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SUMMARY 

7 5 . 4 6  Mitz 15C-NMR CP/MAS s p e c t r a  o f  s o l i d  p o l y ( 1 - a l a n i n e s )  w i t h  
v a r i o u s  d e g r e e s  o f  p o l y m e r i z a t i o n  were  m e a s u r e d .  The s i g n a l s  o f  
a l l  t h r e e  c a r b o n s  a r e  s p l i t  i n t o  two p e a k s .  One p e a k  p r e s e n t s  
t h e  ~ - h e l i x  s t r u c t u r e  and one t h e  p l e a t e d  s h e e t  f o r m .  Equ imo-  
l a r  m i x t u r e s  o f  h e l i c a l  p o l y ( b - a l a n i n e )  w i t h  p o l y ( g l y c i n e )  and 
p o l y ( L - v a l i n e )  were  m e a s u r e d  u n d e r  v a r i o u s  c o n d i t i o n s .  I t  was 
f o u n d  t h a t  t h e  p e a k  a r e a s  a r e  p r o p o r t i o n a l  t o  t h e  mole  r a t i o s  
o f  t h e  d i f f e r e n t  s e c o n d a r y  s t r u c t u r e s  and n e i t h e r  a m i s m a t c h  
o f  t h e  H a r t m a n n - H a h n  c o n d i t i o n s  n o r  v a r i a t i o n s  o f  t h e  m i x i n g  
t i m e  o r  t h e  p u l s e  i n t e r v a l  ( r e l a x a t i o n  d e l a y )  h a v e  a s i g n i f i -  
c a n t  i n f l u e n c e  on t h e  i n t e n s i t y  r a t i o s .  Hence~ a q u a n t i t a t i v e  
e v a l u a t i o n  o f  t h e  15C NMR s p e c t r a  w i t h  r e s p e c t  t o  t h e  s e c o n d a r y  
s t r u c t u r e  i s  f e a s i b l e .  

INTRODUCTION 

The s e c o n d a r y  s t r u c t u r e  o f  s y n t h e t i c  homo- and c o p o l y p e p t i d e s  

i s  os g r e a t  i n t e r e s t  t o  p o l y m e r  c h e m i s t s  and b i o c h e m i s t s ~  b e -  

c a u s e  p o l y p e p t i d e s  a r e  u s e f u l  mode l s  os p r o t e i n s  and b e c a u s e  

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

s t r u c t u r e  o f  b o t h  s t a r t i n g  m a t e r i a l  and p r o d u c t  1) . "  X - r a y  d i f -  

f r a c t i o n  and IR s p e c t r o s c o p y  h a v e  b e e n  u s e d  so  f a r  t o  e l u c i d a t e  

t h e  c o n f o r m a t i o n  o f  s o l i d  p o l y p e p t i d e s ;  ye t~  b o t h  mo thods  s u f -  

f e r  f r o m  s e v e r e  s h o r t - c o m i n g s .  I R - b a n d s ~  s u c h  as  t h e  A m i d e - I  

band~ a r e  i n  many c a s e s  b r o a d  and n o t  w e l l  r e s o l v e d  ( e . g .  i n  

t h e  c a s e  os p o l y ( D ~ L - a m i n o  a c i d s ~ .  They  d o n t  a l l o w  a q u a n t i f i -  

c a t i o n  o f  t h e  m o l a r  f r a c t i o n s  when a s amp le  c o n s i s t s  o f  two 

d i f f e r e n t  s e c o n d a r y  s t r u c t u r e s .  The X - r a y  d i f f r a c t i o n  p a t t e r n  

o f  mos t  p o l y p e p t i d e s  o n l y  show one o r  two s i g n a l s ~  or  and 

B - s t r u c t u r e s  may g i v e  s i m i l a r  s i g n a l  p a t t e r n  2) and a q u a n t i t a -  

t i v e  e v a l u a t i o n  o f  t h e  m o s t l y  d i f f u s e  s i g n a l s  i s  n o t  r e l i a b l e .  

Hence~ a t h i r d  method  w h i c h  a l l o w s  an  u n a m b i g u o u s  i d e n t i f i -  

c a t i o n  o f  d i f f e r e n t  s e c o n d a r y  s t r u c t u r e s  a l o n g  w i t h  t h e i r  
0170-0839/81/0006/0101/$01.60 
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q u a n t i f i c a t i o n  i s  h i g h l y  d e s i r a b l e .  I n  t h e  f i r s t  p a r t  o f  t h e  

p r e s e n t  s e r i e s  we h a v e  i n v e s t i g a t e d  w h e t h e r  13C-NMR CP/MAS 

s p e c t r a  a l l o w  a q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  o f  t h e  

s e c o n d a r y  s t r u c t u r e  o f  p o l y a l a n i n e s .  

RESULTS and DISCUSSION 

U s i n g  IR s p e c t r a  and X - r a y  d i f f r a c t i o n  Kawai ,  Komoto e t  a l .  

have  shown t h a t  p o l y ( L - a l a n i n e )  o b t a i n e d  by p o l y m e r i z a t i o n  o f  

L - a l a n i n e - N - c a r b o x y a n h y d r i d e  (L-Ala-NCA) p o s s e s s  b o t h  t y p e s  

o f  s e c o n d a r y  s t r u c t u r e s  ~ - h e l i c e s  and p l e a t e d  s h e e t s  3 ' 4 ) .  Wi th  

i n c r e a s i n g  d e g r e e  o f  p o l y m e r i z a t i o n  (DP) t h e  h e l i c a l  f r a c t i o n  

i n c r e a s e s  a t  t h e  e x p e n s e  o f  t h e  non h e l i c a l  f r a c t i o n ;  y e t ,  a 

q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  mole  f r a c t i o n  was n o t  f e a -  

s i b l e .  U s i n g  b e n z y l a m i n e  as  i n i t i a t o r  we have  a l s o  s y n t h e s i z e d  

p o l y ( L - a l a n i n e s )  o f  v a r i o u s  DPs.  I t  i s  w e l l  known t h a t  p r i m a r y  

a m i n e - i n i t i a t e d  p o l y m e r i z a t i o n s  o f  NCAs h a v e  l i v i n g  c h a r a c t e r ,  

so  t h a t  t h e  DP i s  d e t e r m i n e d  by t h e  m o n o m e r / i n i t i a t o r  r a t i o  

and by  t h e  c o n v e r s i o n .  The s a m p l e s  u s e d  f o r  t h e  m e a s u r e m e n t s  

of Fig. I A-C were obtained in this way with M/I ratios = ~0, 

20 or 50 and conversions of 98-100%. Figs. I A-C demonstrate 

that all three signals are split into two peaks representing 

the ~-helix and the pleated sheet (~) structure. With increa- 

sing DP the intensity of one set of peaks decreases strongly~ 

and thus, was attributed to the pleated sheet (B) structure. 

This assignment was confirmed by FT-IR spectra which provided 

a clear separation of two Amide-I bands. The ~-helix bond at 

1660 cm -I and the pleated sheet band at 1633 cm -I have nearly 

equal intensities, when the sample with DP=I0 is measured (Fig. 

2 A) while the samples with DP = 20 and 50 (Fig. 2 B) show a 

stronger ~-helix band. 

The signal intensities of the expanded spectra of Figs. I A-C 

were quantified by means of a curve resolver. In this way 48• 

5 % o L - h e l i x  was f o u n d  a t  ~ = 10, 75 Z 3 ~ o L - h e l i x  a t  ~ = 

20 and 90 • 2 % ~ - h e l i x  a t  D--P = 50.  When L-Ala-NCA was p o l y -  

m e r i z e d  w i t h  t r i e t h y l a m i n e  i n  d i o x a n e  a t  20~ a s ample  w i t h  D-P 

> 1 0 0  was o b t a i n e d .  The 13C NMR CP/MAS s p e c t r u m  a l l o w e d  us 

t o  d e t e c t  i n  t h i s  c a s e  s t i l l  a f r a c t i o n  o f  3 Z 1 %  B - s t r u c t u r e .  
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F i g . 1  75.46 MHz 13C NMR CP/MAS s p e c t r a  os p o l y ( L - a l a n i n e s )  

o b t a i n e d  by b e n z y l a m i n e - i n i t i a t e d  p o l y m e r i z a t i o n s  i n  a c e t o -  

n i t r i l e  a t  20~ A) ~ = 10; B) D-~ = 20; C) D-P = 50. 
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F i g . 2  F T - I R  s p e c t r a  os p o l y ( L - a l a n i n e s )  i n  KBr: A) DP = 10; 

B) DP = 50;  same s a m p l e s  a s  i n  F i g .  1. 
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Fig.5 75.46 MHz ISC NMR CP/HAS spectra of an (L-Ala)n/(L-Val)50 
mixture (mole ratio i : i ) :  A) complete spectrum, contact time I ms; 

B) carbonyl signals only, various contact times. 
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I n  o r d e r  t o  t e s t  w h e t h e r  t h e  i n t e n s i t i e s  o f  t h e  ~ -  and B - p e a k s  

a r e  r e a l l y  p r o p o r t i o n a l  t o  t h e  mole  f r a c t i o n s  o f  t h e  c o r r e s p o n -  

d i n g  s e c o n d a r y  s t r u c t u r e s  two s e r i e s  o f  m e a s u r e m e n t s  were  c o n -  

d u c t e d .  The ( L - A l a ) n  sample  w i t h  97 ~ 1 %  ~ - h e l i x  c o n t e n t  was 

mixed  w i t h  e q u i m o l a r  amoun t s  o f  ( L - V a l ) 5 0  o r  (GlY)50~ b e c a u s e  

b o t h  p o l y p e p t i d e s  d o n t  c o n t a i n  any  ~ - h e l i c e s  bu t  o n l y  B - s t r u c -  

t u r e s .  When m e a s u r e d  u n d e r  no rma l  c o n d i t i o n s  ( c o n t a c t  t i m e :  1-  

3 ms; p u l s e  i n t e r v a l :  4 - 8  s)  t h e  i n t e n s i t y  r a t i o s  o f  t h e  two 

c a r b o n y l  s i g n a l s  e q u a l e d  u n i t y  (~ 0 . 0 5 ) .  A l so  t h e  ~ - c a r b o n s  o f  

t h e  ( L - A l a ) n / ( L - V a l ) 5 0  m i x t u r e  g a v e  s i g n a l s  o f  e q u a l  i n t e n s i -  

t i e s .  T h i s  r e s u l t  i s  i m p o r t a n t  b e c a u s e  i t  d e m o n s t r a t e s  t h a t  a t  

l e a s t  t h e  p e a k  i n t e n s i t i e s  o f  C 0 - s i g n a l s  r e a l l y  p a r a l l e l  t h e  

mole  f r a c t i o n s  o f  a c -  and B - s t r u c t u r e s  r e g a r d l e s s  o f  t h e  n a t u -  

r e  o f  t h e  p e p t i d e s  u n d e r  i n v e s t i g a t i o n .  A l so  t h e  s i g n a l  i n t e n -  

s i t i e s  o f  ~ - c a r b o n s  may be u s e d  f o r  a q u a n t i f i c a t i o n  o f  s e c o n -  

d a r y  s t r u c t u r e s  i f  t h e  number o f  s u b s t i t u e n t s  i s  i d e n t i c a l .  

T h i s  means ,  t h a t  i n  p r i n c i p l e  a l s o  q u a n t i t a t i v e  i n v e s t i g a t i o n s  

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

f e a s i b l e .  

F u r t h e r m o r e  we have  s t u d i e d  t h e  i n f l u e n c e  o f  a c q u i s i t i o n  p a r a -  

m e t e r s  on t h e  i n t e n s i t y  r a t i o s  o f  ~ -  and B - p e a k s . T h e  ( L - A l a ) n /  

( L - V a l ) 5 0  m i x t u r e  was m e a s u r e d  w i t h  v a r i o u s  c o n t a c t  t i m e s  

( F i g .  3 A~ B) .  O n l y  a t  v e r y  s h o r t  ( - - 0 . 3  ms) o r  v e r y  l o n g  ( ~  

12 ms) c o n t a c t  t i m e s  t h e  i n t e n s i t y  r a t i o s  d e v i a t e  f r o m  u n i t y .  

At s h o r t  c o n t a c t  t i m e s  t h e  ( L - V a l ) 5 0  C O - s i g n a l  i s  more i n t e n -  

s i v e ,  a t  l o n g  c o n t a c t  t i m e s  t h e  ( L - A l a ) n  C O - s i g n a l .  T h i s  r e -  

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

Val  r e s i d u e  c o n t a i n s  t w i c e  as  many p r o t o n s ,  a s  t h e  A la  u n i t ,  

so  t h a t  t h e  p o l a r i z a t i o n  t r a n s f e r  t o  t h e  c a r b o n y l - C  i s  more 

e f f e c t i v e  i n  t h e  c a s e  o f  ( L - V a l ) 5 0 .  A n o t h e r  p o t e n t i a l  e x p l a -  

n a t i o n  i s  a s h o r t e r  c r o s s p o l a r i z a t i o n  t i m e  TCH ~ due t o  a d i f -  

f e r e n t  l o c a l  e n v i r o n m e n t  o f  t h e  p r o t o n s  i n  ( V a l ) n  and ( A l a ) n .  

As a c o n s e q u e n c e  t h e  Val-CO s i g n a l  g rows  f a s t e r  a t  s h o r t  c o n -  

t a c t  t i m e s  w h i l e  i t  d e c r e a s e s  f a s t e r  a t  l o n g  c o n t a c t  t i m e s  

f o l l o w i n g  t h e  d e c r e a s i n g  p o l a r i z a t i o n  ( due t o  r o t a t i n g  f r a m e  

r e l a x a t i o n )  o f  t h e  p r o t o n s .  F u r t h e r m o r e ~  we h a v e  p r o d u c e d  a 

m i s m a t c h  o f  t h e  H a r t m a n n - H a h n  c o n d i t i o n s  w i t h  ~H.H1 c a .  30 % 
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Fig.5 15C NHR CP/MAS spectra of (L-Ala)50: A) 75.46 ~z~ reso- 

lution enhanced ; B) 50.35 ~z~ normal resolution; C) 50.55 

~z, resolution enhanced. 
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be low i t s  opt imum v a l u e .  The main  c o n s e q u e n c e  o f  t h i s  m e a s u r e  

a r e  s t r o n g l y  r e d u c e d  i n t e n s i t i e s  o f  t h e  c a r b o n y l  s i g n a l s .  How- 

e v e r ,  t h e i r  i n t e n s i t y  r a t i o  d e v i a t e s  o n l y  s l i g h t l y  f r o m  u n i t y  

and t h a t  o f  t h e  ~ - c a r b o n s  e q u a l s  e x a c t l y  u n i t y  ( F i ~ .  4 A) .  I n  

t h e  c a s e  o f  t h e  ( L - A l a ) n / ( G i Y ) 5 0  m i x t u r e  we h a v e  v a r i e d  t h e  

r e p e t i t i o n  t i m e  ( and  thus~  t h e  r e l a x a t i o n  d e l a y  o f  t h e  p r o t o n s )  

f r o m  1 t o  50 s .  A g a i n ,  t h e  i n t e n s i t y  r a t i o s  o f  ~ -  and B- p e a k s  

were  n o t  a f f e c t e d ~  t h e  o n l y  c o n s e q u e n c e  b e i n g  an  o v e r a l l  d e -  

c r e a s e  o f  t h e  s i g n a l - t o - n o i s e  r a t i o  a t  s h o r t  r e p e t i t i o n  t i m e s  

(-< a s ) .  

The above  m e a s u r e m e n t s  d e m o n s t r a t e  t h a t  t h e  q u a n t i f i c a t i o n  o f  

1SC-NMR s p e c t r a  o f  s o l i d  p o l y p e p t i d e s  d e p e n d s  m a i n l y  on t h e  

s i g n a l - t o - n o i s e  r a t i o  and on t h e  r e s o l u t i o n  o f  o e -  and B - p e a k s .  

Hence ,  we h a v e  a l s o  l o o k e d  a t  t h e  p r o b l e m  o f  i n s u f f i c i e n t  r e -  

s o l u t i o n .  F i g .  5 A d e m o n s t r a t e s  t h a t  i n  t h e  c a s e  o f  ( L - A l a ) 2 0  

a 5 0 . 3 5  MHz s p e c t r u m  s u f f i c e s  t o  d e t e c t  t h e  p r e s e n c e  o f  p l e a -  

t e d  s h e e t s  f r o m  s h o u l d e r s  o f  a l l  t h r e e  s i g n a l s  ( F i g .  5 A) .  A 

q u a n t i t a t i v e  e v a l u a t i o n  i s  n o t  f e a s i b l e  u n l e s s  s t r o n g  r e s o l u -  

t i o n  e n h a n c e m e n t  i s  a p p l i e d  w h i c h  makes i n d i v i d u a l  B - p e a k s  d e -  

t e c t a b l e .  ( F i g .  6 B) .  Yet~ t h i s  m e a s u r e  r e q u i r e s  an  e x c e l l e n t  

s i g n a l - t o - n o i s e  r a t i o s  e . g .  10 000 t r a n s i e n t s  i n  F i g s .  5 A, B. 

S i m i l a r  r e s o l u t i o n  e n h a n c e m e n t  a p p l i e d  t o  t h e  7 5 . 4 6  ~dz s p e c -  

t r u m  n o t  o n l y  r e q u i r e s  l e s s  t r a n s i e n t s  ( e . g .  1000 i n  F i g .  5 C) 

bu t  a l s o  y i e l d s  s e p a r a t e  c~-  and B - p e a k s  f o r  a l l  t h r e e  s i g n a l s  

( F i g .  5 C) .  0 R t h e  b a s i s  o f  t h e s e  r e s u l t s  i t  i s  o b v i o u s  t h a t  

2 2 . 6  and 2 5 . 0  ~fltz 13C NMR s p e c t r a  a r e  i n  mos t  c a s e s  n o t  a p p r o -  

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

p o l y p e p t i d e s .  

F i n a l l y ,  i t  i s  t o  be n o t e d  t h a t  a l l  s p e c t r a  o f  p o l y ( a l a n i n e s )  

as  w e l l  as  t h o s e  o f  o t h e r  p o l y p e p t i d e s  w i t h  B - s t r u c t u r e s  d i s -  

p l a y  weak~ bu t  s h a r p  s i g n a l s  a t  4 4 . 2  and 2 2 . 3  ppm. The o r i g i n  

o f  t h e s e  s i g n a l s  i s  n o t  y e t  c l e a r .  A more d e t a i l e d  d i s c u s s i o n  

w i l l  be p r e s e n t e d  i n  a n o t h e r  p a r t  os t h i s  s e r i e s .  
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MEASUREMENTS 

The 5 0 . 5 5  MHz s p e c t r u m  o f  F i g .  5 h~ B was o b t a i n e d  on a B r u k e r  

CXP-200~ a l l  o t h e r  s p e c t r a  on a B r u k e r  CXP-300 F T - S p e c t r o m e t e r .  

Samples  o f  150 -200  mg were  m e a s u r e d  i n  6 . 3  mm i . d .  r o t o r s  made 

o f  d e u t e r a t e d  PMMA a t  a s p i n n i n g  r a t e  o f  c a .  4 KHz. CP/MAS was 

u s e d  w i t h  a l t e r n a t i o n  o f  t h e  p r o t o n  90 ~ p u l s e  p h a s e .  P r o t o n  

90 ~ p u l s e  l e n g t h  was b e t w e e n  3 and 4 . 5  ~ s ,  c o r r e s p o n d i n g  t o  an  

H i f i e l d  s t r e n g t h  o f  57 and 85 KHz wh ich  was f o u n d  t o  be a d e -  

q u a t e  f o r  t h i s  c l a s s  o f  compounds .  N o r m a l l y ,  t h e  c o n t a c t  t i m e s  

were  5 ms and t h e  r e p e t i t i o n  t i m e s  4 - 6  s .  M a t h e m a t i c a l  s i d e -  

band r e m o v a l  was n o t  a p p l i e d ,  i n  o r d e r  t o  m a i n t a i n  t h e  t r u e  

l i n e s h a p e .  The v a r i a t i o n  o f  t h e  mag ic  a n g l e  was c h e c k e d  w i t h  

g l y c i n e  b e t w e e n  t h e  m e a s u r e m e n t s ;  t h e  l i n e w i d t h  o f  t h e  c a r b o n y l  

s i g n a l  n e v e r  e x c e e d e d  50 HZo The c h e m i c a l  s h i f t s  were  r e f e r e n -  

ced  t o  TMS by u s i n g  t h e  c a r b o n y l  s i g n a l  o f  g l y c i n e  as  s e c o n d a -  

r y  s t a n d a r d  ( 1 7 0 . 0 9  ppm).  The i n h e r e n t  s t a b i l i t y  o f  c r y o m a g -  

n e t s  a l l o w s  m e a s u r e m e n t s  w i t h o u t  l o c k  o r  i n t e r n a l  r e f e r e n c e  

s t a n d a r d .  

REFERENCES 

1) J . N o g u c h i ,  S . T o k u r a  and N . N i s h i ;  Angew. Makromol .Chem.  2 2  

107 (1972)  

2) T.Komoto~ K.Y.Kim~ M.Oya and T .Kawai ;  Makromol .  Chem. 169 

501 (1973 )  

5) h . F u i j e ,  T .Komoto ,  H . 0 y a  and T .Kawai ;  Makromol .  Chem. 169 

501 (1973)  

4) T.Komoto and T .Kawai ;  Makromol .  Chem. 172 221 (1975)  

Received November 9, accepted November 12, 1981 


