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Summary 

For the f i r s t  t ime ~H-NMR-spin-spin r e l a x a t i o n  curves of 

a chemica l l y  c ross l i nked  s t a t i s t i c a l  copolymer of Styrene and 

butadiene (SBR) w i th  and w i thou t  carbon black f i l l i n g  are 

i n t e r p r e t e d  in  terms of a dynamical model which inc ludes  two 

c o r r e l a t i o n  t imes t y p i c a l  f o r  f l e x i b l e  polymers and which 

makes use of common phantom network p r o p e r t i e s .  The res idua l  

second moment of the magnetic d i p o l a r  i n t e r a c t i o n  of spin 

p a i r s  in  network chains g ives  average molecular masses M= f o r  

u n f i l l e d  SBR and SBR which i s  f i l l e d  w i th  carbon b lack .  A l l  

the parameters of the model used are s e l f c o n s i s t e n t  and in  

good accordance w i th  the r e s u l t s  of s t r e s s - s t r a i n  exper iments.  

I n t r o d u c t i o n  

I t  has been shown in  several  papers ( fo r  example in  

(1-9,17))  t h a t  ~H-NMR-spin-spin r e l a x a t i o n  i s  a very useful  

t o o l  f o r  c h a r a c t e r i z i n g  the network" s t r u c t u r e  and dynamics of 

common elastomers.  

Above g lass  t r a n s i t i o n  temperature T= network chains are 

represented by a f a s t  r e l a x i n g  quantum of magnet izat ion of 

about 8B % ; the r e l a x a t i o n  curve component has a Gauss- l ike  

decay form (4,8~9). The f a s t  r e l a x a t i o n  was proved t o  be 

connected w i th  a residuum of the second moment of the s t a t i c  

d i p o l a r  i n t e r a c t i o n  which i s  l e f t  by an an iso t ropy  o f  
segmental motion in  an i n t e r - c r o s s l i n k  chain (1B) .  The 

res idua l  second moment i s  d i r e c t l y  connected w i th  the number Z 

of Kuhn s t a t i s t i c a l  segments in  an i n t e r - c r o s s l i n k  chain 

(11~12). Therefore~ one of the most i n t e r e s t i n g  r e s u l t s  f o r  
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p r a c t i c a l  a p p l i c a t i o n  i s  t h e  p o s s i b i l i t y  o f  d e t e r m i n i n g  Z o r ,  

f u r t h e r m o r e ,  o f  d e t e r m i n i n g  t h e  average m o l e c u l a r  mass M= o f  

t h e  i n t e r - c r o s s l i n k  c h a i n s .  Th is  was s u c s e s s f u l l y  used i n  49) 

§ p o l y ( d i m e t h y l s i l o x a n e )  ne two rks .  

In t h i s  paper t h e  " IH-NMR- too I "  i s  now a p p l i e d  t o  a w i d l y  used 

e l a s t o m e r ,  t o  a s t a t i s t i c a l  copo lymer  o f  s t y r e n e  and 

b u t a d i e n e .  The NMR-M= v a l u e s  (M=(NMR)) f o r  u n f i l l e d  SBR show 

good accordance w i t h  t h e  M= v a l u e s  of  s t r e s s - s t r a i n  

e x p e r i m e n t s  (M=(mech)). 

Expe r imen ta l  s e c t i o n  

The c o m p o s i t i o n  o f  SBR was de te rm ined  f rom ~H- and I~C- 

NMR s p e c t r a  of  u n c r o s s l i n k e d  SBR i n  s o l u t i o n .  I t  c o n s i s t s  o f  

62 mass% o f  1 , 4 - c i s - p o l y ( b u t a d i e n e ) ,  11 mass% 1 , 2 - p o l y ( b u t a -  

d iene )  and 27 mass% p o l y ( s t y r e n e )  which i s  s t a t i s t i c a l l y  

d i s t r i b u t e d .  The m o l e c u l a r  masses were de te rm ined  by GPC and 

are  Mw = 223 kg/mol and M,I = 74 kg /mo l .  The samples used here  

were mixed from SBR by adding 3 phr (3 p a r t s  t o  100 p a r t s  o f  

r ubbe r )  z i n c  o x i d e ,  1 phr s t e a r i c  a c i d ,  1 phr p h e n y l - ~ -  

n a p h t h y l a m i n  and a t e t r a - m e t h y l t h i u r a m d i s u l f i d - s u l f u r  (TMTD-S) 

m i x t u r e  425:1) f o r  c r o s s l i n k i n g .  In f i l l e d  samples t h e  amount 

o f  carbon b l ack  (PM 100) was 50 phr (about  20 vo l%) .  Each 

f i l l e d  sample (named GF) has an u n f i l l e d  p a r t n e r  (G). The 

p o r t i o n  o f  c r o s s l i n k i n g  agent  and t h e  M=(mech) v a l u e s  o f  un-  

f i l l e d  samples acco rd ing  t o  413) a re  r e p o r t e d  i n  TABLE 1. The 

M= v a l u e s  were e v a l u a t e d  us ing  t h e  t h e o r y  p u b l i s h e d  i n  (14 ) .  

TABLE 1 

Samp I e 81 82 83 84 85 86 87 88 89 G 10 

I TMTD-S, phr  1.55 1.75 2 .14 2 .73  3 .49 4 .45  5 .67  6.94 7 .75  10.0 

M=, kg/mol 15.2 13.8 11.1 9 .2  7 .3  7.1 6 .5  5.1 4 .7  3 .5  

The v u l c a n i z a t i o n  was c a r r i e d  ou t  a t  145 ~ f o r  2~ m inu tes  

(810 &O m i n u t e s ) .  The t r a n s v e r s a l  m a g n e t i z a t i o n  decays o f  t h e  

p r o t o n s  were measured on a BRUKER SXP4-100 s p e c t r o m e t e r  

(88 MHz) us ing  a common Hahn sp in  echo t e c h n i q u e .  

In F i g .  I o n l y  some o f  t h e  r e l a x a t i o n  cu rves  a re  shown i n  

o r d e r  t o  g i v e  a c l e a r  i l l u s t r a t i o n .  The measur ing t e m p e r a t u r e  

T = 130 ~ was chosen i n  o r d e r  t o  i n c r e a s e  t h e  d i f f e r e n c e s  
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F ig .  1: R e l a x a t i o n  cu rves  of  u n f i l l e d  samples GO ( 0 ) ,  G2 (~ ) ,  

G7 (o) and o f  f i l l e d  samples GFO ( e ) ,  GF2 ( 1 ) ,  G F 7 ( I ) .  

The upper cu rves  show the  sepa ra ted  and n o r m a l i z e d  

G a u s s - l i k e  component. Accord ing  t o  f o r m u l a  (1) t h e  

f i t t e d  f u n c t i o n  ( f u l l  l i n e s )  c o r r e l a t e  e x c e l l e n t l y  

w i t h  e x p e r i m e n t a l  v a l u e s  (symbols and ( . ) ) ,  t h e  

c o r r e l a t i o n  c o e f f i c i e n t  i s  about  ~ .98 .  

between t h e  cu rves  and t o  emphasize t h e  i n f l u e n c e  o f  chemica l  

c r o s s l i n k s .  A v e r y  l o n g ,  c l e a r l y  e x p o n e n t i a l  component o f  o n l y  

about  5 % and w i t h  a decay t i m e  of  T~ ~ 1~ ms f o r  f i l l e d  and 

T2 ~ 20 ms f o r  u n f i l l e d  samples has a l r e a d y  been s u b t r a c t e d .  

Th is  component can be a t t r i b u t e d  t o  smal l  non -ne two rk  
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molecules which can be e x t r a c t e d  (e. g. so l  f r a c t i o n ,  admix- 

t u res )  49). The remain ing e x p o n e n t i a l  t a i l  o f  about 15 % 

belongs t o  dang l i ng  chain ends as was a l so  proved i n  49). 

Data a n a l y s i s  and d i s c u s s i o n  

In accordance w i th  ( 4 , 5 , 8 , 9 , 1 7 )  the  r e l a x a t i o n  curve of 

the  t r a n s v e r s a l  magne t i za t i on  a t  T } T~+1~0 K can be descr ibed  

by the  f o l l o w i n g  decay f u n c t i o n :  

M(t) A * e x p ( - t / T ~ . ~ - q * M ~ * ~ = = * 4 e x p 4 - t / ~ ) + t / ~ - l ) )  + 

B*exp(-t/T~.§ (1) 

A and B are the magne t i za t i on  p o r t i o n s  of  i n t e r - c r o s s l i n k  

chains and dang l i ng  chain ends, r e s p e c t i v e l y .  The mean 

c o r r e l a t i o n  t imes ~. and ~s rep resen t  the  f a s t  l o c a l  segmental 

motion and the  slower motion of l a r g e r  molecu lar  p a r t s ,  

r e s p e c t i v e l y .  M= = 1.45-10 ~ s -~ i s  t he  second moment o f  the  

s t a t i c  magnetic d i p o l a r  i n t e r a c t i o n  in  the  r i g i d  l a t t i c e  which 

can be measured at  tempera tures  below T~ by the  common 

r e l a x a t i o n  f u n c t i o n  

M4t) = M(O)*exp( -M=* t~ /2) .  ( 2 )  

I f  cha ins  are f i x e d  at both ends the  ~ - m o t i o n  i s  a n i s o t r p i c  

a t  T > T~. Th is  g i v e s  a r e s i d u a l  M=.~ = q*M~ which cannot be 

averaged by t h i s  mot ion.  As a r e s u l t ,  a s lower motion w i th  

~ i s  d e t e c t a b l e  which can be " f e l t "  by a f u r t h e r  r e d u c t i o n  of  

q*M~. For dang l i ng  chain ends q i s  equal t o  zero .  

According t o  the  common BBP-theory (15) we w i l l  assume t h a t  

T=.~ = M2*~ f * (3+5/41+y=)+2 / (1+4*y~) ) /3  (3) 

where y = 2 * ~ * f ~ * ~ ,  f~ = 88 MHz and ~f ~ l~ -~s .  

I t  i s  p o s s i b l e  from q t o  c a l c u l a t e  the  number Z of  Kuhn 

s t a t i s t i c a l  segments between the  j u n c t i o n s  of a network chain 

i f  t h i s  chain behaves l i k e  a Gauss chain w i th  f r ee  r o t a t i n g  

segments and i f  i n t e r m o l e c u l a r  i n t e r a c t i o n s  are exc luded 

(phantom network p r o p e r t i e s )  411): 

Z = 3 / ( 5 " q ~ ) .  (4) 
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For r e a l  ne two rks  q must be r e p l a c e d  by q-qm ( 5 , 8 ) .  Here,  q-qm 

s tands  f o r  t h e  t e m p e r a t u r e  independen t  chemica l  ne twork ,  qm i s  

measured f o r  t h e  u n c r o s s l i n k e d  r e f e r e n c e  sample,  r e p r e s e n t i n g  

t h e  t e m p e r a t u r e  dependent " p h y s i c a l "  ne two rk .  A l l  q - v a l u e s  a re  

average v a l u e s  r e s u l t i n g  from a n a t u r a l  d i s t r i b u t i o n  o f  n e t -  

work cha in  l e n g t h .  

In g e n e r a l ,  t h e  m o l e c u l a r  mass M= o f  i n t e r - c r o s s l i k  cha ins  o f  

homopolymers can be e v a l u a t e d  by t h e  r e l a t i o n  

M= = Z*M~*c_/N (5) .  

where N i s  t h e  number o f  backbone bonds i n  a bas i c  

( "monomer ic" )  u n i t ,  M~ i s  t h e  m o l e c u l a r  mass o f  t h i s  u n i t  and 

c~ i s  t h e  number o f  backbone bonds i n  a Kuhn s t a t i s t i c a l  u n i t .  

M= i s  no t  e a s i l y  a v a i l a b l e  f o r  s t a t i s t i c a l  copo lymers  because 

t h e  c o n s t a n t  K = Mu*c-/N i s  unknown. However, K can be 

e v a l u a t e d  f o r  u n f i l l e d  SBR samples f rom M~(mech) by a p l o t  

M=(mech) as a f u n c t i o n  o f  Mc(NMR) = K*Z (F ig .  2 ) .  The bes t  f i t  

i s  ach ieved  f o r  K = 137 g per  s t a t i s t i c a l  u n i t .  

Using <Mu/N>~ = 18 g as an average v a l u e  which t a k e s  i n t o  

account  t h e  p o r t i o n s  o f  t h e  bonds of  t h e  c o n s t i t u e n t s  i n  t h e  

backbone c h a i n  ( bb ) ,  i t  f o l l o w s  f o r  SBR t h a t  c -  = 7 . 6 .  

The good l i n e a r i t y  o f  t h e  M~ p l o t  i n  F i g .  2 p o i n t s  t o  t h e  

v a l i d i t y  o f  t h e  model used t o  connect  NMR pa ramete rs  and 

m o l e c u l a r  dynamics.  

The c a l i b r a t i o n  i n  F i g .  2 can now be used f o r  d e t e r m i n i n g  t h e  

M= v a l u e s  o f  t h e  samples f i l l e d  w i t h  carbon b l a c k .  These 

v a l u e s  a re  a l s o  p l o t t e d  i n  F i g .  2. I n s p i r e  o f  an gene ra l  e r r o r  

f o r  a l l  M= v a l u e s  o f  about  15 %, t h e  tendency  p o i n t s  t o  an M= 

which i s  about  15 % h i g h e r  than t h a t  f o r  u n f i l l e d  samples.  

O b v i o u s l y ,  t h e  f i l l e r  d i s a c t i v a t e s  a p a r t  o f  t h e  c r o s s l i n k i n g  

agen t .  

For l ong  po lymer  cha ins  which a re  c r o s s l i n k e d  s t a t i s t i c a l l y  

one can expec t  t h a t  t h e  p o r t i o n  o f  d a n g l i n g  cha in  ends B/(A+B) 

can be de te rm ined  by t h e  e q u a t i o n  

B / ( A + B )  = M = / M ~ .  (6) 

In  e q u a t i o n  (6) i t  i s  assumed t h a t  one d a n g l i n g  cha in  end 

u s u a l l y  has an ave rage  m o l e c u l a r  mass o f  M=/2. 
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F i g .  3: 

P o r t i o n  o f  t h e  dang-  

l i n g  cha in  ends as a 

f u n c t i o n  o f  M=(NMR) 

f o r  u n f i l l e d  samples 

( o ) and f i l l e d  sam- 

p i e s  ( @ ) .  Accord ing  

t o  f o r m u l a  (6) numbers 

1, 2 and 3 co r respond  

t o  Mn= 74, 69 and 43 

k g / m o l ,  r e s p e c t i v e l y .  
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F i g .  4: 

C o r r e l a t i o n  t i m e s  as a 

f u n c t i o n  o f  M=(NMR). 

�9 ~ :0  u n f i l l e d ,  

�9 f i l l e d .  

�9 ~:V u n f i l l e d ,  

�9 f i l l e d .  

S ince B/(A+B) ~ = 0 .55  i s  r a t h e r  h igh  f o r  t h e  u n c r o s s l i n k e d  

samples t h e  d a n g l i n g  c h a i n  ends shou ld  be f r e e  o f  

en tang lemen ts  i n  c r o s s l i n k e d  samples. Th is  i s  suppor ted  by t h e  

measured cons tance o f  B/(A+B) a t  t e m p e r a t u r e s  between 76 ~ 

and 150 ~ From F i g .  3 i t  can be assumed t h a t  some po lymer  

cha ins  a re  c racked d u r i n g  t h e  m i x i n g  and c r o s s l i n k i n g  

p rocedu re .  M.~ seems t o  decrease  f rom 74 t o  about  69 kg/mol  f o r  

u n f i l l e d  samples and t o  about  43 kg/mol  f o r  samples f i l l e d  

w i t h  r i g i d  p a r t i c l e s  o f  carbon b l a c k .  

In F i g .  4 t h e  c o r r e l a t i o n  t imes  ~ and ~ a re  shown as a 

f u n c t i o n  o f  M=(NMR). O b v i o u s l y ,  e v e r y  mo t ion  i n  f i l l e d  SBR i s  

s lower  than  i n  u n f i l l e d  SBR. The i n c o r p o r a t i o n  o f  r i g i d  

p a r t i c l e s  makes t h i s  v e r y  p l a u s i b l e .  The independence of  t h e  

l o c a l  c o r r e l a t i o n  t i m e  ~ o f  M~ f u r t h e r  s u p p o r t s  t h e  

t h e o r e t i c a l  model used. 

I f  ~ i s  assumed t o  r e p r e s e n t  f l u c t u a t i o n s  o f  i n t e r - c r o s s l i n k  

cha ins  t h e  i n c r e a s e  o f  ~= w i t h  M= i s  a r e s u l t  o f  s c a l i n g .  The 

v a l u e s  o f  t h e  c o r r e l a t i o n  t i m e s  cor respond w i t h  t h e  two maxima 

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

f l e x i b l e  po l ymers  i n  s o l u t i o n  (10-es and 10-~s) (16) .  
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