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/z bisfenola A in p,p-diklorofeniloksida smo sintetizirali polifosfonate z nizko moisko maso in vsebnostjo 5-7% fosforja (P) ter jih 
uporabili kot surovino za sintezo nebromiranih in bromiranih epoksidnih smol z 1,5-1,8% P. Epoksidne smole s polifosfonati 
zamrežujejo pri višjih temperaturah kot navadne epoksidne smole, kinetični parametri zamreževanja in temperatura steklastega 
prehoda zamreženih produktov pa se bistveno ne razlikujejo. Termična stabilnost nebromiranih smol je nekoliko slabša, bromiranih 
pa nekoliko boljša. Po razpadu na zraku pri 600°C imata obe vrsti smol okrog 10% preostanka mase. Gorljivost epoksidnih smol s 
polifosfonati je nižja od tistih brez fosforja, vendar je višja od gorljivosti komercialne bromirane smole z 18,5% Br. 

Ključne besede: polifosfonati, epoksidne smole, sinteza, karakterizacija, zamreževanje, termična stabilnost, gorljivost 

Polyphosphonates with low molar masses and 5-7% of phosphorus (P) were synthesized from bisphenol 4 (BA) and 
phenylphosphonic dichloride (DCPPO) and used as raw materials for the synthesis of non-brominated and brominated epoxy resins 
with 1,5-1,8% P The synthesized epoxy resins crosslink at higher temperatures than common epoxy resins do while the kinetic 
parameters of crosslinking and the glass transition temperature of crossiinked products do not differ significantly. Thermal stability 
of non-brominated resins deteriorates and of brominated resins improves to a certain degree. Both types of resins have a 10% 
mass residue after the degradation in air at 600"C. Epoxy resins with polyphosphonates exhibit lower flammability than analogues 
vvithout P, but, their flammability is stili higher than that of the commercial brominated resin with 18,5% Br. 
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1 Uvod 

Z n i ž a n j e g o r l j i v o s t i p o l i m e r o v j e p o m e m b n o t a k o p r i 

u p o r a b i ž e z n a n i h p o l i m e r o v k o t t u d i p r i r a z v o j u n o v i h 

p o l i m e r n i h m a t e r i a l o v . R a z i s k a v e s o u s m e r j e n e v r a z v o j 

z a v i r a l c e v g o r e n j a i n t a k i h p o l i m e r o v , k i p r i r a z p a d u p r i 

v i s o k i h t e m p e r a t u r a h n e d a j e j o t o k s i č n i h p r o d u k t o v ; 

z a v i r a l c i g o r e n j a p a p o l e g t e g a n e s m e j o b i s t v e n o s p r e -

m e n i t i l a s t n o s t i p o l i m e r o v 1 . P r i e p o k s i d n i h s m o l a h s e z a 

z n i ž a n j e g o r l j i v o s t i n a j v e č k r a t u p o r a b l j a j o h a l o g e n i r a n e 

s m o l e a l i p a d o d a t k i h a l o g e n i r a n i h s p o j i n , k i p r a k t i č n o 

n e p o s l a b š a j o l a s t n o s t i e p o k s i d n i h s m o l 2 , v e n d a r p a p r i 

r a z p a d u d a j e j o t o k s i č n e s p o j i n e . Č e p r a v p o t e k a j o i n -

t e n z i v n e r a z i s k a v e m o ž n o s t i z a m e n j a v e h a l o g e n i r a n i h 

s p o j i n , z a e n k r a t š e n i u s t r e z n e g a n a d o m e s t i l a . 

V o k v i r u r a z i s k a v s i n t e z e i n l a s t n o s t i e p o k s i d n i h 

s m o l s m o š t u d i r a l i t u d i v p l i v f o s f o r j e v i h s p o j i n n a 

t e r m i č n e l a s t n o s t i e p o k s i d n i h s m o l 3 . F o s f o r j e v e s p o j i n e , 

z a k a t e r e j e z n a n o , d a z a v i r a j o g o r e n j e 1 , 4 " 7 , s m o u p o r a b i l i 

a l i k o t r e a k t a n t e p r i s i n t e z i a l i k o t d o d a t k e . U g o t o v i l i 

s m o , d a j e b i l a t e r m i č n a s t a b i l n o s t k o m e r c i a l n e b r o m i -

r a n e e p o k s i d n e s m o l e z 1 8 , 5 % b r o m a s l a b š a o d s t a b i l -

n o s t i e p o k s i d n i h s m o l z v g r a j e n i m p o l i f o s f o n a t o m , e n t a l -

p i j a z a m r e ž e v a n j a i n t e m p e r a t u r a s t e k l a s t e g a p r e h o d a 

z a m r e ž e n i h s m o l ( T g ) p a s t a b i l i n i ž j i . D o d a t k i o r g a n s k i h 

f o s f o r j e v i h s p o j i n n a d 4 % s o d e l o v a l i k o t m e h č a l o i n 

z n i ž a l i T g
3 . 

S s t a l i š č a u p o r a b e e p o k s i d n i h s m o l z z n i ž a n o g o r -

l j i v o s t j o s o p r a v g o t o v o z a n i m i v e e p o k s i d n e s m o l e z 

v g r a j e n i m i p o l i f o s f o n a t i , k i s e u p o r a b l j a j o p r e d v s e m k o t 

' Dr . M a j d a Ž I G O N 
K e m i j s k i inš t i tu t 

H a j d r i h o v a 19. 1 0 0 0 L j u b l j a n a . S l o v e n i j a 

d o d a t k i p o l i m e r o m 1 ' 5 6 . Z a t o j e b i l n a m e n d e l a s i n t e t i z i -

r a t i v e č n e b r o m i r a n i h i n b r o m i r a n i h e p o k s i d n i h s m o l s 

p o l i f o s f o n a t i z r a z l i č n o m o i s k o m a s o i n r a z l i č n o 

v s e b n o s t j o f o s f o r j a t e r o p r e d e l i t i n j i h o v e l a s t n o s t i . S t r u k -

t u r o p o l i f o s f o n a t o v i n e p o k s i d n i h s m o l s m o o p r e d e l i l i s 

F T I R i n N M R s p e k t r o s k o p i j o , p o r a z d e l i t e v m o l s k i h m a s 

z i z k l j u č i t v e n o k r o m a t o g r a f i j o ( S E C ) , t e r m i č n o s t a b i l -

n o s t p a s t e r m o g r a v i m e t r i č n o a n a l i z o ( T G A ) . P o t e k z a -

m r e ž e v a n j a e p o k s i d n i h s m o l i n t e m p e r a t u r o s t e k l a s t e g a 

p r e h o d a z a m r e ž e n i h p r o d u k t o v s m o i z m e r i l i z d i f e r e n č n o 

d i n a m i č n o k a l o r i m e t r i j o ( D S C ) , g o r l j i v o s t s i n t e t i z i r a n i h 

s m o l p a s m o o c e n i l i z d o l o č i t v i j o k i s i k o v e g a i n d e k s a 

z a m r e ž e n i h p r o d u k t o v . 

2 Eksperimentalno delo 

2.1 Materiali 

B i s f e n o l A o z . 2 , 2 - b i s ( 4 - h i d r o k s i f e n i l ) p r o p a n ( B A ) , 

D o w C h e m i c a l C o . , p , p - d i k l o r o f e n i l f o s f i n o k s i d 

( D C P P O ) , F l u k a , t r i e t i l a m i n ( T E A ) , F l u k a , d i g l i c i d i l e t e r 

b i s f e n o l a A ( D G E B A ) - E p i k o t e 8 2 8 , S h e l l C h e m i c a l s , 

t e t r a b r o m o b i s f e n o l A ( T B B A ) , D e a d S e a B r o m i n e C o m -

p a n y , e t i l t r i f e n i l f o s f o n i j e v a c e t a t ( E T P P A ) , A l f a P r o d -

u c t s , d i c i a n o d i a m i d ( D I C Y ) , S K W i n 2 - m e t i l i m i d a z o l 

( 2 M I ) , A l d r i c h . P r i d e l u s m o u p o r a b l j a l i t o p i l a : d i k l o -

r o m e t a n , m e t i l g l i k o l , i n t e t r a h i d r o f u r a n , k v a l i t e t e p . a . 

L a s t n o s t i e p o k s i d n i h s m o l s p o l i f o s f o n a t o m s m o p r i m e r -

j a l i z l a b o r a t o r i j s k o s i n t e t i z i r a n i m a n e b r o m i r a n o i n 

b r o m i r a n o e p o k s i d n o s m o l o z n i z k o s t o p n j o p o l i m e r i -

z a c i j e ( n < l ) i n v n e k a t e r i h p r i m e r i h s k o m e r c i a l n o e p o k -

s i d n o s m o l o z 1 8 , 5 % b r o m a . 



2.2 Sinteza 

P o l i f o s f o n a t ( P P ) s m o s i n t e t i z i r a l i i z B A i n D C P P O z 

m o l s k i m i r a z m e r j i 1 , 8 : 1 , 1 , 6 : 1 i n 1 , 4 : 1 . R e a k c i j a j e p o -

t e k a l a v r a z t o p i n i d i k l o r o m e t a n a v p r i s o t n o s t i t r i e t i -

l a m i n a p r i t e m p e r a t u r i 2 5 - 3 6 ° C i n n o r m a l n e m t l a k u 3 , 8 . 

M e d s i n t e z o s o n a s t a l i k r i s t a l i h i d r o k l o r i d a t r i e t i l a m i n a 

( T E A H C ) , k i s m o j i h o d f i l t r i r a l i , p r e o s t a l i r a z t o p l j e n i 

T E A H C p a s p r a l i z 0 , 5 % v o d n o r a z t o p i n o K O H . 

E p o k s i d n e s m o l e : e p o k s i d n e s m o l e s m o s i n t e t i z i r a l i v 

t a l i n i v p r i s o t n o s t i k a t a l i z a t o r j a E T P P A 9 z u s t r e z n i m 

e k v i v a l e n t n i m r a z m e r j e m m e d D G E B A , B A a l i T B B A , 

e p o k s i d n e s m o l e s p o l i f o s f o n a t i p a s m o s i n t e t i z i r a l i i z 

D G E B A i n P P a l i i z D G E B A , P P i n T B B A . O z n a k e i n 

s e s t a v a s m o l s o p o d a n e v tabeli 2 . 

2.3 Priprava vzorcev 

Z a s p r e m l j a n j e p o t e k a z a m r e ž e v a n j a i n z a d o l o č a n j e 

T g e p o k s i d n i h s m o l z D S C s m o p r i p r a v i l i m e š a n i c e 

e p o k s i d n e s m o l e , z a m r e ž e v a l c a D I C Y i n p o s p e š e v a l c a 

2 M I z e k v i v a l e n t n i m r a z m e r j e m 1 , 0 : 0 , 5 7 : 0 , 0 0 4 , k i s e 

u p o r a b l j a z a p r i p r a v o i m p r e g n a c i j s k i h m e š a n i c k o m e r -

c i a l n i h b r o m i r a n i h e p o k s i d n i h s m o l 1 0 . S e s t a v i n e s m o 

m e š a l i 3 0 m i n p r i 6 0 ° C i n p o s u š i l i v v a k u u m s k e m s u š i l -

n i k u p r i 4 0 ° C . 

Z a o c e n o g o r l j i v o s t i s m o l s k i s i k o v i m i n d e k s o m s m o 

s t e k l e n o t k a n i n o i m p r e g n i r a l i z i m p r e g n a c i j s k o m e š a n i c o 

e n a k e s e s t a v e k o t z a D S C m e r i t v e i n p r e p r e g e z a m r e ž i l i 

v s u š i l n i k u p r i 1 6 0 ° C v d v e h u r a h . V z o r c e z a m e r i t v e 

s m o p r i p r a v i l i p o s t a n d a r d u A S T M D 2 8 6 3 - 7 7 v o b l i k i 

p a l č k ( t i p B ) . P o d a j a m o p o v p r e č n e v r e d n o s t i 1 0 m e r i t e v . 

3 Rezultati in diskusija 

3.1 Polifosfonati 

B i s f e n o l A r e a g i r a s p , p - d i k l o r o f e n i l f o s f i n o k s i d o m v 

a l k a l n e m m e d i j u v p r i s o t n o s t i t r i e t i l a m i n a , k i v e ž e p r i 

r e a k c i j i s p r o š č e n o k l o r o v o d i k o v o k i s l i n o i n n a s t a n e s o l 

T E A H C . D o l ž i n a v e r i g e m o l e k u l p o l i f o s f o n a t a j e o d -

v i s n a o d m o l s k e g a r a z m e r j a o b e h r e a k t a n t o v : n a j d a l j š a j e 

p r i m o l s k e m r a z m e r j u 1 : 1 , s p r e b i t k o m B A p a p o s t a j a j o 

m o l e k u l e k r a j š e i n s t e m š t e v i l č n o p o v p r e č j e m o l s k e 

m a s e Mn n i ž j e (shema 1). 
K e r j e s i n t e z a p o l i f o s f o n a t a s t o p e n j s k a r e a k c i j a , j e 

p r o d u k t s e s t a v l j e n i z o l i g o m e r o v ( B A - P P O ) n - B A i n 

n e z r e a g i r a n e g a B A , k a r k a ž e j o t u d i k r i v u l j e S E C (slika 
1). P o v p r e č j a m o l s k i h m a s (tabela 1) n a r a š č a j o z z n i ž e -

v a n j e m d e l e ž a B A . K e r s o v r e d n o s t i , i z r a č u n a n e z u m e -

r i t v i j o s p o l i s t i r e n s k i m i s t a n d a r d i , v i š j e o d d e j a n s k i h , 

s m o p r i n a č r t o v a n j u s e s t a v e e p o k s i d n i h s m o l u p o š t e v a l i 

M n , k i s m o j i h i z r a č u n a l i i z ' H - N M R s p e k t r o v (slika 2) 
i z r a z m e r j a k o n č n i h i n n o t r a n j i h - C H 3 s k u p i n B A o l i -

g o m e r o v i n - C H 3 s k u p i n n e z r e a g i r a n e g a B A . V 3 1 P 

N M R - s p e k t r i h j e s i g n a l f o s f o r j a z a o l i g o m e r z n = l p r i 

1 2 , 6 p p m , z a o l i g o m e r e z n > 2 p a p r i 1 2 , 7 p p m , k a r s e 

u j e m a s p o d a t k i v l i t e r a t u r i z a p o l i f o s f o n a t e 8 . 

2.4 Metode 

I R - s p e k t r e s m o p o s n e l i z i n f r a r d e č i m s p e k t r o m e t r o m 

P e r k i n E l m e r 1 7 2 5 X , ' H , I 3 C i n 3 , P N M R - s p e k t r e p a z 

V a r i a n o v i m s p e k t r o m e t r o m V X R 3 0 0 . P o v p r e č j a m o l -

s k i h m a s s m o d o l o č i l i s S E C s t e k o č i n s k i m k r o m a t o g r a -

f o m P e r k i n E l m e r z d i f e r e n č n i m r e f r a k t o m e t r o m L C - 3 0 

a l i " d i o d e a r r a y " U V - d e t e k t o r j e m L C - 2 3 5 . U p o r a b i l i s m o 

p r e d k o l o n o i n k o l o n e P L g e l z n o m i n a l n o v e l i k o s t j o p o r 

5 0 i n 1 0 n m i n u m e r i t e v s p o l i s t i r e n s k i m i s t a n d a r d i . E l u -

e n t j e b i l t e h t r a h i d r o f u r a n s p r e t o k o m 1 m l / m i n . P o t e k 

z a m r e ž e v a n j a s m o s p r e m l j a l i z d i f e r e n č n i m d i n a m i č n i m 

k a l o r i m e t r o m P e r k i n E l m e r D S C - 7 v t e m p e r a t u r n e m 

o b m o č j u o d 3 0 ° C d o 3 0 0 ° C s h i t r o s t j o s e g r e v a n j a 

1 0 ° C / m i n . T e m p e r a t u r o s t e k l a s t e g a p r e h o d a ( T g ) z a m r e -

ž e n i h p r o d u k t o v s m o i z m e r i l i v o b m o č j u o d 3 5 ° C d o 

1 5 0 ° C s h i t r o s t j o s e g r e v a n j a 2 0 ° C / m i n . K i n e t i č n e p a r a -

m e t r e s m o i z r a č u n a l i s p r o g r a m o m P e r k i n E l m e r , D S C 

K i n e t i c s V - 1 0 0 . T e r m i č n o s t a b i l n o s t s m o m e r i l i v a t m o s -

f e r i z r a k a z a p a r a t o m M e t t l e r T A - 4 0 0 0 , m o d u l T G - 5 0 , v 

o b m o č j u 2 5 - 6 0 0 ° C s h i t r o s t j o s e g r e v a n j a 1 0 7 m i n , n a t o 

p a š e 4 0 m i n i z o t e r m n o p r i 6 0 0 ° C . K i s i k o v i n d e k s s m o 

d o l o č i l i z i n s t r u m e n t o m S t a n t o n R e d c r o f t p o p o s t o p k u 

A S T M D 2 8 6 3 - 7 7 . 

Shema t: Reakcija med bisfenolom A (BA) in p,p-diklorofenil-
fosfinoksidom s prebitkom BA. n < m < 2n 

N a F T I R - s p e k t r i h p o l i f o s f o n a t o v z z n i ž e v a n j e m 

d e l e ž a B A n a r a š č a i n t e n z i t e t a z n a č i l n i h t r a k o v P = 0 i n P -

O - C v i b r a c i j 7 p r i 1 2 0 2 , 1 1 7 1 , 1 1 3 2 i n 9 5 1 c m " 1 . K r i v u l j e 

T G A k a ž e j o , d a p o t e k a r a z p a d v d v e h s t o p n j a h : v 

o b m o č j u d o 4 0 0 ° C j e r a z p a d B A p r i T = 3 1 3 ° C i n k o n č -

n i h s k u p i n B A p r i T ~ 3 8 0 ° C , n a d 4 0 0 ° p a r a z p a d p o l i -

f o s f o n a t n e v e r i g e p r i T = 4 8 2 ° C (slika 3). Z z n i ž e v a n j e m 

d e l e ž a B A p a d a i z g u b a m a s e v p r v i s t o p n j i i n n a r a š č a v 

d r u g i s t o p n j i , e n a k o p a n a r a š č a t u d i o s t a n e k p o r a z p a d u 

(tabela 2). T a k o v e d e n j e j e z n a č i l n o z a p o l i f o s f o n a t e , p r i 

k a t e r i h p r i v i s o k i h t e m p e r a t u r a h n a s t a j a j o n e t o p n e k i s -

l i n e i n o k s i d i 1 - 3 ' 5 - 6 . 

Tabela 1: Povprečja molskih mas in tališča polifosfonatov 
Table 1: Molar mass averages and melting points of polyphosphonates 

P N M R S E C T a l i š č e 

V z o r e c % M n (g /mol ) M„(g/mol) M w (g /mo l ) ° C 

P P 1 , 8 : 1 5 , 5 4 9 3 6 0 0 9 5 0 6 0 , 8 

P P 1 , 6 : 1 6 , 3 6 3 6 7 0 0 1 4 2 0 6 8 , 5 

P P 1 , 4 : 1 6 , 7 8 0 0 8 6 0 1 5 6 0 6 6 , 0 



< m 

Slika 1: Krivulje SEC polifosfonatov z različnimi molskimi razmerji 
med BA in DCPPO: (a) 1,8:1, (b) 1.6:1 in (c) 1,4:1 
Figure 1: SEC curves of the polyphosphonates vvith various molar 
ratios between BA and DCPPO: (a) 1,8:1, (b) 1,6:1 in (c) 1,4:1 

Slika 3: Krivulje TGA (a) bisfenola A in polifosfonatov z molskim 
razmerjem med BA in DCPPO (b) 1,8:1 in (c) 1,6:1 
Figure 3: TGA curves of (a) bisphenol A and of polyphosphonates 
with the molar ratios between BA and DCPPO of (b) 1,8:1 and (c) 
1,6:1 

Tabela 2: Rezultati termogravimetričnih meritev polifosfonatov in 
bisfenola A 
Table 2: Results of thermogravimetric analysis of polyphosphonates 
and bisphenol A 

Vzorec Trazpada C Am Trazpada Am Am pri Os tanek 
% ° c % 6 0 0 ° C , % , m, % 

BA 3 1 3 9 8 , 2 4 8 5 1 , 2 - 0 , 1 

P P 1 , 8 : 1 3 1 8 3 7 3 4 1 , 9 4 8 2 3 7 , 5 4 , 5 1 5 , 0 

P P 1 , 6 : 1 3 8 8 3 1 , 9 4 8 2 4 4 , 6 5 , 7 1 7 , 1 

P P 1 , 4 : 1 3 7 5 2 7 , 4 4 8 2 4 5 , 2 5 , 1 1 9 , 3 

- C H 3 skupino 

5 ( p p r a ) 

Slika 2: 'H-NMR spektri polifosfonatov z različnimi molskimi 
razmerji med BA in DCPPO: (a) 1,8:1 in (b) 1,6:1 
Figure 2: *H NMR spectra of the polyphosphonates vvith molar ratios 
between BA and DCPPO: (a) 1,8:1, and (b) 1,6:1 

3.2 Epoksidne smole s polifosfonati 

S p o l i f o s f o n a t i z n i z k o m o l s k o m a s o ( M n d o 1 0 0 0 

g / m o l ) s m o p r i p r a v i l i n e b r o m i r a n e i n b r o m i r a n e e p o k -

s i d n e s m o l e z z n i ž a n o v s e b n o s t j o b r o m a . O z n a k e , 

s e s t a v a i n n e k a t e r e l a s t n o s t i s i n t e t i z i r a n i h s m o l s o p o -

d a n e v tabeli 3. 
P r i m e r j a v a i z r a č u n a n i h i n e k s p e r i m e n t a l n i h v r e d n o s t i 

e p o k s i d n i h e k v i v a l e n t o v k a ž e d o b r o u j e m a n j e . D o o d -

s t o p a n j a p r i d e v n e k a t e r i h p r i m e r i h z a r a d i t e g a , k e r 

o s t a n e j o v p o l i f o s f o n a t u p o č i š č e n j u š e s l e d o v i t r i e t i -

l a m i n a , k i j e t u d i k a t a l i z a t o r p r i s i n t e z i e p o k s i d n i h s m o l . 

V r e d n o s t i e p o k s i d n i h e k v i v a l e n t o v s o v k o r e l a c i j i s p o -

r a z d e l i t v i j o m o l s k i h m a s . R a z m e r j e m e d p o s a m e z n i m i 

p o l i f o s f o n a t n i m i o l i g o m e r i v e p o k s i d n i h s m o l a h j e 

p r i b l i ž n o e n a k o k o t p r i p o l i f o s f o n a t i h , k a r j e r a z v i d n o i z 

r a z m e r j a s i g n a l o v - C H 3 i n > C < s k u p i n B A e n o t 

p o s a m e z n i h o l i g o m e r o v v 1 3 C N M R - s p e k t r i h (slika 4). 
N a o s n o v i t e g a l a h k o s k l e p a m o , d a p o l i f o s f o n a t i m e d 

s i n t e z o e p o k s i d n i h s m o l p r i t e m p e r a t u r i n a d 1 0 0 ° C n e 

h i d r o l i z i r a j o . 

P o t e k z a m r e ž e v a n j a e p o k s i d n i h s m o l s p o l i f o s f o n a t i 

s e n e k o l i k o r a z l i k u j e o d p o t e k a z a m r e ž e v a n j a n a v a d n i h 

e p o k s i d n i h s m o l (slika 5, tabela 4). M a k s i m u m i D S C 

k r i v u l j ( n a j v e č j a h i t r o s t r e a k c i j e , T r ) s o p r i 3 0 - 4 0 ° C v i š j i 

t e m p e r a t u r i , k a r k a ž e , d a p o l i f o s f o n a t i z a v i r a j o z a m r e -

ž e v a n j e ; n e k a t e r i a v t o r j i p r i p i s u j e j o t a v p l i v P = 0 s k u p i -



Tabela 3: Parametri za sinteze epoksidnih smol s polifosfonati in nekatere njihove lastnosti 
Table 3: Parameters for the synthesis of epoxy resins with polyphosphonates and some of their properties 

Oznaka ep. 
smole 

BA/ 
D C P P O 

D G E B A / T B B A / P P (g) EEW, Z , 
g /mol 

EE^Veksp. 
g /mol 

Br 
% 

P 
% 

Kisikov 
indeks 

E S — 90 ,0 10,0 260 260 - - 22 ,2 

ESP2 1,8:1 71,0 29,0 390 408 1,6 24,1 

E S P 3 1,8:1 67,0 33,0 450 485 - 1,8 24,8 

E S P 4 1,4:1 75 ,0 25,0 300 332 - 1,7 24,5 

E S P 5 1,6:1 75 .0 25,0 310 330 - 1,6 25 ,2 

E S B - 88,5 11,5 - 236 235 6 ,4 - 2 7 , 2 

E S B ( k o m . s m . ) — - - 430 18,5 - 32,1 
E S P B 2 1,8:1 64,5 5.5 30,0 485 571 3,1 1,6 25 ,2 

E S P B 3 1,8:1 66 ,0 7,0 27,0 453 454 3 ,9 1,5 26 ,2 

n a m p o l i f o s f o n a t o v 1 1 . E n t a l p i j a z a m r e ž e v a n j a , i z r a č u -

n a n a n a m o l e p o k s i d n i h s k u p i n , j e v i š j a o d e n t a l p i j e 

e p o k s i d n i h s m o l b r e z f o s f o r j a . P r i n e b r o m i r a n i h s m o l a h 

j e n i ž j a k o t p r i b r o m i r a n i h i n p a d a z n a r a š č a j o č o v s e b -

n o s t j o f o s f o r j a . Z a l a ž j o p r i m e r j a v o a k t i v a c i j s k e e n e r g i j e 

z a m r e ž e v a n j a z a p o s a m e z n e s m o l e s m o l e - t o r a č u n a l i z a 

d r u g i r e d r e a k c i j e ; v r e d n o s t i s o m e d 9 0 i n 1 0 0 k J / m o l n e 

g l e d e n a v r s t o s m o l e ; i z s t o p a l e b r o m i r a n a s m o l a E S B z 

v i š j o a k t i v a c i j s k o e n e r g i j o , z a k a r p a z a e n k r a t š e n e 

p o z n a m o v z r o k a . T g z a m r e ž e n i h p r o d u k t o v j e e n a k e g a 

\ r / 
/ c \ -CH, 

_ J J 

J 
T T r TTr M1" M " " ! 1 1 " ! " " ! " " ! 1 T * 
42 40 38 36 34 32 5 ( p p m ) 

Slika 4: Področje alifatskih ogljikovih atomov bisfenola A v 13C 
NMR-spektrih: (a) polifosfonat z molskim razmerjem med BA in 
DCPPO 1,8:1, (b) epoksidna smola ESP2 z istim polifosfonatom in (c) 
epoksidna smola ES 
Figure 4: Region of aliphatic carbon atoms of bisphenol A in l 3C 
NMR spectra: (a) polyphosphonate with the molar ratio between BA 
and DCPPO of 1,8:1, (b) epoxy resin ESP2 with the same 
polyphosphonate, and (c) epoxy resin ES 

v e l i k o s t n e g a r e d a k o t p r i e p o k s i d n i h s m o l a h b r e z f o s -

f o r j a . 
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Slika 5: Krivulje DSC zamreževanja (a) nebromirane epoksidne smole 
ES in epoksidnih smol s polifosfonati: (b) ESP2, (c) ESP4 in (d) ESP5 
Figure S: DSC curves of the crosslinking of (a) non-brominated epoxy 
resin ES and epoxy resins with polyphosphonates: (b) ESP2, (c) ESP4 
and (d) ESP5 

Tabela 4: Kinetični parametri zamreževanja epoksidnih smol. 
Upoštevali smo drugi red reakcije 
Table 4: Kinetic parameters of the crosslinking of epoxy resins; 
second order reaction was considered 

Oznaka T r AH AH E a k T 8 
ep.smole °C J/g kJ/mol J /mol °C 

ES 164 - 3 3 5 , 0 -90,1 96 ,5 104 
E S P 2 206 -323 ,0 -139 ,6 94 ,3 106 
E S P 3 213 -252 ,8 -125 ,3 100,0 101 
E S P 4 195 -373 ,6 -128 ,5 94,5 111 
E S P 5 194 -385 ,7 -131,9 98 ,4 116 
E S B 165 - 3 3 5 , 2 -81,1 136,2 105 
ESB(kom.sm.) 170 -217 ,8 -96 ,3 88 ,6 106 
E S P B 2 211 -256 ,8 -149 ,7 96 ,3 103 
E S P B 3 208 -258 ,4 -138 ,0 99 ,2 103 

R a z p a d e p o k s i d n i h s m o l s p o l i f o s f o n a t i v a t m o s f e r i 

z r a k a s e z a č n e n a d 2 0 0 ° C , m a k s i m u m j e p r i t e m p e r a t u r i 

o k r o g 3 8 0 ° C . V m a n j š i m e r i r a z p a d p o t e k a š e p r i t e m -

p e r a t u r i o k r o g 5 4 0 ° C . V s e s m o l e i m a j o o k r o g 1 0 % 

o s t a n k a m a s e , m e d t e m k o n a v a d n e e p o k s i d n e s m o l e p r i 

6 0 0 ° C p o p o l n o m a r a z p a d e j o (tabela 5, slika 6). U v a -

j a n j e p o l i f o s f o n a t o v v e p o k s i d n e s m o l e v p l i v a n a m a n j š o 

i z g u b o m a s e v p r v i s t o p n j i r a z p a d a . T e m p e r a t u r a p r i 



m a k s i m u m u r a z p a d a p a d e p r i n e b r o m i r a n i h s m o l a h z a 

4 5 ° C , p r i b r o m i r a n i h p a s e d v i g n e z a p r i b l i ž n o 1 0 ° C . 

2 i ° T ( ° C ) ^ 
2,0 

t (min) 
—1 

40 

Slika 6: Krivulje TGA (a) nebromirane epoksidne smole ES in 
epoksidnih smol s polifosfonati: (b) ESP2 in (c) ESP5 
Figure 6: TGA curves of (a) non-brominated epoxy resin ES and of 
epoxy resins vvith polyphosphonates: (b) ESP2 and (c) ESP5 

Tabela 5: Povprečja molskih mas in rezultati termogravimetričnih 
meritev epoksidnih smol 
Table 5: Molar mass averages and thermogravimetric data of epoxy 
resins 

Oznaka 
ep. smole 

Mn Mw 
(g/mol) (g/mol) 

Trazpada 
° c 

Am 
% 

Trazpada 
° c 

Am 
% 

Ostanek 
m, % 

E S 5 1 0 9 8 0 3 4 9 
4 2 5 

4 5 . 1 
3 5 . 2 

5 3 7 1 9 , 7 -

E S P 2 7 9 0 2 0 2 0 3 9 2 7 2 , 8 5 6 0 1 4 , 9 1 2 , 3 

E S P 3 7 3 0 2 2 7 0 3 8 2 7 1 , 3 5 6 2 1 6 , 5 1 2 , 1 

E S P 4 6 1 0 1 5 8 0 3 7 5 7 4 , 3 5 4 0 1 3 , 3 1 2 , 3 

E S P 5 6 3 0 1 6 5 0 3 7 5 7 0 , 4 5 4 8 2 1 , 3 8 , 3 

E S B 4 3 0 7 2 0 3 6 1 7 9 , 0 5 0 5 2 0 , 9 . 
ESBfkom.sm.) 7 9 0 2 6 9 0 3 6 5 7 5 , 2 4 8 9 2 4 , 8 _ 
E S P B 2 1 0 9 0 2 9 1 0 3 7 8 6 9 , 0 5 4 0 2 0 , 1 1 0 , 8 

E S P B 3 9 8 0 2 6 1 0 3 6 5 6 8 , 5 5 3 8 2 3 , 0 8 , 4 

G o r l j i v o s t s i n t e t i z i r a n i h s m o l s m o o c e n i l i s p r i m e r -

j a v o k i s i k o v e g a i n d e k s a ( 0 1 ) z a m r e ž e n i h s i s t e m o v ( t a -

bela 3). N a z n i ž a n o g o r l j i v o s t j e v p l i v a l a t a k o s t e k l e n a 

t k a n i n a k o t t u d i d o d a n i z a m r e ž e v a l e c , z a t o t o n i s o a b s o -

l u t n e v r e d n o s t i , t e m v e č l e p r i m e r j a l n e . 0 1 e p o k s i d n i h 

s m o l s p o l i f o s f o n a t i s e v p r i m e r j a v i z 0 1 e p o k s i d n i h 

s m o l n e k o l i k o p o v i š a . 0 1 s m o l e E S P B 3 s 3 , 9 % b r o m a j e 

š e v i š j i i n j e p r i m e r l j i v 0 1 b r o m i r a n e e p o k s i d n e s m o l e 

E S B s 6 , 4 % b r o m a 3 , v e n d a r p a j e p r e c e j n i ž j i o d k o m e r -

c i a l n e b r o m i r a n e s m o l e z 1 8 , 5 % b r o m a . 

4 Sklepi 

S i n t e t i z i r a l i s m o n e b r o m i r a n e i n b r o m i r a n e e p o k -

s i d n e s m o l e s p o l i f o s f o n a t i n a o s n o v i b i s f e n o l a A ( B A ) 

i n p , p - d i k ! o r o f e n i l f o s f i n o k s i d a ( D C P P O ) . R a z m e r j e m e d 

p o s a m e z n i m i p o l i f o s f o n a t n i m i o l i g o m e r i ( B A - P P O ) „ - B A 

s e p r i s i n t e z i e p o k s i d n i h s m o l n e s p r e m e n i , k a r k a ž e , d a 

p o l i f o s f o n a t i m e d s i n t e z o n e h i d r o l i z i r a j o . Z a m r e ž e v a n j e 

s m o l p o t e k a p r i v i š j i h t e m p e r a t u r a h k o t p r i n a v a d n i h 

e p o k s i d n i h s m o l a h , k i n e t i č n i p a r a m e t r i z a m r e ž e v a n j a i n 

t e m p e r a t u r a s t e k l a s t e g a p r e h o d a z a m r e ž e n i h p r o d u k t o v 

p a s e b i s t v e n o n e s p r e m e n i j o . N e b r o m i r a n e i n b r o m i r a n e 

e p o k s i d n e s m o l e s p o l i f o s f o n a t i i m a j o m a n j š o i z g u b o 

m a s e p r i t e m p e r a t u r i o k r o g 3 8 0 ° C i n o k r o g 1 0 % p r e o -

s t a n k a m a s e p o r a z p a d u v z r a k u p r i 6 0 0 ° C . 

P r i m e r j a v a k i s i k o v e g a i n d e k s a z a m r e ž e n i h s i s t e m o v 

b r e z f o s f o r j a i n z n j i m k a ž e , d a u v a j a n j e f o s f o r j a v e p o k -

s i d n e s m o l e n e m o r e v c e l o t i n a d o m e s t i t i b r o m i r a n i h 

e p o k s i d n i h s m o l , v e n d a r p a m e n i m o , d a j e m o g o č e 

d o s e č i p r i m e r n o z n i ž a n j e g o r l j i v o s t i s k o m b i n a c i j o f o s -

f o r j e v i h i n b r o m i r a n i h s p o j i n , k j e r b o d e l e ž b r o m a 

m a n j š i , k o t j e v k o m e r c i a l n i h b r o m i r a n i h e p o k s i d n i h 

s m o l a h z 1 8 - 2 0 % b r o m a . 

Zahvala 

T o d e l o j e b i l o o p r a v l j e n o v o k v i r u p r o j e k t a S i n t e z a 

i n m o r f o l o g i j a r e a k t i v n i h p o l i m e r o v , k i g a j e f i n a n c i r a l o 

M i n i s t r s t v o z a z n a n o s t i n t e h n o l o g i j o R e p u b l i k e S l o -

v e n i j e . M i n i s t r s t v u s e z a f i n a n c i r a n j e z a h v a l j u j e m o . 
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