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Raziskali smo viskoznost raztopin neionskega poliuretana (PU) in karboksilatnih PU-ionomerov v tetrahidrofuranu (THF) in 
N,N'-dimetilformamidu (DMF). Ugotovili smo, da viskoznost neionskega PU v THF in DMF lahko opišemo s Hugginsovo enačbo za 
nevtralne polimere. Za PU-ionomere so v manj polarnem THF pri nizkih koncentracijah značilne intramolekularne, pri višjih 
koncentracijah pa intermolekularne interakcije. Privlačne interakcije med ionskimi pari PU-ionomerov smo preprečili z dodatkom 
elektrolita CFsCOONa v THF. V bolj polarnem DMF kažejo PU-ionomeri polielektrolitski učinek. Moč vezave protiionov v 
karboksilatnih PU-ionomerih pada podobno kot v THF, v vrstnem redu Ca>Li>Na>K. Polielektrolitski učinek PU-ionomerov v DMF 
smo preprečili z dovolj visoko koncentracijo soli (LiBr). Ugotovili smo, da dodatek LiBr v DMF vpliva tudi na viskoznost neionskega 
PU. 

Ključne besede: poliuretani (PU), PU-ionomeri, viskoznost 

Solution viscosity of non-ionic PU and carboxyiated PU-ionomers in tetrahydrofuran (THF) and N,N'-dimethylformamide was 
investigated. It was found that viscosity of non-ionic PU in THF and in DMF can be described by the Huggins equation for neutral 
polymer solution. However, the aggregaton of PU-ionomers in iess polar THF was at low polymer concentrations intramolecular, 
while at higher concentrations intermolecular. In THF, interactions between ion pairs of PU-ionomers were prevented by the addition 
of electrolyte CFsCOONa. In polar DMF, ionomers showed a poiyelectrolyte behaviour. The order of counterion binding of 
carboxylated PU-ionomers was found to be the same in DMF and in THF solution, i.e. Ca>Li>Na>K. Polyelectrolyte effect of 
PU-ionomers in DMF was supprešsed by the addition of a salt (LiBr). It was found out that the solution viscosity behaviour of 
non-ionic PU was intluenced by the addition of LiBr in DMF, too. 
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1 Uvod 

I o n o m e r i s o p o l i m e r i , k i v v e r i g a h v s e b u j e j o 1 0 - 1 5 

m o l % i o n s k i h s k u p i n , n e v t r a l i z i r a n i h s p r o t i i o n i . N a k o n -

c e n t r a c i j s k o o d v i s n o s t r e d u c i r a n e v i s k o z n o s t i ( T j r e d ) 

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

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

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

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

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

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

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

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

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

n a b o j i p o l i i o n a 1 ' 2 , 3 . 

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

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

t o p i n o i o n o m e r a . V p r i m e r u r a z t o p i n i o n o m e r o v v n e p o -

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

k o n c e n t r a c i j a d o d a n e g a e l e k t r o l i t a i n t r a - i n i n t e r m o l e k u -

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

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

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

p a r o v , v d r u g e m p a n a b o j e i o n s k i h s k u p i n p o l i i o n a 1 - 2 ' 3 . 

' E m a Ž A G A R , d i p l . i n ž . k e m . 
K e m i j s k i ins t i tu t 
" 1 5 L j u b l j a n a . H a j d r i h o v a 19 

2 Eksperimentalno delo 

2.1 Materiali 

P o l i ( t e t r a m e t i l e n o k s i d ) ( P T M O ) z m o l s k o m a s o 

1 0 0 0 g / m o l , B A S F ; 1 , 6 - h e k s a m e t i l e n d i i z o c i a n a t ( H D I ) , 

F l u k a ; 2 , 2 - b i s ( h i d r o k s i m e t i l ) p r o p i o n s k a k i s l i n a 

( D M P H A ) , J a n s e n ; 2 , 2 - d i m e t i l - l , 3 - p r o p a n d i o l ( N P G ) , 

F l u k a ; t e t r a h i d r o f u r a n ( T H F ) , F l u k a ; N , N ' - d i m e t i l f o r -

m a m i d ( D M F ) , M e r c k A l k a l o i d ; m e t i l e t i l k e t o n ( M E K ) , 

M e r c k A l k a l o i d ; l i t i j e v b r o m i d ( L i B r ) , A l d r i c h ; L i O H , 

K O H , C a ( O H ) 2 , K e m i k a ; N a O H , C h e m a p o l . 

2.2 Sinteza 

P U s m o s i n t e t i z i r a l i i z p o l i o l a P T M O , d i i z o c i a n a t a 

H D I i n v e r i ž n i h p o d a l j š e v a l N P G i n / a l i D M P H A v 

r a z t o p i n i D M F ( c a . 4 0 m a s . % ) v s u h i d u š i k o v i a t m o s f e r i 

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

v e r i ž n o p o d a l j š e v a l o j e b i l o 1 : 3 : 2 . M o l s k i d e l e ž D M P H A 

v z m e s i v e r i ž n i h p o d a l j š e v a l j e b i l 5 0 m o l % . R e a k c i j s k e 

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

l a c i j s k e m i n v a k u u m s k e m s u š i l n i k u p r i 5 0 ° C v e č d n i . 

P U - i o n o m e r e s m o p r i p r a v i l i i z s u h e g a , d e l n o k a r b o k s i l i -

r a n e g a P U z n e v t r a l i z a c i j o k a r b o k s i l n i h s k u p i n z e k v i v a -

l e n t n o k o l i č i n o a l k a l i j s k e g a h i d r o k s i d a ( L i O H , N a O H , 

K O H , C a ( O H ) 2 ) v r a z t o p i n i M E K - a . N e i o n s k i P U s m o 

o z n a č i l i z D O , P U - i o n o m e r e p a z o z n a k o D 5 0 - M , k j e r 5 0 

o z n a č u j e d e l e ž D M P H A v m o l % v m e š a n i c i D M P H A i n 

N P G , M p a v r s t o n e v t r a l i z a c i j s k e g a k a t i o n a . 



E. Ž a g a r et al.: V i skoznos t raz top in po l iu re t anov ( P U ) ... 

2.3 Metode 

O d v i s n o s t r e d u c i r a n e v i s k o z n o s t i r a z t o p i n , r ) r e d , o d 

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

m e t r o m v t o p i l i h T H F , T H F s C F 3 C O O N a , D M F i n 

D M F z L i B r p r i 2 5 ± 0 , 0 5 ° C v t e r m o s t a t i r a n i v o d n i 

k o p e l i V i s k o z n o s t r a z t o p i n v T H F i n T H F s C F j C O O N a 

s m o m e r i l i z O c , v D M F i n D M F z L i B r p a z O a v i s k o z i -

m e t r o m . L a s t n o v i s k o z n o s t ( r | ) s m o d o l o č i l i z e k s t r a p o -

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

t a k o , d a s m o o s u š e n P U v s u h i k o m o r i r a z t o p i l i v u s -

t r e z n e m t o p i l u p r i s o b n i t e m p e r a t u r i . S p o s t o p n i m 

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

c e n t r a c i j e . R a z t o p i n e s m o f i l t r i r a l i s k o z i 0 , 2 u m P T F E 

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

C a C b , d a s m o p r e p r e č i l i a b s o r p c i j o v l a g e m e d t e r m o s t a -

t i r a n j e m ( 1 5 m i n ) . M e r i l i s m o i z t o č n e č a s e r a z t o p i n i z 

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

n a p a k a p e t i h m e r i t e v m a n j š a o d 0 , 1 % . 

3 Rezultati in diskusija 

3.1 Koncentracijska odvisnost r]red PU v THF in v THF s 
CFjCOONa 

K o n c e n t r a c i j s k a o d v i s n o s t Tjred n e i o n s k e g a P U v T H F 

j e l i n e a r n a i n j o o p i š e m o s H u g g i n s o v o e n a č b o z a 

n e v t r a l n e p o l i m e r e . P U - i o n o m e r i n e k a ž e j o l i n e a r n e o d -

v i s n o s t i T i r e d / c . O b l i k a k r i v u l j T j r e d / c j e o d v i s n a o d v r s t e 

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

e l e k t r o s t a t i č n i h i n t e r a k c i j m e d i o n s k i m i p a r i . V b o l j 

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

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

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

n a m i č n i m v o l u m n o m . T o s e i z r a ž a v Tjred i n 0 l ) P U -

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

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

m o l e k u l a r n e i n t e r a k c i j e (slika 1). N e k o l i k o d r u g a č n o o d -

v i s n o s t Tj r e d / c N a i n K - i o n o m e r a p r i p i s u j e m o r a z l i č n i j a -

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

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

V r a z t o p i n a h D 5 0 - L i i n D 5 0 - C a s o i n t e r a k c i j e m e d 

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

p a r i p r e p l e t e n a s t r u k t u r a v m a n j p o l a r n e m T H F n i t o p n a . 

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

p r e p r e č i m o , č e v T H F d o d a m o e l e k t r o l i t ( N a - t r i -

f l u o r a c e t a t ) , k i s e n č i d i p o l e i o n s k i h p a r o v . Slika 2 p r i -

k a z u j e , d a j e p r i d o v o l j v i s o k i k o n c e n t r a c i j i ( 0 , 1 M ) 

C F j C O O N a o d v i s n o s t r | r e d / c , p o d o b n o k o t z a n e v t r a l n e 

p o l i m e r e , l i n e a r n a . 

3.2 Koncentracijska odvisnost i},ed PU v DMF 

K o n c e n t r a c i j s k a o d v i s n o s t r | r e d n e i o n s k e g a P U v 

D M F j e , p o d o b n o k o t v T H F , l i n e a r n a ; T j red n a r a š č a z 

n a r a š č a j o č o k o n c e n t r a c i j o . Tjred P U - i o n o m e r o v v r a z -

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

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

P o l i e l e k t r o l i t s k i u č i n e k i o n o m e r o v j e o d v i s e n o d v r s t e 

p r o t i i o n a i n p a d a o d K , p r e k o N a , d o L i - i o n o m e r a , k a r 

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

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

i o n o m (slika 3). J a k o s t v e z i m o n o v a l e n t n i h p r o t i i o n o v 

s m o o p r e d e l i l i t u d i s F u o s s - S t r a u s s - o v o e n a č b o ( 1 ) , k i 

p o d a j a o d v i s n o s t r j r e d " 1 o d c 1 / 2 (slika 4). 

TI = 
1 + B A / C " 

+ D (D 

c - m a s n a k o n c e n t r a c i j a i o n o m e r a ( g / d l ) 

A , B , D - e m p i r i č n e k o n s t a n t e 

O d v i s n o s t T j r e d - V c 1 ' 2 j e V r a z r e d č e n i h r a z t o p i n a h 

l i n e a r n a . I z n a k l o n a p r e m i c e s m o d o l o č i l i k o n s t a n t o B , k i 

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

n a m i i o n o m e r a i n p r o t i i o n i . I z p r i m e r j a v e v r e d n o s t i k o n -

s t a n t e B z a r a z l i č n e i o n o m e r e d o b i m o v r s t n i r e d j a k o s t i 

v e z i , k i n a r a š č a , p o d o b n o k o t v T H F , v s m e r i K < N a < L i . 
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Sl ika 1: Reducirana viskoznost, r|red, neionskega PU (DO) in 
PU-ionomerov (D50-M; M=Na, K) v odvisnosti od koncentracije 
polimera v THF 
F i g u r e 1: Reduced viscosity, r | r c d , vs. polymer concentration for 
non-ionic PU (DO) and PU-ionomers (D50-M; M=Na, K) in THF 
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Sl ika 2: Reducirana viskoznost, r|red, PU-ionomera D50-Na v 
odvisnosti od koncentracije polimera v različno koncentriranih 
raztopinah CFjCOONa v THF 
F igure 2: Reduced viscosity, Tlred. vs. polymer concentrat ion for 
PU-ionomer D50-Na in THF with 0,01 M and 0.1M CF 3 COONa 
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Slika 3: Reducirana viskoznost, T|rcd. neionskega PU (DO) in 
PU-ionomerov (D50-M; M=Li, Na, K) v odvisnosti od koncentracije 
polimera v DMF 
Figure 3: Reduced viscosity, T|rej, vs. polymer concentration for 
non-ionic PU (DO) and PU-ionomers (D50-M: M=Li, Na, K) in DMF 

Koncentracija (g/dl) 

Slika S: Reducirana viskoznost, T|red, PU-ionomera D50-Na v 
odvisnosti od koncentracije polimera v različno koncentriranih 
raztopinah LiBr v DMF 
Figure S: Reduced viscosity, T|red, vs. polymer concentration for 
PU-ionomer D50-Na in DMF with various LiBr concentration 

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

D M F l a h k o p r e p r e č i m o , e n a k o k o t v T H F , z d o d a t k o m 

e l e k t r o l i t a ( L i B r ) . L i B r š č i t i n a b o j e p o l i i o n a t e r t a k o 

p r e p r e č i p o l i e l e k t r o l i t s k i u č i n e k i o n o m e r o v v D M F . 

3.3 Koncentracijska odvisnost T\red PU v DMF/LiBr 

K o n c e n t r a c i j s k a o d v i s n o s t r | r e d P U i o n o m e r a D 5 0 - N a 

v r a z l i č n o k o n c e n t r i r a n i h r a z t o p i n a h L i B r v D M F n i 

o b i č a j n a z a i o n o m e r e . V n a s p r o t j u s t a n a r a š č a n j e T | red z 

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

n a h 0 , 0 5 M L i B r n a r a š č a n j e r j r e d s p a d a j o č o k o n c e n -

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

( s l i k a 5 ) . 

K e r o p i s a n e k r i v u l j e T j r e d / c D 5 0 - N a v r a z t o p i n a h 

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

L i B r n a - C O O " a n i o n e , s m o r a z i s k a l i t u d i v p l i v L i B r n a 

k o n c e n t r a c i j s k o o d v i s n o s t r | r e d n e i o n s k e g a P U . K e r m a k -

r o m o l e k u l e n e i o n s k e g a P U n e v s e b u j e j o - C O O " a n i o n o v , 

s m o p r i č a k o v a l i , d a L i B r n e b o v p l i v a l n a r j r e d r a z t o p i n e 

n e i o n s k e g a P U , v e n d a r p a s o m e r i t v e p o k a z a l e d r u g a č e , 

s a j i m a L i B r v e l i k v p l i v n a [ r | ] i n k o n c e n t r a c i j s k o o d v i s -

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

( s l i k a 6 ) . 

D a b i u g o t o v i l i , m e d k a t e r i m i s k u p i n a m i P U i n L i B r 

s o i n t e r a k c i j e , s m o p o s n e l i ' H i n 1 3 C N M R s p e k t r e D M F , 

L i B r v D M F t e r n e i o n s k e g a P U , P U - i o n o m e r a D 5 0 - N a 

i n m o d e l n e g a P U i z H D I i n D M P H A v D M F i n v 

L i B r / D M F . U g o t o v i l i s m o , d a L i B r z D M F t v o r i k o m -

p l e k s s s e s t a v o [ L i ( D M F ) n ] + B r \ k a r n a v a j a t u d i l i t e r a -

t u r a 4 ' 5 6 . I z p r i m e r j a v e ' H N M R s p e k t r o v n e i o n s k e g a P U , 

P U - i o n o m e r a D 5 0 - N a i n m o d e l n e g a P U v D M F i n v 

L i B r / D M F p a s m o u g o t o v i l i , d a s e ' H s i g n a l a u r e t a n s k i h 

s k u p i n , k i n a s t a n e j o i z H D I i n P T M O a l i N P G i n ' H s i g -

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

i z o c i a n a t n i m i s k u p i n a m i H D I i n k a r b o k s i l n i m i s k u p i -
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Slika 4: Fuoss-Strauss-ova odvisnost za PU ionomere D50-M: M=Li, 
Na, K, v DMF 
Figure 4: Fuoss-Strauss plot for PU-ionomers D50-M; M=Li, Na, K. 
in DMF 
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Slika 6: Reducirana viskoznost, Tired, neionskega PU DO v odvisnosti 
od koncentracije polimera v različno koncentriranih raztopinah LiBr v 
DMF 
Figure 6: Reduced viscosity, r|red, vs. polymer concentration for 
non-ionic PU DO in DMF with various LiBr concentration 
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F i g u r e 7: Ef fec t of LiBr on chemical shift of urethane and amide 
protons in D M F 
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Sl ika 8: Predpostavljena struktura PU-ionomera DO z LiBr /DMF 
F igure 8: Proposed structure for PU-ionomer DO with LiBr /DMF 
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