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1 T h e o r e t i c a l  A s p e c t s  o f  N u c l e a r  S h i e l d i n g  

A .  Ab I n i t i o  C a l c u l a t i o n s . -  N u c l e a r  s h i e l d i n g s  o f  Cu, Ag, Zn,  Cd,  

a n d  Mn i n  m e t a l  c o m p l e x e s  were c a l c u l a t e d  by a f i n i t e  p e r t u r b a t i o n  

SCF me thod  u s i n g  t h e  MIDI-1 b a s i s  s e t  f o r  m e t a l  a t o m s  a n d  l i- 

g a n d s . l * ’  

b i t a l s .  The  g a u g e  o r i g i n  i s  t a k e n  a t  t h e  p o s i t i o n  of t h e  m e t a l  

a t o m .  I n  t h e s e  c o m p l e x e s  t h e  p r i m i t i v e  me ta l  a t o m s  a r e  c h a r a c t e r -  

i z e d  by t h e  g r o u n d  s t a t e  e l e c t r o n i c  c o n f i g u r a t i o n  d 1 ” s 1 - 2 p o  e x c e p t  

f o r  Mn w h i c h  is d 5 s 2 .  
AgClZ- ,  AgC143-, Ag(CN143-,  Ag(NH312+, C d ( H 2 0 ) 6 2 + ,  CdCl CdC142-,  

Cd(CN142-,  Cd(CH312,  C u C 1 ,  C U C ~ ~ ~ - ,  C U ( C N I ~ ~ - ,  C u ( N H 3 I 2  , 
Zn (H201 6z+, Z n C 1 2 ,  Z n C l Q 2 - .  Zn (CNI4’-, Zn (NH3l4’+, and  Yn (COl 5L ( L  

= H, C N ,  C H 3 ,  C l ) .  The  s h i e l d i n g  c o n t r i b u t i o n s  a r e  a n a l y z e d  

a c c o r d i n g  t o  d i a m a g n e t i c  and p a r a m a g n e t i c  c o n t r i b u t i o n s  a n d  i n  

t e rms  o f  i n d i v i d u a l  YO c o n t r i b u t i o n s  t o  e a c h .  A s  e x p e c t e d ,  t h e  

l i g a n d  A O s  make o n l y  m i n o r  c o n t r i b u t i o n s  t o  t h e  m e t a l  s h i e l d i n g .  

F o r  e x a m p l e ,  i n  Cd(CH3)2  o n l y  75/4851 o f  t h e  d i a m a g n e t i c  term and  

- 2 9 / 1 0 9 0  of t h e  p a r a m a g n e t i c  t e rm come f r o m  t h e  two  C H 3  l i g a n r l s .  
The  d i a m a g n e t i c  term is d o m i n a t e d  by t h e  i n n e r  c o r e  M O s  on t h e  

m e t a l ,  t h e  v a l e n c e  MO c o n t r i b u t i o n s  a r e  o n l y  5 -18% o f  t h e  t o t a l  

d i a m a g n e t i c  t e rm.  A l t h o u g h  t h e  a b s o l u t e  s h i e l d i n g  is d o m i n a t e d  by  
t h e  d i a m a g n e t i c  t e r m ,  t h e  d i f f e r e n c e s  i n  s h i e l d i n g  b e t w e e n  

m o l e c u l e s  a r e  p r i m a r i l y  d e t e r m i n e d  by t h e  v a l e n c e  MO c o n t r i b u t i o n s  

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

a s s u m p t i o n s  w h i c h  a r e  u s u a l l y  i n v o k e d  i n  a p p r o x i m a t e  t r g a t m e n t s  of 
c h e m i c a l  s h i f t s  w h i c h  i n c l u d e  o n l y  t h e  v a l e n c e  MO c o n t r i b u t i o n s  t o  

t h e  p a r a m a g n e t i c  t e rm.  T h e  s m a l l  c h a n g e s  i n  t h e  d i a m a g n e t i c  t e rm 
f r o m  o n e  c o m p l e x  t o  a n o t h e r  r e s u l t  f r o m  t h e  t r a n s f e r a b i l i t y  of  t h e  
c o r e  YOs a n d  t h e  s m a l l  r e l a t i v e  c o n t r i b u t i o n s  o f  l i g a n d  o r b i t a l s .  

T h i s  b a s i s  s e t  i s  o f  d o u b l e  z e t a  q u a l i t y  f o r  v a l e n c e  o r -  

The  c o m p l e x e s  s t u d i e d  a re  A g ( H 2 0 ) 6 + ,  AgF43-,  

? ’  
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2 Nuclear Magnetic Resonance 

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

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

e l e c t r o n  d o n a t i n g  a n d  w i t h d r a w i n g  p r o p e r t i e s  o f  t h e  l i g a n d .  F o r  

t h e  d 1 0 s 1 - 2 p 0  c o n f i g u r a t i o n ,  

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

l i g a n d s  t o  t h e  m e t a l  p o r b i t a l s  w h e r e a s  a n  e l e c t r o n - w i t h d r a w i n g  

l i g a n d  d e s h i e l d s  t h e  m e t a l  n u c l e u s  v i a  h a c k - d o n a t i o n  o f  e l e c t r o n s  

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

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

number  a n d  n a t u r e  o f  t h e  l i g a n d s .  

a n  e l e c t r o n - d o n a t i n g  l i g a n d  d e s h i e l d s  

T h e  c a l c u l a t i o n s  on t h e  Mn c o m p l e x e s  a s  r e p r e s e n t a t i v e  t r a n s i -  

t i o n  m e t a l  compounds  show t h a t  t h e  p a r a m a g n e t i c  t e r m  and  t h e  c h e m i -  

c a l  s h i f t s  b e t w e e n  c o m p l e x e s  a r i s e  p r i m a r i l y  f r o m  t e r m s ,  w h i c h  i n  

t h e  p e r t u r b a t i o n  scheme, a r e  r e p r e s e n t e d  by t r a n s i t i o n s  w h i c h  a r e  

l a r g e l y  d,+do. 

s i d e r  o n l y  t h e  d, ,+du t e r m s  u s i n g  a s i m p l e  c r y s t a l  f i e l d  m o d e l  w o r k  

a t  a l l .  The p a r a m a g n e t i c  c o n t r i b u t i o n  t o  t h e  s h i e l d i n g  i n  Mn i s  an  

o r d e r  o f  m a g n i t u d e  l a r g e r  t h a n  t h o s e  o f  t h e  I6 a n d  IIR metal  com- 

p l e x e s .  I n  t h e  f o r m e r  t h e r e  is a p a r a m a g n e t i c  s h i e l d i n g  w h i c h  

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

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

o r d e r  t o  c r e a t e  h o l e s  i n  t h e  d s h e l l  or e l e c t r o n s  i n  t h e  o u t e r  p 

s h e l l  o f  t h e  m e t a l  a t o m .  

T h i s  e x p l a i n s  why a p p r o x i m a t e  t r e a t m e n t s  w h i c h  c o n -  

F o r  n u c l e a r  s i t e s  o f  s u f f i c i e n t l y  low s y m m e t r y  t h e r e  a r e  non-  

v a n i s h i n g  o f f - d i a g o n a l  s h i e l d i n g  c o m p o n e n t s  a i j  ( j  # i )  i n  t h e  p r i n c i -  

p a l  a x i s  s y s t e m ,  r e v i e w e d  i n  t h e  p r e v i o u s  v o l u m e  of t h i s  s e r i e s .  

T h e  a n t i s y m m e t r i c  c o m p o n e n t s  o f  t h e  I3C s h i e l d i n g  t e n s o r 3  i n  s e v e r -  

a l  cornpounds ( o x e t a n e ,  c y c l o p e n t a n e ,  1 , 3 - c y c l o p e n t a d i e n e ,  1 , 4  c y -  

c l o h e x a d i e n e ,  n i t r o m o t h a n e ,  a c e t o n e ,  a c e t a l d e h y d e ,  c y c l o p e n t a n e ,  

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

h a v e  b e e n  c a l c u l a t e d  u s i n g  t h e  i n d i v i d u a l  g a u g e  f o r  l o c a l i z e d  o r b i -  

t a l g  ( I G L O )  m e t h o d  .4 The  r o o t  mean s q u a r e  a n t i s y m m e t r i c  c o m p o n e n t s  

[ 1 ( o f j ] * ] ” ?  r a n g e  f r o m  1 .0  ppm i n  CH313CH0 t o  1 3 9 . 4  pprn i n  c y -  

c i d $ F a p e n e  ( l 3 C = 1 .  T h e  c o n t r i b u t i o n  o f  t h e  a n t i s y m m e t r i c  compo- 

n e n t s  o f  t h e  s h i e l d i n g  t o  s p i n - l a t t i c e  r e l a x a t i o n  by s h i e l d i n g  i n -  

t e r a c t i o n s  c a n  b e  l a r g e  e n o u g h  i n  some  c a s e s  (0.2rI t o  D . 9 0  t i m e s  a s  
l a r g e  a s  t h e  s h i e l d i n g  a n i s o t r o p y  c o n t r i b u t i o n ,  and  2 .0  t i m e s  a s  
l a r g e  i n  t h e  c y c l o p r o p e n e  c a s e ) ,  t o  b e  a s i g n i f i c a n t  c o n t r i b u t o r  t o  

t h i s  r e l a x a t i o n  m e c h a n i s m .  N e v e r t h e l e s s ,  t h e  e x p e r i m e n t a l  d e t e r m i -  

. .  
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I :  Theoretical and Physical Aspects of Nuclear Shielding 3 

n a t i o n  o f  t h e  sum o f  t h e  s q u a r e s  o f  t h e  a n t i s y m m e t r i c  s h i e l d i n g  

c o m p o n e n t s  is p r o b l e m a t i c a l  u n l e s s  t h e  s h i e l d i n g  i n t e r a c t i o n s  me- 
c h a n i s m  c a n  be  made d o m i n a n t  by o b s e r v i n g  f a v o r a b l e  m o l e c u l e s  i n  

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

s h i e l d i n g  a r e  l ess  a c c u r a t e l y  e s t i m a t e d  i n  t h e s e  c a s e s  and  t h e  r e -  

s u l t s  now a v a i l a b l e  f r o m  t h i s  work: a n d  t h o s e  r e v i e w e d  i n  t h e  p r e -  

Nuclei  much h e a v i e r  t h a n  I 3 C  s h o u l d  b e  m o r e  f a -  

v i o u s  v o l u m e  of  t h i s  se r ies?  d o  n o t  show a n y  o b v i o u s  c o r r e l a t i o n s  

b e t w e e n  e l e c t r o n i c  s t r u c t u r e  and  m a g n i t u d e s  o f  I 3 C  a n t i s y m m e t r i c  

c o m p o n e n t s .  

C a l c u l a t i o n s  o f  'H and  I 3 C  s h i e l d i n g  i n  a v a r i e t y  o f  s m a l l  mo- 
l e c u l e s  (CH4, CH3NH2, CH30H, CH3F, CH2FZ, CHF3, CF4, HCN, H2C0, 

NH3, H20, HF I  by D i t c h f i e l d ' s  GIAO SCF FPT m e t h o d  u s i n g  4-31G b a s i s  

s e t s  g i v e  r e l a t i v e  p r o t o n  s h i f t s  t o  20.5 ppm and  r e l a t i v e  I 3 C  

s h i f t s  t o  26 ppm c o m p a r e d  t o  g a s - p h a s e  d a t a . 6  The  c a l c u l a t e d  

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

e x p e r i m e n t .  O f  c o u r s e ,  some o f  t h e  d i s c r e p a n c y  c a n  b e  a c c o u n t e d  

f o r  by r o v i b r a t i o n a l  c o r r e c t i o n s ,  b u t  f o r  t e t r a h e d r a l  c a r b o n s  t h e s e  
t e n d  t o  b e  s m a l l .  F o r  CH4 f o r  e x a m p l e ,  i t  is e s t i m a t e d  t o  b e  -3.3 

pprn. 
6-31G**  b a s i s  s e t  g i v e  a (  H I  = 22 .24  ppm, w h i c h  is  7.8 ppm less 
s h i e l d e d  t h a n  'H  i n  H20 by a s i m i l a r  c a l c u l a t i o n ,  0 ( ~ ~ 0 ] = 1 4 9 . 5  ppm 

w h i c h  is 1 4 6 . 7  ppm less s h i e l d e d  t h a n  t h e  c a l c u l a t e d  I 7 n  i n  H20, 

w h i c h  i n  t u r n  is  a b o u t  50 ppm t o o  d e s h i e l d e d  c o m p a r e d  t o  
e x p e r i m e n t . 7  T h e  'H s h i e l d i n g s  i n  i s o l a t e d  H20, H30+, a n d  

OH-, r e s p e c t i v e l y  a r e  31.2, 22.2,  a n d  39.1 ppm a t  t h e  e q u i l i b r i u m  

c o n f i g u r a t i o n .  T h e  I7O s h i e l d i n g s  a r e  3 2 6 . 5 ,  298 .9 ,  318.0  ppm 

r e s p e c t i v e l y . '  
a l s o  t o o  d e s h i e l d e d  c o m p a r e d  t o  t h e  e x p e r i m e n t a l  v a l u e  of 3 5 7 2 1 7  

ppm, w h i c h  i s  o b t a i n e d  f r o m  t h e  a b s o l u t e  s h i e l d i n g  s c a l e  r e c e n t l y  
r e p o r t e d  by  W a s y l i s h e n '  b a s e d  on t h e  m o l e c u l a r  beam e x p e r i m e n t  on 

CI7O. 

when c o m b i n e d  w i t h  t h e  13.6  ppm v i b r a t i o n a l  c o r r e c t i o n  by F o w l e r  

and  Raynes 'O g i v e s  o ~ [ ~ ~ O  i n  HZO)  = 3 5 7  ppm. 
s h i e l d i n g  c a l c u l a t i o n s  f o r  H2D ( r e v i e w e d  i n  V o l .  1 2  o f  t h i s  s e r i e s )  

a l s o  g i v e  r e s u l t s  w h i c h  a r e  l e s s  s h i e l d e d  t h a n  e x p e r i m e n t .  
A p p a r e n t l y ,  
o v e r e s t i m a t e d  by t h e o r e t i c a l  c a  1 c u  l a  t i o n s  . ' 

C 2 H p  C2H4, C2H2s CH3CH0, CH3CHZCH3, CH3CH=CH2, CHZ=C=CH;Z, C H ~ C Z C H ,  

SOS-CI  c a l c u l a t i o n s  o f  'H and  I7O s h i e l d i n g  i n  H202 u s i n g  a 
1 

I n  t h i s  c a l c u l a t i o n  t h e  I 7 O  s h i e l d i n g  i n  H20 i s  

The g a s  p h a s e  v a l u e  f o r  H20 is  344.0  ppm a t  2 9 3  K, w h i c h  

T h e  a v a i l a b l e  I 7 O  

t h e  p a r a m a g n e t i c  c o n t r i b u t i o n  t o  I 7 O  s h i e l d i n g  i s  
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4 Nuclear Magnetic Resonance 

8. Semi-empirical Calculations.- An empirical relation between two 
experimentally independent quantities: the chemical shift on the 
one hand and an optical parameter which can be calculated from the 
visible-UV spectrum of the complex on the other hand has been pre- 
sented.” 
parameter incorporates the nephelauxetic ratio ( 8  = Bcomplex/Bgase- 
ous ion* the ratio of the Racah parameters for interelectronic re- 

pulsion) which is calculated together with the L matrix elements, 

For d6 complexes such as those of Co(II1) the optical 

within the framework of the parametrized db model on the basis of 
the two absorption bands o f  cubic parentage for the complex. The 
energies of the first and second cubic transitions are predominant- 
ly determined by 8 .  Thus, a parameter C is defined: 

(1 1 

where hl(alT 
transition alAlg+a T 

The a in front of t h e  term symbol indicates that this is t h e  lowest 
term of the symmetry type in question. h2 (a1 T2g ( a )  1 corresponds to 
the a’Alg+alTZg transition. 

the spectrochemical series [ A  series) of ligands and the nephe- 
lauxetic series ( 8  series) have been used. The present observation 
indicates that the order of transition metal chemical shifts 
induced by ligands might be governed by an ”internal field 
strength” parameter A/0.  The internal field strength series for 
ligands runs as 

( a ) )  a = x, y, z is the energy of the first cubic 
I g  1 as obtained from the visible-IJV spectrum. 

Ig 

In the interpretation of chemical shifts of d6 complexes both 

in which the heavy halides have been moved forward with respect to 
the spectrochemical series due to their high nephelauxetism (low B 
values). The dimensionless internal field strength parameter A / 5  

is empirically determined from those values of A and B which r e p r o -  

duce the observed transition energies hl and h2 as differences b e -  

tween the lowest eigenvaluos of the Alg(5x51, Tlg(4x41. and 
TZg(7x7) matrices for the energies in an intermediate field 
which the off-diagonal elements represent the interelectronic r e -  
pulsionl. In the interval 1.10 < h2/h, < 1.55, A and R can be ap- 
proximately described by a numerical fit: 

(in 
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I :  Theoretical and Physical Aspects of Nuclear Shielding 

A = hl+ (h2-hl 1 * { O .  1R24(h2/h,12-0.5531 (h2/h,  1 +0.6165) .  

5 

B=(h2-hl 1 * { 4 . O 7 7 ~ 1 0 - ~  (hz/hl 12-7 . 0 9 0 ~ 1 0 - ~  (h2/hl 1 + 9 . 3 5 2 ~ 1 O - ~ } .  

121 
The p a r a m a g n e t i c  t e r m  i s  t h e n  w r i t t e n  i n  t e r m s  of t h e  parame- 

t e r s  C ( ~ ) ,  a = x, y, z and ( < r 3 d - 3 > / 6 1 :  

( 3 1  

T h i s  g i v e s  an i m p r o v e d  l i n e a r  c o r r e l a t i o n  f o r  5 9 C 0  s h i f t s  i n  

C o ( I I 1 )  complexes and t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  r e f l e c t s  t h e  

m a g n i t u d e  of t h e  unknown p a r a m e t e r  ( < r J d - 3 ' /  6 ) .  T h i s  " e f f e c t i v e "  

r -3 v a l u e  i n c l u d e s  t h e  i n f l u e n c e  o f  t h e  l i g a n d s  on t h e  r a d i a l  t e r m ,  

i f  f3 i s  s m a l l ,  and n e p h e l a u x e t i s m  ( e l e c t r o n  c l o u d  e x p a n s i o n )  i s  

l a r g e .  

The c o n f o r m a t i o n  dependence o f  t h e  I 3 C  c h e m i c a l  s h i f t s  has 

been c a l c u l a t e d  f o r  c a r b o n y l ,  C a ,  and C g  i n  p o l y g l y c i n e  I and I1 
and p o l y ( L - a l a n i n e l  a - h e l i x  and B-sheet  forms." The r e s u l t s  a r e  

f o u n d  t o  be q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  c o n f o r m a -  

t i o n a l  dependence as d e t e r m i n e d  by t h e  c r o s s - p o l a r i z a t i o n  MAS t e c h -  

n i q u e .  I 9 F  c h e m i c a l  s h i f t s  i n  BF4-n10HIn-  and 6F4-n(00t-11n- were  

c a l c u l a t e d  and d i s c u s s e d  i n  te rms o f  t h e  e l e c t r o n i c  s t r u c t u r e  o f  

t h e s e  m o l e c u l e s .  l3 

2 P h y s i c a l  Aspec ts  o f  N u c l e a r  S h i e l d i n g  

A .  A n i s o t r o p y  o f  t h e  S h i e l d i n g  Tensor . -  The I 3 C  s h i e l d i n g  t e n s o r s  

i n  l i n e a r  and p s e u d o l i n e a r  ( c o n t a i n i n g  o n l y  H atoms o f f  a Coo a x i s )  

m o l e c u l e s  have been d e t e r m i n e d  by c r o s s - p o l a r i z a t i o n  and i n t e r m o l e -  

c u l a r  c r o s s - p o l a r i z a t i o n  e x p e r i m e n t s  on s o l i d  s o l u t i o n s  o f  t h e  

m o l e c u l e  o f  i n t e r e s t  i n  a rgon.14  

as a b s o l u t e  s h i e l d i n g ;  t h e  r e p o r t e d  c h e m i c a l  s h i f t s  r e l a t i v e  t o  ex- 

t e r n a l  l i q u i d  TMS w e r e  c o n v e r t e d  u s i n g  an a b s o l u t e  s h i e l d i n g  for 
TMS = 185.4 p p m . I 5 * l 6  There  a r e  s e v e r a l  i n t e r e s t i n g  p o i n t s  w o r t h  

n o t i n g  i n  t h i s  s t u d y .  One i s  t h a t  t h e  a s s i g n m e n t s  of t h r e e  p r i n c i -  

p a l  v a l u e s  t o  t h r e e  p r i n c i p a l  axes i n  T a b l e  2 r e q u i r e d  t h e  c o r r e c t  

r e l a t i v e  o r d e r i n g  p r o v i d e d  by t h e o r e t i c a l  c a l c u l a t i o n s .  The r e -  

s u l t s  o f  such c a l c u l a t i o n s  by a c o u p l e d  H a r t r e e - F o c k  method u s i n g  

i n d i v i d u a l  gauges f o r  l o c a l i z e d  m o l e c u l a r  o r b i t a l s  (IGLO) a r e  a l s o  

The r e s u l t s  a r e  shown i n  T a b l e  1 
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6 Nuclear Magnetic Resonance 

r e p o r t e d . 1 4  

C H 4  d i f f e r  by l e s s  t h a n  40 ppin f r o m  e x p e r i m e n t ,  e x c e p t  i n  C O .  

Agreement  w i t h  uav was much b e t t e r  ( t o  w i t h i n  17 ppm). The c a l c u -  

l a t i o n s  a g r e e  w i t h  o n l y  one  p e r m u t a t i o n  OC t h e  e x p e r i m e n t a l l y  

The c a l c u l a t e d  v a l u e s  of t h e  components  r e l a t i v e  t o  

T a b l e  1 .  A x i a l l y  s y m m e t r i c  I3C a b s o l u t e  s h i e l d i n g  t e n s o r  compo- 

n e n t s ,  i n  ppm.14 E x p e r i m e n t a l  v a l u e s  o r i g i n a l l y  r e p o r t e d  a s  ppm 

f r o m  TMS h a v e  b e e n  c o n v e r t e d  t o  a b s o l u t e  s h i e l d i n g  v a l u e s  I iased 

on I 3 C  i n  CO = 3 . 2 0 i 0 . 2 7  ppm.16 On t h i s  s h i e l d i n g  s c a l e  I 3 C  i n  

l i q u i d  TMS a t  rooin t e m p e r a t u r e  i s  185.4  ppm.15 

M o l e c u l e  U U a v  u i s o ( l i q l  

-119 .6  

-59.6 

-89 . f i  

-146 .5  
-49 .6  

151 .4 

3 5 . 4  

45 .4  
19 .4  

33 .4  

-47 .6  

233 .4  

2 7 5  - 4  

275.4 

277.4 
275 .4  

275 .4  
275.4 

259.4 
278.4 

260 .4  

1 0 . 4  

-1 .9  

52.1 

32.1 

- 5 . 3  
58 .7  

199 .4  
115 .4  

115 .7  
105.7 

109 .1  

- 2 8 . 3  

3 . 2  

53.2 

3 1 . 4  

- 7 . 4  
57 .7  

2011 . n  
113 .5  

117.0 
1 0 5 . 6  

110 .6  

-28.1 

T a b l e  2 .  I 3 C  a b s o l u t e  s h i e l d i n g  t e n s o r s ,  pprn,14 a s  i n  T a b l e  1 .  

( 1 1 )  The component  a l o n g  t h e  l o n g  a x i s  of t h e  m o l e c u l e  
( p l )  The cornponent  a l o n g  an  a x i s  p e r p e n d i c u l a r  t o  t h e  l o n g  a x i s  

o f  t h e  m o l e c u l e ,  l y i n g  i n  t h e  CH2 p l a n e .  

M o l e c u l e  1 a22  u 3 3  'av uiso ( l i q  1 

CH2=CH2 - 4 8 . 6 I p 1 1  6 5 . 4 (  1 1 )  1 6 1 . 4  5 9 . 4  62 1 
CIi = E = O  - 7 9 . 6 1 ~ 1 )  -53 .6  1 0 8 . 4 (  1 1 )  -8.3 -8.6 

E H Z = C = E 1 i 2  2 7 . 4 ( p l l  1 3 1 . 4 [  i l l  1 6 2 . 4  107 .1  1 1 0 . 6  

2 
EH2=C=0 1 4 6 . 4 I p l )  181 - 4  2 1 2 . 4 (  1 1 )  182.4  1 8 2 . 9  

~ ~ ~ ~ ~ _ _ _ ~ ~ _ _  

o b s e r v e d  s h i e l d i n g  c o m p o n e n t s ,  t h u s  a l l o w i n g  a s s i g n m e n t s  w i t h  c o n -  
f i d e n c e .  I n  l i n e a r  m o l e c u l e s  t h e  p a r a m a g n e t i c  c o n t r i b u t i o n  t o  u i s  
z e r o  by symmetry  s o  l o n g  a s  t h e  g a u g e  o r i g i n  is  c h o s e n  a n y w h e r e  
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I :  Theoretical and Physical Aspects of Nuclear Shielding 7 

a l o n g  t h e  l i n e  of c e n t e r s .  

l i n e a r  m o l e c u l e s  shows t h a t  t h e  d i a m a g n e t i c  c o n t r i b u t i o n  v a r i e s  on-  

l y  s l i g h t l y  f rom one e l e c t r o n i c  e n v i r o n m e n t  t o  a n o t h e r .  W i t h  t h e  

p r e s e n c e  of s y m m e t r y - b r e a k i n g  p r o t o n s  o f f - a x i s ,  t h e  p a r a m a g n e t i c  

t e r m  i s  no l o n g e r  "quenched"  and c o n t r i b u t e s  t o  t h e  component a l o n g  

t h e  l o n g  a x i s  of t h e  m o l e c u l e  i n  d r a m a t i c  c o n t r a s t  t o  t h e  l i n e a r  

case.  

HCN," ha lobenzenes,  PhX [X = F, C 1 ,  Rr, I ) , "  i n  t r a n s - p o l y a c e t y -  

l e n e , 2 0  and i n  L - a s p a r a g i n e  monohydra te .21  I n  q u i n o l  and t h e  h a l o -  

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

m o s t  s h i e l d e d  component and becomes more s h i e l d e d  w i t h  s e p a r a t i o n  

of t h e  C a tom f rom t h e  s u b s t i t u e n t  ( w i t h  t h e  e x c e p t i o n  o f  P h I ) ,  

e . g . ,  i n c r e a s i n g  f r o m  91.4 ppm f o r  t h e  C 1  c a r b o n  t o  185.4 ppm f o r  

t h e  p a r a  c a r b o n  i n  PhF." I n  c o n t r a s t  t h e  i s o t r o p i c  a v e r a g e  does  

n o t  show r e g u l a r  changes w i t h  t h e  p o s i t i o n  of C i n  t h e  r i n g .  On 

t h e  o t h e r  hand, t h e  s h i e l d i n g  Component o f  C1 p e r p e n d i c u l a r  t o  t h e  

r i n g  changes d r a s t i c a l l y  w i t h  X :  179.2 ppm i n  benzene ( H ) ,  173.4 

ppm [ I ) ,  133.4 ppm ( B r l ,  131.4 pprn [ C l l ,  118.4 ppm [ O H ) ,  91.4 ppm 

( F l ,  i n  t h e  d i r e c t i o n  one m i g h t  e x p e c t  by  u s i n g  e l e c t r o n e g a t i v i t y  

a rguments .  

334520 ppm, and t h e r e  i s  some i n d i c a t i o n  t h a t  t h e  m o l e c u l a r  s t r u c -  

t u r e  o f  HCN v a r i e s  w i t h  l i q u i d  c r y s t a l  s o l v e n t s . 1 8  

o f  t h e  I 3 C  s h i e l d i n g  t e n s o r  axes i n  p a i r w i s e  I 3 C - e n r i c h e d  undoped 

t r a n s - p o l y a c e t y l e n e  has been d e t e r m i n e d .  all = -31.6 ppm a l o n g  an 

a x i s  w h i c h  makes an a n g l e  o f  4025"  w i t h  r e s p e c t  t o  t h e  C - C  bond and 

8025" w i t h  t h e  C = C  bond. a22 = 42.4 ppm. = 140.4 ppm a l o n g  an 

a x i s  p e r p e n d i c u l a r  t o  t h e  m o l e c u l a r  plane.'d3 A r e v i e w  of t h e  a n i -  

s o t r o p y  o f  I 3 C  s h i e l d i n g  has been p u b l i s h e d . 2 2  

h y d r o c h l o r i d e  m o n o h y d r a t e  has been r e p o r t e d  .23 
t e n s o r s  i n  t h e  h e x a c a r b o n y l s  o f  C r ,  Mo, and W a r e  shown i n  T a b l e  

3.24 The I 3 C  s h i e l d i n g  t e n s o r s  i n  t h e  same m o l e c u l e s  were measured 

as w e l l ,  however  t h e  r e c e n t  v a l u e s  do n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  

t h e  e a r l i e r  r e p o r t  i n  Volume 11 o f  t h i s  s e r i e s .  I 9 F  nmr o f  s i n g l e  

c r y s t a l  sym-C6ClgF3 y i e l d s  t h e  f o l l o w i n g  a b s o l u t e  s h i e l d i n g  compo- 

n e n t s :  

compared t o  C6F6 i n  w h i c h  t h e y  a r e  302.8 and 460.8 ppm r e s p e c t i v e -  

l y . 2 5  The "F powder s p e c t r u m  a t  7 7  K i n  CFBr3 g i v e s  an a n i s o t r o -  

The s i m i l a r i t y  o f  t h e  ai l  v a l u e s  i n  t h e  

3 C  s h i e l d i n g  t e n s o r s  have a l s o  been r e p o r t e d  i n  q u i n o l ,  l7 

- 

I n  HCN t h e  I 3 C  s h i e l d i n g  a n i s o t r o p y  i s  r e p o r t e d  as  

The o r i e n t a t i o n  

The I 5 N  s h i e l d i n g  t e n s o r  f o r  t h e  p e p t i d e  bond i n  g l y c y l g l y c i n e  

The "0 s h i e l d i n g  

l/2 (all + uZ21 = 2 6 2 . 8  ppm, a33 = 390.8 ppm, w h i c h  may be 
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8 Nuclear Magnetic Resonance 

py Aa = 142212 pprnDZ6 which  i s  c o m p a r a b l e  t o  t h a t  i n  CFC13. 

KZnF3 t h e  ”F n u c l e u s  is i n  a n e a r l y  i o n i c  bond s o  t h e  a n i s o t r o p y  

i s  v e r y  s m a l l  ( 1 8 . 6  ppm) ,  u l l  = 390 pprn and  u ,  371.4  pprn, w h e r e  t h e  

u n i q u e  a x i s  i s  a l o n g  t h e  Zn-F-Zn d i r e c t i o n . 2 ’  

T a b l e  3 I7O a b s o l u t e  s h i e l d i n g  t e n s o r  c o m p o n e n t s ,  pprn.24 The v a l -  

I n  

-- 

u e s  o r i g i n a l l y  r e p o r t e d  i n  ppm r e l a t i v e  t o  l i q u i d  H20 a r e  con-  
v e r t e d  t o  a b s o l u t e  s h i e l d i n g  u s i n g  t h e  new I 7 O  a b s o l u t e  s h i e l d -  

i n g  s c a l e  i n  which  d 7 0  i n  l i q u i d  H20) = 307.9 pprn b a s e d  on I 7 O  
i n  CO(rno1ecular  beam) = -42 .3217.2  ppm.’ 
- ~ - -  

U a v  Au O11 u22 a 3 3  

f r e e  Cf l  -1 42 -142  41 1 553 -42 .3  

C r  ( Cfl) 6 -307  -271 402 691 -58 .8  

Mo ( C O  16 -277 -248  387 650 - 4 6 . 1  

w (COl 6 -259  -228  375 619 -37 .4  

T a b l e  4 31P a b s o l u t e  s h i e l d i n g  t e n s o r  c o m p o n e n t s ,  i n  pprn.” The 

v a l u e s  o r i g i n a l l y  r e p o r t e d  i n  pprn r e l a t i v e  t o  85% H3P04 a r e  con-  

v e r t e d  t o  a b s o l u t e  s h i e l d i n g  u s i n g  u ( ~ ’ P  i n  85% H3P04) = 356 

ppmD3’ b a s e d  on PH3 = 597 pprn f r o m  t h e  m o l e c u l a r  beam r e s u l t s . 3 1  

u l  1 u22 O33 A‘=u l l -u  I ‘av 

F r e e  P043- ( 8 5 %  
End POq3- 

K4P207 

Na4P207 

K5P301 0 
K5P3010 
( NaP03 I 

B r a n c h i n g  P043- 

‘4’10 
i n  s i l i c a  

M i d d l e  P043- 

K5P301 0 
(NaP03 1 

H3P041 356 

274 

2 76 
250 

266 
26 1 

290 

319 

2R1 

266  

356 

399 

3 9 3  
41 1 

407 
40 1 

321 

31 9 

340 

3 4 3  

35 6 

399 

3 9 3  
41 1 

407 
40 1 

596 

546 

504 

516 

0 

-125  

-117 
-161  

-141 
-140 

290 

227 

356 

357.3  

354  
3 5 7 . 3  

360  
3 5 4  

402.3  

394.7 

375  

375 
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I :  Theoretical and Physical Aspects of Nuclear Shielding 9 

The 31P s h i e l d i n g  a n i s o t r o p i e s  i n  i s o l a t e d ,  end, m i d d l e ,  and 

b r a n c h i n g  p h o s p h a t e  g r o u p s  a r e  r e l a t e d  t o  t h e  bond o r d e r s  o f  t h e  P- 

O bonds a r o u n d  t h e  P nuc leus . "  

i s o l a t e d  p h o s p h a t e  i o n ,  has 4 e q u a l  P-Ot  bonds each w i t h  a bond 

o r d e r - 5 / 4  and an i s o t r o p i c  31P s h i e l d i n g .  

b r a n c h i n g  POq3- a r e  a x i a l l y  s y m m e t r i c  P043- e n v i r o n m e n t s  w h i c h  can 

be c o n s i d e r e d  as e v o l v i n g  f rom t h e  i s o t r o p i c  P O q 3 -  by t r a n s f e r  o f  n 

bond c h a r a c t e r  f r o m  one bond t o  t h e  o t h e r  3 bonds m a k i n g  3 t e r m i n a l  

P - O t  bonds and one P-ob b r i d g i n g  bond ( t h i s  i s  an end P043- m o i e t y )  

or by t r a n s f e r  of IT bond c h a r a c t e r  f r o m  3 bonds i n  t h e  i s o t r o p i c  

case t o  one bond, mak ing  one t e r m i n a l  P - O t  bond and 3 P-ob b r i d g i n g  

bonds ( t h i s  i s  a b r a n c h i n g  P043-  m o i e t y ) .  

g r o u p s  t h e  P-Ob a l o n g  t h e  symmetry  a x i s  has l o s t  n bond c h a r a c t e r  

t o  t h e  o t h e r  3 and t h i s  i s  accompanied by a d e c r e a s e  o f  31P 

s h i e l d i n g  p a r a l l e l  t o  t h e  a x i s  and an i n c r e a s e  p e r p e n d i c u l a r  t o  

t h i s  a x i s .  

c h a r a c t e r  t o  one P-Ot bond on t h e  symmetry  a x i s  (a  change o f  

e l e c t r o n  d e n s i t y  i n  an o p p o s i t e  d i r e c t i o n  f r o m  t h a t  i n  t h e  end 

p h o s p h a t e  group), has t h e  o p p o s i t e  s h i e l d i n g  a n i s o t r o p y .  

s h i e l d i n g  p a r a l l e l  t o  t h e  symmetry  a x i s  i n c r e a s e s  and s h i e l d i n g  

p e r p e n d i c u l a r  t o  t h e  a x i s  d e c r e a s e s  r e l a t i v e  t o  t h e  f r e e  P043- 

i o n .  I n  b o t h  t h e  b r a n c h i n g  and end phosphates  t h e  change i n  

s h i e l d i n g  component p a r a l l e l  t o  t h e  bond i s  i n  t h s  same d i r e c t i o n  

as t h e  change i n  t h e  bond o r d e r ,  whereas t h e  component 

p e r p e n d i c u l a r  t o  i t  changes i n  an o p p o s i t e  way. These e f f e c t s  a r e  

i l l u s t r a t e d  i n  T a b l e  4. These r e s u l t s  a r e  i n  agreement  w i t h  e a r l -  

i e r  d a t a  r e v i e w e d  i n  V o l .  14 o f  t h i s  s e r i e s .  The s h i e l d i n g  t e n s o r s  

o f  a l l  t h r e e  3'P n u c l e i  i n  c h l o r o t r i s  ( t r i p h e n y l p h o s p h i n e l  r h o d i -  

u m ( I 1  a r e  r e p ~ r t e d . ~ '  

t h e  P-Rh bond i n  each case. 

The i d e a l  P043- t e t r a h e d r o n ,  an 

An end P043- and a 

I n  t h e  end p h o s p h a t e  

A b r a n c h i n g  P043-, fo rmed by t r a n s f e r  o f  a bond 

The 31P 

The most  s h i e l d e d  component i s  p a r a l l e l  t o  

* ' S i  s h i e l d i n g  i n  s i n g l e  c r y s t a l  Mg2Sin4 has t h e  f o l l o w i n g  

s h i e l d i n g  components:  a l l  = 38.8  ppm, u = 55.3 ppm, u33 = 95.4 

ppm r e l a t i v e  t o  e x t e r n a l  TMS l i q u i d . 2 a  'i;3Cd t e n s o r s  i n  C d ( I I 1  

a c e t a t e  d i h y d r a t e ,  d i a c e t a t e  d i h y d r a t e ,  m a l e a t e  d i h y d r a t e ,  f o r m a t e  

d i h y d r a t e  and d i e t h y l p h o s p h a t e  s i n g l e  c r y s t a l s  a r e  r e p o r t e d  .33-35 
"'Sn i n  n-Bu3SnF has s h i e l d i n g  components o f  157 ppm, 69 ppm, and 

-198 ppm r e l a t i v e  t o  SnMe4.36 

0 .  The E f f e c t s  o f  R o t a t i o n  and V i b r a t i o n . -  The t e m p e r a t u r e  depen-  

dence o b s e r v e d  i n  t h e  gas phase i n  t h e  z e r o - p r e s s u r e  l i m i t  has been 
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10 Nuclear Magnetic Resonance 

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

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

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

s h i e l d i n g .  T h e  l a t t e r  a r c  m e a s u r e d  a s  t h e  r e s i d u a l  s h i f t s  of t h e  

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

( d e n s i t y - d e p e n d e n t )  e f f e c t s  h a v e  b e e n  r e m o v e d .  T h e  s a m e  t h e o r s t i -  

c a l  i n t e r p r e t a t i o n  is u s e d  f o r  t h e  i s o t o p e  s h i f t s ,  m e a s u r e d  as  d i f -  

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

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

o b s e r v e d  n u c l e u s .  T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s h i e l d i n g  i n  
t h e  i s o l a t e d  m o l e c u l e  is t h e n  e x p r e s s e d  as  

+ ’/* c d o / a i  . I  < S 1 , R  j > T  + ... ( 4 1  

w h e r e  q i  a r e  c u r v i l i n e a r  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s  s u c h  
J e  i i j  

a s  Ar. a n d  Aaij, w h i c h  a r e  m a s s - i n d e p e n d e n t .  
g i v e n  b y ,  

T h e  i s o t o p e  s h i f t  is 

+ ... ( 5 )  

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

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

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

a t  t h e  e q u i l i b r i u m  c o n f i g u r a t i o n  o f  t h e  m o l e c u l e 1  a n d  t h e  p o t e n t i a l  
e n e r g y  s u r f a c e  ( i n  t e r m s  o f  t h e r m a l  a v e r a g e s  of b o n d  d i s p l a c e m e n t s  

a n d  a n g l e  d e f o r m a t i o n s  a n d  m e a n  s q u a r e  a m p l i t u d e s ) .  

To f i r s t  a p p r o x i m a t i o n ,  t h e  s e r i e s  i n  Eq. ( 4 )  a n d  ( 5 )  may b e  

t r u n c a t e d  a t  t h e  l i n e a r  t e r m s .  

u - u ’  = c ( a a / a S )  i ) e [ < g i > - < 4 i > ’ l ( T 1  + ... ( 7 )  
i 

F o r  d i a t o m i c  m o l e c u l e s  i t  h a s  b e e n  s h o w n  t h a t  Eq.  161 i s  a v e r y  
g o o d  a p p r o x i m a t i o n  w h e r e a s  Eq.  ( 7 )  i s  n o t  a l w a y s  T h e  t e m p e r -  
a t u r e  e f f e c t  o n  b o n d  d i s p l a c e m e n t  I< q i > T  - < s] i>300 K 1  i n c l u d e s  a n  

i m p o r t a n t  a n d  f r e q u e n t l y  d o m i n a n t  r o t a t i o n a l  c o n t r i b u t i o n  w h i c h  i s  
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I :  Theoretical and Physical Aspects of Nuclear Shielding I 1  

linearly dependent on T, thus making this term more important than 
the term containing the temperature effect on the vibrational mean 
square amplitudes [ < 9 i 9 j > r  - c 9 i 9 j>300 I .38-42 
hand, the mass effect on bond displacement [ <  i > - <  9 i> ' 1  ( T I  has 
little or no rotational c ~ n t r i b u t i o n . ~ ~ - ~ ~  In some cases, there- 
fore, notably in the HF molecule, the contribution to the isotope 
shift from the [<Ar)'> - < ( A r ) Z > ' ]  term can be comparable to the 
contribution from the [cAr> - <Ar>'l term. In the worst case, HF, 
they constitute roughly 1/3 and 2/3 of the observed isotope shift 
re~pectively.~' I n  most other molecules where higher derivatives 
have been calculated, the contributions to the NMR isotope shift 
due to the cAr> term has been found to dominate over all the 
others.'0B37 A l s o ,  it has been shown for bent triatomic molecules 
H20, HZS, H2Se, 0 3 ,  S O z ,  and Sen2 as well as for pyramidal 
molecules NH3, PH3, NF3, and PF3 that the mass effects on the mean 
bond displacement [ < A r >  - <Ar>' I are much greater than that on 
the mean bond angle deformations [r<Aa> - r<Aa>'].42 These  t r e n d s  

are used as the basis for interpretation of the observed tempera- 
ture dependence o f  I9F shielding in O=CF2,39 I 5 N  in NN0,40 I3C i n  
co2 , 40 I3C in CH4.41 The temperature dependence of the mean bond  

displacements <Ari>T has been calculated for these molecules by 
Osten and Jameson using the method of Ba1-te11,~~ in which <aV/az .>  

= 0 ,  the quantum mechanical analog of Ehrenfest's theorem, leads t o  
coupled linear equations which relate the mean displacements 
and < h a  > to the mean square amplitudes <Ar. Ar.>, 
- etc. The coefficients of the mean square amplitudes in these 
coupled equations are the quadratic and cubic force constants in 
the intramolecular potential V for the molecule. The method is 
implemented such as to include up to quadratic terms in the 
curvilinear relationship between car> and the Cartesian 
 displacement^.^^ 

l e c u l e s  for 3/2 /1H,  13/12C, I 5 / j 4 N ,  and 18/160 isotopes providing 
the basis for the interpretation of the observed isotope shifts. 
The temperature and mass dependence o f  cAri> and of r<Aaij> in the 
molecules H20, H2S, HzSe, 0 3 ,  SO2, S e 0 2 ,  NH3, PH3, NF3, and PF3 
have also been calculated by Osten and Jameson, using the same Bar- 
tell approach, for 2 / 1 H  and 18/160 isotopes. 
in the interpretation of the isotope shifts and temperature depen- 

O n  the other 

<Ari Aai.i>s ij 1 J  

The mass dependence of < A x - . >  has been determined in these mo- 

These a r e  then used 
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12 Nuclear Magnetic Resonance 

d e n c e  o f  n u c l e a r  s h i e l d i n g  i n  t h e  z e r o - p r e s s u r e  l i m i t  f o r  some  of 

t h e s e  m o l e c u l e s  .42 
T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  r < A a >  i n  t h e  b e n t  t r i a t o m i c  mo- 

l e c u l e s  a n d  i n  N H 3  is f o u n d  t o  b e  o p p o s i t e  t h a t  o f  C A T > .  T h i s  

a r i s e s  f r o m  t h e  r o t a t i o n a l  c o n t r i b u t i o n  t o  t h e  mean bond a n g l e  d e -  

f o r m a t i o n  h a v i n g  a n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t ,  t h a t  i s ,  t h e  

bond a n g l e  d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h u s ,  t h e  t e m -  

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

c o n s i s t  o f  two  terms o f  o p p o s i n g  s i g n ,  i f  t h e  s h i e l d i n g  d e r i v a t i v e s  

( a a / a A r ) ,  a n d  ( a a / a A a I e  a r e  o f  t h e  s a m e  s i g n .  T h i s  p r o v i d e s  a p o s -  
s i b l e  e x p l a n a t i o n  f o r  t h e  u n u s u a l  t e m p e r a t u r e  d e p e n d e n c e  o f  I5iV 

s h i e l d i n g  i n  N H 3 ,  w h i c h  is  a l s o  o b s e r v e d  f o r  31P s h i e l d i n g  i n  PH3. 

s h i e l d i n g  i n  t h e  z e r o - p r e s s u r e  l i m i t  u s i n g  E q .  (6) a l l o w s  t h e  d e -  

t e r m i n a t i o n  o f  a s i n g l e  p a r a m e t e r  f r o m  t h e  e x p e r i m e n t a l  c u r v e s ,  a n  

e m p i r i c a l  e s t i m a t e  o f  a s h i e l d i n g  d e r i v a t i v e ,  ( a o / a A r ) , .  Some e x -  

a m p l e s  o f  t h e s e  h a v e  S e e n  r e v i e w e d . 4 7  

i s o t o p e  s h i f t s  u s i n g  Eq. ( 7 )  a l l o w s  t h e  d e t e r m i n a t i o n  o f  an  e r n p i r i -  

c a l  e s t i m a t e  o f  ( a a / a A r ) ,  a s  w e l l ,  i n  f a v o r a b l e  c a s e s .  I s o t o p e  
s h i f t s  c a n  b e  m e a s u r e d  w i t h  much b e t t e r  p r e c i s i o n  t h a n  t h e  t e m p e r a -  

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

t h i s  a p p e a r s  t o  be  a n  a t t r a c t i v e  a l t e r n a t i v e .  However ,  s i n c e  t h e  

q u a d r a t i c  t e rms  n o t  shown  i n  E q .  ( 7 )  make s i g n i f i c a n t  c o n t r i b u t i o n s  

t o  t h e  i s o t o p e  s h i f t  i n  some c a s e s  ( I iF  f o r  e x a m p l e ) ,  t h e s e  e s t i -  

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

p r e c i s e  t e m p e r a t u r e  c o e f f i c i e n t s  i n  t h e  z e r o - p r e s s u r e  l i m i t .  T h e s e  

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

c o m p l e m e n t a r y .  

T h e  i n t e r p r e t a t i o n  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  n u c l e a r  

T h e  i n t e r p r e t a t i o n  o f  nmr 

T h e  I 9 F  n u c l e a r  s h i e l d i n g  h a s  b e e n  m e a s u r e d  a s  a f u n c t i o n  o f  

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

CF2=CH2, CF2=CF2.50 T h e s e  a r e  shown i n  T a b l e  5 .  The  t e m p e r a t u r e  

c o e f f i c i e n t s  o f  I 9 F  s h i e l d i n g  i n  t h e  f l u o r o m e t h a n e s  

l e c u l e s  p l u s  o t h e r s  p r e v i o u s l y  r e p o r t e d ,  C H 3 F ,  CF3H, CF4, C F 3 C 1 ,  

a n d  CF3Er l  a r e  f o u n d  t o  v a r y  s y s t e m a t i c a l l y  w i t h  t h e  a b s o l u t e  I 9 F  

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

m o l e c u l e s  ( e . g . ,  CFH3, CF2H2, C F 3 H ,  CF4) i s  c o n s i d e r e d .  T h e  l e s s  

s h i e l d e d  I 9 F  n u c l e i  h a v e  l a r g e r  t e m p e r a t u r e  c o e f f i c i e n t s  .51 I t  is 
a l s o  f o u n d  t h a t  t h e  1 3 / 1 2 C - i n d u c e d  i s o t o p e  s h i f t s  i n  t h e  I 9 F  

CF2H2, CF2HCl, CFHCIZ, CF2C12, C F C 1 3 ,  C F 3 1 ,  CF3CN,49 

( t h e  a b o v e  mo- 
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I :  Theoretical and Physical Aspects of Nuclear Shielding 13 

s h i e l d i n g  c o r r e l a t e  w i t h  t h e s e  t e m p e r a t u r e  c o e f f i c i e n t s ,  k., t h e  

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

Eq.  ( 6 )  and  ( 7 )  a r e  v a l i d .  The  d y n a m i c  f a c t o r s  c h a r a c t e r i s t i c  o f  
t h e  C-F bond d o  n o t  c h a n g e  d r a s t i c a l l y  f r o m  o n e  m o l e c u l e  t o  t h e  

n e x t ,  a n d  b o t h  t h e  o b s e r v e d  q u a n t i t i e s  a r e  d e t e r m i n e d  by 

( a o F / a ~ r C F l e .  
c o e f f i c i e n t s  a n d  t h e  a b s o l u t e  s h i e l d i n g  i m p l i e s  a c o r r e l a t i o n  

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

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

T a b l e  5 .  T e m p e r a t u r e  d e p e n d e n c e  of t h e  I 9 F  n u c l e a r  s h i e l d i n g  i n  

t h e  z e r o - p r e s s u r e  l i m i t  .49-53 

[ a g ( T l - a  ( 3 0 0  K 1  I / p p b  = a l  ( T - 3 0 0 )  
0 

M o l e c u l e  T r a n g e ,  K 

+ a 2 ( T - 3 f l 0 I 2  

CFzC12 

CFC13 

CFZHCl 
CFHC12 

CF2H2 
CF31 
CF3CN 

CF2=CF2 

CF2=CH2 

265-380  

3 1 0 - 3 8 0  

255-380  
280-380  

2 3 0 - 3 8 0  
237-380  

300-380  

230-350  

2 2 5  - 380 

a 1  
- 9 . 0 6  

. I  1 . 6 5  

-4 .86  

-5 .92  

- 2 . 8 9  
- 7 . 5 7  

- 9 . 2 5  
-8 .13 

- 4 . 0 7  

a 2  

-1 .19x1f l -2  

- 1 . 6 9 ~ 1 0 - ~  
- 2 . 1 2 x 1 0 - 2  

- 2 . 0 9 x 1 0 - 2  

- 1 . 6 9 ~ 1 0 - ~  

C .  I s o t o p e  S h i f t s . -  A r e v i e w  o f  i s o t o p e  s h i f t s ,  w i t h  e m p h a s i s  

on 2 / 1 H - i n d u c e d  I3C s h i f t s  has a p p e a r e d . 5 2  I n  a d d i t i o n ,  i s o t o p e  

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

p a i r s . 5 3 - 7 2  We u s e  G o m b l e r ' s  n o t a t i o n  n A A ( m ' / m X )  f o r  a s h i f t  i n  
t h e  o b s e r v e d  A r e s o n a n c e  f r e q u e n c y  d u e  t o  s u b s t i t u t i o n  o f  m ' X  f o r  

m X  ( m ' > m )  n b o n d s  away f r o m  t h e  o b s e r v e d  n u c l e u s .  

a d d i t i v i t y  a n d  g e o m e t r i c a l  d e p e n d e n c e  o f  t h e  i s o t o p e  s h i f t s . 5 3  

a n d  'A a r e  -400  a n d  -100  ppb r e s p e c t i v e l y .  

l y  e n d o  0 ' A  t o  'A e f f e c t s  a r e  a d d i t i v e .  

-55 ppb  a n d  + 1 6 . 9  t o  -13.5 p p b  r e s p e c t i v e l y .  

C ( 2 / 1 H )  v a l u e s  f o r  13 i s o t o p o m e r s  o f  a d a m a n t a n e - d n  show 

' A  

1 - 4 A 1 3  

The exo and  r e s p e c t i v e -  

T h e  3~ d e p e n d e n c e  on  

The  'A a n d  4 A  a r e  0 t o  

t h e  d i h e d r a l  a n g l e  is a n a l o g o u s  t o  'J ( K a r p l u s - t y p e  e q u a t i o n )  b u t  

t h e  v a l u e s  o f  3 A  c l o s e  t o  0" a r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h o s e  a t  

D
ow

nl
oa

de
d 

on
 1

7/
01

/2
01

7 
21

:1
4:

09
. 

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
19

86
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
47

55
37

13
-0

00
01

View Online

http://dx.doi.org/10.1039/9781847553713-00001


14 Nuclear Magnetic Resonance 

1 8 0 ” .  I n  a l l  c a s e s  t h e  0 a t o m  i s  s p a t i a l l y  c l o s e  t o  t h e  y c a r b o n  

i n  q u e s t i o n  o r  t o  a H d i r e c t l y  b o n d e d  t o  i t .  A t h r o u g h - s p a c e  i n -  

t e r a c t i o n  o f  t h e  a H / D  w i t h  t h e  e l e c t r o n s  s u r r o u n d i n g  t h e  y c a r b o n  

is p r o p o s e d  t o  a c c o u n t  f o r  t h i s .  A t h r o u g h - s p a c e  i n t e r a c t i o n  w h i c h  

i s  p a r t l y  s t e r i c  a n d  p a r t l y  C - H ( O 1  d i p o l e -  6C e l e c t r o n  i n t e r a c t i o n  
is  a l s o  p r o p o s e d  f o r  t h e  ‘A e f f e c t .  T h e  I 3 C - i n d u c e d  19F  s h i f t s  i n  

f l u o r o a d a m a n t a n e s  a n d  f l u o r o d i a m a n t a n e s  a r e  r e p o r t e d  a s  bF ( n e a r e r  

t o  I3C)  - 6F ( f a r t h e r  f r o m  1 3 C l . 5 7  
i s  i n  t h e  r i n g  s y s t e m ,  w h a t  i s  o b s e r v e d  a r e  c o m p o s i t e  i s o t o p e  

e f f e c t s  t h r o u g h  s e v e r a l  p a t h s .  F o r  t h e  f l u o r o a d a m a n t a n e s ,  

( 1 A - 3 A - 5 A 1  = - 0 . 0 1 6  ppm a n d  (2A+6A-24A) = - 0 . 0 1 7  pprn. 

f l u o r o d i a m a n t a n e s ,  ( A +  A -  A -  A 1  = - 0 . 0 0 7  ppm, A +  A-2 A] = 

-0 .015 ,  - 0 . 0 1 6  ppm, a n d  (3A+5A-24A) = - 0 . 0 0 2 ,  -0 .007 ,  - 0 . 0 1 1  ppm 
d e p e n d i n g  on t h e  p a t h  [ c o r r e l a t i n g  w i t h  t h e  3 J ( C F l  v a l u e s  OF + 2 . 5 ,  

+ I l . 0 ,  a n d  +10.0 Hz a l o n g  t h e  same p a t h w a y ) .  Two- a n d  3 - b o n d  

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

a n d  i n  p r o t o n a t e d  a r n i n e s  u n d e r  c o n d i t i o n s  o f  s l o w  h y d r o g e n  e x c h a n g e  
h a v e  b e e n  o b s e r v e d . 7 0  2A13C(2 /1H]  i s  - 0 . 0 9 0  t o  -0 .136  pprn f o r  C O H ,  

-0 .055 t o  - 0 . 0 9 7  pprn f o r  C N H .  3 A 1 3 C ( 2 / 1 H )  is - 0 . 0 1 0  t o  -0 .070  ppm 

f o r  C C D H .  H i g h e r  d e g r e e  o f  s u b s t i t u t i o n  o f  H by o t h e r  g r o u p s  on N 

o r  C l e a d s  t o  l o w e r  m a g n i t u d e s  o f  i s o t o p e  s h i f t s ,  a l s o  t h e  m o r e  

s h i e l d e d  t h e  I 3 C  t h e  s m a l l e r  t h e  m a g n i t u d e  o f  t h e  i s o t o p e  s h i f t .  

The  l a t t e r  c o r r e l a t i o n  h a s  a l s o  b e e n  n o t e d  i n  I 9 F  i s o t o p e  s h i f t s . ”  

S ]  = - 0 . 0 1 8 4  ppm i n  t h i o p h o s p h a t e  a n h y d r i d e s ,  n e a r -  
l y  twice 1 A 3 1 P ( 3 4 / 3 2 S ]  = -0 .0097  ppm f o r  t e r m i n a l  P = S  b o n d s . 6 0  T h e  

i s o t o p e  s h i f t  f o r  b r i d g i n g  P-S b o n d s  i s  much s m a l l e r ,  -0 .0087  a n d  

- 0 . 0 0 4  ppm r e s p e c t i v e l y .  T h e  c o r r e s p o n d i n g  t e r m i n a l  and  b r i d g i n g  
1 A 3 1 P ( 1 8 / 1 6 0 1  v a l u e s  a r e  -0.0455 ppm a n d  - 0 . 0 1 9  pprn. 

t u d e s  o f  t h e  S - i n d u c e d  i s o t o p e  s h i f t s  c o m p a r e d  w i t h  t h e  O - i n d u c e d  

i s o t o p e  s h i f t s  c a n  b e  e x p l a i n e d  by t h e  (m’ -ml /m’  f a c t o r s  i n  t h e  mo- 
d e l  d i s c u s s e d  b e l o w . 4 4  ’A1’ F (  3 4 / 3 2 S )  is shown  t o  h a v e  a l i n e a r  d e -  

p e n d e n c e  on t h e  S-F bond  l e n g t h  i n  a w i d e  v a r i e t y  o f  compounds  w i t h  

bond l e n g t h s  v a r y i n g  f r o m  1 .55  A t o  1 . 7 2  A,  a n d  i s o t o p e  s h i f t s  f r o m  
-0 .01  t o  -0 .07  ~ p r n . ~ ’  The  f i r s t  I2’Xe i s o t o p e  s h i f t s  a r e  r e p o r t e d :  

- 0 . 5 2  a n d  - 0 . 5 8  ppm p e r  ”0 s u b s t i t u t i o n  i n  X e D 2 F 2  a n d  XeOF4 re-  
~ p e c t i v e l y . ~ ~  

o t h e r  ” 0 - i n d u c e d  s h i f t s  a r e  c o n s i s t e n t  w i t h  t h e  p r e v i o u s l y  n o t e d  
d e p e n d e n c e  of t h e  i s o t o p e  s h i f t  on t h e  c h e m i c a l  s h i f t  r a n g e  o f  t h e  

o b s e r v e d  n u c l e u s . 4 3  

B e c a u s e  i s o t o p i c  s u b s t i t u t i o n  

F o r  t h e  
2 6 3 5  2 6  5 

1 A 3 1 p f 3 6 / 3 2  

T h e  rnagn i -  

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

I n  H C s C H  t h e  o n e - b o n d  D - i n d u c e d  I3C i s o t o p e  
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I :  Theoretical and Physical Aspects of Nuclear Shielding 15 

s h i f t  i s  s m a l l e r  t h a n  t h e  two-bond s h i f t ,  t h e y  a r e  -0.223 and 

-0.438 ppm r e ~ p e c t i v e l y . ~ ~  

2 A 1 7 0 ( 1 8 / 1 6 0 )  = -3.108+0.002 ppm i n  [o=u=o]2+,65 a l t h o u g h  t h i s  i s  

n o t  s o  u n u s u a l  when t h e  c h e m i c a l  s h i f t  r a n g e  o f  I7U i s  compared 

t o  I 3 C .  S e v e r a l  i s o t o p e  s h i f t s  o f  t r a n s i t i o n  m e t a l  n u c l e i  have 

been o b s e r v e d  r e ~ e n t l y . ~ ' - ' ~  I 3 C - i n d u c e d  m e t a l  s h i f t s  have t h e  

u s u a l  s i g n ,  -0.73 ppm f o r  55Mn i n  [RNC]6MnBF4,63 and -0.27 ppm 

p e r  I3C f o r  51V i n  h e x a c a r b o n y l  vanadate ,  V(12CO16_n(13CO)n- .61 

The u s u a l  a d d i t i v i t y  i s  o b s e r v e d  i n  t h e  l a t t e r ,  t h e  i s o t o p e  s h i f t  

i n  t h e  5 1 V  s p e c t r u m  i s  p r o p o r t i o n a l  t o  t h e  number o f  I 3 C O .  

been p r o p o s e d  t h a t  t h e  m a g n i t u d e  and s i g n  o f  t h e  one-bond i s o t o p e  

s h i f t  i n  XH4 and X04 depends on t h e  a t o m i c  number Z x  as f o l l o w s :  

w i t h  i n c r e a s i n g  Z x  i n  t h e  p e r i o d  t h e  i s o t o p e  s h i f t  becomes i n c r e a s -  

i n g l y  n e g a t i v e ,  w h i l e  w i t h  i n c r e a s i n g  Z x  i n  t h e  g r o u p  t h e  i s o t o p e  

s h i f t  i n c r e a s e s  a l g e b r a i c a l l y  and even changes s i g n . 6 2  T h i s  t r e n d  

a c r o s s  a p e r i o d  can i n d e e d  be p e r c e i v e d  when a l l  t h e  o b s e r v e d  o n e -  

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

t h e  a p p r o p r i a t e  mass f a c t o r s  ( v i d e  i n f r a ) .  However, i n  c o n t r a s t  t o  

t h e  above h y p o t h e s i s ,  t h e  t r e n d  down a g r o u p  i s  s i m i l a r  t o  t h a t  

a c r o s s  a p e r i o d .  

p r o p e r t i e s  t h a n  H atom as a s u b s t i t u e n t  c o n t i n u e  t o  a p p e a r . 7 3 - 7 5  

W h i l e  t h e s e  mode ls  may p r e d i c t  some s y s t e m a t i c  t r e n d s  and s t e r e o -  

c h e m i c a l  dependence o f  " 'H- induced I3C i s o t o p e  s h i f t s ,  t h e y  neces-  

s a r i l y  i n v o k e  a breakdown o f  t h e  Born-Oppenheimer a p p r o x i m a t i o n .  

T h a t  i s ,  w i t h i n  t h e  Born-Oppenheimer a p p r o x i m a t i o n  t h e s e  m o d s l s  

w o u l d  l e a d  t o  no  i s o t o p e  s h i f t s  a t  a l l .  

A n o t h e r  l a r g e  two-bond s h i f t  i s  

I t  has 

Mode ls  w h i c h  c o n s i d e r  a 0 atom as h a v i n g  d i f f e r e n t  e l e c t r o n i c  

When s u b s t i t u t i o n  t a k e s  p l a c e  a t  e q u i v a l e n t  p o s i t i o n s ,  t h e  

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

t h e  number o f  atoms t h a t  have been  s u b s t i t u t e d  by i s o t o p e s .  T h i s  

a d d i t i v i t y  has been observed t o  h o l d  w i t h i n  e x p e r i m e n t a l  e r r o r  i n  

n e a r l y  e v e r y  case f o r  one-bond as w e l l  as 2- and 3-bond i s o t o p e  e f -  

f e c t s .  There  i s  also an a l m o s t  ( n o t  q u i t e )  l i n e a r  dependence on 

mass change o b s e r v e d  i r i  cases where more  t h a n  two i s o t o p e s  of t h e  

same s u b s t i t u e n t  a r e  i n v o l v e d ,  as i n  3 6 / 3 4 / 3 2 S .  T h e  t h e o r e t i c a l  

b a s i s  for t h e  o b s e r v e d  a d d i t i v i t i e s  has been d e m o n s t r a t e d  by O s t e n  

and Jameson u s i n g  t h e  i s o t o p o m e r s  o f  methane CX4-,,Yn ( X , Y  = H,D,TI 

and t h e  i s o t o o o m e r s  o f  l i n e a r  t r i a t o m i c  m o l e c u l e s  OCO,  OCS, NN9 
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16 

t h a t  

Nuclear Magnetic Resonance 

d - A E < b r  C D > v i b  i n  C D 4 ,  

i n  which  A = 5 .5345 x I f3  A a t  300 K ,  and 6o and 6 H  a r e  s m a l l  s e -  
c o n d a r y  e f f e c t s  ( 6 < < A )  which  d e p e n d  on n .  T h u s ,  t h e  s u m  of t h e  v i -  

b r a t i o n a l  c o n t r i b u t i n n s  t o  t h e  mean bond d i s p l a c e m e n t s  is  

4 
c < A r i > v i b  = [ 4 - n 1 < A r C H > v i b  + ncAr 

i = l  CD’vib 

= 4d - n A  + 6[n1  (101  

T h e  r o t a t i o n a l  [ c e n t r i f u g a l  s t r e t c h i n g )  c o n t r i b u t i o n  t o  t h e  mean C -  

H o r  C-D bond d i s p l a c e m e n t  is  shown t o  be  d e p e n d e n t  on n b u t  t h e  

s u m  of  a l l  f o u r  i s  i n v a r i a n t  t o  n ,  e., 
( 4 - n ) < A r C H > r o t  + n < A r ,  LD’rot 

= 4 ( 5 . 2 4  x A )  a t  300  K .  ( 1 1 )  

I f  E q .  ( 7 )  i s  u s e d ,  t h e  I3C i s o t o p e  s h i f t  b e t w e e n  any  two i s o t o p o -  

rners can  he e x p r e s s e d  a s :  

C C C 
a (CH4-nDn)-a  [CH4-n ,Dn,  ) “ (aa  / a A r l e C l < A r .  > - < A r i > ’ ]  ( T I  

i 1  

= ( a aL/ a A r 1  [ 4d-nA+6 ( n  1 - (4d-n  ’ A +  6 ( n  ’ 1 1 1 
n 

= ( a a”/ a A r  1 ( n  ’ - n  1 A .  (121 

T h i s  e x p r e s s e s  t h e  p r o p o r t i o n a l i t y  o f  t h e  i s o t o p e  s h i f t  t o  t h e  nurn- 

b e r  o f  s u b s t i t u t i o n s  a t  e q u i v a l e n t  s i t e s .  The s m a l l  d e v i a t i o n s  
f r o m  a d d i t i v i t y  which  h a v e  been  o b s e r v e d  i n  N H 4 +  i o n ,  an  a n a l o g  o f  

C H 4 ,  h a s  been  i n t e r p r e t e d  i n  t e r m s  o f  t h e  s e c o n d a r y  e f f e c t s  6.44 
F o r  CH4-, ,Dn ( n  = 0 t o  41 t h e  d e v i a t i o n s  frorn a d d i t i v i t y  a r e  p r e -  

d i c t e d  t o  b e  i n  t h e  r a t i o  0 : 3 : 4 : 3 : 0, which  is t h e  same a s  

t h e  o b s e r v e d  s m a l l  d e v i a t i o n s  i n  NH4-, ,Dn . 
mers  of  s e v e r a l  t r i a t o r n i c  m o l e c u l e s ,  i s  f o u n d  t o  obey  t h e  f o l l o w i n g  

i. 7 6  

The mass  d e p e n d e n c e  of < A r >  i n  C H 4 ,  C D 4 ,  C T 4  and a l l  i s o t o p o -  
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1: Theoretical and Physical Aspects of Nuclear Shielding 

g e n e r a l  r e l a t i o n s h i p  f o r  a s i n g l e  s u b s t i t u t i o n  o f  m a s s  m by 

17 

< A r >  - < A r > '  = < A r > [ ( m ' - m ) / m ' ] f ( m , m A ,  ... ) ( 1 3 1  
If Eq. ( 7 )  h o l d s ,  t h e n  t h e  i s o t o p e  s h i f t s  w i l l  b e  p r o p o r t i o n a l  t o  

( m ' - m ) / m ' .  T h i s  i s  shown i n  F i g .  1 t o  be n i c e l y  v e r i f i e d  by t h e  

m ' / 7 4 S e - i n d u c e d  77Se o n e - b o n d  i s o t o p e  s h i f t s  o b s e r v e d  i n  e a c h  o f  

f o u r  s e r i e s  o f  m o l e c u l e s  R177Sem'SeR2  (R1, R Z  = CH3, CF31. 
When m ' / m X  i s  a n  e n d  a t o m ,  t h e  c o m p l e t e  m a s s  d e p e n d e n c e  o f  c A r  

upon a s i n g l e  s u b s t i t u t i o n  o f  m X  by m ' X  i s  f o u n d  t o  b e  w e l l  r e p r e -  

s e n  t e d  by44  

A X '  

A x >  'V cAr  m > [ ( m ' - m l / m ' l  [mA/2(mA+m11 .  ( 1 4 1  < A r  m > - C A I -  m '  A X  A X  

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

d e r i v e d  , 43 

T h u s ,  if Eq. ( 7 )  i s  u s e d ,  t o  a f i r s t  a p p r o x i m a t i o n  t h e  o n e - b o n d  

i s o t o p e  s h i f t  o f  n u c l e u s  A upon s u b s t i t u t i o n  o f  a n  end  a t o m  c a n  b e  

e x p r e s s e d  a s  : 4 4  

l A A ( m ' / m X ) - - (  a a / a A r A X ) e < A r A i n X > * [  (m'-m)/rn '  1 [mA/2(mA+m]  1 ( 1 6 1  

T h u s ,  t h e  l e a s t  f a v o r a b l e  i s o t o p e  s h i f t s  t o  o b s e r v e  a r e  t h o s e  f o r  a 

l i g h t  n u c l e u s  upon  s u b s t i t u t i o n  o f  a h e a v y  o n e .  The  r e a s o n s  a r e  
e a s i l y  s e e n  i n  Eq. (161 .  F o r  l i g h t  n u c l e i  t h e  d e r i v a t i v e  is s m a l l  
( r e f l e c t i n g  t h e  s m a l l  c h e m i c a l  s h i f t  r a n g e l ,  t h e  mass f a c t o r  

m A / ( m A + m )  i s  much less t h a n  1 and  s o  i s  t h e  mass  f a c t o r  (m ' -ml /m ' .  

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

s t i t u t i o n  o f  H by D o r  T, w h e r e  t h e  m a s s  f a c t o r  mA/(mA+m] i s  n e a r l y  
1 .0  a n d  ( m ' - m ) / m '  is  I / 2 o r  2 / 3 .  

A m e t h o d  o f  e s t i m a t i n g  < A r A X >  i t s e l f  f r o m  t h e  bond l e n g t h ,  t h e  

m a s s e s ,  a n d  t h e  r o w s  o f  t h e  p e r i o d i c  t a b l e  t o  w h i c h  A a n d  X b e l o n g ,  

w i t h o u t  k n o w l e d g e  o f  f o r c e  f i e l d s ,  h a s  b e e n  p r o p o s e d  by  J a m e s o n  a n d  

O s t e n . 4 5  T h i s  a l l o w s  t h e  e s t i m a t i o n  o f  t h e  d y n a m i c  f a c t o r  i n  Eq.  

( 1 6 )  a n d  p e r m i t s  t h e  e l e c t r o n i c  f a c t o r ,  t h e  s h i e l d i n g  d e r i v a t i v e ,  

t o  b e  e s t i m a t e d  f r o m  a n  o b s e r v e d  o n e - b o n d  i s o t o p e  s h i f t .  T h i s  m e -  
t h o d  is b a s e d  on a Morse  d i a t o m i c  m o l e c u l e  a p p r o x i m a t i o n  f o r  t h e  A X  

b o n d ,  w h i c h  is a r e a s o n a b l e  a p p r o x i m a t i o n  i f  X is  a n  e n d  a t o m .  I n  

t h i s  c a se ,  
( 1 7 )  2 < A r > v i b  = ( 3 a / 2 ) < ( A r l  > v i b ,  
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Nuclear Magnetic Resonance 

- 4  - 

00 0 05 0 10 
m’- m 
m‘ 
- 

F i g . 1  E f f e c t  o f  s e l e n i u m  i s o t p p e s  on t h e  77Se  n u c l e a r  s h i e l d i n g  i n  
t h e  d i s e l e n i d e s  R 1 7 7 S e m  SeR2 .  ( a )  R l = R z = C H 3 ;  ( b l  R 1 = R 2 = C F 3 ;  
( c )  R l = C F 3 ,  R 2 = C H 3 ;  ( d )  Rl=CH3,  R z =  C F 3  f r o m  t h e  e x p e r i m e n t -  
a l  r e s u l t s  in Id. G o m b l e r ,  J .  Magn. Resorl., 1 9 8 2 ,  =, 69. 

w h e r e  a is t h e  Morse p a r a m e t e r .  The mean bond  d i s p l a c e m e n t  i n  a 

d i a t o m i c  m o l e c u l e  i s  r e a s o n a b l y  w s l l - r e p r e s e n t e d  b y 4 5  

w h e r e  p i s  t h e  r e d u c e d  mass o f  A X  i n  amu, a n d  

i n  w h i c h  a2, b 2 ,  a3,  a n d  b3  a r e  c o n s t a n t s  t a b u l a t e d  by H e r s c h b a c h  

a n d  L a u r i e  f o r  d i f f e r e n t  r o w s  o f  t h e  p e r i o d i c  t a b l e . 7 7  F o r  t h e  A X  

bond  i n  a p o l y a t o m i c  m o l e c u l e ,  

T h e  c o n s t a n t  f a c t o r  i s  m o d i f i e d  s o m e w h a t  t o  f i t  results o f  c a l c u l a -  

t i o n s  o f  <Ar> i n  s e v e r a l  p o l y a t o m i c  m o l e c u l e s .  

B e c a u s e  o f  t h e  r e l a t i o n s h i p  Eq. ( 1 7 )  f o r  a d i a t o m i c  m o l e c u l e ,  
i t  is  r e l a t i v e l y  e a s y  t o  i n c l u d e  q u a d r a t i c  terms i n  Eq. ( 1 6 1  f o r  a 
d i a t o m i c  m o l e c u l e :  
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1: Theoretical and Physical Aspects of Nuclear Shielding 19 

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

t h e  o n e  f a r  bond s t r e t c h )  n e v e r t h e l e s s ,  i n  t h e  c o n t e x t  of  t h e  a p -  

p r o x i m a t i o n s  u s e d  i n  E q .  (161 ,  Eq.  (211  c o u l d  j u s t  a s  w e l l  be ap-  

p l i e d  t o  an i s o t o p e  s h i f t  upon s i n g l e  s u b s t i t u t i o n  i n  a p o l y a t o m i c  

m o l e c u l e .  

l i k e w i s e  e x p r e s s i b l e  i n  t e r m s  of  t h e  H e r s c h b a c h - L a u r i e  parame-  

t e r s .  U s i n g  Eq.  ( 1 9 )  o r  ( 2 0 )  e n a b l e s  u s  t o  e s t i m a t e  t h e  e l e c t r o n i c  
2 2 f a c t o r  [ ( a a / a A r ) e  + ( 1 / 3 a )  ( a  a / a A r  I , ]  f r o m  t h e  o b s e r v e d  i s o t o p e  

s h i f t  knowing o n l y  t h e  bond l e n g t h  re, t h e  m a s s e s ,  and t h e  rows of  

t h e  p e r i o d i c  t a b l e  t o  which  t h e  a toms A and X b e l o n g . 4 5  S i n c e  t h e  

c a l c u l a t i o n s  on b e n t  t r i a t o m i c s  and p y r a m i d a l  m o l e c u l e s  show t h a t  

t h e  mass  d e p e n d e n c e  o f  t h e  bond a n g l e  is  s m a l l  compared t o  t h a t  of 

t h e  bond l e n g t h ,  Eq. (211 c a n  even  b e  a p p l i e d  t o  t h e s e  s y s t e m s ,  s o  
l o n g  a s  t h e  mass  s u b s t i t u t i o n  i s  a t  an  end a tom.42  I t  is c o n v e n i -  

e n t  t o  d e f i n e  a " r e d u c e d  i s o t o p e  s h i f t "  w h i c h  t a k e s  i n t o  a c c o u n t  

t h e  e x p l i c i t  mass  f a c t o r s  i n  E q .  

The Morse  p a r a m e t e r  a is of  t h e  o r d e r  of  2 A - '  and is 

( 2 1 ) : 4 5  

A l t h o u g h  A R  i s  n o t  c o m p l e t e l y  m a s s - i n d e p e n d e n t  [ c  A r A X >  i t s e l f  i s  
m a s s - d e p e n d e n t ] ,  t h e  r e d u c e d  i s o t o p e  s h i f t  d o e s  a l l o w  t h e  i s o t o p e  

s h i f t s  o f  d i f f e r e n t  n u c l e i  i n  a v a r i e t y  of  e n v i r o n m e n t s  t o  be com- 

p a r e d  w i t h  one  a n o t h e r .  The r o v i b r a t i o n a l  c o r r e c t i o n  t o  t h e  n u c l e -  

a r  s h i e l d i n g  o f  A i n  an A X n  m o l e c u l e  can  be e s t i m a t e d  f rom t h e  i s o -  

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

which  is t h e  same a s  t h e  r i g h t  s i d e  of  E q .  (21) e x c e p t  f o r  t h e  mass  

f a c t o r s .  T h e r e f o r e  t h e  r o v i b r a t i o n a l  c o r r e c t i o n  t o  n u c l e a r  s h i e l d -  

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

i t s e l f :  

- ueA = A ~ ( A , X I .  ( 2 4 )  

F o r  an A X n  m o l e c u l e  t h e  r o v i b r a t i o n a l  c o r r e c t i o n  t o  t h e  n u c l e a r  
s h i e l d i n g  o f  A i s  e s t i m a t e d  by 

D
ow

nl
oa

de
d 

on
 1

7/
01

/2
01

7 
21

:1
4:

09
. 

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
19

86
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
47

55
37

13
-0

00
01

View Online

http://dx.doi.org/10.1039/9781847553713-00001


20 Nuclear Magnetic Resonance 

u o A ( T )  - ueA = nAR[A,X) .  (25) 

T h i s  p r o v i d e s  a s i m p l e ,  t h o u g h  a p p r o x i m a t e ,  c o r r e c t i o n  t o  e x p e r i -  

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

l a t e d  ue v a l u e s .  

0 .  I n t e r m o l e c u l a r  E f f e c t s . -  T h e o r e t i c a l  c a l c u l a t i o n s  ( u s i n g  D i t c h -  

f i e l d ' s  G I A O  FPT m e t h o d  w i t h  a 4-31 b a s i s  se t1  of i n t e r m o l e c u l a r  

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

The  c a l c u l a t i o n s  o f  ' H  s h i e l d i n g  i n  H20, ( H 2 0 1 2 ,  

( H 2 0 ) 3 ,  ( H 2 0 ) 5  u s i n g  t h e  i c e  g e o m e t r y  s h o w  t h e  e f f e c t s  o f  s e c o n d a r y  

a n d  p r i m a r y  h y d r o g e n  b o n d i n g  i n  i c e .  The d i m e r  o n l y  c o n t a i n s  t h e  
p r i m a r y  e f f e c t s  ( 1 1 . 2 8  ppm i n c r e a s e  i n  t h e  s h i o l d i n g  a n i s o t r o p y  and 

2.81 ppm d e c r e a s e  i n  t h e  i s o t r o p i c  s h i e l d i n g ) ,  t h e  t r i m e r  a n d  p e n -  

t a m e r  show t h e  e f f e c t  o f  r e m o t e  w a t e r  m o l e c u l e s  ( a  f u r t h e r  5 . 1 8  ppm 

i n c r e a s e  i n  t h e  a n i s o t r o p y  a n d  1 . 3 4  ppm d e c r e a s e  i n  t h e  i s o t r o p i c  

s h i e l d i n g ) .  7 0  S h i e l d i n g  c a l c u l a t i o n s  a r e  r e p o r t e d  f o r  t h e  f o l l o w -  

i n g  c l u s t e r s ,  u s i n g  t h e  m e t h o d  r e p o r t e d  i n  V o l .  1 4  o f  t h i s  s i x -  

i e s  : 8 3  

( H 2 C O ) 2 . 7 9  

t r i b u t i o n  t o  t h e  s h i f t  d u e  t o  h y d r a t i o n  is t h e  " p o l a r i z a t i o n  

s h i f t " ,  w h i c h  is  e s p e c i a l l y  l a r g e  f o r  t h e  0 a t o m  d i r e c t l y  i n v o l v e d  

i n  t h e  h y d r o g e n  b o n d s .  C o m p a r i s o n  w i t h  e x p e r i m e n t  i s  n o t  s o  
s t r a i g h t f o r w a r d .  F o r  C2H4, d e n s i t y - d e p e n d e n t  g a s - p h a s e  d a t a  a r e  

a v a i l a b l e ;  h o w e v e r ,  t h e s e  c a l c u l a t i o n s  d o  n o t  i n c l u d e  d i s p e r s i o n  

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

i n t e r m o l e c u l a r  p o t e n t i a l .  

C 2 H 4  t o  ( C 2 H 4 I z  i s  s t r o n g l y  b a s i s - s e t - d e p e n d e n t ,  s o  no c o n c l u s i o n  

c a n  be d r a w n  f r o m  t h e  c a l c u l a t i o n s .  

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

i n  t h e  g a s  p h a s e  a n d  a p p e a r s  t o  be  d o m i n a t e d  b y  t h e  g e o m e t r i c  c o n -  

t r i b u t i o n .  The  e f f e c t s  o f  h y d r a t i o n  on C ,  0 ,  a n d  N s h i e l d i n g  i n  

H2C11 and H C ( D I N H 2  a r e  a t t r i b u t e d  t o  p o l a r i z a t i o n  s h i f t s .  F o r  hy -  

d r a t e d  f o r m a m i d e  t h s  c a l c u l a t i o n s  on t h e  H C ( 0 ) N H 2 * ( t i 2 0 ) 1 0  c l u s t e r  

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

m o l e c u l e :  N - 1 5 . 6 5  ppm, C - 4 . 9 4  ppm, 0 203.38 ppm, t h a t  i s ,  N a n d  
C a r e  d e s h i e l d e d  w h e r e a s  0 b e c o m e s  m o r e  s h i e l d e d  by 203  ppm!" I t  
wou ld  he  u s e f u l  t o  c o m p a r e  a b s o l u t e  s h i e l d i n g s  c a l c u l a t e d  f o r  t h e  
h y d r a t e d  m o l e c u l e  w i t h  e x p e r i m e n t a l  v a l u e s  f o r  an  a q u e o u s  s o l u t i o n  

of f o r i n a m i d e .  The  a t t a c h e d  I 3 C  n u c l e i  i n  C2H2, C 2 H 4 ,  a n d  C 2 H 6  a r e  

H 2 C l l '  (H20)  2, H C  ( [I ) N H Z  * ( H20 1 4 ,  i m i d a z o l e  * (HZO1 2, I C 2 H 4 1  2 ,  

The  r e s u l t s  show t h a t  f o r  C ,  0 ,  and  N t h e  l a r g e s t  c o n -  

T h e  s i g n  o f  t h e  I 3 C  s h i f t  i n  g o i n g  f r o m  

T h e  s i g n  o f  t h e  ' H  s h i f t  i s  
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I: Theoretical and Physical Aspects of Nuclear Shielding 21 

d e s h i e l d e d  upon c o m p l e x a t i o n  w i t h  N i ,  w h e r e a s  t h e  o t h e r  c a r b o n  

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

o f  I3C s h i e l d i n g  t e n s o r s  i n  t h e s e  c o o r d i n a t e d  h y d r o c a r b o n s  . R 4  

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

a b o v e  t h e o r e t i c a l  r e s u l t s  c o u l d  h a v e  b e e n  p r o v i d e d  by c i t i n g  some  

e x p e r i m e n t a l  s h i e l d i n g  v a l u e s  i n  t h e  l i t e r a t u r e .  F o r  I 3 C ,  I 5 N ,  

a n d  I7O,  m e a s u r e d  c h e m i c a l  s h i f t s  c a n  b e  c o n v e r t e d  i n t o  a b s o l u t e  

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

a n d  t h e  p r i m a r y  r e f e r e n c e .  

ppm16, 0 ( l 5 N  i n  NH3) = 264 .5450 .2  ppm” a n d  0(I7O i n  CD) = -42 .3  c 

1 7 . 2  ppm.’ On t h e s e  a b s o l u t e  s h i e l d i n g  s c a l e s  t h e  u s u a l  l i q u i d  r e -  

f e r e n c e  s h i e l d i n g s  a t  roorn t e m p e r a t u r e  a r e  u ( I 3 C  i n  TMS, c y l l l  = 

1 8 5 . 4  ppm,15  u ( I 5 N  i n  CH3NU2. c y l i )  = -135.5 ppmB5 a n d  d 7 0  i n  

H20, c y l l l )  = 3 0 7 . 9  ppm.’ F o r  ’H t h e  a b s o l u t e  s h i e l d i n g  s c a l e  i s  
b a s e d  on t h e  H a tom86  a n d  on t h i s  s c a l e  t h e  a b s o l u t e  o ( ’ H  i n  H20, 

s p h l  = 25.790+0.014 p p m e a 6  T h e  e x p e r i m e n t a l  a b s o l u t e  s h i e l d i n g  c a n  

t h e n  b e  o b t a i n e d  f r o m  t h e  m e a s u r e d  c h e m i c a l  s h i f t s  6 ,  by 6 = u ( r e f )  

- ~ ( s a m p l e l .  T h i s  r e p o r t e r  r ecommends  t h a t  c o m p a r i s o n s  w i t h  e x p e r -  
i m e n t a l  s h i e l d i n g s  be  made i n  r e p o r t i n g  a n y  t h e o r e t i c a l  c a l c u l a -  

t i o n s .  T h e r e  w i l l ,  o f  c o u r s e ,  b e  e f f e c t s  o f  r o t a t i o n a l - v i b r a t i o n a l  
a v e r a g i n g  a n d  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  i n c l u d e d  i n  t h e  e x p e r i -  

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

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

of  t h i s  s e r i e s .  

T h e  l a t t e r  a r e  . ( I3C i n  C O )  = 3 .2020 .27  

G a s - p h a s e  NMR s t u d i e s  o f  h y d r o g e n - b o n d i n g  a s s o c i a t i o n  i n  t h e  

( C k i 3 ) , l l * H C 1  s y s t e m  p r o v i d e  an  e x p e r i m e n t a l  v a l u e  f o r  t h e  p r o t o n  

s h i e l d i n g  c h a n g e  on h y d r o g e n - b o n d  f o r m a t i o n  (2 .510  ppm) i n  a s y s t e m  

s u f f i c i e n t l y  s i m p l e  f o r  t h e o r e t i c a l  c a l c u l a t i o n s  .87 T h i s  s h i f t  may 

b e  i n t e r p r e t e d  a s  t h e  d i f f e r e n c e  i n  s h i e l d i n g  b e t w e e n  t h e  p r o t o n  i n  
f r e e  HC1 a n d  i n  t h e  (CH3I20 ‘HC1,  u n l i k e  s h i f t s  m e a s u r e d  i n  c o n d e n s -  

e d  p h a s e s .  T h e  e f f e c t s  o f  v a n  d e r  Waa l s  i n t e r a c t i o n s  on n u c l e a r  

s h i e l d i n g  c a n  b e  s t u d i e d  by m e a s u r i n g  t h e  d e n s i t y  d e p e n d e n t  s h i f t s  
i n  t h e  d i l u t e  g a s  p h a s e .  T h e s e  i n t e r a c t i o n s  l e a d  t o  = s h i e l d i n g ,  

i . e . ,  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t  o f  n u c l e a r  s h i e l d i n g  is n e g a -  

t i v e .  
shown i n  T a b l e  6 c o r r e l a t e s  w i t h  t h e  p o l a r i z a b i l i t y , e x c e p t  w h e r e  

e l e c t r i c  moments  g i v e  a d d i t i o n a l  c o n t r i b u t i o n s  t o  t h e  s e c o n d  v i r i a l  

c o e f f i c i e n t s  o f    hi el ding.^'-^'^^^ 
f o r  t h e s e  m o l e c u l e s  a r e  a l s o  r e p o r t e d  a s  a f u n c t i o n  o f  t e m p e r a t u r e  

- 
The  d e n s i t y  d e p e n d e n c e  o f  I 9 F  s h i e l d i n g  i n  t h e  m o l e c u l e s  

The  g a s - t o - l i q u i d  s h i f t  d a t a  
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22 Nuclear Magnetic Resonance 

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

d i l u t e  g a s  p h a s e ,  w i t h  a d d i t i o n a l  many-body s h i e l d i n g  e f f e c t s .  
__l_ll_-- 

T a b l e  6 Second v i r i a l  c o e f f i c i e n t  o f  I9F  n u c l e a r  s h i e l d i n g  i n  t h e  

p u r e  d i l u t e  g a s , 4 8 - 5 0 D 8 8  and  m o l e c u l a r  p o l a r i ~ a b i l i t y . ~ ~  
-- -- _I 

Gas T r a n g e ,  K a l  = l i m  ( a a / a p I T ,  ppb a m a g a t - I  a /10-25cm3 
P-*g 

CFH3 

CFZH2 
CF3H 

CF2HC1 

C F 3 C 1  
C F 3 B r  

C F 2 C 1 2  

CF4 

CFHC12 

CF31 
C F C 1 3  

C F 3 C N  

C F 2 = C H 2  

C F 2 = C F 2  

280-380 

30 0-38  0 
240-380 

270-410 
300-380 

220-380 

300-380 

350-380 
330-380 

340-380 
350-380 

300-380 

290-380 

270-350 

-13 .751  . a  
-4 .8+_1 . I  

-6 .850 .7  

-8 .620 .3  
-1 3 .650 .9  

- 1 5 . 7 t 1 . 8  

-21 .120 .6  

-21 - 6 2 1  - 4  

-16.821.7 

-24.0+,2.1 
-15 .821 .7  

-17 .2_+1.0  

-1 2.950.6 

-14.852.0 

2 . f i ~ l O - ~  [ T - 3 0 0 )  

6 . 7 ~ 1 0 - ~  ( T - 3 0 0 )  
1 . 4 ~ 1 0 - ~  ( T - 3 0 0 )  

4 . 5 ~ 1  O-' ( 1 - 3 0 0  1 

5 .  ~ x I O - ~  (T-300 ) 

26 .0  
26.5 

26.9 
2 7 . 3  

45 .4  
45 .8  

56 .6  

63.9 

6 4 . 3  
74.4 

82 .8  

40 .8  

41.7 

I n  C F 2 = C H 2 ,  a c o m b i n a t i o n  of  t h e  r e c e n t  I 9 F  s h i e l d i n g  d a t a  i n  t h e  

d i l u t e  g a s  and i n  t h e  l i q u i d 5 '  w i t h  t h e  p r e v i o u s  d a t a  f o r  i n t e r m e -  

d i a t e  d e n s i t i e s "  shows a n i c e  smooth  c u r v e  o f  I 9 F  s h i e l d i n g  vs. 

d e n s i t y  f r o m  t h e  z e r o - p r e s s u r e  l i m i t  a l l  t h e  way t o  t h e  400-amagat  

l i q u i d .  Such a c o m p a r i s o n  is made p o s s i b l e  by t h e  i n s i g n i f i c a n t  

( w i t h i n  e x p e r i m e n t a l  e r r o r )  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s e c o n d  

v i r i a l  c o e f f i c i e n t  o f  n u c l e a r  s h i e l d i n g  i n  t h i s  s y s t e m .  The many- 
body e f f e c t s  which  become i m p o r t a n t  a t  h i g h  d e n s i t i e s  a p p e a r  t o  b e  
o p p o s i t e  i n  s i g n  t o  t h e  two-body e f f e c t s .  A f i t  t o  a q u a d r a t i c  

f u n c t i o n  o f  ( d e n s i t y / a m a g a t )  g i v e s  ( a - a  I /ppm = - 0 . 0 1 5 4 ~  + 4.401 x 0 
10-6  p2.  

I n  t h e  F 2 = C F X  m o l e c u l e  t h e r e  a r e  3 i n e q u i v a l e n t  n u c l e i  which  
a r e  a t  d i f f e r e n t  d i s t a n c e s  f r o m  t h e  c e n t e r  o f  mass  o f  t h e  m o l e -  
c u l e :  
t h e  s u b s t m e n t X ) .  

F t r a n s ,  F , i s ,  Fgem ( l a b e l e d  by t h e i r  p o s i t i o n s  r e l a t i v e  t o  

When X = H ,  F t r a n s  is c l o s e s t  t o  t h e  c e n t e r  o f  - 
m a s s ,  f o l l o w e d  by Fcis and Fgem. When X = C 1 ,  Br, o r  I ,  F t r a n s  i s  - 1 
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1: Theoretical and Physical Aspects of Nuclear Shielding 23 

f a r t h e s t  f r o m  t h e  c e n t e r  o f  m a s s  f o l l o w e d  by FCis a n d  Fgem. 

v a l u e s  a r e  r e p o r t e d  f o r  t h e s e  12 f l u o r i n e  site?' 

t h a t  t h e  u1  f o r  t h e s e  3 s i t e s  i n  e a c h  m o l e c u l e  can b e  i n t e r p r e t e d  
i n  terms of t h e  n u c l e a r  s i t e  e f f e c t . R 8  I n  t h i s  m o d e l ,  t h e  d i s t a n c e  

o f  t h e  o b s e r v e d  n u c l e u s  f r o m  t h e  c e n t e r  o f  mass o f  t h e  m o l e c u l e  c a n  

be  t a k e n  i n t o  a c c o u n t  by a m u l t i p l i c a t i v e  f a c t o r  ( t h e  s i t s  f a c t o r  

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

t h e  c h a r a c t e r i s t i c  d i s t a n c e  p a r a m e t e r  ro o f  t h e  p o t e n t i a l  
A c c o r d i n g  t o  t h i s  m o d e l ,  t h e  3 n u c l e a r  p r o b e s  i n  t h e  m o l e c u l e  w i l l  

e x h i b i t  u,, v a l u e s  w h i c h  a r e  r e l a t e d  t o  e a c h  o t h e r  i n  t h e  same  
m a n n e r  a s  t h e  s i t e  f a c t o r s .  T h i s  i s  b a s e d  on two  a s s u m p t i o n s ,  t h e  

d o m i n a n c e  o f  t h e  d i s p e r s i o n  c o n t r i b u t i o n  and  a c o n s t a n t  p a r a m e t e r  B 

f o r  t h e  C-F bond  o f  a l l  3 s i t e s  i n  t h e  RBI3 mode l . "  I n d e e d  i t  i s  

f o u n d  t h a t  f o r  X = C 1 ,  B r ,  I, t h e  p l o t s  o f  e x p e r i m e n t a l  u 
g i v e  e x c e l l e n t  s t r a i g h t  l i n e s .  The  c o r r e l a t i o n  i s  n o t  n e a r l y  s o  

good  f o r  X=H, w h e r e  i t  is n o t  u n e x p e c t e d  t h a t  t h e  3 C-F b o n d s  c o u l d  

h a v e  d i f f e r e n t  8 p a r a m e t e r s  s i n c e  F t r ans  a n d  Fgem d i f f e r  i n  s h i e l d -  

i n g  by 107  ppm!93 

T h e  u1  
I t  i s  shown  

1 vs 

- 
The  same n u c l e a r  s i t e  e f f e c t  m o d e l  a c c o u n t s  f o r  t h e  o b s e r v e d  

0 0 d e n s i t y  d e p e n d e n c e  o f  t h e  i s o t o p e  s h i f t  u (0,) - u I H O l .  

g r e a t e r  m a g n i t u d e  of u 1  i n  D2 c o m p a r e d  t o  u1 i n  HD is d u e  t o  t h e  

l a r g e r  s i t e  f a c t o r  f o r  t h e  more  e x p o s e d  0 n u c l e i  i n  O 2  ( r e / 2  f r o m  

t h e  c e n t e r  o f  m a s s )  c o m p a r e d  t o  HD ( t h e  0 is r e / 3  f r o m  t h e  c e n t e r  

o f  m a s s ) . "  T h u s ,  t h e  d e n s i t y  d e p e n d e n c e  o b s e r v e d  by Recke t t  a n d  
C a r r , 9 4  -(0.059+0.0261 x ppm a m a g a t - I ,  i s  r e p r o d u c e d  by t h e  mo- 

d e l  w h i c h  g i v e s  a v a l u e  e q u a l  t o  -0 .049  x 

T h e  

ppm a m a g a t - I .  

E. A b s o l u t e  S h i e l d i n g  S c a l e s . -  The "0 a n d  t h e  3 3 S  a b s o l u t e  
s h i e l d i n g  s c a l e s  h a v e  r e c e n t l y  b e e n  d e t e r m i n e d . 9 a 9 5  

m o l e c u l a r  beam v a l u e  o f  t h e  s p i n - r o t a t i o n  c o n s t a n t  f o r  I 7 O  i n  Cfl  

t h e  I 7 O  a b s o l u t e  s h i e l d i n g  i n  Cfl i s  -42 .3217 .2  ppm. 

s h i e l d i n g  i n  s e v e r a l  m o l e c u l e s  i n  t h e  g a s  p h a s e  i s  s i m u l t a n e o u s l y  
o b t a i n e d .  The r e s u l t s  a r e  shown i n  T a b l e  7 .  T h e  33S a b s o l u t e  

s h i e l d i n g  s c a l e  is b a s e d  on G [ ~ ~ S  i n  O C S )  a n d  t h e  33S a b s o l u t e  
s h i e l d i n g  o f  o t h e r  m o l e c u l e s  b a s e d  on t h i s  a r e  a l s o  shown  i n  T a b l e  
7.95 S e v e r a i  a d d i t i o n s  t o  t h e  I 9 F  s h i e l d i n g  s c a l e  i n  t h e  f o r m  

o f  I 9 F  d a t a  i n  t h e  z e r o - p r e s s u r e  l i m i t  h a v e  b e e n  r e p o r t e d . 9 3  T h e r e  

a r e  a l s o  ' H  s h i f t  d a t a  i n  t h e  g a s e o u s  a l c o h o l s  i n  t h e  z e r o - p r e s s u r e  

l i m i t . 9 6  U n f o r t u n a t e l y  t h e  r e f e r e n c e  u s e d  is i n t e r n a l  TMS gas  w h i c h  

B a s e d  on t h e  

T h e  I7fl  
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24 Nuclear Magnetic Resonance 

has  n o t  y e t  been r e l a t e d  t o  'H i n  l i q u i d  H20 a t  298 K .  

T a b l e  7 A b s o l u t e  s h i e l d i n g  s c a l e  f o r  I 7 O  based  on o ( C 0 )  = -42.3+ 

17.2 ppm9 and  3 3 S  based  on o(0CS) = 8 4 3 t 1 2  ppm.95 

H2O ( g a s  1 
H 2 0 ( l i q . ,  293 K1 
C02(gas 1 
NNO ( g a s  1 
ocs ( g a s  1 
CO ( g a s  1 
OF2(gas 1 

344 .o OCS [beam) 

307.9 ucs 
243.4 H2S 

107.9 c s 2  

473.1 s02F2 

200.5 CH3SH 

-42.3 sF6 

(NH4)2S04 4.2m, aq.  

SflC12(223 K )  

so2 

843 

843 

752 

707 

581 

426 

290 

249 

25 

126 

aFor t h e  n e a t  l i q u i d  a t  295 K u n l e s s  o t h e r w i s e  s p e c i f i e d ,  n e g l e c t -  
i n g  t h e  OCS g a s - t o - l i q u i d  s h i f t  w h i c h  i s  e s t i m a t e d  t o  b e N - 5  ppm. 
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