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~mmary 

Above the  g lass  t r a n s i t i o n  tempera tu re  IH-NMR-spin- 

sp in  r e l a> :a t i on  curves of  e las tomers  u s u a l l y  c o n s i s t  o f  two 

main components, a G a u s s - l i k e  decay and a longer  e x p o n e n t i a l  

decay. They can be a t t r i b u t e d  t o  i n t e r - c r o s s l i n k  cha ins  and 

f r e e  d a n g l i n g  cha in  ends, r e s p e c t i v e l y ,  i n  accordance w i t h  

bas ic  i deas  of the  dynamics of  polymer cha ins .  By us ing  an 

i n c r e a s i n g  amount o f  e n d - l i n k i n g  agent d u r i n g  the  network 

syn thes i s  o f  p o l y ( d i m e t h y l s i l o > : a n e ) ,  the  p o r t i o n  of  the  long 

decay i s  c o n s i d e r a b l y  reduced w h i l e  the  shape and the  decay 

t imes  remain appro>: imately cons tan t .  Th is  g i v e s  expe r imen ta l  

ev idence of  t h e  common c l a s s i f i c a t i o n  of  t he  decay components 

f o r  the  f i r s t  t ime .  F i n a l l y ,  the  t h e o r e t i c a l  model f o r  network 

dynamics used, which i n c l u d e s  common phantom network 

p r o p e r t i e s  and a concept of  two independent  mot ion s c a l e s ,  

p rov i des  two mean c o r r e l a t i o n  t imes  and an average mo lecu la r  

mass o f  i n t e r - c r o s s l i n k  cha ins .  

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

ZH-NMR-spin-spin r e l a x a t i o n  ( t r a n s v e r s a l  r e l a x a t i o n )  

uses the  s t a t i c  magnet ic i n t e r a c t i o n  o f  nuc lea r  d i p o l e s  and 

i t s  mo t i ona l  averag ing  f o r  p rob ing  the  dynamics of  mo lecu les .  

The re fo re ,  the  " c o n t r a s t "  i n  such an "NMR-picture"  of  po lymers  

i s  g iven  by d i f f e r e n c e s  i n  mo lecu la r  m o b i l i t y .  I t  has been 

shown i n  some papers (1-5)  t h a t  the  t r a n s v e r s a l  r e l a x a t i o n  

curves of  severa l  s t a t i s t i c a l l y  c r o s s l i n k e d  e las tomers  

measured above the  g l a s s  t r a n s i t i o n  tempera tu re  T= c o n s i s t  on 
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p r i n c i p l e  o f  two components - i n  most cases of  a main Gauss- 

l i k e  decay ( " s h o r t  component")  and a l o n g e r  e x p o n e n t i a l  decay 

( " l o n g  component " ) .  

One aim o f  t h i s  paper i s  t o  p r o v i d e  t h e  f i r s t  e x p e r i m e n t a l  

p r o o f  o f  t h e  o f t e n  assumed cor respondence between t h e  s h o r t  

component and t h e  i n t e r - c r o s s l i n k  cha ins  on t h e  one hand, and 

between t h e  long  component and t h e  d a n g l i n g  cha in  ends on t h e  

o t h e r .  

The q u a n t i t a t i v e  a n a l y s i s  o f  t he  decay shape o f  t h e  s h o r t  

component i s  c a r r i e d  ou t  us ing  an approved model ( 2 , 5 - 7 )  which 

makes use of  common phantom ne twork  p r o p e r t i e s  and of  two 

sca l es  o f  cha in  mo t i on .  

Our i n v e s t i g a t i o n s  o f  po lymer  ne two rks  by NMR a re  a l s o  

connected w i t h  t h e  aim o f  g e t t i n g  a t o o l  f o r  s t u d y i n g  f i l l e d  

ne tworks  f o r  p r a c t i c a l  purposes.  In  such systems t h e  ne twork  

c h a r a c t e r i z a t i o n  by t h e  s t r e s s - s t r a i n  b e h a v i o u r ,  f o r  i n s t a n c e ,  

which has an e x c e l l e n t  t h e o r e t i c a l  background f o r  u n f i l l e d  

systems ( l o o k  f .  i .  ( 8 ) ) ,  i s  a t  p r e s e n t  o n l y  i n  t h e  e a r l y  

s tages ( 9 ) .  

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

P o l y ( d i m e t h y l s i l o x a n e ) ,  w i t h  h y d r o x y  groups a t  bo th  c h a i n  

ends, was e n d - l i n k e d  by t e t r a e t h o x y s i l a n e  i n  a usual  manner i n  

t h e  presence o f  a t i n  o c t a n e a t e  c a t a l y s t .  

The p r e c u r s o r  cha ins  s y n t h e s i z e d  by an a n i o n i c  r i n g  open ing 

r e a c t i o n  o f  t h e  c y c l i c  t e t r a m e r  o c t a m e t h y l c y c l o t e t r a s i l o x a n e  

were c h a r a c t e r i z e d  by t h e  number average m o l e c u l a r  mass M~ and 

t h e  M ~ - d i s t r i b u t i o n  (M~/M~ = 1 .65 ) .  The e s t i m a t i o n  o$ Mn was 

c a r r i e d  ou t  us ing  end group a n a l y s i s  o f  t h e  h y d r o x y  groups and 

by ge l  pe rmea t i on  ch romatography .  Both v a l u e s  a re  

a p p r o x i m a t e l y  equa l .  The s i l o x a n e  ne tworks  i n v e s t i g a t e d  were 

s y n t h e s i z e d  us ing  d i f f e r e n t  r a t i o s  of  f u n c t i o n a l  groups o f  t h e  

c r o s s l i n k i n g  agent  and t h e  l i n e a r  c h a i n s .  Th is  r a t i o  r was 

changed f rom ~ .5  t o  2 .~ .  Three ne tworks  PDMS 1, 2,  and 3 

(TABLE I )  were e x t r a c t e d  and i n v e s t i g a t e d  by NMR. 

The ne two rks  were c o n t r o l l e d  by s o l - g e l  a n a l y s i s  (10) and 

u n i a x i a l  e l o n g a t i o n  and compression s t u d i e s .  The m o l e c u l a r  

mass between t h e  j u n c t i o n s  M= was c a l c u l a t e d  us ing  t h e  rubber  

e l a s t i c i t y  t h e o r y  and t he  M o o n e y - R i v l i n  e q u a t i o n  w i t h  

s t r u c t u r e  f a c t o r  A=I which i s  p o s s i b l e  as shown by (11) i n  t h e  
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case of  smal l  d e f o r m a t i o n s .  The ne twork  c h a r a c t e r i s t i c s  

shown i n  TABLE 1. 

TABLE I 

a r e  

C h a r a c t e r i s t i c s  of  t h e  samples used 

PDMS I PDMS 2 PDMS 3 

r 0 .52  1.06 1.94 

Mn, kg/mol  12.9 12.9 12.9 

w==~, weight% 4 .9  1.8 0 .9  

w=~=, weight% 3 .4  3 .4  3 .4  

M=, kg/mol  18.7 13.6 10.8 

The NMR expe r imen t~  were c a r r i e d  ou t  on a BRUKER SXP4-100 

spec t rome te r  wo rk ing  a t  a p r o t o n  resonance f requency  fm=88MHz. 

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  decay was measured by a common 

Hahn sp in  echo t e c h n i q u e -  R e l a x a t i o n  cu rves  a re  p resen ted  i n  

F i g .  I .  A v e r y  long e x p o n e n t i a l  component w i t h  a decay t ime  of  

about  100 ms and a p o r t i o n  o f  l e s s  then 1% has a l r e a d y  been 

s u b t r a c t e d .  Th is  component i s  a t t r i b u t e d  t o  smal l  non -ne twork  

mo lecu les  which a re  l e f t  a f t e r  t h e  e x t r a c t i o n  p rocedure  and 

which can be reduced by a n n e a l i n g .  

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

I t  i s  c l e a r  f rom t h e  t h e o r e t i c a l  p o i n t  o f  v iew t h a t  

i n s p i t e  o f  T}T~ t h e  l o c a l  mo t i on  of  po lymer  cha in  segments i s  

a n i s o t r o p i c  i f  t he  c h a i n s  a re  f i x e d  a t  bo th  ends by chemica l  

j u n c t i o n s  o r  p h y s i c a l  en tang lemen ts  (6 ) .  I t  was proved i n  (12) 

by a c o m b i n a t i o n  of  some ~H- and ~C-NMR s p e c t r o s c o p i c  

methods t h a t  a b roaden ing  o f  l i n e s  f o r  1 , 4 - c i s -  

p o l y ( b u t a d i e n e )  o f  h igh  m o l e c u l a r  mass ( e n t a n g l e d  cha ins )  

o r i g i n a t e 5  f rom t h i s  m o t i o n a l  a n i ~ o t r o p u  

In ( 1 , 5 , 7 )  i t  was shown t h a t  a model assuming an a n i s o t r o p i c  

l o c a l  mo t ion  o f  ne twork  cha in  segments l eads  t o  a G a u s s - l i k e  

r e l a x a t i o n  f u n c t i o n  due t o  a r e s i d u a l  s t a t i c  magnet ic  d i p o l a r  

i n t e r a c t i o n  o f  p r o t o n s .  Th is  r e l a x a t i o n  f u n c t i o n  changes t o  an 

e ~ p o n e n t i a l  one w i t h  a c o n s i d e r a b l y  l o n g e r  decay t i m e  i f  one 

cha in  end i s  no t  f i x e d ,  such as f o r  d a n g l i n g  cha in  ends. 

Th is  t h e o r e t i c a l  p o i n t  o f  v i ew  i s  now suppor ted  d i r e c t l y  by 

our  e x p e r i m e n t s  on e n d - l i n k e d  PDM~. With an i n c r e a s i n g  amount 
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F i g .  1: ~H-NMR-spin-spin r e l a x a t i o n  o$ PDMS I ,  2 ,  3 a t  T=303K. 

The f u l l  l i n e s  a re  f i t t e d  cu r ves  accord~ny t o  f o r m u l a  

(I). The upper curves represent the short component. 

The exponential tail is subtracted. 

of crosslinking agent (sample 1 to 3), the portion of the 

exponential tail is reduced three times down to 3% whereas its 

decay time and the decay time o~ the short component (inter- 

crosslink chains) are approximately constant. The expected 

vanishing of the tail is not achieved in spite of an over- 

s t o e c h i o m e t r i c  amount o f  l i n k i n g  m o l e c u l e s  (sample 3 ) .  The 

reason may be t h a t  t hese  m o l e c u l e s  can r e a c t  w i t h  each o t h e r  
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and/or  the  f o u r - f u n c t i o n a l i t y  of the  l i n k e r  i s  reduced t o  a 

t h r e e - f u n c t i o n a l i t y .  

Another i n t e r e s t i n g  and s u p p o r t i n g  f a c t  i s  t h a t  the  p o r t i o n s  

of  components of  r e l a x a t i o n  curves do not  change from 3B3 K up 

t o  443 K. Th is  i n d i c a t e s  t h a t  p h y s i c a l  c o n s t r a i n t s  are not  

v i s i b l e  or n e g l i b l e  i n  our e n d - l i n k e d  PDMS. The s t r e s s - s t r a i n  

behav iour  suppor ts  the  l a s t .  The cor respond ing  c o e f f i c i e n t  of  

the  Mooney equat ion  i s  n e a r l y  zero in  the  case of  small  

de fo rmat ions .  Common s t a t i s t i c a l l y  c r o s s l i n k e d  networks which 

con ta i n  a l a r g e  number of  phys i ca l  r e s t r i c t i o n s  show a 

significant dependence on temperature in their transversal 

relaxation (1,2). In particular, the portion of the long 

component increases considerably with increasing temperature 

and tends to a final value - chain ends are freed from 

phys i ca l  entanglements.  

In accordance w i t h  ( 1 , 5 ) ,  the  r e l a x a t i o n  curve of  the  

transversal magnetization at T>T~ will now be treated 

quantitatively using the decay function 

M(t)= A*exp ( - t /T_~ . , -q *M~*T=~* f ( t /~B) )  + B * e x p ( - t / T = . ~ ) .  (1) 

Here 

A ,  B - 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 ,  

f ( t / ~ s )  = e x p ( - t / ~ a >  + t / ~ s  - 1, 

T= = I / ( M = * ~ , ) ,  

�9 . ,  T8 - mean c o r r e l a t i o n  t imes of  the  f a s t  l o c a l  segmental 

motion and the  slow motion of l a r g e r  molecu lar  

" s c a l e s " ,  r e s p e c t i v e l y ,  

M= - second moment o f  the  d i p o l a r  i n t e r a c t i o n  i n  the  

r i g i d  l a t t i c e  (T<T~), 

q = M~.~/M=, p o r t i o n  of  M~ l e f t  by an a n i s o t r o p y  of  

the  ~ motion in  an i n t e r - c r o s s l i n k  cha in .  

In accordance w i th  (6,13) 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  s t a t i s t i c a l  segments between the  c r o s s l i n k 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 e e  r o t a t i n g  s t a t i s t i c a l  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 ) :  

Z = 3 / ( 5 - q  ~J=) (2) 

For s t a t i s t i c a l l y  c r o s s l i n k e d  polymers q must be rep laced  by 
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q-qm (2,5) where the temperature dependent qm represents the 

"physical" network and can be measured for an uncrosslinked 

sample. However, as mentioned above for our PDMS, the qm value 

is nearly zero. 

Using the number of backbone bonds in a statistical segment of 

PDMS c. = 6.0 (14) one can calculate the molecular mass M of 

the inter-crosslink chains 

M = Z*M~*c_/N (3) 

where N is the number of backbone bonds in a basic (monomeric) 

unit of PDMS and M~ is the molecular mass of this unit~ 

It is clear from the formulae (1) - (3) that M is not exactly 

equal to the common Me. The q-value for each inter-crosslink 

chain is rigorously replaced by an average q (2~5,6) producing 

M in formula (3). However, Mist almost equal to M~ if the 

mass distribution is small. Moreover, the correspondence of M 

and M~ espatially f o r  the stoechiometric sample RBMS 2 

supports this approach. It is a subject of further work to 

show the exact relation between M and M~. 

TABLE 2 shows all parameters of equation (I) for all samples. 

The second Moment M~ = 5.0-109s -~ was measured at T<To by the 

common transversal relaxation curve for amorphous polymers 

(15) M(t) = M(O)*exp(-M~*t~/2). The common fit correlation 

coefficient is about 8.96. 

The average molecular mass M~ from stress-strain experiments 

accords well with our M values. It has not been possible up to 

now to explain in exact terms the weal( variation of molecular 

masses with different amounts of crosslinking agent. It can be 

a consequence of the chemical reaction order of PDMS 

precursors with a molecular mass distribution and/or of 

TABLE 2 

PDMS I PBMS 2 PDMS 3 

A 0.90 0.92 0.97 

B = (l-A) 0.10 0.08 0.03 

�9 ~ .  (10-~s) 3.73 4.41 4.73 

�9 8 (l~-~s) 26 18 II 

q (I0 -4) 0.74 0.89 1.31 

M (kg/mol) 15.5 14.1 11.5 

M= (kg/mol) 18.7 13.6 10.8 
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homoreaction of the crosslinking agent providing short chains. 

The almost constant value of ~e shows that for our samples 

both a variation of M and an increase of temperature do not 

s i g n i f i c a n t l y  in f luence  the loca l  c o r r e l a t i o n  t ime. 

An idea of the t ime scale of the junct ion f l u c t u a t i o n  gives 

�9 ~ which i s  about 10a-times greater  than we. However, f o r  PDMS 

a fu r the r  i n t e r p r e t a t i o n  of ~s i s  not reasonable because of a 

f i t  uncer ta in ty  in equation ( I )  r e s u l t i n g  from the r e l a t i o n  

(q*M~) - ~ 2  ~ t ~ < ~  where td  i s  the typ ica ]  decay t ime. From 

t h i s  i t  f o l l ows  that  ~ = 2 * f ( t / ~ )  i s  almost independent of ~8- 
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