rada t ion  

s p e c t r a .

3 lc  R esu l t s

The p ro g re s s  of th e  d e g ra d a t io n  of the  model p o ly a c e t a l  was 

monitored by o b t a i n i n g  NMR s p e c t r a  a l t e r n a t i v e l y  between l H and l3C 

o b s e rv a t io n  on th e  same sample with predeterm ined  w a i t in g  t im es .  l3C 

NIR s p e c t r a  ob ta in ed  from the  ac id  and hydroperoxide  c a ta ly z e d  

d e g rad a t io n  a r e  p r e se n ted  in F igures  3.1 and 3 .2  r e s p e c t i v e l y .  ‘H NIR 

s p e c t r a  of the  same samples a r e  p re sen ted  in F igu res  3.3  and 3 .4 .  

S p e c t r a  a re  p r e se n te d  c h r o n o lo g ic a l ly  in  ascending  o r d e r .  In t 3 C NMR 

s p e c t r a ,  pentad  sequences  a re  i d e n t i f i e d .  T r iad  sequences a re  

i d e n t i f i e d  f o r  s p e c t r a .  O r ig in a l  sequence i d e n t i f i c a t i o n  was done 

by F l e i s c h e r  and Schulz (2 3 ,2 4 ) .  In some i n s t a n c e s ,  s i g n a l s  due to 

formaldehyde (196 ppm) and formic ac id  (164 ppm) were observed in 13C
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d e g rad a t io n  s p e c t r a .

To a s s i s t  in th e  assignment of the  p ro ton  s p e c t r a ,  a 

tw o-d im en t iona l  NiR experiment  was performed. The exper iment ,  COSY 

(homonuclear s h i f t - c o r r e l a t e d  s p e c t ro s c o p y ) ,  i s  commonly used to  

s e p a r a t e  chemical  s h i f t s  and sp in  coup l ing  e f f e c t s  by d i s p l a y i n g  them 

in two o r th o g o n a l  f requency dimensions  , w2 (25) .  F igure  3 .5  g ives  

th e  COSY spectrum f o r  the  model ccwpcund degraded by hydroperoxide .

13C and *fl s p e c t r a  of model compounds a re  compared with t h e i r  

co r respond ing  d e g rad a t io n  p roduc ts  in F igures  3 .6  and 3 .7 .  An extended 

s e r i e s  of ‘ H s p e c t r a  of  degraded model p o ly a c e t a l  i s  p re sen ted  in 

F igure  3 .8 .  These s p e c t r a  r e f l e c t  the  p ro g res s  of  the  d e g ra d a t io n  pas t  

the  p o in t  when polymer i s  no longer  p r e s e n t .  The s ig n a l s  in the  upper 

s p e c t r a  a re  due only t o  deg rad a t io n  p roduc ts .

3 - Id Discuss ion

On f i r s t  o b s e rv a t io n  of th e  l3C and *H s p e c t r a  of the  degrading  

p o l y a c e t a l ,  the  sequence MIRER in 13C s p e c t r a  (F igu res  3.1 and 3 .2 )  and 

the  sequence RIM in s p e c t r a  (F igures  3 .3  and 3 .4 )  appear  to  be the  

most s t a b l e  m i c r o s t r u c tu r e s .  These o b se rv a t io n s  a r e  not i n t e r n a l l y  

c o n s i s t e n t ,  i . e  the  oxymethylene carbon in th e  t r i a d  (A) cannot be 

t h e  same oxymethylene carbon in the  l3C pentad ( B ) .

(A) ~~~CH j 0- CH j 0- CH j

R R R
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F i g u r e  3.1

t3C NMR s p e c t r a  of degrading model p o ly a c e t a l ,  
s p e c t r a  of sample with i n c r e a s in g  degree  of deg rad a t io n  appear  in 

ascending o rde r  (DMSO d a, heated  a t  126°C with t r i f l u o r o a c e t i c  acid)  
(200 scans ,  15 minute wai t ing  time between s p e c t ra )
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Figure  3.2

13C NMR s p e c t r a  of degrading  model p o l y a c e t a l ,  s p e c t r a  of sample with 
in c re a s in g  degree  of  d eg rada t ion  appear  in ascending o rde r  (DBSO-dg, 
heated a t  126°C with hydroperoxide)  (200 scans ,  15 minute w ai t ing  time 
between s p e c t r a ,  45 minutes between 2 upper most s p e c t r a )
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F igure  3.3

*H NMR s p e c t r a  of degrad ing  model p o l y a c e t a l ,  s p e c t r a  of sample with 
i n c re a s in g  degree of d e g ra d a t io n  appear  in ascending  order  (DMSO dg, 
heated  a t  126°C with t r i f l u o r o a c e t i c  ac id )  (64 sc an s ,  30 minute 
w a i t in g  time between s p e c t r a )
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Figure  3.4

‘H N i l  s p e c t r a  of degrading model p o l y a c e t a l ,  s p e c t r a  of sample with
i n c re a s in g  degree of  d e g ra d a t io n  appear  in ascending o rd e r  (DMSO-da, 
hea ted  a t  126°C with hydroperoxide)  (64 scans ,  30 minute w a i t ing  time 
between s p e c t r a )
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( B )  wwfvCJ j  o  - C H j O - C H j  0 ~ C H )  CH j f l —
M i l  E l

where I  - -CH20-
E - —CBj CHj O—

This su g g es t s  th e  p o s s i b i l i t y  of sp e c ie s  f o r t u i t o u s l y  having the  same 

chemical s h i f t .

In th e  d e g ra d a t io n  s p e c t r a  th e  appearance of s e v e ra l  new s ig n a l s  

in the  oxymethylene and oxyethylene reg ions  of both the  l3C and *H 

s p e c t r a  a r e  observed .  Based on the  prev ious  d i s c u s s io n  of p o ly a c e ta l  

d e g r a d a t io n ,  i t  i s  expected t h a t  hydroxy endgroups, and e s p e c i a l l y  

hydroxyethyl  endgroups,  should grow in c o n c e n t r a t io n  as deg rad a t io n  

proceeds .  However, the  chemical s h i f t  of the  observed s ig n a l s  do not 

match those  of such groups.

The COSY 2D spectrum in F igure  3 .5  e s t a b l i s h e s  t h a t  the  observed 

s ig n a l s  a re  not due to  hydroxyethyl  endgroups. The in form at ion  given 

t h e r e i n  was importan t  f o r  d e t a i l e d  s p e c t r a l  ass ignment .  The 2D 

spectrum, devoid of o f f - d i a g o n a l  s i g n a l s ,  i n d i c a t e s  t h a t  t h e r e  is  no 

coupl ing  between any of the  four  p ro ton  s ig n a l s  in t h a t  spectrum.

These four  s i g n a l s  correspond to  p ro tons  3 , 4 ,5  and 6 in F igu res  3 .3 ,  

3 .4  and 3 .6 .  The absence of coupled s ig n a l s  e l i m i n a t e s  any 

non-symmetrical  oxyethylene u n i t s  such as ^ C H j CHj OH. Oxymethylene 

u n i t s  have oxygen on both s id e s  and a r e  not  expected  t o  show coupl ing .  

This  in fo rm at ion  g ives  s i g n i f i c a n t  h i n t s  as t o  the  o r i g i n s  of the  

observed s ig n a l s .  A f u r t h e r  r e s t r i c t i o n  i s  t h a t  t h e  ass ignments  fo r  

the
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Figure 3.5

COSY-2D NMR spectrum of degraded model p o l y a c e t a l ,
(DMSO-d*, 25°C)



13C and l H s p e c t r a  must,  of c o u r se ,  be c o n s i s t e n t  w i th in  the  system.

E v a lu a t in g  a l l  o f  the  known in fo rm at ion  and c o n s id e r in g  t h a t  the  

d e g ra d a t io n  i s  t a k i n g  p la c e  in s o l u t i o n ,  we propose a rea so n ab le  

e x p la n a t io n  f o r  the  o b s e rv a t io n s .  Compounds co r respond ing  to  known 

in fo rm a t ion  a re  c y c l i c  a c e t a l s  such as 1 , 3 - d io x o lan e  and 1,3,5-  

t r i o x e p a n e .

The ass ignments  were confirmed by the  i : C and ‘ H s p e c t r a  of  both 

compounds. Chemical s h i f t s  and s ig n a l  i n t e n s i t i e s  were in complete 

agreement with th e  observed s ig n a l s  in both the  13C and *H s p e c t r a ,  as 

demonstra ted  in  F ig u re s  3 .6  and 3 .7 .

Two a d d i t i o n a l  s i g n a l s  observed in F igures  3 .3 ,  3 .4  and 3 .8  but 

not in the  2D s p e c t r a  a re  l ik ew ise  ass igned  to  c y c l i c  compounds. These

/----- \
0 0

0 0

1 , 3 - d ioxo lane  (DOL) 1 , 3 , 5 - t r io x ep a n e  (TOP)

\

a re  1 , 3 , 5 - t r i o x a n e  and 1 , 3 , 5 , 7 - t e t r a o x a n e .

/ \

1 , 3 , 5 - t r i o x a n e  (TOX) 1 , 3 , 5 , 7 - t e t r a o x a n e  (TEX)

Again t h e r e  was complete agreement of chemical  s h i f t s  and s ig n a l  

i n t e n s i t i e s  in both  the  13C and s p e c t r a  (see  F ig u re s  3 .6  and 3 . 7 ) .
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Figure  3.6

‘H NMR s p e c t r a ,  comparing known compounds with degraded 
model copolymer (DBSO-de, 126°C)

A : t r io x a n e  and t e t r a o x a n e  
B : d ioxolane  and t r io x ep a n e  
C : degraded model p o ly a c e ta l



28

■0
r ' h  o  o  
° ^ °  v .  j

6 3

V e w v iH 'l'

r \  o  o

Y ),W r^ A V ^ \'̂ A "v V y l^ V \^ ’^ V 1̂ - VyY ,y '

degraded model p o ly a ce ta l

-t r 1------1-----]-----1-----1-----1------1------1-----r-----1------1------1------1-----1------1-----1------r

90  SO 70
PPr t

Figure  3.7

l3 C NMR s p e c t r a ,  comparing known compounds with degraded 
model copolymer (DMSO-dg, 126°C)

A : t r i o x a n e  and te t r a o x a n e  
B : d ioxo lane  and t r io x ep a n e  
C : degraded model p o ly a c e ta l
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Figure 3.8

'H s p e c t r a  of degrading  model p o ly a c e t a l  i l l u s t r a t i n g  the 
d e g ra d a t io n  of c y c l i c  a c e t a l  degrada t ion  p ro d u c ts ,  s p e c t r a  of sample 

with i n c re a s in g  degree of degrada t ion  appear in ascending order  
(DISO-de, hea ted  a t  126°C with t r i f l u o r o a c e t i c  ac id
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During the  l a t e r  s ta g e s  of d e g ra d a t io n  t h e r e  i s  a d ec rease  in the  

i n t e n s i t y  of  s i g n a l s  5 and 6 r e l a t i v e  to  3 and 4. Likewise ,  s ig n a l  1 

appears  t o  grow with r e s p e c t  t o  s ig n a l  2. These o b s e rv a t io n s  may be 

e x p la in ed  by c o n s id e r in g  th e  e q u i l i b r i u a

0 0 + C H 3 G
\ /
DDL formaldehyde

I t  was e x a c t l y  t h i s  r e a c t i o n  t h a t  was used to  s y n th e s i z e  the TOP used 

as a model compound for  i d e n t i f i c a t i o n  of d e g rad a t io n  p ro d u c ts .  I t  

appears  t h a t  under the  exper im en ta l  c o n d i t i o n s ,  the  e q u i l i b r iu m  s h i f t s  

to  the  l e f t .  A s i m i l a r  argument can be made t o  e x p la in  th e  d ec rease  in 

TEX s i g n a l s ,  i . e .  th e  e q u i l i b r i u a  a l s o  s h i f t s  in favo r  of the  sm a l le r  

r i n g .

A  ._________
+ C H i O  “  ° \ y ' ' °

TOX formaldehyde TEX

The p rocess  involved in t h e  d eg rad a t io n  can now be suggested  based 

on the  e s t a b l i s h e d  i d e n t i t y  of the  deg rad a t io n  p roduc ts  and the  

observed changes in s ig n a l  i n t e n s i t y .  The f i r s t  d e g r ad a t io n  p roduc ts  

t o  be observed a r e  ti le l a r g e r  r i n g s ,  i . e .  TEX and TOP. TOP emerges 

very qu ick ly  and remains  t h e  dominant p roduc t  u n t i l  i t  i s  l a t e r  

conver ted  t o  DOL. TEX a l s o  emerges qu ick ly  but  i t s  c o n c e n t r a t io n  grows 

a t  a much slower  r a t e .  These o b s e rv a t io n s  may be e x p la in ed  by the



31

pro c ess  known as  b a c k b i t i n g .  The fo rm at ion  of TOP by b a c k b i t in g  i s  

i l l u s t r a t e d  as  fo l lo w s :

j i w C H j — 0 — C H ? — 0 — C H } — 0 — C H 3 C H 3  *
A
B

- C H } — 0 — C H } * 
+

-CH;

0 0 

DOL

r ~ \

TOP

The p rocess  r e q u i r e s  s u f f i c i e n t  segmental motion of t h e  degrad ing  chain 

end so t h a t  i t  can a t t a c k  an oxygen of  i t s  own cha in .  The r e s u l t  i s  a 

TOP molecule  and a chain  end t h a t  con t inues  to  degrade .  TEX can be 

gen e ra ted  in a s i m i l a r  f a sh io n .

C H } — 0 — C H 3 — 0 — C H } — 0 — C H }  *
A
B

- C H 2 — 0 — C H } -CH} +

n
“x / 0

T O X

/ \

(  1
O x / f l

T E X
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The o b s e rv a t io n  t h a t  t h e r e  i s  *o much I cbs TEX and TOX than  DOL and 

TOP c l e a r l y  i n d i c a t e s  t h a t  unz ipp ing  of POI b locks  i s  f a s t e r  than 

b a c k b i t i n g .  I f  unzipping  cea se s  a t  an oxyethy lene  u n i t ,  and th e  chain  

end can b a c k b i t e ,  then  e i t h e r  OOP o r  TOP w i l l  be fo ra ed .

The k i n e t i c  behav io r  of d e g ra d a t io n  observed by NKft c l e a r l y  

e s t a b l i s h e s  th e  r e l a t i v e  s t a b i l i t i e s  of  d i f f e r e n t  sequences in the  

copolymer. Onits surrounded by s to p p e r  u n i t s  a r e  th e  a o s t  s t a b l e ,  and 

u n i t s  with fou r  o r  ao re  co n secu t iv e  oxymethylene u n i t s  a r e  the  l e a s t  

s t a b l e .  The d e g ra d a t io n  e x p e r i a e n t s  followed t h e  saae  r o u te  r e g a r d l e s s  

of whether  they were i n i t i a t e d  by ac id  or  hydroperoxide .  Again t h i s  i s  

not  unexpected s in ce  i t  has been shown t h a t  fo raa ld eh y d e  i s  ox id ized  to 

formic ac id  in t h e s e  systems (9 ) .

In both ac id  and hydroperoxide c a ta ly z e d  p o l y a c e t a l  d eg rad a t io n  

the  a u t o a c c e l e r a t o r y  n a tu r e  of the  p ro cess  i s  c l e a r l y  i l l u s t r a t e d .

Tha^ i s .  t h e  r a t e  of d i sappearance  of oxyaethy lene  u n i t s  i n c r e a s e s  

with t ime.  This  i s ,  of co u r se ,  a consequence of the  d e g ra d a t io n  

p roduc ts  formaldehyde and formic a c id .
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3 2 Formaldehyde Acceptors  

3 -2a Summary

The goal of  th iB i n v e s t i g a t i o n  was t o  develop a method fo r  

e v a l u a t i n g  fo rm aldehyde-accep t ing  s t a b i l i z e r s  t h a t  may be in co rp o ra ted  

in to  the  p o ly a c e t a l  system. Formaldehyde can r e a c t  with amines and 

amides to  form methylolamines  accord ing  to  the  fo l low ing  r e a c t i o n s :

H C H j O H
C M  I C M  I

— N H j  -* — N— C H j O H  - - - - - - - - - - - - - - - - - - - - - * — N— C H j O H

H CH30B
I c m  |

— N— CO— ----------► — N— CO—

Based on acce p to r -a d d u c t  e q u i l ib r iu m  s t u d i e s ,  e f f i c i e n c y  of  the  family 

of a c c e p to r s  p re sen ted  in F igure  3 .9  rank in the  fo l low ing  o rde r :

CNG > melamine > CTO guanamine > benzoguanamine > caprinoguanamine 2  

butyroguanamine 2  p ropioguanaaine  2  acetoguanamine 2 d i a c e t y l  melamine 

> t r i a c e t y l  melamine. The a lk y l  s u b s t i t u t e d  guanamines d id  not  perform 

well  and a re  cons ide red  u n s u i t a b l e  f o r  r e a c t i o n  with formaldehyde a t  

t h e  p ro ce ss in g  tem pera tu re  of  a c e t a l  copolymers.  Under r e a c t i o n  

c o n d i t i o n s ,  the  amide groups of t r i -  and d i a c e t y l  melamine d id  not 

r e a c t  with formaldehyde. The fou r  o th e r  a c c e p to r s  were e f f e c t i v e  to  

va ry ing  d e g rees .  Judgement of a c c e p to r  e f f i c i e n c y  i s  based on the  

r a t i o  of weight l o s s  t o  p e rc en t  weight of bound formaldehyde.  Veight 

l o s s  was de termined by therm ograv im etr ic  a n a l y s i s .  Bound formaldehyde 

was determined v ia  t i t r a t i o n  of  an aqueous formaldehyde s o l u t i o n  before
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Compounds ev a lu a te d  f o r  use as p o ly a c e t a l  s t a b i l i z e r s
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and a f t e r  r e a c t i o n  with water  s o lu b le  a c c e p to r s  or  by comparison of ‘ H 

N i l  s p e c t r a  b e fo re  and a f t e r  exposure  t o  formaldehyde in t h e  form of a 

s o l u t i o n  of paraform in h ex a f lu o ro i so p ro p an o l  a t  room tem pera tu re .

3 2b Experimental

3 - 2 b - l  S o l id  phase r e a c t i o n s

The g e n e r a l  s t r a t e g y  was f i r s t  t o  examine r e a g en ts  a t  220°C and to  

observe  any changes in p h y s ica l  or  chemical p r o p e r t i e s  in the  absence 

of  formaldehyde.  A f te r  the  e f f e c t  of hea t  on the  r e a g e n t s  a lone  was 

observed ,  formaldehyde gas was genera ted  in th e  presence  of the  

p o t e n t i a l  s t a b i l i z e r  and changes in the  system were observed .

Reac t ions  were c a r r i e d  out in a modified Par r  bomb. (F igure  3 .10)

A 13 X 100 mm t e s t  tube  was suspended from the  l i d  of th e  r e a c t o r  

with a s t e e l  w ire .  In t h i s  t e s t  tube were p laced  t r i o x a n e  and n i t r i c  

a c id .  This  m o d i f i c a t io n  was made because i t  was necessa ry  to  use an 

ac id  to  c a t a l y z e  the  g e n e ra t io n  of formaldehyde and a t  the  same time 

keep the  a c id  away from th e  r e s t  of t h e  system.  In o rd e r  t o  f a c i l i t a t e  

th e  c le an in g  of the  r e a c t o r ,  a  g l a s s  beaker  was used to  c o n ta in  the  

p o t e n t i a l  s t a b i l i z e r .  An a d d i t i o n a l  m o d i f i c a t io n  of the  system was 

made by p la c in g  an 18 X 150 mm t e s t  tube around the  s h a f t  of the  

s t i r r e r .  This  was done to  p rov ide  a s u r f a c e  f o r  the  d e p o s i t i o n  of 

vapor ized  components.  Since th e  m a te r i a l  was not d e p o s i te d  on the  

r e a c t o r  i t s e l f ,  i t  was much e a s i e r  to  r e c o v e r .  Unreacted formaldehyde 

was scrubbed by bubb l ing  through a s o lu t i o n  of sodium s u l f i t e .
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n i t ro g e n  gas  i n l e t

s t e e l  wire

13 X 100 nun 
t e s t  tube

t r i o x a n e  and 
n i t r i c  ac id

gas o u t l e t  

< --------

18 X 150 mm t e s t  tube

s t i r r e r  s h a f t  
( p r o p e l l e r  removed)

thermocouple probe well

g l a s s  beaker

s t a b i l i z e r

Figure  3.10 

Modified P a r r  bomb r e a c t o r
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3 2 b -2 S o lu t io n  phase r e a c t i o n s  

3 2b-2a Aqueous r e a c t i o n  system

The m a t e r i a l  recovered  a t  t h e  end of t h e  r e a c t i o n s  in the  P a r r  

bomb was a  mix ture  of addnc t ,  un reac ted  s t a b i l i z e r ,  and p o s s ib ly  

polyoxymethlyene.  In o r d e r  to  s im p l i fy  the  i s o l a t i o n  of t h e  ad d u c ts ,  

th e  r e a c t i o n s  were done in s o l u t i o n .  These were accomplished by 

d i s s o l v i n g  approximate ly  0.01 mole of  s t a b i l i z e r  in an aqueous 

formaldehyde s o lu t i o n  (pH a d ju s t e d  to  8 .5  to  p reven t  p o ly m e r i z a t io n ) .

The formaldehyde s o lu t i o n  was prepared  by d i s s o l v i n g  paraform in 

d i s t i l l e d  water  (26 ) .  The m ix ture  was r e f lu x e d  in a round bottom f l a s k  

f i t t e d  with a condenser ,  and then al lowed to  co o l .  The cooled  s o lu t i o n  

was then  f i l t e r e d  to  remove any und isso lved  paraform. The formaldehyde 

c o n te n t  of  t h e  s o l u t i o n  was de termined by r e a c t i n g  an a l i q u o t  with 

sodium s u l f i t e  and t i t r a t i n g  with s tanda rd  ac id  to  a thym olph tha le in  

end p o in t  (27) :

CH20(aq)  + Na 2 s 0 3  + H2° “  Na0H + CH2 (NaS03 )0H 

The r e a c t i o n s  of  formaldehyde with ac c e p to r s  were c a r r i e d  out  in a 

50 mL round bottom f l a s k  f i t t e d  with a condenser .  The m ix tures  were 

hea ted  to  a t em pera tu re  of  65°C in an o i l  bath u n t i l  c l e a r  s o l u t i o n s  

were o b ta in e d .  The r e s u l t i n g  s o lu t i o n s  were then  t r a n s f e r r e d  to  50 mL 

Erlenmeyer f l a s k s  f o r  f u r t h e r  o b s e rv a t io n .

The cho ice  of r e a c t i o n  c o n d i t io n s  was based on th e  knowledge t h a t  

melamine can r e a c t  with almost  n e u t r a l  o r  m i ld ly  a l k a l i n e  formaldehyde 

s o lu t i o n s  to  produce methylolmelamines.  From one to  s ix  moles of 

formaldehyde can r e a c t  with  one mole of melamine, a p p a r e n t ly  y i e l d i n g  

a l l  of the  methylo l  d e r i v a t i v e s  t h e o r e t i c a l l y  p o s s i b l e .  According to
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the  l i t e r a t u r e ,  hexaaethylo lmelaa ine  can be o b t a i n e d  by d i s s o lv in g  0.1 

mole of mel&aine in 0 ,8  mole of  n e u t r a l  f o r a a l d e h y d e  while hea t in g  in a 

b o i l in g  water bath f o r  10 a i n u t e s .  The c r y s t a l l i n e  product should 

g ra d u a l ly  c r y s t a l l i z e  over the  course of two days a n d  then be f i l t e r e d  

from solu t ion ,washed  with a lc o h o l ,  and d r ied  a t  6 0 °  C fo r  f iv e  hours 

(27).  Another procedure  c a l l s  f o r  the  d i s s o l u t i o n  o f  the a e la a in e  in 

s l i g h t l y  a l k a l i n e  (pH=8.0 to  8 .5)  foraaldehyde s o l u t i o n  and h ea t ing  to 

a temperature  of 50 to~S5°C (28).  The l a t t e r  p r o c e d u r e  was used in 

t h i s  i n v e s t i g a t i o n .  The p r e c i p i t a t e s  from each s o l u t i o n  were f i l t e r e d  

and d r ie d  under vacuum a t  50°C f o r  f iv e  hours.

In o rder  to  determine the approximate number o f  moles of 

formaldehyde consumed by each accep to r ,  the  s o l u t i o n s  were t i t r a t e d  in 

the  same manner as the  o r ig i n a l  formaldehyde s o l u t i o n  ( i . e .  by add i t io n  

of  s u l f i t e  and t i t r a t i o n  with s tandard acid  to a t h y m o lp h th a l e in  

en d p o in t ) .  The amount of formaldehyde was d e t e r m i n e d  by c a l c u l a t i n g  

the  d i f f e r e n c e  between the  n i t i a l  and f i n a l  c o n c e n t r a t i o n  of 

formaldehyde in th e  r e a c t io n  s o lu t io n .

3 -2b-2b Nonaqueous r e a c t io n  system 

3-2b-2b-1 Sample P repara t ion

Sample p re p a ra t io n  f o r  formaldehyde uptake e x p e r i m e n t s  was c a r r i e d  

out as fo l low s .  Paraform and s t a b i l i z e r s  were d i s s o l v e d  in a minimum 

volume of hexaf luo ro isop ropano l ,  HFIP. Table 3.1 g i v e s  the q u a n t i t i e s  

used fo r  each s o lu t io n .  The values  chosen f o r  p a r a f o r m  are such t h a t  a 

s u f f i c i e n t  amount of formaldehyde was provided f o r  r e a c t i o n  with amine 

and /or  amide without  excess .  Samples were s t i r r e d  i n  a s toppered 12 I
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by s lowly  dropping  th e  r e a c t i o n  a i x t u r e  onto a watch g l a s s .  Care was 

taken  to  keep th e  a r e a  of the  r e s id u e  t o  a a i n i a u a  to  f a c i l i t a t e  

c o l l e c t i o n  when d ry .  Regaining s o lv en t  was removed by h ea t in g  the 

sample a t  60°C under vacuua f o r  4 hours .

Table 3 .1 :  C oapos i t ion  of s t a b i l i z e r / p a r a f o r a  s o l u t i o n s  f o r
non-aqueous aethod of s t a b i l i z e r  e v a lu a t io n

S t a b i l i z e r S t a b i l i z e r  (g) Paraform (g) BFIP (mL)

D iace ty l  Melamine 0.1 0.06 1.0

T r i a c e t y l  Melamine 0.1 0.04 1.5

Propioguanamine 0.1 0.06 1.0

Benzoguanamine 0.1 0.08 1.0

3 -2b -2b-2 NMR samples

DMSO-da s o l u t i o n s  of each s ta b i l i z e r /C B jO  adduct  were p repared  in 

5 mm tu b e s .  ‘B NMR s p e c t r a  of s t a b i l i z e r s  b e fo re  and a f t e r  exposure to  

fo raa ld eh y d e  were ob ta in ed  on an IBM 200 SY NMR s p ec t ro m e te r .  I n t e ­

g r a t i o n  was performed us ing  Bruker so f tw are .  Proper  parameters  e .g .  

p u l se  ang les  and r e l a x a t i o n  d e l a y ,  were s e l e c t e d  to  permit  semi 

q u a n t i t a t i v e  comparison among a b s o rp t io n  peaks.

3 - 2b-3 T h e r a o g r a v ia e t r i c  a n a l y s i s

T h e r a o g r a v i a e t r i c  a n a l y s i s  was c a r r i e d  out  on samples ob ta ined  by 

the  aqueous and non-aqueous methods. The c o n d i t io n s  f o r  the  a n a l y s i s
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a re  given as fo l lo w s :  

Tine c o n s ta n t :  1 Range:

X-axis :

2 mV/min 

10°C/cmPrograa  r a t e :  10°C/ain

Nj Flow Rate: 50 aL /a in Teap e ra tu re  Range: 40-280°C

3 - 2c R esu l t s

3 - 2 c - 1 S o l id  phase s tu d i e s

The two samples chosen f o r  i n i t i a l  a n a l y s i s  were the  pa ren t  

compound, melamine, and one of the  a lk y l  d e r i v a t i v e s ,  cap r ino  

guanamine. The a n a l y s i s  of melamine was complicated  by the  f a c t  t h a t  

i t  sublimes a t  e l e v a t e d  tem pera tu re s .  The time re q u i re d  f o r  the  

removal of condensed a e l a a i n e  from the bomb i n t e r i o r  and more 

im p o r tan t ly  from th e  gas  i n l e t  and o u t l e t ,  led  t o  very low sample 

th roughpu t .  Samples hea ted  to  h igher  t e m p e ra tu re s ,  i . e .  270°C, became 

s l i g h t l y  caked, p o s s i b l y  caused by s e l f - c o n d e n s a t io n  (29) .  Melamine/ 

CHjO adduc ts  were found to  be i n s o lu b le  in water  and in HFIP, 

i n d i c a t i n g  t h a t  c r o s s l i n k i n g  had occur red .

For capr inoguanamine,  i t  was observed t h a t  on h e a t in g  to  220°C ( in  

the  absence of formaldehyde) th e  sample had blackened and become 

v iscous .  M a te r i a l  d e p o s i te d  on th e  upper p o r t io n  of  the r e a c t o r  wal ls  

was o f f - w h i t e  in c o lo r  and had a waxy t e x t u r e .  The decomposit ion of 

the  s t a b i l i z e r  in th e  bomb i s  c o n s i s t e n t  with th e  r e s u l t s  of th e  TGA 

thermogram of caprinoguanamine (F igure  3 .12)  which c l e a r l y  shows the  

i n h e re n t  i n s t a b i l i t y  of  t h e  compound.
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3 - 2 c - 2 S o lu t io n  phase produc ts  

3 - 2c-2a  Aqueous r e a c t i o n  system

In t h i s  method, water  s o lu b le  s aa p le s  were r e a c te d  with aqueous 

fo raa ld eh y d e .  Melaaine/CHjO adducts  were expected t o  p r e c i p i t a t e  

w i th in  two days based on l i t e r a t u r e  r e p o r t s  (27) .  The product  was 

observed to  p r e c i p i t a t e  in l e s s  than one day.  Other adduc ts  a l s o  

p r e c i p i t a t e d  r e l a t i v e l y  r a p i d l y ,  while s t i l l  o th e r s  re q u i red  n e a r ly  a 

week (see  Table 3 . 2 ) .

All adducts  were s o lu b le  in water  and DISO; a o s t  were so lu b le  in 

DMF. All  were i n s o lu b le  in c h l o r o f o r a ,  and excep t  fo r  the  

caprinoguanamine adduc t ,  were a l so  in s o lu b le  in THF (see  Table  3 .3 ) .

Formaldehyde uptake by each s t a b i l i z e r  was c a l c u l a t e d  from the 

d i f f e r e n c e  in fo raa ldehyde  c o n c e n t r a t io n  of the  s ta n d a rd iz e d  s o lu t i o n  

b e fo re  and a f t e r  r e a c t i o n  with each s t a b i l i z e r .  R e su l t s  a re  p re sen te d  

in Table 3 .4 .

The r e s u l t s  of t h e r a o g r a v i a e t r i c  a n a l y s i s  of adduc ts  a re  given in 

Table 3 .5 .  l a s s  lo s s e s  a re  g iven  fo r  two t e m p e r a t u r e s , i . e .  210°C and 

270°C. TGA thermograms ob ta in ed  be fo re  and a f t e r  exposure  to  

formaldehyde a r e  p re se n ted  in FigureB 3.11 and 3.12.

3 - 2c-2b Nonaqueous r e a c t i o n  s y s t e a

S e a i q u a n t i f i c a t i o n  of  formaldehyde uptake was accomplished by 

i n t e g r a t i o n  of NMR s p e c t r a  of  s t a b i l i z e r / C H ] 0  ad d u c ts .  S p e c t r a  of 

s t a b i l i z e r s  b e fo re  and a f t e r  exposure  to  fo raa ldehyde  a r e  p re sen ted  in 

F ig u re s  3 .13 ,  3 .14 ,  3 .17 ,  and 3 .18 .  TGA th e ra o g raa s  f o r  aa ide  

s t a b i l i z e r s  b e fo re  and a f t e r  exposure  t o  fo raa ldehyde  a re  given in 

F igu res  3 .16 and 3 .17 .  Thermograms comparing the  r e s u l t s  of adducts
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Table 3 .2  : S o l u b i l i t y  of adducts  formed by aqueous 
■ethod of s t a b i l i z e r  e v a lu a t io n

Adduct DXF THF Chloroform DISO Hot water

Helaaine/CHjO i i i s s

Benzoguanamine/CHjO vs i i vs s

Acetoguanamine/CHjO ss i i s s

Propioguanamine/CHjO ss i i s s

Butyroguanamine/CHjO ss i i s s

Capr inoguanamine/CH2 0 s s i s s

CTU Guanaaine/GHjO vs i i vs s

CNG/CHjO ss i i s vs

i - i n so lu b le  s - so lu b le
ss  = s l i g h t l y  s o lu b le  vs = very so lu b le

Table  3 .3  : Time re q u i re d  f o r  p r e c i p i t a t i o n  of adducts  formed by 
aqueous method of s t a b i l i z e r  e v a lu a t io n

Adduct Days necessary  f o r  pptn.  to  occur

Helamine/CHjO < 1 day

Benzoguanaaine/CH2 0 < 1 day

Acetoguanaaine/CHjO 4 days

Propioguanamine/CH20 6 days

Butyroguanamine/CHjO 3 days

Caprinoguanamine/CHjO < 1 day

CTU guanamine/CHiO < 1 day

CNG/CHjO 6 days
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Table  3 .4  : Foraaldehyde uptake by s t a b i l i z e r s  in
aqueous aethod of  fo raa ldehyde  e v a lu a t io n

S t a b i l i z e r  a o l e s  C ^ O / a o l e s  s t a b i l i z e r  g ra a s  Cf^O/graa adduct

Melaaine 5.04 * 0.03 0.569 * 0.002

Benzoguanaaine 3.37 ± 0.03 0.373 ± 0.002

Acetoguanaaine 1.68 * 0 ,46 0.303 * 0.058

Propioguanaaine 1.96 * 0.01 0.317 * 0.001

Butyroguanaaine 2.23 ± 0.19 0.334 ± 0.009

Caprinoguanaaine 2.56 * 0 .35 0.264 ± 0.026

CTU guanaaine 4.66 ± 0 .35 0.261 * 0.014

CNG 1.24 ± 0 .12 0.328 * 0.020

Table  3 .5  : TGA weight l o s s e s  f o r  adducts  ob ta in ed  by 
aqueous aethod of s t a b i l i z e r  e v a lu a t io n

Adduct 7. a a s s  l o s t  7. mass l o s t
a t  210°C a t  270°C

Ielamine/CH20 20 32

Benzoguanaaine/CHjO 31 32

Acetoguanaaine/CHjO 44 47

Propioguanaaine/CHjO 42 45

Butyroguanaaine/CHjO 47 51

Caprinoguanaaine/CH20 20 35 '■

CTU guanaaine/CHjO 15 26

CNG/CM 7 17
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ob ta ined  by th e  aqueous and nonaqueous r e a c t i o n  systems a r e  p re se n te d  

in F ig u re s  3 .20  and 3 .21 .

3-2d D iscuss ion  and conc lus ions

S o lu t io n  phase i n v e s t i g a t i o n s  mainly r e f l e c t  the  in h e re n t  a b i l i t y  

of th e  a c c e p to r s  t o  r e a c t  with  fo raa ld eh y d e .  The a c c e p to r s  s tu d i e d  by 

the aqueous ae thod  in c lu d e  CNG and s i x  coapounds s t r u c t u r a l l y  r e l a t e d  

to  a e l a a i n e .  On a  a o l a r  b a s i s ,  th e  nuaber  of fo raa ld eh y d e  a o l e c u l e s  

r eac ted  per  a c c e p to r  a o l e c u l e  should  be r e l a t e d  t o  th e  nuaber  of amine 

groups a v a i l a b l e .  Thus, a e l a a i n e  and CTU guanaaine r e a c t  with more 

fo raa ldehyde  a o l e c u l e s  than b u ty roguanaa ine ,  f o r  example. Based on t h i s  

approach we would expec t  t h a t  benzoguanaaine and b u ty roguanaa ine ,  

having equal  nuaber  of  aa ine  groups a v a i l a b l e ,  should r e a c t  with equal  

amounts o f  f o r a a ld e h y d e .  E x pe r im en ta l ly ,  i t  i s  le a rned  t h a t  

benzoguanaaine i s  more r e a c t i v e  towards fo raa ldehyde  than 

butyroguanamine, as well  as aceto-  , propio-  , and caprinoguanamine.

These o b s e rv a t i o n s  may be r e l a t e d  to  e l e c t r o n  d e n s i ty  of th e  amino 

groups and the  s o l u b i l i t y  of the  a c c e p to r s  and ad d u c ts ,  among o th e r  

f a c t o r s .

I t  was observed t h a t  each s t a b i l i z e r  gave a c l e a r  s o l u t i o n  when 

r e a c t e d  with aqueous formaldehyde a t  60°C. This  i n d i c a t e s  t h a t  water  

s o lu b le - a d d u c t s  were formed. Adducts p r e c i p i t a t e d  over  v a r io u s  pe r iods  

o f  t ime depending on t h e  a c c e p to r ,  when a l lowed t o  s tand  a t  room 

t e m p e ra tu re .  All of  t h e  i s o l a t e d  p ro d u c ts  can be r e d i s s o lv e d  in hot 

w a te r .  Two of t h e  f a c t o r s  in f lu e n c in g  th e  t ime necessa ry  f o r  

p r e c i p i t a t i o n  a r e  th e  symmetry of th e  a d d u c t ’ s molecular  s t r u c t u r e  and
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th e  a d d u c t ’s hyd rophob ic i ty .

In th e  case  of  a e l a a i n e ,  th e  adducts  should be r e l a t i v e l y  

sy m a e t r i c a l  and should f i t  wel l  i n to  the  c r y s t a l  l a t t i c e .  The 

caprinoguanamine adduc t ,  though l e s s  s y a a e t r i c ,  d id  not  r e a a in  in 

s o lu t i o n  when cooled because of i t s  l a r g e  a l i p h a t i c  s u b s t i t u e n t .  Other 

adduc ts  a r e  e f f e c t e d  by th e s e  f a c t o r s  t o  d i f f e r e n t  d e g rees .  For 

i n s t a n c e ,  ace toguanaa ine  i s  ao re  symmetr ical than bu ty roguanaa ine ,  ye t  

i t s  adduct t ak e s  longer  t o  p r e c i p i t a t e .  Here, perhaps ,  the  

h yd rophob ic i ty  a c te d  as  a ao re  i a p o r t a n t  f a c t o r .

Vhen an aa ine  group in a e l a a i n e  i s  r ep laced  by an a lk y l  

s u b s t i t u e n t ,  th e  nuaber  of fo raa ldehyde  a o l e c u le s  lowered f ro a  f iv e  fo r  

t h e  p a r e n t  molecule  to  ca .  two (see  Table 3 . 5 ) .  However, when the 

s u b s t i t u e n t  group i s  a benzene r i n g ,  the  nuaber of  formaldehyde u n i t s  

r e a c te d  i s  t h r e e .  The h igher  e f f i c i e n c y  fo r  benzoguanaaine may be 

caused by i t s  e l e c t r o n i c  s t r u c t u r e ,  which i s  markedly d i f f e r e n t  from 

the  a lk y l  groups .  Resonance from the benzene r in g  may se rve  to  be 

e l e c t r o n  d o n a t in g  than  the  a lk y l  g roups ,  and may a c t i v a t e  the  amines 

toward r e a c t i o n  with fo raa ldehyde .

The s e r i e s  of TGA exper iments  r e f l e c t s  the  s t a b i l i t y  of the  

adduc ts  once formed. There e x i s t s  an e q u i l i b r iu m  f o r  each 

a c c ep to r -a d d u c t  s y s t e a  :

Acceptor + CHjO £ Adduct

I t  i s  d e s i r a b l e  to  f in d  a s y s t e a  whose e q u i l ib r iu m  fav o rs  th e  formation 

of  the  adduct a t  high tem pera tu res  ( i . e .  210°C). The TGA thermogram 

i n d i c a t e s  t h a t  ace toguanaa ine ,  prop ioguanaaine  and butyroguanamine (see
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Figure  3 .11)  each lo se  a l l  of  t h e i r  fo raa ldehyde  between the  

t em p era tu re s  of  150-180°C and a r e  not s u i t a b l e  f o r  s t a b i l i z i n g  a c e t a l  

copolymers.  Caprinoguanamine a l s o  seems to  be u n s u i t a b l e  because i t  

not  only g ives  up i t s  fo raa ldehyde  be fo re  210°C, but a l s o  appears  to  

decompose f u r t h e r .  The ye l low ish  co lo r  of the a cc e p to r  and the  adduct 

a l s o  make i t  an u n l i k e l y  can d id a te  f o r  s t a b i l i z a t i o n .  The adduct of 

CTU guanaaine  begins  to  show weight lo s s  a t  150°C. At 210 C i t  r e l e a s e s  

o n e - h a l f  of  i t s  bound formaldehyde.  I t s  performance i s  a t  the  same 

l e v e l  as melamine. The weight loss  between 60 and 90°C f o r  the  CTU 

guanamine adduct  i s ,  pe rhaps ,  caused by d eg rada t ion  of  the  a cc ep to r  

i t s e l f  ( see  Figure 3 .1 2 ) .  Based on thermal  a n a l y s i s ,  the  most e f f i c i e n t  

a c c e p to r s  in the  melamine s e r i e s  rank as fo l low s :  melamine > CTU 

guanamine > benzoguanamine. The a ccep to r  CNG, not d i r e c t l y  r e l a t e d  to 

the  melamine s e r i e s ,  shows the  bes t  performance. Vhen e v a lu a t in g  

thermograms, c o n s id e ra t i o n  must be given to  the  amount of bound 

formaldehyde as wel l  as  th e  th e  amount l o s t  on h e a t in g .

The ‘ H N i l  s p e c t r a  p re sen ted  in F igures  3.13 and 3.14 in d i c a t e  

t h a t  only one of th e  two amide c o n ta in in g  s t a b i l i z e r s  r e a c te d  with 

formaldehyde.  I t  can be seen in F igure  3.13A t h a t  t h e r e  i s  n e i t h e r  a 

d ec rease  in the  r a t i o  of the  a re a s  of the  Ha a jde to  Ha e t hyi s i g n a l s  (as 

compared to  Figure  3.13B) nor i s  any new s ig n a l  observed .  These 

o b s e rv a t io n s  sugges t  t h a t  th e  amide groups of t r i a c e t y l  melamine were 

not  r e a c t i v e  towards CH2 O under exper im en ta l  c o n d i t i o n s .

TGA thermograms s i m i l a r l y  i n d i c a t e  t h a t  t h e r e  i s  no d i f f e r e n c e  

between t r i a c e t y l  melamine b e fo re  and a f t e r  exposure to  formaldehyde
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Figure  3.11

TGA thermograms of water s o lu b le  s t a b i l i z e r s  a f t e r  exposure 
to  formaldehyde,  (h ea t in g  r a t e  = 10°C/min)

A : CTU guanamine 
B : melamine 
C : cyanoguanamine 
D : benzoguanamine

E : caprinoguanamine 
F : propioguanamine 
G : acetoguanamine 
H : butyroguanamine
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Figure 3 .12

TCA thermograms of water so lu b le  s t a b i l i z e r s  before  exposure 
t o  formaldehyde,  (h e a t in g  r a t e  = 10°C/mni)

k : CTU guanamine E : caprinoguanamine
B : melamine F : propioguanamine
C : cyanoguanamine G : acetoguanamine
D : benzoguanamine H : butyroguanamine
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( see  F igure  3 .1 5 ) .  The weight l o s s  t h a t  occurs  a t  approx imate ly  10G°C 

is  a t t r i b u t e d  to  l o s s  of  water no t  removed on vacuum d ry in g .

In sha rp  c o n t r a s t  to  t r i a c e t y l  melamine, d i a c e t y l  melamine shows a 

marked change in i t s  ‘ H NIR spectrum a f t e r  exposure  to  formaldehyde 

F igure  3 .1 4 ) .  F i r s t ,  one observes  a s i g n i f i c a n t  d e c re a se  in th e  r a t i o  

of  the  flaaine t o  H»e t hyi peak a r e a s .  Second, new s i g n a l s  appear  in the  

reg io n  of  4 .5  5 .5  ppm. These s ig n a l s  a r e  a s s ig n ed  to  aminomethylol 

groups (-NH-CH2 OH) g e n e ra te d  by r e a c t i o n  of formaldehyde with th e  amine 

group.  As was observed f o r  d i a c e t y l  melamine, th e  amide groups does 

not appear  to  be r e a c t i v e  towards formaldehyde.  Comparison of th e  a r e a  

of  th e  methylo l  CBa s ig n a l  (3 u n i t s )  to  toe  a c e t y l  CB3 s ig n a l  (6 

u n i t s ) ,  r e v e a l s  t h a t  approximate ly  1.5 moles of formaldehyde r e ac ted  

with each mole of d i a c e t y l  melamine. This  corresponds  to  0 .18 g CH2 O 

per  gram of  s t a b i l i z e r .

The TGA thermograms of d i a c e t y l  melamine and i t s  formaldehyde 

adduct  a l s o  show a s t r i k i n g  d i f f e r e n c e .  The unreac ted  s t a b i l i z e r  

begins  to  lo s e  mass a t  240°C, whereas the  d r i e d  adduct shows two 

r eg ions  of  mass l o s s  ( see  F igure  3 .1 6 ) .  A mass l o s s  of approximate ly  

47. was caused by water  l o s s  between 100 and 110°C. A mass l o s s  of 

approximate ly  207. due to  an o th e r  s p e c i e s ,  presumably formaldehyde, 

occurs  between 130 and 170°C. This  207, mass l o s s  i s  c o n s i s t e n t  with 

th e  l o s s  of  1.5 methylol  u n i t s  per  molecule of d i a c e t y l  melamine and 

suppor ts  th e  va lue  ob ta ined  by NIK a n a l y s i s .

Based on NMR and thermal  a n a l y s i s  i t  i s  concluded t h a t  each mole 

of d i a c e t y l  melamine r e a c t s  with 1.5 mole of formaldehyde and lo s e s  a l l  

bound formaldehyde a t  tem pera tu res  lower than 170°C.
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*H NMR s p e c t r a  of t r i a c e ty lm e la m in e  (DKSO-da, 25°C)

A : a f t e r  exposure to formaldehyde
B : before exposure to  formaldehyde
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Figure  3.14

‘ fl NMR s p e c t r a  of d iacety lmelamine (DMS0-ds , 25°C)

A : a f t e r  exposure to formaldehyde
B : before exposure to formaldehyde
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Figure 3.15

TGA thermogram of t r i a c e t y l  melamine (h e a t in g  r a t e

A : a f te r  exposure to  formaldehyde
B : before exposure to  formaldehyde

= 10°C/min)
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Figure 3.16

TGA thermogram of d i a c e t y l  melamine (hea t i ng  r a t e  = 10°C/min)

A : a f te r  exposure to formaldehyde
B : before exposure to  formaldehyde
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The >H NMR s p e c t r a  f o r  propioguanamine and benzoguanaaine b e f o r e  

and a f t e r  exposure  t o  fo raa ldehyde  v i a  th e  nonaqueous ae thod ,  a r e  given 

in F ig u re s  3 .17  and 3 .1 8 .  These s p e c t r a  i n d i c a t e  t h a t  th e  e x p e r i a e n t a l  

c o n d i t i o n s  a re  conducive  t o  r e a c t i o n  with  fo raa ld eh y d e .  This  i s  

ev idenced  by t h e  absence of t h e  p r i a a r y  a a in e  s ig n a l  and t h e  p r e se n c e  

of a a i n o a e t h y l o l  s i g n a l s  in both " a f t e r  exposure"  s p e c t r a .  

S e a i q u a n t i t a t i v e  d e t e r a i n a t i o n  of th e  aaount  of  fo raa ld eh y d e  r e a c t e d  

with each s t a b i l i z e r  was accomplished by coapar ison  of the  a r e a  of  th e  

aminomethylol  CHj p ro ton  s ig n a l  with th o se  of the  a l k y l  o r  a rom at ic  

p ro ton  s i g n a l s  f o r  p rop ioguanaaine  and benzoguanaaine r e s p e c t i v e l y .

The l H NMR s p e c t r a  ob ta in ed  a f t e r  exposure  t o  formaldehyde i n d i c a t e s  

t h a t  approx im ate ly  2 moles of  CHjO r e a c t  with each a o l e  of 

propioguanamine , and t h a t  approximate  3 mole r e a c t  with each mole o f  

benzoguanamine.

The s p l i t t i n g s  in F igure  3.18A a re  a t t r i b u t a b l e  t o  v a r ious  

hydrogen bondings e . g .  aminomethylol - 0 i  with r i n g  n i t ro g e n :

H

L  »  I
' ■ * /

1C. ca
V '

1
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At h ig h e r  t em p e ra tu re s ,  molecular  motion i n c r e a s e s  and th e se  

i n t e r a c t i o n s  d e c re a se .  The absence of  s p l i t t i n g s  i s  c l e a r l y  

demonstra ted  in F igure  3.19 which g iv e s  th e  N i l  s p e c t r a  of the  

benzoguanamine/CHjO adduct  a t  room tem p era tu re  and a t  60°C.

TGA thermograms support  the  NIR r e s u l t s  and confirm t h a t  the  above 

d e s c r ib e d  method i s  comparable to  th e  p rev ious  method. F ig u res  3.20 

and 3.21 show comparisons of thermograms f o r  propioguanamine and 

benzoguanamine adducts  ob ta ined  by both methods. With in exper im enta l  

e r r o r ,  the  r e s u l t s  a re  e q u iv a l e n t .
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Figure  3.17

‘H NMR s p e c t r a  of propioguanamine (DMSO-da, 25°C)

A : a f t e r  exposure to formaldehyde
B : before exposure to  formaldehyde
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Figure  3.18

*H NMR s p e c t r a  of benzoguanamine ( DMSO-da, 25°C)

A : a f t e r  exposure to  formaldehyde
B : before exposure to formaldehyde
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Figure  3.19

>H NMR s p e c t r a  of benzoguanamine a f t e r  exposure 
to  formaldehyde [DMS0-dBj 126°C)

A : spectrum obta ined  a t  60°C 
B : spectrum obta ined  a t  25°C
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Figure  3 .20

TGA thermogram of propioguanamine (h e a t in g  r a t e  = 10°C/min)

A : adduct obtained from aqueous evaluation method
B : adduct obtained from non-aqueous evaluation method
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F i g u r e  3.21

TGA thermogram of benzoguanamine (hea t ing  r a t e  = lO°C/min)

A : adduct obtained from aqueous evaluation method
B : adduct obtained from non-aqueous evaluation method
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4 POLYACETAL STABILIZATION BY COPOLYMERIZATION

4-1 Trioxane ( l ,3 ~ d io x e p -5 -e n e )  C o p o l y e r s  

4 l a  Summary

The p r e p a r a t i o n  of  p o ly a c e t a l  c o p o ly ie r s  with  backbone double 

bonds through the  c a t i o n i c  copo lym er iza t ion  of t r i o x a n e ,  TX, with

1 ,3 - d io x e p -5 - ene,  DXPE, has been demonstrated  r e c e n t l y  ( 2 0 ,2 1 ,2 2 ) .

Ve r e p o r t  here  t h e  f i r s t  sy s tem a t ic  d e t a i l e d  i n v e s t i g a t i o n  of the  

copo lym er iza t ion  system, in c lu d in g  s tu d i e s  of copolymer s t r u c t u r e  and 

p r o p e r t i e s .  The r e s u l t i n g  polymer can be cons ide red  as an a c e t a l  

copolymer with methylene o x id e ,  -CH3Q-, and 1-oxy-2 - bu tene ,  

-O-C^CH^CHCH?-, comonomer u n i t s .  The r e l a t i o n s h i p  between feed r a t i o  

and copolymer com posi t ion ,  end groups,  thermal  s t a b i l i t y  and 

c r y s t a l l i n i t y  of th e  f i n a l  p ro d u c t ,  ob ta ined  through base c a ta ly z ed  

h y d r o ly s i s  of  the  n ascen t  copolymer, have been e s t a b l i s h e d  in the  

p r e s e n t  work. The copolymer, compared to  t h e  t r i o x a n e - e t h y l e n e  oxide 

copolymer, was demonstra ted  to  show f a r  b e t t e r  s t a b i l i t y  a g a i n s t  

d e g ra d a t io n  by bromine. M o d if ica t ions  of  t h e  copolymer backbone double 

bond, in c lu d in g  g r a f t i n g ,  epo x id a t io n  and i n c o r p o r a t i o n  of a urea  

group,  a r e  a l s o  r e p o r t e d .

1 ,3 - d io x e p -5 - ene (DXPE)
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4 - lb  Experimental  

4 - l b - l  S y n th e s i s

The comonomer, 1 ,3 - d io x e p -5 - ene,  was s y n th es ized  through an ac id  

c a ta ly z e d  r e a c t i o n  of ci\*-2- butene- 1 ,4 - d i o l  with paraformaldehyde based 

on a r e p o r t e d  procedure  (3 0 ,3 1 ) .  Trioxane was p u r i f i e d  by d i s t i l l a t i o n  

from sodium metal  before  use .

Copolymerizat ion of  t r i o x a n e  with 1 , 3 - d io x e p -5 ene,  DIPE, was 

c a r r i e d  out as  fo l low s :  A dry  t e s t  tube (25 X 150 mm) was charged with

18 grams of t r i o x a n e  and th e  d e s i r e d  amount of  DXPE. The tube was then 

capped with a serum s to p p e r ,  purged with n i t r o g e n  and evacuated .  The 

c o n te n t s  of th e  tube  were brought to  a tem pera tu re  of 65°C. Then, the  

r e q u i re d  amount of boron t r i f l u o r i d e  e t h e r a t e  was i n j e c t e d  through the  

serum s to p p e r  i n to  the  complete ly  melted m ix tu re .  A t y p i c a l  amount of 

i n i t i a t o r  was 2 f i l  f o r  a t o t a l  comonomer charge of 20 grams. Af ter  

a d d i t i o n  of the  i n i t i a t o r ,  the  c o l o r l e s s  mixture  became yel low, then 

g reen  and f i n a l l y  brown. The po lym er iza t ion  was allowed to  proceed a t  

60°C f o r  20 hours .  At the  conc lus ion  of the  p o ly m er iz a t io n ,  the 

polymer was removed and p u lv e r iz ed  in a Varing b len d o r .  The crude 

polymer was then  s t i r r e d  in  60 mL of methanol co n ta in in g  17, 

t r i e t h a n o l a m i n e ,  TEA, fo r  one hour and then  c o l l e c t e d  by f i l t r a t i o n .

The ty p ic a l  product y ie ld  was about 807.. Unstable end groups were 

removed by base hydro lysis  through the procedure described below.

The crude polymer (16 g ) ,  dimethylformamide (120 mL), benzyl 

a lcohol (120 ml) and TEA (l7. o f  t o t a l  volume) were placed in a 500 mL, 

two-necked round bottom f la s k  f i t t e d  with a thermometer and an
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a i r * c o o l e d ,  s t r a i g h t - t h r o u g h  condenser .  The mixture  was heated  and 

s t i r r e d  a t  160-170°C to  d i s s o l v e  the  s o l i d .  The c o n te n t s  were 

main ta ined  a t  r e f l u x i n g  co n d i t io n s  u n t i l  e v o lu t io n  of formaldehyde was 

no lo n g e r  v i s i b l e .  The polymer s o lu t i o n  was cooled to  room tem pera tu re  

and th e  s o l i d  polymer was removed and washed with ace tone  t h r e e  t im es .  

The polymer was then f i l t e r e d  and d r ie d  under vacuum a t  40°C. The 

y i e l d  was about  607,.

4 - lb -2  Copolymer m o d i f i c a t io n s  

4 - lb -2 a  Copolymer g r a f t i n g

A dem ons tra t ion  of the  m o d i f ic a t io n  of the trioxane-DXPE copolymer 

through g r a f t i n g  with sodium a c r y l a t e ,  was performed as fo l low s .  A 12 

X 75 mm t e s t  tube  was charged v i t h  10 mg copolymer sample ( f i n e l y  

powdered),  5 mg sodium a c r y l a t e  (P o ly sc ien ce )  and 0 .5  mg tuperox 

(2 ,5  dihydroperoxy- 2 , 5 - dimethylhexane) (Penwalt C orp . ) .  One mL of a 

d e a e ra te d  HFIP s o lu t i o n  c o n ta in in g  0.03 mL TEPA

( te t r a e th y le n e p e n ta m in e )  per  mL was then added to  the  t e s t  tube.  The 

c o n te n t s  of  th e  tubes  were s t i r r e d  with smal l  magnetic s t i r r e r s  and 

hea ted  in a 55°C water ba th .  A f te r  one hour the  samples were removed 

from the  water  b a th .  At t h a t  t ime,  4 mL of d i s t i l l e d  water  were added 

t o  each tube to  p r e c i p i t a t e  th e  copolymers and to  remove any unbound 

a c r y l a t e .  The c o n te n t s  of each tube  were then  c e n t r i f u g e d  and washed 

r e p e a te d ly  with water  and ace tone .

Dye t re a tm e n t  was achieved by adding s e v e ra l  drops of  co n cen t ra ted  

aqueous methylene b lue  t o  samples t e s t  tubes  which con ta ined  the  washed 

g r a f t e d  copolymer and 4 mL of d i s t i l l e d  water (pH a d ju s t e d  to  9 .5  with
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NaOH). The s a a p lc s  were then  s t i r r e d  m ag n e t ica l ly  fo r  s e v e ra l  hours .  

T rea ted  samples were then  r e p e a t e d ly  washed with ace tone  and water .

The r e l a t i v e  c o lo r  i n t e n s i t i e s  of th e  samples were then  observed.

4 - lb -2b  Epoxidized copolymers (30 ,31 ,32)

Epoxidized copolymer was ob ta ined  as fo l lo w s .  A dry 100 mL round 

bottom f l a s k  was charged with 0 .6  g of copolymer (4 mole pe rcen t  

comonomer i n c o r p o ra t io n )  and 40 aL of  d i a e t h y l f o r a a a i d e  (DMF). The 

c o n te n t s  were s t i r r e d  a a g n e t i c a l l y  and hea ted  to  130°C in oxder to  

d i s s o l v e  t h e  s o l i d .  The po lyae r  s o lu t i o n  g e l l e d  a f t e r  co o l in g  in an 

ice  b a th .  3 - Chloroperoxybenzoic  a c id  (O.lg)  d i s s o lv e d  in 20 mL of  DMF 

was then  added to  th e  g e l l e d  m ix tu re .  The s t i r r e d  mixture was allowed 

to  r e a c t e d  f o r  s i x  hours  a t  0 - 5°C under an i n e r t  a tmosphere.  A white 

p r e c i p i t a t e  ( a -ch lo ro b en z o ic  a c id )  began to  s e p a ra t e  from the  r e a c t i o n  

mix ture a f t e r  about t h i r t y  minutes .  The r e a c t i o n  con t inued  to  proceed 

o v e rn ig h t  a t  room tem pera tu re .  The cooled mixture  was poured in to  100 

mL of water .  The polymer was then c o l l e c t e d  by f i l t r a t i o n  and washed 

once with 57. aqueous sodium b ic a rb o n a te  and t h r e e  t imes  with hot  water .  

The po lyae r  was d r i e d  a t  40°C under  vacuum f o r  4 hours .  The y i e l d  was 

approximate ly  0 .5  g r a a s .

3 - lb -2 c  In c o rp o ra t io n  of urea  f u n c t io n a l  group (3 0 ,3 3 ,3 4 ,3 5 )

S urface  m o d i f i c a t io n  of th e  copolymer was achieved by r e a c t i o n  of 

0 .5  g copolymer (4 mole pe rc en t  coaonoaer  i n c o r p o ra t io n )  with  50 mL of 

a  p r e fo ra e d  iod ine  i so cy a n a te  s o l u t i o n .  A preformed s o lu t i o n  of  iod ine  

i s o c y a n a te ,  r a t h e r  than  a mixture  of iod ine  and s i l v e r  c y a n a te ,  was



used to  f a c i l i t a t e  p u r i f i c a t i o n  of the  p roduc t .  S ince  the  copolymer 

does no t  d i s s o l v e  in a c e t o n i t r i l e ,  i t  r e g a in s  a s o l i d  th roughout  the 

r e a c t i o n  and i s  d i f f i c u l t  to  s e p a ra t e  from th e  n o n re a c t iv e  ino rg an ic  

s a l t s .  The copo lym er / isocyanana te  m ix ture  was allowed to  r e a c t  

o v e rn ig h t  a t  room te m p e ra tu re ,  under an i n e r t  atmosphere.  Upon 

t e rm in a t io n  of  the  r e a c t i o n ,  th e  copolymer was c o l l e c t e d  by f i l t r a t i o n  

and washed with a c e t o n i t r i l e  to  remove unreac ted  iod ine  i so c y a n a te .

The product  was then d r ie d  under vacuum to  remove remaining s o lv e n t .

F u r th e r  m o d i f ic a t io n  of  the  i socyana te  group was achieved  by 

pass in g  excess  anhydrous ammonia through 50 mL of a c e t o n i t r i l e  

c o n ta in in g  th e  modif ied  copolymer. The product  was again  f i l t e r e d  and 

washed with a c e t o n i t r i l e .

A modif ied  DXPE r in g  monomer was a l s o  prepared  as a s u i t a b l e  model 

compound fo r  NMR a n a l y s i s .  This  was done by r e a c t i n g  0.02 moles of

1 ,3 -d ioxepene ,  d i s s o lv e d  in 50 mL of a c e t o n i t r i l e ,  with 5 g (0 .02  mole) 

of  iod ine  and excess  s i l v e r  cyanate  (6 g ,  0 .04 mole).  The s o lu t i o n  was 

al lowed to  r e a c t  f o r  one hour under an i n e r t  atmosphere.  A f te r  one 

hour ,  t h e  r e a c t i o n  mixture  was f i l t e r e d  to  remove ino rgan ic  s a l t s  The 

remaining s o lu t i o n  was then r e ac te d  with anhydrous ammonia. The brown 

c o lo r  of the  mixture was observed to  d i s s a p p e a r  a f t e r  s e v e ra l  minutes .  

The s o l i d  p roduc t  ob ta in ed  was then washed with a c e t o n i t r i l e  to  remove 

unreac ted  iod ine  i so cy a n a te .  Solvent  was evaporated  by means of a 

r o t a r y  e v a p o r a t e r .

4 - l b - 3 NMR a n a l y s i s

Proton  and c a r b o n - 13 NMR s p e c t r a  were ob ta ined  on an IBM VP-200 SY
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FT N i t  spec t rom eter .  For unmodified copolymer samples,  the so lven t  

used was p e rd e u te ra te d  d im e th y lsu l fo x id e ,  DISO-da. The temperature of 

measurement was 126°C. For q u a n t i t a t i v e  N i t  measurement, s u f f i c i e n t  

r e l a x a t i o n  t imes  were used to  insure  t h a t  a l l  p ro tons  were completely 

re lax e d .  Pu lse  angle  of 26° and r e l a x a t io n  time 0 1  20 seconds were 

t y p i c a l  fo r  q u a n t i t a t i v e  d e te rm in a t io n s .  Fur the r  inc rease  in 

r e l a x a t io n  t ime did not lead  to  change in q u a n t i t a t i v e  r e s u l t s .  

I n t e g r a t i o n  of a rea  of a b so rp t io n  peaks was c a r r i e d  out using Bruker 

software p rovided.  So l id  s t a t e  sp e c t r a  were obta ined  using magic angle 

sp inning  and c ross  p o l a r i z a t i o n .  S ignals  l a b e l l e d  "SSB" a re  spinning 

s ide  bands.

4 - l b - 4 Thermal a n a ly s i s

4 - lb -4a  DSC de te rm ina t ion  of  heat  of f u s io n ,  A H f , 
and percen t  c r y s t a l l i n i t y

Samples of  copolymers, ranging in mass from 2 mg to 4 mg, were 

analyzed us ing  a DuPont 990 thermal ana lyzer  with a DSC c e l l .  The 

samples were hea ted  r a p id ly  to  a temperature  of 120°C and then f u r th e r  

heated a t  a r a t e  of 10°C/minute. The time base s e t t i n g  was 0.25 min/cm. 

Samples were heated u n t i l  they  melted. Immediately a f t e r  mel t ing ,  the 

h ea te r  was tu rned  o f f  and th e  samples were allowed to  slowly cool .  No 

cool ing  accessory  was used. The melt c r y s t a l l i z e d  samples were again  

qu ick ly  rehea ted  to  120°C and then f u r t h e r  heated  a t  10°C/min u n t i l  

they melted f o r  a second time.

Samples were reweighed a f t e r  a n a ly s is  to  determine whether any of
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t h e  s a ap le  had v o l a t i l i z e d  and escaped f r o a  the  DSC pan d u r in g  the  

a n a l y s i s .

Heat of f u s i o n ,  A H f ,  vas c a l c u l a t e d  by the  t i a e  base ae th o d ,  us ing 

a weighed in d iu a  s a ap le  as  s ta n d a rd .  Percen t  c r y s t a l l i n i t y  was based 

on a  AHf equal  to  58.7 c a l / g  f o r  1007, c r y s t a l l i n i t y  (19) .  The e f f e c t  

of coao roae r  u n i t s  on A Hf  was assumed to  be n e g l i g i b l e .

A H f  was c a l c u l a t e d  acco rd ing  t o  the  fo l lo w in g  f o r a u l a :

A Hf  = ( A / a )  60 B E  qs

where A = peak a r e a  in c a a

a = s a a p le  aa s s  in ag

B = time base s e t t i n g  in a i n / c a  (0 .25  min/cm)

E = c a l i b r a t i o n  c o e f f i c i e n t  in a V / a V

(0.20529 aV/aV based on ind iua  s tan d a rd )  

AHf = hea t  of fus ion  in mcal/mg

qs = Y-axis  s e n s i t i v i t y  s e t t i n g  (5 aV/cm)

g iv in g :
An __ a r e a  c a 3 60 sec  0.25 a in  0.20529 aV 5 mV 1 meal
QBf “   I      I    X  n----- X --------  X 7 - r s ----raa s s  ag a m  ca aV ca  4.18 a j

P e rc e n t  c r y s t a l l i n i t y  was c a l c u l a t e d  by the  fo l low ing  formula:

7, c r y s t a l l i n i t y  = * *007,

where A H f *  i s  the  A Hf  of a h y p o t h e t i c a l

1007, c r y s t a l l i n e  s a a p le  (58 .7  a c a l / a g )
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4 - lb -4b  Thermogr&vimetric a n a l y s i s

TGA thermograms were ob ta ined  under  a n i t ro g e n  a tao sp h e re  with a 

h ea t in g  r a t e  of  10°C/min. See S ec t ion  3 - 2b-2 f o r  a d d i t i o n a l  

c o n d i t i o n s .

4 - lb -4b  Broaine r e s i s t a n c e  t e s t

Copolyaer s a a p le s  a t  a c o n c e n t r a t io n  of 0 .2  7. (wt/wt)  were 

p repared  by d i s s o l v i n g  31.9  mg of polymer (TX-EG or  TX-DXPE with 2 mole 

7. coaonomer i n c o rp o ra t io n )  in 10.00 mL of  h ex a f lu o ro i so p ro p an o l  (HFIP, 

p - 1.506 g/aL) ob ta in ed  f r o a  Aldr ich  Chemical Company and d i s t i l l e d  

b e fo re  use .  Dsing a 10 pL sy r in g e ,  10.00 pL of  a 3 X 1 0 ' J K bromine 

s o lu t i o n  were added to  t h e s e  copolymer s o l u t i o n s .  The bromine s o lu t io n  

was p repared  by d i s s o l v i n g  1.5 pL of b roa ine  (d ispensed  from a 2 pL 

sy r in g e )  in  1.00 mL HFIP. The s aap le s  were q u ick ly  mixed and then 

in t roduce d  d i r e c t l y  i n to  a Ubbelohde v iscom ete r .  The tem pera tu re  of 

measurement was 25°C. Reduced v i s c o s i t i e s  were c a l c u l a t e d  us ing  a 

predetermined s o lv en t  flow time of 128.0 seconds accord ing  to  the 

formula:

n . _ fap _ ( f / t o )  * 1 ( t / 128) - 1
v r e d  -  _____  - __  __  __ - ________  i___

c c 0.319 g/dL

4- lc  R esu l t s  and conc lus ions

4 - l c - 1 Copolymer s t r u c t u r e

F igure  4.1 i l l u s t r a t e s  d e t a i l s  of copolymer s t u c t u r e  rev ea led  by 

p ro ton  HIE s p e c t r a .  The s i n g l e t ,  S, r e p r e s e n t s  the  methylene oxide 

u n i t s  from TI; the  d o u b le t ,  D, proton next  to  the  double  bond in the  

DXPE u n i t ;  and the  t r i p l e t ,  T, pro tons  on the  carbon atoms of the
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HOH,C

TE Tb
i 1 i

HOCH2 CHrCHCH2 OCH2 OCH^------- OCH^CHr ChCh2 OCH2 -----

DE COPOLYMER D

ENOGROUP (OEtENOGROUP ITE)

S . S 5 a 4  S
r r n

F igure  4.1 

MI NMR s p e c t r a  (DMS0-d5f 126°C)

A : c i s - 2 - b u t e n e - 1 ,4 -d i o l  
B : t r i o x a n e - 1 ,3 - d io x e p -5 ene copolymer
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double bond. Comparing the  copo lyaer  s p e c t ru a  with t h a t  of  the  

c t s - 1 , 4 - b u t e n e d i o l , one can c l e a r l y  i d e n t i f y  th e  end group s i g n a l s ,  DE 

and TE. The a b s o rp t io n  peaks ,  TE, cannot  be due to  t r an s -doub le  bonds, 

s in c e  a  f rana  c o n f ig u ra t io n  would lead  to  a d o v n f ie ld  s h i f t  f r o a  T 

(3 7 ) .  The i n t e g r a l  of  copolymer a b s o rp t io n  peaks can be used to 

c a l c u l a t e  t h e  number average  degree  of  p o l y a e r i z a t i o n ,  DP„, and a o le  

p e r c e n t  in c o r p o ra t io n :

DPn = S + (D/2) + (DE/2) (Assuning 2 end groups per  chain)
(DB/2)

l o l e  X DXPE in co rp o ra ted  (D/2) .  (DE/2) .
in  t h e  copolyaer  = s / ( D / 2 )  > (DE/2)

All ex p re s s io n s  of a o le  p e rce n t  a re  based on f o ra a ld e h y d e ,  CHjO, as % 

comonoaer u n i t  a l though t r i o x a n e  was used in the  f e ed .  The 

r e l a t i o n s h i p ,  D = 2T, se rv e s  as  v e r i f i c a t i o n  fo r  i n t e r n a l  c o n s i s t e n c y .  

There a r e  a nuaber of s a a l l  a b so rp t io n  peaks around t h e  aa in  peak fo r  

CHjO, S. These a re  due to  a e th y le n e  oxide  u n i t s  next  to  coaonoaer  

u n i t s  and r e f l e c t  coaonoaer sequence d i s t r i b u t i o n .

Table 4 .1  s u a a a r i z e s  the  va lues  c a l c u l a t e d  f o r  the  DXPE 

i n c o r p o ra t io n  in  a o le  p e rc e n t .

The coaonoaer DXPE i s  auch l e s s  r e a c t i v e  than t r i o x a n e .  For feeds  

above 6.87, DXPE, c o p o ly a e r i z a t i o n  was not  observed .  The coaonoaer  

fo rn s  a coaplex with BFj as  ev idenced by th e  appearance of a  brownish 

c o lo r .

As expec ted ,  th e  nuaber average degree  of  p o l y a e r i z a t i o n ,  DPn i s  

dependent  on th e  i n i t i a t o r  t o  coaonoaer c o n c e n t r a t io n  r a t i o .  A DPn of 

2 X 103 , i . e .  I n - 6 I  104 , was ob ta ined  f o r  c o p o ly a e r i z a t i o n  of 19
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Table  4 .1  : l o l e  p e rc e n t  feed  and i n c o r p o ra t io n  fo r  
copolymers of t r i o x a n e  and 1 , 3 - d io x ep -5 - ene

Saaple  # 7. DIPE in Peed 7, DIPE In c o rp o ra te d

17,18,21 1.5 1.8 * 0 .2

19,20 3 .2 2 .4  * 0.1

11,13 6 .8 3 .9  a  0 .5

Table  4 .2  : Heat of  fu s io n  and p e rc e n t  c r y s t a l l i n i t y  
f o r  a c e t a l  copolymers

Sample
number

7, DXPE 
(by NIK)

F i r s t  Heat ing 
AHf(mcal/mg) 7, Crys t .

Second Heating 
AHf(mcal/mg) 7, C ry s t .

17 1.8  * 0 .2 41 a  4 70 a  6 31 a  2 53 a 3

20 2 .4  * 0 .1 38 a  6 64 a  10 30 a 1 52 a  1

11 3 .9  a  0 .5 34 a  2 57 * 4 27 a  1 47 a  1

TX-EO
c o p o l y«er

1.4 35 a  3 60 a  5 29 a  3 50 a 5
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grams of  TI with 1 gram of DIPE i n i t i a t e d  by 2 f i l  of BF3 e t h e r a t e .  A 

v i s c o s i t y  average  m olecu la r  w e i g h t , I V) of  8  I  104 was ob ta in ed  based on 

a GPC c a l i b r a t i o n  curve determined through d i f f e r e n t i a l  v i s c o s i t y  d a ta .  

This r e s u l t  f u r t h e r  b u t t r e s s e s  our  ‘H NIR ass ignments  f o r  end groups.

4 - l c - 2  P r o p e r t i e s

The TX-DXPE copolymer with a 1.87, by mole in c o rp o ra t io n  of  double 

bond shows thermal  s t a b i l i t y  comparable t o  t h a t  of p o ly a c e t a l  copolymer 

with the  same l e v e l  of  e th y len e  oxide  in c o rp o ra t io n  (F igure  4 . 2 ) .  Thus 

t h e  comonomer u n i t  f u n c t io n s  e f f i c i e n t l y  as  a s topper  a g a in s t  

unz ipp ing .

Comparison of s a a p le  mass befo re  and a f t e r  DSC d e te rm in a t io n  

i n d i c a t e s  no mass l o s t  dur ing  the  a n a l y s i s .  I t  was a l s o  observed t h a t  

t h e  c a l c u l a t e d  p e rc e n t  c r y s t a l l i n i t y  was h ig h e r  fo r  the  sam ples ’ f i r s t  

h e a t in g  ( s o l u t i o n  c r y s t a l l i z a t i o n )  than  f o r  t h e i r  second h e a t in g  (melt 

c r y s t a l l i z a t i o n ) .  A pparen t ly ,  a g r e a t e r  degree  of c r y s t a l l i n i t y  was 

achieved from s o lu t i o n  than from the  mel t .

The c a l c u l a t e d  pe rcen t  c r y s t a l l i n i t y  and h ea t s  of f u s i o n ,  A H f ,  a r e  

p re sen te d  in Table 4 . 2 .

The r e s u l t s  p r e se n te d  in th e  t a b l e  above i n d i c a t e s  t h a t  a l l  of the 

copolymer samples analyzed show c r y s t a l l i n i t y  w i th in  a narrow range of 

v a lu es  and have c r y s t a l l i n i t y  comparable to  t h a t  of  co r responding  

t r i o x a n e - e t h y l e n e  ox ide  copolymers.

Although ex ac t  m e l t in g  p o i n t s  of  th e  TI-DIPE copolymers have not  

been de te rm ined ,  i t  has been observed t h a t  the  onse t  of  m e l t in g ,  as 

well  as the  t em p era tu re  of the  m elt ing  endotherm minimum, d ec rease  as
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F igure  4 .2

TGA thermograa  of a c e t a l  copolymers (h e a t in g  r a t e  - 10°C/min)

A : t r io x an e -  1 , 3 - d io x e p -5 - ene copolymer ( 1 . 8  mol7. in c o r p o ra t io n )  
B : t r i o x a n e - e t h y l e n e  oxide copolymer (1 .4  mol7i in c o r p o ra t io n )
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the  p e r c e n t  coaonoaer  in c o rp o ra t io n  in c r e a s e s .  This  i s  c o n s i s t e n t  with 

In o u e ’ s s tudy  (38) of t r i o x a n e  copolymers,  where he r e p o r t s  t h a t  

copo lyaers  with  e th y le n e  oxide ,  d ioxo lane  and dioxepane have B e l t i n g  

t em pera tu re s  which fo l low  F l o r y ’ s equ a t io n :

( 1 /T . )  - ( 1 /T .o )  - (i/AH„) In I a

where T,° i s  the  m e l t ing  tem pera tu re  of t h e  t r i o x a n e  hoaopolymer, AHu 

i s  t h e  hea t  of  f u s io n  pe r  c r y s t a l l i z i n g  u n i t ,  R i s  th e  gas c o n s ta n t  and 

I* i s  th e  a o le  f r a c t i o n  of the  c r y s t a l l i z i n g  u n i t .  (47 ,48)  The 

d e r i v a t i o n  of t h i s  e m p i r ic a l  equa t ion  r e q u i r e s  s e v e ra l  assumptions ,  

in c lud ing  t h a t  th e  polymer has a very small f r a c t i o n  of comonomer, a 

random coaonoaer  d i s t r i b u t i o n ,  a l a rg e  molecular  weight  and t h a t  

(AH/AS) i s  c o n s ta n t  f o r  polymer u n i t s  f r o a  T*° to  T.

Compared to  a TI-EO copolymer of comparable i n c o r p o r a t i o n ,  the  

TX-DXPE copolymer was found to  be much l e s s  s u sc ep ta b le  to  d e g rada t ion  

by b roa ine  (F igu re  4 . 3 ) .  In the  p resence  of bromine a t  a c o n c e n t r a t io n  

as low as  3 X 10 ' 5 M, the  reduced v i s c o s i t y  of the  TX EO copolymer was 

found t o  d e c rea se  from 1.7 dL/g t o  0 .2  dL/g in l e s s  than 20 minutes  a t  

25°C. Under th e  same c o n d i t i o n s ,  t h e  reduced v i s c o s i t y  of a TX-DXPE 

copolymer sample was found to  d ec re a se  only  f ro a  1 . 1  dL/g t o  1.0 dL/g. 

However, when th e  bromine c o n ce n t r a t io n  i s  in c re a se d  by a f a c t o r  of 

103 , both copolymers exper ienced  c o n s id e ra b le  d e g ra d a t io n  ( see  Figure  

4 . 4 ) .

The double  bond u n i t s  of  the  TX-DXPE copolymer may remove
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1,4 -

t r i o x a n e  1 , 3 - d io x e p -5 ene copolymer
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t r i o x a n e - e th y le n e  oxide copolymer

22  24

TIME (MIN)

Figure  4 .3

Copolymer s t a b i l i t y  a g a in s t  Bromine degrada t ion  
as determined by monitoring t?so/c as a fu n c t io n  of t ime 

[polymer] = 0.310 g/dL, [Brj] = 3 X 10 ‘ 5 M,
25°C in hexa f luoro isopropano l
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12  -

t r i o x a n e - e t h y l e n e  oxide copolymer
Qfe

0 .4

0 2

t r i o x a n e - 1,3- dioxep- 5- ene copolymer

2 4

TIMt (MIIM)

Figure  4.4

Copolymer s t a b i l i t y  a g a in s t  Bromine deg rada t ion  
as determined by monito r ing  7 sn /c  as a fu n c t io n  of t ime 

[polymer] = 0.310 g / a t .  [Bri] = 3 X 10* 1 I ,
25®C in hexaf luoroxsopropanol
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p o t e n t i a l l y  harmful s p e c ie s  such a s  b ro a in e  through the  fo rmat ion  of 

s t a b l e  p ro d u c ts :

Br Br
Br 2 1 1

<v~-vO-CH3-0-CH2 CB=CH-CH 2 --------   .--* ev«*v'v 0 ’ Cfl2 —0 - CHj- CH- CH- CHj-n"un>,~

Degradat ion of  p o l y a c e t a l s  by b rom ine  may occur  by e i t h e r  a r a d i c a l  or 

an a c i d o l y t i c  mechanism:

Br2 ---------- * Br '  + Br'

H

Br'  + rvnj<v(j— Q   » BBr + iS>Oj 0 —c — 0 —

i  I

I
unz ipp ing

H+ r e s u l t i n g  from th e  i o n i z a t i o n  of HBr generated  oy hydrogen 

a b s t r a c t i o n  can a l s o  a t t a c k  th e  p o ly m e r :

BBr -----------* H* + Br '
B

i l  * + fwfvrv 0 —CHj— 0   fr <*ui <V !%» I — CH 2 -  0

*
H

1 —CH2— 0 <V pw rw — ■ » 'V M V  OH + CH2— 0
t

i
unzipping

♦
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4 - l c - 3  Copolymer m o d i f i c a t io n s  

4 - l c - 3 a  G ra f t  copolymers

Copolymer samples haveing been modif ied  by g r a f t i n g  with sodium 

a c r y l a t e  were observed to  become co lo red  a f t e r  s t a i n i n g  with methylene 

b lu e ,  a c a t i o n i c  dye. Table 4 .3  p r e s e n t s  th e  r e s u l t s  f o r  th e  modified  

copolymer as  wel l  as f o r  a c o n t r o l  copolymer ( t r io x a n e -  e th y le n e  oxide 

copolymers)  r e f e r r e d  to  as  copolymer "C". The TI-DXPE copolymer 

samples r e f e r s  t o  as "A" and "B” have 2 and 4 mole p e rcen t  

i n c o r p o ra t io n  of  DIPE r e s p e c t i v e l y .

I t  was observed t h a t  sodium a c r y l a t e  does not dem onstra te
T

s i g n i f i c a n t  s o l u b i l i t y  in HFIP. A f te r  s t i r r i n g  and h e a t in g  the  system 

f o r  one hour ,  however,  i t  was found to  form very f i n e l y  d i s p e r s e d  

p a r t i c l e s .  I t  was a l s o  observed t h a t  tubes  co n ta in in g  hydroperoxide  

appeared to  be c l e a r e r  and more yellow t h a t  those  w i thou t .

Table 4 .3  R esu l t s  of  dye t r e a tm e n t  on g r a f t e d  copolymer

Sample Luperox Color

Copolymer A none p a le  b lue

Copolymer A 0 .5  mg dark b lue

Copolymer B none p a le  b lue

Copolymer B 0 .5  mg dark b lue

Copolymer C none p a le  b lue

Copolymer C 0 .5  mg p a le  b lue
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The r e s u l t s  in the  column l a b e l l e d  "Color"  a r e  r e p ro d u c ib l e ,  but 

vary i f  t h e  q u a n t i t i e s  of  amine and perox ide  a r e  not c a r e f u l l y  

c o n t r o l l e d .  The r e l a t i v e  i n t e n s i t y  of th e  b lue  c o lo r  of each dye 

t r e a t e d  s aa p le  i s  b e l i ev e d  t o  r e f l e c t  th e  e x te n t  of  g r a f t i n g  with 

sodiua  a c r y l a t e .  In a  b a s ic  e n v i ro n a e n t ,  the  p o l y a c r y l a t e  chains  w i l l  

be n e g a t i v e l y  charged.  l e t h y l e n e  b lu e ,  a c a t i o n i c  dye,  i s  p o s i t i v e l y  

charged and i s  expected to  be a t t r a c t e d  to  a c r y l a t e  b ranches .  In a few 

i s o l a t e d  in s t a n c e s  where the  peroxide  c o n c e n t r a t io n  was not c a r e f u l l y  

c o n t r o l l e d ,  i t  was observed t h a t  even th e  c o n t r o l  copo lyae r ,  which 

c o n ta in s  no u n s a tu ra te d  u n i t s  and t h e r e f o r e  should not  r e a c t  with 

sod iua  a c r y l a t e ,  had a dark blue co lo r  a f t e r  dye t r e a tm e n t .  The 

e x p la n a t io n  f o r  t h i s  can be found in the  d i s c u s s io n  of p o l y a c e t a l  

d e g ra d a t io n  and s u s c e p t i b i l i t y  t o  r a d i c a l  d e g ra d a t io n .  I f  a polymer 

cha in  i s  a t t a c k e d  by a perox ide  r a d i c a l  an i n i t i a t i o n  p o in t  fo r  

g r a f t i n g  i s  e s t a b l i s h e d .  J u s t  as  in the  case of TX DXPE s t a b i l i z a t i o n  

a g a i n s t  low l e v e l s  of bromine, an i n c r e a se  in the  " s t r e s s "  (such as 

h ig h e r  b roa ine  o r  perox ide  l e v e l s )  on the  system r e s u l t s  in an overload 

on th e  system t h a t  cannot be t o l e r a t e d .  The chain  must respond by 

degrad ing  in th e  case  of b roa ine  r a d i c a l s  and by g r a f t i n g  fo r  

hydroperoxide  r a d i c a l s  in the  presence  of  a v in y l  monomer. These 

o b s e rv a t io n s  are  c o n s i s t e n t  with a r ep o r ted  g r a f t i n g  procedure  (39) 

t h a t  c l a i a s  t o  g r a f t  methyl m e th ac ry la te  onto  TX-EO copolymer f i b e r s  by 

means of  i o n i z in g  r a d i a t i o n .
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4 - l c - 3 b  Epoxid ized  copolymers

Trioxane copo lyae rs  with epoxy f u n c t i o n a l  groups  can be ob ta ined  

through ep o x id a t io n  of the  c i s - 2  butene s to p p e r  u n i t .

F igure  4 .5  shows a  s o l i d  s t a t e  l J C (CP/IAS) s p e c t ru a  of th e  epoxid ized  

copolymer. There i s  only a f a i n t  h i n t  of a b s o rp t io n  a t  56 ppm where 

the  epoxide carbon should occur .  The s u b s t a n t i a l  chemical s h i f t  

a n i so t ro p y  of epoxide  carbons may lead  to  broad a b s o rp t io n  peaks. I t  

i s  very l i k e l y  t h a t  the  a p p a re n t ly  low epoxide c o n ten t  a r i s e s  from 

e p o x id a t io n  only a t  th e  copolymer s u r f a c e .  As d e s c r ib ed  in S ec t ion  

4 - lb -2 b ,  t h e  copolymer was not comple tely  d i s s o lv e d  du r ing  the  

m o d i f i c a t io n  r e a c t i o n .  Complete e p o x id a t io n  i s  not  expected under such 

c o n d i t i o n s .

TGA thermograms given in F igure  4 .6  dem onstra te  t h a t  e p o x id a t io n ,  

however minimal,  improves the  thermal s t a b i l i t y  of the  copolymer.

4 - lc -3 c  In c o rp o r a t io n  of u rea  f u n c t io n a l  group

Due to  d i f f i c u l t i e s  with r e s p e c t  to  copolymer s o l u b i l i t y ,  

copolymer m o d i f i c a t io n  by i n c o r p o ra t io n  of th e  u rea  moiety a l s o  appears  

to  have had l im i t e d  success .  F igure  4 .7  g ives  the  IR s p e c t r a  of urea  

and modif ied DIPE f o r  use as model compounds f o r  s p e c t r a l  

i d e n t i f i c a t i o n .  The 1R s p e c t r a  of  modified and unmodified copolymers

CM 2 —HC-------- CH— CR 2 — 0—CH 3 0
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A
Ho - C H C H - C H o - 0 “ CH
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Figure 4.5

S o l id  s t a t e  (3C NMR spectrum of  an epoxid ized  t r io x a n e
1 ,3 - d io x e p -5 ene copolymer, ob ta ined  us ing  c ro s s  p o l a r i z a t i o n  and
magic angle  sp inn ing .
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Figure  4 .6

TGA thermograms of t r i o x a n e - 1,3 dioxep- 5- ene copolymers befo re  and 
a f t e r  e x p o x id a t io n .

A : befo re  ep ox ida t ion  
B : a f t e r  ep ox ida t ion
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a re  g iv e n  i n  F igure  4 .8 .

0

AI  HN

jCHj — — (1h—CHj — 0— CI]Q*

The copolymer s p e c t r a  show c h a r a c t e r i s t i c  a c e t a l  peaks (2900,

1460, 13 6 0 ,  1240, 1100 and 900 cm*1) as wel l  as  weak s ig n a l s  a t  1740 

(C=Q s t r e t c h i n g ) ,  1700 (-NH bending)  and a broad s i g n a l  a t  3400 (-NH 

s t r e t c h i n g )  i n d i c a t in g  t h a t  the  d e s i r e d  m o d i f i c a t i o n  had been a t  l e a s t  

p a r t i a l l y  a c h ie v e d .

The i n t e n d e d  m o d i f i c a t io n  would have th e  advantage of p ro v id in g  an 

e x c e l l e n t  s i t e  f o r  s t a b i l i z e r  b ind ing .  The u n i t ’ s u rea  moiety can a c t  

as  a polymer-bound s t a b i l i z e r  even without  f u r t h e r  m o d i f i c a t i o n ,  (see  

s e c t io n  3 - 2  f o r  d i s c u s s io n  of formaldehyde a c c e p t o r s ) .
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-c-o-c-
s t r e t c h i n g
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Figure  4 .7

IR s p e c t r a  of u rea  and epoxid ized  1 ,3 - d io x e p -5 ene comonomer

A : urea
B : modified  1 ,3 - d ioxep-5 - ene comonomer
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Figure  4 .8

IR s p e c t r a  of epoxid ized  and unmodified 
t r i o x a n e - 1 13-dioxep 5 -ene copolymer

A : unmodified t r i o x a n e * 1 , 3 - d io x ep -5 - ene copolymer 
B : epox id ized  t r i o x a n e - 1 ,3 - d io x e p -5- ene copolymer
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4- 2  T r ioxane -G lyce ro l  Formal Copolymers 

4- 2a Summary

F u n c t io n a l i z e d  copolymers of t r i o x a n e  have been sy n th e s iz ed  by 

c a t i o n i c  r i n g  opening copo lym er iza t ion  with g l y c e r o l  formal .  Base 

hydrolyzed  copolymers with 3 mole % comonomer i n c o r p o ra t io n  have been 

found to  show thermal  s t a b i l i t y  comparable to  t h a t  of t r ioxane -  

e th y le n e  oxide  copolymers with 1.4 mole 7. comonomer i n c o r p o ra t io n .  

C h a r a c t e r i z a t i o n  by l J C NIi  spec t roscopy  revea led  t h a t  th e  hydrolyzed 

copolymers a re  composed of the  fo l low ing  s t r u c t u r a l  u n i t s :

Oj rv  |"V (CH,0)—

1

j  O - C H j - C H - O j  —0 —CH 2 —C H —CH 
C I } 0 B  01

2 3

The r a t i o  of u n i t  2 to  u n i t  3 appears  to  be approximate ly  1 : 1 , but i s  

d i f f i c u l t  to  de termine  because of o v e r lapp ing  s ig n a l s  in th e  13C NMR 

spectrum. P o s s ib l e  endgroups inc lu d e :

— HhO-CH-CMH ~~~CH2 -€-CB2 -CH-CH2 - 0 H
CBj OH OH

V is c o s i ty  molecular  weight f o r  th e se  copolymers was determined to  be 

l e s s  than  5 X 10 3 . All  copolymers were observed to  be s o lu b le  in 

h e x a f lu o ro i s o p ro p a n o l , HFIP, as  wel l  as hot d im e th y l s u l f o x id e ,  DISO, 

and dimethylformamide,  DIF. The r e s u l t i n g  f u n c t io n a l i z e d  p o l y a c e t a l s
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have th e  p o t e n t i a l  f o r  f u r t h e r  m o d i f i c a t io n .

4 2 b Experimenta l  

4- 2 b- 1 S y n th e s i s

Copolymerizat ion of  t r i o x a n e ,  TI ,  with g l y c e r o l  fo rmal ,  GF, 

(o b ta in e d  from A ldr ich  Chemical Co.) was c a r r i e d  out  as d e s c r ib e d  in 

S ec t io n  4 - l b - 1 T y p ic a l ly ,  1 0  pL of i n i t i a t o r  was used f o r  a t o t a l  

comonomer charge of 15 grams. The base h y d r o ly s i s  p rocess  used to  

remove u n s ta b l e  end groups from t r i o x a n e - g l y c e r o l  formal copolymers i s  

a l s o  d e s c r ib e d  in S ec t io n  4 - l b - l .  Homopolymerization ot the  g ly c e r o l  

formal monomer was a t tem pted  by adding 1 0  pL of BF3 0 E t 3 t o  a  15 g 

charge .  The r e a c t i o n  was c a r r i e d  out as d e s c r ib e d  f o r  the  

copo lym er iza t ion  above.

4- 2b- 2 NMR a n a l y s i s

Carbon-13 NIK s p e c t r a  were o b ta in ed  on an IBM VP 200 SY FT NMk

s p ec t ro m e te r  us ing  Bruker so f tw are .  The s o lv e n t  used was p e rd e u te ra te d

d im e th ly s u l f o x id e ,  DISO dg. The tem pera tu re  of measurement is  

i n d i c a t e d  in t h e  c a p t io n  f o r  each spectrum. Pu lse  ang les  and 

r e l a x a t i o n  d e lay s  were s e l e c t e d  to  perm it  s e m i q u a n t i t a t i v e  comparison 

among a b s o rp t io n  peaks .

4 - 2b- 3 Thermal a n a l y s i s

TGA thermograms were o b ta in ed  on a  DuPont 990 Thermogravimetric  

Analyzer  under a n i t ro g e n  atmosphere with a h e a t in g  r a t e  of 10°C/min. 

Sample masses were t y p i c a l l y  3-5 mg. See S ec t ion  3 - 2b-3 f o r  f u r t h e r
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d e t a i l s .

D i f f e r e n t i a l  scanning  c a l o r i m e t r y ,  DSC, was used to  determine 

copolymer h e a t  of f u s io n  and pe rce n t  c r y s t a l l i n i t y .  (S ec t .  4 - lb -4a )

4 2 c R esu l t s  

4 - 2 c - l  Product  y i e l d s

Table  4 .4  summarizes the  y i e l d s  a f t e r  methanol/TEA washing (crude 

p roduc t )  and a f t e r  h y d r o ly s i s  ( f i n a l  p ro d u c t ) .  Since unreac ted  

t r i o x a n e  i s  removed by washing with methanol ,  t h e se  r e s u l t s  se rve  as an 

approximate Measure of  p e rcen t  convers ion .  Also p re sen te d  a r e  the  

va lues  of  y i e l d s  a f t e r  base h y d r o ly s i s .  Since copolymer i s  expected to  

be th e rm a l ly  s t a b l e ,  and polyoxymethylene homopolymer to  be u n s ta b l e ,  

t h e s e  va lu es  r e f l e c t  th e  e x t e n t  of comonomer in c o r p o ra t io n  and lo s s  due 

to  homopolymerization of  t r i o x a n e .

4- 2c- 2 NVR a n a l y s i s

Table 4 .5  p r e s e n t s  c a l c u l a t e d  and observed chemical s h i f t  values  

f o r  s i g n a l s  in  s p e c t r a  of  g ly c e r o l  formal and t r i o x a n e - g l y c e r o l  formal 

copolymers. C a l c u l a t i o n s  a re  based on c o r r e l a t i o n  t a b l e s  compiled by 

Brown (40) .  Numbering assignments  a re  given in F igure  4 .10 .

4 - 2 c - 3 Thermal a n a l y s i s

In F igure  4.16 the  thermograms r e s u l t i n g  from th e  thermo- 

g r a v im e t r i c  a n a l y s i s  of  a t r i o x a n e - g l y c e r o l  formal copolymer i s  

compared with t h a t  of a t r i o x a n e - e t h y l e n e  oxide copolymer with 1.4 mole 

p e r c e n t  e th y le n e  oxide i n c o r p o ra t io n .
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Table  4 .4  : Product  y i e l d s  f o r  co po lyae r iz& t ion  
of  t r i o x a n e  and g l y c e r o l  f o r a a l

v t .X  GF in  Feed Crude Product  Yield  F in a l  Product  Yield

4 .8 63 18

7.2 98 45

7.5 84 37

14.4 32

14.7 71 30

15.8 6 8 26

17.7 -- 13

I  Yield

1 0 0 '
90-
80-
70-
60-
50-
40-
30-
20 -

10 -

0 -
2 4 6  8  10 12 14 16 18

(crude  p roduc t)

( f i n a l  product)

Vt. 7, GF in Feed

F igure  4 .9

P ercen t  y i e l d  v s .  v t .  X GF in  feed  f o r  CBjOI/TEi wash 
(crude p ro d u c t )  and base h y d r o ly s i s  ( f i n a l  p roduc t )
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Table 4 .5  C a lc u la te d  vs .  observed **C chemical s h i f t  values  
f o r  t r i o x a n e - g l y c e r o l  formal  copolyaers

Carbon # C a lc u la te d  Cheaical  S h i f t  Observed Chea ica l  S h i f t
(PP») (PP»)

9 67.3 67.8
1 0 74.7 74.3
1 1 65.5 65.7
1 2 72.7 73.4
13 69.4 68.3
14 75.5 75.0
15 64.0 64.1
16 69.0 68.5
17 71.0 71.5
18 67.0 6 8 . 0

19 72.2 73.0
2 0 69.5 69.5
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F igure  4 .1 0  Numbering ass ignments  f o r  S3C N i l  s p e c t r a  
as  g iven in F igu res  4 .1 2 ,  4 .1 3 ,  and 4.15

1 ) G lycero l  formal monomer (F ig u res  4 .12 and F igure  4 .13)
OH

2 3 4 7 CH
C H ? — CH—C H } Q H  ® H j C  CH}

1 1
MJHj /  s , . 'CH

2 ) Copolymer u n i t s  (F ig u re  4 .13)

8 0 1 0  8 1 3 1 2 1 3  8
(CH}0)~^''CH}-CH-fl— ~(CH2 0) ~~~CH 2 —CH—CH 2 —0 (CH 5 0 )

CH1 OH OH
11

3) Oligomer u n i t s  (F igure  4 .15)

3 0
I S 14 U  17 19 CH2 - O

h o c h 2 - c h - o ^ c h  J fvrvnj »uni CH}-0-CH}-CH-0H — CH}0- CH<
c!h 2 0 H  c f o j O H  C H 2 ~ °
15 IS
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4 2d Discuss ion

G lycero l  fo rm al ,  GF, i s  a m ix tu re  of isomeric  a , a  and a , 0 forms 

p repared  from g l y c e r o l  and formaldehyde (41) .  In the  p resence  of 

t r i o x a n e  and a c a t i o n i c  i n i t i a t o r ,  such as  BF3 0Et3 , t h e r e  a re  s e v e ra l  

p o s s i b l e  r e a c t i o n  p ro d u c ts .  F igure  4.11 o u t l i n e s  th ese  r e a c t i o n s ,  the  

symbol r e p r e s e n t i n g  poly(oxymethylene)  u n i t s .

Based on th e  scheme in F igure  4.11 th e r e  a re  seven p o s s ib l e  

s t r u c t u r a l  comonoaer u n i t s .  Comonomer u n i t s  may be in co rp o ra ted  in to  

the  macromolecule through th r e e  d i f f e r e n t  p a th s :  chain t r a n s f e r  to  

monomer, r in g -open ing  chain i n i t i a t i o n  and r ing -open ing  

c opo lym er iz a t ion .  Base h y d r o ly s i s  of the  nascen t  product  f u r t h e r  

m odif ie s  the  i n i t i a l  s t r u c t u r e .

End group I and I I  r e s u l t  from chain  t r a n s f e r  to monomer which, in 

both c a s e s ,  r e s u l t s  in the  i n i t i a t i o n  of a new chain and t e rm in a t io n  of 

th e  growing cha in .  Bing opening of s t r u c t u r e s  I and I I  leads  to  the  

fo rm at ion  of th e  branched u n i t  g iven  by s t r u c t u r e  I I I .  Hydrolysis  of 

t h i s  s t r u c t u r e  may y i e ld  s t r u c t u r e s  IV or  V. F u r th e r  h y d r o ly s i s  of IV 

or  V may y i e l d  an endgroup with s t r u c t u r e  VI or VII.  Endgroup 

s t r u c t u r e s  VI and VII may a l s o  r e s u l t  d i r e c t l y  from r in g -open ing  chain 

i n i t i a t i o n .

For the  purpose of polymer m o d i f i c a t i o n ,  th e  u n i t s  IV and V a re  of 

i n t e r e s t .  The d i f u n c t i o n a l  endgroup u n i t s  VI and VII may a l s o  be 

u s e f u l .

To ga in  a  b e t t e r  unders tand ing  of th e  behavior  of  t h e  g ly c e r o l  

formal  isomers under po lym er iza t ion  c o n d i t i o n s ,  two c o n t r o l  exper iments  

were conducted.  The f i r s t  experiment examined the  e f f e c t  of
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F ig u re  4.11 : G lycero l  formal r e a c t i o n s  in t r i o x a n e  
g l y c e r o l  formal copo lym er iza t ion

C H j — C H —C H } OH

i  I
sCHa/ ' 

a,/?- isomer

r in g -o p e n in g  
cha in  i n i t i a t i o n

-  VI 4 VII

H O C H } —C H —0 —
(faiOH

chain  t r a n s f e r  
t o  monomer

s  v r in g  opening and m
/  \ c o p o l y m e n z a t i o n  / a

l 2  * 

VII
Hydro lys is

CH}— CH—CH}

I  I

I

~ ~ ~ C H  2 —Q —C H } —C H - 0  
C H j O H

IV

r in g  opening 
p ro paga t ion ^ /^ y d r o ly s is

•‘V'VfW CH}—0—CH}—CH—0- 

dfl} 0 "
I I I

r in g  opening 
p ropaga t ion

Hydrolysis  

'w'wCH}—0—CH}—CH—CH} OH
i

OH

Hyd r o l y s i s
A  d r o l y s i

V I

i s

CH}—0
-*CH}0- CH^ ^CH2 '̂v'^CH}—0—CH}—CH—CH

CH}—0 

I I
OH

* OH m
chain  t r a n s f e r  N. / r i n g  opening and

t o  monomer ^  ^  copo lym er iza t ion/  \  '  copoly
H]C CH}

1 1
SCH^ 

a ,a-  isomer

r in g  opening 
cha in  i n i t i a t i o n

VI
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OH
, »X C H ,  OH

c r

1 5

[ ■ 1 ’ 1 r 1
90

-I— i r 1 r r r
8 0

r r n

t  1---- (-----r
TO

Figure  4 .12
13C NMR s p e c t r a  of g ly c e r o l  formal coraonomer (DMS0-da)

A : spectrum obtained at 60°C
B : spectrum obtained at 25°C



t e m p e ra tu re  on th e  isomer e q u i l i b r iu m .  At rooa tem pera tu re  the 

i som er ic  r a t i o  i s  approx im ate ly  one (42) ,  a t  h igher  t e a p e r a t u r e s  th e  

o , a- f o r a  i s  f a v o red .  For exaap le  a t  60°C, the  r a t i o  is  approximate ly  

3 :2  in favo r  of  th e  a , a - i s o m e r .  (See F igure  4 .12)

The secona c o n t r o l  exper iment  involved o b s e rv a t io n  of th e  behavioi 

of th e  two isomers in the  presence  of c a t i o n i c  i n i t i a t o r .  N e i ther  form 

of the  comonooer was observed to  h o aopo lyaer ize  in th e  presence  of 

c a t i o n i c  i n i t i a t o r ,  a l though  th e r e  i s  ev idence f o r  dimer fo rm at ion .  

"Spectrum B" in F igure  4 .13 was ob ta ined  on g ly c e r o l  formal 3 days 

a f t e r  t h e  a d d i t i o n  of BFjOEtj (10/iL to  15g GF). "Spectrum A" 

cor responds  to  the  i n i t i a l  c o n d i t io n s  of approx im ate ly  equal  isomeric  

c o n c e n t r a t i o n s .  Comparing "A" with "B" , one can c l e a r l y  observe the 

p r e f e r e n t i a l  d e p l e t i o n  of t h e  a , i s o m e r .  The new NMR a b s o rp t io n s  a re  

t e n t i t i v e l y  a s s ig n ed  to  t h e  fo l low ing  s t r u c t u r e s :

QB

n r - *0 0 OH

heat

0  0

a ,0 -  f o r a a,  a f o r a

I I

The a s s ig n a e n t  a r e  based on c a l c u l a t e d  chemical  s h i f t s  (40) and 

i n t e r n a l  co n s is tan cy  of  peak i n t e n s i t i e s  of 1 3  C a b s o rp t io n s  belonging 

to  the  same s t r u c t u r a l  u n i t .
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2 0
15 14 16 17 ( 9  CH2 —0

HDCH2 -CH-0-CH2  CH3 -0-CH2 -CH-QH — CH2 0-CU< X h 2

CHjOH CH2 0H CHj—Q
15 ID

I s

. OH
i i^ch->0 H *1

d f  * o

i •--------1--------<-------- 1--------'--------r
9 0  B O  7  0

P P M

Figure  4-13

i3 C NMR. s p e c t r a  of g ly c e ro l  formal comonomer 
(DMSO d 0 , 25°C)

A : be fo re  a d d i t i o n  of BFjOEtj 
B : s e v e ra l  days a f t e r  the  a d d i t i o n  of BFjOEt2
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The fo rm at ion  of dimers  c o n s i s t i n g  of e i t h e r  s t r u c t u r e s  I I  and VI 

o r  I I  and VII i s  c o n s i s t e n t  with  the  KJIR d a t a .  The p ro cesses  involve 

r in g  opening of  e i t h e r  g ly c e r o l  formal isomer to  f o r a  c a t i o n i c  c e n t e r s  

which can p a r t i c i p a t e  in a nuaber  of r e a c t i o n s  ( see  F igure  4 .1 4 ) .  The 

a , ^5-form g iv e s  two d i f f e r e n t  c a t i o n i c  sp e c ie r  (VIII  and IX ) . Species  

VIII  i s  a t  e q u i l i b r i u a  with i t s  o r i g i n a l  n e u t r a l  f o r a ,  and i s  a l so  

capab le  of cha in  t r a n s f e r  to  aonoaer  to  f o r a  d i a e r s .  Spec ies  IX i s  a t  

e q u i l i b r i u a  with both isomers  and i s  l ik e w ise  capable  of forming 

d imers .  For th e  e q u i l i b r i a  of sp ec ie s  IX, th e  thermodynamically  more 

s t a b l e  f l ,a-form must be fav o red .  This can c o n t r i b u t e  to  the  

p r e f e r e n t i a l  d e p l e t i o n  of th e  a , f o r m  as observed by NIK (F igure  

4 . 1 3 ) .  Chain t r a n s f e r  t o  th e  a , a- isomer dominates  due t o  i t s  h igher  

p r e v a i l i n g  c o n c e n t r a t io n  as  wel l  as to  i t s  s t r o n g e r  b a s i c i t y  a t  the  

hydroxy s i t e .

Under c o n d i t i o n s  of copo lym er iza t ion ,  the  c a t i o n i c  s i t e s  due to  

the  h ig h ly  r e a c t i v e  t r i o x a n e  monomer dominates the  p ro c e s s .  Figure  

4 .1 5 ,  a l3 C NIR spectrum of  a base hydrolyzed copolymer sample, 

i n d i c a t e s  a s t r u c t u r e  c o n s i s t i n g  p r im a r i l y  of -CHjO- u n i t s .  The 

r e l a t i v e  occurrence  of u n i t s  IV and V appears  to  be approximate ly  equal 

based on a comparison of s ig n a l s  11 and 13. Accurate  q u a n t i f i c a t i o n  i s  

d i f f i c u l t  due to  s ig n a l  o v e r lap p in g .

The observed i n c o r p o ra t io n  of  th ese  two u n i t s  may be the  r e s u l t  of 

equal  r e a c t i v i t y  of both isomers o r  the  r e a c t i o n s  of one isomer 

in v o lv in g  s e v e r a l  s t e p s .  For example, s t r u c t u r a l  u n i t  IV can o r i g i n a t e  

d i r e c t l y  from th e  a , i s o m e r  ( v ia  r in g  opening co p o lym er iz a t ion )  or 

from the  a , a - i s o m e r  through a t h r e e  s tep  p rocess  ( i . e .  chain  t r a n s f e r
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Figure  4 .14 : G lycero l  f o r a a l  r e a c t i o n s  in the  
p resence  of BF2 0Et?

n0  0  OH
V 1'
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m
o  OH H P0 +O v j ,  OH
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V I I I
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8 9 1 0  8 1 3 1 2 1 3  8
( C H 2 O) 'v,vr',CH 2 —CH—0 |'" '"v ( C H ; 0 ) — C H j —CH—CH 2  —0 ( C M )  "w \ t

C M H  OH
1 1

8

X 8

1—1—r t—rT T TT nr T T TT TT

X  0O 9 0  9 0  70 60
PPM

Figure 4.15

Typical l J C NMR spectrum of t r io x a n e -g ly c e r o l  
formal copolymer, DMSO-d# 126°C.
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to  monomer, r in g  opening p ropaga t ion  and then  h y d r o ly s i s )  as  d ep ic te d  

in F igure  4 .1 1 .  However, s in ce  end groups r e s u l t i n g  f ro*  cha in  

t r a n s f e r  to  monomer ( I  and I I )  and the  branched u n i t  ( I I I )  a re  not 

observed in th e  copolymer spectrum, but aay have e x i s t e d  p r i o r  to 

h y d r o ly s i s .

The d a t a  in Figure 4 .9  s u a a a r i z e s  the  y i e l d s  a f t e r  aethanol/TEA 

washing (crude produc t)  and a f t e r  h y d r o ly s i s  ( f i n a l  p r o d u c t ) .  The 

f i r s t  t r e a tm e n t  removes i n i t i a t o r  and aonoaers .  This y i e l d  inc ludes  

p roduc ts  due t o  both hoaopolymer iza t ion  and c o p o l y a e r i z a t i o n .  The base 

h y d r o ly s i s  s te p  lead s  t o  s t a b l e  end groups ,  A good f i n a l  y i e l d  i s  

i n d i c a t i v e  of  re so n ab le  l e v e l s  of  coaonoaer  i n c o r p o ra t io n .  Product 

y i e l d  d a t a ,  t o g e th e r  with the  r e s u l t s  of NMR a n a l y s i s  ( s p e c t r a  not 

shown) i n d i c a t e  t h a t  a t  low feeds  ( i . e .  l e s s  than  approximate ly  1.5 

mole p e rc en t )  the  product  indeed c o n ta in s  l i t t l e  o r  no comonomer and is 

no th ing  more than  th e rm a l ly  s t a b l e  P01. This i s  not con s id e red  to  be 

unusual s in c e  hydrolyzed POI homopolyaer t y p i c a l l y  y i e l d s  a th e rm a l ly  

s t a b l e  f r a c t i o n  of approximate ly  257, (11) .  At high feeds  ( i . e .  more 

than  about 2 .4  mole p e rce n t )  chain  t r a n s f e r  t o  monomer or  wate r  may be 

s i g n i f i c a n t ,  r e s u l t i n g  in  POI homopolymer and low molecular  weight 

copolymer t h a t  i s  l o s t  on h y d r o ly s i s .  At feeds  of about  2 mole 

p e r c e n t ,  th e rm a l ly  s t a b l e  copolymers a re  rep ro d u c ib ly  ob ta ined  in 

r ea so n ab le  y i e l d .  N1R s p e c t r a  i n d i c a t e  an in c o r p o ra t io n  of ca.  37, by 

mole (F igu re  4 .1 5 ,  comparing peaks # 8  wi th #9 through 13).  At a 

c o n c e n t r a t i o n  of 27, by weight of copolymer in h e x a f lu o ro i s o p ro p a n o l , 

HFIP, an in h e ren t  v i s c o s i t y  of 0.42 dL/g was o b ta in ed .  The molecu lar
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weights  a re  e s t im a te d  to  be ca .  4 X 1 0 3 based on comparison with 

v i s c o s i t y  r e s u l t s  from t r i o x a n e - e t h y l e n e  oxide copolymers with 

m o lecu la r  weights  w i th in  t h i s  range .  The number of comonomer u n i t s  

in c o rp o ra te d  per  chain i s  about fo u r .  The low m olecu la r  weight of 

t r i o x a n e  g ly c e r o l  formal copolymers i s  expected because the  -OH group 

of t h e  comonomer r e a d i l y  leads  t o  cha in  t r a n s f e r  f o r  c a t i o n i c  

p o ly m e r iz a t io n .

F igure  4 .16 shows a comparison of TGA thermograms o b ta in ed  from 

t r i o x a n e  copolymers with g ly c e r o l  formal  (3 mole 7. in c o r p o ra t io n ]  and 

e th y l e n e  oxide (1 .4  mole 7, i n c o r p o r a t i o n ) .  C lea r ly  the  thermal 

s t a b i l i t y  of  the  copolymer i s  not a d v e r se ly  a f f e c t e d  by in c o rp o ra t io n  

of g l y c e r o l  formal u n i t s .

D i f f e r e n t i a l  scanning c a lo r im e t r y  g ives  a pe rc en t  c r y s t a l  l i n i t y  of 

687,, i n d i c a t i n g  t h a t  hydroxyl and methylo l  pendant groups a re  being 

in c o rp o ra te d  in to  th e  c r y s t a l  s t r u c t u r e  with l e s s  impediment than 

-0-CH2 -CH2-  groups on the  backbone (3 6 ,3 7 ) .
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Figure  4.16
TGA thermograms of a c e t a l  copolymers (h e a t in g  r a t e  - 10°C/min)

A : t r i o x a n e - g l y c e r o l  formal copolymer f 3 .0  mole 7. i n c o rp o ra t io n !  
B : t r io x an e -  e th y len e  oxide copolymer ( 1.4 mole 7. i n c o rp o ra t io n )
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4 3 T r ioxane-G lyc idy l  A cry la te  Copolymers 

4- 3a Summary

C ross l inked  copolymers of t r i o x a n e  and g ly c id y l  a c r y l a t e  have been 

o b ta in ed  by c a t i o n i c  r in g -o p e n in g  p o lym er iza t ion  and subsequent  base 

h y d r o ly s i s .  The r e s u l t i n g  copolymers were found to  be th e rm a l ly  s t a b l e  

above 270°C and i n s o lu b le  in HPIP a t  room tem pera tu re  as well  as  in DIF 

and DISQ a t  170°C. C h a r a c t e r i z a t i o n  by s o l i d  s t a t e  l3 C NIR 

spec t ro scopy  (CP/IAS) i n d i c a t e s  t h a t  the  hydrolyzed copolymers c o n s i s t  

p r im a r i l y  of  s t r u c t u r a l  u n i t s  I and I I :

CHj-CH-0

rv<v ( C M )

I I I

The fo l lo w in g  u n i t s  a r e  be l ieved  to  be p r e se n t  a t  a much lower

c o n c e n t r a t i o n .

CH j —CH—0 ~~~0—CH—0
ck2 
ck2

t

CHj—CHj—0 C-0
!ch=ch2

I I I IV
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j-CH—0 p  CHj-CI-O
€H3

L

>v M C H —C H 2 - C H—C H 3 —0 —C H
c l l j - O - C O - C H - C H j

V VI

CH-CHj-CH2 —0 - CH 2

S t r u c t u r e s  I I I ,  V, and VI can lead  t o  c r o s s l i n k i n g  of th e  copolymer.

The comonomer a c r y l a t e  group f u n c t io n s  as  a bound s t a b i l i z e r  in the  

r e s u l t i n g  network, and p rov ides  a s i t e  f o r  f u r t h e r  m o d i f i c a t i o n .  DSC 

a n a l y s i s  r e v e a l s  t h a t  copolymer c r y s t a l l i n i t y  i s  unusua l ly  low in 

comparison with copolymers with  comparable l e v e l s  of o th e r  comonomers.

4 ' 3b Experimental  

4 - 3b- 1 Syn thec is

Copolymerizat ion of t r i o x a n e ,  TX, with g ly c id y l  a c r y l a t e ,  GA, 

(A ldr ich  Chemical Co.) was c a r r i e d  out  as d e s c r ib ed  in S ec t io n  4 lb 1 . 

T y p ic a l ly ,  25-50 pL of i n i t i a t o r  was used fo r  a t o t a l  monomer charge of 

15-20 grams. Copolymerizat ion tubes  were vented by i n s e r t i n g  a P a s teu r  

p ip e t  f i t t e d  with a d ry ing  tube  through the  serum s to p p e r .  This  was 

done to  r e l i e v e  the  p r e s s u re  b u i l t  up dur ing  p o ly m e r iza t io n .  The base 

h y d r o ly s i s  procedure  used to  remove u n s ta b le  endgroups from 

t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymers i s  a l s o  d e s c r ib ed  in S ec t ion

Glycidyl  a c r y l a t e  was homopolymerized as fo l lo w s :  A dry t e s t  tube

(25 X 75) was charged with 5 grams g ly c id y l  a c r y l a t e .  The tube was

4- l b - 1.
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capped with a seruB s to p p e r ,  purged w i t h  n i t rogen  and evacuated.  The 

co n ten t s  of the  tube were brought to  a  tempera ture  of  650C in an o i l  

bath and s t i r r e d  with a magnetic s t i r r e r .  I n i t i a t o r  (10 fiL, BFjOEtj) 

was then i n j e c t e d  through the  serum s t o p p e r  in to  the coaonomer. The 

po lym eriza t ion  was allowed to  proceed a t  65°C fo r  20 hours .

4 3b-2 N1& a n a ly s i s

So l id  s t a t e  l3C NMR s p e c t r a  were o b t a i n e d  on an IBM VP 200 SY FT 

NIR spec t rom eter  equipped with a s o l i d  a c c e s s o r y  fo r  high power 

decoupl ing ,  c ross  o o l a r i z a t i o n  and m a g ic  angle sp inn ing .  The 

c y l i n d r i c a l  double a i r  bear ing probe was  from Doty S c i e n t i f i c  

(Columbia, SC). Rotors with a sample v o lu m e  of 0.36 cm3 made from 

AI3 O3 were l o u t i n e l y  spun a t  4 KHz. F o r  each spectrum, 2 K d a ta  po in ts  

were c o l l e c t e d  and z e r o - f i l l e d  to  4 K. L in e  broadening was chosen fo r  

optimum s i g n a l - t o - n o i s e  r a t i o  without s a c r i f i c i n g  r e s o l u t i o n .  Spinning 

r a t e s  were monitored with a f requency c o u n t e r  and are  in d ic a te d  in the 

c ap t ion  f o r  each spectrum. S igna ls  n o t e d  "SSB" are  due to  spinning 

s ide  bands. S pec t ra  were ob ta ined  with  a  con tac t  time of 2  msec. All 

r epo r ted  q u a n t i f i c a t i o n s  a re  e s t im a ted  v a l u e s .  Due to  d i f f e r e n c e s  in 

NOE e f f e c t s  and e f f i c i e n c y  of c ross  p o l a r i z a t i o n  for  va r ious  carbons,  

p r e c i s e  q u a n t i t a t i v e  de te rm in a t io n s  b a s e d  presented s p e c t r a  i s  not 

p o s s ib l e .

4 - 3b-3 Theraa l  a n a ly s i s

TGA thermograms were obta ined  on a  DuPont 990 Thermogravimetric 

Analyzer under a n i t rogen  atmosphere w i t h  a hea t ing  r a t e  of 1 0 °C/min.
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Sample masses were t y p i c a l l y  3-5 mg. For f u r t h e r  d e t a i l s  see  s e c t io n

3 - 2b -3. For d i f f e r e n t i a l  scanning c a lo r im e t r y ,  DSC, measurements see 

S ec t io n  4 - lb  4a.

4 3c R esu l t s

4 - 3c - 1 Product  y i e l d s

The y i e l d s  f o r  s t a b l e  copolymer a f t e r  base h y d r o ly s i s  i n c r e a s e s  

with i n c r e a s i n g  comonomer y ie ld  ( see  F igure  4 .17^.  Copolymerizat ion  

with  g ly c id y l  a c r y l a t e  feeds  of g r e a t e r  than 0.77, were observed f i r s t  

to  g ive  a t r a n s l u c e n t  g e l .  A f te r  an in duc t ion  per iod  rap id  

s o l i d i f i c a t i o n  occured .  This  in d u c t io n  time decreased  with
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Vt. 7, GA in Feed

Figure  4.17

P ercen t  y i e l d  vs .  wt. 7, GA in feed 
a f t e r  base h y d r o ly s i s

i n c r e a s in g  comonomer feed .  The r e a c t i o n  was accompanied by the  

e v o lu t io n  of  a s i g n i f i c a n t  q u a n t i t y  of gas .  In cases  where the
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r e a c t i o n  tube  was not vented ( see  Sec t ion  4 - 3 b - l ) ,  th e  p r e s s u re  

gen e ra ted  can be s i g n i f i c a n t .  The tem pera tu re  w i th in  the  r e a c t i o n  tube 

was observed to  r i s e  as high as  90°C d u r in g  th e  s o l i d i f i c a t i o n  p rocess .

The gas  gen e ra ted  was formaldehyde.  Due to  the  high r e a c t i v i t y  of 

the  o x i ra n e  r i n g  in the  p resence  of c a t i o n i c  i n i t i a t o r ,  f r e e  

formaldehyde r a p i d ly  r eaches  i t s  e q u i l i b r i u a  c o n c e n t r a t i o n  with r e sp e c t  

to  t r i o x a n e  as  wel l  a to  polymer c h a in s .  The h igher  y i e l d  f o r  

th e rm a l ly  s t a b l e  copolymer with l a rg e  GA feeds  was due to  the  

i n c o r p o ra t io n  of  more GA comonomer u n i t s  a c t i n g  as  s to p p e r s  a g a in s t  

unz ipp ing  of  oxymethylene b locks .

4 3 c -2 NMR a n a l y s i s

A t y p i c a l  s o l i d  s t a t e  CP/IAS l3C NMR spectrum of a TX-GA copolymer 

i s  g iven in F igure  4 .19 .  Absorpt ions  due to  both comonomers a re  

i d e n t i f i e d .  F igure  4 .20  shows r e p r e s e n t i t i v e  s o l i d  s t a t e  CP/MAS l3C 

NMR s p e c t r a  of  a t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymer a t  low and high 

degree  of  convers ion  and the  g ly c id y l  a c r y l a t e  homopolymei before  and 

a f t e r  h y d r o l y s i s .  Spectrum 4.20A has been en la rged  to  show d e t a i l  in 

th e  a r e a  of th e  comonomer s i g n a l s  because the  comomomer in c o rp o ra t io n  

i s  low in  comparison with methylene oxide .  Table 4 .6  p r e s e n t s  

c a l c u l a t e d  v e rsu s  observed chemical s h i f t  value f o r  the  1JC NMR 

s p e c t r a .  C a lc u l a t i o n s  a re  based on c o r r e l a t i o n  t a b l e s  compiled by 

Brown (4 0 ) .  S t r u c t u r e s  n o t in g  carbon numbering a re  g iven  in Figure  

4 .1 8 .  Carbons noted with a s t e r i s k s  a r e  suspec ted  s t r u c t u r e s .  Only 

carbons 1 th rough 6  and 2 1  a r e  confirmed ass ignments .
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Table  4 .6  : C a lcu la te d  vs .  observed 1SC c h e a i c a l  s h i f t  va lues  
f o r  t r i o x a n e - g l y c i d y l  a c r y l a t e  copo lyaers

Carbon # C a lcu la te d  Cheaical  S h i f t  Observed Chea ica l  S h i f t

1

vPP")
63

s p e c t r a  a b c
(PP»)

65

s p e c t r u a  d

71

2 72 75 78

3 64 65 71

4 166 164 164

5 131 126 134

6 129 1 2 2 132

7* 106 109 -

8 * 41 41 41

9* 60 - -

1 0 * 73 - -

1 1 * 31 32 33

1 2 * 59 - -

13* 79 - -

14* 27 26 25

15* 28 29 30

16* 77 -

17* 44 47 47

18* 59 62 62

19* 175 175 175

2 0 * 65 - -

2 1 90 901 90

‘ t e n t a t i v e  s t r u c t u r e s  o v e r l a p p i n g  s i g n a l s  1 s p e c t r u s  a  o n l y
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F ig u re  4 .18 : Numbering ass ignments  f o r  s p e c t r a
in F ig u res  4 .19  and 4 .20 A,BtC and D
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F igure  4.21 g ives  the  high r e s o l u t i o n  1*C NR spectrum of  the  

g l y c i d y l  a c r y l a t e  monoaer f o r  purposes  of c o ap a r i so n .  Copolyaers  with 

g l y c i d y l  a c r y l a t e  feed  of  l e s s  than  0 .7  a o l e  7. gave only a methylene 

oxide s ig n a l  and were concluded to  be polyoxyaethy lene  hoaopolyaer .

The i n c o r p o ra t io n  f o r  a copo lyaer  s aa p le  with 1.1 a o l e  7, coaonoaer  feed 

was e s t i a a t e d  to  be ca .  1 a o le  7. based on i n t e g r a t i o n  of  l3C NMR 

s p e c t r a .  (F igu re  4 .1 9 ,  peaks 5 and 6 vs .  21) .

4 - 3 c - 3 Theraa l  a n a l y s i s

In F igure  4 .2 2 ,  th e  th e r a o g ra a  r e s u l t i n g  f r o a  the  therao-  

g r a v i n e t r i c  a n a l y s i s  of  a t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymer (1 mole 

7, i n c o r p o ra t io n )  i s  compared with t h a t  of a t r i o x a n e - e t h y l e n e  oxide 

copolymer (1 .4  mole 7. i n c o r p o r a t i o n ) .  F igure  4.23 g iv es  TGA 

thermograms of  t h e  g l y c i d y l  a c r y l a t e  hoaopolyaer  be fo re  and a f t e r  - 

h y d r o ly s i s .

Copolyaer samples with a  g ly c id y l  a c r y l a t e  feed of l e s s  than 0.7 

mole p e rce n t  melted below 270°C and e x h i b i t e d  t h e r a a l  behav ior  s im i l a r  

to  th e rm a l ly  s t a b l e  POI. This  su g g es t s  t h a t  systems with low cotnonooer 

f^ed r e s u l t  no t  in copo lyaer  but  mainly in th e rm a l ly  s t a b l e  POM ( i . e .

end-capped) .  The absence of coaonoaer  s ig n a l s  in the  NMR 

s p e c t r a  of t h e s e  low feed  samples su p p o r t s  t h i s  c o n c lu s io n .  This  is  

not  cons ide red  to  be unusual  s in ce  hydrolyzed  POM hoaopolyaer  t y p i c a l l y  

y i e l d s  a th e rm a l ly  s t a b l e  f r a c t i o n  of  approximate ly  257. (11) .  Samples 

with  h ig h e r  GA feed s  ( i . e .  g r e a t e r  than 0 .7  a o le  7.) r e s u l t  in p roduc ts  

t h a t ,  u n l ik e  the  lower feed  samples,  a r e  in s o lu b le  in HFIP and DMSO and 

DMF a t  170°C. All  s a a p le s  with coaonoaer feeds  g r e a t e r  than 0 .7  mole
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7. d id  no t  appear  to  B e l t  when heated to 270°C during  the raograv im etr ic  

a n a l y s i s .  Decomposition occurs  well  above 270°C.

Data from DSC (Table 1.7) i n d i c a t e  t h a t  the  c r y s t a l l i n i t y  of the 

a c e t a l  copolyaer  is  unusua l ly  low as compared to  l i n e a r  copolymer with 

comparable comonomer i n c o rp o ra t io n .  For example, t r io x a n e  copolymer 

with 1.4 mole percen t  e th y len e  oxide in co rp o ra t io n  shows a percen t  

c r y s t a l l i n i t y  of  60. For the  t r i o x a n e -g ly c id y l  a c r y l a t e  copolymer with 

17, GA in c o rp o ra t io n ,  only 357, c r y s t a l l i n i t y  was observed. When the 

in c o rp o ra t io n  in c reases  to  2.47,, a low 117, c r y s t a l l i n i t y  was ob ta ined .

4-3d Discuss ion  and conc lus ions

The l3C Ni l  s p e c t r a  shown in Figure  4.19 and 4.20 provide some 

in s i g h t  t o  our unders tand ing  of the  chemistry of the  copolymerizat ion 

of t r i o x a n e  and g ly c id y l  a c r y l a t e .  The product  obtained  in the e a r ly  

s t a g e  of copolymeriza t ion  i s  found to  be only p a r t l y  so lu b le  on hot DBF 

and D1S0. The spectrum of t h i s  low conversion product (Figure 4.20 D) 

i n d i c a t e s  t h a t  the  polymer i s  composed p r im a r i ly  of s t r u c t u r e  I and II 

( i . e .  PUi and the  u n i t  r e s u l t i n g  from r ing-opening  polymeriza tion of 

the o x i r a n e ) .  As expected ,  the ox irane  f u n c t i o n a l i t y  of the g lyc idy l  

a c r y l a t e  monomer is  much more r e a c t i v e  than t r io x a n e ,  a s ix  membered 

r in g .  The reac t io n  of the  a c r y l a t e  group may r e s u l t  in the  formation 

of t h e  c ro s s l in k e d  s t r u c t u r e s  I I I , V and VI, lead ing  to  the  p a r t i a l  

i n s o l u b i l i t y  of the  p ro d u c ts .

The c lo se  s i m i l a r i t i e s  between the low conversion t r ioxane-  

g ly c id y l  a c r y l a t e  copolymer spectrum (Figure  4.20 D) and t h a t  of 

g ly c id y l  a c r y l a t e  homopolymer (Figure 4.20 B and C) in d ic a te s  t h a t  the
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Figure  4.19
Typica l  s o l i d  s t a t e  l3C NMR spectrum of a t r io x a n e  g ly c id y l  a c r y l a t e  
copolymer, spectrum ob ta ined  us ing  c ro s s  p o l a r i z a t i o n  and magic angle  
sp inn ing ,  (25°C,2846 scans ,  sp inn ing  r a t e  - 4 .0  KHz)
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Figure  4.20

So l id  s t a t e  l3C NMR s p e c t r a  ob ta ined  us ing  
c r o s s p o l a r i z a t i o n  and magic angle  sp inn ing  (25°C)

A : t r i o x a n e * g ly c id y l  a c r y l a t e  copolymer, high degree of convers ion ,  
a f t e r  base h y d r o ly s i s  ( sp inn ing  r a t e  = 4 .0  kHz) 4 v t  7, feed ,
2846 scans

B : g ly c id y l  a c r y l a t e  homopolymer a f t e r  base h y d r o ly s i s ,  (548 scan s ,  
sp inn ing  r a t e  = 3.1 kHz)

C : g ly c id y l  a c r y l a t e  homopolymer before  base h y d r o l y s i s ,(584 scans ,  
sp inn ing  r a t e  = 4.6 kHz)

D : t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymer, low degree of convers ion ,  
b efo re  base h y d ro ly s i s  (3335 scans ,  sp inning  r a t e  = 4 .6  kHz)
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Figure  4.21

isC NMR s p e c t r a  of g ly c id y l  a c r y l a t e  comonomer (DMSU-d6 , 25°C)



t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymer a t  low convers ion  i s  e s s e n t i a l l y  a 

g l y c i d y l  a c r y l a t e  hoaopolyaer .  The a a j o r  u n i t  in the hoaopolyaer  i s ,  

as  in the  low convers ion  cop o ly ae r ,  S t r u c t u r e  I I .  Also e v id e n t  from 

th e se  s p e c t r a  i s  t h e  conspicuous presence  of the  a c r y l a t e  group 

(carbons  5 and 6 ) ,  c l e a r l y  i n d i c a t i n g  i t s  s u rv iv in g  the  h y d ro ly s i s  

p r o c e s s .

I t  can be r e a d i l y  seen f r o a  F igure  4 .20  B t h a t  th e  s i g n a l s  f o r  the 

c r o s s l i n k e d  u n i t s  a r e  p r e s e n t  b e fo re  h y d r o ly s i s ,  i n d i c a t i n g  the 

p a r t i c i p a t i o n  of  t h e  a c r y l a t e  group in the  copo lym er iza t ion  p ro cess .

The r e a c t i v i t y  of th e  a -ca rbony l  double bond towards c a t i o n i c  c en te r s  

has been '‘ocumented. Acrole in  i s  r ep o r te d  to  polymerize  c a t i o n i c a l l y  

through both th e  carbonyl  and the  carbon carbon double  bond. The 

c a t i o n i c  homo- and copo lym er iza t ion  of a c r o l e i n  (43,44)  occur  p r im a r i ly  

by carbonly  a d d i t i o n ;  v in y l  a d d i t i o n  occurs  t o  a l e s s e r  e x t e n t .  For 

copo lym er iza t ion  with s t y r e n e ,  the  s t y r y l  c a t io n  a t t a c k s  a c r o l e i n  a t  

the  carbonyl  and v iny l  groups in a r a t i o  of approximate ly  92 to  8.

I t  is  b e l ie v e d  t h a t  g ly c id y l  a c r y l a t e  behaves in a s i m i l a r  manner, 

r e s u l t i n g  in homo and copolymers with pendant  a c r y l a t e  groups.  

C ro s s l in k in g  of th e se  copolymers r e s u l t s  from a t t a c k  by c a t i o n i c  

c e n t e r s  on v in y l  groups.

Based on Nlft s p e c t r a  and p o s s i b l e  r e a c t i o n s  of  g ly c id y l  a c r y l a t e ,  

the  s t r u c t u r e s  of  secondary u n i t s  in the  c r o s s l in k e d  s t r u c t u r e  a re  

proposed.  These s t r u c t u r e s  a r e  I I I ,  IV, V and VI.
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S t r u c t u r e  I I I  could r e s u l t  from chain  i n i t i a t i o n  by the  a c r y l a t e  

group,  i . e . :
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A 1,2 carbon s h i f t  a f t e r  r i n g  of the  ox i rane  y i e l d s  (45) :
0 0

h—d—ch2—ch2—0—d—CH-CH2

In c o rp o r a t i o n  of t h i s  u n i t  du r ing  co po lym er iza t ion  g iv e s  s t r u c t u r e  IV, 

and accoun ts  f o r  carbon 7 in  th e  s p e c t r a  in F igure  4 .20  B, C and D.

Some a b s o rp t io n s  due to  t h i s  compound a r e  observed in th e  s p e c t r a  of 

unhydrolyzed homo- and copolymer (F igure  4 .20 C and D). S ig n a ls  a t  193
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and 135 ppm a re  a s s ig n ed  to  the  aldehyde and double  bond carbons 

r e s p e c t i v e l y .

S t r u c t u r e s  V and VI may r e s u l t  f ro *  r e a c t i o n  of the  a c r y l a t e  

carbon-ca rbon  double  bond with c a t i o n i c  c e n t e r s .
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S ig n a l s  from u n i t  VI should  be more obvious  in th e  spectrum of the  low 

convers ion  copolymer (Spectrum 4 .20  D) than in e i t h e r  of th e  GA 

homopolymer s p e c t r a  (F igure  4 .20  B and C ) . This is  r e a d i l y  confirmed 

(see  carbon #11 in in F igure  4 .20  D).

The p resence  of c r o s s l i n k i n g  u n i t s ,  evidenced by s i g n a l s  appear ing  

in th e  range of  25 to  55 ppm in the  t J C N i l  s p e c t r a  in F igure  4.15 D, 

i n d i c a t e s  t h a t  a s i g n i f i c a n t  degree  of c r o s s l i n k i n g  occurs  in the e a r l y  

s ta g e s  of c o p o ly m er iza t io n .  The g e l ,  as  t h e  low convers ion  p roduc t ,  

c o n s i s t s  a lmost  e n t i r e l y  of g ly c id y l  a c r y l a t e  u n i t s .  Based on t h i s  

o b s e r v a t io n ,  i t  was suspec ted  t h a t  t r a n s a c e t a l i z a t i o n  would be 

i n e f f i c i e n t  and t h a t  a non-random d i s t r i b u t i o n  of comonomer u n i t s  would
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r e s u l t .  TGA a n a l y s i s  dem ons t ra tes  t h a t  t h i s  in not  th e  case ,  

e s p e c i a l l y  f o r  samples with l a r g e  coaonoaer  feed s .

F igu re  22 g iv e s  sample DSC thermograms f o r  two t r i o x a n e - g l y c i d y l  

a c r y l a t e  copolymers (1 .1  and 2 .4  mole p e rc e n t  comonomer in c o rp o ra t io n )  

and a t r i o x a n e - e t h y l e n e  oxide copolyaer  (1 .4  a o l e  pe rc en t  comonomer 

i n c o r p o r a t i o n ) ,  th e  broad endotherm of  the  TI-GA copolymer with  2.4 

mole p e r c e n t  i n c o r p o ra t i o n  has a much l ^ v e r  a r ea  than the  TX-EO 

copolymer even though the  sample mass i s  a lmost  twice  as  g r e a t .

Data p re sen te d  in Table 4 .7  i n d i c a t e  t h a t  c r y s t a l l i n i t y  of the 

TX-GA copolymers i s  much lower than one would expect  f o r  samples with

Table 4 .7  : Heat of fu s io n  and pe rc en t  c r y s t a l l i n i t y  of t r i o x a n e
g ly c id y l  a c r y l a t e  and t r i o x a n e  e th y le n e  oxide  copolymers

Comonomer feed  AHf P ercen t
weight pe rcen t  (mcal/mg) c r y s t a l l i n i t y

3 (GA) 21 35

24 (GA) 7 11

2* (EO) 35 50

01 58.7 100

* 2 weight pe rc e n t  i n c o rp o ra t io n

1 h y p o th e t i c a l  1007, c r y s t a l l i n e  P0I homopolymer

very long POI b lo ck s .  This  sugges ts  t h a t  a l though  the  copolymers a re  

c r o s s l i n k e d ,  t h e  t r a n s a c e t a l i z a t i o n  p rocess  s t i l l  o c c u r s ,  and a random 

d i s t r i b u t i o n  of GA i s  ach ieved .  I t  i s  b e l i e v e d  t h a t  117, i s  the  lowest  

r e p o r te d  value  f o r  c r y s t a l l i n i t y  of  wel l  c h a r a c t e r i z e d  a c e t a l  copolymer 

with low l e v e l  comonomer in c o rp o ra t io n .



Figure 4.22 

DSC thermograms of a c e t a l  copolymers

A. t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymer,
2 .4  mole 7. comonomer in c o rp o ra t io n  (3 .26  mg)

B. t r i o x a n e - g l y c i d y l  a c r y l a t e  copolymer,
1.1 mole 7t comonomer in co rp o ra t io n  (1 .14 mg)

C. t r i o x a n e - e th y le n e  oxide copolymer,
1.4 mole 7. comonomer in c o rp o ra t io n  (1 .74  mg)
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TGA thermograms i n d i c a t e  t h a t  the  t h e r a a l  s t a b i l i t y  of  the 

t r i o x a n e - g l y c i d y l  a c r y l a t e  copo lyaers  i s  s u p e r i o r  t o  a  t r io x an e -  

e th y le n e  oxide  copolyaer  with a coap a rab le  l e v e l  of coaonoaer  

i n c o r p o ra t io n  (F igure  4 . 2 3 ) .  The t h e r a a l  s t a b i l i t y  of th e  t r i o x a n e  

g l y c i d y l  a c r y l a t e  copolyaer  as  coapared to  the  g l y c i d y l  a c r y l a t e  

hoaopolyaer  (F igure  4 .24)  sugges ts  t h a t  i t s  s t a b i l i t y  i s  not  due to  

g l y c i d y l  a c r y l a t e  b lo c k s ,  but  r a t h e r  t o  e f f i c i e n t  s to p p e r  u n i t s  as well  

as uniform c r o s s l i n k i n g  in the  copolymer.

The t h e r a a l  s t a b i l i t y  of  the  TX GA copolyaer  can be a t t r i b u t e d  to  

the  a b i l i t y  of the  a c r y l a t e  group to  a c t  as a f r e e  r a d i c a l  s in k ,  a 

p ro ton  a c c e p to r  and a formaldehyde ac ce p to r  as wel l  (*6) .

The r e t e n t i o n  of a s i g n i f i c a n t  l e v e l  of th e  a c r y l a t e  group in the  

c r o s s l in k e d  copolymer a f t e r  h y d r o ly s i s  i s  apparen t  from the  NIR s p e c t r a  

p re se n te d  (F igure  4 .20  A and B, peaks 5 and 6 ) .  Thus the  p resence  of 

the  a c r y l a t e  group s t a b i l i z e s  thw copolymer a g a i n s t  both r o u te s  of 

d e g r a d a t io n ,  i . e .  a c i d o l y t i c  and r a d i c a l  ( 9 ) .  Fur thermore ,  

formaldehyde,  the  harmful common deg rad a t io n  product  of both r o u t e s ,  is 

a l s o  removed. The impediment of chain  m o b i l i ty  due to  c r o s s l i n k i n g  

c o n t r i b u t e s ,  of c o u r se ,  t o  the  thermal s t a b i l i t y  of th e  system.
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Figure  4.23

TGA thermograms of a c e t a l  copolymers (h ea t in g  r a t e  = 10°C/min)

A : t r i o x a n e  g ly c id y l  a c r y l a t e  copolymer 
B : t r i o x a n e - e t h y l e n e  oxide copolymer
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TGA thermogram of g ly c id y l  a c r y l a t e  homopolymer

A : g ly c id y l  a c r y l a t e  homopolymer ( b e f o r e  h y d ro ly s i s )  
B : g ly c id y l  a c r y l a t e  homopolymer ( a f t e r  h y d ro ly s i s )
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5 CONCLUDING REIA1IS

The u l t i m a t e  goal  of t h i s  i n v e s t i g a t i o n  was to  develop systems of 

polymer-bound s t a b i l i z e r s .  Although t h i s  goa l  has no t  been completely  

ach ieved ,  some advances in the  a r e a  of  p o l y a c e t a l  s t a b i l i z a t i o n  have 

been made.

One of  the  most Impor tant  developments towards polymer-bound 

s t a b i l i z e r s  was th e  s y n th e s i s  and c h a r a c t e r i z a t i o n  of  t h r e e  

f u n c t io n a l i z e d  p o l y a c e t a l s .  Copolymers p o s se s s in g  backbone 

c i s - 2 - butene u n i t s  have been found to  have t h e r a a l  s t a b i l i t y  and 

r e s i s t a n c e  to  bromine d e g ra d a t io n  s u p e r io r  to  t r i o x a n e - e t h y l e n e  oxide 

a c e t a l  copolymers.  This  was achieved without  the  l o s s  of 

c r y s t a l l i n i t y .  Fur thermore ,  i t  has been demonstra ted t h a t  th e se  

u n s a tu ra te d  copolymers can be modified  f u r t h e r ,  l e a d in g  to  o th e r  

f u n c t i o n a l i t i e s .

In a d d i t i o n  to  i u n c t i o n a l  groups on th e  polymer backbone, pendant 

groups can a l s o  be a t t a c h e d .  Two a d d i t i o n a l  copolymers were 

sy n th es ized  and c h a r a c t e r i z e d  to  demonstra te  t h i s  approach.  I t  was 

expected t h a t  f o r  pendant f u n c t i o n a l i t i e s ,  th e  e x t e n t  of m o d i f i c a t io n  

could  be b e t t e r  c o n t r o l l e d .  The new copolymers co n ta in  pendant  hydroxy 

and methylol  groups in  one system and pendant  a c r y l a t e  groups in the  

o t h e r .  M o d if ica t ion  of t h e s e  novel systems have not  y e t  been 

a t t em p te d ,  but t h e  p o t e n t i a l  f o r  m o d i f ic a t io n  i s  c l e a r l y  evidenced .

Vhen c o n s id e r in g  p o ly a c e t a l  m o d i f i c a t i o n ,  one f a c t o r  s ta n d s  o u t .
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That i s  t h a t  th e  very p r o p e r t i e s  t h a t  sake  p o ly a c e t a l  so u s e fu l  a l so  

render  t h e*  d i f f i c u l t  t o  modify .  Because of  the  polymer’ s high degree 

of c r y s t a l l i n i t y  and th e  n a tu r e  of i t s  chemical com posi t ion ,  

p o l y a c e t a l s  a r e  not r e a d i l y  s o lu b le  a t  room tem pera tu re .  The use of 

HFIP, th e  only  known room-temperature  s o lv e n t ,  r e s t r i c t s  p o s s ib l e  

m o d i f i c a t io n  r e a c t i o n s  t o  th o se  us ing  IF IP - s o lu b le  r e a g e n t s .  I t  i s  

o f t e n  t h e  case  t h a t  th e  p resence  of  th e se  re a g e n ts  r e s u l t s  in polymer 

i n s o l u b i l i t y .  M o d if ic a t io n s  r e q u i r i n g  ac id  or  r a d i c a l  c a t a l y s i s  run 

th e  r i s k  of  e x t e n s iv e  polymer d e g ra d a t io n .  The l im i t e d  success  of 

m o d i f i c a t io n s  r e p o r t e d  in S e c t io n  4 lc  i s  due only to  th e  f a c t  t h a t  

m o d i f i c a t io n  was l i m i t e d  to  the  s u r f a c e .  For f u n c t io n a l  groups trapped 

w i th in  t h e  c r y s t a l  l a t t i c e ,  t h e r e  was no o p p o r tu n i ty  f o r  m o d i f i c a t io n .

New copolymers c o n ta in in g  pendant a c r y l a t e  groups have been found 

to  have s i g n i f i c a n t l y  lower c r y s t a l l i n i t y  than  most a c e t a l  copolymers. 

P ro v id in g  t h a t  c r o s s l i n k i n g  i s  not e x t e n s iv e ,  t h i s  system p r e s e n t s  

promising o p p o r t u n i t i e s  f o r  m o d i f i c a t io n  because of in c reased  access  to 

u n i t s  o th e rw ise  t rapped  w i th in  th e  c r y s t a l  l a t t i c e .  The p o t e n t i a l  

a p p l i c a t i o n s  of t h i s  system w i l l  l i k e l y  be d i f f e r e n t  from convent iona l  

a c e t a l  copolymers due to  p ro p e r ty  changes r e s u l t i n g  from decreased  

c r y s t a l l i n i t y .

Copolymers with  pendant  hydroxyl and methylol  f u n c t io n a l  groups 

have,  in  g e n e r a l ,  found t o  be of r e l a t i v e l y  low m olecu la r  weight .  This 

system may f i n d  use f o r  a p p l i c a t i o n s  r e q u i r i n g  ol igomers  with r e a c t i v e  

end groups as  v e i l  pendant s i t e s  f o r  f u r t h e r  m o d i f i c a t i o n ,  e . g .  

s t a b i l i z e r  bonding.
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k d i f f e r e n t ,  but  r e l a t e d ,  approach taken with r e s p e c t  to  

p o l y a c e t a l  s t a b i l i z a t i o n  and d e g ra d a t io n  involved a  s tudy of the  

r a d i c a l  and a c i d o l y t i c  d e g ra d a t io n  of  a  Model t r i o x a n e - e t h y l e n e  oxide 

copo lyaer  in s o l u t i o n .  Froa t h i s  i n v e s t i g a t i o n  i t  was lea rned  t h a t  

d e g ra d a t iv e  unzipp ing  i s  a auch f a s t e r  p rocess  than the  back b i t i n g  

p rocess  t h a t  r e s u l t s  in c y c l i c  a c e t a l  d e g rad a t io n  p ro d u c ts .  No 

s i g n i f i c a n t  d i f f e r e n c e s  in the  r e l a t i v e  p ro p o r t io n  of  th e se  d e g ra d a t io n  

p roduc ts  was observed between the  r a d i c a l  and ac id  ca ta ly z e d  

d e g r ad a t io n  s t u d i e s ,  suppor t ing  r e p o r t s  of the  p roduc t ion  of formic 

ac id  in s y s t e a s  degrading  by r a d i c a l  s p e c i e s i s .

The e v a lu a t io n  of  a s e r i e s  of fo rm aldehyde-accep t ing  compounds fo r  

p o l y a c e t a l  s t a b i l i z e r s  r e s u l t e d  in the  development of a u se fu l  

" s c r e e n i n g ” method f o r  p o t e n t i a l  s t a b i l i z e r s .

The i n v e s t i g a t i o n s  p re sen ted  here  e s t a b l i s h  a number of p o t e n t i a l  

avenues f o r  th e  improvement of  p o ly a c e t a l  s t a b i l i z a t i o n .  I t  i s  hoped 

t h a t  f u t u r e  work stemming from th ese  e x p lo ra to ry  r e s u l t s  w i l l  lead  to 

f u r t h e r  advances .
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