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Summary 

The 13C-IH shift-correlated two-dimensional NRR spectroscopy 
(CSCM) is used to study ethylene-propylene copolymers. By this means, the 

IH NHR spectra of these copolymers can be fully interpreted. The 
assignments are much more complex than previously thought. Because of 
overlapping resonances, a direct determination of the copolymer 
composition cannot be made. However, the use of a first-order Markovian 
probability model gives not only information on composition, but also the 
comonomer reaction probabilities. 

Introduction 

Ethylene-propylene copolymers have been studied numerous times by 
13C ~ spectroscopy (1-8). Information available includes overall 
composition, comonomer sequence distribution and reactivity ratios. In 
contrast, IH NHR spectroscopy, although antedating 13C, has not been 
very successful in providing equivalent information. Despite several 
attempts (9-13), no general scheme yet existed for the determination of 
copolymer composition by IH I~{R. Information on comonomer sequences was 
even less accessible. 

We have used the recently developed two-dimensional NIiR (2D NIqR) 
techniques to obtain a revised interpretation of the high-field 1H NMR 
spectra of ethylene-propylene copolymers. 2D ~ is a family of new 
techniques that provide an effective means to resolve complex NIqR spectra 
(14,15). Thus far, there are only three publications on the use of 2D NHR 
for synthetic polymers: IH-19F shift-correlated spectroscopy of poly 
(p-fluorostyrene) (16); 2D NOE spectroscopy of vinylidene 
chloride-isobutylene copolymer (17); and 1H NMR analysis of poly(vinyl 
alcohol) tacticity by FOCSY (18). Since IH and 13C are most 
conveniently used to study polymers, we have concentrated on 13C-IH 
chemical shift correlated spectroscopy. As far as we know, 13C-IH 
shift correlated spectroscopy of synthetic polymers has not been 
previously reported. 
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E x p e r i m e n t a l  

The c o p o l y m e r s  u s e d  h e r e  a r e  a l l  e x p e r i m e n t a l  s a m p l e s  made w i t h  
Z i e g l e r - N a t t a  s t e r e o s p e c i f i c  c a t a l y s t s .  The s a m p l e s  were  d i s s o l v e d  i n  
1 , 2 , 4 - t r i c h l o r o b e n z e n e  a t  a c o n c e n t r a t i o n  o f  20 ~c  �9 w i t h  b e n z e n e - d  6 
added  as  t h e  l o c k  m a t e r i a l .  The 13C s p e c t r a  were  o b t a i n e d  on a 
G E / N i c o l e t  NT-300 s p e c t r o m e t e r  o p e r a t i n g  a t  7 5 . 4 6  MHz. The s a m p l e s  were  
r u n  a t  l l 0 " C .  The 13C-1H s h i f t  c o r r e l a t e d  s p e c t r a  were  o b t a i n e d  u s i n g  
t h e  CSCM p u l s e  s e q u e n c e  i n c l u d e d  i n  t h e  NMC-1280 s o f t w a r e  p a c k a g e .  The 
13C s p e c t r a  we re  o b t a i n e d  u s i n g  a sweep w i d t h  o f  5 kHz and  8K d a t a  
p o i n t s .  A t o t a l  o f  256 s p e c t r a  were  u s e d  t o  p r o v i d e  t h e  e q u i v a l e n t  o f  
1 . 7 6  kHz sweep w i d t h  i n  t h e  p r o t o n  f r e q u e n c y  d i m e n s i o n .  F r e e  i n d u c t i o n  
d e c a y s  i n  t h e  p r o t o n  f r e q u e n c y  d i m e n s i o n  were  m u l t i p l i e d  by s i n e  f u n c t i o n s  
b e f o r e  F o u r i e r  t r a n s f o r m a t i o n s  and  t h e  s p e c t r a  d i s p l a y e d  i n  t h e  a b s o l u t e  
v a l u e  mode.  A l l  c h e m i c a l  s h i f t s  were  r e f e r e n c e d  t o  t e t r a m e t h y l s i l a n e  
(TMS). 

The c o m p u t e r  p r o g r a m  FIT23H ( u s i n g  a r e a s  o f  s p e c t r a l  r e g i o n s  
A,B,C,D) was written in the BASIC language for the Nicolet 1280 computer. 
Although first-order Markov fitting of data is reco~ended, an option is 
available for second-order Markov, if needed. The program FIT23P is 
identical to FIT23H, except that the areas C and D are combined. 
Interested rea~ers may write to the authors for a listing of either of the 
p r o g r a m s .  

Results and Discussion 

The Is NMR spectrum of an ethylene-propylene copolymer is given 
in Figure 1. Four regions can be noted (12-13): A, 1.82-1.40ppm; 
B, 1.40-1.16ppm; C, 1.16-1.OOppm; and D, l.O0-0.77ppm. Several workers 
have provided assignments for the spectrum (9-13). Basically, region A 
was assigned to methines; region B assigned to 0.5 CH 2 of propylene 

m - d y a d s  p l u s  t h e  r e s t  o f  t h e  CH 2 g r o u p s  l e f t  o v e r ;  r e g i o n  C a s s i g n e d  t o  
e i t h e r  CH 2 o f  p r o p y l e n e  r - d y a d s  ( 1 2 ) ,  o r  t o  CH 2 l o c a t e d  b e t w e e n  
m e t h i n e  and  m e t h y l e n e  g r o u p s  ( 1 3 ) ;  and r e g i o n  D a s s i g n e d  t o  0 . 5  CH 2 o f  
p r o p y l e n e  m-dyads  p l u s  a l l  m e t h y l  p r o t o n s .  From t h e  i n t e g r a t e d  a r e a s  o f  
t h e  f o u r  r e g i o n s ,  schemes  h a v e  b e e n  p r o p o s e d  (9 ,  12) f o r  t h e  d e t e r m i n a t i o n  
o f  c o m p o s i t i o n .  T h e s e  schemes  a r e ,  h o w e v e r ,  a p p r o x i m a t e  and a p p l i c a b l e  t o  
narrow ranges of  c o m p o s i t i o n .  

To r e - e x a m i n e  t h i s  p r o b l e m ,  we h a v e  employed  2D NMR t o  s t u d y  
s e v e r a l  s a m p l e s  o f  e t h y l e n e - p r o p y l e n e  c o p o l y m e r s  w i t h  d i f f e r e n t  
c o m p o s i t i o n s :  Sample  1,  e t h y l e n e  c o n t e n t  4 . 9  mole  %; Sample  2,  2 1 . 0  mole  
%; and  Sample  3,  5 0 . 0  mole  %. The t e c h n i q u e  o f  h e t e r o n u c l e a r  
shift-correlated spectroscopy (CSCM) permits the 13C chemical shifts and 
the shifts of the adjoining IH nuclei to be correlated (14,15). A 
knowledge of the 13C shift assignments (1,2,7) then permits the IH NMR 
spectra to be interpreted. 

The 13C-IH CSCM map of Sample 3 is shown in Figure 2a. A 
different way of visualization is the contour plot (Figure 2b). Similar 
diagrams were obtained for Samples 1 and 2. Using the 13C NMR 
assignments for these copolymers (1,2,8), we can now assign the IH NMa 
spectra. The line-to-line correlations of 13C chemical shifts and IH 
regions are given in Table I. The nomenclature used is that of Carman 
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Table 1. C o r r e l a t i o n  of 13C and 1H Chemical S h i f t s  

Sequence 13C Shift IH Resion IH Shift Second-order  Markov 

S~ta 
Say 
Sa6 

S77 
Sy5 
$66 

s66 
s813 

45 .0  - 46 .5  B, D 0 .87  - 1 .27 ~'6 
37.7  - 3 8 . 0  B, C 1 .04 - 1 .29  2 ~ 6  
37 .0  - 37 .6  B, C 1 .04  - 1 .29  2~'~6 

Ty~ 33.1 B 1.33 ~ 6  
Tsy 30,7 A 1.47 2fly6 

30 .6  B 1.22 ~.~6 2 
30. z 8 1.22 2~E6~E 
29.8 B 1,22 2~[]~" - ~.~6~" 

T66 28.7 A 1.57 a76 
27.0 - 28.0 B 1.23 - 1.32 2~6 
24.0 - 24.9 B 1.23 - 1.32 ~[~ 

P613 21.0 - 21.8 D 0.86 uYb 
PI~> 20.2 - 20.9 D 0.84 2~(6 
P.y,y 19.8 D 0.82 ~ 

t D 

Fiur11.+ctct3oo_ Ii �9 of S ~ p l e  2, showin~ the 
four s p e c t r a l  reBions .  

I~ 1.6 I,~ 1.2 1.0 0.8 0,6 O.q 0.2 PPM 

T~B T~ T~ 10.5 S~ 0.5 S~o +a l l  P 
: 0 ,S SQ6 

0.5(S~+S~+%~) 
S~+S~6 



4 6 6  

( 1 ) ,  where S, T, and P, co r r e spond  to  p ro tons  a t t a c h e d  to  secondary ,  
t e r t i a r y  and pr imary  ca rbons ,  and the  Greek s u b s c r i p t s  r e f e r  to  the  
d i s t a n c e s  to  the  n e a r e s t  methy l  s u b s t t t u e n t s .  I t  i s  of  i n t e r e s t  to  note  
t h a t  not  only  does Saa  s p l i t  in h a l f  ( r e g i o n s  B and D), but  Say and 
S=6 a l s o  r e s o n a t e  in two r e g i o n s  (B and C). Fur the rmore ,  the  
meth ines  a re  spread out  over  a wide a rea  ( r e g i o n s  C and D). The 
ass ignments  in  Table  1 hold  f o r  s t e r e o s p e c i f i c  copolymers on ly .  For 
n o n - s t e r e o s p e c i f i c  copolymers ,  r a c e m i c - S a a  (CH 2) a l s o  occurs  in 
region C and tends to complicate the spectrum even further. 

The comple te  i n t e r p r e t a t i o n  i s  summarized in Table  2. For 
compar ison,  the  e a r l i e r  ass ignments  (12,13) are  a l s o  g iven .  It i s  
apparen t  t h a t  the  1H NMR spect rum i s  c o n s i d e r a b l y  more complex than what 
was p r e v i o u s l y  thought  to  be.  The ass ignments  ob t a ined  in t h i s  work are  
a l s o  i n d i c a t e d  in the  lower  h a l f  of  F igure  1. 

In o rde r  to  o b t a i n  i n f o r m a t i o n  concern ing  copolymer compos i t i on ,  
one needs to  i n t e g r a t e  the  four  r e g i o n s .  Cons ide r ing  the  number of  
p ro tons  i n v o l v e d  in me thy l ,  me thy lene ,  and methine  groups ,  one can s e t  up 
t h e s e  e q u a t i o n s :  

A = TB~ + T~> (I) 

B = Tyy + Sa, , + Say + S~5 + 2 $88 + 2 S85 + 2 8u + 2 Sy6 + 2 S56 (2) 

C = S~y + Sa6 (3) 

D = Saa  § 3(P~fl + Pg~ + Pyy)  (4) 

The molar  f r a c t i o n s  of  e t h y l e n e  (C2)and propylene  (C 3) are  r e l a t e d  to  
the sums of intensities of methyls, methylenes and methines, 

2 e  + p = ~.Sij 
P ~-Tij = ~-Pij 

and C 2 = ke; C 3 = kp, where k = (e + p ) - l .  

(5) 
(6) 

In e q u a t i o n s  1~6, t h e r e  are  more unknowns than e q u a t i o n s .  
P a r t i c u l a r l y  d i f f i c u l t  i s  the  f a c t  t h a t  both methylenes  and methines  are  
spread  out  over  d i f f e r e n t  r e g i o n s .  Given the areas  of  the fou r  r e g i o n s  by 
t h e m s e l v e s ,  t h e r e f o r e ,  no g e n e r a l  scheme can be dev i s ed  to  y i e l d  the  molar  
compos i t i ons  of.  the  copolymers .  

To bypass t h i s  problem, we have employed the  Markovian r e a c t i o n  
p r o b a b i l i t y  models p r e v i o u s l y  used fo r  the  13C NMR s p e c t r a l  a n a l y s i s  of  
p o l y ( e t h y l e n e - c o - p r o p y l e n e )  ( 7 , 1 9 ) ,  p o l y ( p r o p y l e n e - c o - e t h y l e n e )  (20) ,  and 
1 - o c t e n e  copolymers (21) .  The b a s i c  idea  is  to  s imu la t e  the  
c o p o l y m e r i z a t i o n  of  e t h y l e n e  and propylene  with  f i r s t  or  second o rde r  
Markov s t a t i s t i c s .  We can then a s s o c i a t e  every  NNR s p e c t r a l  peak i n t e n s i t y  
wi th  a t h e o r e t i c a l  e x p r e s s i o n  i n v o l v i n g  r e a c t i o n  p r o b a b i l i t i e s .  These 
t h e o r e t i c a l  i n t e n s i t i e s  a re  compared with  the  observed  s p e c t r a l  i n t e n s i t i e s  
f o r  the  f o u r  r e g i o n s ,  and ad jus tments  made v i a  a s implex o p t i m i z a t i o n  
p rocedure  u n t i l  the  b e s t - f i t  v a l u e s  of  the  r e a c t i o n  p r o b a b i l i t i e s  are  
o b t a i n e d .  Depending on the  goodness of  f i t ,  those  p r o b a b i l i t i e s  may then 
p rov ide  a r e a s o n a b l e  d e s c r i p t i o n  of  the  copolymers in q u e s t i o n .  
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Table 2. Assignments of the 1H NMIt Spectrum of 
Ethylene-Propylene Copolymers 

Region 6(ppm) Ref. 12 Ref. 13 This Work 

A 1.40 - 1.82 all T all T T~B + T~u 

B 1.16 - 1.40 0.5 Saa(m) 0.5 saa Tyy + 0.5 Saa 
+ Set u + S~6 + other Sij + 0.5 Say + 0.5 Sa6 
+ other Sij + remaining Sij 

C 1.00 - 1.16 Saa(r) $a7 + sa6* 0.5 Sa. f + 0.5 Sa6 * 

D 0.77 - 1.00 0.5 Saot(m) 0.5 Saa 0.5 Saa + all P 
+ all P + all P 

For  a t a c t i c  f r a c t i o n ,  t h e  S a a ( r )  s t r u c t u r e s  would  o c c u r  h e r e ;  s e e  t e x t .  

' ' I ' ' ' I . . . .  I 

1.5 1.0 0.5 

Figure 2a. 13C-IH shift- 
c o r r e l a t e d  map o f  Sample  3 .  

pF~M 

q 

' "' ' i ' ' ' I I 

1.5 L.o o .5  PPM 

F i g u r e  2b.  13C-IH s h i f t -  
correlated contour plot of Sample 3. 
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The t h e o r e t i c a l  e x p r e s s i o n s  f o r  t h e  v a r i o u s  comonomer s e q u e n c e s  
h a v e  b e e n  p r e v i o u s l y  d e r i v e d  ( 7 ) ;  t h e s e  a r e  shown i n  t h e  l a s t  co lumn o f  
T a b l e  1.  The s e c o n d - o r d e r  N a r k o v i a n  p r o b a b i l i t i e s  a r e  d e f i n e d  as  f o l l o w s :  

a ffi P333 ~ = P332 

= P323 ~ = P322 
Y = P233 ~ = P232 
6 = P223 ~-= P222 

T h r o u g h o u t  t h i s  work ,  P t j k  i s  t h e  p r o b a b i l i t y  o f  a c h a i n  t e r m i n a t i n g  i n  
u n i t s  M i and  Mj,  a d d i n g  t o  monomer M k.  A l s o ,  2 and 3 c o r r e s p o n d  t o  
e t h y l e n e  and  p r o p y l e n e  r e s p e c t i v e l y .  

U s i n g  e q u a t i o n s  1 - 4  and s u b s t i t u t i n g  f o r  t h e  t h e o r e t i c a l  e x p r e s s i o n s ,  
we o b t a i n e d  t h e  c a l c u l a t e d  s e c o n d - o r d e r  M a r k o v i a n  i n t e n s i t i e s  o f  t h e  f o u r  
r e g i o n s  o f  t h e  1H s p e c t r u m :  

Region A a 'f& + 2 ~ f &  
R e g i o n  B ~t~6 + ~'6 + 4~6 + 4 ~  
R e g i o n  C 2~6  
Region D 4T6 + 3~6 
T o t a l  Area  10R6 + 6 y 6  + 4 ~  

I n  a c t u a l  p r a c t i c e ,  t h e  s e c o n d  o r d e r  M a r k o v i a n  model  ( i n v o l v i n g  f o u r  unknowns :  
a , ~ , > , 6 )  i s  n o t  recommended b e c a u s e  o n l y  f o u r  known v a l u e s  a r e  g i v e n  
( i . e .  t h e  a r e a s  o f  A , B , C , D ) .  We can  h o w e v e r ,  r e d u c e  t h e  s e c o n d  o r d e r  t o  t h e  
f i r s t  o r d e r  M a r k o v i a n  model  by d r o p p i n g  t h e  f i r s t  s u b s c r i p t  i n  P i j k ;  t h u s  

= T = P33,  and  ~ = 6 = P23- T h e r e  a r e  o n l y  2 unknown 
p a r a m e t e r s  t o  s o l v e .  

The c o m p u t a t i o n s  i n v o l v e d  a r e  n e c e s s a r i l y  complex .  To s i m p l i f y  t h e  
p r o c e d u r e ,  we h a v e  w r i t t e n  a c o m p u t e r  p r o g r a m  ( c a l l e d  FIT23H) i n  t h e  BASIC 
l a n g u a g e  t h a t  a c c e p t s  as  i n p u t s  t h e  a r e a s  o f  r e g i o n s  A ,B ,C ,D,  and  a l s o  t h e  
i n i t i a l  g u e s s  v a l u e s  o f  P33 and  P23 ( i . e .  a and ~ ) .  A s i m p l e x  
a l g o r i t h m  i s  t h e n  a c t i v a t e d ,  t h a t  a u t o m a t i c a l l y  g i v e s  t h e  o p t i m a l  v a l u e s  o f  
t h e  r e a c t i o n  p r o b a b i l i t i e s .  The m o l a r  c o m p o s i t i o n  i s  g i v e n  by:  C 3 = k P23 
and  C 2 = k ( 1 - P 3 3 ) ,  where  k i s  t h e  n o r m a l i z a t i o n  c o n s t a n t  ( s u c h  t h a t  C2 
+ C 3 = 1 . 0 ) .  The r e s u l t s  o f  t h e  c o m p u t e r i z e d  a n a l y s i s  o f  t h e  t h r e e  
c o p o l y m e r s  a r e  summar ized  i n  T a b l e  3.  The a g r e e m e n t  b e t w e e n  t h e  13C and  
t h e  1H NMR r e s u l t s  i s  good ( c f .  T a b l e  1 ) .  

For  l o w - e t h y l e n e  c o p o l y m e r s ,  s p e c i a l  c o n s i d e r a t i o n s  s h o u l d  be t a k e n  
b e c a u s e  t h e  r a c e m i c  s t r u c t u r e s  f o r  m e t h y l e n e s  a l s o  o c c u r  in  r e g i o n  C 
( 1 2 , 2 2 , 2 3 ) .  T h u s ,  t h e  a r e a  o f  r e g i o n  C would  be  t o o  l a r g e  and  t h a t  o f  r e g i o n  
D t o o  s m a l l .  T h i s  e f f e c t  i s  o n l y  n o t i c e a b l e  a t  low e t h y l e n e  l e v e l s  w h e r e  t h e  
i n t e n s i t i e s  o f  S a y  and Sa& a r e  s m a l l  and  t h e  e f f e c t  o f  t a c t i c i t y  
becomes  c o m p e t i t i v e .  To c o u n t e r  t h i s  p r o b l e m ,  we have  p r o d u c e d  a s l i g h t l y  
m o d i f i e d  v e r s i o n  o f  t h e  p r o g r a m  ( c a l l e d  FIT23P)  t h a t  a c c e p t s  as  i n p u t  t h e  
areas of three regions, A,B and C+D. The results of this three-area fitting 
are also given in Table 3. With some experience, it is not difficult to 
decide when the three-area approach should be used, and whenever any doubt 
arises, both the four-area and the three-area methods should be attempted and 
the results compared. 
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Sample 

1 

Table  3. A n a l y s i s  o f  IH l~R Data by Program FIT23H and FIT23P 

13C,C2 IH Inpu t  Areas IH, C 2 Markov P r o b a b i l i t i e s  
mol % A B C D mol % P33 P23 

4 . 9  15 .7  18 .4  3 .2  62 .6  (a )  6 .4  ~ 0 .9323 0.9947 
(b )  4 .3  * 0 .9554  0 .9873 

2 21 .0  13 .7  26 .5  7 .3  52.5 (a )  21 .0  0 .7417 0 .9718 
(b)  21 .0  0 .7420  0 .9722 

3 50.0 7.3 47.3 10.9 34.4 (a) 49.8 0.4570 0.5479 
(b) 49.8 0.4798 0.5244 

* (a) o b t a i n e d  from 4 - a r e a  f i t  (FIT23H); (b) o b t a i n e d  from 3 - a r e a  f i t  (FIT23P).  

The r e a c t i o n  p r o b a b i l i t i e s  can be used to  e s t i m a t e  dyad sequence 
p r o b a b i l i t i e s  (7 ) :  (PP) = k P33 P23, (PE) = 2k P23 ( I - P 3 3 ) ,  and (EE) = 
k (1-P33) (1 -P23) ;  and comonomer r e a c t i v i t y  r a t i o  p roduc t .  

I-P23 P33 
r2 r3 = ...... �9 ........ 

P23 I-P33 

The r e s u l t s ,  however ,  should  be regarded  as e s t i m a t e s  on ly .  13C NMR 
a n a l y s i s  ( 6 , 7 ) ,  which i n v o l v e s  24 s p e c t r a l  i n t e n s i t i e s ,  should g i v e  more 
a c c u r a t e  v a l u e s  f o r  the  sequence d e t e r m i n a t i o n .  

Conclus ion  

In t h i s  work we have used two-d imens iona l  NMR to  r e v i s e  the 
i n t e r p r e t a t i o n  o f  t he  1H ~ s p e c t r a  of  e t h y l e n e - p r o p y l e n e  copolymers .  
The use of 13C-IH CSCM permits rapid assignments of either the IH or 
the 13C spectrum whenever the other is known. A computerized method is 
a l s o  deve loped  t h a t  s imply  and q u i c k l y  g i v e s  the  copolymer compos i t ion  and 
Markovian r e a c t i o n  p r o b a b i l i t i e s .  S i m i l a r  2-D and compute r ized  methods 
can be used f o r  t he  1H NMR a n a l y s i s  of  o t h e r  copolymers .  
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