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ABSTRACT

Combi nod t r a n s l a t i o n a l - r o t a t i o n a l  jumps in  two o r i e n t s t l o c a l l y  
o rde red  s o l i d s ,  a “CO and CD,, have  boon measured  u s in g  C** NMR,
I n  tbe  P*3 s t r u c t u r e  of  t h e s e  s o l i d s ,  s  m o lecu le  which jumps to  a n e ig h 
b o r in g  (p re s u m a b ly  v a c a n t )  s i t e  w i l l  r e o r i e n t ,  due to  the o r i e n t a t i o n a l -  
l y  o r d e r e d  s t r u c t u r e .

Tbe r a t e s  of  t r a n s l a t i o n  and r o t a t i o n  have been measured in d e 
p e n d e n t ly  by u s in g  d i f f e r e n t  NMR t e c h n i q u e s .  The r o t a t i o n s  were d e t e c t 
ed a t  h i g h  f i e l d  ( 1 4 .7 UHz} th ro u g h  th e  m o d u l a t i o n  of  t h e  chem ica l  s h i f t  
a n i s o t r o p y ;  s p i n  echoes  and s t i m u l a t e d  echoes  were used .  The t r a n s l a 
t i o n a l  jumps m odu la te  t h e  d i p o l a r  i n t e r a c t i o n s  and were s t u d i e d  a t  low 
f i e l d s  ( 1 .2 5 6  KBz) w i th  l i n e  n a r ro w in g  and S I i e h t e r - A i l i o n  slow m o t ion  
(T«h) e x p e r i m e n t s .  The r a t e s  of t r a n s l a t i o n s  and r o t a t i o n s  a g r e e ,  i n d i 
c a t i n g  t h a t  they  a r e  two a s p e c t s  of  one combined n o t i o n .

The s h i f t  a n i s o t r o p i e s  o f  a -p b as*  Ci , 0  and €**0,  
were found  t o  be 350 + 15 ppm and 325 + 15 ppm, r e s p e c t i v e l y ;  b o th  v a l 
ues  a re  it) good ag reem en t  w i th  p r e v i o u s  NMR measurem en ts .  Tbe jump 
r a t e s  o f  the combined m o t io n  in  b o th  m a t e r i a l s  obey th e  t h e r m a l l y  a c t i 
va ted  e x p r e s s i o n ;  w. = t  e x p ( -  Eft/kT) . The a c t i v a t i o n
p a r a m e te r s  a r e  E /k  * 2I0G E and *), = 2 X 1 G14 a” * fo r  u-CO 
end E j / k  "  6600 t  and at, = 2 X 1 0 11 a  ̂ fo r  C0a , The a c t i 
v a t i o n  e n e r g i e s  o f  a-CQ and 0 0 ,  f rom t h i s  s tu d y  ag ree  by c o r r e s p o n d 
ing s t a t e s  a n a l y s i s  w i t h  t h a t  found  p r e v i o u s l y  f o r  the asms m o t io n  in  
NjO, A l l  t h r e e  m o l e c u l a r  s o l i d s  b e lo n g  t o  t h e  f a m i ly  of  a o l l d a  com
posed o f  s m a l l ,  l i n e a r  m o l e c u l e s  w i t h  Pa3 c r y s t a l  s t r u c t u r e .  U n u su a l ly  
h igh  f r e q u e n c y  p r e f a o t o r t  ( u ( ) a r e  seen  in  a l l  t h r e e  s o l i d s  and a r e  
no t  u n d e r s t o o d .  The h ig h  p r e l e c t o r s  a r e  a l s o  shown to  appea r  i n  o t h e r  
m o l e c u la r  s o l i d s  such  as b enze ne  and ammonia.



COMBINED TRANSLATIONAL-ROTATIONAL JUMPS

SOLID a-CO AND C0Z



C l i i p U t  I  

INTRODUCTION

Nuclea r  magne t ic  resonance  (NMR) has  been ■ powerfu l  to o l  fo r  

c h a r a c t e r i z i n g  and measur ing s t r u c t u r e s  and m ot ions  In m o le c u la r  i c l i d i ,  

E q o m o u i  i n f o r m a t i o n  can be o b t a i n e d  from chemica l  s h i f t s ,  r e l a x a t i o n  

t i m e a n d  o t t e r  p r o p e r t i e s  c f t b e  resonance  s i g n a l s .  By way of t i i R -  

p l e .  t h e  e x i s t e n c e  of  o v e r a l l  m o l e c u la r  r o t a t i o n s ,  i n t e r n a l  r o t a t i o n ! ,  

and hydrogen  honda have been i n f e r r e d  from NMR. In  m o l e c u la r  s o l i d s ,  

t h e  o r i e n t a t i o n a l  freedom I n c r e a s e s  aa the c r y a t a l  i»  h e a t e d  up f r o n  low 

t e m p e r a t u r e .  The t a i n  in  o r i e n t a t i o n a l  freedom upon h e a t i n g  i t  o f t e n  

a s s o c i a t e d  w i th  a phpae change ( t r a n s i t i o n )  c a u s in g  the o r d e r e d  s o l i d  to  

become d i s o r d e r e d .  In the o r i e n t a t i o n a l  ly  d i s o r d e r e d  ( p l a s t i c )  c r y s 

t a l s ,  t h e  r e o r i e n t  a t i o n i l  and th e  t r a n s l a t i o n a l  mot ion* a r e  a l l  q u i t e  

f e a t  5  1 p aec  and v^r-TiB s  0 . 1  p s e c ) ;  the r a t e s

o f  t h e s e  mo'tlon* as w e l l  a t  the d e t a i l e d  changes  a t  the  o r d e r - d i t o r d e r  

t r a n s i t i o n  can be i n v e s t i g a t e d  by NMR, In most of  t h e  o r d e r e d  m o le c u la r  

a o l i d s ,  however,  t h e  t r a n s l a t i o n a l  motion Is  too slow to  be d e t e c t e d  by 

NMR and on ly  the r o t a t i o n a l  motion  can be s t u d i e d .  I t  i s  o n ly  a f t e r  tbe 

dove lopement of  th e  slow n o t ion  te c h n iq u e *  (S1164.  A1171. Loodtf, Jee67> 

t h a t  t h e  t r s n s l a t i o n a l  d i f f u s i o n  in  o r i e n t a t l o n s l l y  o rd e re d  m o le c u la r  

s o l i d s  cou ld  be s t u d i e d .  Repor ted  he re  are measurements  o f  d i f f u s i o n s !  

m o t io n  in  two o r i e n t a 1 1 on*lly  o r d e r e d  s o l i d s ,  namely (t-CO and COa , 

u s i n g  C1* NMR.

-  2 -
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The d l i t o n i c  m o l e a u le s  N, end CO end t r i a t o m l c  n o l i o v l e i  

N,0 end C0a for® a f am i ly  of s i m i l a r  m o l e c u l a r  s o l i d s  {TolSO,

ParTB) , Na and CO, end Nt O and C0a e r e  i a o c i e c t r o n i e  p a i r s .  All  

f o u r  m o l e c u l e s  e r e  L in ea r  w ith  e n d - f o r - e n d  symmetry ( o r  n e a r l y  id )  , 

Both Na e n d  C0a h ave  a e ro  e l e c t r o n i c  d i p o l e  moment end t h e  e n d - f o r -  

end ey mane t r y  of  th e  m o l e c n le e  (NN end  0C0) la  r e a d i l y  e e e n .  

M o le c u le s  CO and N4D (NNO) bo th  p o a i e t s  e s m e l l  d i p o l e  moment, The 

d i p o l e  momenta of  CO end Nt 0  e r e  *o im ell  t h a t  t h e i r  o r i e n t i n *  i n f l u 

ence ia  n e g l i g i b l e  In th e  s o l i d s  (Mclri4); t h e  a to n e  in  t h e a e  two mol

e c u l e s  e r e  a p p r o x i m e t e l y  the same s ixo  and m oreove r  t h e  two bond l e n g t h s  

o f  NjO e r e  n e a r l y  e q u a l .  At l i s t e d  in  T ab le  1, e l l  o f  t h e  m o l e c u le s  

have f a i r l y  l a r g e  n e g a t i v e  q u a d r u p o le  momenta (StoGrf}. I t  h a t  been  

■homn ( to h d O ,  N ig60 ,  Mel64) t h a t  t h e  e n i a o t r o p l c  m o l e c u l a r  i n t e r a c t i o n s  

i n  e l l  f o u r  ay atoms a r e  the e l e c t r i c a l  qua d r u p o l e - q u a d r u p o l e  end th e  a n -  

i t o t r o p i c  p a r t i  of  th e  m o l e c u la r  r e p u l s i o n  end d i s p e r s i o n  (van der  V a a ia  

a t t r a c t i o n ) .  The q u ed ru p o le  a o a e & t i  of NaO and C04 a r e  l a r g e r  t h a n  

th o s e  o f  CQ and N j ,  end e f f e c t i v e l y  p r e v e n t  m o l e c u l a r  r e o r i e n t a t i o n  i n  

th e s e  s o l i d s .  Hence ,  s o l i d s  N^C (BlulS) and COa (G ie lT )  e x i s t  i n  

on ly  one ph ase  each  a t  e l l  t e m p e r a t u r e s  e t  e q u i l i b r i u m  ( a e r o )  p r e s s u r e .  

S o l i d  N4 and CO, on th e  o t h e r  h a n d ,  c r y s t a l l i z e  in  two s t a b l e  p h a s e s  

(a  and p) e t  e q u i l i b r i u m  vapor p r e s s u r e  C<j1s33, Sco76,  C l a 3 2 ) ,

The c r y s t a l  s t r u c t u r e  o f  the low t e m p e r a t u r e  s o l i d s  n-Nj 

and n-CO a r e  the same as  th o s e  o f  s o l i d s  N , 0  and  C04 . The  s o l i d s  

a r e  a l l  p r i m i t i v e  c u b i c  in  s t r u c t u r e  b e l o n g i n g  t o  space  g ro u p  Pa3 (an  

o r i e n t a l i o n a l l y  o r d e r e d  fee l a t t i c e ,  i d e n t i c a l  w ith  t h e  f e e  form of  

f l*); t h e r e  has b eeo  c o n s i d e r a b l e  d i s c u s s i o n  (Pa r78)  as t o  w h e th e r  t h e



TABLE 1

M o le c u la r  P r o p e r t i e s  of  CO, CO^, and N^O

0 0  Ns 0 0 a NjO

M o l e c u l a r  W e ig h t
( g / i i o U )  I B . 0 1 0  2 8 , 0 1 6  4 4 , 0 1 1  4 4 . 0 1 6

T r i p l e  P o in t
Tem perature  (E) 68 .09*  6 3 . l 4 b 2 1 6 , 56c 1 8 2 .3 d

-p T r a n s i t i o n
Tem pera tu re  (E> 61 .55*  35 .61

D ipo le  Moment* 0 .1 1 2  0  0 0 .166
{X 1 0 *® e s u .c u )

Quadrupole Moment* - 2 . 5  - 1 . 5 2  - 4 . 3  - 3 , 0
( X  1 0 S" e s u . c i i 2 )

Low Tem perature  Pa3^ Pa3* Pa3* Pa3^
S o l i d  S t r u c t u r e  (n -0 0 )  (a -N a )

p -phase^
S t r u c t u r e  hep  hep

*Ref.  C la 32 .  L e a 6 2 . 
cR e f , G ie37 ,  New62,
* R e f . S t o 6 6 .
»Bef,  Sco76.  P a r ? 8 ,

bRef .  G ia 3 3 , D in62 .  
dR ef .  B lu35 ,  A ta74 .  
*Ref . Pa r78 ,  Sne24.
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s t r u c t u r e  o f  a-Ni I s  Pa3 or  P 2 j3 ,  The P l j3  s t r u c t u r e  i i  d e r i v e d  

f r o «  tb s  Pa3 s t r u c t u r e  by s l i g h t l y  d i s p l a c i n g  th e  m o le c u la r  c e n t e r s  

a long  tb e  cub* d i a g o n a l  ( ! , « •  t b e  m o le c u la r  s i c s ) .  One e x p e c t s  from t h e  

s i m i l a r i t i e s  of m o l e c u l a r  p r o p e r  t i e  a end c r y s t a l  s t r u c t u r e *  t h a t  tb e ae  

s o l i d s  obey aone h i n d  of c o i r e s p e n d i n g  a t e t a a  r e l a t i o n  (ToISO) j n a t  e r  

t b e  f am i ly  of  c l a s s i c a l  r a r e  gas s o l i d s  (Cha7?j Bon72> Cow76),

The pbeae  d iagram o f  ca rbon  no n o i l  do i t  v e r y  s i m i l a r  t o  t h a t  o f  

n i t r o g e n .  S o l id  N, l a  known t o  have a high p r e s s u r e  y -pha i*  (Swe55, 

M1169, Sch70) which e x i s t s  above  3 . 5  kbar  a t  low t e m p e r a t u r e * For  a o l l d  

CO. no h igh  p r e a a o r e  pbaae haa been found { S te 5 7 > Sch70> Ra i71)  . At 

e q u i l i b r i u m  vapor p r e a t n r e ,  t h e  pha te  t r a n s i t i o n  t e n p e r a t u r e  (Top) o f  

l o l i d  N2 (Tap -  3 5 . 5  K) i t  s m e l l e r  th a n  t h a t  of a o l i d  CO (Tap =

61 .55  £)  due to  t h e  f a c t  t h a t  the qnadrupols  moment of  Nt i t  s m a l l e r

( P a r 7 0 ) . Above T a p . t h e  a o l i d  0 -0 0  (61 .55  < T < 6 8 . 1  t )  I t  an o r i e n -

t a t i o t i a l l y  d i s o r d e r e d  ( r o t o r )  c r y s t a l  (LiBl)  . l t k e w i a e  fo r  ft-Nj (35 .4

< T < 63.1 K) ( S t r 6 2 )  . The 0 -p b ese  a o l l d i  i l l  have hop c r y s t a l  s t r u c 

t u r e s  (Veg34, J o r 6 4 .  ParTR) w i t h  n e a r l y  ide a l  bu t  ( l i g h t l y  t e n p e r a t u r e  

dependent  c / a  r a t i o  (c/**= 1 .6 3 4  f a r  CO and 1 .633  f o r  N4) ( L i B l ,

Sco76> . The o c c u r r e n c e  of  t h e  c lo a e -p a a k e d  l a t t i c e  (hep or f e e )  la  com

mon among r o t o r  ( p l a s t i c )  c r y a t a l i  (She79,  Par7B>■ Rapid m o l e c u l a r  r e o 

r i e n t a t i o n *  (on th e  o r d e r  o f  =; 10*^ *~^) in t h e  p-C£> (LiBl)  and 

f -N j  (Sco76,  Dovfl4) have b een  i n v e s t i g a t e d .  T ran s  1 a t i o n e  1 d i f f u s i o n  

in  l i q u i d  ( F u l l ) ]  and 0-00 (Ftth.77) a r e  a l i o  q u i t e  f a s t ,  but s lo w e r  than  

tb e  r o t a t i o n s .

S o l id  c a rb o n  d io x i d e  Is  known (Gia37.  New62) to  a e l t  a t  216.56 

C w i t h  a h igh  vapor  p r e s s u r e  (5 .112  a tm a ) .  S o l i d  GO* e x i s t s  i n  only
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one phase a t  a l l  t e m p e r a t u r e s  under e q u i l i b r i u m  vapor  p r e s s u r e ,  s i m i l a r  

t o  a o l i d  M,0 (Tfc = 182,4 E) (Cow7d) . No o t h e r  phaaea  of  C04 have 

been found up to  10 kba r  above 77 E (S teJ7 )  .

As Mentioned abovej t h e  s o l i d  phaaea of q-N*,  a-CO,

COt , and NtO a l l  have the l i n e  (P*J) c r y s t a l  s t r u c t u r e .  In a PaJ 

s t r u c t u r e ,  t h e re  e r e  four m o l e c u le s  p e r  u n i t  c e l l  and th e  l a t t i c e  ( f e e )  

I s  composed of  fou r  i n t e r p e n e t r a t i n g  simple c u b ic  s u b l e t ! i c e s , A l l  mol

e c u l e *  on any one s u b l a t t i c *  a r e  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  each  o t h 

e r ,  ly ing  along one of  the fou r  body d i a g o n a l s  of  the  cube ( F i g . l )  .

A g iven  molecule  ha* 12 n e a r e s t  n e i g h b o r s ,  none b e lo n g in g  to  the  sane 

s n b l a t t i c e  as the  g iv e n  m o le c u le .  As a consequence ,  a tool s c a l a r  t r a n s 

l a t i o n a l  Jump s h o u ld  be accompanied by a r o t a t i o n a l  jump. S p e c i f i c a l l y ,  

i f  a given molecu le  Jumps o n to  a p r e v i o u s l y  v a ca n t  n e ig h b o r in g  s i t e ,  i t  

■ i l l  f ind  i t s e l f  on a new s u b l a t t i c e  and w i l l  r e o r i e n t  a c c o r d i n g l y  

th rough  the t e t r a h e d r a l  ang le  ( 7 0 .5 °  or  1 0 9 . 5 ° ) .

A p a r t i c u l a r  h ind  of  o r i e n t a t i o n a l  d i s o r d e r  remains  i n  n-CO 

and N,0 s o l i d s ;  h e a d - t a i l  d i s o r d e r .  C a l o r i m e t r l c  s t u d i e s  found t h a t  

b o th  s o l i d s  p o s s e s s  r e s i d u a l  e n t ro p y  AS s: k ln2  per  m o le c u le  a t  

low te m pera tu re  (Blu35,  Cla32 ,  A t* 7 4 ) .  The m o le c u le s  of  CO and N,0 

a r e  n ea r ly  symmetric head f o r  t a i l  so the  m o l e c u le s  a r c  randomly o r i e n t 

ed head f o r  t a i l  a t  h igh  t e m p e r a t u r e s .  I t  was f u r t h e r  supposed t h a t  th e  

m o lecu la r  r e o r i e n t a t i o n  r a t e  wr  becomes v a n i s h i n g l y  smal l  a t  t em pera 

t u r e s  low enough t o  cause h e a d - t a l l  ( d i p o l a r )  o r d e r i n g  of  t h e s e  b a r e l y  

asymmetric m o l e c u l e s .  D i e l e c t r i c  measurements (Nar#2> as w e l l  as an 

0 1T NME l i n e  w id th  s tudy  (Bro84) found t h a t  the  r a t e s  e x t r a p o l a t e  to 

one mean r e o r i e n t a t i o n  in t imes  o f  o r d e r  one hour  a t  t e m p e ra tu r e *  w e l l
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F igure  1: The Pa3 l a t t i c e  t t r n c t u r e  {Pe*7&) of  a-CO, a-Nl t
0 0 1 . and N,0  »o l i<U .  The lad** o n b t n  
r a p t e a e n t  fou r  l n t « r p * n e t e a t i n t  t l top l*  c a b l e  
t u b - l a t t i c e *  *
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Above tbe  p r e d i c t e d  d i p o l a r  o r d e r i n g  t e m p e r a t u r e s  f o r  b o th  CO ta d  NaO 

s o l i d s ,  For a-CO ta d  NiO s o l i d s ,  t h e  h e a d - t e i l  d i s o r d e r  c h a r a c t e r 

i s t i c  of h igh  t e m p e ra t u r e  i t  l o c k e d  i n  k i n e t l u a l i y  t t  Low t e m p e r a t u r e s  

<T <, IT £ For CO t a d  T < 112 £  f o r  NjO? ( N a r S i ,  Ate7d) . The n o l e o v l e  

CO, i t  l i n e a r  t o d  symmetric about  i t e  g e o m e t r i c  c e n t e r ,  Thu* the  

h e t d - t t i l  r e o r i e n t a t i o n s  p r e s e n t  La t o l l d  a-CO t n d  N,0 i r e  a b s e n t  

in  CO, (o r  t t  l e t e t  no t  d e t e c t a b l e  w i th  d i e l e c t r i c  t e c h n i q u e s ) .

Combined t r a n s l a t i o n a l - r o t a t i o n a l  jumps,  t h e  ( a b j e c t  of  t h l i  

s tu d y ,  c tn a o t  be d e t e c t e d  d i e l e c t r i c a l l y  in  t o l l d  a-CO b e c a m e  much 

f i t t e r  h e e d - t i i l  f l i p s  (Nar82) i r e  o c c u r l n g  a i m u l t t n e o u i l y . S o l id  CO, 

h a t  ae ro  d ip o l e  u o n e n t ,  to  t  d i e l e c t r i c  s t u d y  l i  n o t  a p p l i c a b l e .  

However, tbe  combined jump a can be d e t e c t e d  w i t h  NMR. The t r a n s l a t i o n a l  

tnd  r o t a t i o n a l  jomp r a t e a  c t n  be s e p a r a t e l y  d e t e r m i n e d .  The r o t a t i o n *  

were d e t e c t e d  a t  h i g h  f i e l d  by t b e l r  e f f e c t  on chem ica l  i b i f t  a n i s o t r o 

p y ,  a* obaetved  w i t h  l i n e s h a p e s ,  a p i n  e c h o e s ,  and s t i m u l a t e d  echoea .  

The t r a n a l a t i o n a l  jump r a t e  wat d e t e r m in e d  a t  low f i e l d  th rough  th e  mod- 

□ l a t i o n  of the i n t e m o l e c u l a r  d i p o l e - d i p o i e  i n t e r a c t i o n s ,  o b s e rv e d  by 

l i n e  nar rowing and  th e  S l i e h t e r - A i l i o n  alow m o t io n  expe r im en t  <T1 D> 

fSH64> A11T1) , Et w i l l  be ahown t h a t  t h e  two jump r a t e a  s e p a r a t e l y  

me a stircd in  t h i s  way are e s s e n t i a l l y  e q u a l ,  as  e x p e c t e d  f o r  the combined 

motion.

Thia t e c h n i q u e  was no t  a p p l i e d  t o  s o l i d  n-N, because  the 

a —(J t r a n s i t i o n  of  N* o ccu r s  a t  such a low t e n p e r a t u r e :  t h e  t r a n s l a 

t i o n a l  d i f f u s i o n  would l i k e l y  be too  alow t o  be d e t e c t e d .  In t h e  c t a e  

of  s o l i d  14,0, Nl f  NMR measurements  (Dov83) i n d i c a t e  t h a t  r e o r i e n 

t a t i o n  th rough an  ang le  s u b s t a n t i a l l y  d i f f e r e n t  from 1 8 0 ° occura  in
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■olid  N ,0 ,  This  r e o r i e n t a t i o n  canno t  be t h e  h e a d - t a i l  f l i p s  which 

occur i n  s o l i d  CO, bu t  i s  p r o b a b l y  das t o  t b e  combined t r s n s l s t l o n s l - r o -  

t a t i o n a l  jumps,  NHR measurements  of  t r a n s l a t i o n a l  d i f f u s i o n  i n  benzene  

(Gul83) and ammonia (Pov85) b a r e  a l s o  been i n v e s t i g a t e d  in  t h i s  l a b o r a 

t o r y .  S i m i l a r  t h e r m a l l y  a c t i v a t e d  d i f f u s i o n  m o t io n s  w i t h  u n u s u a l l y  h igh 

f r eq u en cy  p r e f a c t o r s  were o b s e r v e d .  These w i l l  be compared t o  tbe 

a-CO and CO, d a t a  of  t h i s  r e p o r t ,  and q u a l i t a t i v e  d i s c u s s i o n  as w e l l  

as q u a n t i t a t i v e  compar ison  w i l l  a p p e a r  in  C h a p te r  V.



C h a p t e r  I I  

E1PEEIMENTAL PROCEDURE

2 . 1  N U  SPECTROMETER

An NKR s p e c t r o m e t e r  I t ,  t o  some e x t e n t ,  an analogy of  a r a d i o  

b i o i d c n t i D i  s y s t e m .  Three  a t j o r  component* e r e  invo lved ,  namely ■ r a 

d i o  t r  an tn  I t  t e r , «□ a n t e n n a  ( o r  t r a n s d u c e r ) ,  end a r ad io  r e c e i v e r .

The b l o c k  d ia g ra m  o f  t h e  c o m p u t e r - c o n t r o l l e d  pul ted NHR spec

t r o m e t e r  I t  shown In  F i g . 2 .  A b r i e f  i n t r o d u c t i o n  to e t ch  of  t h e  major 

component* o f  t h e  s p e c t r o m e t e r  w i l l  be g iv e n  i n  t h i a  s e c t i o n ,  Th ia  p a r 

t i c u l a r  s p e c t r o m e t e r  i a ,  in  many a s p e c t * ,  s i m i l a r  to  t h a t  p r e s e n t e d  in  

R e f .  E1171 and more d e t a i l e d  d i s c u s s i o n  can be  aeen t h e r e i n .

2 . 1 . 1  M a m e t  i s d  H a m e t i o  EifiLd C o n t r o l

A V a r i a n  V-4012A b lg b  impedance  e l e c t r o m a g n e t  wti  u sed .  This  

w a t e r - c o o l e d ,  I r o n - c o r e  magnet  b e t  a p a i r  o f  p o l e s  ( 1 2  inches  i n  diame

t e r )  s e p a r a t e d  by a gap  o f  a b o u t  1 .75  l n o h e a .  An a i r - c o o l e d ,  e n r r e n t -  

r e g n l a t a d  magnet  pow er s u p p ly  (V— 2 1 Q0 B) f u r n i s h e s  power tc  t h e  magnet .  

At maximum c u r r e n t  ( 2  amps) ,  t h e  magnet  g e n e r a t e s  a f i e l d  s t r e n g t h  of  15 

k i t o - g a n s s .  I n  o r d e r  t o  e s t a b l i s h  long  term f i e l d  s t a b i l i t y ,  a hone- 

made NMR f r e q u e n c y  l o c k e r  was used  in  c o n j u n c t i o n  with  a V s r l a n  V-K3306 

f l t u - a t a b l  1 i s e r .  The m a g n e t i c  f i e l d  c o n t r o l l i n g  ly i tem i s  ahown sche

m a t i c a l l y  in  F i g . 3 .

-  10  -
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Long t a r n  f i e l d  s t a b i l i t y  la  e s t a b l i s h e d  us ing1 t h e  NMR f r e q u e n 

cy l e c t o r ,  Tb» NMR frequency  lo c k e r  i t t a l f  la  i  m a l l  NMR s p e c t r o m e t e r * 

A d e t a i l e d  d i s c u s s i o n  o f  the NMR f req u en cy  locke r  h a t  b ean  p r e s e n t e d  b e 

f o r e  (EtchS3) and w i l l  no t  be g iv e n  h a r e .  B a s i c a l l y ,  t h e  NMR lock  s i g n a l  

i s  o b t a i n e d  from the  l o c k  sample boa p la ced  near  t h e  c e n t e r  of the n a g -  

n e t  ( j o t t  ou t  aide  the exper Jmental  d o w e r ) .  The lo c k  a m p l e  boa u s u a l l y

c o n t a i n s  a l i q u i d  ■ t u p l e  of a b o r t  T^ ( e . g .  F 1* In doped C*F( ;

~ 2 0  b i )  and a t i t ik  c i r c u i t  ta iled  to the d e t i r e d  f r e q u e n c y .

The NMR l a c k e r  d e t e c t *  m y  small  magne t ic  f i e l d  change  eg a change in  

th e  t i m e -a v e ra g e d  NMR a igna l  from the  lock  temple;  an e r r o r  s ig n a l  i*  

f e d  back to  th e  f l u x - s t a b i l i i e r ,

The f l n x - s t a b i l l z c r  b a t  two p a i r *  of  Helmholtz c g l l i  ( F i g . 3 ) ,  

namely the  p i c k - u p  c o i l *  and th e  back out  c o i l s ,  p l a c e d  a t  bo th  t i d e s  o f  

t h e  magnet p o l e a .  The p ic k -u p  c o i l t  and th e  buck o u t  c o i l  a a r e  p a r t s  o f  

a n e g a t i v e  feedback  loop  which can c e l  a ( o r  removes) s m a l l  f l u c t u a t i o n *  

o f  the m a g n e t ic  f i e l d .  Par t  o f  the feedback  a ig n a l  from th e  s t a b i l i z e r  

i s  a l s o  s e n t  to  the  magnet  power supp ly .  In s h o r t ,  t h e  f 1 u x - t t a b i l l i e r  

s e r v e d  t o  p ro v id e  s h o r t  term f i e l d  s t a b i l i t y  ( t h a t  i s  i t  t e n s e s  d0 / d t  

and  thus  canno t  p rov ide  l o n g - t e rm  s t a b i l i t y ) .

A p a i r  of shim c o i l s  ( F i g . 3) connec ted  to  t h e  f i e l d  homogeneity

c o n t r o l  u n i t  t e rv e d  to  improve f i e l d  homogeneity i f  d e s i r e d .  Magnetic 

f i e l d  inhom ogene i ty  p roduces  f i e l d  g r a d i e n t s  which r e s u l t  in  the  b r o a 

d en in g  of  t h e  NMR l i n e .  The shim c o i l s  and the  f i e l d  homogeneity  con

t r o l  u n i t  e s s e n t i a l l y  produce a r e v e r s e  g r a d i e n t ,  c a n c e l l i n g  the  f i e l d  

g r a d i e n t  of  the  magnet  i t s e l f .
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2 . 1 . 2  F r O t a  1D ^ M a t o h l n f  H t t t c t l

The NMR p ro b e  c o n s i s t s  o f  ■ NMR c o l l  I n  a t e n t  c i r c u i t  w i t h  a 

m a tch in g  network t o  the t r a n s m i t t e r  end th e  r e c e i v e r .  The m a jo r  r o l e *  

o f  th e  probe Are: f i r s t .  i t  d e l i v e r s  t r a n s m i t t e r  power ( In  th e  f o r a  of 

o s c i l l a t i n g  m a g n e t i c  f i e l d  f l j )  t o  t h e  sample u n d e r  s tu d y ;  s e c o n d l y .  I t  

p i c k *  up th e  NHH s i g n a l  I ro n  th e  a m p l e  ( p r o c e s s i n g  m a g n e t i s a t i o n )  aod

■ c a d s  I t  to  t h e  r e c e i v e r .

Since a t y p i c a l  t r a n s m i t t e r  o u tp u t  s i g n a l  1< in  th e  h u n d r e d s  of  

v o l t *  range , and t h e  r e c e i v e r  on t h e  o t h e r  hand I t  d e s i g n e d  t o  r e c e i v e  

and  t w p l i f y  s i g n a l *  in  the m i c r o v o l t  r ange ,  one m ut t  i s o l a t e  t h e  t r a n s 

m i t t e r  end the r e c e i v e r  fro® each  o t h e r  to  p r e v e n t  th e  r e c e i v e r  f r o m  b e 

ing  o v e r lo a d e d  o r  d e s t r o y e d .  T ha t  i a ,  one i s o l a t e s  the  r e c e i v e r  when 

th e  t r a n s m i t t e r  i s  on and v i c e  v e r s e .  This  i s  so  c a l l e d  " d u p l e x i n g " .  

The s i n g l e  c o i l  d u p l e x i n g  scheme h a s  been used  i n  t h i a  s tu d y  due t o  th e  

H a l t e d  p h y s i c a l  space  in  ou r  low t e m p e r a t u r e  a p p a r a t u s  and a l s o  due to  

i t s  s i m p l i c i t y .  The o t h e r  way o f  a c c o m p l i s h i n g  d u p l e x i n g  i s  t o  use  th e  

c r o s s - c o i l  scheme (F u h B l ) .  T h i s  method u ses  two s e p a r a t e  c o i l s  f o r  th e  

t r a n s m i t t i n g  and r e c e i v i n g  f u n c t i o n s .  A l though  t h i s  scheme p r o v i d e s  

good Ef̂  homogeneity  and f a s t  r e c o v e r y ,  c a r e f u l  a l i g n m e n t  o f  t h e  c o l l s  

h a s  to  be made and t h e  probe  c o n s t r u c t i o n  i s  more c o m p l i c a t e d  and  b u l k i 

e r  .

Crossed  d i o d e s  (two p a r a l l e l  d io d e s  p o i n t i n g  i n  o p p o s i t e  d i r e c 

t i o n s )  a r e  commonly used t o  a c c o m p l i s h  d u p l e x i n g  b eca u se  th e y  a c t  l i k e

■ w i t c h e s :  they  t u r n  on (low impedeoce , a few ohms) f o r  l a r g e  s i g n a l s  and 

t u r n  o f f  (h igh  im pedance ,  e s s e n t i a l l y  j u s t  t h e i r  c a p a c i t a n c e )  f o r  smal l  

s i g n a l * .  T h e r e f o r e ,  by c o n n e c t i n g  a se t  of  c r o s s e d  d io d e s  i n  s e r i e s
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w ith  the  t r a n s m i t t e r  and by p u t t i n g  a n o th e r  ca t  in  shun t  b e f o r e  t h e  r a 

ce i r e r  p r e a n p l i f i e r  ona can d e co u p le  the t r a n s m i t t e r  and th e  r e c e i v e r .

Urn ta n k  c i r c u i t  used  i n  the  probe i s  a p a r a l l e l  r e s o n a n c e  LC 

c i r c u i t .  A p a r a l l e l  r e s o n a n c e  c i r c u i t  i s  a h ig h  impedance ta n k  c i r c u i t  

w i th  the  re sonance  c o n d i t i o n  of  u> LC = 1 {Rah?5) , where u i s  In 

t i n e s  the  r e s o n an ce  f r e q u e n c y  ^f ^ 11 l ^ n c t a n c e  ° f  NMR c o l l ,

end C I s  the  v a lu e  of t h e  c a p a c i t o r  in  p a r a l l e l  w i t h  the  c o i l .  The 

q u a l i t y  f a c t o r  Q of  the  t a n k  c i r c u i t  i s  d e f i n e d  as Q H wL/ft> where ft 

i s  the  r e s i s t a n c e  of  the c o l l .  A t y p i c a l  NMR c o i l  h a s  a 0 of  100 or  

more ,

For t h e  e x p e r i m e n t s  r e p o r t e d  he re  d i f f e r e n t  c o i l s  were wound 

f o r  e x p e r i n e n t a  a t  d i f f e r e n t  f r e q u e n c i e s .  For  g i v e n  fg and C ( t y p i c a l l y  

"  150 p f ) , one can c a l c u l a t e  t h e  Induc tance  needed t o  s a t i s f y  the  r e -  

sonance c o n d i t i o n  u LC=1. The NMR c o i l s  of  d e s i r e d  v a l u e  of  i n d u c 

tance  ( In  m ic ro -h e n ry )  can be wound us ing  th e  fo rm u la  (Rah75):  L -  

n ^ r1 / ( 9 r  + lOd).  where n i s  t h e  number of t u r n s  of  the  c o i l  and r . d  a r e  

the r a d i u s  and th e  l e n g t h  of  t h e  c o i l  {both in  i n c h e s ) ,  r e s p e c t i v e l y .  

The c o l l  induc tance  a n d / o r  t h e  impedance of  t h e  t a n k  c i r c u i t  i s  measured 

us ing  an impedance m e t e r .  T y p i c a l l y ,  the  p a r a l l e l  re sonance  ta n k  c i r 

c u i t  has an impedance v a l u e  of Z = QuL -  5000 0 .

Since the  o u tp u t  of the  t r a n s m i t t e r  and th e  inpu t  of  the  r e 

c e i v e r  both  have impedances o f  50 (1, an impedance matching  ne twork  i s  

n e c e s s a r y  t o  coup le  the  h ig h  Impedance tank  c i r c u i t  to  the  t r a n s m i t t e r  

and the  r e c e i v e r .  Two k in d s  of  impedance m a tch ing  schemes a r e  f r e q u e n t 

ly used .  One of  the  impedance match ing  schemes i s  t o  use c a p a c i t i v e  

c o up l ing  (Cro76,  KanflO); t h i s  r e q u i r e s  two c a p a c i t o r s :  one i n  p a r a l l e l .
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the  o th e r  In a e r i e s  to  the t e n t  c i r c u i t .  The o t h e r  Lnpedance m a tc h in g  

scheme I t  t o  u t*  t r a n s f o r m e r  coopl  i n i  aI  the t r a n s m i t t e r  end t h e  t i n t  

c i r c u i t }  we have a h ig h  i n p u t  impedance preamp t o  no match ing  on th e  

p r e e n p  i t  u t e d .  A f i e l d - e f f e c t  t r a n s i s t o r  (FET) Q swi tch  (Con77) i t  

u te d  to  reduce th e  b l o c k i n g / r e c o v e r y  t i n e  of the r e c e i v i n g  a p p a r a t u s  in  

t h e  lew f requency  e x p e r i m e n t s .

Severa l  o t h e r  c o n s i d e r a t i o n s  have to  be made when c o n s t r u c t i n g  

an NMR p ro b e .  A good NMR probe t h o u l d  not give  r i t e  to  s p u r i o u s  a i g -  

n t l t . such a t  a c o u a t l c  co l )  n o l l e  (or  “ co i l  d i s e a s e " ) .  s t r a y  a p i n  

s i g n a l s ,  p i e z o e l e c t r i c  s i g n a l s  and  p ic k -u p  of r f  i n t e r f e r e n c e  e m i t t e d  by 

th e  d i g i t a l  equ ipm ent  in  the Lab. U su a l ly ,  p r o p e r  a e l e a t i o n  and i n a t a l -  

l a t i o u  of p a r t s  u s e d  in  c o n t r a c t i n g  the  probe p r e v e n t s  such s p u r i o u s  

s i g n a l s .  For exam ple j  c e r t a i n  c a p a c i t o r s  which g i v e  r i s e  to  p i e z o e l e c 

t r i c  s i g n a l s  s h o u l d  no t  be u a a d .  Other*  l ik e  t h e  a c o u s t i c  c o l t  n o i s e  

can be minimized by winding th e  r f  c o i l  to  f i t  s n u g l y  to  the s e n p l e  

c e l l .

Before e a c h  e i p e r i n e o t .  p r o p e r  p ro c e d u re s  were t aken  t o  check 

f o r  s p u r ious  s i g n a l s ,  Sometimes,  improvements i n  grounding  and f i l t e r 

ing were made to  remove n u n - c o h e r e n t  n o i s e  a nd /o r  sp u r io u s  s i g n a l  a ,

2.1 .3  Transmitter u j  RE E M 1 4

The t r a n s m i t t e r  is  composed of  an r f  f r e q u e n c y  s o u r c e > a p u l s e  

g e n e r a t o r  and an r f  a m p l i f i e r  t o  am p l i fy  the r f  t r a n s m i t t e r  a i g n a l  to  

th e  d e s i r e d  l e v e l  ( t y p i c a l l y  s e v e r a l  hundred v a t t a  peak power) ,

A G enera l  Radio type  l l t idA  coheren t  f r e q u e n c y  s y n t h e s i z e r  1s 

t h e  r f  source  of  o o r  s u p e r - h e t e r o d y n e d  pu lse  s p e c t r o m e t e r .  The s y n t b e a -
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iz e r  haa a s t a b l e  ” c l o c k  ” and an o p e r a t i n g  range  of  0 .0 1  HHx to 70 

MHz. The r f  phas ing  and g a t i n g  a r e  a l l  dona a t  t h e  30 MHz IF ( I n t e r m e 

d i a t e  f r eq u en cy )  ua ing  th e  f i x e d  30 HBi o u t p u t  of  the  s y n t h e s i z e r .  Th i s  

a i g n a l  i s  t h e n  h e t e r o d y n e d  t o  the  o p e r a t i n g  f r e q u e n c y  by mix ing  a g a i n s t  

the  a y o t b e a i z e r  ou tpu t  ( a t  f Q + 30 MHi). The r e u n i t i n g  p h a s e d  and g a t e d  

r f  l a  a t  the  d e s i r e d  f r e q u e n c y  fg ( t e a  F i g , 2 ) ,

A ENI model A300 r f  a m p l i f i e r  { c l a s s  A; i . e .  o u t p u t  power i s  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  i n p u t  power) i s  used  to  b o o s t  t h e  r f  s i g 

n a l ,  The f i n a l  t r a n s m i t t e r  o u tp u t  power i s  300 w a t t s  ( -  35 dBm). The 

number of dBm (Bah7S) i s  10 X lo g (P ^ /P ^ )  where Pf i s  t h e  o u tp u t  power

and Pj i s  1 mV (a f i x e d  r e f e r e n c e  v a l u e ) .

An assembly  of  h o m e -b u i l t  p u l a e  g e n e r a t o r s  was u s e d  i n  t h e  ex

p e r im e n t s .  P u l s e  l e n g t h s  a n d / o r  p u l s e  t i m in g s  may be c o n t r o l l e d  manual 

ly or by a m ic ro co m p u te r ,  A 90* p u l s e  l e n g t h  t f0 i s  r e l a t e d  to  

the  r f  f i e l d  by y H ^ t (0 ■- n / 2 .  For a g iv e n  r e s o n an ce  f r e q u e n c y

( q and power P. the  r f  f i e l d  Elj depends  on tbe  Q and th e  volume V o f  the

t r a n s m i t t e r  t r a n s m i t t e r  c o i l  by t h e  r e l a t i o n  (Fukf i l) ;

z  3(PQ/Vf0 ) . A t a n k  c i r c u i t  w i th  l a r g e  Q has  b e t t e r  

( a r d  hence more s to r e d  f i e l d  ene rgy )  fo r  a f i x e d  t r a n s m i t t e r  power and 

more r e c e i v e d  power t o  t h e  p r e a m p l i f i e r  f o r  a g iv e n  p r o c e s s i n g  m a g n e t i 

z a t i o n .  U s u a l l y ,  the 90° and the  ISO* p u l s e  l e n g t h s  were tu n e d  us 

ing a l i q u i d  sample b e f o r e  each ex p e r im e n t  and a re  h e l d  c o n s t a n t  

th roughout  t h e  g iven  e x p e r i m e n t .  T y p ic a l  Hj v a l u e s  i n  t h i s  work a r e  in  

the  o rd e r  of 50 gauss .

As shown i n  F i g , 2 .  a lo w -p ass  f i l t e r  i s  p la c e d  b e f o r e  the  power 

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



l e

f requency  n i x i n g .  F u r t h e r m o re ,  ■ h i g h - p u t  f i l t e r  wai used a f t e r  the 

power a m p l i f i e r  to  g e t  r i d  of  the  low f r e q u e n c y  n o l l e  from the  power im- 

p l i f l e r  (we d r i v e  o u r  EN1 power a m p l i f i e r  i n t o  n o n - l i n e a r i t y  d u r in g  r f  

p u l s e s ;  t h e  r e t u l t i n g  power enpply  t r a n i i e a t B  appear weakly In i t a  o u t 

p u t ) .  S e v e r a l  a e t a  of  c r o s s e d  d i o d e ■ in  the  " n o i a e  r e d u c t i o n  box"  

a f t e r  the  ENI o u t p u t  t e r v e  to improve the i s o l a t i o n  of  the  t r a n s m i t t e r  

from th e  r e c e i v e r :  t h i a  i i  i m p o r t a n t  l i n c e  the  ENI power a m p l i f i e r  p ro

duce a l o t *  o f  wideband n o l l e ,  even when th e  r f  p u t i e  i i  a b i e n t .

2 . 1 , 4  Reoe iTdr  i M  f twoeiver B lo o k ln a

The r e c e i v e r  c o n t a i n *  f o u r  m a jo r  component*:  a p r e - a m p l i f i e r ,  a 

f requency  u i i t r , an IF a m p l i f i e r ,  and a p h n s e - a e n a i t i v *  d e t e c t o r  (PSD). 

The IF a m p l i f i e r  u i e d  in our a u p e r - h e t e r o d y n e d  p u la e  s p e c t ro m e te r  haa 

v a r i a b l e  g a i n :  t h e  phase  s e n s i t i v e  d e t e c t i o n  i t  done in  two o r th o g o n a l  

p h a s e * .

A f t e r  the  s i g n a l  h a s  been a m p l i f i e d  by th e  preanp ( a t  f^  + 

i f ,  where i f  i s  the  bandw id th  away from the c e n t e r  c a r r i e r  f r e q u e n 

c y ) ,  i t  i*  s e n t  to  t h e  f r eq u en cy  m ixe r  fo r  h e t e r o d y n i n g ,  A h e te ro d y n e  

system haa t h e  advan tage  of  p e r fo rm in g  moat of  t h e  a m p l i f i c a t i o n  a t  s 

c o n s t a n t  i n t e r m e d i a t e  f r e q u e n c y ;  v a r i a b l e  f r eq u en cy  o p e r a t i o n  i f  thus

e s a i l y  o b t a i n e d  (F ukf t l ) .  The h e t e r o d y n e d  s i g n a l  ( a t  30 -  Af) i s  then

a m p l i f i e d  by the IF  a m p l i f i e r  and s e n t  t o  t h e  PSD (see  F i g . 2 ) .  The out

pu t  s i g n a l  a f t e r  t h e  d e t e c t o r  i s  t h e  d e s i r e d  NMR s i g n a l  ( a t  -  A f ) ,  

which i s  u s u a l l y  c a l l e d  t h e  aud io  a i g n a l .  The i n  phase  and q u a d r a t u r e  

aud io  a i g n a l *  then  go th ro u g h  a dual  SC f i l t e r  to  remove h igh  fr equency  

n o i s e  and a r e  th e n  s e n t  t o  t h e  t r a n s i e n t  d i g i t i s e r .
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In  p u l s e d  NMR e x p e r i m e n t * • o f  t h e  common p r o b l e m  I s  the

r e c e i v e r  b lo c k in g  ( e l  to  c e l l e d  t h e  dead t im o)  d a r i n g  which th e  e a r l y  p e r t  

of  the  NMR s i g n a l  i s  o b s c u re d .  The cause  o f  th e  d ead t im e  l e  t h e  combi

n a t i o n  of  t h e  t r a n s m i t t e r  pu l  r e ,  t h e  r i n g i n g  o f  the  LC c i r c u i t * ,  end th e  

recove ry  ( f r o n  inch s e v e r e  o v e r l o a d )  o f  t h e  r e c e i v e r « The d e e d t i n e  

c a m e *  * fundamenta l  problem i n  f o n r l e r  t r a n s f o r m i n g  th e  Nlffi a i g n a l  and 

hence a f f e c t *  th e  measurement of  moments, e s p e c i a l l y  when th e  l i n e  1* 

b ro a d .  Though th e re  a r e  p n l i e  sequences  ( e . g .  magic echo p u l a e  se

quence) (Rhl70.  Bow82) t o  ge t  away from th e  d e a d l i n e ,  t h e  s i g n a t u r e  of 

the dead t ine  can not be e l i m i n a t e d .  However, I t  can be m in im ized  by 

Q - iw i t c h i n g . by c ro s s e d  diode p r o t e c t i o n  and by m in im iz in g  t h e  r e c e i v e r  

recovery  time (F n k B l ) , T y p ic a l  daad t ime*  i n  t b i t  r e p o r t  a r e  -  30 pa 

when running h igh  f i e l d  ( H . 7 KHz) e x p e r i m e n t s ,  becoming -  BO pa a t  

very low frequency  (1 .236  MHz).

2 . 1 . 3  Data A c q u i s i t i o n  tad Manipulation

A t r a n s i e n t  d i g i t i z e r ,  B i o m i t i o n  2S03H, Wi* u sed  to  d i g i t i z e  

the dual audio  f r eq u en cy  s i g n a l * .  The h u i n t i a  c o n v e r s i o n  r a t e  of  the 

blomation  i s  3 KHz w i th  memory s i z e  of 2 K (2048) 8 - b i t  word* p e r  chan

n e l .  One h a l f  of t h e  d i g i t i z e d  a i g n a l  { I . e .  1024 X B b i t *  p e r  chan-  

ne l )  i i  t r a u a f e r e d  to  th e  Apple f t  m ic rocom pu te r  f o r  d a t a  a c q u i s i t i o n ,  

s ig n a l  a v e ra g in g ,  and d a t a  s t o r a g e .  The Apple I I  compute r  1* a l s o  con

n ec ted  to the  p o i s e  g e n e r a t o r  f o r  p u l s e  s equence  t i m i n g .  E x p e r i m e n t a l  

da ta  were s t o r e d  on d i s k e t t e *  f o r  perm anent  r e c o r d .  The Apple  I I  com 

p n te r  1* a l s o  used f o r  da ta  a n a l y s i s  and f o n r i e r  t r a n s f o r m i n g  t h e  t r a n 

s i e n t  s i g n a l .
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2 .2  CttTOOHHIC SYSTEM AMP TUtPEMATffBB HEAamRMKHT

The c ry o g e n ic  a y i t e n ,  n i n e l y  the  low t e m p e r a t u r e  dewar and the

low te m p e ra tu r e  probe s e r v e d  to  r e g u l a t e  the  t e m p e r a t u r e  of  the t u p l e

under s tudy  From 4 E up t o  roan  t e m p e r a t u r e .  The t e n p e r e t n r e  t e n | e  of

the  s t u d i e s  r e p o r t e d  were d e t e rm in e d  by the  phase  t r e n e l t l o n  tem pera tu re

of  the  eenp le  under  i n v e r t l g u t i o n .

For the  o-CO e x p e r i m e n t * , d e t e  below the  a -p  t r e m l t i o n

t e m p e ra tu re  (Tafl -  61 .55  E) were examined.  In  the  CO, e x p e r l n e n t * ,

da te  were  taken  f ro n  about  150 E up t o  t h e  b e l t  (T = 216,56 E) ,n

D i f f e r e n t  thermometers  were need f o r  the  two exper imented  d e t a i l *  w i l l  

be j i r t u  l a t e r .

2 . 2 . 1  Lgx I j b p e r a t p r f  D e w r

The low t e m p e r a t u r e  dewar ( F i g , 4) need  la  a l i q u i d  he l ium.  j a a  

f low,  v a r i a b l e  t e m p e r a t u r e  dewar .  The dewar haa Inne r  and o u t e r  w e l l s ;  

each La va tnvn  i n s u l a t e d .  During t h e  o-CO e x p e r i m e n t s ,  the  Inner  wel l  

was f i l l e d  w i th  l i q u i d  he l ium  (4 .2  E) and the  o u t e r  w e l l  was f i l l e d  w i th  

l i q u i d  n i t r o g e n  (77 .3  K) f o r  doub le  s h i e l d i n g .  In  t h e  CO, e x p e r i 

ments ,  t h e  Inner  w e l l  was f i l l e d  w i t h  l i q u i d  N2 and the  o u t e r  well  wax 

l e f t  empty.

A vacuun pump a n d / o r  a l l -ahaped  l i q u i d  N, cryo-pump ( F i g , 4) 

were uaed to mi i o t a  in  t h e  vecuun of  the  dew ar .  The l i q u i d  N, c ryo-  

punp c o n t a in e d  g r a i n e d  c h a r c o a l  of  h ig h  s u r f a c e  a rea  to a d s o rb  o u t -g a s  

in t h e  system. I t  can  h o ld  vacuun  w i th o u t  the  vacuum pump on the  o rd e r  

of  6 t o  H hours ,  and was o n ly  used  d u r in g  th e  CO, e x p e r i m e n t s .  For 

o-CO e x p e r i m e n t s ,  t h e  vacuun v a l v e  on the  dewar i s  shu t  once vacuum in
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t h e  dewar i f  e s t a b l i s h e d .  Thia la b e c a m e  l i q u i d  He i t s e l f  I t  an 

e x c e l l e n t  cryo-pumplng a g e n t .

Hie  t e m p era tu re  o f  the  saaiple La t h a t  of  the  f lowing gas  lb  t h e  

f low  bore  (aee  F i g . 4 ) .  Cold vapor l a  fo rced  i n t o  the  flow b o r e  in take  

by a email p o a l t i v e  p reaa i i re  In the  lu n a r  w e l l .  I t  i a  coo led  by the 

l i q u i d  i n  the  inne r  w e l l  when i t  paeaee  th rough  the  hea t  exchange loop 

a t  the  bo t tom of  the  i n n e r  w e l l .  The co ld  vapor la then  paaa ed  through 

the  dewar h e a t e r  which i t  powered by a C ryodie l  p r o p o r t i o n a l  t e m pera tu re  

c o n t r o l l e r  ( C r y o t r o n i c . I n c , )  ae t  t o  the  d e a i r e d  t e m p era tu re .  The h e a t 

ed vapor f i n a l l y  p a t a c a  up th e  flow bore  and around the  the aample cham

b e r  and e x i t e  a t  the  top  of  the dewar v i a  the e i h a o a t  l i n e  of  the probe .

Hie  vapor f low r a t e  i a  neaanred  and c o n t r o l l e d  by s e v e r a l  con- 

n e r c i a l  f low  mete rs  and a f in e  flow v a l v e ,  r e s p e c t i v e l y .  The flow me

t e r s  and f low  va lve  were i n a t a l l e d  in  a e r l e a  with  the  e r b a a a t  l i n e  on 

t h e  probe connec ted  by ro b b e r  hoeee ,  A 30 p t i g  p r e f f n r e  gauge i n d i c a t e s  

t h e  p r e s s u r e  of t h e  i n n e r  w e l l .  S e v e ra l  p o p -o f f  v a lv e s  a re  a l s o  in 

s t a l l e d  t o  p reven t  the  i n n e r  wel l  from becoming o v e r - p r e s s u r l i e d .  

F u r t h e r m o r e ,  an a d j u s t a b l e  f lo w -s an a in g  swi tch Is a l s o  i n s t a l l e d  in ae

r i e s  with  t h e  flow m e te ra  t o  tu rn  o f f  the  power to the  dewar h e a t e r  when 

t h e  exhaus t  vapor flow l a  too low duo to  a flow bore block o r  an empty 

in n e r  w e l l .  This  s a f e t y  f e a t u r e  p r e v e n t s  burn ing  out  the h e a t e r  or 

m e l t i n g  i t s  s o l d e r  j o i n t s .

Dur ing  the  00* e x p e r i m e n t s ,  the  Inner  well  was p r e s s u r i z e d  by 

e x t e r n a l  Na g a s .  We i n a t a l l e d  a gas l i n e  from the l i q u i d  N, s t o r a g e  

ta n k  o u t s i d e  the  b u i l d i n g  i n  s e r i e s  w i th  a c o n t r o l  va lve  to o a r  l a b .  We 

a l s o  put a c o n t a i n e r  of  D r i e r i t e  in  a e r i e s  w i th  the  e x t e r n a l  N, gas
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l i n e  t o  ebao rb  w ate r  ( which had p roduced  annoying  blocfca In  tho  g a t  

f low c i r c u i t  o f  tho d e w a r ) . T y p i c a l l y  tho e x t e r n a l  f low r a t o  l a  i d -  

J u a t e d  to  g i v e  an l o n e r  w a l l  p r e s s u r e  of  2 pal f t ;  th o  f low  m eter  on tha 

f low boro  ro a d  4 a t a n d a rd  c u b ic  foo t  p e r  hoar  (SCFH1* Tho l i q u i d  Nt 

l a  t h e  Inne r  w e l l  u s u a l l y  l o t t e d  12 -  15 h a u r i  p e r  t r a n s f e r  ( a p p r o x i 

m a te ly  3 1i t o r t ) .

No e x t e r n a l  p f o t t u r o  wat needed  In t h e  a  CO (low t e m p e ra t u r e )  

e x p e r i m e n t s , T y p i c a l l y ,  th o  inno r  w e l l  p r e a a u re  waa d e t e rm in e d  by a low 

p r o a a u r e  r e l i e f  v a l v e ,  the  p r e a a u re  ran  a t  about  0 . 5  p a l g .  The f low in 

t h e  f low boro wat - 1 , 0  SCFH and th e  in n o r  w e l l  o xhaua t  flow waa -

1 .5  SCFH, N orm al ly ,  the  l i q u i d  He in  t h e  i n n e r  w e l l  needed to  be r e 

f i l l e d  every  24 hanra  or  ao,  and the  s h i e l d i n g  l i q u i d  N, i n  tho o u t e r  

w e l l  waa r e f i l l e d  every  6 - 8  hou rs .

T y p i c a l  h e a t  c o n t r o l l e r  and f low s e t t i n g s  f o r  v a r io u a  

t e m p e r a t u r e a  i n  tho two exper im en t*  a r e  l i l t e d  i c  A ppend ica l  A and B.

2 , 2 . 2  Los T t a M H t i H  Probe

Tho h o n e - b u i l t  low t e m p e r a t u r e  NMR probe l a  ahown in F i g . 5 ,  A 

1/16 in c h  l . D .  t h i n - w e l l  a t a l n l e a a  e t e e l  tub in* s e r v e d  n  the  gaseous  

e a n p le  f i l l  l i n e  and waa connec ted  t o  t h e  | t e  aupply  r l |  (F is . .6> w i th  a 

Cs jon  0 - r i u g  f i t t i n g .

Samples were h e l d  i n  a 1 .5  cc ny lon  a an p le  chamber which was 

s e a l e d  t o  a copper  n i p p l e  by d i f f e r e n t i a l  c o n t r a c t i o n .  Tho NMR c o i l  f i t  

s n u g ly  on th e  temple  chamber and waa h e l d  by a t e f l o n  c o i l  h o l d e r .

A no the r  t b i u - w a l l  a t a l n l e a a  i t e e l  t u b in g  (5 /16  inch l , t> .} 

ae rved  aa t h e  r f  t r a n s m i s s i o n  l i n e .  The r f  w i re  i n s i d e  t h i a  tube  ia
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l n a u l a t e d  w i t h  t e f l o n  tu b  i n f  and i t  h e l d  r i g i d l y  by a t i r i n g  of  t e f l o n

a p a c e r a ,  The r f  w i r e  i a  connec ted  t o  a a e a l e d  BNC c o n n e c to r  on top  of

tbe  p robe ,  S e v e ra l  a l o t a  were cu t  i n t o  t h e  a ide  o f  the  S/16 in c h  a t e i n -  

l e a a  i t e e l  t n b i n i  t o  p r e v e n t  Taconi*  c a c i l l e t  Iona (Soo59}.

At ahown i n  F i g . 5, t h e r e  a r e  two o u t L e t e  a t  t h e  to p  of  the 

probe  f o r  th e rm o co u p le  w i r e a ,  probe  h e a t e r  w i re*  and r e a i a t a n c e  thermom

e t e r  w lrea  (w i r e a  n o t  ahown In  t h e  f i g u r e )  . They a r e  a e a l e d  w i th  

5 -minute  Epoxy a t  t h e  top  of  the  p r o b e ;  th e ae  a e a l a  a r e  l e a k - t i g h t .

The r e a i a t a n c e  therm ometer  i a  a f o u r - w i r e  p o t e n t i o m e t t l c  

tcheme; fou r  e e p a r a t e  w i re a  e x t e n d  t o  a p o a i t i o n  r i f h t  above the b raaa

b o a h ln f  ( F i f . 5 }  and a r e  connec ted  to  t h e  r e a i a t a n c e  the rm om eter  by p in

c o n n e c to r* .  The the rm ometer  i a  p l a c e d  i n  a h o le  on the  copper  n i p p l e  ao 

t h a t  the  t e m p e r a t u r e  of  tbe  aample can be d e t e r m in e d  a c c u r a t e l y .

A o o p p e r - c o n a t a n t a n  the rm ocoup le  w i re  waa a l a o  uaed f o r  temper

a t u r e  meaanrement and e x ten d ed  to  t h e  copper  n i p p l e  where i t  waa a o id -  

e red  fo r  food the rm al  a n c h o r i n f .  A no ther  c o p p e r - c o n * t a n t a n  thermocouple 

w i r e ,  which wound a round  the  aample f i l l  l i n e  down 2 /S  of  the  t o t a l  

l e n g th  of  t h e  p r o b e ,  i a  u**d aa a p robe  h e a t e r .  Running t h i a  h e a t e r  e t -  

t a b l l a h e d  on upward* t e m p e r a t u r e  g r a d i e n t  in t h e  d e w a r ’* f low  b o r e ;  fo r  

t h e  v o l a t i l e  aamplea uaed he re  t h i a  waa an ea*y way of  k eep in g  th e  aam

p le  from moving around  i n  t h e  probe due t o  vapor  phaae  t r a n a p o r t .

S e v e r a l  e v e n ly  apaced t e f l o n  i p a c e r a  a r e  d e a i g n e d  t o  a c p a ra te  

the  two a t a l n l e a a  e t e e l  tube* ;  t h e r e  a r e  a d d i t i o n a l  h o le *  ( t e e  F i g . 3) 

f o r  the  thermometry  w i r e * .  The a p a o e ra  a l s o  ae rved  t o  p r e v e n t  d i r e c t  

c o n t a c t  of t h e  tube*  w i t h  t h e  dewar.
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The o v e r a l l  l e n g t h  of  t h e  probe 1* a b o u t  43 end 7 / 8  i n c h e s  long

from the b o t t o n  o f  the  top  h a t  to  the c e n t e r  of  the aample chamber.

T h i l  l e n g t h  haa b een  c a r e f u l l y  measured ao t h a t  the aample chamber la  a t  

the c e n t e r  of  t h e  magnet Then  th e  probe s i t e  i n  the dewar .

2.2.3 Temoer a tore Mg i m w r t

At m e n t io n e d  e a r l i e r ,  t h e  thermometry c o n a i a t a  o f  a o o p p e r - c o n -  

i t a a t a n  the rm ocoup le  and a p la t in u m  r e a i a t a n c e  thermometer  (PRT) or a 

c a l i b r a t e d  Lake Shore  c a r b o n - i n - g l a a s  r e i i s t o r .  A v a r i a b l e  c u r r e n t  pow

er supp ly  p r o v id e d  th e  r e s i s t o r s  w ith  low c u r r e n t s  ( 1 . 4 ,  4 ,  16,  33 or  

104 m ic ro -a m p s ) .  The v o l t a g e s  from the f o u r - w i r e  p o t e n t  1 one t r i o  r e a i a 

tance  d e t e r m i n a t i o n  and from th e  therm ocouple s  were r e a d  by a d i g i t a l  

v o l t m e t e r  c a p a b le  of r e s o l v i n g  m ic rovo l t  a.

The PUT was moat u s e f u l  above 50 I  and was u sed  i n  t h e  CO,

e x p e r i m e n t s ;  t h e  t e m p e r a t u r e  r e a d i n g  w n  t a k e n  d i r e c t l y  from a c a l i b r a t 

ed r e a i a t a n c e  v s .  t e m p e r a t u r e  t a b l e .  In th e  a-CO e x p e r i m e n t s  (30 to  

60 I ) ,  t h e  c a r b o n - i n - g l a s s  r e s i s t o r  was u s e d .  In b o th  e x p e r i m e n t s ,  

t e m p e ra t u r e  r e a d i n g s  from th e  r e s i s t a n c e  therm ometer  were a lways  con

f i rm ed  by the c o p p e r - c o u s t a n t a n  thermocouple r e a d i n g s .

The t e m p e r a t u r e s  d e t e rm in e d  from th e  above e e t - u p  a r e  b e l i e v e d  

a c c u r a t e  to  + 0 . 2  E. S ince  t y p i c a l  l a b o r a t o r y  time per  d a t a  p o i n t  waa 2 

-  12 h o u r s ,  a l l  d n t a  p r e s e n t  in  t h i i  r e p o r t  a r e  b e l i e v e d  a c c u r a t e  to  + 

0.5 E due to  sm al l  t e m p e r a t u r e  d r i f t s  in  th e  c o u r s e  of  tb e  e x p e r i m e n t .
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2 .3  SAMPLE PREPARATION

A ll  the  t u p l e  | t i « i  M t d  In t b i t  r e p o r t  a r e  l i f t e d  In Tab le

I I .  Some of the  e x p e r i m e n t s  r e q u i r e d  h i g h  c o n o e n t r i t i o n t  o f  C**

■ p lo t ;  such samples were d i r e c t l y  t a k e n  e i t h e r  f r v  the  90% CA* en

r i c h e d  CO gee b o t t l e  or  f ron  th e  99% C1 * e n r i c h e d  CO, b a t t l e .  For 

ex p e r im e n t s  of low CA* c o n c e n t r a t i o n .  t u p l e *  were p r e p a r e d  by eiix-  

i n f  t h e  h igh  C11 concen t  r e t  Ion g e t  w i t h  t h e  n a t u r a l  Cl J  ab n n -  

daoce g a t  a t  rooii t e m p e r a t u r e . D e t a i l *  w i l l  be g iv e n  in t h i a  s e c t i o n .

2 . 3 . 1  Oil. Kl l

The ge t  r i g  i t  tbown s c h e m a t i c a l l y  in  F i g . d  and i t  s e l f - e x p l a -  

n t t o r y .  The gee r i g  m a n i fo ld  ( d o t t e d  l i n e  i n  F i g . 6) c o n s i s t s  o f  t a v e r n l  

“ T"  and "  CROSS’' twtge  c o n n e c to r  a j o i n e d  t o  1 /4  inch  coppe r  t u b -  

i n g t .  There a re  e i g h t  o u t l e t  p o r t a  on th e  gaa m a n i fo ld ,  e a c h  c o n t r o l l e d  

by a v a l v e .  A p a i r  o f  Cajon 0 - r i n g  f i t t i n g *  ia  naed i n  f r o n t  of  each 

o u t l e t  p o r t  f o r  eaay  c o n n e c t i o n  a n d / o r  r e p l a c e m e n t  of  gaa b o t t l e t .  The 

g t i  r i g  haa  t h r e e  b o t t l e  n o n n ta  and a e v e r a l  p o r t a  t h a t  a re  i n t e r c h a n g u -  

b l e ,

A vacuum pump equ ipped  w i th  a the rmocouple  vacuum gauge se rved  

t o  pump th e  e x p e r i m e n t a l  s e t - u p  ( tb e  g a t  f i g ,  t h e  probe and the  low 

t e m p e r a t u r e  d e e a r ) . The e n t i r e  vacuum system waa checked b e f o r e  every  

run by a Veecc m a t t  s p e c t r o m e t e r  l e a k  d e t e c t o r  (model M S-9 ) . The le a k  

d e t e c t o r  o p e r a t e s  under  h ig h  vacuum and can  d e t e c t  v e ry  s m a l l  l e a k s ;  i t  

has apprehended  s e v e r a l  l e a k s .  The l e a k  d e t e c t o r  i a  e x p l a i n e d  i n  i t s  

i n s t r u c t i o n  manual .



TABLE I I

L i i t  o f  Gia B o t t l e s  Used i n  the  Exper iments

C1J SPIN
SAMPLE BOTTLE ENRICHMENT PRODUCT DESCRIPTIONS

CA*0 90% Merck

CO* 1 .10M  Metheion^

Ct , 0 1 99% P ioehen

COa* 1.108% H atheicn**

0 ,    Mstheaon^

N a t u r a l  e b o n p d e n c e . 

^R e a e a rc h  p u r i t y  99.99%,

**Re*e*rch p u r i t y  99.993%,
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2 . 3 . 2  S w i e  Ml*iHa and B—ml* Transfer

Tvc C1 , -NKR e x p e r im e n t s  a r e  p r e s e n t e d  h e r e .  namely t h e  

q-CO and CQ, e x p e r i m e n t *. I a  e a c h  m p t r l t t n t ,  s am ples  o f  b o th  h i g h  

C11 abundance a ad l a v  C1* c o n c e n t r a t i o n  were n e e d e d .  A l l  ■•■)- 

p l a t  were p r e p a r e d  (o r  mixed) In a 150 cc a t a l n l e a a  s t e e l  mix ing  b o t t l e

b e f o r e  t r a m ! e r l n g  i n t o  the NMR aample chamber.

Far t h e  low C1J c o n c e n t r a t i o n  e x p s r lm e s t a >  aample* were  ob

t a i n e d  by mix Inf, C1 ' e n r i c h e d  gaa w i th  gas  of  n a t u r a l  CLI abun

dance a t  room t e m p e r a t u r e .  The a d d i t i v i t y  of p a r t i a l  p r e a t u r e a  and 

i d e a l  gas b e h a v i o r  were assumed In computing t b e  c o n c e n t r a t i o n * . The 

p r e s s u r e  r ead in g *  were taken  d i r e c t l y  f r o a  t b e  p r e a a u r e  gauges mounted 

on t h e  ga* r i g .

During tbe  CO* e x p e r i m e n t * ,  aamplea w e re  f l r a t  t r a n s f e r r e d  

from the  a t a i o l e t c  t t e e l  n i x i n g  b o t t l e  i n t o  t h e  1 , 5  co  ny lon  aample 

chamber In t h e  l i q u i d  p b a a e . In  the f i r a t  e x p e r i m e n t * ,  we fo u n d  t h a t  

the  a p i s - l a t t l c e  r e l a x a t i o n  t i m e  (T^> o f  ao l  id  CO, vaa  too  lo n g  (on 

the  o rd e r  of  s ev e r* !  ho u r s )  f o r  s i g n a l  a v e r a g i n g .  We t h e r e f o r e  added a 

smal l  amount o f  O , t o  the  ■ ample to  r e d n a e  Tj t o  -  100 s a t  1 SO I ,

In o r d e r  to acc o m p l i sh  t h l a F th e  l i q u i d  CO, sample  waa f l r a t  c o o l e d  to  

the  s o l i d  phase  a t  -  120 C (where t h e  vapor  p r e s s u r e  i a  e a i e n t l a l l y  

z e ro )  , then a p p ro x im a te ly  two a tm osphere*  of 0 a were addded on top  of 

t b e  s o l i d  CO,. The sample waa warmed up i n t o  t h e  L iq u id  phase and  a l 

lowed to  s tand  f o r  t y p i c a l l y  two h ou rs  f o r  t h e  O, gaa t o  d i s s o l v e  In to  

the l i q u i d  CO , . By check ing  w i t h  the NMR s i g n a l  o f  t h e  l i q u i d  CO, 

sample,  we conc luded  t h a t  t h e  O, added  to  t h e  sample r ed u ce d  the
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C11 Tj in t h e  l i q u i d  from * JO ■ ( O j - f r e e  samples )  to  -  2 s .

I n  o r d a r  t o  form a good p o l y - c r y ■t e l l i n e  powder sample,  the  O ,-doped  

sample was f r o i a n  by p u l l i n g  t h e  p robe  out  of  t h e  r e s e a r c h  dewar and im

mers ing  t h e  sample chamber i n t o  a l i q u i d  Ns v e a a a l ,  Thia waa done 

p r a c t i c a l l y  w i t h i n  s e c o n d s ,  F i n a l l y ,  t h e  probe waa r e t u r n e d  back  t o  the 

dewar a t  -  130 E and tb e  r e a i d u a l  Ot  j a i  waa pumped o u t .  Our e x p e r 

im en ta l  d a t a  i n d i c a t e  t h a t  t h e  0 ,  gaa d i a a o l v e d  i n  the  s o l i d  CO, 

sample s t a y e d  In s o l u t i o n ,  e x c e p t  a t  t e m p e r a t u r e s  near  tbe  t i e l t  where Tj 

was o b s e rv ed  t o  l e n g th e n  o v e r  a p e r i o d  of  many hours  ( p r e s tm e a b ly  the 

was l e a v i n g  the  a o i l d j .

Dur ing  the  CO e i p e r i m e n t s , no 0 a was added to  t h e  aanp le  i n 

t e n t i o n a l l y  s in c e  e a r l i e r  NMR m easnrements  i n d i c a t e d  t h a t  t h e  sample a l 

ready  c o n t a i n e d  a smal l  amount of  O,t  a t  50 K, Tj -  50 « t i . —

150 a ( 0 , - f r e o  s a m p l e s ) , The aample waa f i r s t  condensed from th e  

s t a i n l e s s  s t e e l  mixing b o t t l e  i n t o  t h e  sample chamber i n  t h e  l i q u i d  

p h a s e .  Then,  i t  was coo led  i n t o  t h e  p-phaae  s o l i d  and th e n  f u r t h e r  

coo led  to  t h e  a -phsse»  g e n e r a l l y  w i t h i n  15 m i n u t e s .  The CO samples 

p r e p a r e d  i n  t h i s  manner a p p e a re d  n o t  t o  form p e r f e c t  p o l y - c r y s t a l 1ine 

powder samples ;  d e t a i l s  w i l l  be t e e n  i n  C hap te r  V.



C b i p t t i  I I I  

SPIN  INTERACTIONS

3.1 HACMROONP
S al  Ida a-CO and C02 , the  e n b j e e t i  of t h i a  r e p o r t ,  chare the 

cane Pa3 c r y a t a l  a t r u c t u r e .  The m o l e c u la r  p ro p e r  t i e i  end phaae d i e g r u i c  

o f  th e  a o l l d a  a r e  d e a c r i b e d  i n  C h ap te r  I .

I n  th e  o r i e n t a t i o n a l l y  o r d e r e d  P«3 a t r u e t a r e  a o l l d a ,  a molecule  

t h a t  jump* t o  a p r e v i o u a l y  v a c a n t  n e i g h b o r i n g  a i t a  r e o r i e n t a  th ro u g h  a 

t e t r a h e d r a l  a n g l e .  The Ca * NMR exper lanen t r  r e p o r t e d  h e re  d e t e c t  

t h e a e  combined t r a n a l  a t i o n a l - r o t a t i o n a l  jump* i n  n-CO and C02 ♦ Thia 

c h a p t e r  l a  a d i a c u a l o n  o f  t h e  a p i n  I n t e r a c t i o n  uechaniama t h a t  d o n in a te  

th e  a p i n  r e l a x a t i o n  In  t b e a e  m o l e c u l a r  a o l i d e .  The exper iment  a and tbe 

r e l a t e d  p u l a e  t e c h n i q u e  a w i l l  be p r e a e o t e d  i n  Chapter  IV.

3 . 2  SPTN MM-AIATION MECHANISMS

There  a r e  two p r i n c i p a l  l i n e  b ro a d e n in g  s e c h a n i a n a  t h a t  a r e  e f 

f e c t i v e  i n  bo th  C1 *0 and CI ' 0 J t o l i d a :  t h e  chemica l  a h i f t  a n i -  

• o t r o p y  (CJJA) and  th e  i n t e r m o l e e g l a r  d i p o l e - d i p o l c  I n t e r a c t i o n  between 

t h e  C11 a p l n a .

Both C * '0  and t o l i d a  have on ly  one ap in  apec iea

p e r  m o l e c u l e ;  t h e  Cai  l i k e - a p i n  i n t r a m o l e c u l a r  d ip o le  i n t e r a c t i o n a  

a r e  a b a e n t .  A l th o u g h  0 iT a p i o a  (1 -  S / 2 ,  n a t u r a l  abundance G .037V 

a r e  l i k e l y  to  be p r e e e n t  i n  b o th  m a t c r i a l a  under i t n d y .  t h e i r  abundance

-  32 -



i t  no eh s m a l l e r  th a n  the  C1* c o n c e n t r a t i o n  tb d  t h a t  tho e f f e c t  of  

the u n l i f c e - s p in  d i p o l a r  i n t e r a c t i o n  can be n e g l e c t e d .  B t c i m c  th e  

C11 nuc leus  bee s p in  1/1* tbe  e l e c t r i o t l  charge  d i s t r i b u t i o n  i n  the 

nucleus  fan  no e l e c t r i c a l  quad rupo le  moment t o  c o n t r i b u t e  t o  the  r e l a x a 

t i o n .

We t h n l l  b r i e f l y  d e a c r i b e  the two I n t e r a c t  Iona (CSA and d i p o l a r  

i n t e r a c t i o n )  i n  t h i a  a e c t l o n .

3 .2 .1  Chemical S h i f t  Anisotropy In teract  Ion

The chemica l  a h i f t  a r i a e e  f ron  th e  o r b i t a l  motion of  the e l e c 

tron* i n  a m o lecu le  (or  atom) under  the i n f l o e n c e  of  the a p p l i e d  s t a t i c  

f i e l d  Hq . The f i e l d  Hq p roduces  an e l e c t r o n i c  c u r r e n t  i n  the  molecule  

(or  atom),  and the  induced  c u r r e n t  then c r e a t e s  a  email magnetic  f i e l d  

AH a t  the  n u c l e u s .  The ge n e ra l  th e o ry  of the chemical  s h i f t  was g iv e n  

by Ramsey (HamJO) and formal t r e a tm e n t  of the  t h e o ry  ha* been  g iven  by 

s t a n d a rd  t e x t s  (SliflO* AbrB3),

nucleus  depend an the  e l e c t r o n i c  s t r u c t u r e  of the  n o l e a u l e ,  hence the 

name " chem ical  s h i f t  ” , The f i e l d  AH i s  d i f f e r e n t  f o r  d i f f e r e n t  

m olecu la r  o r i e n t a t i o n s  r e l a t i v e  to  the e x t e r n a l  f i e l d  Hq . Tbe n u c l e i  

see ■ magnetic  f i e l d  AH i n  a d d i t i o n  to the  f i e l d  the ap in  f r e q u e n 

cy w 1* given by

where AH -  oUq and u i s  a second ranh t e n s o r .  He

no te  th a t  the  chemica l  a h i f t  i a  l i n e a r l y  p r o p o r t i o n a l  to  Hq and shou ld

The d i r e c t i o n  and the  magnitude of  t h i s  f i e l d  AH f e l t  by th e

(1)
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In  g e n e r a l  depend upon th e  o r i e n t a t i o n  of  the  m o le c u le  w i t h  r e s p e c t  to  

Up. The i t  y ,  end r c o - o r d i n a t e  frame may be chosen  t o  c o i n c i d e  w i th  

th e  p r i n c i p a l  axes  of  the  s h i f t  t e n s o r ,  i n  t h i e  c a t e  t h e  o - t e n s o r  b e -  

cone a d i a g o n a l  w i t h  p r i n c i p a l  components o , o , and a , _ .  Then*+ 13 **

AH cao be w r i t t e n  ae

AH

b „  0 o\
0 <■„ 0

0 0 o. i Hz0j  K i fliO

( 2 )

and by a p p l y in g  E q . ( l ) ,  we f i n d

w2 - va<iL+Ai>. <Sn+Alf)
(3)

= y2 [ hJ+2(W*"S0 )+AH2 ] .

The AH term ie  a aecond o r d e r  t e r n  and hence  can be n e g l e c t e d  b e c a m e  

c h e m ica l  a h i f t  a r e  smal l  100 ppn) , Now c a r r y i n g  ou t  t h e  do t  p ro d 

u c t  u s in g  E q . ( 2 ) ,  the  above E q . (3 )  become*

» 2* S [  > -  a f  ■ V ' V o ’ 5 ]  

r*»M * ( 4>

® r 2« o [ 1 + 1  ffj j cp * 2Tj ] 2 ■

2 A 4  j  j  2
where Hjp = ( J 'H g )  = Hq ■ cos yj , j = a,  y .  and z;  the  oosyj

a r e  t h e  d i r e c t i o n  c o s in e s  e x p r e s s i n g  t h e  o r i e n t a t i o n  of  t h e  t h r e e  p r i n 

c i p a l  a r e a  w i t h  r e s p e c t  t o  Itg. I t  nay be u s e f u l  to  d e f i n e  <jg =

( 1 / 3 ) Z  ffj | ( i . e .  i s o t r o p i c  s h i f t ) ,  J *= i .  y, and i .  T o g e th e r
3  2 w i t h  t h e  c o n d i t i o n  Xcos*y,  = 1 ,  Bq.(4)  t h e n  g i v e s  (Blo35)

1
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b> -  wq[ 1+ ®j j 1/ 3) } ] .
J

S p e c i f i c i l l y ,  f o r  m o lecu le s  t h a t  have  an u n i a x i a l  lynme try  

( such  aa CO and C04 s tu d ie d  h e r e ) ,  to  t h a t  4xJ *= and

c , = a  . tha p r e c e s s i o n  f r eq u en cy  la  than g iv e n  byZ E ff

u -  irH0 [ 1 + o^ coe2 0 + Oj_d _ coa^ 6) J

°  yllp  ̂ 1 + oq + Ao ( c o s 2 0 -  { 1 / 3 } )  J

where 0 ”Y1 and Oq = (o^ + 2<r^ ) / 3  r e p r e s e n t s  t h e  i s o t r o p i c  t h i f t

( such  a t  in  a l i q u i d ) .  In l i q u i d ,  r a p i d  m o l e c u la r  tum bl ing  causes the 

■ T i r > | l n f  of  < c o t  6) to  1 / 3 1 hence t h e r e  la  no a n i s o t r o p i c  s h i f t ,  

and a^ a r e  the t h i f t  v a lu es  p a r a l l e l  and p e r p e n d i c u l a r  t a  Uq, r e s p e c t -  

l i v e l y ;  Ac ■= i t  t h e  s h i f t  a n i s o t r o p y .  In  t h i s  c a t e ,

t h e  r e s o n an ce  f requency  d epend■ on on ly  one a n t i c ,  0 .

The powder p a t t e r n  l i n e  shape a which appea r  In C1* s p e c t r a  

o f  CO and C0a a o l l d s  have been c a l c u l a t e d  by Blocwbergen and Rowland 

(B lo55K  S p ie s a  and H aeber len  (Sp i74 ,  Hae76) and Mehring e t  t i . (Hoh71, 

Meh7ri) . Assuming t h a t  the  r e s o n a n t  a b s o r p t i o n  a t  a g iv e n  frequency t>

I s  g ive n  by G (u ) ,  G(u)du i a  p r o p o r t i o n a l  to  t h e  number o f  s p in s  In 

t h e  a b s o r p t i o n  spectrum whose f r equency  l i e  between <■> nod w + du.  

C o r r e s p o n d i n g l y , assume t h a t  N(0)dO i a  the number o f  s p in s  whose angle 

i s  be tween 0  sod 0 + dB, where u c o r r e s p o n d s  t o  ti and v i c e  v e r t s .

Then

G U ) d u  -  N(B)dti 

o r  G{w) = N(0) Idw/d ti l"1 .
(6)
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Aaaumlng ■ riadorn d i »t r i b u t i o n  on t h e  unit  e p h e re ,  th a n

N ( 0 )  *  ( l / 4 i r )  I n  i i t i O  d G  

= ( 1 / 2 ) alnG 40 ;

the cona t i iU  4w i n  the  denominator  i a  the n o r m a l i z a t i o n  f a c t o r .  By ap

p ly in g  E q .( 3) i t i k i m  Ug -  yS.Q, we g a t

f d w / d e P 1 *. 2Aa coaGainGdG ,

Then Eq . (6 )  become a

We ace t h a t  G(u) d l v e rg e a  when u = , The n n i a i l a l  powder p a t 

t e r n  of  a-GO and COi t o l i d a  w i l l  be ahown i a  C h ap te r  V.

co a 8
( 7 )

F ur the rm ore ,  from th e  upper e q u a t io n  of  E q , ( 5 J F one f i n d a

u - d  + a  ) ,  which we p lug  in to  Eq.(7> to  g e t



3 . 2 , 2  Dipt*l i t  I n t e r a c t i o n

The d i p o l a r  i n t e r a c t i o n  c n n t i d e r e d  h e re  ia  a l i k e - a p i n  t e r n .  

The H a n i l t o n i a n  can be w r i t t e n  a t  (SllfiO.  Abr f l3);

* D ’ T T A  A  I j '  , k ]  ( t >
j t t

where 0 j ^  i a  the  o r i e n t a t i o n  of t h e  v e c t o r  t j ^  frtna a p i n  J to

ap in  k w i t h  r e a p e d  t o  the  d i r e c t i o n  of  Ug. and th e  x - a x i a  i t  p a r a l l e l

to  the  a p p l i e d  f i e l d .

I n  t h e  r i g i d  l a t t i c e  l i m i t ,  the  Van V leck  c a l c u l a t i o n  of th e  

l l k e - a p i u  d i p o l a r  p a r t  of  the aecond moment {Vangd, Abr83) ia

3 „ (1 -  3eo*20 f. ) 2
m2 -  —  t V i <i +i > /  } --------------------------- . (10)

4 £  I j k

where f  i a  t h e  f r a c t i o n a l  c o n c e n t r a t i o n  o f  t h e  m a g n e t i c  n u c l e i ,  For ■ 

powder made o f  c r y e t a t l i t e e  o f  random o r i e n t a t i o n * ,  one average*  th e  

(1 -  3coa2O j ^ ) 2 ove r  a l l  o r i e n t a t i o n *  . y i e l d i n g  a f a c t o r  of 4 /5  and 

l e a d in g  to
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3 ,3  MOLECULAR MOTIONS AND SPIN INTERACTIONS

The two p r i n c i p a l  l i n e  b ro a d e n in g  nechaniam* d e s c r i b e d  above 

can be anmmariied ■■ fo l lo w :  The a h i f t  a n i a o t r o p y  ia  p r o p o r t i o n a l  t o

the a p p l ied  f i e l d  Dq end depend* on the  o r i e n t a t i o n  of  t b e  m o l e c u l a r  

t a l a  w ith  r e a p e d  to  Eg but ia  in de penden t  of the C1* c o n c e n t r a t i o n .

Oq the  o th e r  band,  t h e  d i p o l a r  i n t e r a c t i o n  1* in dependen t  o f  Hq b u t  i n -  

c r e a a e a  with  i n c r e a a i n g  C11 c o n c e n t r a t i o n * .  C o n a e q b e n t ly . a t  h igh  

f i e l d  and low CLI en r ic hm en t  the a h l f t  a u i e o t r o p y  la  the  l a r g e r  i n 

t e r  a c t  Ion,  w h i le  a t  low f i e l d  end h igh  C** en r ic hm en t  t h e  d i p o l a r  

i n t e r a c t i o n  d o s i n i t e i .

E x p e r i m e n t a l J y . the r i g i d  ( c o ld )  powder p a t t e r n  l i n e w i d t b a  a t  

h igh  f i e l d  (1 4 .7  MHi) a r e  found t o  be 5200 Hi and 4780 111 f o r  n-00 

{10% C11) and COA (1J% C11) io l id * >  r e e p e c t i v e l y , By c o m p ar i -  

aoo, the  h igh  f i e l d  a p e c t r a  of  h igh  C*' c o n c e n t r a t i o n  tem ple*  ahow 

t h a t  the  d i p o l a r  i n t e r a c t i o n  only ae rved  t o  b roaden  the  powder l i n e a h a p e  

bu t  d id  not  change  th e  o v e r a l l  l i n e w i d t h  in  the r i g i d  l a t t i c e  U n i t .  

Thla  i n d i c a t e *  t h a t  a t  h igh  f i e l d  the a h l f t  a n l a o t r o p y  i* i n d e e d  domi

n a t in g  the  a p e c t r a .  At low f i e l d  (1 ,254  MHz), t h e  r i g i d  l a t t i c e  l i n e w 

id th *  (Augj ) a t  f u l l  w id th  and h a l f  maximum i n t e m i t y  (FVHM) a r e  960 

tlz and 1120 Ha f o r  a-CO (90% C*-') and CO, {99% C * ' ) ,  r e a p e c -  

l i v e l y -  The a h i f t  a n l i o t r o p i e *  au a l e  t o  444 Ha f o r  a-CO and  410 Hi 

fo r  CO, a t  low f i e l d  {1.256 MHz) r e g a r d l e a *  of  th e  C11 c o n c e n t r a 

t i o n ,  Since l i n e w i d t h *  froai d i f f e r e n t  a o u r c e t  t y p i c a l l y  add aa aq uarea

2 2 2 
(An = + AftlCSA + ■ ■ - J- t b e  d i p o l a r  i n t e r a c t i o n  i*

t e e n  to  be dom inan t ,  a t  e x p e c te d ,  f o r  b o th  h igh  and low f i e l d  e x p e r i 

ment*.  l i n e  nar row ing  v t i  o b ie rv e d  a t  h igh  t e m p e ra t u r e  ( e x c e p t  a-CO a t



39

h i g h  f i e l d ) ;  d e t a i l e d  d i s c u s s i o n  and a n a l y s i s  *111 be p r e t e n t e d  in  

Chapte r  V,

and the r o t a t i o n a l  jump a can be s e p a r a t e l y  d e t e rm in e d  due t o  t h e  above 

d e s c r i b e d  fundamenta l  d i f f e r e n c e t  in the  t*o  i n t e r  a c t i o n t .

3.3.1 Molecular Rotation

In tbe  Pa3 s o l i d s ,  the  r o t a t i o n a l  jumps ( c o n s l d e r d  a p a r t  from 

th e  t r a n s l a t i o n a l  p a r t  of the  n o t i o n )  be tween the  body d i a g o n a l s  of  the 

cube w i l l  m odula te  tbe  chemica l  a h l f t  a n i a o t r o p y .  Rapid r e o r i e n t  a t l o u t  

between th e  body d i a g o n a l s  t r i l l  average  tbe  c h e n i c a l  s h i f t  a n i s o t r o p y  to 

z e r o .  To show t h i s ,  we d e f i n e  the  n o rm a l i z e d  u n i t  v e c t o r *

c o r r e s p o n d in g  t o  the  four  body d i a g o n a l  axes  and e x t e r n a l  f i e l d  a x i s .

I t  *111 be shown l a t e r  t h a t  the  r a t e  of  the  t r a n s l a t i o n a l  jumps

- C l .  l , - l ) / i 3  

n4 -  ( 1 , - 1 , - l l / f e  ,

= ( j ,  y ,  x) , where x2+y^+x^ = 1 ,

n ,  = t l -  i .  n / ' J a

n3 = ( 1 , - 1 ,  n / ' f c

"S* -  ( i ,  1 , - 1 ) / i i

r e s p e c t i v e l y ■ The a v e m g e  o f  cos  8  i a

j
“ ( 1 / 4 )  r  o o i V  

j  J
( j  = 1, 2, 3 ,  4)

= 1/ 3 ,

thus  < coa^a  -  ( 1 /3 )>  ^ = 0 ,

( 12)
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and bonce tha  a n i s o t r o p i c  chemical  s h i f t  a p p e a r in g  i n  Eq , (5 )  i t  averaged

tO I t f D ,

In  a-CO , t b e  d i s t a n c e  between m o l e c u la r  c t u t e n  i t  0,35>B no 

( n e a r e s t - n e i g h b o r  d i s t a n c e )  (KohtiO), much l a r g e r  th e n  tbe  d i s t a n c e  from 

th e  CL) to  t h e  m o l e c u la r  c e n t e r  (— 0.037  on,  rough ly  1/2 of  tbe 

C-O band l e n g t h )  (lohtSO) , Bonce, r o t a t i o n a l  jumps between the  body d i 

agona l*  w i l l  s l i g h t l y  reduce  the  i n t e m o l e c u l a r  d i p o l e - d i p o l e  i n t e r a c 

t i o n *  , The r o t a t i o n *  w i l l  no t  modula te  tbe  d i p o l a r  i n t e r a c t i o n  in  CO, 

• o l i d  because  th e  C11 s p in  1* always  a t  t h e  v o l e c n l a r  c e n t e r  and I t  

no t  d l ( p l a c e d  by p u re  r o t a t i o n * .

Thus ,  t h e  r o t a t i o n a l  Jumps can be o b te rv e d  a t  h igh f i e l d  with  

low C11- e n r l c h e d  ■ample a th rough  the  u o d n l a t i o u  of  chemical  a h l f t  

a n i  a o t r o p y .

3 . 3 , 2  Molepaler T r a n s la t io n a l

M o le c u la r  t r a n e l  a t i o n a l  Jumps, i f  c o n s i d e r e d  e v p a r a t e  f ron  the 

r o t a t i o n * ,  w i l l  modula te  the  d i p o l a r  I n t e r a c t i o n  to  a e r o  i f  a n f f i c l e n t l y  

r a p i d .  On th e  o t h e r  hand,  t r a n d a t l o n a l  mot Ian a l o n e ,  w i l l  not modulate 

t h e  chemical  s h i f t  a n i s o t r o p y  i n t e r a c t  i o n * , whioh depend* on ly  on molec

u l a r  o r i e n t a t i o n .  Hence,  t h e  t r a n s l a t i o n a l  jumps can bo d e t e c t e d  a t  low 

f i e l d  and h igh  C11 en r ichm en t  th rough  t h e  m o d u la t i o n  o f  d i p o l e -  

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

Bloembergen .  P a r c e l  1, and Pound (BPP) tbowed CBio4S) t h a t  a 

f l u c t u a t i n g  d i p o l a r  f i e l d  ( i . e .  a change i n  the  l o c a l  f i e l d  caused

by a tomic  d i f f u s i o n  o r  m o le c u la r  r o t a t i o n  can  induce t r a m l t i o n s  among
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Zaemati l e v e l a  and th u a  r o l i i  t h e  a p i n i .  They t r a i t  t h e  f l u c t u a t i n g  d i 

p o l a r  H am i l to n i a n  ( F q .9 )  i t  i  p e r t u r b a t i o n  on th «  Zeeman l e v e l a .  m n a -  

ing i n  e x p o n e n t i a l  c o r r e l a t i o n  f u n c t i o n .  They allowed (BIo4S) t h a t  th e  

d i f f u a i o o  c o n t r i b u t i o n  t o  the  r e l a x a t i o n  r a t e  ( T j ) ^  14 r e l a t e d  to  th e  

d i p o l a r  l i n e w i d t h  and  th e  Larmor f r e q u e n c y  by (A i 171>

<TI>d* *  <"d>2V (1 + " 0 2 t c 2) ' <13)

where t i a  the c o r r e l a t i o n  t i n e  f o r  t h e  mot ion  ( I . e .  t h e  mean t i n ec

b e t w e e n  a t o n i c  J n m p a ) . E q . ( l l )  Wi a  d e r i v e d  b a a e d  o n  t h e  e e e u t a p t l o b  t h a t

r i a  much sm a l l e r  t h a n  th e  r e l a x a t i o n  t i n e ;  t h a t  l a .  i t  r e q n i r e e  many

a t o n i c  Jumps to  r e l a x  a ap in  (weak c o l l i s i o n ) .  From E q . ( l 3 ) ,  we note

t h a t  a ( T „ ) .  minimum o c c a r i  when uirttr l* the l o c a l  d i p o l a r  e n v i r o -  
J d  U c

meet a p p e a r !  n e a r l y  a t a t i c  to  t h e  p r o c e s s i n g  n u c l e a r  a p i n e  and hence 

produce  the  moat r a p i d  a p i n - l a t t i c e  r e l a x a t i o n ,  F u r t h e r m o re ,  on the 

h igh  t e m p e ra t u r e  a ide  o f  the (T^) d minimum (w0r c << 1}, i a  i n 

d e p e n d e n t  o f  the f r e q u e n c y  h>Q w hereaa  on th e  low t e m p e r a t u r e  aide  of 

the  minimum 1) , i a  p r o p o t i o n a l  t o  uq2 ‘

(weak c o l l i s i o n )  t h e o r y  ia  v a l i d  i n  t h e  m o t i o n a l l y  na r row ed  a t a t e  

( r c << Tj = l / A u ^ ;  i*  the  r i g i d  l a t t i c e  l l n p w l d t h  liWHJt

e x p r e t a e d  in  a n g u l a r  f r e q u e n c y  u n i t i ) . even i n  a weak a p p l i e d  f i e l d  

( A i n u .

In the  r i g i d  l a t t i c e  l i m i t  ( t c >> T^) and when th e  f l u c t u a t i n g  

d i p o l a r  f i e l d  ia  co m p a ra b le  to o r  g r e a t e r  then  tb e  a p p l i e d  f i e l d ,  then  

the  d i p o l a r  H a m i l to n i a n  can no l o n g e r  be t r e a t e d  aa a p e r t u r b a t i o n  o f  

Zeeman l e v e l a .  end h e n c e  the weak o o l l i a i o n  t h e o r y  ia no l o n g e r  v a l i d  

( S l i t i 4 ,  A1171) - In t h i *  c i t e ,  the  c o r r e l a t i o n  t i n e  l a  comparable
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t o  t h e  r e l a x a t i o n  t l a t .  t h e r e f o r e  o n ly  one a tomic  Jump l a  needed to  r e 

lax  a s p i n  ( s t r o n g  c o l l i s i o n ) .  The s t r o n g  c o l l i s i o n  t h e o ry  of  low f i e l d  

r e l a x a t i o n  and n i t r a t l o w  n o t i o n s  La d e r i v e d  by S l i o h t e r  and All  loo (SA) 

(S1L44,  AI171) , and haa been  w id e ly  u s e d .  H i d  SA ( a t r o n g  c o l l i s i o n )  

t h e o ry  * a i  developed  baaed on two aa s u m p t i o n s . The f i r a t  a a i u n p t lo n  La 

t h a t  t h e  a p p l i e d  f i e l d  l a  eaiall enough so t h a t  the  Zeeman and d i p o l a r  

system can couple s t r o n g l y ,  t h e r e f o r e  a common apin t e m p era tu re  (Bed55, 

Si 180. AbrBJ) l a  e s t a b l i s h e d  between each  Jump { th a t  i a ,  assuming t_>>

T j ) .  The second a * s u m p t io n  i a  the  so c a l l e d  sudden a pp rox im a t ion ;  t h a t  

i s ,  t h e  t ime a n u c l e u s  spends  i n  t h e  a c t u a l  p r o c e s s  of  jumping l a  a s 

sumed t o  be s h o r t  compared t o  i t s  p r e c e s s i o n  p e r i o d  so t h a t  the  s p i n  

o r i e n t a t i o n  i s  t h e  same im m e d ia te ly  b e f o r e  and a f t e r  the  Jump. S ince  

the  a c t u a l  time a n u c l e u s  spends  i n  Jumping i s  app ro x im a te ly  a l a t t i c e  

v i b r a t i o n  p e r io d  (— 10 ^  a) and th e  Larmor p e r io d  ia  t y p i c a l l y  fou r  

or f i v e  o r d e r  of magnitude  l o n g e r ;  we sec t h a t  the sudden a pp rox im a t ion  

i s  q u i t e  goad,

For the  L i k e - s p l u  d i p o l a r  i n t e r a c t i o n  in t h e  f i e l d  Bj ( the  r o 

t a t i n g  f i e l d ) ,  SA t h e o ry  p r e d i c t s  (A i 171)

where T^p i t  the  s p i u - l a t t i c e  r e l a x a t i o n  t ime i a  t h e  r o t a t i n g  frame,

0D i s  t h e  d i p o l a r  l o c a l  f i e l d ,  and (1 -p )  i s  a g e o m e t r i c  f a c t o r  of  o r d e r  

u n i t y  which c h a r a c t e r i z e s  the  f r a c t i o n a l  change i n  s p in  energy r e s u l t i n g  

from a d i f f u s i o n  Jump.

1 2 ( l -p>

Tc

_ 5 l _ .
(Hi 2 *

( 1 4 )
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E x p e r i m e n t a l l y ,  the r e l a x a t i o n  t i n e  in  lev  f i e l d  (Tjp) can be 

d e r t e r u i n e d  u s i n g  v a r i o n e  NHR te c h n iq u e * ,  such a* tbe ADRF method

( S l i t i l ) ,  t b e  s p l n - l o c h i n g  method (Har62) ,  and the  p h a s e - s h i f t e d  p n la e  

t e c h n i q u e  ( J e e 6 7 )  .

I n  t h e  ADRF ( a d i e b a t i a  d e m a g n e t l i s t i o n  in  th e  r o t a t i n g  frame) 

method ( S l iS O ,  S l i r i l ) .  t h e  s t a t i c  f i e l d  Hq i i  d i s p l a c e d  from re sonance  

i n t e n t i o n a l l y ,  t h e n  an r f  f i e l d  ia  tu r n e d  on while  Uq la  o f f  r e  t o 

ne no e ,  t h e  a t e t i c  f i e l d  i t  t h e n  a l l o w e d  to  r e t u r n  to re to n a n c e  a d i a b a t i -  

c a l l y .  S ince  t b e  m a g n e t i z a t i o n  i a  a lwayt p a r a l l e l  to  the e f f e c t i v e

f i e l d  f ^ . f r  -  tfo 4 S*j), in  th e  ADRF method the

m a g n e t i z a t  too  end* up p a r a l l e l  to  to  t h a t  r e l a x a t i o n  in  very  low

f i e l d *  (Hj t y p i c a l  1 y on t h e  o r d e r  of  a e v e r a l  gauss)  can be o b t a i n e d .

For t h e  s p i n - l o c h i n g  ( 9 0 j  -  sequence)  method (Har62,  SliflO) , t h e  

m s g n e t i z a t i o t i  i a  made to  l i e  a l o n g  11̂  by app ly ing  a 90° pn lee  fo l low ed  

by an Hj p o l a e  of  v a r i a b l e  d u r a t i o n  which baa a 90° phaae  a h l f t  w i th  r e -  

a p e c t  t o  t h e  90° p u l a e .  The r e l a x a t i o n  t ime T^p ia  d e t e r n l o e d  by th e  

dependence  of  t h e  m agni tude  o f  t h e  m a g n e t iE a t io n  on th e  d u r a t i o n  of th e  

r f  p u l a e .  The AERF and s p i n - l o c k i n g  ne tboda  d e s c r ib e d  above have th e  

ad v an tag e  t h a t  th e  d i p o l a r  s i g n a l  can be d e t e c t e d  with  g r e a t  e f f i c i e n c y .  

However, t b e a e  two method* b o th  r e q u i r e  r f  t r a n s m i t t e r *  which can d e l i v 

e r  lo n g ,  h i g h  power p u l a e e  ( s a y .  on the o rd e r  of m*uy second*) which l a  

u s u a l l y  n o t  a v a i l a b l e  i n  moat l a b o r a t o r i e s .

An a l t e r n a t i v e  way of  m easu r ing  th e  d i p o l a r  r e l a x a t i o n  t ime i s  

by th e  p h a s e - s h i f t e d  p u l s e  t e c h n i q u e  developed  by J e e n e r  and B r c e t a e r t  

{ J e e 6 7 ) ,  The J e e n e r - B r o e l a e r t  p n l i e  sequence was used in  t h i s  r e p o r t  t o  

measure  Tjj,  ( t h e  s p i n - l a t t i c e  r e l a x a t i o n  t ime in t h e  d i p o l a r  o rd e red
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s t a t e )  which  c o r r e s p o n d s  t o  t h e  d i p o l a r  r e l a x a t i o n  t l a t  ■ p i t g r t n t n t  in  

xero  f l a l d  (Hj -  0) and  w i l l  he p r e t e n t e d  i n  Chapte r  IV. The r e l a x a t i o n  

t i n e  T^jj i a  equal t o  t h e  d i f f u s i o n  c o n t r i b u t i o n  to  T jp  o b t a i n e d  a t  

= 0 ,  t h e r e f o r e  E q . ( l 4 )  bee cab a

1 1
    2(1 -  p) . (15}

T1D t c

Hence ,  th e  r a t e  of  t h e  t r a n s l a t i o n a l  jumps d e t e rm in e d  by th e  t1d 

u rcment can be d e s c r i b e d  by E q . (11) u s i n g  the a t ro n g  c o l l i s i o n  t h e o r y  of  

S l i c b t e r  and Ail ion .

3 . 3 , 3  H e ad -T a l l  FI  i n  a

H e e d - t a l l  ( 1 8 0 ° )  f l i p *  which o c c u r  in  a-CO (NerA2) w i l l  no t  

m odu la te  t b e  a h l f t  a n i s o t r o p y .  b e c a m e  th e  a n i s o t r o p i c  s h i f t  h a i  a co

s in e  s q u a r e  angle  d ependence  ( E q . J ) . However, t h e  180°  f l i p s  w i l l  

s l i g h t l y  r e d u c e  the  d i p o l a r  i n t e r a c t i o n  s t r e n g t h  i a  a—CO b eca u se  the  

C11 sp in a  a r e  not s t  t h e  m o l e c u la r  c e n t e r s .  But ,  i n  th e  t e m p e r a t u r e  

range  of th e  a-CO e x p e r i m e n t s  (45 < T < 62 K) , t h e  r a t e  o f  the h e a d -

t a i l  f l i p s  (N*r£f2) i s  a lw ays  l a r g e  ( ~ 4 X 10^ ■  ̂ a t  45 It and 

-  4 X 10* e-1 a t  62 E) compared to  t h e  NKB l i n e w i d t h s  (^  10^ 

s - * ) -  Thus .  the h e a d - t a i l  f l i p s  a r e  ’* I n v i s i b l e  ” i n  t h e  e x p e r i m e n t s  

d e s c r i b e d  h e r e .

The h e a d - t a i l  f l i p s  a r e  not  a s  l i k e l y  to  be p r e s e n t  i n  s o l i d  

CO,, Because the CO j m o le c u le  Is  p h y s i c a l l y  l o n g e r  t h a n  CO and th e  

l a t t i c e  p a r a m e te r  of  CO, ( -  5 .55  °A a t  T -  20 EJ(Eee34)  i s  

s m a l l e r  t h a n  th a t  o f  CO (a -  5 . 6 5 "A i t  T -  20 K ) ( l r n 7 3 ) .  CO,
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m o le c u le *  i r e  not as  ' f r e e '  t o  f l i p  as CO m o le c u le *  i r e .  The 1S0° f l i p s  

i r e  found to  be a b s e n t  Lu N10 (N ir82>;  i t  t e e n s  r e a s o n a b l e  t h a t  the 

180° f l i p s  i r e  i l t o  a b s e n t  in  t h e  i s o c l e c t r o n i c  COa ,

I t  i s  i n t e r e s t i n g  to  n o t e  t a d  we show below t h a t  t h e  jump r o t i -  

t i o n s  between the body d i a g o n a l s  cannot  be o b s e rv e d  by d i e l e c t r i c  s t u d 

i e s ,  To see t h i s ,  l e t  u* co n ju re  the  d i e l e c t r i c  s u s c e p t i b i l i t i e s  X of 

(a)  ■ system of  d i p o l e s  which e r e  f r e e  o n ly  t o  mete 180° f l i p s ,  (b) a 

sys tem of d i p o l e s  which are f r e e  t o  r e o r i e n t  l a o t r o p i c a l l y , end (c)  a 

system of d i p o l e s  which are f r e e  to  l i e  a long  t h e  fou r  body d i a g o n a l s  of  

s c u b e .  These r e p r e s e n t  (a) a-CO w i t h o u t  t h e  t r s n s l e t l o n u l - r o t a t i o n i l  

jumps,  (b)  3-CO, end (c)  a-CO w i th  t r a a s l a t i o n i l - r c t e t i o n a l  Jumps 

f a c t u a l l y ,  such a model n e g l e c t s  the  r e s t r i c t i o n  t h a t  t h e  fou r  

s u b - l a t t i c e s  a r e  e x a c t l y  e q u a l l y  o c c u p ie d ;  w i t h  t h i s  r e s t r i c t i o n ,  a-CO 

r e a l l y  be longs  to  c a s e  ( a ) j*

The energy  of  a m olecu le  of permanen t  d i p o l e  moment p* in  

an e l e c t r i c  f i e l d  it  i s

e « - " p » " ^  = - | i E  ,

where p = pcos9 and 0 i s  the a n g le  between p and  Tbe

a v e ra g e  p o l a r i z a t i o n  1? i s  r e l a t e d  t o  E and X by { in  COS u n i t s )

< P >  = N < | i > « < X > E  .

where M i s  the  number of molecu le*  par  u n i t  vo lum e.

In  c a t e  ( a ) ,  t h e r e  a r e  two p o s s i b l e  o r i e n t s t i o n s  (up or  down 

h e r e b y  deno ted  by +■ and -  , r e s p e c t i v e l y )  which d i f f e r  by 160° and each 

c o r r e s p o n d s  to  e H = p+E = -  Epcos0  and e_ = ji_E = + Epco*9,  r e a p e c -
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t l v e l y ,  Let  the p robab i l  i t i e i  o f  f i n d i n g  ■ molecu le  i n  the 'u p '  end

‘down’ a t a t e  be V+ and , r e s p e c t i v e l y . and

" M i
e

w+   ---------
-?B+ "&*_

a + e

e
 --------------------------

- P e + -P*_
e + e

where p = 1/kT,  k i t  the Boltzmann c o n s t a n t  and T i s  th e  absolu te temp

e r a t u r e ,  Then a c l a s s i c a l  c a l c u l a t i o n  o f  <Jt> f o r  a g iven  m olecu la r  

o r i e n t a t i o n  ( i . e .  given 0)  can be d e r i v e d  us

< X >B = £N/Ej[p+W+ ^ f _ ]

= CNpcoi0 /E>(W_ -  W+)

= (Npcoa9/E> tanh(fle)

At h i g h  t e m p e ra tu re  (pa << 1,  as  always  t r u e  in  our s y s t e m ) , the t h e r 

mal average  of  X in cate ( a )  i t  then

( X -  N p p ^ o t ^  .

For  random c r y s t a l l i t e s  as  w e l l  as  s i n g l e  c r y s t a l s  o f  P*3 s t r u c t u r e ,
A

cos © a v e ra g es  t o  1/3 (see E q . 1 2 ) ,  hence 

( X -  ( l /3 )NpP2 ,

For csee  (b) d e s c r i b e d  above,  P *= Np< co i9  >. the b racke t  d e 

n o t i n g  th e  thermal average .  Hie r e l a t i v e  p r o b a b i l i t y  of  f ind ing  F d i 
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r e c t e d  i n t o  a g ive n  e l em en t  of  s o l i d  a n g l e  dQ i s ,  by Bo l t zm ann  d i s t r i b u 

t i o n ,  p r o p o r t i o n a l  to  o x p ( - p a ) .  Hence i n  case  <b>, t h e  av e ra g e  it 

can be w r i t t e n  aa ( I i t 7 1 ,  Bei65)

< X >b -  ( N p / E >  --------------------------
j e x p ( - p e )  d(l

j2TTalnOcoaOaip <0Epcoi6) dB 

J z n a l n B o i p ( J J E p c o a B )  dB 

= (Kp/E) L(q)  P

where q -  pEp and L{q) i a  t h e  f a n o u t  L e n g e v in  f u n c t i o n .  At h ig h  t e m p e r 

a t u r e  (q << 1 ) .  L(q) s  ( q / 3 )  = ( p E p / 3 ) ,  and hence

< 3t >b -  ( l /3>N pp2 .

For  r o t a t i o n *  along the body d i a g o n a l  a in  case  ( c ) ,  an app ro ac h  s i m i l a r  

to  the d e r i v a t i o n  in  c a t e  (a)  can be a p p l i e d  ( t h e  d i f f e r e n c e  i t  t h a t  now 

we have e i g h t  p o s s i b l e  s t a t e s  i n s t e a d  o f  two) . I t  can be shown t h a t  t h e  

average  s u s c e p t i b i l i t y  f o r  c a s e  (c)  I d t h a  h igh  t e a i p e r a t u r e  l i m i t  I*

We have ahown in  Eq . (12)  t h a t  f o r  r a p i d  r e o r i e n t a t i o n s  be tween  t h e  body

common r e s u l t .  That I t ,  < Jt = < X ■= < X >c “ ( l / 3 ) N | l p 2 . We

can thus  conc lude  From th e  r e s u l t  d e r i v e d  above;  g i v e n  t h a t  h e a d - t a l l

t r i e  means jump r o t a t i o n s  be tween th e  body d i a g o n a l s  o r  even f r e e  r o t a 

t i o n s  ,

< X ) = Npp2 < c o s 26 >c

1
d i a g o n a l s ,  t h e  average  o f  cos 0 = 1 / 3 ,  and hence t h e  t h r e e  c a t e s  y i e l d  a

f l i p *  o c c u r  r a p i d l y  in  a-CO above 45 K, one can n o t  ob by d i e i e c -



C hap te r  IV 

RIFEB1NENTS AND PULSE TECHNIQUES

4 .1  EXPEftIKENTS

¥e found i n  t h e  l a s t  c h a p t e r  t h a t  the  chemica l  s h i f t  a n i s o t r o p y  

«nd i n t e r n o l e c u l a r  d i p o l e - d i p o l e  i n t e r a c t i o n s  n e  s e p a r a t e l y  s e n s i t i v e  

t o  r e o r i e n t a t i o n s  t a d  t r a n s l a t i o n * , r e s p e c t i v e l y .  F u r th e r m o re .  s in c e  

e i t h e r  I n t e r a c t i o n  can be made to  dominate tbe  spec t rum  by a p p r o p r i a t e  

c h o ice  of  t h e  f i e l d  and C1J e n r i c h m e n t ,  tbe  r o t a t i o n *  and the  t r a n s 

l a t i o n s  can be measured s e p a r a t e l y .

E x p e r i m e n t a l l y ,  the  r o t a t i o n *  v e r t  d e t e c t e d  a t  h igh  f i e l d  and 

Low C11 c o n c e n t r a t i o n  th rough  th e  m o d u la t io n  Of chem ica l  s h i f t  a n i 

s o t r o p y ;  a p i n  echoe a  and s t i m u l a t e d  ecboea were u i e d .  The t r a n s l a t i o n a l  

jumps m odu la te  t h e  d i p o l a r  I n t e r a c t i o n !  and were a t u d i e d  a t  low f i e l d  

and h ig h  CL* en r i c h m e n t  u s in g  l i n e  nar rowing  and Tjp m easurements .

The p n l* e  sequence* used In  the  exper im en t*  and the  r e l a t e d  phenomena 

w i l l  be d e s c r i b e d  in  t h i s  c h a p t e r .

The d e s c r i p t i o n  of  the  sample gas b o t t l e s ,  s imple  n i x i n g ,  and 

•ample h a n d l in g  a r e  a l l  d e s c r i b e d  i n  Chapte r  11.  In the  a-CO e x p e r i 

ments ,  t h e  h ig h  end low C** c o n c e n t r a t i o n  samples  need have concen

t r a t i o n s  of  90% and 10%, r e s p e c t i v e l y .  In  tbe  CQj e x p e r i m e n t s ,  99% 

and 15% Cl * - e n r i c h e d  samples were  u sed .

-  48 -
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4 , 2  HIGH FIELD EIFEBIMEMTS

E xper im en t s  h ig h  f i e l d  were *11 done At a r e s o n an ce  f r e q u e n 

cy of  14*7 KHz, c o r re spond ing  to  e f i e l d  s t r e n g t h  Hq -  13.7 k i l o -  

g e u s t .  Tliie i t  the  maximum f i e l d  of ou r  h ig h  Impedance e l e c t ro m a g n e t*

4.1*1 LUsefrap* Study

The C1* l i n e  shapes  a t  high f i e l d  were I n v e s t i g a t e d  on t e n -  

p i e s  o f  b o t h  h igh  end low C11 c o n c e n t r a t i o n s .  The l i n e s h a p e s  were 

o fa t t i r e d  by f o u r l e r  t r an s fo rm ing  the f r e e  i n d u c t i o n  decay  (FID) s i g n t l t  

and /o r  s p i n  echoes  (HahiO) . The FIDa were p roduced  by ■ I80°y_ ( b l i n k 

ing) — t -  90° p u l s e  sequence .  The s u b s c r i p t  means r o t a t i o n  abou t  

t h a t  a x i s ,  and Im pl ie s  no r o t a t i o n  and ' f  a e« n s  r o t a t i o n  i n  t h e  op

p o s i t e  t e n s e *

Take the e x t e r n a l  magnetic f i e l d  Bp along  th e  + a d i r e c t i o n  and 

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

a - a r i a  w i t h  r e s p e c t  to  the l a b o ra to ry  frame {SliSO* AbrBl) . In t h e  r o 

t a t i n g  f r a m e ,  b e f o r e  app ly ing  the 90° p u l i * ,  t h e  n e t  m a g n e t i z a t i o n  l i e s  

along e i t h e r  t h e  + i  or - i  d i r e c t i o n *  The n e t  m a g n e t i s a t i o n  a r i s e s  from 

the  e x t e r n a l  f i e l d  Bp which e s t a b l i s h e s  a n e t  sp in  p o p u l a t i o n  a t  th e rm a l  

e q u i l i b r i u m ;  the  r a t i o  of  the s p in  p o p u l a t i o n s  i s  g ive n  by th e  

B o l t m e n n  d i s t r i b u t i o n .  The ' b l i n k i n g '  180° p u l s e  b e f o r e  the  90° p u l s e  

a l t e r n a t e s  on and o f f  p roducing  t  change i n  the d i r e c t i o n  of the magne

t i z a t i o n  from - z  to  +z d i r e c t i o n .  The 90° p u l s e  r o t a t e s  the n e t  magne

t i z a t i o n  ab o u t  the  y - a x i a .  Immediately a f t e r  t h e  90°  p u l s e  i t  t u r n e d  

o f f ,  s i n c e  th e  magnet ic  f i e l d  f e l t  by th e  s p i n s  i t  d i f f e r e n t  in  d i f f e r 

ent p o r t i o n s  of  the  sample due to  t h e  chemical  s h i f t  a n i s o t ro p y *  the
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■pin isochromata {ap lua  in  p o r t i o n  of  sample p r a c t i s i n g  a t  t h e  same f r e 

quency) p r e c e a a  and aeon g e t  ou t  of p h a s e ,  c a u s in g  th e  deca y  of  the  FID 

s i g n a l .  The b l i n k i n g  1H>° p u la e  a l t e r n a t e a  t h e  d i r e c t i o n  o f  the  magne

t i z a t i o n  and hence  t h e  s ig n  o f  the  FID s i g n a l s ,  a l lo w in g  f o r  a d d / s u b -  

t r a c t  averag ing  and e l i m i n a t i o n  of  c o h e r e n t  n o i s e  inch  aa e l e c t r i c a l  and 

a c o u s t i c  r i n g i n g  {which a re  not  s e n s i t i v e  t o  the  i n i t i a l  i n v e r a i o n  

p u la e )  , The f i l e d  spac ing  x be tween  the two p u l a e t  { t y p i c a l l y  -  3X 

1D~^ a) i t  chosen so t h a t  t  << T j * T y p i c a l l y ,  40 FID a i g n a l a  were av

e ra g e d  to ln o re a a e  the  a l g n a l - t o - n o i s c  r a t i o  {S/N) , each  sequence  spaced  

by ~ JTj a l low ing  the  m a g n e t i z a t i o n  t o  r e a c h  l t a  e q u i l i b r i u m  v a l u e .

At h igh f i e l d ,  the  c h e n i c a l  s h i f t  a n i a o t r o p y  (CSA) i n t e r a c t i o n  

1* th e  dominant source  of l i n e  b r o a d e n i n g .  In  the Low t e m p e r a t u r e  ( r i g 

id  l a t t i c e )  l i m i t ,  one a s p e c t s  from the a r i a l  symmetry of  the  CO and 

C01 luolecu le t  t h a t  the  NNR spectrum shou ld  be a u n ia a L a l  powder p a t 

t e r n .  Hie s h i f t  a n i a o t r o p y  d o  (Eq.5)  can  be a n a l l y  d e t e r m i n e d  from 

the  NMR apec trua i .  By compar ing  the  s p e c t r a  from the  low and h igh 

C1 1- e n r i c h e d  t e m p l e t ,  one can ob se rv e  t h e  b ro a d e n in g  of  t h e  l i n e  by 

the  i n c r e a s e d  C11 d i p o l a r  c o u p l in g  a t  t h e  C1* c o n c e n t r a t i o n  i s  

l u c r e s  s e d .

F u r th e r m o re ,  i f  t h e  r o t a t i o n a l  Jump r a t e  Dj -  f a *t~

e r  th a n  the  s t a t i c  ( r i g i d  l a t t i c e )  powder p a t t e r n  L in a w id th  

one e a p e c t t  to  o b s e rv e  l i n e  nar rowing  (SL10O, AbrBJ, Pop59) due to  mo

t i o n a l  a v e ra g in g .  U s u a l ly ,  t h e  l i n e  n a r ro w in g  o ccu r s  n e a r  the  m e l t i n g  

p o i n t  and the l i n e w i d t h  measurement in  t h e  l i n e  nar row ing  r e g i o n  can be 

used to  de r ive  the lump r a t e .
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E x p e l l a e u t a l 1 / ,  the  h igh  f i e l d  l i u e s h a p e  s tu d y  la  a-CO i n d i 

c a t e *  t h a t  tbe  j n » p  c a t e  u j  i t  too  alow to  cause  l i n e  na r row ing .  Th*t 

I t ,  d-CO i t  a lways  i n  t b e  slow J nap reg im e.  Uj < A u ^ . Line 

na r ro w in g  was o bse rved  f o r  tbe  CO j l i n e *  a t  h ig h  f i e l d  n ea r  the n e t t 

ing p o i n t ,  i n  c o n t r a s t  t o  a-CO which t r a n s f o r m  t o  tbe p l a s t i c  p-pheae 

b e f o r e  nar row ing  can o c c u r .

4 . 2 . 2  Spin Tj H aasurem m ts

A 90°^ -  -  t  -  180® p n la e  sequence {Hah50) m  naed t o  measure 

the  r e l a x a t i o n  t i n e  i n  tbe  low C1' c o n c e n t r a t i o n  samples .  The 

phase  o f  th e  two p u l s e s  a r e  90°  o u t - o f - p h a s e  and the  phase of  the f i r s t  

p u la e  was a l t e r n a t e d  ( x / i )  f o r  s i g n a l  a v e ra g in g  p u r p o s e s .

I n i t i a l l y ,  the  n a g n e f i x a t i o n  i s  f u l l ;  r ecove re d  and a l igned  

a lo n g  th e  x-mxLi,  p a r a l l e l  to  t h e  e x t e r n a l  f i e l d  Hq . In the  r o t a t i n g  

f ram e ,  d a r i n g  th e  90° p u l s e  ( a t  t  -  0) . the  m a g n e t i z a t i o n  p re c e s s e s  an 

an g le  of  90° about  Hj in  t h e  x -y  p l a n e .  During the  t i n e  i n t e r v a l  t .  

t h e  s p i n  i s o o h r o n a t s  dephase due to  tbe  chemical  s h i f t  a n i s o t r o p y .  The 

180° p u l s e  (a t  t  -  x> r o t a t e s  the  sp in  i s o ch ro K x ts  in the  x -y  plane by 

180° ab o u t  t h e  y - a x l a ,  The s p i n  l a o o h r o n a t t  c o n t in u e  to  p r e c e i s  a t  the 

sane r a t e  and r e p h a s e  t o  f e r n  a ne t  nagne t i l  a t i  on a f t e r  a t i r e  ( t )  

e q a a l  t o  t h e  t i n e  s p e n t  d e p h a s i n g .  That  i s .  the  i s o o h r o n a t s  r e focus  to 

g i v e  a s p i n  echo ( u s u a l l y  c a l l e d  *' Hahn e c h o 1') a t  t i n e  2 x . The spin 

echo ia  symmetric  about  t h e  p o s i t i o n  a t  t  = 2 t j  c o n s i s t i n g  of  two FIDs 

b a c k - t o - b a c h .  Hence,  t h e  s p in  echo can a l s o  be used t o  determine 11- 

neshape  p ro v id e d  t h a t  t h e  p u l s e  spac ing  r<< ■ The t r a n s v e r s e  r e l a x 

a t i o n  t im e  Tj was d e t e r m in e d  from the  dependence of t h e  echo ampli tude 

on th e  echo  t ime 2 t , g iv e n  by
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M(2tr) * Kg e x p { -  I t / T j )  ,

where i t  tbe nagne t i n t i o n  a t  t h e r n a l  e q u i l i b r i n n ,  T y p i c a l l y ,  20  

s p in  echoes  were a v e r a g e d  fo r  * g iv e n  v a l u e  o f  v t o  i n c r e a s e  the a i g -  

n a l —t o - n o i a *  r a t i o .

In  the alow jump l i m i t  (SI  180, Pop59) where t h e  jump r a t e  

i i  t o o  w a l l  to  e m i t  l i n e  n a r ro w in g  {uj L A w ^ ,

the powder p a t t e r n  1 i n e w i d t h ) , o n ly  thoee  a p i o a  which have  remained  a t  

the t i n e  f requency  ( a n d  hence o r i e n t a t i o n )  d a r i n g  the e n t i r e  2t i n t e r 

v a l  w i l l  c o n t r l h p e t e  t o  the  t p i n  e c h o ,  Thoee a p i n e  t h a t  change f r e q u e n 

cy g e t  ou t  of  phaae and  hence w i l l  no t  c o n t r i b u t e  to  t h e  echo .  Thee ,  

r o t a t i o n a l  Jump* c a m e  the  echo a m p l i t u d e  to  decay aa exp ( -2W  Vj) , 

where Tj i* the mean t i n e  be tween  r o t a t i o n a l  Jumps,  The d i p o l a r  In 

t e r a c t i o n  be tween th e  C11 ap ine  i t  a l i h e - i p i n  te rm (E q .9 )  and i t  

not r e fo o o a e d  by th e  180° p u l a e ,  C o n s e q u e n t l y , the echo enve lope  w i l l  

a l t o  decay  due to  t h e  d i p o l a r  e f f e c t !  ( t e m p e r a t u r e  i n d e p e n d e n t )  w ith  an 

a p p r o x i m a t e l y  Gam a l a n  envelope  {Abr83>. The r e a i o n  f o r  no t  s t u d y i n g  

th e  h i g h  C1* - e n r i c h e d  aaup le  w i t h  a p i n  echoea  i a  b e c a n te  th e  d i p o l a r  

i n t e r a c t  io n  i* i d  l a r g e  t h a t  t h e  echo  e n v e lo p e  i a  al iaoat  alwaya d e t e r 

mined by the a p i n - a p i n  p ro c e a a e a  i n a t e a d  of  t b e  m o l e c u l a r  j t m p a ,

4 . 2 . 3  S t i m u l a t e d  Esfefi Meatnrementa

A -  r  -  90° -  T* -  90® p u la e  sequence m  used

to  g e n e r a t e  s t i m u l a t e d  echoes  (Eiah50) a t  h ig h  f i e l d  and low C11 con

c e n t r a t i o n .  Data were  o b ta in e d  by a v e r a g i n g  t y p i c a l l y  20 echoes  a t  each  

HT v a l u e .  The a d v a n t a g e  of  t b e  s t i m u l a t e d  echo  ia  t h a t  s lower
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a c t i o n  c i d  b e  s t u d i e d  t h a n  w i t h  t h e  c o n v e n t i o n a l  t w o - p u l s e  a p i n  c o h o  

t e c h n i q u e ,

A f t e r  the  f i r s t  90° p u l s e ,  t h e  s p i n  i s o c h r o n a t s  p r o c e s s  a t  d i f 

f e r e n t  r a t e s  in  the  x y - p l a u e  ( r o t a t i n g  frame] doe t o  ch a n le a l  s h i f t  a n i 

s o t r o p y .  Assuming tbe  i n i t i a l  f r e q u e n c y  of  the  i s o o h r o u a t s  i a  W| as  

g iven  by E q . ( 5 ) ,  tbe  x and y components of  the  magnet  i t  a t  Ion a r e  g iven  

by the Bloch  e q u a t i o n s  (Blo46)  a s :

Mi ( t ) = -  Mq c o i ( u j t )  e x p ( -

=  K g  t i n ( i i > L T >  e x p ( -  t / T ^ )

For t h e  p o i s e  spac ing  t << Tj (a s  a lw ay s  used h e r e ,  t = 6 X 10 *

■ and Tj £ 5 X 1Q- ^ s} t b e  o r i e n t a t i o n  of the  m o l e c u le s  and

hence t b e  f r e q u e n c y  of  t b e  i s o c h r o a a t s  may be c o n s id e r e d  to be unchanged

d ur ing  th e  i n t e r v a l  from t  ■= 0 to  r .  The second 90° p u lse  s t o r e s  the

i -com ponent  o f  t h e  aiagne f i x a t i o n  a long  tbe  + z - a x i a ;  the  z-component  of  

the  n a g n e t i x a t i o n  r i g h t  a f t e r  t h e  second  90° p u l s e  i s  given by

Ke ( t )  * -  Mq cos tw ^x)  e x p { -  x j T ^ ) .

The f i r s t  two pul sea c o n s t i t u t e  t h e  "  p r e p a r a t i o n "  p a r t  of t h e  p u l s e

s e q u e n c e .

During th e  w a i t i n g  t ime T* a f t e r  the second p u l s e ,  mo

l e c u l a r  r o t a t i o n s  nay o c c u r .  Bence we assume t h a t  the  i s o c h r o n a t  has 

■one new f req u en cy  = Uj + dm d u r i n g  the  i n t e r v a l  frost t  c 

t + T* t o  (where t h e  s t i m u l a t e d  echo o c c u r s ) .

A f t e r  t h e  t h i r d  90° p u l s e ,  t h e  z-componen t  of t h e  m a g n e t i z a t i o n  w i l l  be 

b rought i n t o  the  x -y  p l a n e  a g a i n  and p r o c e s s  a c c o r d i n g l y .  The p l a n a r
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com ponen ts  of  t h e  m a g n e t i s a t i o n  a t  t  ) t +  T  can be e x p re s s e d  

as

H+U ' >  -  » , < * ’ > +

■ -Mq c o s ( m^t ) ^ c o a ( u f t  *) +1 s l n ( b f t ' ) J  X 

e x p ( - ( t ' +x>/Tj} ,

w here  t* “ t - ( x + T  ) -  In  the  c a t e  when wf  - « iP tha x-com- 

p o n e n t  o f  th e  m a g n e t i s a t i o n  can be w r i t t e n  as

* -  Mq cos^fu^TJ e x p f - l t / T j )

A v e ra g in g  over  a l l  and asa t ia i i i j  t h a t  x i t  long compared to  the  

r e c i p r o c a l  l l u e w i d t h  T * t we f i n d  t h a t  Hx ( t ,fcT) ■ “ (1/2}H0 . Hence a 

a t  i n u l a  t e d  echo a p p e a r s  a t  t i n e  x a f t e r  the 90° p u l s e .

An i s o o h r o m a t  t h a t  changes  i t s  f requency  by its = -

4^ w i l l  c o n t r i b u t e  t o  t h e  echo an amount

M ^ t t ' ^ x )  = -  c o a ( u j T ) c o s { u fx )

=- -  (MQ/ 2 )  ^ c o a ( A u t ) - c o a [ ( u i +uf )x] J. ( I d )

A ga in  assuming t h a t  r  >> T j  and a v e r a g i n g  over a l l  isochroaaata ,  we 

f i n d  < c o i ( ( a j + t i | ) t } >  I n  E q . ( l t i )  v a n i s h e s }  the b r ack e t  < > has 

been u s e d  t o  d e n o t e  t h e  a v e r a g e .  Hence ,  the  ampli tude of  the s t i m u l a t e d  

echo i s  J u s t

Kr U ' - T )  -  - U / 2 ) l t 0 < c o sU u t> >  .

(17)

From Eq„(17)  we see t h a t  f o r  l a rg e  Am , = 0 and fo r

s m a l l  AtdT i t  l a  - ( 1 / 2 >Mq . T h e r e f o re  by va ry ing  x, one c o n t r o l !  

the s i z e  of  f r e q u e n c y  Jump Au to  which t h i s  te chn ique  i s  s e n s i t i v e .



JJ

Because the o r i e n t a t i o n  I n f o r m a t i o n  L> s t o r e d  z m a g n e t i z a 

t i o n  d u r i n g  th e  w a i t i n g  I n t e r v a l  T  , i t  r e l a x e s  i n  e t i n e  o f  o r 

d e r  T^.  T h i ■ I t  i n  c o n t r a s t  to  t h e  c o n v e n t i o n a l  a p i n  echo  which i n 

v o l v e s  p l a n a r  m a g n e t i z a t i o n  t h a t  r e l a x e s  w i t h  time c o n s t a n t  T^* In ou r  

sy s tem  Tj l a  t y p i c a l l y  30 t o  100 a,  much lo n g e r  th a n  th e  l o n g e s t  v a l u e  

of  T* u s e d  {4 s ) . F a t h e r n o r e .  s p e c t r a l  d i f f u s i o n  w i l l  s e r v e  to  

d e s t r o y  th e  s t i m u l a t e d  echo .  For the sam p le s  under i n v e s t i g a t i o n ,  s i n c e  

each  c r y s t a l l i t e  g e n e r a l l y  c o n t a i n s  J u s t  f o u r  w e l l - s e p a r a t e d  NHR f r e 

q u e n c i e s  ( f o u r  m o l e c u l a r  o r i e n t a t i o n s  e a c h  c o r r e s p o n d i n g  to  a body d i a g 

o n a l  of  t h e  Pa3 s t r d c t n r e )  and s in c e  t h e  d i p o l a r  i n t e r a c t i o n s  a r e  sm al l  

( low C11 e n r i c h m e n t } ,  th e  i p c c t r a l  d i f f u s i o n  i s  e x p e c t e d  t o  be s low .

In o t h e r  w ords ,  s p e c t r a l  t r a n s f e r  ia  s low because  n e i g h b o r i n g  l s o c h r o -  

m a ts  g e n e r a l l y  be long  t o  e n t i r e l y  d i f f e r e n t  c r y s t a l l i t e s .  Because  

and s p e c t r a l  d i f f u s i o n  a r e  so slow, very  slow r o t a t i o n !  may be s t u d i e d  

w i t h  s t i m u l a t e d  e c h o e s .

H ie  e f f e c t  o f  t h e  r o t a t i o n a l  Jumpa on th e  s t i m u l a t e d  echo may 

be r e a d i l y  s e e n .  A g i v e n  m o leco le  can jump between j u s t  f o u r  d i f f e r e n t  

o r i e n t a t i o n s  and hence  f o u r  d i f f e r e n t  NHR f r e q u e n c i e s .  P ro v id e d  t h a t  

an  i s o c h r o m a t  t h a t  has  a n e t  f r e q u e n c y  change d a r i n g  t h e  i n t e r 

v a l  T  w i l l  no t  c o n t r i b u t e  to  th e  s t i m u l a t e d  echo;  t h i s  i s  be

c a u s e  <cob<Ah t }> f rom E q . ( l T )  w i l l  be z e r o  fo r  such i s o c h r o n a t s .

Tha t  i a ,  o n ly  those  s p i n s  w i th  no n e t  f r e q u e n c y  ( o r  n e t  o r i e n t a t i o n )  

change  w i l l  c o n t r i b u t e  to  th e  s t i m u l a t e d  e c h o .  Hence ,  t h e  s t i m u l a t e d  

echo  a m p l i t u d e  i s  p r o p o r t i o n a l  to  t h e  f r a c t i o n  of a i o l e c n l e !  t h a t  a r e  In 

t h e  same o r i e n t a t i o n  a t  t h e  end of  t h e  T"  i n t e r v a l  aa a t  t h e  

s t a r t .  C l e a r l y ,  t h e r e  i s  a 1 /4  p r o b a b i l i t y  of i  m o l e c u l e  r e t u r n i n g  to
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i t *  i n i t i a l  o r  l e n t i o n ,  even a t  T* ** We e x p e c t  t h e  s t i m u l a t e d  

echo e nve lope  t o  decay e x p o n e n t i a l l y  w i th  a t ime c o n s t a n t  of  o r d e r  Vj 

( t b e  nean j m p  t im e } ,  ba t  to  a b a s e l i n e  of 1 /4  of  the  T* “ 0 echo 

a m p l i t u d e .  Ae thovn  i n  Appendix C, t h e  echo enve lope  I t

3 4 1
A ( T  ) *= e x p ( -  wf T  > + ’—-  . (16)

4 3 4

Hence the  mean jump t i n e  t j  La J u a t  4 /3  of  t h e  c h a r a c t e r i s t i c  decay 

t ime of t h e  e x p o n e n t i a l  p a r t .

S t i m u l a t e d  echoes have been  need by o t h e r s  t o  o b s e rv e  or  s ea rch

f o r  slow r o t a t i o n s  (SpiSQ, S o l 81,  Yu£3).  The s t i m u l a t e d - e c h o  p u l a e  s e 

quence i s  a l s o  the  b a s i s  of  many t w o - d im e n s io n a l  F o u r i e r - t r a n s f o r m  t e c h 

n iq u e s  in  NMR ( J cp7 9 ) „ The fundam e n ta l  c o n c e p t  i a  i n f o r m a t i o n  s t o r a g e  

a long  the  +. a a x i s ,

4 .3  L 9 f  F IELD KtFEKlMENTS

E xp er im en t s  a t  low f i e l d  w ere  done a t  1 ,256 HHx, c a r  r e spond ing  

t o  a m agne t ic  f i e l d  s t r e n g t h  of  1 .2  k i t o - g a u s a .  Both l i n e  nar row ing  and 

ex p e r i m e n t s  were  per formed  w i t h  h i g h l y  Cl * - e n r i c h e d  sam ples .

4 . 3 . 1  L ine  Narrowing

The l i n e s h a p e s  a t  low f i e l d  were o b t a i n e d  by F o u r i e r  t r a n s f o r m 

ing  40 f r e e  i n d u c t i o n  decay s i g n a l s  or  magic echoes  (Bow82) . At low

f i e l d  and h ig h  C11 c o n c e n t r a t i o n ,  t h e  d i p o l a r  i n t e r a c t i o n  i s  e x p e c t 

ed to  be l a r g e r  th a n  th e  chem ical  s h i f t  a n i a o t r o p y .  At h ig h  t e m p e r a t u r e  

where l i n e  nar rowing  (uj  (SI  180,  Pop59) was o b s e rv e d .
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t h e  l i n e a h a p e s  wore o b t a i n e d  us ing  FID* g e n e r a t e d  by the  m o  p u l s e  s e 

quence descr ibed  e a r l i e r ,  I n  the r i g i d  l a t t i c e  (low t em pera tu re )  l i m i t ,  

i n  o r d e r  to o b ta in  a r e l i a b l e  second moment measurement f roa  tb e

l i n e  a t  ape,  i  Xi  -  Ty -  90° magic echo  pu lae  sequence  (Bo* 82, EtibB4)

( i i  used to  overcome tbe r e c e i v e r  b l o c k i n g  (d e a d t im e )  which obi  cured  th e  

i n i t i a l  p a r t  of the decay s i g n a l  and hence  a f f e c t e d  the measurement of  

momenta.  A b l i n k in g  1&0° p u la e  m  p l a c e d  in  f r o n t  o f  tbe magic echo  

p u l a e  aequeuce fo r  s i g n a l  a v e ra g in g  p u r p o s e s .

The a o p h l a t l c a t e d  ap in  dynamic! a a a o c i a t e d  w i t h  magic-echo f o r 

m a t io n  have been developed  and w e l l  d e a c r i b e d  by Rhim, P ines ,  and Waugh 

(RhiTO) , The fo rm a t io n  o f  the magic echo ua ing  a lo n g  r f  p n l i e  ( t y p i 

c a l l y  many t i n e a  th e  180° pu lae  l e n g t h )  whcae p u l s e  leng th  ia  much 

g r e a t e r  than  v i o l a t a a  th e  a p i n - t e m p e r a t u r e  (Red55.  51161, JeetiS) h y -  

p o t h e a i a  (but work* a l l  t h e  same) , Dar ing  th e  lo ng  r f  p u l s e ,  the d i p o 

l a r  system behave* a* though the d i p o l a r  H a m i l to n i a n  were r e v e r i e d  i n  

a lg o  (Bhi7D) , Thua, the  a y a ten  a p p e a r s  to  d e v e l o p  backwards in t i m e ;  

aaba equen t  forward t ime e v o l u t i o n  a f t e r  the  p u la e  y i e l d *  the magic e c h o .  

The echo h*i  minimal l i n e  shape d i s t o r t i o n  and g ive *  a b e t t e r  d e t e r m i n a 

t i o n  of than o t h e r  t e c h n iq u e s  ( such  a* t h e  s o l i d  echo technique  d e 

a c r i b e d  in  fief , Man£5 and P o * 6 3 ) ,

D ipola r  l i n e * h * p e *  have b e e n  w ide ly  used i n  NRR to  d e t e r m i n e  

t h e  s t r u c t u r e  and mot ion  o f  a o l l d a .  however,  i t  1* n o t  yet  p o s s i b l e  t o  

d e te rm in e  ( l . s ,  t h e o r e t i c a l l y }  the e x p l i c i t  form o f  t h e  shape f u n c t i o n

F(w) in  t o l i d i ,  due to  the many-body n a tu re  of th e  s p i n  i n t e r a c t i o n s .

The ahape of the r e s o n an ce  curve  ( i , e ,  the  f r e q u e n c y  spectrum) can be 

r e l a t e d  to the p r o p a r t l e a  o f  tbe  s p i n  system by Van V leck 'a  method of
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moments {Ven4ft, Abr£3) ,  The second moment Uj i a  p ro b a b ly  t b a  no a t  Im

p o r t a n t  and T i lnab  la  among a o a e n t s  because i t  any  ba e x p e r i m e n t a l l y  de

termined with  accuracy  and m y  ba c a l c a l a t a d  a u l l y .  Tha Van V l e c t  c a l 

c u l a t i o n  of  tha  second hoban t  t o r  tha  l i k e - s p i n  d i p o l a r  i n t e r a c t i o n  in  a 

powder has been g iven  by E q . ( l l ) ,  E x p e r i m e n t a l l y ,  tha  second  moment can 

ba ob ta ined  by I n t e r p r e t i n g  tha f requency  spec t rum  Ffw> u s i n g  th e  d e f 

i n i t i o n  of (Abr83>:

e [ J  -  **q) ^ F ( i> )d u ^ "  F(u)dw .
{19)

A l t e r n a t i v e l y ,  the  second aoaen t  can a l s o  ba d e t e rm in e d  from th e  t ime 

domain f r e e  i n d u c t i o n  decay G ( t} ,  where O ( t )  i a  t h e  F o u r i e r  t r a n s f o r m  of 

Ffu},  Aa given by E #f .A br83 ,  i a

( - 1 )
«  ---------

0 ( 0 ) d t a
( 2 0 )

t “ 0 '

where G<0) i a  the i n i t i a l  (t>= 0) h e i g h t  o f  t h e  FID, The e x p e r i m e n t a l  

second noaen t  de te rmined  nalng b o th  t ime and f r e q u e n c y  domain a p p ro ac h es  

w i l l  be compared to  t h e  t h e o r e t i c a l  c a l c u l a t i o n  i n  Chapter  V,

The o nse t  of l i n e  nar rowing occurs  when Uj 

(SIISO, PapJJ?) , where A u ^  i t  the  r i g i d  l a t t i c e  l i n e w i d t h  a t  HWHM 

[h a l f  w id th  a t  h a l f  baximum) . Thu#, the o b s e r v a t i o n  of  l i n e  nar row ing  

can be vaed t o  c a l c u l a t e  t h e  J ump r a t e  ■= A / t j  a t  one tamper s t o r e .
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4 .3 ,1  Xtener Eeho: XU2

The J s e n s r - B r o e k a e r t  p u l s e  sequence ,  -  t -  43° -

T  -  45° (JeefiT ) , we* used to  measure tbe  r e l a x a t i o n  t ime T^p of 

the  C1 '  s p i n a  In  t h e  d i p o l a r  o r d e r e d  s t a t e  (And62) . Bata were  ob

t a i n e d  by a v e r a g in g  10 to  40 J e e n e r  echoes  a t  each  T* v a l u e .

I n i t i a l l y ,  b e f o r e  a p p l y in g  th e  90° p a l a e ,  t h e  u n c l e a r  s p in  ays-  

t e s  i s  i n  th e rm a l  e q u i l i b r i u m  w i t h  the  l a t t i c e .  The f i r s t  two p u l s e s  in  

t h e  p u l s e  sequence  t r a n s f o r m  th e  i n i t i a l  Zeeman o r d e r  i n t o  d i p o l a r  o rd e r  

(A od62) . J e e n e r  and B r o e k a e r t  showed ( J ee6 7 )  t h a t  a maximum e f f i c i e n c y  

of  t r a n s f e r  from the  Zeeman o r d e r  to d i p o l a r  o r d e r  can be o b t a i n e d  w i th  

a n /2  phase  s h i f t  between t h e  f i r s t  (90° )  p u l a e  and th e  second pu lae  

(45°)  s e p a r a t e d  by a t ime of  o r d e r  T j .  Dur ing t h e  w a i t i n g  i n t e r v a l  

T* 1 m o l e c u l e s  may e x e c u te  t r a n s l a t i o n a l  Jumps and hence d e s t r o y  

t h e  d i p o l a r  o r d e r  ( s i n c e  t h e  l o c a l  d i p o l a r  f i e l d s  a r e  spa c l  a l l y  tendon)  

(SJ144>.  The t h i r d  p u l a e  (phase  i s  a r b i t a r y )  t r a n s f o r m s  th e  r em a in ing  

d i p o l a r  o r d e r  back i n t o  Zeeman o r d e r ;  a " J e e n e r  echo "  ( o r  " d i p o l a r  

FID ") i s  o b s e r v e d .

F o r  system w i t h  a s i n g l e  d i p o l a r  s p i n  t e s i p e r a tu r o  (S1180,  

A b rB J ) , one e x p e c t s  t h e  J e e n e r  echo t o  decay e x p o n e n t i a l l y  a t  a 

f u n c t i o n  o f  T  w i th  t ime c o n s t a n t  Tjp  a p p r o x im a te ly  eq u a l  to  

t j . The e x p e r i m e n t a l  T jD r e s a l t s  w i l l  be compared t o  tha  d a t a  

from t h e  s t i m u l a t e d  echo measuresten ts  u s in g  E q . { 1 5 ) ;  d e t a i l s  w i l l  be 

seen  in  C h a p te r  V.



C h a p t e r  V 

EXPERIMENTAL RESULTS AND DISCUSSION

5 .1  HIGH FIELD EtfBRIMMTB

At h igh  f i e l d  (14.7 MHz), chemica l  s h i f t  a n i s o t r o p y  (CSA) l i  

t h e  don in p u t  source  of  1 i n e - b r o a d e n i n g . The r o t a t i o n a l  n o t i o n  m  de

t e c t e d  th rough  th e  modu la t ion  of  chem ica l  s h i f t  a n i s o t r o p y  u s i n g  ap in  

e c h o e s  and s t i m u l a t e d  echoe s .  The p u l s e  sequence s  and p u l s e  t e c h n i q u e s  

uaed t o  g e n e r a t e  echoea have been d e s c r i b e d  i n  C h a p t e r  IV.

5 . 1 . 1  Carbon Monoxide R e s u l t s

I h c  C11 l i n e  shapes  in  b o t h  90% and 10% e n r i c h e d  CO sam p le s  

wore i n v e s t i g a t e d  a t  h ig h  f i e l d  ( 1 4 .7  HE*.) and  a r e  shown in  P ig *  . 7 ( a )  

and 7 ( h ) ,  The l iD e a  a r e  a p p ro x im a te ly  n n l a x i a l  p onde r  p a t t a r n a ,  a s  ex

p e c t e d .  By coope r ing  the  h i g h -  and l o v - c o n c e n t r a t i o n  s p e c t r a  i n  

F i g s . 7 ( a )  and 7 ( b ) .  r a  n o t i c e  t h a t  t h e  C4i d i p o l a r  c o u p l in g s  w h ich  

i n c r e a s e  w i th  i n c r e a s i n g  C11 c o n c e n t r a t i o n s  o n l y  s e rv e  to  b ro a d e n  

t h e  s h a rp  f e a t u r e s  o f  the powder p a t t e r n ;  the o v e r a l l  powder l i n e w i d t h  

d id  n o t  change i n d i c a t i n g  t h a t  CSA i s  indeed d o m in a t in g  the s p e c t r a .  

The s h i f t  a n i s o t r o p y  (Aa) la  5100 + 200 Hz (550 ±_ 15 ppm) n e a r  50 K.

In good ag reement w i th  a p rev ious  Cl * NMR measurement (235 + 20 ppm

a t  46 E) by Gibson and cc-w orkere  (Gib77) - They o b s e rv e d  a s l i g h t  temp

e r a t u r e  dependence [365 + 20 ppm a t  4 . 2  E) of t h e  a h l f t  a n i s o t r o p y  due 

t o  n o t i o n a l  a v e ra g in g  caused by r a p i d  l i b r a t i o n s .

-  6 0  -
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( b)

( d )

f i g u r e  7: C11 NMR i p e c t r a  of l o l i d  a-CO a t  h igh  f i e l d  (1 4 .7
Mfli).  ( i ) ,  90% C11; ( b ) .  1 «  C H ;
u a t e  t h e  b r o a d e n i n g  p r o d u c e d  by t h e  d i p o l a r  c o u p l i n g *
■ t  h i g h  c o n c e n t  r a t  i o n . B r o a d e n i n g  d u e  t o  r o t a t i o n a l  
j u m p s  1* e v i d e n t  i n  ( c ) .  10% C 11 a t  6 1 . ]  1 ,  S p e c t r u m  
( d )  o f  h i g h  S / K  ( 7 0 0  a v e r a g e ■) t h o u *  u o n - c a u d o m u e e a  o f  
c r y s t a l l i t e  o r i e n t a t i o n *  a s  bumps  on r e s C t i a n c B .
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L ine  ill ftp a !  f t t  h i g h  f i e l d  w e re  o f t e n  n o t i c e a b l y  d i f f e r e n t  fro® 

t h e  e x p e c t e d  u n i a x i a l  powder p a t t e r n  ( E q . g ) ;  Q ib s o n  and co -w orke rs  a l i o  

o b s e r v e d  (Gib77) s i m i l a r  H u e  shape  1  which  d e v i a t e  from t h e o r e t i c a l  

c u r v e t .  The NUB s p e c t r u m  In F i g . 7 ( d )  i t  t h e  r e m i t  o f  a v e rg in g  700 ech-  

oea ;  t h e  e x t r e m e l y  h i g h  S/N r a t i o  Lb i n d i c a t e d  by t h e  l a c k  o f  any appar

e n t  n o l i e  on th e  b a s e l i n e .  Bonce t h e  bumps on t h e  re sonance  curve l t -  

■ c l f  a r e  no t  n o l l e ,  b u t  r e f l e c t  t h e  l a c k  o f  p e r f e c t  randomness of 

c r y e t a l l i t e  o r i e n t a t i o n !  i n  t h e  s a m p l e .  The o c c u r e n c e  of  such  l i n e i  i s  

s e e m i n g l y  r e l a t e d  t o  how th e  tem ple  i t  p r e p a r e d .  The a-00  samples  

were  fo rm ed  from (1—CO (hep  s t r u c t u r e )  which i i  ( s i m i l a r  t o  f -N ,  

(Dovdd))  a r a p i d l y  a n n e a l i n g  m a t e r i a l .  The hep and PaJ  c r y s t a l  i t r u c -  

t n r e a  a r e  r e l a t e d ;  t h e  r e l a t i o n  b e t w e e n  th e  c r y s t a l  o r i e n t a t i o n s  a t  the 

h c p - P a J  p h as e  t r a n s i t i o n  o f  i i ,  has  b e e n  d i s c u s s e d  (HarSB),  I t  s e e m  

l i k e l y  t h a t  a s i n g l e  c r y s t a l  or  a sample  o f  J u a t  a few c r y s t a l l i t e !  of 

ft-CO s h o u l d  n o t  g i v e  r i s e  t o  a t r u e  p o l y c r y s t a l l  i n e  powder o f  a-CQ,

We d i d  s u c c e e d ,  s e e m i n g l y  by a c c i d e n t .  In growing  to n e  good powders of 

a -0Oi t h e  NHR s p e c t r a  o f  t h e s e  s a m p le s  a g r e e  w e l l  w i t h  the  t h e o r e t i c a l  

c u r v e ,

I f  t h e  r o t a t i o n a l  Jump r a t e  were f a s t e r  than  th e  r i g i d  

l a t t i c e  powder p a t t e r n  l i n e v i d t h  l i n e  n a r r o w i n g  would be  ob

s e r v e d  ( A b r 8 3 ) . The spec t rum  in  F i g , 7 ( c )  was o b t a i n e d  from a 10% 

C u - e n r l c h e d  sample q u i t e  n ea r  t h e  a - p  phase  t r a n s i t i o n  (Top *=

6 1 .3 3  E) , A l th o u g h  t h i s  l i n e  i s  n o t  n a r r o w e r  o v e r a l l  (compare with  

F i g . 7 ( b ) } ,  t h e  s h a r p  f e a t u r e s  of t h e  powder p a t t e r n  have been c o n s i d e r a 

b l y  b r o a d e n e d .  In  t h e  la nguage  o f  chem ica l  exchange  (S1180,  Pop59)> 

t h i s  b e h a v i o r  i n d i c a t e s  t h a t  th e  s y s t e m  I t  a lw ays  i n  t h e  slow-exchange
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U n i t  {» j  <

f i c i e n t l y  C u t  t o  cause l i n t  n a r ro w in g  (wj £ A u ^ )  below 

Tajl a t  h ig h  f i e l d .

The r e l a x a t i o n  t i n e  T^ was d e t e r m i n e d  from th e  dependence  o f

s p i n  echo h e i g h t  on the echo t i n e  (2 t , aee a p i n  echo p u i s e  sequence i n

Chapte r  IV) i n  a 10% C11- e n r i c h e d  CO a a i ip l e .  Aa d e a c r l b e d  in

Chapte r  IV. in  t h e  alow Jump ( e r c b a n g e )  l i n i t ,  o n ly  th o s e  s p in s  which

have r e g a i n e d  a t  the  l i c e  o r i e n t a t i o n  d u r i n g  th e  e n t i r e  2 t  i n t e r v a l  

can c o n t r i b u t e  t o  th e  s p i n  e c h o .  Hence,  r o t a t i o n a l  jumps ca n t e  t h e  echo 

a m p l i tu d e  to  decay  aa * x p ( - 2 v / v j ) ,  where Vj i a  t h e  b e a n  t i n e  be

tween o r i e n t a t i o n a l  junpa  and  Wj c 1 / t j  i a  t h e  j cmp r a t e .

E x p e r i m e n t a l l y ,  a t  h i g h  t e m p e r a t u r e s  the  echo  enva lopea  decay  

e a p o n e n t i a i l y  and a r e  t e n p e r a t n r e  d e p e n d e n t .  At l o w e r  t e m p e r a t u r e  

(T 57 E ) ,  t h e  env e lo p ea  a r e  n e a r l y  G a u s s i a n  and axe t e n p e r a t n r e  

in d e p e n d e n t ,  aa e x p e c t e d  front t h e  e f f e c t  o f  d i p o l a r  i n t e r a c t i o n  (Abr83) , 

The echo e n v e l o p e a  o f  t o l i d  a-CO ■■ a f n n c t l o t i  of  th e  echo  t i n e  2% 

a r e  shown in  F i g . S  a t  s e v e r a l  d i f f e r e n t  t e m p e r a t u r e s .  The daahed l i n e  

in  F i g . 8 i n d i c a t e a  H (2 t ) /M (0 )  * o i p ( - 2 t / T 2 ) * i / e .  T h a t  i a ,  p o i n t *  

where th e  echo e nve lope  i n t e r c e p t  t h e  daahed  l i n e  g i v e  the va lue  o f  T2 

( a lo n g  th e  h o r i z o n t a l  a x i s ) .

A l l  o f  t h e  T^ v a l u e  a were o b t a i n e d  b e ing  t h e  e x p o n e n t i a l  decay  

form: H(2t )  = M( 0 ) . e x p ( - 2 t / T 2 ) ,  even  a t  low t e m p e r a t u r e *  where the  

echo enve lope*  a r e  a p p r o x i m a t e l y  G a b a a i a n ,  The decay  t ime* Tj to  d e t e r 

mined a r e  ahown in  F i g , 9 aa a f u n c t i o n  o f  r e c i p r o c a l  t e m p e r a t u r e .  

C l e a r l y ,  a t  h ig h  enough t e m p e r a t u r e s  ( n e a r  Tap) t h e  T2 va lue*  r e f l e c t  

r o t a t i o n a l  jump* and ahau ld  be equa l  to  t j . At low t e m p e r a t u r e s

A»pf ) .  Hence f o r  a-CO, t h e  jump r a t e  i a  n e v e r  *u f -
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F i g u r e  Br A j t m l ' l o j  p l o t  of h igh  f i e l d  ip l t i  echo enve lope*
ft-Otf a t  d i f f e r e n t  t e m p e r a t u r e j . At h igh  T, the echo 
e n v e l o p e a  a r e  T d e p e n d e n t :  they  decay e x p o n e n t i a l l y  
and r e f l e c t  r o t a t i o n a l  Jump a,  At lower T, the  en v e lo p e !  
a re  n e a r l y  C a i i i i i f n  and T Independen t  due to  d i p o l a r  
c o u p l i n g * .  The d a th e d  l i n e  I n d i c a t e *  1/e of t h e  exp
o n e n t i a l  deca y .  S i m i l a r  behav io r  i a  a l i o  aeen In 
a o l i d  COi echo envelope*. .
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F i j u r a  9: S p in  f t l i i i t l o n  t i n e s  c l o s e l y  r e l a t e d  t o  t ,  ■■ m
f u o c t i o n  o f  r e c i p r o c a l  t e m pera tu re  ( s e m i - l o g  p l o t ) .  
The Tj from s p i n  echoes  ( + ) .  t , 1 rox. s t i m u l a t e d  
e c h o e s  ( O ) end from J-B  sequence a t  low f i e l d
( A ) a r e  shown. The s t i m u l a t e d  echo v a l u e s  y i e l d  
Tj d i r e c t l y .  The s t r a i g h t  l i n e  f i t  I s  the  a c t i v a t e d  
r a t *  e x p r e s s i o n  ( K r . I I ) .  the  a c t i v a t i o n  p a r a m e te r s  

a r «  g iv e n  in  th e  t e x t .
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(T < 57 E) t h e  Tj  v a l u e ■ a r e  t e n p e r a t n r e  In d e p e n d e n t ;  Tj  i a  a n e a a u r e

o n ly  of  t b e  d i p o l a r  I n t e r a c t  Iona.

The tampla  (10ft CL t ) aaed i n  t h e  t p l n  echo e x p e r i m e n t s  s i *  

a l a o  used f o r  t h e  s t i m u l a t e d  echo e x p e r i m e n t s .  The a d v a n t a g e  o f  s t u d y 

ing  s t i m u l a t e d  e c h o e s  ia  t h a t  s lower  Tj  can be m easu red  t h a n  w i t h  con

v e n t i o n a l  s p i n  echo  t e c h n i q u e s .  The p u l s e  sequence and th e  e f f e c t  of 

r o t a t i o n s  on th e  s t i m u l a t e d  echo have b een  p r e s e n t e d  In  C h ap te r  IV. 

S p e c i f i c a l l y ,  f o r  th e  r o t a t i o n s  be tween  the  fou r  body d i a g o n a l s  o f  a Pa3 

s o l i d ,  the s t i m u l a t e d  echo envelope  s h o u ld  decay e x p o n e n t i a l l y  w i th  a 

t ime c o n s t a n t  of o r d e r  t j .  b u t  to  a b a s e l i n e  of  1 / 4  ( E q . l d ) ,

F i g , 10 shows a t y p i c a l  s t i m u l a t e d  ecbo e n v e l o p e  o f  s o l i d

a-CO; the  echo en v e lo p e  have been s e e l e d  so t h a t  A( T* “ 0) *= 1.

The d a t a  p o i n t s  c l e a r l y  show the e x p e c te d  decay and th e  b a s e l i n e ;  th e  

r e l a t i v e  a m p l i t u d e  o f  the b a s e l i n e  i n  t h i s  example i a  0,211, A l l  o f  th e

s t i m u l a t e d - c c h o  e n v e l o p e s  examined gave b a s e l i n e s  v a l u e s  be tween  0 . 2 5

and 0 , 5 0 .  Using E q . ( l B ) ,  one o b t a i n s  t h e  mean Jump t im e  Xj by p l o t 

t i n g  A( T  > - ( l / 4 > A ( T  =0) ae a f u n c t i o n  bf T  on a

semilog  g raph  p a p e r ;  Tj i s  r e l a t e d  to  t h e  c h a r a c t e r i s t i c  decay t im e  

x* by Xj -  (4 /3 > x * .

The o b s e r v e d  v a l u e s  o f  Tj from s t i m u l a t e d  e c h o e s  e r e  shown in

F i g , 9.  They a g r e e  r e a s o n a b l y  well  w i th  the Tj d a t a  o b t a i n e d  from o r 

d i n a r y  s p i n  e c h o e s ,  b u t  e x t e n d  to  n o t i o n s  as slow a s  t j  = 2 s .  The

d i r e c t i o n  o f  t h e  o f f s e t  ( f a c t o r  of  -  2) be tween th e  t j  d a t a  from th e

s t i m u l a t e d  echo and o r d i n a r y  s p in  echo can be e x p l a i n e d  by th e  d i p o l a r  

damping o f  t h e  o r d i n a r y  e c h o e s .  However, q u a n t i t a t i v e  agreement  can n o t  

be r e a c h e d ,  The s t r a i g h t  l i n e  in F i g , 9 i n d i c a t e s  a f i t  of  t h e  s t l m u l a t -
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E'lgure 10; T y p ic a l  u t l s i u l i t e i l - e c h o  e n v e lo p e  n  t  f u n c t i o n  of
w a i t i n g  l n t e v i l  T* - The o i p u n e n t i i l  decay to  a
fton-zero  b a s e l i n e  (Eq . l t t )  i a  e v i d e n t ,  S i n i l i r
■ t im u lmt e d -e c h o  e n v e l o p e s  were  a i# o  eeou ib CO, 
s o l i d .
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ed echo da ta  over t h r e e  dec*dee t o  t h e  t h e r n a l  a c t i v a t i o n  e x p r e m l o n  (or 

Arrhenio*  e q u a t io n )  g ive n  by

wj =■ 1 / t j  ■ »0 ex p ( -E m/kT)  . (21)

The a c t i v a t i o n  energy  i t  found  to  be 2100 E end the  f r eq u en cy  p r e -

f a c t o r  i t  Ug = 2 X 1 0 ^  i  ^ .

5 . 1 . 2  EhitoE P*P»J49 K f l f t l t i

The C1* l i n e  *h*pea o f  t o l i d  CO, a t  h ig h  f i e l d  have been 

iu Y e a t ig a t a d  in  bo th  15* and 9W  C11 e n r i c h e d  ***ipiei ,  Sample* were 

p r e p a r e d  in  a a p e c i t l  way (aee  C h ap te r  I I )  to  form p o l y - c r y  a t a l  l i n e  pow

d e r .  The reaonance  l i n e *  of  99% and 15% m a p l e ■ a r e  abown in  F ig * .  11(a)  

and 11(b) , Below 200 E, the reao n a n ce  l i u e a  a r e  u n i a x i a l  powder p a t 

t e r n *  w i th  a * h i f t  a n i a o t r o p y  of  47 80 + 200 Hi (325 + 15 ppm).  The 

c h i f t  a n i a e t ro p y  r e p o r t e d  h e r e  ag ree*  v e ry  well  w i th  a r e p o r t e d  318 + 18 

ppio a n i a o t ro p y  fo r  C1(0 4 adaorbed  on to  aod i tm  m orden i te  a t  30° C 

(SefTB) . The apectruai  in  F ig .  11(a )  i n d i c a t e *  rounding  of  the aharp  f e a 

tu r e *  of the powder p a t t e r n  due to  C11 d i p o l a r  coupl ing* (compare 

w i th  F ig .  1 1 ( b ) ) .  The ahape o f  t h e  r eaona nce*  i n d i c a t e *  t h a t  a t  h ig h  

f i e l d  CSA i i  t h e  don in a n t  iouicc  o f  b r o a d e n i n g .

Aa tem pera tu re  ia  i n c r e a a e d  toward  the m e l t  (T ^ 216.56 E>,m

the  aharp f e a t u r e *  of the powder p a t t e r n  be cone rounded and e v e n t u a l l y  

(above 208 E) t h e  l i n e  narrow* { F ig a . 1 1 ( b )  t o  1 1 ( e ) ) .  A* th e  l i n e  n a r 

row* j i t  l c i e *  I t *  a t y n a e t r i c  ahape .  Thl* aeqnence of rounding  and then  

nar rowing ia  j u a t  t h a t  e x p e c te d  from the t h e o r l e *  o f  n o t i o n a l  a v e r a g in g .  

»uch a* chemical exchange b r o a d e n i n g / n a r r o w i n g  (SliBO, P op59) . The bigb



69

■ W fr  |

T = 211 -5 K

I

F igure  H r  C1* MMR a p e c t r a  of i a l i d  C0} a t  high f i e l d .
Spoctruai ( i j  , 99% C1* shows b roadoning  <lue to  
d i p o l a r  i n t e r a c t i o n *  by comparing with  <b) ,  15% C11 , 
S p e c t ra  (b)  to  (e} ,  a l l  19% C1 1 , r e v e a l  t h e  aequenre 
of rounding  and then  nar rowing  aa t e m p e r a t u r e  
approaches  t h e  melt* mb e x p e c te d  f o r  t h e  a f f e c t  of  
motiona l  na r row ing .
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f i e l d  l l n e w i d t h e  (FWEDI) a t  ■ f u n c t i o n  o f  r e c i p r o c a l  t e n p e r a t n r e  a r e  

ahown i n  F i g , 12 f o r  t h e  99% aa  w e l l  aa 19% s a m p le * .

L in e  n a r ro w in g  s h o u l d  o c c u r  when th e  r o t a t i o n a l  Junp r a t e  atj 

e x c e e d e  t h e  r i g i d  l a t t i c e  powder p a t t e r n  l i n e w i d t h  A i ^  (2nX 47B0 

i ” ^ ) , The l i n e w i d t h  a t  h i g h  f i e l d  d e c r e a a e d  to  a b o u t  1000  Hi FVHM n e a r  

t h e  m e l t ,  b u t  th e  e x t e n t  of  n a r r o w in g  i a  t o o  a v a i l  t o  a l l o w  an a c t i v a 

t i o n  e n e r g y  t o  he d e t e r m i n e d .  The n a r r o w i n g  i n  a o l l d  CO, r h o u l d  be 

c o n t r e i t e d  w i t h  t h e  b e h a v i o r  in  a-CO: t h e  sample  t r a n s f o r m s  t o  t h e

p l a s t i c  p - p h a s e  b e f o r e  n a r r o w i n g  o c c u r s .

The  decey  t i n e a  f o r  th e  a p i n  echo e x p e r i m e n t  (15% C‘ M 

a r e  ah own i n  F i g . 13 aa  ■ f u n c t i o n  o f  r e c i p r o c a l  t e m p e r a t u r e .  

E x p e r i m e n t a l l y ,  the  s p i n —echo  e n v e l o p e a  a r e  e x p o n e n t i a l  and a r e  t e m p e r a 

t u r e  d e p e n d e n t  a t  h i g h  t e m p e r a t u r e s .  At low t e m p e r a t u r e a  th e  echo  enve

lo p e a  a r e  n e a r l y  Q a u e a i a n  and a r e  t e m p e r a t u r e  i n d e p e n d e n t .  Theee o b s e r -  

v a t l o n a  a r e  e i m i l a r  t o  t h o i e  o f  a-CO ah awn i n  F i g ,  JJ. At h i g h  

t e m p e r a t u r e *  (T > 185 I )  t h e  Tj  v e l n e a  ( F i g . 13) r e f l e c t  jump r o t a t i o n * ,  

w i th  T j  5  t j . Below 185 E, T j  ia  o n ly  a m eaeure  o f  t h e  d i p o l a r  

i n t e r a c t l o n t , The minimum i n  Tj  a t  210  K o c c u r s  n e a r  t h e  o c t e t  o f  mo

t i o n a l  n a r r o w i n g ,  aa e x p e c t e d .  Hence i a  e a a e n t l a l l y  equa l  t o  Tj (a 

alow m o t i o n  r eg im e  r e a u l t )  o n l y  be tw een  185 E and 210 K.

The Tj  m e a s u re m e n t s  were e x t e n d e d  t o  e lo w e r  m o t io n  u s i n g  

e t i m u l a t e d  e c h o e a  f o r  t h e  m e  (15%) CO, aam ple .  The e x p e r i m e u t e i  

a t i n u l a t e d - e c h o  e n v e l o p e a  were  e l l  o b e e r v e d  t o  decay  f o l l o w i n g  E q . ( 1 8 )  

w i th  r e l a t i v e  b a a e l i n e  v a l u e s  b e tw e e n  0 . 2  and 0 . 4 ,  aa e x p e c t e d .  The 

Tj d a t a  from e t i m u l a t e d  echoea  a r e  ihown i n  F i g . 13 aa t r i a n g l e s  f o r  

two 1 5 % - e p r i c h e d  C ^ O *  s a m p l e s .  The d a t a  e x t e n d  t o  m o t i o n s  a s
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f i g u r e  12:  L inew id th  MIDI of  OOj, a t  lew F i e l d  end 99% CL1
enr ichment ( c i r c l e s ) :  t h i s  i s  a lm os t  e n t i r e l y  
d i p o l a r  l i u d d i h .  The l i n e  th ro u g h  the  c i r c l e s  was 
chosen to  have a s lo p e  cor r e s p o n d in g  t o  t h e  a c t i v a t i o n  
energy o f  66DO £ (d e te rm in e d  from d a t a  in  F i g . 1 3 ) .
High f i e l d  l i n e w i d t h a  r e f l e c t  chem ica l  t h i f t  a n i a o -  
t rop j  and appear as square*  (15% CL I ) and t r i a n g l e *  
(99%). The h o r i z o n t a l  l i n e  i f  t h e  w id th  of  the  r i g i d  
high f i e ld ,  powder p a t t e r n .
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F ig u re  13: R e l a x * t l o t  t imei  i  i n  * o l i d  CO, A t  f a n c t i o n *  of
r e c i p r o c a l  t o i p e n t u r e . The iq a a r e *  i m  t a k e n  
a t  low f i e l d  and 99% C** t a r  i  elute a t . Al l  tno  u t h c r  
d a t e  a r e  f r o a  h igh  f i e l d  n e t  t u r e t i e q t  ■ on 191 e n r i c h e d  
CO,. The c i r c l e t  Are Tj  f r o n  i p i n  e c h o e t ;  T* 
becomes t e n p j r i t u r *  i n d e p e n d e n t  below 1A5 E. b e c a m e  o f  
d i p o l a r  co u p l in g .  S t i m u l a t e d  echo d a t a  from two T A  
a m p l e *  a re  thovn aa open and f i l l e d  t r i a n g l e * .  The 
l i n e  drawn I t  to  f i t  the  da ta  and c o r r e s p o n d s  to  
an a c t i v a t i o n  energy of fid00 1.
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■low aa Tj * 12 e ,  and ag re e  r e a o n a b ly  w a l l  w i th  tba  Tj d a t a  ba t  with 

a f a c t o r  of  -  2 o f f a a t  between t h e n ,  Tba o f f e e t  of  the  Tj v a lu e r  

be tw een  tba  a t i s o l a t e d  echo and a p i n  echo s e a e u r e s e n t  waa a l a o  teen  in  

a —CO, b u t  i t  no t  u n d e r e t o o d ,  Tbe t t r a i i b t  l i c e  in  F i g . 13 i n d i c a t e s  a 

t h e r m a l l y  a c t i v a t e d  f i t  (Eq.21) o f  a t i n u l a t e d - e c h o  da ta  over  t h r e e  dec

a d e t ,  w i t h  a c t i v a t i o n  p a r m e t e r t  ■= dtiOQ + 30D E and Wq ■= 2 X

1017 a " 1 .

At t h e  l o v e a t  t e m p e r a t u r e t , the  a t i s u l a t e d - e c h o  da ta  appear to 

be l e v e l i n g  o f f ,  pe rhapa  b e c a m e  of a p e c t r a l  d i f f u a i o n .  I t  abonid be 

o o t i d  t h a t  be a i d e e  m o l e c u la r  r o t a t i o n ! ,  a p l n - L a t t i o e  r e l a i a t l o n ,  tp e c -  

t r a l  d i f f u a i o n ,  and tb e  e f f e c t  of  p a ram ag n e t i c  i m p a r l t l e e  (such  a t  Qj 

ltt t b e  aample)  nay c o n t r i b u t e  t o  t h e  obaerved  decay r a t e .  The leve l  of 

Oa dop ing  need h e r e  r e a u l t a d  in  T |  -  130 a,  mncb lo nger  than the 

l o n g e r t  Tj measured (12 a ) ,  Bence the  l e v e l i n g  o f f  of Tj da ta  ia  

n o t  due t o  a p r o e e e a .  For the  p o a a l b l l i t y  of  d i f f u s i o n  cauaed by im

p u r i t i e s  such aa 0 , ,  i t  l a  b e l i e v e d  t h a t  im p u r i ty  c o n c e n t r a t i o n a  are 

n e g l i g i b l y  t e m l l .  even though the  a c t u a l  c o n t e n t  of 0 ,  im p a r i ty  ia un

c e r t a i n .  The a p e c t r a l  d i f f u a i o n  i a  e x p e c t e d  t o  be alow a ince  the d ipo

l a r  i n t e r a c t i o n !  a r e  eatal 1 (13% Cl M and e lnoe  each  c r y a t a l l i t e  of a 

Pa3 a o l l d  g e n e r a l l y  c o n t a i n !  fou r  w e l 1 - e c p a r a t e d  NMR f r e q u e n c ie s  

(C h a p te r  I V ) ,
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5*2 LOT FIELD ByFERIHPfTfl

At low f i e l d  (1 .256  H H t )„ t h e  C*1 d i p o l a r  i n t e r a c t i o n s  a r e  

e x p e c t e d  t o  be l a r g e r  th a n  t h e  CSA. The t r a m l a t l o n e  1 Jump* m odu la te  

t h e  d i p o l a r  I n t e r a c t i o n s  and were d e t e c t e d  w i t h  l i n e  nar rowing  and 

S I i c h t e r - A i l I o n  alow n o t i o n  ( T ^ )  e x p e r i m e n t s -  The p n l a e  sequences  need 

i n  t h e  e x p e r l n e n t a  and r e l a t e d  phenomena were d i s c u s s e d  in  C h ap te r  r v .

5 , 2 . 1  Cixtfifi MonOKid* R e m i t s

The C1* 11 n e t t a p e s  In F i g . 14 were o b t a i n e d  by F o u r i e r  

t r a n s f o r m i n g  40 FlDa froei a 901 Cl * - s n r i c h e d  CD sample  . The ob~ 

a e r v e d  r i g i d  l a t t i c e  l i n e w i d t h  a t  42 K, { F i g .1 4 ( a )  ) i a  960 Hr FYHH, 

w h i l e  the  h igh  f i e l d  a n i s o t r o p y  l i n e w i d t h  (5200 Hi a t  14 .7  KHr) s c a l e s  

t o  a 440-fl i w id th  a t  1.256  MHi. S in c e  l i n e w i d t h *  f ros t  d i f f e r e n t  s o u r c e s  

t y p i c a l l y  add ■■ s q u a r e s ,  t b e  d i p o l a r  i n t e r a c t i o n  l a  seen  to  be domi

n a n t ,  aa e x p e c t e d .  The n e a r l y  sym m etr ic  shape  of  t h e  spec t rum  a l t o  i n 

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

The Van V i e d  e x p r e s s i o n  f o r  the l i b e - s p i u  d l p o l s r  p a r t  of  tbe  

second  moment i n  a powder i s  g i v e n  by E q . ( l l ) ,  F o r  a-CO, t b e  foe  

l a t t i c e  sun ^  r g* ~ 14.45 dg®. where d^ i s  t b e  n e a r e s t - n e i g h b o r  d i s 

t a n c e  of 0 .59$  nn (Eoh60) , For CL* n u c l e i  of f r a c t i o n a l  c o n c e u t r a c -  

t i o a  f =■ 0 .9  and u s in g  I * 1 / 2 ,  y = 6 .72  X 10^ r a d / g a m s . s e c , and H 

= 1 . 0 5  X I D ' 27 e r g .  t e c ,  t b e  Van Vlecfc c a l c u l a t i o n  ( E q . l l )  y i e l d s  = 

5 . 3 5  X LO** ( r a d / s e c ) 2 . The above c a l c u l a t i o n  i s  b a s e d  on th e  s i m p l i 

f i e d  assum pt ion  t h a t  th e  C1* s p i n s  a r e  e f f e c t i v e l y  l o c a t e d  a t  th e  

m o l e c u l a r  c e n t e r s .  Th is  a s a t u t p t i o n  i s  c o r r e c t  (Dnl65) In the c a s e  of 

r a p i d  i s o t r o p i c  r o t a t i o n  o f  t h e  m o l e c u l e s .  In a-CO a t  42 [ .  o n ly



200 H %

i g u r e  14: Low f i e l d  <1.256 Mill) C1* t p e c t r *  of 90* Cl *
e n r i c h e d  a-CO. S p e c t r u m  < i )  I t  t be  r i g i d  l u t t i c e  
s pec t rum  f r o ® 4 2 . 6  £ .  S p e c t r u m  ( b )  j h o w t  m o t i o n a l  
n a r r o w i n g  v e r y  n e a r  Tap ( 6 1 . 1  K ) j d e m o n t t r e t i n g  
t h a t  t r t u i t l  * t i o n t  as  wo 11 i i  r o t a t i o n s  occur  i n  
w a r m  a —C l ) .
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180°  f l i p s  l i re  occur  in *  r a p i d l y  (Nar82}> hence the above c a l c u l a t i o n  i a  

o n ly  a p p r o x i m a t e .  F u r th e rm o re  j a compute r  s im u l a t i o n  wee p e r fo rm ed  i n  

w h ich  a G au a a i a n  l i n e  ahape f u n c t i o n  * •  > convolu ted  w i t h  the a h l f t  a n i 

s o t r o p y  powder p a t t e r n ;  the i n c l u s i o n  o f  the  e h i f t  e n l e o t r o p y  ac c o rd in g

t o  tfaia s i m u l a t i o n  Lucre  a t e  a the c a l c u l a t e d  1^ hy about  15%.

The e x p e r i m e n t  e l  aeoond moment waa taken  from bo th  t h e  f r e q n e o -  

cy s p e c t ru m  and from th e  FID, us ing E q , (19 )  and Eq ,(20) . The two a e t h -  

oda gave th e  same a n aw er :  IL, ■ 3 .4  X 10® ( r a d / a e c ) ^ .  Th ia  i a  In r e a 

s o n a b l e  ag reem en t  w i t h  t h e o r y .

Tbe low f i e l d ,  h igh  C11 c o n c e n t r a t i o n  apec trum in  a-CO 

□ a r ro w *  j n e t  below Ta£ (61 ,55  1 ) .  aa  shown in  F i g . 1 4 ( b ) ,  The l i new 

i d t h  e t  6 1 . 1  E i* 160 lla FYHM, s m a l l e r  than  e i t h e r  th e  d l p o l e r  or the 

CSA c o n t r i b u t i o n  t o  t h e  r i g i d  l a t t i c e  l i n e w i d t h .  T h e r e f o r e ,  t h e  mot ion  

i a  eeen  t o  be a t r a n s l a t i o n  aa well  a t  a r o t a t i o n .

The o n s e t  o f  m o t io n a l  narrow log ih o o ld  occur when

1 ,  where i s  th e  EIWBH l i n e w i d t h  In frequency u n i t * .

U s ing  = (1 /2 )  X 2nX (960 a ' 1) .  Tj i a  3 .3X 10~4 * a t  the

o n s e t  o f  n a r r o w i n g .  The epectrum of F i q . 1 4 ( b )  la  p r e t t y  well  narrowed,  

b o  Tj i i  n e a r  5X 10~4 a a t  61 E. Th ia  ia  in  r e a a o n a b le  agreement 

w i t h  t h e  v a l u e  of  t j  e x t r a p o l a t e d  from the s t l m u l s t e d - e c h o  measurement 

i n  F i g . 9 ,  From th e  l i n e  nar rowing in  s o l i d  a-CO, i t  can be conc luded  

t h a t  t r a n s l a t i o n a l  jumps  occur  a t  a p p r o x im a te ly  the s ane  r a t e  a* the r o 

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

The Tlf) d a t a  i n  a-CO were o b t a i n e d  by a v e ra g in g  16 l e a n e r  

e c h o e s  f rom a 90% e n r i c h e d  sample a t  1 .256 MHz and a r e  ahown in  F i g . 9.  

The r a t e  o f  t r a n s l a t i o n a l  motion was fo l l o w e d  over t h r e e  d e c a d e s .  The
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da ta  above 50 E have the same tempera tu re  dependence aa the  s t i m u l a t e d  

echo d a t a .  Th ia  i n d i c a t e a  aga in  t h a t  In a-CO the  t r a n s l a t i o n *  r e s p o n 

s i b l e  ( p r i m a r i l y )  fo r  and the  r o t a t i o n s  t h a t  damp t h e  h igh  f i e l d

( ( i n i t i a t e d  echoea  a re  p a r t i  of  tbe  i*ne n o t i o n .  The r e e t o n  t h a t  T^p be

comes t e m p e r a t u r e  Independent  below 50 C l i  not  known.

The o f f a e t  between the T^p and a t im u l a t e d - e c h o  ( t j )  d a t a  In 

F i g , 9 can be e x p la in e d  with  the s t r o n g - c o l 1 la ion  s low-motion  th e o ry  of  

S l l c h t e r  and A i l i o n  {S l i64 ,  A1171), Using Eq. (15)  and t a k in g  t j  = 

t*  one f i n d s  e x p e r i m e n t a l l y  2 ( l - p )  * 2 . 0 .  The c o r r e l a t i o n  p a r a m e te r  

p of vacancy  d i f f u a i o n  on an fee l a t t i c e  baa been c a l c u l a t e d  t h e o r e t i 

c a l l y  by A i l i o n  and Ho (Ail6B)i  they found l ( l - p )  * 1 . 5 7 .  Volf  I n c lu d e d  

the  e f f e c t a  of  a " t r a i l  o f  hot apine " l e f t  behind  by th e  vacancy and 

the  c o r r e l a t e d  Juaipf of ne ighbor ing  n u c l e i  (VolT4) . That  i t ,  the  v a c a n 

cy Jump t ime le  i h o r t  compared to  the  spin i n t e r n a l  e q u i l i b r i u m  t ime 

{even though Tj )> T*) ao t h a t  a sp in  tempt r a t  ore cannot  be e e t a b -  

l i a h o d  between ( u c e n l v e  vacancy Jump* nor between those  jumps of  n u c l e i  

which are caused  by the same vacancy,  Bated oti the above assum pt ion* ,  

Volf  found 2 ( 1 - p ) = 0 .88  on an fee  l a t t i c e .  The r e a s o n  t h a t  t h e  e x p e r 

imenta l  v a lu e  o f  2 ( l-p> d e v i a t e s  f ro a  the  p r e d i c t e d  v a l u e s  may be due to  

th e  p resence  of  a n o u - n e g l l g ib l e  CSA i n  the  systems r e p o r t e d  h e r e ,

5 . 2 . 2  Carbon Dioxide M m i t l

The l i n e  ahape of a 99% C11- e n r i c h e d  CO, sample has been 

s t u d i e d  a t  1.25< MHz. The s p e c t r a  shown in  F i g . 15 a r e  the r e m i t  of  

F o u r i e r  t r a n s f o r m i n g  100 magic echoea .  The r i g i d  l a t t i c e  l i n e w i d t h  (T < 

165 E) i t  1120 + 50 Hz FWHM, and th e  l i n e  { F ig .1 5 (a ) )  i s  very  n e a r l y
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F i g u r e  15: Low f i e l d  C1' a p e c t r *  of  9!^  e n r i c h e d  (M 'O t ,
A p tc t ru n  (a)  J i  the  r i g i d  l a t t i c e  spec trum ( 1 1 1 0  U e  

FWHM), S p e c t ra  (b ) t o  ( d )  ihow the  e f f e c t  of l i a e  
nar row ing  a* t h e  t e m p e r a t u r e  i n c i e a i e a .  Spec trum 
(d) ia taken  v e ry  c l o r e  to  the  n e t t  (T^ -- 216.56 
K) ; t h e  width  (66 He FWHM) can be compared t o  the 
l i q u i d  apec trum ( e )  (20 tU FWHM) a t  221 ,6  K*
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■ r u e t r i e ,  At loir f i e l d  (1 .156 FMi) , t h e  a h l f t  a n l i o t r o p y  a c a l e a  t o  410 

Ur o v e r a l l  l i n e w i d t h ,  Be nee t h e  d i p o l a r  i n t e r a c t i o n *  a r e  seen  t o  be the 

dominant aource of  l i n e  b r o a d e n i n g .

Tbe Van V lech  second moaent i n  t h i *  ay*ten  can be c a l c u l a t e d .  

Again oatng E q . ( l l )  w i t h  f °= 0 .9 9 ,  and d^ = 0,599 am t a t  150 £) 

(Eee34) ,  one o b t a i n  a Hj * 5 .63  X 10* ( r a d / a e c ) ^ .  Exper imenta l  aecoud 

momenta from bo th  t ime domain (Eq.20) and f r equency  domain (Eq.ISO d a t a  

g iv e  U2 * (5 .0  + 0 ,5 )  X 10** ( r a d / a e o ) 1 . The agreement between th e  ex

pe r im en ta l  r e e n l t  and th e  Van VlecL c a l c u l a t i o n  l a  f a i r ,  g iv e n  t h a t  the 

CSA baa been ig n o r e d .  By in c l u d i n g  th e  a h l f t  ao l a o t ro p y  the  c a l c u l a t e d  

lucre*aea  to  4 .67  X 10** ( r a d / t e c ) ' * ,  a c c o rd in g  to  the computer  aimu- 

l a t i o n  d e i c r ib e d  e a r l i e r .

The e x p e r i m e n t a l  l i n e - w i d t h a  a r e  *hown in  F i g .  11 aa c i r c l e t .  

The l in e  narrow a above 195 £ ( F i g . 1 5 ( a )  to  1 5 ( d ) ) ,  becoming a* narrow aa 

68 Hi FW0N n e a r  t h e  m e l t  (T^ ■ 216.56 K ) ,  T h ia  i t  much c n a l l e r  than  e i 

t h e r  the d i p o l a r  c o n t r i b u t i o n  o r  t h e  a h l f t  a n i a o t r o p y  c o n t r i b u t i o n  to  

the r i g i d  l a t t i c e  l i n e w i d t h .  Fence a t  h ig h  te m p era tu x e■» b o t h  rap id  

t r a n s l a t i o n *  and r o t a t i o n *  occu r  i n  COa t o l l d .  The l i n e w i d t h  i n  the 

l i q u i d  phete la  20 II* FIHM (p re s u m ab ly ,  a l l  magnet iuhom ogene i ty ) a t

221,6  E and th e  l i n e  i a  ahown in  F i g . 1 5 ( e )  fo r  conpar iaon .

The o n s e t  of m o t iona l  n a r ro w in g  ( t^  e  where

ia  the l i n e w i d t h  a t  HfHH) oocura  a t  ~ 210 K, Oiiug Auj^

-  ( 1 / 2 ) X (2nX 1120 a ' 1) ,  Tj 1# 2 .SX I 0 " 4 a a t  th e  ouaet  of  na r row 

ing ,  in  agreement w i t h  t h e  v a l u e  of t j  e x t r a p o l a t e d  from th e  h ig h  

f i e l d  i t  inu la  t e d - e c h o  meaaurement ( F i g .  1 3 ) .
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The s p i n - l n t t i c e  r e l a x a t i o n  t i n e a  n u c l e a r  ap ln  d i -

p o l a r - o r d e r e d  s t a t e  were  s tu d ie d  u s in g  a 99% e n r i c h e d  sample a t  low 

f i e l d .  T y p i c a l l y  40 J e e n e r  echoea ware averaged  a t  each T  v a l 

ues (aee s e c t i o n  4 . 3 . 2 ) ;  the  T jp  r e s u l t s  a re  afaown Id F i g . 13.  I h s  r a t e  

□f motion (Tj  ~ T1D> w**  f o l lo w ed  over t h r e e  decade* .  Above 155 E, 

the  te m pera tu re  dependence of Tjp and Tj from a t i n u l a t e d  echoea  a r e  

the *ame: i n d i c a t i n g  t h a t  the t r a n a l a t l o n a  and r o t a t i o n s  a r e  two a s p e c t s  

of one combined no t  lo t i .  The t e m p e ra tu r e  in dependence of below 155 E 

1* no t  un d e r s to o d :  was t y p i c a l l y  150 e, much g r e a t e r  t h a n  T1D' and

hence Tj p r o c e s s e s  can no t  be the  c a u s e .

S i m i l a r  to  t h a t  d e s c r i b e d  in a-CO, the  T1D d a t a  may be t r e a t 

ed w i th  SA ( s t r o n g - c o l 1 i s i o n )  a low-m ot ion  th e o ry  us ing  E q . ( 1 5 ) .  The ex

p e r im e n ta l  o f f s e t  be tw een  the  and e t i m u l a t e d - e c h o  i j  d a t a  i n d i 

c a t e s  2 < l - p )  ■ 1 . 8 .  In  a-CO, t h e  q u a n t i t y  2 ( l - p }  -  2 . 0 .  c l o s e  t o  the

value  found h e r e ,  The p re sen ce  of  s h i f t  a n i s o t r o p y  p r e v e n t s  a compari

son of the  t h e o r e t i c a l  2 ( l - p )  v a l u e s  w i th  t b e  e x p e r im e n ta l  d a t a .  

However, t o  w i th i n  a f a c t o r  of  2 u n c e r t a i n t y  i n  the  c o r r e c t  v a lu e  of 

2 < i —p > , the  t r a n s l a t i o n  and r o t a t i o n  Jump r a t e s  a r e  seen to  be e q u a l .  

Hence■ the  combined t r a n s l a t i o n a l - r o t a t i o n a l  jumps occur in  s o l i d  C0t 

as well  as  i n  a-CO.

5.3 DISCUSSION

As d e s c r i b e d  i n  Chapter  I ,  a-CO, a - N j . CO*, and N40 

belong t o  a family of  o r i e n t a t i o n a l l y  o rd e re d  a o l l d s  w i th  Pa3 s t r u c t u r e  

and composed of  l i n e a r  m o l e c u le s .  Tbe C11 NKK ex p e r im e n t s  r e p o r t e d  

here conf irm ed  t h a t  t h e  combined t r a n s l a t i o n a l - r o t a t i o n a l  jumps occur  I d  

■olida a-CO and CO,,



R e o r i e n t a t i o n s  In s o l i d  Na0 h iv e  beep s t u d i e d  d l e l e c t r i n a l l y  

(Nar82) ; t h e  r e o r i e n t a t i o n  r a t e  we* found t o  fo l lo w  the  a c t i v a t e d  

r a t e  e x p r e s s i o n  (Eq .21)  w i th  e c t i v e t i o n  energy  * (S02O E end uq ^

5,6  X to**  * * . T i a e - d o a a i n  d i e l e c t r i c  ex p e r im e n t s  have e x ten d ed  the 

d e t*  t o  lower t e m p e r* tn r e  ( F i c 8 3 ) ;  t h e  a c t i v a t e d  e x p r e s s i o n  ho ld*  from 

th e  a e l t  “ 3 X 10^ s~*) t o  n e a r  120 E where = 10"^ a- 1 .

Thia  uncomaonly l a r g e  range of  idg v a l u e *  lend*  e x t r a  a t r e n g t h  t o  th e  

u n u s u a l  a c t i v a t i o n  p a r a m e te r *  ( e s p e c i a l l y  ,

N1* KNR e x p e r i m e n t s  (Dov84) a l a l l a r  to  tb o a e  r e p o r t e d  h e r e  

i n d i c a t e  t h a t  m o l e c u l a r  r e o r i e n t a t i o n  th rough  an a n g le  s u b s t a n t i a l l y  

d i f f e r e n t  froai 180° o c c u r s  in  s o l i d  N ,0 .  Thia r e o r i e n t a t i o n  c a n n o t  be 

th e  h e a d - t a i l  F l i p s  which occur  i n  s o l i d  a-CO, b u t  a r e  p ro b a b ly  due to  

th e  combined t r a n s l a t i o n a l - r o t a t i o n a l  jumps.  The r e o r i e n t a t i o n  r a t e  

fron) t h e  Ni r  NHR d a t a  has the  same a c t i v a t i o n  ene rgy  as doss th e  

d i e l e c t r i c  r e l a x a t i o n  d a t a  ( N * r 8 2 ) , h u t  the  NMK r a t e  i s  — 10 t im e*  

s l o w e r .  In  any e v e n t ,  i t  appea r*  t h a t  the  a io t iou  seen  i n  NaQ i s  th e  

same aa  t h a t  t e e n  i n  t h i a  r e p o r t  f o r  a-CX> and CO,,

S o l i d  a - N j , the  o t h e r  member o f  the  P*3 f a m i ly ,  e x i s t s  a t  

much low er  t e m p e r a t u r e  (Tnf) = 35 ,61  I); hence t r a n s l a t i o n a l  d i f f u s i o n  

i s  l i k e l y  to  be too  slow t o  be d e t e o t e d ,  Thia i s  t h e  r e a s o n  why 

n-Na h a s  no t  been  s t u d i e d .

3.3 .1  Combined f pppg I b Other Q. Q. Solid*

The combined t r a n s l a t i o n - r o t a t i o n s  have been found i n  o t b o r  

o r i e o t a t  t o n a l l y  o r d e r e d  (0 .  0 .}  s o l  Ida ,  tuch as  ammonia (NH,) and ben

zene (C,Hf ) , S o l i d  Nilr i s  c u b ic  i n  s t r u c t u r e  (be longs  t o  epace
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group  P 2 |3 )  At low p r e s s u r e  (MU84) . The m o l e c u le  h a t  a t e t r a h e d r a l  

shape  w i t h  i t *  3 - f o l d  symmetry a x i s  o r i e n t e d  a l o n g  a body d i a g o n a l  of 

t h e  c u b a .  Bene* in a o l i d  NHfJ t r a n s l a t i o n  i t  accom pan ied  by a r e o 

r i e n t a t i o n  o f  the m o lecu la r  3 - f o l d  a x i s .  E a r l y  p r o t o n  T jp  m e a s u re 

m en ts  ( 0 'R e 7 0 J ,  f i t t e d  w i th  T o r r e y ' t  th e o ry  o f  r e l a x a t i o n  by t r a n s l a -  

t i o n a l  d i f f u a i o n  ( T o r 5 3 ) . found t h a t  the d i f f u a i o n  jump r a t e  i t  

t h e r n e l l y  a c t i v a t e d  and gave E^ /k  = 4727 I  w i th  n 1 X 10*^ s ^ 1 . 

R ece n t  NHJt e xpe r im en t s  in  t b i t  l a b o r a t o r y  (Dov85) n e a t u r e d  th e  combined 

t r a n s l a t i o n - r o t a t l o n a  in  a o l i d  NH,  a t  t h r e e  d i f f e r e n t  p r e a a u r e e  (0,  2 , 

and 4 fcbar) ua iug  p r o t o n  Tjp a* a p r o b e .  Therm al ly  a c t i v a t e d  Jump d i f 

f u s i o n  gave K 5870 E t a d  u0 = 3 X 1 0 ^  s~* a t  am bien t  p r e s s u r e .

Jump d i f f u s i o n  has  a l s o  been s t u d i e d  i n  s o l i d  ND, (DovB5) w i t h  s t im u 

l a t e d  echoea  us ing  the  techn ique  of deu tv ron  s p i n  a l i g n m e n t  ( S p ig Q ) ; th e  

r e l a x a t i o n  d e t a  gave an a c t i v a t i o n  e n e rg y  n e a r l y  e q u a l  t o  t h a t  found i n  

NH, .

S o l i d  b en iene  <T -  278 .4  E>, ano the r  0 .  0 .  m o l e c u l a r  s o l i d ,  n

has  o r t h o x h e n b i c  c r y s t a l  s t r u c t u r e  ( sp ace  group Fbca) (CoxSB). The 

c r y s t a l  c o n s i s t s  of f o u r  s u b - l a t t i c e s ;  heuac when a g iv e n  m o lecu le  d i f 

f u s e s ,  i t  moves to  a new s u b - l a t t i c e  and r e o r i e n t s  a c c o r d i n g l y .  

S e l f - d i f f u s i o n  in  benzene r e v e a l s  a d ram at ic  d i f f e r e n c e  in  d i f f u s i o n  

d a t a  u s in g  d i f f e r e n t  measuring  t e c h n i q u e s .  The f i r s t  d i f f u s i o n  m e a s u re 

ment of benzene was r e p o r t e d  by Fox and Sherwood u s in g  t h e  r a d i o - t r a c e r  

method (Fox71>; they  found t h e r m a l l y  a c t i v a t e d  d i f f u s i o n  w i th  E^/k = 

11600 E and up >= 2 .8  X 10^*s- i , L a t e r ,  the d i f f u s i o n  i n  benzene  was 

m easu red  us ing  p ro to n  NHR T1D and T jp  as probes  ( S t e 6 9 ,  No*7 5 ) .  Using 

T o r r e y ' s  d i f f u s i o n  model (Tor53) , t h e  NHH da ta  i n d i c a t e  t h a t  t h e  a c t i v e -
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t l o u  energy  ia  r o u g h ly  the  same b a t  t h e  d i f f u a i o n  c o e f f l g i e n t  l a  about  

f o u r  o r d e r  o f  magnitude  s m a l l e r  th a n  th e  t r a c e r  r a a u l t .  R e c e n t l y ,  a 

p r o t o n  decoupled  C11 NHR expe r im en t  i n  t h i a  l a b o r a t o r y  (GulSJ)  r e e x 

amined s a l f - d l f f u s i o n  i n  m l  id b e n i a n e .  Using  t e c h n iq u e  a s i m i l a r  to  

those  r e p o r t e d  h e r e ,  t h e  a c t i v a t i o n  p a r a m e t e r s  (E^/k  11420 E and

“  4 , 2  X 10^° *“ *> of  d i f f u a i o n  were d e t e r m i n e d ,  i n  agreement  w i t h  the 

p r e v i o u s  p r o t o n  NHR measurement*  (Noa7S) .

I t  i a  i n t e r e s t i n g  t h a t  the  combined t r i n a l e t i o n - r o t S t  ion*  which

o c c u r  in th e s e  o r i e n t a t l o n a l l y  o r d e r e d  m o l e c u l a r  a o l i d a  a l l  abow high

a c t i v a t i o n  p a r a m e t e r * .  P a r t i c u l a r l y ,  t h e y  a l l  have u n u a u a l i y  h i | h  f r e 

quency p r e - f e c t o r a  u0 . In  t b i t  r e p o r t ,  the  Jump r a t e *  Uj of  a o l i d  

a-CO and TOa were f i t  only  t o  a t l n u i a t e d  echo d a t a ,  ¥p b e l i e v e  t h i a  

p r o c e d u r e  r e d u c e s  t h e  p o a a i b i l i t y  of  o b t a i n i n g  i n c o r r e c t  Uq v a l u e s .

For  example,  i f  d a t a  f r o n  tbe  e t i m u l a t e d  echoea  and from l i n e  n a r 

rowing were need ,  t h e  d a t a  would c l e a r l y  e x t e n d  o v e r  a w id e r  r a n g e  of  

t e m p e r a t u r e .  But t h e  a c t i v a t i o n  ene rgy  o b t a i n e d  would be s e n s i t i v e  to 

any p o s s i b l e  m u l t i p l i c a t i v e  f a c t o r s  in  t h e  i n t e r p r e t a t i o n  of  each k ind 

o f  d a t a .  R e s u l t  l o t  smal l  e r r o r s  in  t h e  a c t i v a t i o n  e n e r g i s e ,  w h i l e  not  

s e r i o u s  in  t h e m s e l v e s ,  would produce l a r g e  e r r o r s  i n  t h e  f r e q u e n c y  p r e -  

f a c t o r s .  However, t h e  v a l u e s  o b t a i n e d  u s i n g  on ly  s t i m u l a t e d  echo 

d a t a  a r e  a lm os t  i n s e n s i t i v e  to  any n u m e r i c a l  f a c t o r s  i su cb  as 4 /3  in 

B q . ( l « n - Bonce,  t h e  Uq v a l u e s  s h ou ld  be c o r r e c t  even i f  th e  d e t a i l e d  

model of  the  mot ion  i s  u n c e r t a i n .

As i n  r a r e  gas s o l i d s  or  in m e t a l s ,  one e x p e c t s  t h e s e  o r i e n t a -

t l o a n l l y  o r d e r e d  m o l e c u la r  s o l i d s  ( a C O , o - N , , GO,, N,0 ,

NB)r  and C*H*) tD obey soma t y p e  of  s c a l i n g  r e l a t i o n *  be tween  th e
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a c t i v a t i o n  p a r a m e t e r s  and thermodynamic  q u a n t i t i e s .  T h i s  w i l l  be d i s 

c u s s e d  f u r t h e r  i n  t b e  n e x t  s e c t i o n .

5 . 3 . 2  P l f f m i g p  Ia  Molecular C m t f i l g

D i f f u a i o n  i n  m o l e c o l a r  c r y s t a l s ,  t h o u g h  not  a t  w e l l  s t u d i e d  a t  

t h a t  i n  m e t a l s ,  baa  p r o g r e s s e d  w i t h  t h e  deve lopem ent  o f  expe r im en ta l  

t e c h n i q u e s  ( such  aa t h e  NMH alow n o t i o n  t e c h n i q u e s  u sed  h e r e ) . While 

t h e  d e f e c t  s t r u c t u r e  o f  th e  m o l e c u l a r  c r y s t a l l i n e  s t a t e  i s  no t  y e t  well 

u n d e r s t o o d ,  a g e n e r a l  d e s c r i p t i o n  o f  d i f f u s i o n  v i s  th e  vaca ncy  wee h i n i t *  

h a s  b e e n  fo rm e d .  D i f f u a i o n  v i a  t h e r m a l l y  g e n e r a t e d  v a c a n c i e s  i i  conn on 

among m o l e c u l a r  s o l i d s  (She7 9,  Che7A) and  h a s  been c o n s i d e r e d  as the 

moat  l i h e l y  means  f o r  m o l e c o l a r  m i g r a t i o n .  Dowever, among d i f f u s i o n

s t u d i e s  In  m o l e c u l a r  s o l i d s ,  d i f f u s i o n  i n  o r l e n t a t i o n s l l y  o rd e re d  (0.

0 . )  c r y s t a l s  b a a  s c a r c e l y  b e e n  r e p o r t e d .  The most commonly s tu d ie d  ma

t e r i a l s  a r e  t h o s e  m o l e c o l a r  s o l i d s  in  t h e i r  p l a a t i c  ( o r i e n t a t i o n a l l y  

d i s o r d e r e d )  p h a s e s ;  v a r i o u s  a t t e m p t s  to  c o r r e l a t e  t h e  a c t i v a t i o n  energy 

and  d i f f u s i o n  c o e f f i c i e n t *  w i t h  thermodynamic p a ra m e te r s  have boeo made 

(CheTP) , A s i m i l a r  a p p ro a c h  w i l l  be made on th e  0 ,  0 ,  s o l i d s  mentioned 

e a r l i e r ,  n a m e ly ,  a-CO, 00 a , N ,0 ,  NUt , and b e n z e n e .  For t h e  mo

l e c u l a r  s o l i d s  u n d e r  i n v e s t i g a t i o n ,  t h e  a n i s o t r o p i c  ( i . e .  n o n - s p h e r l c s l ) 

i n t e r m o l e c u l a r  p o t e n t i a l  of t h e  m o l e c u le s  c a n n o t  be d e s c r i b e d  by s s i n 

g l e  "  s t r e n g t h  " p a r a m e t e r .  Henoe,  a s t r i c t  law of "  c o r re s p o n d in g  

s t a t e s  *’ ( o r i g i n a l l y  d e v e l o p e d  f o r  a s e t  o f  m a t e r i a l s  such  a s  r a r e  gas 

s o l i d s  t h a t  d i f f e r  o n ly  by c e r t a i n  s c a l i n g  f a c t o r s )  a r e  uo t  expec ted  to 

h o l d .  N e v e r t h e l e s s ,  b e c a u s e  o f  t h e  s i m i l a r i t i e s  of t h e s e  s o l i d s  (espe

c i a l l y  th e  f a m i l y  of  P*3 s o l i d s ) ,  c e r t a i n  s c a l i n g  r e l a t i o n s  a r e  e i p c c t e d  

t o  a p p l y ,  a l t h o u g h  w i t h  o n ly  l i m i t e d  a c c u r a c y .
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I d m e t a l s  and ga* s o l i d s ,  s c a l i n g  r e l a t i o n s  between th e

a c t i v a t i o n  e n e rg y  (E^) For d i f f u s i o n  and  thermodynamic q u a n t i t i e s  [such 

aa t h e  m e l t i n g  t e m p e r a t u r e  T^,  s o l  t i n t  e n t h a l p y  L^,  and snb l  t u i t i o n  en

th a lp y  L^) have b ean  t r i e d .  G enera l  r e v i e w s  o f  s i m i l a r  ap p roaches  on 

■any m o l e c u la r  a o l l i i  ( a o t t l y  p l a i t i c  c r y s t a l s )  have b e e n  p r e s e n t e d  by 

Sherwood (She69) and C ha ieao  and S t r a n g e  (Che79) . I n  c l o s e d  packed met-  

a l a ,  a c o r r e l a t i o n  of  = 13d JV a o le  K (Cho79) i t  found  t o  be obeyed

r e a s o n a b l y  w e l l .  F u r t h e r m o re ,  an  e m p r i c a l  r e l a t i o n s h i p  = 16 <5 la

a l s o  In  good ag ree m en t  w i t h  o b s e r v a t i o n s  i n  m e t a l s .  In m o l e c u la r  s o l 

i d s ,  however ,  n e i t h e r  o f  t h e  above  r e l a t i o n s  a r e  foand t o  a pp ly  exce p t  

f o r  some m o l e c u l e s  w i th  low m e l t i n g  p o i n t s  (C h e 7 9 ) , S ince  a vacancy i n 

d u c e d  d i f f u s i o n  mechanism la  t h e  moat l i k e l y  way fo r  m o l e c u la r  m ig ra 

t i o n ,  t h e  a c t i v a t i o n  e n e rg y  Efc f o r  d i f f u s i o n  w i l l  be c l o s e l y  r e l a t e d  t o  

the  l a t t i c e  e n e r g y .  The a c t i v a t i o n  e n e r g y  i s  t h e  t o a  of two c o n t r i b u 

t i o n s ,  t h e  e n e rg y  f o r  f o r m a t i o n  Ef and t h e  en e rg y  fo r  m i g r a t i o n  En of 

the  d i f f u s i n g  v a c a n c y .  For m o l e c u l a r  s o l i d s  a s  a group ,  i s  b e l i e v e d  

a p p r o x im a te ly  e q u a l  to  t h e  L a t t i c e  e n e rg y  and i s  of  t h e  sane o r d e r  o f

magnitude  bu t  l a r g e r  th a n  <Shet i9) ,  T h a t  i s ,  f o r  vacancy  d i f f u s i o n

= Ef  + < 2 E j . The l a t t i c e  e n e rg y  i s  a p p r o x i m a t e l y  equa l  to  the

l a t e n t  h e a t  of s u b l i m a t i o n  La so t h a t  — 2L .

The a c t i v a t i o n  e n e r g i e s  fo r  t h e  combined t r a n i l a t i o n - r o t a t l c n  

Jump a a r e  compared t o  t h e  l a t e n t  h e a t  o f  s u b l i m a t i o n  f o r  n-OO, CO),

N, 0 .  NHj, and b e o s e n e .  As shown i n  T a b l e  I I I ,  t h e  r a t i o s  a r e  a l l  

very  n e a r l y  e q u a l  to  2 . 1 5  <+ 0 . 0 3 )  e x c e p t  f o r  NH*. The agreement in  

the  0 .  0 .  m o l e c u la r  s o l i d s  a-CO, 0 0 , .  NaO, mud C*H# s u g g e s t s  

t h a t  t h e  same mechanism i s  r e s p o n s i b l e  f o r  d i f f u s i o n  in  th e  four
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TABLE I I I

Conper iaon  of  A c t i v a t i o n  E n e r i i e a  and S u b l i a a t i o n  E n t l i a l p i e a  t a d  L i a t  of  
F requency  P r e f e c t u r e  I d  a lpha-CO,  CO.,, N^O, Nfl ̂ , and Bem ei te .

o-CO CO, NjO m , C( Bg

Tt r i p l e  2 1 6 .5 6 (b )  1 8 2 .26(c)  1 9 3 .3 6 (d )  2 7 8 .6 7 (e )

Tap <E) 6 1 .5 5 (a )

E f t  (E) 2100( f )  6600(g) 6020(h) 5870(1) 11420{J>

L / I  (E) m ( U  3039(1)  2762(b) 3496(h) 5425<p )

E f t  
a '  a

2 . 1 2 2 .1 7 2.16 1 . 68 2 , 1 1

( * ) 3 . » s ( q )  3 .9 1 (q )  3 .99 (q )  3 . 5 9 ( c )  7 . 8 8 ( b)

( i _ 1 ) 2 X 1 0 J 8 (f> 2 X 1 0 1 7 (g)  6 X 1 0 19(h) 5 X l O l 7 ( i )  4 X 1 0 2 0 ( j )

P q  ( c i i 2 / » >  5 X 1 0 2 5 X 101 1 X 104 I X  102 1 X 106

(a) R e f . Cla32. (b)  R e f . :  New62. (c)  R e f . ; B ln35 ,
(d) R e f . Ove37, (e)  R e f . :  And53.
(f> R e f . LinJUa , t h i t  r e p o r t .
( a ) R e f . LiulMb , t b i t  r e p o r t .
(h) R e f . N arB2. (1) R e f . :  DdvSJ, ( j )  R e f . :  Gul85 ■
( t ) R e f . C l a 3 2 , a t  T o p .
(1) R e f . G ia37 . a t  normal a u b l i m a t l o c p o i n t  ( 1 9 4 .7  E ) ,
(■) R e f . R lu 3 5 , a t  t r i p l e  p a i n t .
(a) R e f . Ove37. a t  t r i p l e  p o i n t .
(p) R e f . Oje79 . (q> R e f . ;  He164. ( r )  R e f . ;  Leh65.
( b) R e f , N o t? 5 .
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m t i r i i t f . The f a c t  t h a t  th e  EVL r a t i o  f o r  NHj (1,66} ia  oucb l e i in v

t h a n  th e  o t b e r *  r e f l e c t *  t h a t  NH, 1* n° t  a Van dsr  Vpala a o l l d a ,  bu t  

h a t  i m p o r t a n t  hydrogen  b o n d in g  (DovB3) .

D i f f u s i o n  In t h e  r a n  ga* t o l i d i  La t n o i n  to  p roceed  v i a  nono- 

v a c a n c i e *  (Ch*77) . The r a t i o  E /L  La 1*9 I p  the c l a s s i c a l  r a r e  g*a 

s o l i d s  (Hen72 , Cow7£) A r ,  E r , and Xe. Keon should  not be In c lu d e d  i n  

t h i a  c o m p a r i s o n  b e c a m e  o f  l t a  s u b s t a n t i a l  quantum a f f e c t *  (Han72) , 

D l f f n a i o p  i n  t h e  p l a a t i c  (fl) phase of  00 a l a o  i a  d e a c r ib e d  by t h i a  v a lu e  

o f  t h e  r a t i o  (Fuk77) . I n  f a c t ,  in  nany m o l e c u la r  a o l l d a ,  d i f f u s i o n  d a t a  

i n d i c a t e  t h a t  t h e  r a t i o  la  a p p r o a I r a t e l y  2 .0 ;  I t  v a r l e a  front one

m a t e r i a l  t o  a n o t h e r  in  t h e  range  1.6 to  2 , 3  (Cbe79, She69} . In  a b o r t ,  

t h e  v a l u e  o f  t h e  r a t i o  i n  th e  Pa3 a o l l d a  i a  t y p i c a l  of n o l e c o l a r  a o l l d a

and t h e  r a r e  i a a  a o l l d a .

H ea t  c a p a c i t y  measurements  of  CO a and NaO ahcv a concave 

upward* r l a e  a t  h igh  t e m p e r a t u r e *  (MenTl. Ata74) , Thia  r l a e  baa been 

i n t e r p r e t e d  aa o r g i n a t l n g  i n  o r i e n t a t i o n a l  d e f e c t *  I p t h e  P*3 s t r u c t u r e  

w i t h  e n e rg y  E * . In COa . B*/h La found to  be 1000 + 100 E (Man7l) ,

w h i l e  l a  NaO t h e  ene rgy  i a  1200 K (Ata74) . The agreement of theae  in

d e p e n d e n t  a n a l y s e *  ia  a t r i h i n g .  The h e a t  c a p a c i t y  a n a l y i e s  i n d i c a t e  

t h a t  2% of t h e  m o l e c u l e s  have d e f e c t i v e  o r i e n t a t i o n a  n ea r  t h e  m e l t .  

The e n e r g i e s  E* p re  much s m a l l e r  th a n  the p c t l v a t i o n  e n e r g i e s  l i l t e d  In 

T a b l e  I I I  . I t  l a  no t  c l e a r  whether  o r i e n t a t i o n a l  d e f e c t a  a r e  invo lved  

i n  t h e  combined t r e n a l a t i o r - r o t a t i o n  Jumps,  I t  ahonld be no te d  t h a t  

aucb b e a t  c a p a c i t y  a n a l y s e *  a r e  q u i t e  u n c e r t a i n  (Cha77) b e c a u s e  of the  

d i f f i c u l t y  In e s t i m a t i n g  t h e  background (no d e f e c t s }  h e a t  c a p a c i t y .
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5 ,3*3  l i g fc  F ra a m a C T  P n f n t O H

At d e a c r l b e d  e a r l i e r .  combined t r a n t l a t i o n - r o t a t l p n a  o c c u r  in  

0 ,  0 ,  m o l c o o l e r  a o l l d a  a^CO, CO,, N ,0 ,  NH,, and  b e n z e n e ,  A s u r 

p r i s i n g  r e a u l t  i n  t i l  t h e s e  O, 0,  a o l l d a  I t  t h e  h i g h  v a l u e  o f  t h e  p r e o x -  

p o n e n t i a l  f r e q u e n c y  s>q (T ab le  i l l )  „ For c o m p a r i s o n  w i th  t h e  d a t a ,  th e  

e x p e r i m e n t a l  uip v a l u e s  have been c o n v e r t e d  t o  d i f f u s i o n  p r e - f a c t o r s  

(Dp) u s i n g  tb e  E i n s t e i n  r e l a t i o n  (She63 ,  C he79) ;

D0 « (1 /6 )  a2w0 , (22)

where  a l a  t h e  n e a r e a t  n e ig h b o r  d l a t a n c e .  The Dp v a l u e t  t o  d e t e r m i n e d

a r e  ahawn In  T a b le  I I I .

The s i m p l e s t  t h e o r i e s  (Che79,  3he63) p r e d i c t

D0 = ( 1 / 6 )  i y Da2 , (23)

w here  l  i t  t h e  u m b e r  of  n e a r e a t  n e i g h b o r  a ( z - 1 2  f o r  fee  l a t t i c e )  and

l a  t h e  Debye f r e q u e n c y .  P robab ly  the  b e a t  e x p e r i m e n t a l  Dq v a l u e  In  

t h e  c l a a a i c a l  r a r e  g a t  s o l i d s  l a  from Xei J * NHR d a t a  (Yen63,

S i r T T ) . Dp ■ ID cm2/ a .  For a-COr CO,. NaO, NHf l  b e n z e n e ,  and

r a r e  g a t e s  A r , t r ,  and i e ,  Bq.(23)  p r e d l c t a  Dq h (7 + 3) X 10 2 c a 2/ a .  

C l e a r l y ,  f o r  a l l  0 .  0 .  a o l l d a  l i f t e d  In T a b le  H E  and f o r  Xe, t h e  e x p e r -  

i n c u t e l  Dp l a  t h r e e  to  n in e  o rd e r  o f  m a g n i tu d e  f a s t e r  than  t h a t  nf  th e  

s im p le  p r e d i c t i o n  by E q . ( 2 3 ) .

The m u l t i p l i c a t i v e  o f f a e t  be tween  th e  e x p e r i m e n t a l  Dp ( f rom 

H q .{22) )  and t h e  Dq p r e d i c t e d  f r o a  E q . ( 2 3 )  i t  coamonly  t r e a t e d  a t  e r i a -

lng  f r o a  t h e  a c t i v a t i o n  e n t r o p y  of  d l f f u t i o n  S^,  a a u s  of  a d e f e c t  f o r 

m a t io n  e n t r o p y  and a d e f e c t  m i g r a t i o n  S&, The f u l l  e x p r e a a i o n  f o r
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d i f f u s i o n  c o e f f i c i e n t  D v i*  vacancy i s  u s u a l l y  e x p r e s s e d  as  (Shed 3,  

C h e ? * )  :

D -  Dq e i p ( -  E^/kT) ,

where D0 ■= (1/6} f a > va 2 e*p(Sft/ k )  , (24)

I t e  v a l u e  Y v  l a  the  J tp p  a t t e m p t  f r e q u e n c y  and (  i f  i  f r a c t i o n a l  f a c 

t o r  a c c o u n t in g  f a r  the  e f f e c t  of  c o r r e l a t e d  jumps,  S ince  t h e r e  i*  no 

method f o r  the  d i r e c t  d e t e r m i n a t i o n  of  f y , i t  i t  o f t e n  t a k en  a t  be ing  

eq u a l  t o  the  Debye f r eq u en cy  /  n (E q .2 3 )»  The e f f e c t s  of  c o r r e l a t e d

jumps only  changes  t h e  Wq v a l u e s  by a f a c t o r  o f  o r d e r  2 ( s i n c e  1 / 2  < f

i, 1) and has been n e g l e c t e d  i n  the  c a l c u l a t i o n  of  Dq i p  Table  I I I .

I t  shou ld  be no te d  t h a t  t h e  tu0 v a l u e s  d e t e r m in e d  u s in g  E q . d l )  a r e

o n ly  a c c u r a t e  to a f a c t o r  of  10,  bene* th e  e f f e c t  of  c o r r e l a t e d  Jumps 

does  no t  m a t t e r .  In t h e  r a r e  gas  s o l i d s ,  i t  has  been  c a l c u l a t e d  (Cha77,  

Gly67) t h a t  Sf /k  ~ 2 and S ^ /k  -  8, Hence,  the  r a r e  gas  DQ v a l u e s

a r e  in  r e a s o n a b le  a c c o rd  w i th  the  t h e o r y  g iv e n  by E q . ( 2 4 ) .

U n f o r t u n a t e l y ,  no t h e o r e t i c a l  c a l c u l a t i o n  I s  a v a i l a b l e  f o r  the  0 .  O, no 

l o o n i e r  s o l i d s  H a t e d  in  Tab le  £11; i t  i s  no t  c l e a r  w h e th e r  a c a l c u l a 

t i o n  s i m i l a r  to t h a t  of  r a r e  g a s e s  can e x p l a i n  t h e  l a r g e  and Dq 

v a l u e s  I p t h e s e  s o l i d s .
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conclusions

The C1* NMR s t u d i e s  r e p o r t e d  h e r e  conf i rm  t h a t  o r i e n t a t i o n -  

e l l /  o rd e re d  m o le c u la r  s o l i d s  u-CD end C0S p e r fo rm  t r a n s l a t i o n a l - r o 

t a t i o n a l  j a m p t .  Th is  n o t i o n  has  a l s o  been found in  the  or  l e n t * t t o n a l l y  

o rde red  ee l  id*  Nta ,  KB, ,  m d  b e n i e u e .

The t r a n s l a t i o n  t a d  r o t a t i o n  jump r a t e s  have been d e t e rm in e d  

in d e p e n d e n t ly  us ing  samples of v a r i o u s  C11 en r ic hm en t  w i th  d i f f e r e n t  

magne tic  f i e l d s  and NKK t e c h n i q u e s .  The r a t e  o f  t r a n s l a t i o n  was ob

t a i n e d  w i th  h ig h l y  C1* e n r i c h e d  samples  a t  I n  f i e l d  th rough  the  

m odu la t ion  o f  i h t e r m o l e c u l e r  d l p o l e - d l p o l *  i n t e r a c t i o n s ;  l i n e  narrowing 

and SA slow mot ion  te c h n iq u e s  were u s e d .  The r o t a t i o n  Jump r a t *  was 

s tu d i e d  a t  h ig h  f i e l d  and smal l  C1* c o n c e n t r a t i o n  th rough the  modu

l a t i o n  of  t h e  chemical  s h i f t  a n i s o t r o p y ;  spin  e c h o e s  and s t i m u l a t e d  ech

oes were u s e d .  The r a t e s  of  t r a n s l a t i o n  and r o t a t i o n  so d e t e r m in e d  are 

found to  he e q u a l ,  i n d i c a t i n g  t h e  occurence  of t h e  combined Jumping in  

th e se  o r i e n t * t i o n a l l y  o rd e re d  s o l i d s ,  a* e x p e c t e d .

The r a t e  o f  the combined jumps in  n-CO end €0A were b o t h  

fo l lowed o v e r  t h r e e  decades and th e  jump r a t e s  i n  both m a t e r i a l s  are 

found to  be t h e r m a l l y  a c t i v a t e d .  The a c t i v a t i o n  pa ra m e te r s  were d e t e r 

mined to  be = 2100 1 and iiIq = 1 X 10*® s - *' f o r  a-CO, and

*= 6600 I  and  Wg = 1 X 10*^ s fo r  CO*. The u n u s u a l l y  l a r g e  f r e 

quency p r e f a c t o r s  tig o f  a-CO and CO * have a l t o  been observed  f o r

- 90 -
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the  same n o t i o n  in NjO, NH, and b e m e n e .  f l o w m r ,  the h ig h  p r * f a c u 

t o r *  ar* not  u n d e r s to o d .  Th* a c t i v a t i o n  e n e r g i e s  f o r  the  combinod no

t i o n  i n  th* f u l l y  of l i n e a r  m o le c u la r  a o l l d a  w i th  Pa3 s t r u c t u r e  

( a - 0 0 ,  00 , ,  and N*0) and benzene agree  w a l l  whan s e a l e d  by t h e i r  

l a t e n t  b ea t*  o f  s u b l i m a t i o n .  The r a t i o *  *re a l l  foand to be 2 , 1 3

+ 0 ,0 3 ;  t h i i  agreement s u g g e s t s  t h a t  t h e  aana mechanism ia  r e s p o n s i b l e  

fo r  d i f f u s i o n  th ro u g h o u t  the  fam i ly  of Pa3 s o l id *  and b e n z e n e ,  Howeverj 

d e t a i l e d  b e h a v io r  of  d i f f u s i o n  among t h e s e  or l e n t a t l o n a l l y  o rd e re d  Bol

ide  remain* a cha l l e n g e  to  f u t u r e  d i f f u s i o n  a t  t i d ies .

The ah i f  E a n i s o t r o p i e s  (Ac) a r e  de te rm ined  t o  be 350 + 15 

ppm fo r  a—CO and 325 ± 15 ppm for  CO,, b o th  in good agreement with  

p re v io u s  NME measurements.



Appendix A

TTP1CAL TEMPERATURE CONTROLLER SETTINGS FOR THE MEDIUM 
{LNj) TEMPERATURE EXPERIMENTS

TEMPERATURE CONTROLLER SETTINGS*'

TEMPERATURE f t ) RESISTANCES) POWER* gain
78 20 .4 0 .3 6 .0
90 26 .5 0 .5 7 .0
104 3 2 . 0 0 .5 7 .0
105 35 .5 0 .5 8 .0
120 3 5 . 0 1 ,□ 2 .0
134 40 .0 1.5 2 .0
140 45 .0 3 .0 2 .0
143 47 .3 4 .0 3 .0
150 5 0 .0 4 , 0 3 ,0
156 35.0 4 . 0 3 .0
163 3 7 .0 5 .0 6 .0
170 3 9 .0 5 .0 6 .0
175 6 1 . 0 5 .0 6 .0
181 6 4 .4 5 .0 6 .0
188 6 6 . 0 5 .5 6 .0
193 70 .0 5.5 6 .0
202 7 2 . 0 6 . 0 8 .0
212 76 .0 7 .0 9.0
223 8 1 .4 10.0 9.0
250 9 1 .0 11 .0 13 ,0

Under n o rn a l  o p e r a t i n g  c o n d i t i o n * ;
1 .  Tem perature  c o n t r o l l e r  node s e l e c t i o n  on ' c o p p e r ' ,  and 

th e  dewar t h e  m o u n t e r  i t  PBT (100 G a t  r o n  T) .
2 .  The In n e r  v e i l  e x h a u s t  v a l v e  i*  o f f ,
3 .  C on tro l  e x t e r n a l  Na j i b  f low  eo t h a t  the  i n n e r  

v e i l  p r e e e u r e  l e  *- 3 p s i g  and the  flow bore  
f l o e  r e a d s  ~ 3 SCFB,

4 .  The vacvoM ptmp shou ld  be k ep t  on and the  N, 
c ryo -punp  v a l v e  I t  open .

N orm al i s ed  s c a l e  r e a d i n g s ,  d i r e c t l y  t a k en  from the 
t e m p e r a t u r e  c o n t r o l l e r .
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A ppvndlx B

TYPICAL TEMPERATURE CONTROLLEg SETTINGS FOR THE LOW (LEE) 
TEMPERATURE EXPERIMENTS

TEMPERATURE CONTROLLER- SETTING* VAFOR^FLOW RATE**
INNER SELL

T J R ) RESISTANCE GAIN FLOW BOBE EXHAUST
4,6 ---- ----- 3 .5 -----
5.6 - - - — _ 2 .0 0 . 3
7.1 ----- 0 . 6 5 0 . 7 5
9.0 — ----- ----- 0 . 3 5

i l  .2 ----- ----- 0 . 2
12,7 295 7 .01. 1 .3 0 . 8
14,7 2d 9 9.5L 2 .0 1 ,0
17 .6 240 9.  3L 2 .0 1 .0
20 .4 205 15.0L 4 .0 1 .0
2 5 , 0 191 1.0H 9 .0 1 . 0
29 ,0 180 1 .OH 9.0 1 .0
34.3 172 i  .on 11 .5 1 .0
39.5 162 1 .Oil 11 .5 1 ,0  ̂m *
43 .7 153.5 i  .on 11 ,3 1 ,0
47 .9 150 1 .OB 11 .3 1 .0 i *
50 .0 148.5 1 .OB 11 .5 1 .0 4  i  “

52 .7 138 1 .  5B 11 .3 1 .0 J- i *
56 .8 140 1.5H 11 .5 1 ,0 i  i W
60 .8 138 1 . 5H 1 2 , 0 1 .0 J. i "f

72 ,  8 128 3 .OB 13 .0 1 .0
77 .4 128 4 . OB 1 4 .0 1 .0 r *

*Under normal o p e r a t i n g  c o n d i t i o n a l
1 , The In n e r  w e l l p r e e t u r e  l a  ~ 0 . 5 p e i g .  and

the f low  bore  -  1 , 0  SCFH
the In n e r  w e l l exhaua t - 1 . 5  SCFH .

1, The vacuum v a l v e  on th e  dewer i e c l o t e d ,

*a 3 ‘ Uae Lake Shore ca rbon^ i n - g l a a e  therm al r e e i a t o r .
Vapor flow r a t e  i t  i n  n o i l of  SCFH,

NOTE: ■ 1 . For  T < 10 C, th e t e m p e r a t u r e  c o n t r o l l e r i t
t u r n e d  o f f ,  and t h e  t e m p e r a t u r e  La c o n t r o l l e d  by 
th e  vapor  f low o n l y .

b ) . The power and the g a i n  p e t t i n g  a r e  d i r e c t l y  t a k e n  
front the  back o f  t h e  t e m p e r a t u r e  c o n t r o l l e r .  The 
’L ‘ and 'H'  a r e  e l a n d  f o r  t h e  low and h ig h  power 
o u tp u t  t w i t c h  on th e  c o n t r o l l e r ,  r e e p e c t l v e l y .
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DERIVATION OP THE STIMULATED ECHO ENVELOPE

C one ide r  a a i q g l e  m o le c u le  I d  a Pe3 e t r u o t u r e d  a o l i d  which c m  

jTuap between Four d i f f e r e n t  o r i e n t a t i o n *  c o r r e e p o n d i n g  t o  the  fou r  body 

d i a g o n a l !  of  the  cube .  A i t  time t h a t  the  g iv e n  m olecu le  h n  a p r o b a b i l i t y

PK( t )  (■ th e  p r o b a b i l i t y  of F ind ing  th e  g i v e n  m o le c u le  In o r i e n t a t i o n  a  

{a •» 1, 2 ,  i ,  o r  4 wblch c o r r e a p o n d  t o  t b e  f o u r  body d i a g o n a l *  ihovn in  

F ig u re  11 end  1 ^  i t  the  c o n d i t i o n a l  p r o b a b i l i t y  p e r  u n i t  t i n e  of  tbe 

m o lecu le  i n i t i a l l y  i n  o r i e n t u t i o o  m go ing  t o  o r i e n t a t i o n  n. One o b ta in *  

from ■ m u t e r  r i t e  e q u a t i o n

where end e r e  equal  by d e t a i l e d  b i l i n c e  t i n c e  e l l  fou r  o r i e n t a 

t i o n !  i r e  e q u a l l y  l i k e l y  in e q u i l i b r i u m .  B e c a m e  any g iv e n  m olecu le  I t  

■ ur rounded  by fou r  member* o f  each  of  t h e  o t h e r  t h r e e  ( u b l a t t i c e a ,  VBU

ui| p e r  u n i t  t i n e  of  go ing t o  in y  of the  o t h e r  o r i e n t a t i o n !

P ( t + 6 t ) “P_ ( t )n u (Cl)

end a r e  b o th  eq u a l  to  f o r  n ^ n .  T o g e t h e r  w i t h  t h e  c o n d i t i o n

I  PB = 1 ,  t h e  d e r i v a t i v e  form o f  £ q . ( C l )  ia

(C2)

Taking th e  m olecu le  i n i t i a l l y  ( t  = 0) i n  o r i e n t a t i o n  m ( t b i a  i f  I n d i c a t 

ed by a u p e r e c r i p t  n) , the  m i c t i o n  of  Eq.(CZ> i*
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P ? ( t J  -    exp [ - (  4 / 3 ) wj t ) + ----- ,
4 J 4

( - 1 ) 1
P“ ( t )  ■= —  t i p  + -------  * n*a  , (C3)

4 4

H e r e ,  P ^ ( t )  i t  t h e  c o n d i t i o n a l  p r o b a b i l i t y  t h a t  g iven  a molecu le  I t  in  

o r i e n t a t i o n  m a t  t i n e  D, i t  i t  i n  o r i e n t a t i o n  n a t  t i n e  t .

The a t i m o l a t c d - e c h o  a m p l i t u d e  i t  d i r e c t l y  p r o p o t i o n e l  to  a l i n -  

g l e - p a r t i c l e , t w o - t i n e  o r i e n t a t i o n  c o r r e l a t i o n  f u n c t i o n ;  aa given by 

E q , (16} t h i  a i*

a < T >  -  < C D t ( t i | t ) c e i ( u ^ T )  >

Here  t h e  b r a c k e t  d e n o t e *  th e  a v e r a g e  o v e r  a l l  i aochromat*  and,  hence, 

o r y a t a l l l t *  o r i e n t a t i o n * .  At t im e  T* = 0 ,  the  I n i t i a l  o r i e n t a 

t i o n  n i*  e q u a l l y  l i k e l y  t o  be any o f  t h e  fou r  p o a a i b l e ,  Thu* the above 

c a n  be w r i t t e n  a*

1
a( T )  -  —  I  p^{ T  ) < C O i  C O *  > . 

4 u , n

The a v e r a g i n g  o v e r  a l l  i a o c h r o m a t ■ i n v o l v e *  o n ly  the  coa l i te  t e r n .  The 

a p p r o x i m a t i o n  t >>T^ a l l o w *  n* t o  w r i t e

<co i  Cw„ t;} coa <«_r ) > = < 1 / 2 ) 6  „ .m D m u

Hence t h e  o b t e r v e d  a t i m u l a t e d - e c h o  a m p l i t u d e  w i l l  be

3 1
2 A ( T ) -  e j p l - f d / S U j  T  i + ----- , (C4)

4 4
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where  the  a o l a t i o n  f o r  P^{ T  ) o f  Eq.(C3)  h a t  b een  u te d ,  Henoe 

A( T  ) d a c t y i  e x p o n e n t i a l l y  w i th  t i n e  c o n a t a n t  ( 3 / 4 ) Tj to t  r e l 

a t i v e  b a a e l  ioe of 1 / 4 .
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