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Z mehanizmom psevdožive radikalske polimerizacije smo sintetizirali nove polimere s točno določeno kemijsko strukturo Uporabili 
smo tetrafenilbifosfin (TPhBP) kot polimerni fotoiniferter za polimerizacijo stirena in metilmetakrilata. Na zraku se je TPhBP 
deaktiviral. Polimerizacija je potekala v masi in v raztopini tetrahidrofurana (THF). Dobljeni polimeri so imeli eno ali dve bifosfinski 
končni skupini na verigi. Z gelsko prepustnostno kromatografijo GPC smo določili relativne molske mase produktov z jedrsko 
magnetno resonanco-NMR pa smo opredelili strukturo in določili končne skupine v makromolekuli. Molske mase makroiniciatoria 
padajo z rastočo količino iniferterja. ' 

Ključne besede: psevdoživa radikalska polimerizacija, iniferter, bifosfin 

Using free radical pseudoliving polymerization, new polymers with defined chemical structure were synthesised 
Tetraphenylbiphosphine (TPhBP) was used as a polymeric photoiniferter for polymerization of styrene and methyl metacrylate In 
the air, TPhBP was deactivated. Photopolymerizations were performed in bulk and in tetrahydrofuran solution The polvmers 
obtained stili contamed one or two reactive diphenylphosphine end groups. Using GPC, the relative molar masses of 
macromiciators were measured. For the determination of the structure and for the detection of the'end groups NMR measurements 
were used. The molar masses decreased with increased amount of iniferter. 
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1 U v o d 

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

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

k o v , k i n a j b i p r i p e l j a l i d o i z b o l j š a n i h , v s e s t r a n s k o u p o -

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

p o l i m e r i z a c i j a 1 . I m e ž i v a p o l i m e r i z a c i j a i z h a j a i z p r e d -

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

a k t i v n e g a c e n t r a . T o p o m e n i , d a n e p r i h a j a d o t e r m i n a c i j e 

i n n e d o t r a n s f o r m a c i j e ; p o t e k a l e p r o p a g a c i j a . A k t i v n i 

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

v i s o k o s p e c i f i č n o r e a k t i v n o s t z a r a s t v e r i g e . I n i c i a t o r , k i 

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

j a h . i m e n u j e m o i n i f e r t e r , k a t e r e g a i m e j e s e s t a v l j e n k a i z 

n a s l e d n j i h b e s e d : i n i c i a t o r , t r a n s f e r a g e n t , t e r m i n a t o r . 

S p o j i n e , k i i m a j o v s v o j i s t r u k t u r i š i b k e S - S 2 i n P - P 3 

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

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

U V s v e t l o b e a l i t o p l o t e 4 - 5 , s o r e l a t i v n o s t a b i l n i , v e n d a r š e 

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

t v o r i j o m a k r o r a d i k a l e 6 (Shema 1). R a z l i č n e s p o j i n e 

d i s u l f i d o v s o z n a n e k o t d o b r i i n i f e r t e r j i . N a m e n n a š e g a 

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

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

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

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

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

a l i d r u g a č n i m m o n o m e r o m z a s i n t e z o b l o k k o p o l i m e r a . 

T a k o s e u s t v a r i k r o ž n i r e a k c i j s k i m e h a n i z e m , s e s t a v l j e n 

i z i n i c i a c i j e , p r o p a g a c i j e , t e r m i n a c i j e s p r i m a r n i m r a d i -

k a l o m i n n a t o p o n o v n e i n i c i a c i j e : 
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Shema 1: Mehanizem radikalske polimerizacije metilmetakrilata s 

TPhBP 
Scheme 1: Mechanism of radical polymerization of methylmetha-
crylate with TPhBP 

Č e v s e f a z e m e h a n i z m a p o t e k a j o i d e a l n o , s e c i k l u s s 

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

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

l a s t n o s t i ž i v e g a p o l i m e r a . 

2 Eksperimentalni del 

Materiali: 

K o t i n i f e r t e r s m o u p o r a b i l i t e t r a f e n i l b i f o s f i n 

( T P h B P ) , k o t m o n o m e r e p a m e t i l m e t a k r i l a t ( M M A ) i n 

s t i r e n ( S ) . 

Polimerizacija: 

T P h B P j e i z r e d n o r e a k t i v e n i n n a z r a k u v t r e n u t k u 

r e a g i r a s k i s i k o m , z a t o s m o p o l i m e r i z a c i j o m e t i l m e t a k r i -

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

f u r a n a ( 2 5 m a s . % ) v o d i l i v i n e r t n i d u š i k o v i a t m o s f e r i v 

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

z U V s v e t i l k o r a z l i č n i h v a l o v n i h d o l ž i n : 2 5 4 n m , 3 0 2 n m 

i n 3 6 6 n m , z i n t e n z i t e t o 4 , 5 m W / c m 2 , v o d d a l j e n o s t i 5 , 0 

c m . 

S p r e m i n j a l i s m o k o n c e n t r a c i j o i n i c i a t o r j a o d 0 , 0 3 5 

d o 0 , 3 5 0 m o l / d m 3 ( m o l a r n o r a z m e r j e m o n o m e r : i n i c i a t o r 

o d 1 : 0 , 0 0 0 1 d o 1 : 0 , 0 0 1 ) . R e a k c i j s k i č a s j e b i l 4 u r e . P r o -

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

s m o o d s t r a n i l i m o n o m e r , t o p i l o i n n e z r e a g i r a n i T P h B P 

t e r p o l i m e r p o n o v n o o b o r i l i v m e t a n o l u . C i s t o t o 

p o l i m e r o v s m o d o l o č e v a l i z 1 H i n 3 1 P N M R s p e k t r o p i j o 

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

n e z r e a g i r a n e g a i n i c i a t o r j a . P r e d h o d n o s m o o p r a v i l i t u d i 

s l e p e p o s k u s e . 

3 Diskusija 

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

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

t o p i n i T H F d o s e ž e m o d o 5 0 % k o n v e r z i j e (Tabela 1, 2), 
v i š j o v r a z t o p i n i T H F k o t v m a s i . 

D r u g a t o p i l a , n p r . k l o r i r a n i o g l j i k o v o d i k i , n i s o 

p r i m e r n a z a p o l i m e r i z a c i j o . N a j b o l j š e r e z u l t a t e s m o 

d o s e g l i p r i v a l o v n i d o l ž i n i 3 6 6 n m , z m e t i l m e t a k r i l a t o m . 

I n i f e r t e r T P h B P l a h k o r a z p a d e n a d v a n a č i n a , n a j v e r j e t -

n e j e s e c e p i v e z P - P i n s e t v o r i j o k o n č n e s k u p i n e - P ( P h ) 2 , 

l a h k o p a s e c e p i v e z P - C i n n a s t a n e j o k o n č n e s k u p i n e 

- P h . 

( D 

Tabela 1: Reakcijski pogoji, izkoristki in molske mase prve stopnje polimerizacije v masi, T = 3 5 " C t = 4 h 
. . . , . . __ _r Ptnr, Kul l r r>/~» 1 \ 1 mpr 1 "7 fl 11 H fl = 11 I 1=4-11 

m o l s k o r a z m e r j e 

? t = 2 5 4 n m 

v a l o v n a d o l ž i n a 

X = 3 0 2 n m ? i = 3 6 6 n m 

I z k o r % M n ( g / m o l ) 
M M A : 

1 

1 

1 

1 

1 

T P h B P M : I 

0 , 0 0 0 1 

0 , 0 0 0 2 

0 , 0 0 0 3 

0 , 0 0 0 5 

0 , 0 0 1 0 

I z k o r . % M „ ( s / m o l ) 

0 , 2 2 6 3 . 4 0 0 

0 , 2 9 4 6 . 8 0 0 

0 , 3 9 3 9 . 1 0 0 

0 , 9 2 4 6 . 7 0 0 

3 1 , 1 5 1 5 4 . 5 0 0 

0 , 2 4 6 2 . 3 0 0 

0 , 3 0 5 0 . 0 0 0 

0 , 5 0 5 1 . 4 0 0 

0 , 8 2 3 9 . 0 0 0 

1 5 , 1 0 1 4 2 . 0 0 0 

0 , 2 8 5 7 . 2 0 0 

0 , 4 6 5 8 . 3 0 0 

0 , 7 6 6 1 . 0 0 0 

3 4 , 2 2 1 5 6 . 2 0 0 

6 8 . 4 6 1 3 4 . 3 0 0 

Tabela 2: Reakcijskr pogoji, izkoristki in molske mase prve stopnje polimerizacije v THF T=35°C t -4h 
Table 2: Reaction condihons, yield and molar mass of the first step of po^menzatron m THF solut.on, T=35 C, t=4h 

m o l s k o r a z m e r j e 

A . = 2 5 4 n m 

v a l o v n a d o l ž i n a 

1=302 nm A . = 3 6 6 n m 

I z k o r % M n ( a / m o l ) 
M M A : 

1 

1 

1 

1 

1 

T P h B P M : I 

0 , 0 0 0 1 

0 , 0 0 0 2 

0 , 0 0 0 3 

0 , 0 0 0 5 

0 , 0 0 1 0 

I z k o r . % M „ ( g / m o l ) 

0 , 0 9 

5 , 1 8 1 2 6 . 2 0 0 

2 , 8 6 8 1 . 0 0 0 

5 , 7 6 9 0 . 0 0 0 

1 9 , 2 4 9 1 . 1 0 0 

0 , 0 9 

6 , 8 4 7 6 . 5 0 0 

1 1 , 9 6 6 6 . 0 0 0 

2 3 , 3 6 9 7 . 3 0 0 

2 7 , 6 8 6 1 . 8 0 0 

0 , 1 3 5 1 . 5 0 0 

0 , 6 1 5 9 . 9 0 0 

1 2 , 0 7 8 9 . 8 0 0 

2 6 , 0 6 1 1 6 . 7 0 0 

4 7 1 2 5 3 . 7 0 0 



Slika 1: Spekter 'H NMR makroiniciatorja P M M A 
Figure 1: *H NMR spectrum of the P M M A macroinitiator 

T a k o d o b i m o m a k r o i n i c i a t o r , k i i m a n a o b e h k o n c i h 

v e r i g e v e z a n i k o n č n i s k u p i n i - P ( P h ) 2 , k o n č n i s k u p i n i - P h 

a l i p a k o m b i n a c i j o s k u p i n - P ( P h ) 2 i n - P h . P o l e g t e g a p o -

t e k a t u d i h o m o f o t o p o l i m e r i z a c i j a m o n o m e r o v . Š t e v i l č n o 

p o v p r e č j e m o l s k i h m a s s m o i z r a č u n a l i i z s p e k t r o v ' H 

N M R i z r a z m e r j a s i g n a l o v a r o m a t s k i h p r o t o n o v k o n č n i h 

s k u p i n i n p r o t o n s k i h s i g n a l o v v e r i g e (Slika 1). M o l s k e 

m a s e s m o p r i m e r j a l i s t i s t i m i , d o b l j e n i m i z a n a l i z o G P C . 

M n o g o k r a t s o s e m o l s k e m a s e z a d o v o l j i v o u j e m a l e . I z 

s p e k t r o v 3 1 P N M R s m o u g o t o v i l i s t r u k t u r o i n k o n f o r m a -

c i j o k o n č n i h s k u p i n . U g o t o v i l i s m o , d a j e c e p i t e v v e z i 

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

d v e k o n č n i s k u p i n i - P ( P h ) 2 . M o l s k e m a s e i n i z k o r i s t e k 

p o l i m e r i z a c i j e n a r a š č a t a z r e a k c i j s k i m č a s o m . Š t e v i l č n a 

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

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

s k u p i n - P ( P h ) 2 n a e n o t o p o l i m e r a (Slika 2). D a b i 

p o t r d i l i n a č i n c e p i t v e b i f o s f i n a , s m o p o s n e l i š e U V s p e k -

t r e p o l i m e t i l m e t a k r i l a t n i h m a k r o i n i c i a t o r j e v (Slika 3). 
O b l i k a s p e k t r a j e z n a č i l n a z a k o n č n e s k u p i n e - P ( P h ) 2 . 

L e - t e i n v p l i v k o n f i g u r a c i j e m a k r o m o l e k u l e n a n j e s 

s p e k t r o s k o p i j o 3 1 P , ' H i n ] 3 C N M R . S s p e k t o s k o p i j o 

C O S Y H - H i n N O E S Y H - H N M R s m o u g o t o v i l i , d a 

i m a m o n a k o n c u v e r i g e k o n č n i s k u p i n i - P ( P h > 2 i n d a v 

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

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

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

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

Sl ika 3: a) UV spektra P M M A (standard) in TPhBP b) UV spektri 
makroiniciatorjev P M M A 
F i g u r e 3: a) UV spectra of P M M A (standard) and TPhBP b) UV 
spectra of PMMA macroinitiators 

Sl ika 2: Spektri *H NMR končnih skupin -P(Ph)2 makroiniciatorjev 
PMMA 
Figure 2: 'H NMR spectra of the -P(Ph) j end groups of the P M M A 
macroinitiators 
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1:0.0005 

molimo razmerje 
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M:l 



s k l o p i t v e f e n i l n i h p r o t o n o v i n p r o t o n o v v e r i g e . T e h s k l o -

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

4 Sklep 

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

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

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

p o l i m e r i z a c i j e . Z a d e l o z i n i c i a t o r j e m T P h B P j e p o t r e b n a 

i n e r t n a a t m o s f e r a . V p r i s o t n o s t i k i s i k a l e - t a t a k o j r e a g i r a 

i n d o b i m o o k s i d i r a n e f o s f o r j e v e s p o j i n e . 
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