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ABSTRACT 

The h igh - r e so lu t ion  NMR ro ta ry-echo  technique  developed 

by Wells  and Abramson r e g a i n s  t h e  f requency s e l e c t i v i t y  l a c k i n g  

i n  spin-echo methods employing high-power rf p u l s e s .  A g e n e r a l  

t h e o r e t i c a l  t r ea tmen t  f o r  t h e  decay of t h e  ro ta ry-echo  t r a i n  i s  

made. Closed formulae t o  i n c l u d e  chemical  exchange a r e  s t i l l  

l a c k i n g  b u t  approximate equa t ions  f o r  s p e c i a l  l i m i t i n g  c a s e s  have 

been d e r i v e d .  The hindered i n t e r n a l  r o t a t i o n  about  t h e  carbon- 

n i t r o g e n  bond i n  N,N-dimethylcarbamyl c h l o r i d e  (DMCC)  and N , N -  

d imethylni t rosamine (DMNA) i s  s t u d i e d .  A c t i v a t i o n  e n e r g i e s  and 

f requency f a c t o r s  of 15.1  and 25.0 kcavmole  and 2.70 X 1011 and 

2.99 X 1013 sec- '  r e s p e c t i v e l y  a r e  ob ta ined  f o r  DMCC and DMNA 

r e s p e c t i v e l y ,  comparable t o  o t h e r  spin-echo r e s u l t s .  Pu l s ing  a t  

Sub-audio f r equenc ie s ,  t h e  ro ta ry-echo  decay i s  found s e n s i t i v e  

t o  unresolved s c a l a r  coupl ing  t o  quadrupolar  n u c l e i .  The method 

h a s  been appl ied,  t o  determine t h e  coupl ing  c o n s t a n t s  JHCCN i n  - - 
a c e t o n i t r i l e  ( C H ~ C N )  and JHCCl i n  chloroform ( c H c ~ ~ ) ,  t h e  r e s u l t s  - -  
produced be ing  i n  good agreement t o  those  obta ined by o t h e r  means. 

The f l u o r i n e  s p i n - r o t a t i o n  r e l a x a t i o n  i n  l i q u i d  c h l o r o d i f  luoro-  

methane ( C H F ~ C ~ )  and dif luoromethane ( c H ~ F ~ )  has  a l s o  been s t u d i e d  

by t h e  s e l e c t i v e  ro ta ry-echo  technique us ing  an i n d i r e c t  method 

by which on ly  t h e  pro ton  resonances ,  whose n a t u r a l  l i newid ths  a r e  

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

t h e  f l u o r i n e  n u c l e i  coupled s c a l a r l y  t o  t h e  pro tons ,  need be ob- 



i v  

served.  The symmetric and antisymmetric f l u o r i n e  t r a n s i t i o n  pro- 

b a b i l i t i e s  ks and ka r e s p e c t i v e l y  f o r  t h e  two systems a r e  d e t e r -  

mined a t  var ious  temperatures ranging from 217O t o  315" K .  The 

r a t i o s  ks/ka a r e  found t o  be about 13 f o r  CHFzC1 and about 9 f o r  

CH2F2 independent of temperature i n d i c a t i n g  t h a t  t h e  c o r r e l a t i o n  

time T f o r  the  change i n  angular  momentum i s  much s h o r t e r  than 

the  c o r r e l a t i o n  time 72 f o r  molecular r e o r i e n t a t i o n .  

A s epa ra te  and unre la ted  s tudy i s  made on t h e  system N,N- 

dimethyl-2,3-dihydroxy - 3-phenylpropionamide &H( OH) CH( OH) c0N(CH3) . 
Prepara t ion  of t h e  compound l eads  us t o  a c lose r  study of t h e  u- 

s u a l  organic  perac id  hydroxylation process  and t h e  stereochemis- 

t r y  of t h e  epoxide-ring opening. Preliminary observations of t h e  

e f f e c t s  of metal  ions  on t h e  PMR of t h e  system, t h e  hindered in-  

t e r n a l  r o t a t i o n  about t h e  carbon-nitrogen bond and of t h e  e f f e c t s  

of d i f f e r e n t i a l  exchange among t h e  hydroxyl protons a r e  made. 
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CHAPTER I 

INTRODUCTION 

Since the first successful detection of nuclear magnetic 

resonance signals in bulk matter in late 1945 by Purcell, Torrey 

and Pound (1) and by Bloch, Hansen and Packard (21, the subject 

of nuclear magnetic resonance has developed in a, remarkable man- 

ner. The advantage of the resonance method is that it ena.bles 

one to select out of the total magnetic susceptibility a particu- 

lar contribution of interest-here, the nuclear contribution, 

though it is in general very weak compared to that of the orbital 

electrons. 

By doing NMR experiments, we are using a nucleus as a mag- 

netic probe to investigate the local magnetic effects inside a 

molecular system. High-resolution work has shown that magnetic 

nuclei can detect very small changes in chemical environment and 

provide a number of important applications in various branches 

of chemistry and chemical physics. Through modern developments 

of instrumentation, the method has become one of the most power- 

ful tools for investigating chemical problems. Nowadays, steady- 

state NMR methods are widely used by organic chemists to assist 

in structure determination and by inorganic and physical chemists 

to investigate such problems as isomerism, tautomerism, chemical 

equilibria, hydrogen bonding, reaction rates, chemical exchange 

and relaxation processes. 
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I n  s p i t e  of i t s  usefu lness  and wide app l i ca t ion ,  t h e  s t ea -  

dy-s ta te  NMR method s u f f e r s  from c e r t a i n  l i m i t a t i o n s  (3) i n  the  

s t u d i e s  of k i n e t i c  r a t e  and re l axa t ion  processes .  Pulsed NMR 

methods employing a  s i n g l e  rf pulse (4) o r  a  sequence of two o r  

more rf pulses  (5, 6 )  have been shown t o  be b e t t e r  i n  some cases .  

However, a disadvantage of the  usua l  pulsed methods of high rf 

power i s  the  l ack  of s e l e c t i v i t y  on the  var ious homonuclear sp in  

t r a n s i t i o n s  which may occur i n  a  h igh-resolu t ion  spectrum. The 

cur ren t  approach t o  t h i s  problem i s  t o  r e s t r i c t  a t t e n t i o n  t o  sys- 

tems which, by s i m p l i c i t y  or high symmetry, y i e l d  r e l a t i v e l y  s i m -  

p l e  spec t ra ,  or  which can be so transformed by judicious i so top ic  

s u b s t i t u t i o n .  

From Solomon1 s  rotary-echo experiment ( 7 ) ,  i t  i s  seen t h a t  

the  s e l e c t i v i t y  on frequency can be regained. By working i n  a 

r o t a t i n g  frame coinc id ing  with a  p a r t i c u l a r  t r a n s i t i o n  frequency, 

and wi th  a rf amplitude low enough not  t o  s i g n i f i c a n t l y  pe r tu rb  

o ther  nearby t r a n s i t i o n s  one has, i n  the  rotary-echo phenomenon, 

a t o o l  of low time r e s o l u t i o n  allowing d i r e c t  time-dependent mea- 

surement on i s o l a t e d  l i n e s  of a  complex h igh-resolu t ion  spectrum. 

Such h igh-resolu t ion  r o t a r y  sp in  echoes have been obtained by 

Wells and Abramson (8)  wi th  s l i g h t  modif icai ton of Solomon's 

method , 

I n  what follows a genera l  aspect  of the  h igh-resolu t ion  

r o t a r y  s p i n  echoes w i l l  be given, but  e s s e n t i a l l y  the  g r e a t e r  

P a r t  of t h i s  work dea l s  wi th  a p p l i c a t i o n s  t o  a  number of chemical 



o r  chemico-physical problems. 

A .  The Rota t ing  Frame and Spin Echoes 

Some i n s i g h t  i n t o  the  

obtained by cons ide ra t ion  of 

d ipo le  wi th  angular  momentum 

t i o n  of motion i s  

na tu re  of magnetic resonance can be 

t h e  c l a s s i c a l  motion of a magnetic 
-4 -4 

J i n  a  magnetic f i e l d  Ho. The equa- 

where i s  t h e  magnetic moment of t h e  magnetic d ipo le .  Since 
* -# 

P = YJ', 3 can be e l iminated  and 

where Y i s  t h e  magnetogyric'  r a t i o .  

I n  order  t o  so lve  equat ion ( 1 . 2 )  it i s  d e s i r a b l e  t o  t r a n s -  

form t o  a  r o t a t i n g  co-ordinate  frame of r e fe rence .  According t o  

G t h e  genera l  law of r e l a t i v e  motion t h e  time d e r i v a t i v e  of 

computed i n  t h e  l a b o r a t o r y  frame and i t s  d e r i v a t i v e  a t  computed 

i n  t h e  r o t a t i n g  frame a r e  r e l a t e d  through 

where i s  t h e  angular  v e l o c i t y  of t h e  r o t a t i n g  frame w i t h  r e s -  

pec t  t o  t h e  l a b o r a t o r y  frame. Combining ( 1 . 2 )  and ( 1.3), t h e  

motion of t h e  magnetic moment i n  t h e  r o t a t i n g  frame i s  g iven  by 

which has t h e  same form a s  ( 1 . 2 )  provided t h e  magnetic f i e l d  go 
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UJ ' 

i s  replaced by an e f f e c t i v e  f i e l d  2. = RO + / y .  By choosing a  

r o t a t i n g  frame w i t h  7 such t h a t  g,= 0,  we can r e a d i l y  so lve  f o r  

t h e  motion of ; i n  a  s t a t i c  f i e l d .  Thus w i t h  

h Z  - - 
a t  - 0 and t h e  magnetic moment i s  a  f i x e d  vec to r  i n  t h e  r o t a t i n g  

frame. Therefore,  w i t h  r e s p e c t  t o  t h e  l abora to ry  frame pre-  

cesses  w i t h  an angular  v e l o c i t y  go, c a l l e d  t h e  Larmor frequency 

of t h e  s p i n  i n  t h e  app l i ed  f i e l d  so given by equat ion ( 1.5)  . 
I f  a second magnetic f i e l d ,  a l t e r n a t i n g  a t  angular  f r e -  

quency Go and wi th  amplitude 2H1, o r  r o t a t i n g  a t  t h e  Larmor f r e -  

quency and wi th  amplitude H I ,  i s  app l i ed  t o  t h e  s p i n  perpen- 

d i c u l a r  t o  t h e  f i e l d  Ho,  a  resonance condi t ion  i s  a t t a i n e d .  I n  

t h e  r o t a t i n g  frame t h e  e f f e c t i v e  f i e l d  He i s  equal t o  H 1  and i s  

always f i x e d  and perpendicular  t o  t h e  a x i s  of r o t a t i o n ,  t h e  Z -  

i c  
a x i s  . Let us t ake  t h e  x-axis i n  t h e  r o t a t i n g  frame along H I ,  

then a  magnetic moment t h a t  i s  i n i t i a l l y  p a r a l l e l  t o  t h e  s t a t i c  

f i e l d  Ho w i l l  p recess  a t  angular  v e l o c i t y  YHl i n  t h e  y-z plane ,  

but remaining perpendicular  t o  H I  always. I f  we were t o  t u r n  on 

H i  f o r  a  s h o r t  time t , ,  t h e  moment would precess  through an angle  

0 = y H l t w .  I f  t, were chosen such t h a t  0 = ~9 t h e  p u l s e  (genera l -  

l y  r e f e r r e d  t o  a s  a  180' p u l s e )  would simply i n v e r t  t h e  moment. 

1F 
An a l t e r n a t i n g  f i e l d  2Hlcoswot can be r e a d i l y  broken up 

into two r o t a t i n g  components each of amplitude H I ,  one r o t a t i n g  
clockwise and t h e  o the r  counterclockwise . The component which 
r o t a t e s  i n  t h e  oppos i te  sense  t o  t h e  p recess ion  of t h e  magnetic 

can be shown t o  g ive  n e g l i g i b l e  e f f e c t s  a t  o r  near reso-  
nance f o r  Ho s u f f i c i e n t l y  l a r g e .  



If 0 = y2 (a 90' pulse), the magnetic moment is turned from the 
2-direction to the y-direction. These are the bases of the spin- 

echo method. 

In actual experiments a large assembly of magnetic nuclei 

is observed. The inhomogeneity of the applied field across the 

sample results in a spread yAHo in Larmor frequencies. High-re- 

solution linewidths are predominantly broadened by this. By the 

application of rf pulses the magnet inhomogeneity effects can 

conveniently be removed. It has been shown that the decay of the 

Precessing transverse magnetization following a 90' pulse and 

caused by destructive interference between the contributions from 

moments in different parts of the sample, precessing at different 

Larmor frequencies is not an irreversible process (4). 90' re- 

focussing pulses were first used by Hahn (5). The restoring of 

the transverse magnetization gives rise to the so-called spin 

echoes. The technique of 180" refocussing pulses was introduced 

by Carr and Pureell (6). It is more elegant and the easiest to 

interpret. These pulses applied at times T, 3r, . . , ( 2 n - 1 ) ~ ,  

after the first 90' pulse give rise to spin echoes at time 

2~~ 47, . . . , 2 n ~ ,  . . . . This latter method is the most widely 

used at present, with the additional modification of Meiboom and 

Gill (9) of a go0 rf phase shift between the initial 90' pulse 

and the refocussing 180" pulses. 

B- The High-Resolution Rotary Spin Echoes 



The h igh- reso lu t ion  r o t a r y  s p i n  echoes a r e  obtained (8 )  

by a minor modificakion of Solomon1 s method ( 7 )  i n  e f f e c t i n g  t h e  

180" r e l a t i v e  phase change between H 1  and t h e  y-component of t h e  

magnetization vec to r  i n  t h e  r o t a t i n g  frame. The modified method 

Proves t o  be p a r t i c u l a r l y  simple t o  apply w i t h  commercially a v a i l -  

a b l e  h igh-resolu t ion  NMR spectrometers  and, i n  p r i n c i p l e ,  o f f e r s  

some advantages i n  echo amplitude s t a b i l i t y  over t h e  o ld  one. 

I n  t h e  fol lowing we g ive  a  simple p i c t o r i a l  d e s c r i p t i o n  of t h e  

method, t h e n  t h e  ins t rumenta t ion ,  t h e  procedure t o  o b t a i n  a  180" 

Pulse  and some discuss ions  on t h e  e f f e c t s  of r a d i a t i o n  damping 

and s e l f  - d i f f u s i o n  through t h e  H 1  f i e l d  g r a d i e n t .  

(a) General d e s c r i p t i o n  of t h e  rotary-echo method 

An assembly of magnetic n u c l e i  i s  immersed a t  thermal equi- 

l ib r ium i n  a s t r o n g  dc f i e l d  Ho along t h e  z-axis .  For s i m p l i c i t y  

t h e  h igh- reso lu t ion  s t e a d y - s t a t e  spectrum i s  assumed t o  be a s i n -  
4 g l e  l i n e .  A t  t ime t = 0 an o s c i l l a t o r y  f i e l d  of frequency wo 

and amplitude 2 H 1  i s  ga ted  on e x a c t l y  a t  resonance, i . e .  wo = 

YHo. I n  t h e  frame r o t a t i n g  a t  t h e  s p i n  t r a n s i t i o n  frequency t h e  

f i e l d  along t h e  x-axis i s  given by 

~ , ( t )  = H I  + Hlcos2wot (1.6) 

For HO (and hence w,) s u f f i c i e n t l y  l a r g e  t h e  time dependent 

term can be neglec ted .  If H I  s a t i s f i e s  t h e  cond i t ion  y H l  >> b y ,  

where A,& i s  t h e  h a l f  width a t  h a l f  he ight  of t h e  
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i c  

transition , then the motion of the spin magnetization in the ro- 

tating frame is simply a precession about the newly-established , 

Constant HI. This precession has been called "transient nuta- 

tion" by Torrey (10) and is damped by the dephasing processes in 

the rotating frame with a decay constant given by 

R,, = + (R, + R*) (1.7)  

where R, and R~ are the longitudinal and transverse relaxation 

rates in the laboratory frame. Further the precession is more 

severely damped by the instrumental inhomogeneity in H 1  generated 

by a radio frequency solenoid. In the absence of nuclear fre- 

quency modulation effects the undesirable dephasing caused by 

H I  inhomogeneity in the doubly rotating frame is reversible by 

a technique analogous to the Carr-Purcell method (6) of removing 

the effects of the Ho inhomogeneity in the usual spin-echo exper- 

iment. 

At time t = the static field Ho is pulsed off resonance 

in either direction by an amount h r> H1 for a time t, sufficient 

to cause the magnetization to skip through 180' about the z-axis 
i e  i F  

in the first rotating frame . Following this pulse, the magnet- 

i c  
The second moment of a spin transition in a liquid sam- 

ple is unchanged by spinning the sample in the inhomogeneous 
field Ho, although the central transition may be dramatically 
narrowed. By we mean the residual width of this central 
line, and ignore'the effects of the spinning side bands. 

++I For the general case of a multi-line homonuclear spectrum 
covering a frequency range 0, h must satisfy the more stringent 
condition h >> 0 so as not to perturb the other transitions. 



i z a t i o n  cont inues t o  p recess  a s  before  about H I  and refocusses  

I I along t h e  z - d i r e c t i o n  a t  t = 2T  giving  r i s e  t o  t h e  r o t a r y  s p i n  

echo", t h e  maximum of which i s  observed a s  t h e  magnet izat ion 
TT 

again d ips  through t h e  xy-plane a t  t = 2.r + - 2 ~ H 1 '  
A s  i n  t h e  

C a r r - ~ u r c ~ l l  e q e r i m e n t  a  sequence of i d e n t i c a l  180' pu l ses  can 

be app l i ed  a t  t imes t = ( 2 n  - l ) ~ ,  and t h e  magnet izat ion i s  re -  

focussed along t h e  z-axis  a t  t imes t = 2117 g iv ing  a  rotary-echo 

sequence, The decay of t h e  echo t r a i n  i s  approximately expo- 

n e n t i a l  w i t h  a  decay constant  R2, given by equation ( 1 . 7 )  , d i f -  

fus ion  e f f e c t s  being neglec ted .  The magnetiza,tion t r a j e c t o r y  

i n  t h e  r o t a t i n g  frame i s  sketched i n  F i g .  1-1". 

Some advantages of t h e  p resen t  method over Solomon's 

Phase s h i f t  method a r e  i) t h e  genera t ion  of a  dc p u l s e  i s  exper- 

imenta l ly  s impler  than  t h e  phase r e v e r s a l  of a  h igh  frequency 

s i g n a l  ( V  > 20 Mhz); and ii.) e r r o r s  i n  t h e  echo amplitudes down 

t h e  echo sequence caused by a  sys temat ic  e r r o r  i n  t h e  of f - reso-  

name  p u l s e  do not  accumulate a s  r a p i d l y  a s  those caused by a  

sys temat ic  e r r o r  i n  t h e  phase-switching angle .  The p r e s e n t  mod- 

i$ 
This f i g u r e  i s  h e l p f u l  f o r  v i s u a l i z i n ~  t h e  p h y s i c a l  s i t -  

ua t ion  but  i s  not  t o  be taken  t o o  l i t e r a l l y .  It i s  an over- 
S impl i f i ca t ion  i n  t h a t  t h e  s i g n a l  induced i n  t h e  r ece iv ing  c o i l  
i s  not  r e l a t e d  i n  a  simple manner t o  t h e  bulk nuclear  magnetiza- 
t i o n  but  i s  weighted by t h e  coupling between a  p a r t i c u l a r  nucleus 
and t h e  c o i l .  Moreover, t h e  s p i n  locking  experiments of Ost rof f  
and Waugh (Phys . Rev. L e t t e r s ,  16, 1097, ( 1966) ) and I'dansf i e l d  

Ware (phys ics  L e t t e r s ,  22,  133 (1966)) i n d i c a t e  t h a t  such  
diagrams can l e a d  t o  q u a l i t a t i v e l y  wrong r e s u l t s ,  and t h a t  i n  
genera l  t h e  response should be obtained from a  Four ie r  a n a l y s i s  
Of t h e  complete p u l s e  sequence. 



A 
Fig. 1-1. 

B 
Formation of r o t a r y  sp in  echoes.  
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i f i c a t i o n  may be l ikened i n  t h i s  r e spec t  t o  t h e  Meiboom-Gill mod- 

i f i c a t i o n  (9) of t h e  i n i t i a l  Carr-Purcel l  experiment.  A s k e t c h  

of t h e  r e l a t i v e  s i t u a t i o n s  i s  shown i n  F i g .  1-2. 

( b )  Ins t rumenta t ion  

The h igh- reso lu t ion  rotary-echo experiment was performed 

on a  Varian ~56/30 h igh- reso lu t ion  NMR spectrometer  which has a  

s i n g l e  c o i l  probe and e x t e r n a l  f i e l d  frequency l c c k .  The t iming 

l o g i c  se t -up  i s  sketched i n  F i g .  1-3. A master g a t i n g  v o l t a g e  

was obtained from t h e  time-base of a  Tektronix 547 o s c i l l o s c o p e .  

This v o l t a g e  switched t h e  r f  f i e l d  H I  t o  t h e  probe c o i l  by means 

Of a  Tektronix co-axia l  swi tch  (5W750 i n  Type 109 p u l s e  genera to r )  

wi th  mercury wetted con tac t s  ( a  t r a n s i s t o r  swi tch  i n  t h e  cathode 

c i r c u i t  of t h e  s y n t h e s i z e r  rf output  s t a g e  w i l l  a l s o  se rve  t h e  

purpose) and s imultaneously i n i t i a t e d  t h e  nega t ive  sawtooth se-  

quence of a  Tektronix 162 waveform genera to r  i n  ga ted  mode. 

The 25-vol t  dc pu l ses  were de l ive red  a f t e r  an empi r i ca l ly  ad jus t -  

ed de lay  t o  t h e  dc sweep c o i l s  from a  Tektronix 163 p u l s e  gen- 

e r a t o r  d r i v e n  by t h e  waveform genera to r .  The nuclear  s i g n a l  was 

fed  through t h e  ~56/60 r e c e i v e r  and d e t e c t o r  c i r c u i t s  i n  t h e  nor- 

ma l  way and on t o  a readout  device from t h e  recorder  output  jack.  

Usua l ly  t h e  s i g n a l s  were photographed on Polaro id  f i l m  from t h e  

bu t  it was found p o s s i b l e  w i t h  samples of long r e -  

l a x a t i o n  t ime using low H~ ( <  I ~ G )  t o  record  s i g n a l s  d i r e c t l y  

On a  po ten t iomet r i c  r ecorde r .  The modif ica t ion  on t h e  Varian 
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high-resolu t ion  NMR spectrometer was s t r a igh t fo rward .  The band- 

width of t h e  output  opera t iona l  a m p l i f i e r  ( ~ h i l b r i c k  USA - 3) 

Was extended t o  about 500 hz by t h e  a d d i t i o n  of s e v e r a l  e x t r a  

f eed-back c a p a c i t o r s .  

The r f  leakage through t h e  co-axia l  swi tch  could not  be 

completely e l iminated ,  but  t h e  HI presen t  i n  t h e  nominal OFF po- 

S i t i o n  was down some 60 db and w a s  we l l  below s a t u r a t i o n  l e v e l  

Of a l l  t r a n s i t i o n s .  This leakage has t h e  p r a c t i c a l  advantage of . 

allowing t h e  experimenter t o  maintain t h e  c r i t i c a l  resonance con- 

d i t i o n  on a s e l e c t e d  t r a n s i t i o n  between experiments.  

For bo th  s t e a d y - s t a t e  and rotary-echo work w i t h  t h e  Varian 

A56160 h igh- reso lu t ion  NMR spectrometer ,  t h e  sample temperature 

Was maintained i n  t h e  b u i l t - i n  v a r i a b l e  temperature probe by a 

gas-flow system and t h e  temperature r egu la ted  by a  Varian V-6040 

c o n t r o l .  Temperatures were c a l i b r a t e d  w i t h  t h e  e thy l -  

ene g lyco l  and methanol samples provided along wi th  t h e  Varian 

instruments .  

( c )  Adjustment of t h e  180" p u l s e  width 

The p u l s e  l e n g t h  requ i red  t o  achieve a 180" r o t a t i o n  of 

the magnet izat ion about t h e  .z -axis  can be determined i n  a pro- 

cedure i l l u s t r a t e d  i n  F i g s .  1-4 and 1-5. 

F i r s t  a resonance cond i t ion  on a  s u i t a b l y  narrow t r a n s i t -  

ion  i s  obtained w i t h  a  va lue  of HI below s a t u r a t i o n  ( t h e  rf leak-  

age serves  t h e  purpose w e l l ) .  Under t h e  combined i n f l u e n c e  o f  



Fig. 1-4. Rota t ion  of the  r e s u l t a n t  magnet iza t ion  about  the 
z-ax is  by dc p u l s e s  of d i f f e r e n t  w id ths .  
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t h i s  resonant  H I  and s p i n - l a t t i c e  r e l a x a t i o n  e f f e c t s ,  t h e  s p i n  

1 magnetization comes t o  a  p o s i t i o n  of equi l ibr ium M ( 0 )  removed 

from t h e  thermal equi l ibr ium i n  t h e  absence of HI. The de tec ted  

s i g n a l  S i n  absorpt ion  mode i s  p ropor t iona l  t o  M y ,  t h e  component 

Of t h e  magnet izat ion vec to r  along t h e  out-of-phase a x i s  i n  t h e  

frame. Applicat ion of a  l a r g e  z - f i e l d  p u l s e  causes t h e  

magnetization t o  precess  about z  and t h e  s i g n a l  fol lowing t h e  

Pulse r e f l e c t s  t h e  new out-of-phase component M I y .  I f  inhomo- 

g e n e i t i e s  i n  t h e  off-resonance f i e l d  h  a r e  neglected t h e  e f f e c t  

Of a  c o r r e c t l y - s e t  z-pulse i s  t o  t ake  My t o  -My, i.  e .  t o  r eve r se  

the s i g n  of t h e  s t eady-s ta t e  s i g n a l ,  corresponding t o  a  r o t a t i o n  

Of t h e  magnetization by 180' about t h e  z-axis  i n  t h e  r o t a t i n g  

frame. Thus t h e  180' pu l se  width i s  obtained by a d j u s t i n g  f o r  

s i g n a l  dev ia t ion  from t h e  s t e a d y - s t a t e  va lue .  

( P )  E f f e c t s  of r a d i a t i o n  damping 

Radia t ion  damping ( 11-14) i s  t h e  phenomenon t h a t  energy 

is d i s s i p a t e d  i n  t h e  form of Joule  hea t  because of t h e  cu r ren t  

induced i n  t h e  t r ansmi t t e r - rece ive r  c o i l  by t h e  precess ing  mag- 

n e t i z a t i o n .  This energy can only be provided by t h e  nuclear  

magnetic energy of t h e  misalignment of t h e  magnetization and re -  

sul ts  i n  a  torque which tends t o  r e s t o r e  fl t o  i t s  equi l ibr ium 

P o s i t i o n  p a r a l l e l  t o  t h e  appl ied  f i e l d ,  without changing t h e  

of fl. The torque can be thought of a s  One equal  t o  

3 x gr i n  t h e  r o t a t i n g  fr,me, where A, i s  t h e  r a d i a t i o n  f i e l d ,  



P a r a l l e l  t o  A , ,  produced by t h e  c u r r e n t  induced i n  t h e  c o i l  by 

t h e  p r e c e s s i o n  of W .  The ampli tude of a, i s  g iven  by (15) 

H~ = ~ T T ~ Q , M S ~ ~ ~  (1 .8)  

where q i s  t h e  f i l l i n g  f a c t o r ,  

& i s  t h e  q u a l i t y  f a c t o r  of t h e  tuned r e c e i v e r  c i r c u i t  

and 0 i s  t h e  i n s t an t aneous  angle  between 2 and t h e  z - a x i s .  

The e f f e c t i v e  f i e l d  H I '  i n  t h e  r o t a t i n g  frame a t  resonance 

is t h e n  g iven  by 

H I 1  = H I  - H, (1.9) 

and t h e  t r a n s i t o r y  p r e c e s s i o n  of M i s  r e t a r d e d  by H, on t h e  down- 

swing from i t s  e q u i l i b r i u m  p o s i t i o n  ( 0 < R < IT) and a c c e l e r a t e d  

On t h e  up-swing ( *  < 0 < 2n) . I n  t h e  absence of dephasing mech- 

a n i s m s  which change t h e  ampli tude of M, t h e  e f f e c t  of Hp Can 

Only be a small a n d , i n  p r a c t i c e ,  n e g l i g i b l e  t iming  e r r o r  (8 )  a t  

the s igna l  maxima when M d i p s  th rough  t h e  xy-plane.  It i s  ex- 

pected t h a t  H, y i e l d s  on ly  second o rde r  e f f e c t s  down t h e  r o t a r y -  

echo sequence when &phasing e f f e c t s  a r e  t aken  i n t o  account .  

The s i t u a t i o n  i n  analogous t o  t h e  r e focuss ing  of r a d i a t i o n  damp- 

ing e f f e c t s  by 180•‹ p u l s e s  i n  t h e  Ca r r -Pu rce l l  exper iment .  

( e, Sel f  - d i f f u s i o n  th rough  H I  f i e l d  g r a d i e n t  

11 For  s i m p l i c i t y ,  cons ider  a s i n g l e  c o i l "  NMR probe  where 

the rf c o i l  a c t s  b o t h  as t h e  t r a n s m i t t e r  as w e l l  as t h e  r e c e i v e r  

' O i l .  A t-jme-dependent c u r r e n t  I ( t )  = leiWot f lowing th rough  

the c o i l  i s  seen  by each  nucleus  i n  i t s  frame r o t a t i n g  a t  t h e  
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Larmor f r equency  w o  as  a c o n s t a n t  c u r r e n t  I ,  if disp lacement  

c u r r e n t  e f f e c t s  due t o  t h e  t ime dependence i n  t h e  l a b o r a t o r y  

frame can be  neg lec ted+* .  The c o i l  i s  i d e a l i s e d  as  a s i n g l e  

t u r n  so l eno id  of r a d i u s  a i n  t h e  yz-plane and t h e  sample volume 

i s  supposed t o  be a n  i n f i n i t e  c y l i n d e r  of r a d i u s  r ,  whose a x i s  

co inc ides  w i t h  t h a t  of t h e  c o i l  a long  x  a s  i n  F i g .  1-6 .  

I n  c y l i n d r i c a l  co -o rd ina t e s  w i t h  t h e  C o i l  Cent re  a s  o r i -  

g i n ,  t h e  v a l u e s  of t h e  components 

frame a r e  found t o  be (16) 

a H, = H,;; 1 -CK + 
[ ( a  + p ) 2  + x2]: 

He = 0 

where H,= - 2n1 i s  t h e  va lue  of t h e  
a c  

of t h e  f i e l d  H, i n  t h e  r o t -  

f i e l d  a t  t h e  c o i l  c e n t r e  and 

and E a r e  complete e l l i p t i c  i n t e g r a l s  of t h e  f i r s t  and second 

kinds r e s p e c t i v e l y  i n  t h e  argument k given  by 

k2 = 4a p (1.11) 
(a + P ) ~  + x2 

The r a d i a l  component Hp i s  symmetr ical  abou t  t h e  x -ax i s ,  which 

is a l s o  t h e  a x i s  of mechanical  sp inn ing .  For s u f f i c i e n t l y  h i g h  

'Pinning r a t e  >> yHp, which i s  a lmos t  always t h e  c a s e  i n  

h igh- reso lu t ion  expe r imen t s )  t h e  r a d i a l  Component a t  a g iven  

ikThis c o n d i t i o n  i s  w e l l  s a t i s f i e d  by NMH exper iments  i n  
c u r r e n t l y  a t t a i n a b l e  dc f i e l d s .  



Fig .  1-6. Cyl indr ica l  co-ordinates f o r  an i d e a l i s e d  
sample geometry. 
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d i f f u s i o n .  Even if d i f f u s i o n  t a k e s  p lace  through t h e  r a d i a l  

f i e l d  g r a d i e n t ,  i t  i s  expected t h a t  t h e  averaged e f f e c t  of Hp 

is n e g l i g i b l e .  

The r a d i a l  and a x i a l  dependences of t h e  f i e l d  H, a r e  

shown i n  F i g .  1-7 f o r  some g iven  va lues  of t h e  x  and p co-ord- 

in ate^ from t a b u l a t e d  va lues  of K and E (17). I t  i s  seen  t h a t  

the most s eve re  g r a d i e n t  i n  Hx i s  a t  those  r eg ions  of t h e  sample 

near t h e  c o i l  wire ,  i .e .  p/a > 0.5. BY s e l e c t i o n  of sample t ube  

w a l l  t h i c k n e s s  one can c o n t r o l  P,,, t o  l i m i t  t h e  g r a d i e n t  i n  H, . 
Moreover, t h e  e f f e c t s  of mo lecu la r  d i f f u s i o n  through t h e  HI f i e l d  

g rad ien t s  can be e l imina t ed  complete ly  by r a p i d  p u l s i n g .  I n  t h e  

of moderate pu l se  r a t e  t h e  e f f e c t s  can be removed by e x t r a -  

po l a t i ng  t h e  decay r a t e s  a g a i n s t  some f u n c t i o n  of t h e  p u l s e  r e -  

P e t i t i o n  t i m e  2T t o  i n f i n i t e  r e p e t i t i o n  r a t e ,  i .e .  27 = 0. The 

exact  form of t h e  e x t r a p o l a t i o n  f u n c t i o n  w i l l  depend on t h e  de- 

t a i l~  of t h e  H, f i e l d  g rad ien t s  exper ienced by t h e  a c t i v e  volume 

Of t he  sample. m p i r i c a l l y  i t  i s  found t h a t  a p l o t  of R2. vs 

( Z T  )2 g i v e s  a l i n e a r  v a r i a t i o n  wi th in  exper imenta l  e r r o r s  and 

yields Cor rec t  ex t rapola ted  v a l u e s .  Thus t h e  n u c l e i  expe r i ence  

e f f e c t i v e l y  a c o n s t a n t  f i e l d  g r a d i e n t .  A q u a l i t a t i v e  j u s t i f i -  

c a t i o n  f o r  t h i s  is t h e  smal lness  of t h e  va lue  of t h e  s e l f - d i f f u -  

Sion c o e f f i c i e n t s  (D 10-5 Cm2Sec - l )  f o r  most mobile o rgan ic  

l i qu ids .  S ince  t h e  mean square  Brownian d i sp lacement  i n  t ime 

t i s  given by = 2Dt, t h e  d i f f u s i o n  d i s t a n c e  a f t e r  one second 

Is t y p i c a l l y  5 10-3 cm o r  1% of t h e  sample d i ame te r .  Thus 
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each nuc leus  d i f f u s e s  through a n  e s s e n t i a l l y  c o n s t a n t  f i e l d  gra- 

d i e n t  f o r  27 s u f f i c i e n t l y  small. 



CHAPTER I1 

THEORY O F  T H E  NMR ROTARY S P I N  ECHOES 

A g e n e r a l  t heo ry  i s  developed from BloCh' s e q u a t i o n s  (18) 

i n  mat r ix  f o r m e  us ing the  technique of ma t r ix  i n t e g r a l  s o l u t i o n  

Of coupled d i f f e r e n t i a l  equa t ions ,  a n  exp res s ion  f o r  t h e  magnet- 

i z a t i o n  a t  time 2nT a f t e r  t he  n t h  r e focuss ing  pu l se  i s  de r ived  

i n  the  fo l lowing  s e c t i o n .  

* T h e o r e t i c a l  ~ n a l y s i s  

I n  m a t r i x  no ta , t ion ,  Blochls  equa t ions  can b e  w r i t t e n  as 

( 2 . 1 )  

and R1 = l o n g i t u d i n a l  r e l a x a t i o n  r a t e ,  

R2 = t r a n s v e r s e  r e l a x a t i o n  r a t e ,  

= u-wo = d i s t a n c e  from resonance i n  r a d i a n s  pe r  second, 



and Mo = t h e  e q u i l i b r i u m  magnet iza t ion .  

To so lve  equa t ion  ( 2  .I), put  

?I = BG + ?. 
M 

Since B and ? a r e  t ime-independent,  
X 

- -  dG di? B-- , d t  - Mdt 

From equa t ions  ( 2 . 1 ,  ( 2 . 5 )  and (2o6)y 

Bt--, t h e r e f o r e  Z(t) = F ~ ( 0 ) .  

NOW t he  e f f e c t  of t h e  180' pu l se  i n  t h e  TotarY-echo method (8) 

A t  = T ,  a pu l se  p i s  a p p l i e d .  We in t roduce  t h e  symbols 7 -  

-@ BT-+ 
M ( T - )  = ~ - ' [ e %  N ( O )  - ?I 

W 

Since the  effect of t h e  1800  pu l se  on the  magnet iza t ion  v e c t o r  

is t o  change G i n t o  PG, t h e r e f o r e  
M 



Sj-mp1i.f y ing,  we g e t  

The f i r s t  term i n  (2 .12)  g i v e s  a n  approximate ly  exponen- 

tial decay of whi le  t h e  second term i s  a c o r r e c t i o n  a r i s i n g  

Prom the  T ,  asymmetry a s s o c i a t e d  wi th  t h e  r o t a r y  s p i n  echoes .  
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This  c o r r e c t i o n  o s c i l l a t e s  i n  magnitude,  b e i n g  l a r g e r  f o r  t h e  

Odd e c h o e s .  

I n  t h e  u s u a l  sp in -echo  c a s e ,  t h e  m a g n e t i z a t i o n  v e c t o r s  

have a x i a l  symmetry a l o n g  t h e  z - d i r e c t i o n  a b o u t  which t h e y  p r e -  

c e s s .  I n  t h e  c a s e  of r o t a r y  s p i n  echoes ,  symmetry a l o n g  t h e  x-  

"x i s  a b o u t  which t h e  m a g n e t i z a t i o n  v e c t o r s  p r e c e s s  i s  d e s t r o y e d  

by T1  r e l a x a t i o n  towards  t h e  z - d i r e c t i o n .  The e f f e c t  of t h i s  

T i  asymmetry i s  shown p i c t o r i a l l y  i n  F i g .  2-1. A n a l y t i c a l l y ,  

the TI  asymmetry makes t h e  e q u a t i o n  ( 2  . l )  inhomogeneous and s o  

i s  t h e r e  t h e  second n o n - e x p o n e n t i a l  te rm i n  ( 2 . 1 2 ) .  However, 

1 
if T1 i s  e x t r e m e l y  l o n g  o r ,  w l  >> - t h e  second term d r o p s  off 

T  1 
Or i s  n e g l i g i b l e  t o  good a p p r o x i m a t i o n .  So i n  p r a c t i c e  t h e  echo  

i s  d e c a y  e x p o n e n t i a l l y  as t h e  c o n d i t i o n  w l  >> - 
T l  

g e n e r a l l y  s a t i s f i e d  . Theref  o r e  

Z(2n7)  = F";(o) 
M 

( 2  015) 

ho lds  t o  good a p p r o x i m a t i o n .  

N u t a t i o n a l  S i g n a l s  Between P u l s e s  

From e q u a t i o n s  ( 2 . 5 )  and ( 2 . 7 )  
B t  z ( t )  = ~ - l [ e ~  [B;(O) + ?) - 21 

M = 

I n c l u d i n g  damping due t o  inhomogeneous f i e l d s  

7(t) = e  - R ' t e & t ( z ( o )  + M B-~?] - w B-I?] . ( 2  -17)  

Assuming R l  = R 2  = R = & ( R ~  + R n )  and d i a g o n a l i z i n g  B  i n  ( 2 . 3 ) ,  73 



\ 

Second Echo t =4r 
Fig .  2-1. Approximate TI e f f e c t s  and i t s  asymmetry 

i n  r o t a r y  echoes 



w 1 2  + b2cosa t  a 6 s i n a t  - w 1 6 ( l  - c o s a t )  
a 2 c o s a t  -aw , s i n a t  ( 2 . 1 8 )  

- w 1 6 ( 1  - c o s a t )  a w l s i n a t  h 2  + w12cosat  

2 where a2 = wl + g 2  

- R 1 t  e  -R t 
M d t )  = e  [ a ( ~ w 1 2 s i n a t  + aw12cosa t )  + R 2  + 6'1 

Mo 
R 2  + a2 

( 2 . 2 2 )  

For 6 = 0 ,  e q u a t i o n s  ( 2 . 2 0 ) - ( 2 . 2 2 )  reduce  t o  

~ ( t )  = 0, ( 2 . 2 3 )  

If R << w l Y  t h e  e q u a t i o n s  f u r t h e r  r educe  t o  

~ ( t )  = 0, ( 2 . 2 6 )  

v ( t )  -e  - R 1  * e - R t ~ o s i n w l t  , ( 2 . 27 )  

- R '  t .e- ~ , ( t )  w e  R t ~ o c o s u l t  . ( 2  2 8 )  



If R << m, << 6 ,  e q u a t i o n s  (2 .20 ) - (2 .22 )  become 

Adding (2 .27 )  and (2 .30 )  t o g e t h e r  

- 
v ( t >  = e  ( R ' + R ) ~ ( M ~ O  " s i n w i t  +!$$loof s i n  a t )  (2 .32 )  

gives t h e  n u t a t i o n a l  s i g n a l  due t o  one on-resonance and one 

rnagnet iza t ion.  T h i s  s i g n a l  c o n s i s t s  of t h e  

damped s i n e  waves of f requency  W I ,  modulated by h igh-  

frequency o s c i l l a t i o n s  of much s m a l l e r  amp l i t udes  . 
R e f e r r i n g  t o  F i g .  2-2, we n o t i c e  t h a t ,  between p u l s e s  

in a Sequence, t h e  n u t a t i o n a l  s i g n a l s  resemble each o t h e r  i n  

p e r i o d s  of d u r a t i o n  T i n  t h e  on-resonance c a s e .  

\ - - - - - - - .  -,-..--- ------.. 

F i g .  2-2.  N u t a t i o n a l  s i g n a l s  between p u l s e s .  



~ , ( t )  w e  - R ' t ~ o ~ o s m l ( t  - 2 n ~ )  ( 2 . 3 4 )  

Where Rit = R l  + R and t i s  between 2 n ~  and (2n + 1 ) ~ .  

For pe r iods  a f t e r  each pu lse  

- 
v ( t >  w e  Ri ' t~os inwl[2(n  + 117 - t], ( 2  .35) 

- 
Mz ( t )  M e  R * t ~ o c ~ s w l [ 2 ( n  + 117 - t l  (2 .36)  

and t i s  between (2n + 1 ) ~  and 2 ( n  + 1 ) ~ .  

I n  t h e  off-resonance case ,  t h e  magnet iza t ion  v e c t o r  a f t e r  

a  pu l se  does  no t  p reces s  i n  t h e  same cone as be fo re ;  s o  t h e r e  i s  

no simple g e n e r a l  express ion  a v a i l a b l e .  But if t h e  dc pu l se  i s  

app l i ed  i n  such a way t h a t  t h e  same cone of p reces s ion  i s  f o l -  

lowed a f t e r  each pu lse ,  t h e  same t rea tment  as i n  t h e  on-reson- 

ante case  can be a p p l i e d .  I n  t h i s  l a t t e r  c a s e  t h e  pu lse  changes 

the s i g n  of y  l eav ing  those  of x and z  unchanged, and t h e  a n g l e  

Of r o t a t i o n  about  t he  z - a x i s  du r ing  t h e  pu l se  d u r a t i o n  i s  smal- 

l e r  than  180 O .  

C *  On- and Off-Resonance Cases 

(a) On resonance,  6 = O 

-R2 0 

m e  ma t r ix  w B = [: -.: f:] . 
If' R 1  = R 2  = R = * ( R ~  + R ) B can be d iagona l ized  e a s i l y .  And 

2 ' w  
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a s  obta ined accord ing  t o  (2 .13)  

F n =  e  
X 

- 2 n R T ~  f o r  n  odd 
X 

o r  e  - 2 n R r ~  f o r  n  even 
M 

where I i s  t h e  i d e n t i t y  o r  u n i t  ma t r ix .  
M 

Thus i n  gene ra l ,  t h e  even echo ampli tudes  and t h e  odd echo a m -  

p l i t u d e s  each decay exponen t i a l l y  wi th  a r a t e  equa l  t o  t h e  mean 

r e l a x a t i o n  r a t e  as was obta ined by Torrey ( 1 0 ) .  The f a c t o r  P 
M 

i n  t h e  exp res s ion  on t h e  r i g h t  hand s i d e  of (2 .39)  f o r  n  odd 

r e s u l t s  from t h e  use  of a c y c l e  of pu l se s  of o rder  two, and i s  

analogous t o  t h e  r e s u l t  i n  t h e  ~ a r r - P u r c e l l  experiment ( 1 9 ) .  I n  

the  fo l lowing ,  we assume R, = R r  u n l e s s  e x p l i c i t l y  t aken  o the r -  

wise owing t o  nuc l ea r  t r a n s f e r  e f f e c t s ,  SO t h a t  t h e  odd echo a m -  

p l i t u d e  progress ion  co inc ides  wi th  t h e  even echo ampl i tude  pro- 

g re s s ion  and t h e  decay i s  exponen t i a l  f o r  a l l  echoes .  

( b )  O f f  resonance,  6 # 0 

For R I  = R e  = R = * ( R ~  + R ~ ) ,  d i a g o n a l i z a t i o n  of t h e  

mat r ix  -R 6 

M 

- 

Q where a  = (u12 + 6') 
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From (2 .42 )  one can h a r d l y  s e e  how t h e  echo magne t iza t ion  g ( 2 n ~  ) 

decays because  of i t s  complexity b u t  e m p i r i c a l l y  t h e  echo ampl i -  

tude decays away ve ry  r a p i d l y  f o r  6 l a r g e  a s  t he  H0 inhomogeneity 

begins t o  come i n t o  p l ay  on t op  of t h a t  of HI and t h e  p u l s e s  a r e  

j .neffect ive  i n  r e f o c u s s i n g  under such c o n d i t i o n s .  

E f f e c t s  of t h e  Ho ~ n h o m o g e n e i t i e s  

Normally i n  h i g h - r e s o l u t i o n  NMR exper iments  on s p i n  $ 

n u c l e i ,  t h e  observed l i newid th  i s  determined predominantly by t h e  

magnet inhomogeneity and t h e  d i s t r i b u t i o n  i n  observed resonance 

f r equenc i e s  r e f l e c t s  t he  d i s t r i b u t i o n  of t h e  s t a t i c  f i e l d  H, 

t h e  a c t i v e  volume of t h e  sample. That  a resonance s i g n a l  

has  a f i n i t e  l i newid th  means t h a t  t he  exper imenta l  decay r a t e  

i s ,  t o  a n  e x t e n t ,  g r e a t e r  t han  t h e  t h e o r e t i c a l  decay r a t e  

Rn, obtained by c o n s i d e r i n g  a h y p o t h e t i c a l  s i g n a l  r ep re sen t ed  

by a & - f u n c t i o n  a t  t h e  Iarrnor f requency wo = YHO . The c o r r e c t -  

ion  neces sa ry  t o  account  f o r  t h i s  i n f l u e n c e  on t h e  observed de-  

c a y  r a t e  down the  ro t a ry -echo  sequence can be ob ta ined  i n  t h e  

fol lowing t r ea tmen t .  

For w l  >> R l ,  from equa t ion  (2 .15 )  

W ( 2 n ~ )  = F"F!(o) 
x 

( 2  015) 

where F  = I?(6,wl ) i s  a f u n c t i o n  of t h e  two independent  v a r i a b l e s  
a x 

6 and w, and i s  g iven  by ( 2 . 4 2 ) .  For a  g iven  va lue  of w,, F i s  * 
thus  a  f u n c t i o n  of 6 on ly .  So equa t ion  (2 .42)  reduces  t o  (2.38) 

when 6 = 0 .  Let  u s  cons ide r  t h e  d i f f e r e n c e  i n  magne t iza t ion  



33 

between t h e  on-resonance  and o f f - resonance  c a s e s  a t  t h e  f i r s t  and 

n th  echoes  f o r  a g i v e n  v a l u e  of w l .  

assuming Fo , g6 f o r  6/w1 << 1 and t h u s  Fo commutes w i t h  F . 
25 m 536 

The s u b s c r i p t s  0 and 6 r e f e r  t o  t h e  on- and o f f - resonance  c a s e s  

r e s p e c t i v e l y .  Using ( 2 . 3 8 )  and (2 .42)  and t h a t  

-$ n-1 - 
AM, = nFo A M 1  

m 

- c o s a ~ ) ( w ~ ~  + 6 2 c o s a ~ )  

= nFo 2 6 w 1  (1 - c o s  a r  ) 
M a *  

c o s a r  ( 2  - c o s a r  ) 3 
( 2 . 4 4 )  

For a r e c t a n g u l a r  l i n e  shape of f u l l  wid th  2Aw+, t h e  mean e r r o r  

can b e  c a l c u l a t e d  a s  f o l l o w s :  

I n t e g r a t i n g  f o r  o n l y  t h e  M, component, the component n e c e s s a r y  



i n  t h e  c o r r e c t i o n  c a l c u l a t i o n ,  we ha.ve 

- -2nR7 . 2 2(wi7 - 2 ) 8 4  + w 1 2 7 "  - 8 u . 1 ~ 7 ~ ~  + 

A M , n  = W o e  C58 + 5 14 
. . .] 
(2 .47 )  

where $  = A W I  w l ,  u s u a . 1 1 ~  << 1 
Z I 

and the  c o n d i t i o n  cos  w 1 7  = 0 has  been imposed t o  g e t  t h e  upper 
- 

bound of A M , ,  . 
From equa t ion  (2 .47 )  and t h a t  

- 2 n . R ~  
~ , ~ ( 2 n ~ )  = M o ~  9 

t he  r e l a t i v e  e r r o r  

Therefore  MZ6(2n7) (1 - % B ~ ~ ) M , O ( ~ ~ T )  

P 2  = ( I  - F t ) ~ , o ( 2 n ~ )  

where t = 2n7. 

Since 

and 

P 2  Th is  c o r r e c t i o n  7 can be made n e g l i g i b l e  by choosing H, ~ u f f i -  

c i e n t l y  l a r g e ,  i .e .  H I  >> A H o .  



Some exper imenta l  decay r a t e s  of t h e  ro ta ry-echo  ampl i -  

tudes  i n  degassed benzene wi th  and wi thout  t h e  sample s p i n n i n g  

a r e  shown i n  Table 1. The r e s u l t s  show t h a t  t he  e f f e c t  of i n -  

homogeneities i n  Ho can s a f e l y  be neg lec ted  under o r d i n a r y  ex- 

pe r imen ta l  condi t i -ons .  

Table I .  R Z r  i n  sp inn ing  and non-spinning samples of 
degassed benzene, w l  = 10 h z .  

E. Nuclear Overhauser E f f e c t  

Overhauser e f f e c t  i n  me ta l s  (20 )  a r i s e s  from t h e  coup l ing  
* 1.3 of t h e  nuc l ea r  and e l e c t r o n  s p i n s  through t h e  l o n g i t u d i n a l  

r e l a x a t i o n  mechanism of t h e  S-sp ins  . The pure nuc l ea r  analogue 

of t h e  e f f e c t  ha s  a l s o  been observed i n  he t e ronuc l ea r  systems 

by Solomon (21 )  and by Solomon and Bloembergen ( 2 2 ) .  If a n  ex- 

pe r imen ta l  method i s  s e l e c t i v e  enough, such a n  e f f e c t  should, a l s o  

be d e t e c t e d  among homonuclear sys tems.  The r e c e n t  works of 

Kaise r  ( 2 3 ) ,  Cocivera ( 2 4 )  and Brooks e t  a 1  ( 2 5 )  p rov ide  enough 

evidences  f o r  t h i s .  

For sy s  tems con ta in ing  more tha.n one magnetic nuc 1ea.r 

Spec ies  o r  more than  one group of magne t i ca l l y  e q u i v a l e n t  nu- 

c l e i  of t h e  same s p e c i e s ,  s c a l a r  i n t e r a c t i o n  JT* .?, a,s  w e l l  as  

1 

( ~ 2 r  In - ( ~ 2 r  )a 

0.0035 sec - I  

0.0028 sec-1 

( ~ 2 r  1 s  
Spinning Sample 

0.0827 sec- I  

0.0928 sec- I  

2  T 
( Sec ) 

0  -5 

o .63 
& 

( ~ 2 r  )n 
Non-Spinning Sample 

0.0862 sec- I  

0.0956 sec-I  
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i n t e rmolecu la r  and int ra .molecular  d ipo le -d ipo le  i n t e r a c t i o n s  

g ive  r i s e  t o  c r o s s  r e l a x a t i o n  i n  t h e  l o n g i t u d i n a l  magnet iza t ion  

(21) of t he  nuc l ea r  s p i n s .  So f o r  a  two-spin system,   loch s 

equa t ions  f o r  t h e  M, components a r e  modified to :  

where R,,  and R , ,  a r e  t h e  convent iona l  l o n g i t u d i n a l  r e l a x a t i o n  

r a t e s  f o r  t h e  s p i n s  A and B r e s p e c t i v e l y  and 0 i s  t h e  so -ca l l ed  

c r o s s  r e l a x a t i o n  r a t e .  

To i n c l u d e  t h i s  nuc l ea r  Overhauser e f f e c t ,  l e t  u s  assume 

t h a t  a ro ta ry-echo  experiment be performed on a homonuclear 

system whose h i g h - r e s o l u t i o n  spectrum c o n s i s t s  of two l i n e s  

Separated by 6 .  S i t t i n g  e x a c t l y  on resonance a t  one s i g n a l ,  

if 6 i s  s u f f i c i e n t l y  l a r g e r  than yH1,  t he  e f f e c t  of H1 on t h e  

o t h e r  i s  n e g l i g i b l e  a p a r t  from t h e  nuc lear  Overhauser e f f e c t .  

Then t h e  modified Blochls  equa t ions  f o r  t h e  systems a r e  

dM - =  
d t wlv - RM, - OM; + R M o  + o M l o  

where t h e  l o n g i t u d i n a l  and t r a n s v e r s e  r e l a x a t i o n  r a t e s  a r e  as- 

sumed t o  b e  all equa l  t o  R ,  and a g a i n  t he  c r o s s  r e l a . x a t i o n  r a t e  

i s  denoted by a .  



I n  m a t r i x  n o t a t i o n ,  t he  c o e f f i c i e n t  B i s  g iven  by = 

The o f f -d i agona l  e lements  a r e  wl  and a .  a ,  being u s u a l l y  sma l l e r  

than R ,  i s  of course  much smal le r  than wl.  Neglect ing a i n  t h e  

a r r a y ,  t h e  ma t r ix  can be broken down t o  a 2 X 2 mat r ix  

as i n  t h e  ca se  excluding nuc lea r  Overhauser e f f e c t  ( s e e  page 

3 .  Thus f o r  w 1  >> a ,  ro ta ry-echo  decays a r e  no t  a f f e c t e d  by 

the  nuc l ea r  Overhauser e f f e c t  t o  f i r s t  o r d e r .  



CHAPTER 111 

CHEMICAL EXCHANGE STUDIES 

The hindered i n t e r n a l  r o t a t i o n  about  t h e  C-N bond i n  N , N -  

dimethylcarbamyl c h l o r i d e  and t h e  N-N bond i n  N,N-dime t h y l n i  t r o -  

samine was s t u d i e d  a t  v a r i o u s  temperatures  by t h e  h igh - r e so lu -  

t i o n  ro ta ry-echo  method. 

A Hindered I n t e r n a l  Ro ta t i on  

According t o  t he  resonance theory  (261, t h e  C-N bond i n  

amides, t h e  N-N bond i n  n i t rosamines  and the  0-N bond i n  n i t r i t e s  

of t h e  double bond c h a r a c t e r  owing t o  resonance forms can assume 

type 

The p a r t i a  1 double bond c h a r a c t e r  impa r t s  a p l ana r  c o n f i g u r a t i o n  

t o  such systems and t h e  b a r r i e r  t o  i n t e r n a l  r o t a t i o n  may be q u i t e  

high bu t  u s u a l l y  n o t  s o  h igh  t h a t  t h e  c i s  and t r a n s  isomers  can  

be s epa ra t ed  by p h y s i c a l  methods. Without t h e  n e c e s s i t y  of sep-  

a r a t i n g  t h e  isomers,  t h e  NMR technique prov ides  a convenien t  

method t o  s tudy  compounds of such t y p e s .  I n  f a c t ,  t h e r e  have 

been many p u b l i c a t i o n s  on t h e  a p p l i c a t i o n  of NMR methods t o  t h e  

s tudy  of h indered  i n t e r n a l  r o t a t i o n  (27). 

Because of t h e  v a r i a t i o n s  i n  t he  method of expe r imen ta t i on  

and e v a l u a t i o n  of d a t a ,  d i s c r e p a n c i e s  i n  v a r i o u s  a c t i v a t i o n  par -  
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"meters r epo r t ed  by independent workers f o r  t h e  same chemical  

System a r e  g r e a t  . For N, N-dimethylcarbamyl c h l o r i d e  t h e  s t eady-  

S t a t e  r e s u l t s  of Rogers and Woodbrey ( 2 8 )  and of A l k r h a n d  and 

Gutowsky (3 )  a r e  low i n  bo th  t he  a c t i v a t i o n  energy and t h e  f r e -  

quency f a c t o r .  Using the  spin-echo method a ided  by a h igh  speed 

computer, A l l e r h a n d  and Gutowsky ( 3  ) and Krakower (29 ) produce 

independent ly  more promising r e s u l t s .  Recently,  Neuman, Roark 

and Jonas  ( 3 0 )  perform a d e t a i l e d  k i n e t i c  s tudy  of t h e  system 

us ing  t h e  computerised t o t a l  l ine-shape f i t t i n g  method.   hey 

Obtain 16 .g & 0.5 kcal/mole f o r  t h e  a c t i v a t i o n  energy and a 

value of -1 -6 eu f o r  t he  en t ropy  of a c t i v a t i o n .  N,N-dimethyl- 

n i t rosamine has  been s tud ied  independent ly  by P h i l l i p s  (31) and 

Blears  ( 3 2 )  us ing  t h e  s t e a d y - s t a t e  NMR method. The r epo r t ed  

" c t i v a t i o n  parameters  a r e  i n  reasonably  good agreement t o  t h e  

SPin-echo va lues  obta ined by Abramson e t  a1  (33 )  and Krakower 

(29) .  I n  gene ra l ,  t h e  f a c t o r s  a f f e c t i n g  t h e  accuracy  of t h e  

var ious  NMR methods i n  the  de te rmina t ion  of chemical  exchange 

r a t e s  a r e  analyzed and d i scussed  i n  a r e c e n t  work by Allerhand,  

Gutowsky, Jonas and Meinzer ( 3 4 )  . 

Exchange E f f e c t s  i n  High-Resolution Rotary ~ c h o e s  

Consider a  system i n  which a nuc lear  s p i n  i s  r e v e r s i b l y  

t r ans fe r r ed  between two n o n - e q u i ~ a l e n t  s i t e s  A and B uncoupled 

to each o t h e r .  

( 8 )  Slow exchange 
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I n  t h e  slow exchange region,  two d i s t i n c t  s i g n a l s  e x i s t .  

S i t t i n g  on resonance a t  s i g n a l  A and off resonance from s i g n a l  

B by 6 = w, - w b  , the  modified Bloch equa t ions  as gene ra l i zed  

w r i t t e n  as  

where k, and kb a r e  t h e  exchange rates ou t  of t h e  s i t e s  A and B 

r e s p e c t i v e l y .  The c r o s s  r e l a x a t i o n  between M Z a  and M z b  i s  i n -  

cluded t o  account  f o r  t h e  nuc lear  overhauser e f f e c t .  

0 w l  -R-k 0 0 k-a the  ma t r ix  B = 
M l k  0 0 -R-k. 6 0 

k  0 -6 -R-k - U J ~  

0 k-a 0 w l  -R-k - 

Here a i s  g e n e r a l l y  smal le r  t han  R and i s  u s u a l l y  sma l l e r  t han  

k except  f o r  extremely slow exchange. I t s  being f a r  o f f  t h e  d i a -  

gona l  makes i t  j u s t i f i a b l e  t o  n e g l e c t  i t  a long  with  t h e  of f -  

d iagonal  k  1 s i n  t h e  slow exchange l i m i t .  With t h e  o f f -d i agona l  
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k's and 0 neglected, the B matrix can be partitioned into the 
M 

on-resonance and off -resonance parts. 

Now two cases arise. If signal B is very far from reso- 

nance, i.e. 6 >> wl, the 180" pulses have no refocussing effect 

on the fanning out magnetization vectors at site B. So the sig- 

nal B decays rapidly in the rotating frame and has no contribution 

to the subsequent echoes. Thus only the resonant part of the 

matrix need be considered. Solution for the on-resonance case 

leads to a rotary-echo decay rate R2, given by 

1 R2, = ?(RI + R,) + k (3.4) 

The term k on the right hand side of equation (3.4) means that 

the signal A loses magnetization each time a nuclear spin trans- 

fers out of site A and does not regain magnetization from site B 

because the net contribution from the spins transferred back from 

site B is averaged out to zero. Thus the contribution of k to 

this decay differs from the contribution to the steady-state 

linewidth as calculated by Piette and Anderso~ (37). 
< If signal B is not very far from resonance, i.e. 6 , wl, 

both signals A and B contribute to the echo amplitudes, and the 

situation is complicated as the off-resonance matrix is hard to 

handle. Considering the situation phenomenologically, the aver- 

age fractional loss of magnetization as a result of a transfer 

from one site to another is found (Appendix A) to be sin2:, where 

a = tan-'(" ) .  Thus in the slow exchange region and for 
W1 

6 5 u ~ i  



( b )  Fas t  exchange 

I n  t h e  f a s t  exchange region,  only one s i g n a l  e x i s t s  and it 

appears a t  t h e  f i r s t  moment of t h e  ind iv idua l  s i t e  p recess ion  f r e -  

quencies. On resonance a t  t h i s  s i g n a l  and wi th  t h e  same no ta t ions  

and assumptions a s  above, t h e  matr ix  can be - w r i t t e n  a s  

I n  f a s t  exchange, i s  n e g l i g i b l e  compared wi th  k, i . e .  k-a i s  

P r a c t i c a l l y  equal t o  k. So cross  r e l a x a t i o n  has again  no e f f e c t  

here .  k being l a r g e ,  t h e  matr ix  cannot be s impl i f i ed  a s  i n  t h e  

case of slow exchange. And unfor tunate ly ,  t h e r e  i s  no o the r  

j u s t i f i a b l e  approximation t h a t  can be taken.  Manipulation Vdth 

t h e  complete 6 X 6 matr ix  i s  beyond p o s s i b l e  and no closed fo r -  

mula i s  obtained.  Thus f o r  t h e  c a l c u l a t i o n  of exchange r a t e s  i n  

t h e  f a s t  exchange region  repor ted  i n  t h i s  work 
1 

Rz, = y ( R ~  + RB + A W  e x  ) ( 3 - 7 )  
+C 

i s  used, where awe, i s  t h e  equi l ibr ium l i n e  width due t o  exchange 

4 t  
The l i n e  observed i s  t h e  exchange narrowed component 

While t h e  broad component i s  not  de tec ted  because of i t s  g r e a t  
width i n  h igh-resolu t ion  s t eady-s ta t e  measurements and because 
it decays away very  r a p i d l y  i n  rotary-echo measurements. 



i n  a  h igh-resolu t ion  s t eady-s ta t e  spectrum. And according t o  

P i e t t e  and Anderson (37) 

i n  t h e  f a s t  exchange region.  

The fas t  exchange case i s  d i f f e r e n t  from t h e  slow exchange 

case because t h e  s i t e  magnit izat ions a r e  conserved i n  t h e  fo r -  

mer and not  i n  t h e  l a t t e r .  The v a l i d i t y  of equat ion (3.8) i n  

Calculat ing exchange r a t e s  i n  t h i s  reg ion  i s  j u s t i f i e d  because 

of t h i s  conservat ive proper ty  and t h a t  t h e  k  i s  l a r g e  and t h e  

pulse  r a t e  1/2T ( a t  sub-audio f requencies)  i s  small .  So under 

such experimental condi t ions t h e  nuclear  sp ins  under observat ion 

exchange many times between pu l ses  and t h e  equi l ibr ium l inewid th  

can be approximated a s  i n  t h e  long T l i m i t  of t h e  BRW theory ( 38) . 

C. Experimental 

( a )  Prepara t ion  of samples 

Commercially a v a i l a b l e  N,N-dimethylcarbamyl chlor ide  was 

p u r i f i e d  by severa l  vacuum f r a c t i o n a t i o n s .  N, N-dimethylnitrosa- 

mine w a s  prepared by t h e  r e a c t i o n  of dimethylamine hydrochloride 

(0.25 mole, 20.5 g . )  and sodium n i t r i t e  ( 0 . 3  mole, 21  g.  i n  50 

m l .  of 6~ hydrochloric  a c i d  s o l u t i o n )  . The mixture was d i s t i l l e d  

r a p i d l y  t o  dryness and t h e  d i s t i l l a t e  was t r e a t e d  wi th  an excess 

of potassium carbonate.  The r e s u l t i n g  yellow non-acidic aqueous 

s o l u t i o n  w a s  shaken wi th  4 por t ions  of e the r  each 50 m l .  The e- 

t h e r  e x t r a c t  was d r i e d  over f r e s h l y  baked anhydrous potassium 
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carbonate. Removal of e t h e r  under reduced p ressu re  l e f t  a ye l -  

low o i l .  The o i l  was p u r i f i e d  by t h r e e  success ive  d i s t i l l a t i o n s .  

The b o i l i n g  p o i n t  of t h e  f i n a l  product was 150-151'~. 

The samples used i n  t h i s  i n v e s t i g a t i o n  were prepared i n  

thick-walled c y l i n d r i c a l  g l a s s  tubes of bore about 3  rnm i n  diam- 

e t e r .  The tube containing t h e  sample was mounted on a h igh  va- 

cuum system and t h e  sample w a s  thoroughly degassed by f r e e z i n g  

With l i q u i d  n i t rogen  and then  allowing it t o  Warm t o  room temp- 

e r a t u r e  under vacuum. This freeze-pump-thaw procedure w a s  re -  

peated s e v e r a l  t imes and t h e  tube was f i n a l l y  sea led  o f f .  

(b) Determination of exchange r a t e s  

For each temperature,  t h e  decay of t h e  rotary-echo amp- 

l i t u d e s  w a s  photographed f o r  each of e i g h t  p u l s e  sepa ra t ions  

( 2 7  = . 2 ,  .25, .32,  .4, .5, .63, .8 and 1 s e c . ) .  Then f o r  each 

Photograph corresponding t o  a c e r t a i n  pu l se  sepa ra t ion  echo amp- 

l i t u d e s  were p l o t t e d  aga ins t  time. The p o i n t s  l y i n g  q u i t e  c lose-  

l y  on a  s t r a i g h t  l i n e  i n  a semi-log p l o t  showed t h a t  t h e  decay 

Was exponent ial  and t h e  s lope  of t h e  s t r a i g h t  l i n e  gave t h e  de- 

cay r a t e  f o r  t h a t  p a r t i c u l a r  pu l se  sepa ra t ion .  The decay r a t e s  

depend somewhat on t h e  pu l se  sepa ra t ion  i n d i c a t i n g  s e l f - d i f f u -  

s i o n  e f f e c t ,  e t c .  P l o t t i n g  t h e  decay r a t e s  aga ins t  ( 2 T ) 2 ,  t h e  

Square of t h e  pulse  sepa ra t ion  ( s e e    age x)) , and ex t rapo la t ing  t o  

i n f i n i t e  pu l se  r a t e  (i .  e .  27 = 0)  , t h e  extrapoLated decay r a t e  

Was taken t o  be t h e  decay r a t e  R2r of t h e  rotary-echo t r a i n  f r e e  



Fig .  3-1. Rar ex t rapo la t ion  p l o t  f o r  N,N-dimethylcarbamyl chlor ide.  



Fig. 3-2. Rap extrapolation plot for N,N-dimethylnitrosamine. 
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from d i f f u s i o n  e f f e c t  a t  a  c e r t a i n  temperature.  Such ext rapola-  

t i o n  p l o t s  a r e  shown i n  F igs .  3-1 and 3-2. S l i g h t  dev ia t ions  of 

Poin ts  f o r  z T  small  from l i n e a r  behaviour a r e  presumably due t o  

overlapping of echoes i n  t h e  t r a i n  when T < @ I .  Being s e l e c t i v e ,  

the  rotary-echo method i s  non-conservative i n  t h e  magnetization 

f o r  exchange unl ike  t h e  spin-echo experiment. Therefore,  ex- 

change e f f e c t s  a r e  not  pulsed out and, i n  genera l ,  t h e  d i f f u s i o n  

ex t rapo la t ion  removes only the  e f f e c t s  of d i f f u s i o n  leaving  those  

of t h e  exchange i n  e i t h e r  t h e  slow or  the  f a s t  l i m i t  unaf fec ted .  

Then f o r  each temperature,  the  chemical exchange r a t e  (k) was 

determined from R Z r  according t o  equations ( 3 . 4 1 ,  (3.5) or  (3.7) 

and (3.8) a s  t h e  case may be .  Values of a c t i v a t i o n  energies  

Eg and frequency f a c t o r s  vo were obtained from t h e  Arrhenius 

P l o t s ,  

D. Resul t s  

( a )  N, N-dimethylcarbamyl ch lo r ide  (DMCC)  

T I  and T2 values and t h e i r  temperature dependence f o r  N, 

N-dimethylcarbamyl ch lo r ide  were obtained from t h e  publ ished re -  

s u l t s  of Allerhand and Gutowsky ( 3 ) .  The chemical s h i f t  between 

t h e  two methyl resonances was assumed independent of temperature,  

and t h e  va lue  used i n  t h e  determinat ion of exchange r a t e  i n  

t h e  f a s t  exchange region  f o r  DMCC was our low temperature high- 

r e s o l u t i o n  l i m i t  of 6.6 hz. The exchange r a t e s  a t  var ious  



Table 11. Chemical exchange r a t e s  f o r  N,N- 
dime thylcarbamyl  c h l o r i d e  . 

Remarks 

k  ob ta ined  

a c c o r d i n g  t c  

k obta ined 
acco rd ing  t o  

( 3 . 7 )  & (3.8) 

Table  111. Comparison of a c t i v a t i o n  parameters  
f o r  N,N-dimethylcarbamyl c h l o r i d e .  

Method 

S t e a d y - s t a t e  
( i n t .  r a t i o )  

S t e a d y - s t a t e  
(peak sep .)  
S t e a d y - s t a t e  
( i n t .  r a t i o )  

Steady-s t a t e  
( t l s  f i t )  

AS' ( e u )  
s 326 OK 

Ref erencc 

p r e s e n t  

3 

29 

3 

3 

28 

30 



o Rotary Echo 
~ S p i n  Echo (Krakower & Reeves) 

Spin Echo (Allerhand & Gutowsk) 
v Total Lineshape Analysis 

, (Neuman et al) 

Fig.  3-3. Arrhenius p l o t  f o r  N, N-dimethylcarbamyl ch lo r ide .  
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temperatures were presented i n  Table 11, t h e  Arrhenius p l o t  shown 

i n  F ig .  3-3 and t h e  a c t i v a t i o n  parameters l i s t e d  i n  Table 111. 

( b )  N,N-dimethylnitrosamine (DMNA) 

T I  was determined by t h e  method of a d i a b a t i c  passage w i t h  

sampling (APS) f u l l y  descr ibed by Anderson (39)  and was found t o  

be q u i t e  temperature independent wi th in  experimental e r r o r s ,  over 

t h e  temperature range from 54' t o  13b•‹C, T 1  = 10 0.7 see .  The 

temperature independence can be a t t r i b u t e d  a s  t h e  r e s u l t  of two 

e f f e c t s  counteract ing each o the r ,  namely nuclear  r e l a x a t i o n  by 

magnetic dipole-dipole  i n t e r a c t i o n s  i n  l i q u i d s  demanding inc rease  

of r e l a x a t i o n  times wi th  inc reas ing  temperature while  t h e  pro- 

duct ion of small  but  increas ing  amounts of paramagnetic n i t r i c  

oxide i n  t h e  sample as t h e  temperature i s  r a i s e d  speeding up t h e  

r e l a x a t i o n  ( 33) . 
Exchange r a t e  ca lcu la ted  from t h e  R 2 , I s  assuming T 1  equal  

t o  T2 gave a  non-linear Arrhenius p l o t  (~ig. 3-4). The discrep-  

anc ies ,  p a r t i c u l a r l y  severe f o r  k small  were found t o  be due t o  

d i f f e r e n t i a l  con t r ibu t ion  t o  t h e  r e l a x a t i o n  processes  by s c a l a r  

coupling t o  a  quadrupolar nucleus ( see  Chapter IV) . Correct ing 

f o r  J-coupling (JHCNN taken t o  be 1 .24  hz and T I N ,  5 msec.) t h e  
7 - 

exchange r a t e s  were re-determined. The exchange r a t e s  a t  va r ious  

temperatures i n  both  cases were presented i n  Table I V ,  t h e  A r r -  

henius p l o t  shown i n  Fig .  3-4 and a c t i v a t i o n  parameters l i s t e d  

i n  Table V. 



o Rotary Echo corrected for ' 
HCNN = 1.24 hz 

cl Rotary Echo (T,=T2 assumed ) 

A Spin Echo (Krakower & Reeves 

2.0 2.5 3.0 
Fig. 3-4. Arrhenius plot f o r  N,N-dimethylnitrosamine. 



Table  I V .  Chemical exchange r a t e s  f o r  N , N -  
d imethy ln i t rosamine .  

-- * 1 k , T1=T2 assumed I 

1 1.105 ( 1.005 
8 
Obtained acco rd ing  t o  equa t ion  ( 3 . 4 ) .  

c o r r e c t e d  f o r  
' J - coup l ing  

Table  V .  Comparison of a c t i v a t i o n  parameters  
f o r  N,N-dimethylnitrosamine 

Method 

Spin-echo 
(o f f  r e s . )  

Spin-echo 
(on  r e s . )  

Spin-echo 
( o f f  r e s )  

spin-echo 
(on r e s . )  
S t eady - s t a t e  
(peak sep .) 
3teady-s t a t e  
( i n t .  r a t i o )  

k c a l  
(fi) 

$ k c a l  
A H  (a 

Ref e r enc ,  

p r e s e n t  
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E . Discuss ion  

It s o  happens t h a t  t h e  two systems chosen i n  t h e  p r e s e n t  

chemical exchange s t u d i e s  con ta in  n u c l e i  pos ses s ing  quadrupole 

moments i n  t h e  molecules a p a r t  from t h e  p ro tons  of i n t e r e s t .  Due 

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

and of t h e  n i t r o g e n  n u c l e i  i n  DMNA by i n t e r a c t i o n  of t h e  quad- 

r u p o l a r  moments w i t h  t h e  e l e c t r i c  f i e l d  g r a d i e n t s  i n  non-shper- 

i c a l l y  symmetric environments, t h e  i n d i r e c t  s c a l a r  coupl ing of 

t h e  quadrupolar  n u c l e i  t o  t h e  p ro tons  i s  n o t  r e so lved .  But under 

such  cond i t i ons  t h e  quadrupolar  n u c l e i  u s u a l l y  p rov ide  a r e l a x a -  

t i o n  mechanism f o r  t h e  p ro tons ,  known a s  s c a l a r  r e l a x a t i o n  of t h e  

second type  ( 4 0 ) .  It i s  observed t h a t  if t h e  s c a l a r  r e l a x a t i o n  

c o n t r i b u t i o n  i s  s u f f i c i e n t l y  l a r g e  it  shows up i n  t h e  r o t a r y -  

echo decay r a t e  R Z r  ( s e e  Chapter IV) . 
I n  DMCC, such  an  e f f e c t  i s  no t  d e t e c t e d  i n  t h e  r o t a r y -  

echo measurements. This  i s  no t  unexpected because t h e  coupl ing  

cons t an t s  between t h e  p ro tons  and t h e  quadrupolar  n u c l e i  a r e  

s m a l l  and t h e  r e l a x a t i o n  t imes of t h e  quadrupolar  n u c l e i  s h o r t .  

While t h e  JHN1s and TIN1s f o r  similar compounds a r e  of magnitude 

about  0 t o  0.5 hz ( 4 1 )  and 1 msec ( 4 2 )  r e s p e c t i v e l y ,  t h e  JHCl 

between t h e  p ro tons  and c h l o r i n e  f o u r  bonds a p a r t  i s  p r a c t i c a l l y  

ze ro  and TIC1, f o r  s imilar  compounds a r e  of magnitude about 10 

t o  100 psec  ( 4 3 ) .  

I n  DMNA t h e  n i t r o g e n  nucleus  a t o  t h e  methyl groups has  

similar small JHN and TIN as i n  DMCC and g i v e s  n e g l i g i b l e  sca-  

l a r  r e l a x a t i o n  as expected.  However, t h e  p-ni t rogen i s  u s u a l l y  
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comparat ively  more s t r o n g l y  coupled t o  t h e  p ro tons ,  JHCCN - - 
about I .  I t o  1 .4  hz ( 4 1 ) ,  and has r e l a t i v e l y  10% TIN, 4 t o  6 

msec ( 4 2 ) .  By a method of t r i a l  and e r r o r  t o  o b t a i n  a b e s t  f i t  

t o  t h e o r e t i c a l  r e s u l t s ,  va lues  of 1.24 hz and 5 msec a r e  ob ta ined  

f o r  t h e  JHCNN and TIN of t h e  g-ni t rogen.  These correspond t o  a n  
- - 

e f f e c t  of 0 .1  set" i n  t h e  rotary-echo decay r a t e .  The temper- 

a t u r e  dependence of TIN through an  assumed a c t i v c t i o n  p roces s  on 

t h e  r e o r i e n t a t i o n a l  c o r r e l a t i o n  t ime T 2  = ( 7 2 ) o e  'IRT, c , 2 k c a l  

mole- ' ,  i s  found t o  be of l i t t l e  s i g n i f i c a n c e  he re  and i s  neg lec t ed  

in t h e  c a l c u l a t i o n .  On t h e  same b a s i s ,  t h e  e f f e c t  due t o  coupl ing 

t o  t h e  a -n i t rogen  i s  more t h a n  an  order  of magnitude s m a l l e r  and 

i s  no t  impor tan t  i n  t h e  experiment.  

I n  t h e  p r e s e n t  s tudy  of hindered i n t e r n a l  r o t a t i o n  t h e  

ro ta ry-echo  r e s u l t s  a r e  c l o s e l y  comparable t o  t h o s e  of  t h e  sp in-  

echo experiments ( s e e  Tables I11 and v ) .  The sma l l e r  a b s o l u t e  

va lues  of *sf  obta ined  he re  f o r  b o t h  t h e  systems,  DMCC and DMNA 

r e f l e c t  tha t  t h e  a c t i v a t i o n  parameters  t h u s  ob ta ined  a r e  c l o s e r  

t o  t h e i r  t r u e  va lues  as t h e  en t ropy  of a c t i v a t i o n  AS* f o r  t h e  

t r a n s j . t i o n  over t h e  b a r r i e r  h inde r ing  i n t e r n a l  r o t a t i o n  should 

be around z e r o  s i n c e  t h e r e  i s  l i t t l e  change i n  t h e  degree  of 

randomness i n  the  a c t i v a t e d  complex. 

The NMR methods which have thus  fa r  been app l i ed  t o  de- 

t e rmine  r a t e  c o n s t a n t s  a r e  i )  t h e  h i g h - r e s o l u t i o n  s t e a d y - s t a t e  

methods (27), i i)  t h e  h i g h - r e s o l u t i o n  m u l t i p l e  resonance methods 

( 4 4 ,  45) and iii) t h e  spin-echo methods ( 3 ,  19, 33, 38,  46-52).  
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genera l  l i m i t a t i o n  of t h e  s t eady-s ta t e  methods i s  t h a t  they  a r e  

s e n s i t i v e  only f o r  processes  i n  which t h e  exchange r a t e  i s  com- 

Parable  wi th  t h e  s p l i t t i n g ,  i n  radians/sec, being averaged ou t .  

Once t h e  exchange narrowed l i m i t  of a  s i n g l e  sharp l i n e  has been 

approached, f u r t h e r  inc reases  i n  r a t e  do not  a f f e c t  t h e  Usual 

h igh-resolu t ion  steady- s  t a t e  spectrum appreciably.  The method 

of t o t a l  l i n e  shape f i t t i n g  by high speed computers i s  not  f r e e  

from t h i s  l i m i t a t i o n .  Another drawback of t h e  s t eady-s ta t e  me- 

thod i s  t h a t  t h e  chemical s h i f t  has t o  be known i n  order  t o  de- 

termine t h e  exchange r a t e .  The chemical s h i f t  i s  usua l ly  obtained 

by ' f r e e z i n g  out '  t h e  exchange e i t h e r  by making measurements on 

each spec ies  i n  t h e  absence of t h e  o the r ,  i n  d i l u t e  s o l u t i o n ,  o r  

by going down t o  temperatures s u f f i c i e n t l y  low so  t h a t  t h e  e f f e c t  

of exchange on t h e  chemical s h i f t  i s  n e g l i g i b l e .  But then  it i s  

S t i l l  necessary t o  assume t h a t  t h e  chemical s h i f t  i s  temperature- 

independent. If t h e  opposi te  i s  t h e  case,  v a r i a t i o n s  i n  t h e  

chemical s h i f t  w i th  temperature may produce considerable  e r r o r s  

in t h e  ca lcu la ted  r a t e s .  The h igh-resolu t ion  mul t ip le  resonance 

methods a l s o  s u f f e r  from t h e  l i m i t a t i o n  t h a t  t h e  exchange r a t e s  

must be below t h a t  corresponding t o  coalescence of s i g n a l s a t  d i f f -  

e ren t  s i t e s .  So t h e  app l i cab le  range i s  q u i t e  l i m i t e d .  The spin-  

echo methods employing a  Carr-Purcell  sequence cover not  only t h e  

ranges a c c e s s i b l e  t o  t h e  above methods but  a l s o  extend t o  much 

f a s t e r  r a t e s .  Some other  d e s i r a b l e  f e a t u r e s  of t h e  method a r e  i) 

t h a t  it i s  not  necessary t o  make any assumptions about t h e  va lues  



56 

of t h e  chemical s h i f t  and t h e  t r ansverse  r e l a x a t i o n  time a s  i n  

t h e  s t eady-s ta t e  method. These q u a n t i t i e s  a r e  obtained a s  an ex- 

t r a  bonus from t h e  r a t e  s t u d i e s ,  and ii) t h a t  HO inhomogeneity 

e f f e c t s  a r e  el iminated i n  t h e  spin-echo method and l e s s  expensive 

magnets can be used i n s t e a d  of t h e  h igh-resolu t ion  magnets. 

The main disadvantage of t h e  spin-echo method i s  i t s  l a c k  

Of s e l e c t i v i t y .  The s e l e c t i v e  deu te ra t ion  of s i t e s  unaffec ted  

by exchange i s  i n  genera l  d i f f i c u l t  enough t o  l i m i t  t h e  scope of 

t h e  spin-echo method when protons a r e  observed. Also t h e  e f f e c t s  

of HI inhomogeneities i n  t h e  spin-echo experiment w i l l  produce 

e r r o r s  which a r e  cumulative. These have no t  i n  genera l  been con- 

s ide red  i n  t h e  r a t e  s t u d i e s  t o  d a t e  and may probably be t h e  most 

Serious source of e r r o r s  i n  t h e  Carr-Purcell  method f o r  obtain-  

ing exchange r a t e s .  Such e r r o r s  would Cause experimental  va lues  

of *H' t o  be too  low, a s  seems t o  be t h e  case.  With ro ta ry .  

echoes, t h e  h igh-resolu t ion  of t h e  method provides s u f f i c i e n t  

S e l e c t i v i t y  even among homonuclear systems and inhomogeneity e f f -  

e c t s  of bo th  H I  and Ho a r e  el iminated.  Moreover, wi th  t h e  s p e c i a l  

c a p a b i l i t y  of determining long r e l a x a t i o n  times or  low decay 

r a t e s ,  t h e  method extends i t s  a p p l i c a t i o n  a t  both  ends t o  cover 

an o v e r a l l  range comparable t o  i f  not  l a r g e r  than  t h a t  of t h e  

Spin-echo method. The main drawback of t h e  rotary-echo method 

t o  d a t e  i s  t h a t  it requ i res  knowledge of t h e  r e l a x a t i o n  t imes and 

i n  some cases ,  t h e  chemical s h i f t  t o  determine exchange r a t e s .  

To g ive  some genera l  ideas  about t h e  r e l i a b i l i t y  of t h e  



d i f f e r e n t  NMR methods i n  chemical exchange s t u d i e s ,  an a ~ p r o x i -  

mate comparison of t h e  ranges of a p p l i c a b i l i t y  f o r  t h e  var ious  

methods i s  shown i n  Fig .  3-5. The ranges f o r  t h e  s t e a d y - s t a t e  

methods a r e  genera l ly  q u i t e  l imi ted  mainly by t h e  magnet inhomo- 

gene i ty  and by t h e  s e n s i t i v i t y  of t h e  chosen parameters.  Multi- 

p l e  resonance methods a r e  of course only app l i cab le  below coales- 

cence. The pulsed methods have much wider ranges.  The do t t ed  

l i n e s  i n  t h e  f i g u r e  show poss ib le  extension of t h e  ranges by 

e i t h e r  varying some experimental parameters o r  by t ak ing  g r e a t -  

e r  pa ins  i n  t h e  experiments. The rotary-echo method, though not  

appl icable  f o r  q u i t e  some range around t h e  coalescence p o i n t ,  

has q u i t e  a wide o v e r a l l  range from end t o  end. To a f i r s t  app- 

roximation, t h e  i n t r i n s i c  r e l i a b i l i t y  of t h e  methods should be 

Propor t ional  t o  t h e  range of experimental va lues  covered by each. 

So i t  i s  obvious t h a t  t h e  pulsed methods a r e  more r e l i a b l e  on 

t h i s  b a s i s .  By and l a r g e ,  t h i s  newly-developed rotary-echo method, 

Puls ing a t  sub-audio frequencies ,  possesses  t h e  r e s o l u t i o n  of t h e  

s t eady-s ta t e  methods on one hand and has some of t h e  mer i t s  of 

t h e  pulsed methods on t h e  o the r .  
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Fig. 3-5. Comparison of applicable ranges of exchange 
rates and temperature for various methods. 



CHAPTER I V  

SCALAR COUPLING WITH QUADRUPOLAR NUCLEI 

I n  t h e  chemical  exchange s t u d i e s  by t h e  ro ta ry-echo  me- 

thod i n  t h e  p rev ious  chap te r ,  i t  was noted t h a t  d i f f e r e n t i a l  

c o n t r i b u t i o n s  t o  T I  and T2 r e l a x a t i o n  processes  from s c a l a r  

coupl ing  of p ro tons  t o  a quadrupolar  nuc leus  can show up i n  t h e  

Proton ro t a ry -echo  decay r a t e  R 2 , .  To s u b s t a n t i a t e  t h a t  t h e  r o -  

tary-echo decay, p u l s i n g  a t  sub-audio f r equenc i e s ,  i s  s e n s i t i v e  

t o  unreso lved  s c a l a r  coupl ing  t o  quadrupolar  n u c l e i ,  t h e  systems 

a c e t o n i t r i l e  ( C H ~ C N )  and chloroform ( c H c ~ ~ )  were s t u d i e d  w i t h  

t h e  a i m  of o b t a i n i n g  JXCCN i n  CH3CN and JHCCl i n  C H C 1 3 .  The 
- - - -  

c o n t r i b u t i o n s  of s c a l a r  r e l a x a t i o n  t o  T2  of t h e  p ro tons  i n  t h e s e  

two systems were expected t o  be d e t e c t a b l e .  

A. Theory of S c a l a r  Re laxa t ion  

I n  t h e  systems CH3CN and C H C 1 3 ,  r e o r i e n t a t i o n  of t h e  

molecules  p rov ides  a n  e f f e c t i v e  r e l a x a t i o n  mechanism f o r  t h e  

n i t r o g e n  nuc leus  i n  t h e  former and t h e  c h l o r i n e  n u c l e i  i n  t h e  

l a t t e r  through t h e i r  quadrupole in tera ,c t ion (53) w i t h  t h e  e l e c -  

t r i c - f i e l d  g r a d i e n t s  f i x e d  i n  t h e  molecular  frame. If T, i s  t h e  

a p p r o p r i a t e  c o r r e l a t i o n  t ime f o r  t h e  r e o r i e n t a t i o n  of t h e  f i e l d  

g r a d i e n t s ,  i s  t h e  quadrupole coupl ing  c o n s t a n t  i n  ra- 
h 

d i a n s  per  second and q i s  t h e  asymmetry parameter ,  t h e n  t h e  r e -  

l a x a t i o n  t imes  ( and T2q ) f o r  t h e  quadrupolnr  nuc l eus  of s p i n  



S  i n  t h e  extreme narrowing l i m i t  a r e  given by ( 5 4 )  

T I ,  and T,, a r e  u s u a l l y  ve ry  s h o r t  f o r  quadrupolar  n u c l e i  i n  

non- sphe r i ca l ly  symmetric environments.  I n  t h e s e  two systems, 

t h e  fast  r e l a x a t i o n  of t h e  quadrupolar  n u c l e i  induces  r a p i d l y  

f l u c t u a t i n g  magnetic f i e l d s  a t  t h e  pro tons  under obse rva t ion  

through t h e  i n d i r e c t  s c a l a r  coupl ing,  JHCCN i n  CH3CN and JHCCl - --  
i n  CHC13.  T h i s  mechanism has  been desc r ibed  as a type  I1 s c a l a r  

r e l a x a t i o n  by Abragam ( 4 0 ) .  S p e c i f i c a l l y ,  t h e  c o n t r i b u t i o n s  t o  

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

i o n  a r e  

1 - 2(2nJ)"S(S  + 1) 
TP ,, 

8C - 3 1 + ( w ,  - w ,  ) 2 ~ 2 q  
2 

General ly ,  I ( m i  - w 8  ) I Teq >> 1 > T i q ,  T2, ,  ( 4 . 4 )  

S O  t h i s  mechanism does  no t  u s u a l l y  c o n t r i b u t e  t o  T I ,  b u t  i t  does  

a f f e c t  TB1 un le s s  TBq ( a long  wi th  T I ,  ) i s  s o  small t h a t  

(w, - w , ) ~ T ~ , ~  << 1 ( 4  05) 

when t h e  c o n t r i b u t i o n s  t o  both  T I ,  and T2, a r e  i n f i n i t e s i m a l l y  

small. Combining t h e  c o n t r i b u t i o n  (DD)  due t o  d i p o l e - d i p o l e  

i n t e r a c t i o n  and t h a t  due t o  s c a l a r  coupl ing,  Solomon and Bloem- 

bergen ( 2 2 )  o b t a i n  t h e  fo l lowing  f o r  the  r e l a x a t i o n  t imes  ( T ,  

and T,) of a nuc lea r  s p e c i e s  coupled t o  a quadrupolar  nuc l eus  

of s p i n  S, i t s e l f  r e l a x i n g  wi th  t ime c o n s t a n t s  T I ,  and T n q :  



(4 07) 

When t h e  c o n d i t i o n  (4.4) i s  s a t i s f i e d ,  t h e  i n d i r e c t  s c a l a r  cou- 

p l i n g ,  a l t h o u g h  o n l y  a weak i n t e r a c t i o n ,  c a n  s e r v e  as  a n  e f f e c t -  

i v e  T2 r e l a x a t i o n  mechanism, and from (4.6) and (4 - 7 ) .  one 

o b t a i n s  

T O  a l l o w  f o r  t h e  p o s s i b i l i t y  t h a t  t h e r e  a r e  N e q u i v a l e n t  

P o l a r  n u c l e i  i n  t h e  molecule ,  more o r  l e s s  i n d e p e n d e n t l y  

(4 08) 

quadru-  

r e l a x e d  

and coupled  t o  s p i n s  under  o b s e r v a t i o n ,  t h e  i n t e g r a l  f a c t o r  N 

h a s  been i n t r o d u c e d  t o  e q u a t i o n  (4.8) by Freeman, E r n s t  and 

Anderson (55) t o  g i v e  

If' t h e  N q u a d r u p o l a r  n u c l e i  d o  n o t  r e l a x  i n d e p e n d e n t l y ,  NS(S + 1) 

in e q u a t i o n  (4.9) h a s  t o  be  r e p l a c e d  s o  t h a t  

1 - - - -  I - ~~T~~ (4 .lo) 
T2 T I  

where 'm i s  t h e  weighted  c o n t r i b u t i o n  t o  S ( S  +I) from t h e  

v a r i o u s  r e s u l t a n t  v e c t o r  combinat ions  of t h e  N s p i n s .  E v a l u a t i o n  

of S m  f o r  = 3 i s  shown i n  S e c t i o n  C where t h e  c a l c u l a t i o n  

is done.  

E x p e r i m e n t a l  



( a )  P r e p a r a t i o n  of samples 

S p e c t r a l  g rade  a c e t o n i  t r i l e  and chloroform were f u r t h e r  

d i s t i l l e d  once and then  were degassed and s e a l e d  i n  c y l i n d r i c a l  

Glass sample t ubes  of bore  about  3 t-r-~m i n  d iamete r  

( b )  Rotary-echo measurements 

The r a t e s  of decay of t h e  echo envelope i n  t h e  r o t a t i n g  

frame were ob ta ined  wi th  t h e  ro ta ry-echo  in s t rumen t s  de sc r ibed  

i n  Chapter  I .  The i n t e n s i t y  of H I  used was 2.5 m i l l i g a u s s  and 

t h e  f r e q u e n c i e s  of p u l s i n g  ranged from 1 t o  5 sec- ' .  The decay 

r a t e s  (A) f r e e  from d i f f u s i o n  e f f e c t s  were ob ta ined  by e x t r a -  
T2 r 

P o l a t i o n  t o  i n f i n i t e  pu l se  r a t e .  

( c )  T I  measurements 

The l o n g i t u d i n a l  r e l a x a t i o n  t imes  T1 were determined by 

the method of s a t u r a t i o n - r e c o v e r y  w i th  sampling wi th  a Var ian 

A56/60 h i g h - r e s o l u t i o n  NMR spec t rometer .  T h i s  method employs 

a  r e p e t i t i v e  H, f i e l d  sweep and two l e v e l s  of H i ,  t h e  s a t u r a t i n g  

("3 m ~ )  and t h e  sampling (--0.001 m ~ )  l e v e l s .  The Varian s p e c t -  

rometer  was s l i g h t l y  modified s o  t h a t  i) i t  could  be switched 

e a s i l y  between two predetermined l e v e l s  of H I ,  and i i )  connect-  

i o n s  t o  t h e  dc sweep c o i l s  of t h e  dc magnet were p rov ided .  

The r e p e t i t i v e  Ho sweep w a s  obta ined by f e e d i n g  r e c u r r e n t  

waves from a Tekt ron ix  Type 162 waveform g e n e r z t e r  t o  t h e  dc  

Sweep c o i l s .  The r ecove ry  of t h e  s i g n a l  a f t e r  t h e  s a t u r a t i n g  1-1, 

was tu rned  down w a s  sampled w i t h  low H 1  and was recorded  w i t h  a 
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Honeywell E l e c t r o n i k  19 r eco rde r  connected t o  t he  r eco rde r  ou t -  

pu t  of t h e  Varian spec t rometer .  

C .  C a l c u l a t i o n  of R e s u l t s  

( a )  A c e t o n i t r i l e  ( C H ~ C N )  

The T I ,  f o r  N i n  CHBCN was taken from t h e  va lue  5.0 msec 

measured d i r e c t l y  by a n  rf pu lse  method by Moniz and Gutowsky 
1 measured i n  t h i s  experiment f o r  t h e  pro tons  2 ) .  and - 
1 T2  r 

i n  CH3CN were 

1 1 1 1 t h e r e f o r e  - - - = 2 ( ~ 2 ,  - -) = 0.198 s e c - l .  
T2 T i  T1 

Using equa t ion  (4 .8)  

( b )  Chloroform ( c H c ~ ~ )  

The T I ,  f o r  C 1  i n  CHC13 was taken from t h e  l i newid th  

measurement f o r  t h e  c h l o r i n e  n u c l e i  i n  chloroform by Winter 

( 5 6 ) .  H a l f  width  a t  h a l f  i n t e n s i t y  of 22 gauss  gave T I ,  equa l  

1 1 t o  17.4 p s e c .  - and - measured i n  t h i s  p r e s e n t  experiment 
T I  TZ r 

f o r  t h e  pro ton  i n  C H C 1 3  were 



1 1 1 1 Therefore  - - - - - 2 ( ~ 8 ,  - -) = 0.076. 
T2 T I  T1  

Assuming t h e  t h r e e  c h l o r i n e  n u c l e i  a r e  r e l a x i n g  independent ly  

i n  t h e  molecule and us ing  equa t ion  (4.9) 

as w a s  ob ta ined  by Winter  ( 5 6 ) .  

I t  i s  ve ry  l i k e l y  t h a t  t h e  t h r e e  c h l o r i n e  n u c l e i  do n o t  

r e l a x  independent ly ,  s o  we have t o  t r e a t  them as  a whole. I n  

t h i s  way, combining t h e  t h r e e  $ - s p i n s  v e c t o r i a l l y  t h e r e  a r e  

2 1 p o s s i b l e  combination of t o t a l  s p i n  

1. 2  p o s s i b l e  combinations of t o t a l  s p i n  

5 3 p o s s i b l e  combinations of t o t a l  s p i n  
3 

4 p o s s i b l e  combinations of t o t a l  s p i n  
1 

2 p o s s i b l e  combinations of t o t a l  s p i n  F .  
The t o t a l  number of p o s s i b l e  combinations i s  12, each of e q u a l  

P r o b a b i l i t y  i n  t h e  c l a s s i c a l  h igh  temperature  l i m i t  of molecular  

J s t a t e s .  Therefore  t h e  weighted mean 

Using t h i s  v a l u e  i n  (4 .10) ,  we g e t  
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A c t u a l l y  t h e r e  a r e  two c h l o r i n e  i s o t o p e s  ~1~~ and ~1~~ 
I 

3 both  of s p i n  and a n  i s o t o p i c  r a t i o  of 3 t o  1. However, t h e  

r a t i o  (57)  

1 ) from e i t h e r  s p i n  d i f f e r  l i t-  and the  c o n t r i b u t i o n s  t o  (% - F~ 
t l e  s o  t h e  compl ica t ions  due t o  t h e  presence of two i s o t o p e s  

have been d i s r e g a r d e d .  

D. Discuss ion  

( a )  Acetoni  t r i l e  ( C H ~ C N )  

The exper imenta l ly  determined T I ,  11 - 0  s e c .  i s  i n  ag ree -  

ment wi th  t h e  va lue  obta ined by Boden e t  a 1  ( 5 8 )  f o r  t h e  methyl 

Pro tons  i n  t h e  same compound. The c a l c u l a t e d  T2,  3.46 s e c .  i s  

much s h o r t e r  than  t h e  T20,  11.2 s e c .  of Boden e t  a1 (58 )  ob ta in -  

ed by the-  C a r r - p u r c e l l  spin-echo method a t  high pu l se  r a t e .  

The d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  t he  c o n t r i b u t i o n  of sca-  

la r  r e l a x a t i o n  t o  t h e  T2 p rocess  i s  e l imina ted  by t h e  h igh  f r e -  

quency p u l s e s  ( p u l s e  s e p a r a t i o n  smal le r  than the  r e l a x a t i o n  t ime 

f o r  t h e  quadrupolar  n u c l e u s ) .  So T2  of 3 -46 s e c o  i s  t h e  t r a n s -  

v e r s e  r e l a x a t i o n  time where bo th  the  d ipo le -d ipo le  and t h e  s ca -  

lar c o n t r i b u t i o n s  a r e  e f f e c t i v e  as i s  given b~  (4 .7 ) ,  whi le  T20  

of 11.2 s e c .  r e s u l t s  from only  t h e  d ipo le -d ipo le  c o n t r i b u t i o n  

and under t h e  g e n e r a l l y  s a t i s f i e d  cond i t i on  (4.4 ) . T2 O should 

be e q u a l  t o  T ,  a cco rd ing  t o  equa t ion  ( 4 . 6 ) .  Thus Bodenls  !CgO 



of 11.2 sec  . i s  i n  agreement wi th  our TI of 11.0 s e c .  

The c a l c u l a t e d  JHCCN of 1.23 hz i s  a l s o  i n  agreement w i t h  - - 
t he  va lue  of 1.2 hz s ca l ed  down from t h e  N~~ coupl ing  c o n s t a n t  

of Binsch e t  a1 (41 )  and wi th  t he  va lue  of 1.38 hz determined 

i n d i r e c t l y  by Roden e t  a1 ( 5 8 ) .  

( b )  Chloroform ( c H c ~ ~ )  

Our expe r imen ta l ly  determined T I ,  70 s e c .  i s  longer  t han  

t h a t  of Winter  ( 5 6 ) ,  42 s e c .  f o r  t h e  proton i n  chloroform.   he 

c a l c u l a t e d  Tg from our TZr i s  11.1 sec . ,  a l s o  s l i g h t l y  l onge r .  

J ~ ~ ~ l  
of 5.5 hz i s  obta ined as Winter on the  same assump- 

t i o n  t h a t  t h e  t h r e e  c h l o r i n e  n u c l e i  r e l a x  independent ly .  Doing 

away wi th  t h e  assumption,  f r e s h  c a l c u l a t i o n  g i v e s  JHCCl a va lue  - -  
of 6 .3  hz .  

Coupling c o n s t a n t s  between proton and c h l o r i n e  s epa ra t ed  

by  two bonds a r e  l ack ing  f o r  comparison. However, some va lues  

f o r  t he  coupl ing  between pro ton  and f l u o r i n e  two bonds a p a r t  

have been r epo r t ed :  60 hz f o r  JHCF i n  monof luoroe thane  (59 )  and - -  
81 hz f o r  J~~~ i n  1-fluoro-2,2-dichloroethylene ( 6 0 ) .  S c a l i n g  

- -  
by Y~l/yF accord ing  t o  t h e  theory  of nuc lear  sp in - sp in  i n t e r -  

a c t i o n  ( 6 1 ) ,  we g e t  6.26 hz and 8.45 hz f o r J H C C 1 *  The v a l u e s  - -  
of 6 .3  hz f o r  J~~~~ c a l c u l a t e d  f o r  chloroform appea r s  t o  be --  
b e t t e r  than  t h e  va lue  of 5.5 hz obta ined on assumption t h a t  t h e  

t h r e e  n u c l e i  r e l a x  independent ly .  

From t h e  above r e s u l t s  i n  t h i s  p re sen t  experiment,  i t  i s  
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obvious  t h a t  t h e  ro t a ry - echo  method w i t h  p u l s i n g  a t  sub-audio  

f r e q u e n c i e s  i s  s u f f i c i e n t l y  s e n s i t i v e  t o  d e t e c t  t h e  e f f e c t s  of 

Unresolved s c a l a r  coup l i ng  t o  quadrupo la r  n u c l e i  



CHAPTER V 

SPIN-ROTATION RELAXATION 

I N  THE L I Q U I D  PHASE 

The f l u o r i n e  s p i n - r o t a t i o n  r e l a x a t i o n  i n  l i q u i d  chloro- 

d i f  luoromethane ( cm2c1) and d i f  luoromethane ( C H ~ F ~ )  has been 

s tudied  i n d i r e c t l y  by s e l e c t i v e  rotary-echo experiments on t h e  

Proton resonances,  whose n a t u r a l  l inewidths a r e  dominated by t h e  

rapid  r e l a x a t i o n  by s p i n - r o t a t i o n  i n t e r a c t i o n  of t h e  f l u o r i n e  nu 

c l e i  coupled s c a l a r l y  t o  t h e  protons.  A f u l l  r epor t  on t h e  ex- 

periments i s  shown i n  t h e  following s e c t i o n s .  

A. In t roduc t ion  

Sp in - ro ta t ion  i n t e r a c t i o n  between t h e  nuclear  s p i n  vec to r  

7 and t h e  o v e r a l l  molecular r o t a t i o n a l  angular momentum vec to r  

i s  one of t h e  hyperfine i n t e r a c t i o n s  important t o  microwave 

SPectroscopy (62) . This type of i n t e r a c t i o n ,  of form 

where C i s  t h e  s p i n - r o t a t i o n  coupling t ensor ,  was f i r s t  found 
M 

in t h e  hydrogen molecule by Kellogg e t  a 1  (63 ,  64) i n  1939 us- 

ing molecular-beam techniques.  Since then t h e r e  have been a  

number of measurements on t h i s  i n t e r a c t i o n  i n  which a  v a r i e t y  

Of techniques were used t o  s u i t  t h e  molecule and t h e  p a r t i c u l a r  

measurement d e s i r e d .  

Because t h e  s p i n - r o t a t i o n  i n t e r a c t i o n  involves t h e  nu- 
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c l e a r  s p i n  and i s  magnetic i n  na ture ,  i t s  e f f e c t s  a r e  a l s o  de- 

t e c t a b l e  i n  NMR measurements. I n  NMR, the i n t e r a c t i o n  modulated by 

c o l l i s i o n s  which cause a  time dependence i n  3, can provide an 

e f f e c t i v e  r e l a x a t i o n  mechanism (65)  for t h e  sp ins .  It i s  found 

t h a t  t h e  e f f e c t  i s  p a r t i c u l a r l y  important wi th  systems i n  t h e  

gaseous phase and wi th  systems containing heavier magnetic nu- 

c l e i .  Generally,from experimental da ta  obtained so  far ,  t h e  

s p i n - r o t a t i o n  con t r ibu t ion  t o  r e l axa t ion  i s  a t  l e a s t  two orders  

Of magnitude bigger  i n  t h e  gaseous phase than  i n  t h e  l i q u i d  

Phase ( 6 6 ) .  The protons i n  gaseous methane and i t s  deutera ted  

modifications (67,  68) and t h e  f l u o r i n e s  i n  t h e  gaseous f luoro -  

methanes (69 ,  70) have been found t o  be relaxed mainly by spin-  

r o t a t i o n  i n t e r a c t i o n .  I n  l i q u i d s  proton s p i n - r o t a t i o n  e f f e c t s  

a re  n e g l i g i b l e  but  those of f l u o r i n e  and o ther  heavier  magnetic 

nucle i  a r e  s t i l l  dominant (66 ,  71, 72) a t  temperatures around t h e  

i c e  po in t  o r  above, That t h e  sp in - ro ta t ion  i n t e r a c t i o n  i s  smal l  

f o r  t h e  pro ton  and much l a r g e r  f o r  f l u o r i n e  i s  i m p l i c i t  i n  t h e  

P ropor t iona l i ty  which Ramsey (73)  has pointed between t h e  

SP in - ro ta t ion  i n t e r a c t i o n  constant and t h e  second-order para- 

magnetic term i n  t h e  nuclear  magnetic sh ie ld ing ,  i n  a s  much a s  

the l a t t e r  i s  small  f o r  protons (73)  and l a r g e  f o r  f l u o r i n e s  

( 7 2 ) .  

Theories of nuclear  magnetic r e l a x a t i o n  by s p i n - r o t a t i o n  

I n t e r a c t i o n  i n  gases (68 ,  74, 75) and i n  l i q u i d s  (66 ,  76, 77) 

have been developed. Experimentally t h e  problem has been tackled  
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by two approaches: direct and indirect. In the direct method, 

the relaxation times of the nuclei relaxed by spin-rotation in- 

teraction are measured directly and the spin-rotation contribu- 

tions separated from the other contributions if necessary. This 

method has been applied quite extensively to both gases (67, 68, 

74, 78, 79) and liquids (66, 80, 81, 82). In the second method 

one needs not look at the nuclei relaxed by spin-rotation inter- 

action. Instead one observes the relaxation of the other nuclei, 

indirectly or scalarly coupled to the nuclei relaxed by spin- 

rotation interaction. For CH2F2 and CH3CHF2 in the gaseous phase 

where the fluorines relax predominantly by spin-rotation inter- 

action, Flynn and Baldeschwieler (70) obtained the fluorine tran- 

sition probabilities from the differential linewidths of the pro- 

ton resonances without looking at the fluorines at all. In the 

liquid state, high-resolution spectral linewidths are determined 

mainly by magnet inhomogeneity. The differential relaxation ob- 

served in the gaseous phase is covered up by inhomogeneity effects. 

Using the nuclear Overhauser effect (20, 8 3 ) ,  Kuhlmann and Bald- 

eschwieler (84) and Kanazawa (85) were able to study the F" spin- 

rotation interaction of the difluoroethylenes in solutions by 

working on the proton resonances only. In this chapter we wish 

t o  report a second indirect but straight-forward method in the 

Studies of the F19 spin-rotation relaxation in liquid CHF2C1 and 

CH,F, using high-resolution rotary-echo techniques. 

Be Proton Resonances in A, X2 Systems 
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I n  t h e  systems we s tudy  A i s  H' and X, F". n t a k e s  on 

t h e  va lues  1 f o r  CHF2C1 and 2  f o r  CH2F2. 

(a) An AX2 system-CHF2Cl 

The Hamiltonian f o r  t h e  AX2 system ( C H F ~ C ~ )  can be  w r i t -  

t e n  as 

~ C = - W K  H - W F K ~ ( F )  + QHF 1) * 1 ( 2 )  + f( 1) *I( 3) 1 ( 5 . 1 )  

where R ( H )  = f(1) 

R ( F )  = n2) + 7x3) 

WH = YHHO 

WF = YFHO 

~ H F  i s  t h e  s c a l a r  coupl ing cons tan t  between t h e  p r o t o n  and 

t h e  f l u o r i n e ,  

y~ and YF a r e  t h e  magnetogyric r a t i o s  of p r o t o n  and f l u o r i n e  

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

and Ho i s  t h e  a p p l i e d  dc magnetic f i e l d .  

The spin-product  b a s i s  func t ions  f o r  t h e  system can be 

r e a d i l y  w r i t t e n  and t h e  a p p r o p r i a t e  l i n e a r  combinations of t h e s e  

b a s i s  f u n c t i o n s  c o n s i s t e n t  w i t h  t h e  C, symmetry of C H F 2 C 1  a r e  

g iven  i n  Table V I .  

I n  t h i s  r e p r e s e n t a t i o n  t h e  Harniltonian i s  d iagona l  and 

t h e r e f o r e  t h e  b a s i s  func t ions  a r e  t h e  e igenfunc t ions .  The al lowed 

Pro ton  t r a n s i t i o n s  w i t h  t h e i r  r e l a t i v e  widths  due t o  r a p i d  f l u o -  

r e l a x a t i o n  a r e  shown i n  Table V I I .  

A schemat ic  energy- leve l  diagram f o r  t h e  system i s  shown 



Basis 
func tione 

eP1 

eP2 

eP3 

CP4 

ePs 

rP6 

rP7 

eP8 

Table VI. Wa.ve functions for an AX2 system. 

Spin- produc 1 
functions 

aaa 

r$ B ( a B - B a )  

PBB 

Table VII. Allowed transitions in the H1 spectrum of C H F 2 C 1 .  

Kz (F) 

s 

Symmetry Rel. width 
I 



Fig .  5-1. Schematic energy-level  diagram f o r  an AX2 system. 

i n  F ig .  5-1. The l e v e l s  belonging t o  t h e  A t  and A M  representa-  

t i o n s  a r e  shown s e p a r a t e l y .  The allowed proton  t r a n s i t i o n s  a r e  

shown by f u l l  l i n e s  while t h e  allowed f l u o r i n e  t r a n s i t i o n s  by 

dashed l i n e s  between t h e  l e v e l s .  Antisymmetric f l u o r i n e  t r a n s i -  

t i o n s  a r e  shown by dot ted  l i n e s .  High-resolut ion pro ton  s p e c t r a  

of t h e  system i n  t h e  l i q u i d  and gaseous phase a r e  s i m i l a r  t o  

those  f o r  CH2F2 i n  Fig .  5-4. With re fe rence  t o  F ig .  5-1, it  i s  

c l e a r  t h a t  r ap id  f l u o r i n e  r e l a x a t i o n  w i l l  provide an e f f e c t i v e  

t r a n s v e r s e  r e l a x a t i o n  mechanism f o r  t h e  pro ton  t r a n s i t i o n s  be- 

tween s t a t e s  wi th  p a r a l l e l  f l u o r i n e  s p i n s ,  K ( F )  = 1. Proton 

t r a n s i t i o n s  between s t a t e s  wi th  a n t i p a r a l l e l  f l u o r i n e  s p i n s ,  

K ( F )  = 0 a r e  not  a f f e c t e d  by t h e  symmetric f l u o r i n e  r e l a x a t i o n  

bu t  by t h e  much l e s s  f requent  antisymmetric t r a n s i t i o n s .  There- 

f o r e  t h e  c e n t r a l  component i n  t h e  pro ton  t r i p l e t  i s  made up of 

one broad and one sharp l i n e  superimposed on each o the r  a s  shown 



Fig. 5-2. Schematic PMR spectrum for A,X2 systems. 
(A = H', X = F19) 

schematically in Fig. 5-2. In rotary-echo experiments, if a 
- 

proton transition, say the S1 is irradiated selectively, (see 

Fig. 5-1) the population of the levels 1 and 5 will be disturb- 

ed and transient effects will take place via the rapid fluorine 

transitions. These rapid fluorine transitions show up as proton 

relaxation in the rotary-echo measurements. Let us define 

k, as the symmetric fluorine transition probability, 

AmF = &I> 

and ka as the antisymmetric fluorine transition probability, 

A ~ F  = *1,0. 

Then by considering the rapid fluorine transitions as a means of 

transferring magnetization among the proton resonance lines with 

rates k, and ka as shown in Fig. 5-2, or by considering the con- 

tribution of the rapid fluorine relaxation to the line widths of 

the proton transitions in a way similar to that used by Flynn 
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and Baldeschwieler (86)) t h e  proton decay r a t e s  i n  t h e  r o t a t i n g  

frame f o r  t h e  var ious  components i n  t h e  pro ton  m u l t i p l e t  can be 

w r i t t e n  i n  terms of R I H ,  R 2 ~  and t h e  k ' s  a s  shown below: 

( b )  An A2X2 system-CH2F2 

The Hamiltonian f o r  t h e  A 2 X 2  system ( c H ~ F ~ )  can be w r i t -  

t e n  as  

" = - W ~ K ~ ( H )  - W ~ K ~ ( F )  + $Jp [?(I)  m Z ' ( 3 )  + ? ( I )  * ? ( 4 )  
+ 3  + I  ( 5 . 5 )  

where ? ( H )  = ?( I )  + f ( 2 )  

Z ( F )  = f (3 )  + f ( 4 ) .  

The b a s i s  funct ions  cons i s t en t  wi th  t h e  C 2 r  symmetry of CH2F2 a r e  

t h e  eigenfunct ions of t h e  Hamiltonian and a r e  shown i n  Table V I I I .  

The allowed proton t r a n s i t i o n s  wi th  t h e i r  r e l a t i v e  widths due t o  

r a p i d  f l u o r i n e  r e l a x a t i o n  a r e  shown i n  Table IX. A schematic 

energy-level  diagram f o r  t h e  system i s  shown i n  F ig .  5-3. The 

l e v e l s  belonging t o  t h e  A ,  and B1 r ep resen ta t ions  a r e  shown sep- 

a r a t e l y .  F u l l  l i n e s  between l e v e l s  show t h e  allowed proton  t r a n -  

s i t i o n s ,  dashed l i n e s ,  allowed f l u o r i n e  t r a n s i t i o n s  and d o t t e d  

l i n e s , t h e  antisymmetric f l u o r i n e  t r a n s i t i o n s .  High-resolut ion 

pro ton  s p e c t r a  of t h i s  system i n  t h e  l i q u i d  and gaseous phase 

a r e  shown i n  F ig .  5-11. The s e t  of equat ions ( 5 . 2 ) - ( 5 . 4 )  a lso  

a p p l i e s  he re .  A h igh-resolu t ion  f l u o r i n e  spectrum of CH2F2 i n  



Table  VIII . Wave f u n c t i o n s  f o r  a n  A2X2 system.  
-- 

Bas i s  
f u n c t i o n s  -- 

CPl 

CF2 

Y 3  

CP4 

EP5 

CP6 

4'7 

Q8 

CP3 

CPl0 

cpll 

Q22 

C P 1 3  

EP14 

C P 1 5  

CPl6 

Spin-produc t 
f u n c t i o n s  

Table  IX. Allowed t r a n s i t i o n s  i n  t h e  H' spectrum of C H 2 F 2 .  



F i g .  5-3. Schematic energy- leve l  diagram f o r  an  A2X2 system. 

t h e  gaseous phase  i s  shown i n  F i g .  5-5. The l i n e  wid ths  of t h e  

f l u o r i n e  resonances  a r e  equa l  w i t h i n  exper imental  e r r o r s  t o  t h o s e  

of t h e  s i d e  t r a n s i t i o n s  i n  t h e  gas  phase  p r o t o n  spectrum of t h e  

compound as expected.  

C .  Experimental  

( a )  P r e p a r a t i o n  of samples 

The CHF2C1 and CH2F2 were purchased from t h e  Matheson Co. 

I n c .  and t h e  P i e r c e  Chemical Co. r e s p e c t i v e l y .  No f u r t h e r  p u r i -  

f i c a t i o n  w a s  made except  f o r  a s imple  vacuum d i s t i l l a t i o n  p r i o r  







t o  t h e  p r e p a r a t i o n  of sample i n  t u b e s .  For  each  compound t h e  

samples were prepared  i n  pyrex  g l a s s  t ubes  of two d i f f e r e n t  

s i z e s :  3 mm i . d .  - 5 mrn 0 .d .  tubes  f o r  work w i t h  t h e  Var ian  

~ 5 6 / 6 0  spec t rometer  and 6 mm i . d .  - 8 rnrn 0 . d .  t ubes  w i t h  t h e  

NMR s p e c i a l t i e s  p u l s e  machine. Degassing was done by t h e  u s u a l  

freeze-pump-thaw method r epea t ed  f o u r  t imes .  Seve ra l  samples 

p repared  t h i s  way gave c o n s i s t e n t  TI va lues  f o r  t h e  p ro tons ,  

showing t h a t  n e g l i g i b l e  amount of paramagnet ic  i m p u r i t i e s  ( e . g .  

oxygen) i s  p r e s e n t .  

( b)  Rotary- echo measurements 

The decay of t h e  ro ta ry-echo  t r a i n  f o r  t h e  p ro tons  was 

measured s e l e c t i v e l y  on each  i n d i v i d u a l  component of t h e  p r o t o n  

m u l t i p l e t s  u s ing  t h e  Varian ~ 5 6 / 6 0  h i g h - r e s o l u t i o n  NMR s p e c t r o -  

meter  modified f o r  t h e  purpose.  For  t h e  s i d e  peaks i n  t h e  p r o t o n  

t r i p l e t ,  t h e  decays a r e  t h e  same w i t h i n  exper imental  e r r o r s  and 

a r e  governed by a s i n g l e  exponen t i a l .  For  t h e  c e n t r a l  peak a 

double  exponen t i a l  decay i s  observed as expected,  i n  t h a t  t h e  

c e n t r a l  peak i s  a s u p e r p o s i t i o n  of a broad and a sha rp  l i n e  of 

equa l  i n t e n s i t y .  The decay r a t e s  i n  t h e  r o t a t i n g  frame, R ~ ~ ( c , ) ,  

R ~ ~ ~ ( c ~ )  and R g r H ( s  ,) were ob ta ined  from semi-log p l o t s  of t h e  

ro t a ry -echo  amp]-itudes a g a i n s t  t ime.  

( c )  High- reso lu t ion  s t e a d y - s t a t e  measurements 

S t e a d y - s t a t e  spectra ,  were ob ta ined  on t h e  Var i an  ~ 5 6 / 6 0  

h i g h - r e s o l u t i o n  NMR spec t rometer  f o r  b o t h  p ro tons  and f l u o r i n e s .  



The gas  phase  s p e c t r a  were improved by s igna l - ave rag ing  us ing  

a Fabri-Tek 1064 ins t rument  computer w i t h  a  Model SD-2 d i g i t i z e r  

and a  Model SW-3 NMR f i e l d  s t a b i l i z e r  and sweep c o n t r o l .  

( d )  T I  and T2 measurements 

Pro ton  T l l s  were measured by two methods: i) s a t u r a t i o n -  

recovery  w i t h  sampling on t h e  Varian ~ 5 6 / 6 0  h i g h - r e s o l t u i o n  NMR 

spec t rome te r ,  ii) n - n/2 p u l s e  sequence on t h e  NMR S p e c i a l t i e s  

p u l s e  machine. The T l l s  a r e  c o n s i s t e n t  from i n d i v i d u a l l y  p re -  

pared  samples ,  F l u o r i n e  T l l s  were measured by on ly  t h e  second 

method b u t  a t  two d i f f e r e n t  f r equenc ie s ,  15 and 56.4 Mhz. A l l  

T21 s were measured by t h e  Cam-Purce l l  spin-echo method on t h e  

NMR S p e c i a l t i e s  p u l s e  machine. The p r o t o n  T 2 ' s  depend on p u l s e  

s e p a r a t i o n .  For t h e  s h o r t e s t  p u l s e  s e p a r a t i o n  (27 = 0.5 msec.) 

a v a i l a b l e  f o r  t h e  p r e s e n t  work because of t h e  l a r g e  t ime base  

used,  on ly  t h e  s p i n - r o t a t i o n  c o n t r i b u t i o n  was pu l sed  o u t  (27<< 

T,F, 1 / ~ ~ ~ )  whi le  t h e  s c a l a r  r e l a x a t i o n  due t o  coupl ing t o  t h e  

quadrupolar  c h l o r i n e  i n  CHF2C1 was no t  ( 2 ~  >> . With our  

s h o r t e s t  p u l s e  s e p a r a t i o n  t h e  measured T2F f o r  CHF2C1 was s t i l l  

n o t  f r e e  from t h e  s c a l a r  r e l a x a t i o n  of t h e  coupled quadrupolar  

c h l o r i n e .  

( e )  Sample tempera ture  c o n t r o l  

For work w i t h  t h e  Var ian  ~56/60 h i g h - r e s o l u t i o n  NMR spec- 

t rome te r  t h e  sample tempera ture  w a s  mainta ined i n  t h e  b u i l t - i n  

v a r i a b l e  t empera ture  probe by a gas-flow system and t h e  tempera- 
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t u r e  r e g u l a t e d  by a  Var ian V-6040 tempera ture  c o n t r o l .  Temper- 

a t u r e s  were c a l i b r a t e d  w i th  the  e thy l ene  g l y c o l  and methanol  Sam- 

p l e s  p rov ided .  For work wi th  t h e  NMR S p e c i a l t i e s  p u l s e  machine, 

t h e  sample temperature  was mainta ined by a n  A l.nor t empera ture  

c o n t r o l  system c o n s i s t i n g  of a DN-20 p y r o t r o l l e r  and a S5 p e r c e n t -  

age  power c o n t r o l  u n i t .  The tempera tures  were c a l i b r a . t e d  by 

s t i c k i n g  i n  a thermometer t a k i n g  t h e  p o s i t i o n  of t h e  sample i n  

t h e  probe.  For bo th  temperature  c o n t r o l s  t h e  sample t empera ture  

a t t a i n e d  was s t e a d y  and a c c u r a t e  wi th  *O .5 OK. 

D .  R e s u l t s  

The exper imenta l  r e l a x a t i o n  r a t e s  a r e  c i v e n  i n  Table  X. 

Using e q u a t i o n s  (5 .2 )  - (5 .4 )  t h e  f l u o r i n e  t r a n s i t i o n  p r o b a b i l i t i e s  

a r e  c a l c u l a t e d  and shown i n  Table  X I .  The f l u o r i n e  t r a n s i t i o n  

p r o b a b i l i t i e s  k f s  a r e  assumed t o  be due t o  s p i n - r o t a t i o n  i n t e r -  

a c t i o n  predominantly,  as t h e  d i p o l e - d i p o l e  c o n t r i b u t i o n  g iven  

e s s e n t i a l l y  by t h e  p ro ton  r e l a x a t i o n  r a t e s  i s  found t o  be much 

s m a l l e r  t han  t h a t  of t h e  former mechanism ove r  t h e  t empera ture  

range i n  our exper iment .  The c o n t r i b u t i o n  from chemical  s h i f t  
1 

a n i s o t r o p y  h a s  been found t o  be n e g l i g i b l e  (66), (-)CSA < 
T 1 ~  

I n  conf i rmat ion ,  we f i n d  t h e  f l u o r i n e  r e l a x a t i o n  r a t e s  t o  be 

f i e ld - independen t  . Semi-log p l o t s  of t h e  f l u o r i n e  t r a n s i t i o n  

p r o b a b i l i t i e s  k l s  and t h e  p ro ton  r e l a x a t i o n  r a t e s  R r s  a g a i n s t  

t h e  i n v e r s e  of t h e  a b s o l u t e  temperature  a r e  shown i n  F i g .  5-6 

f o r  bo th  CHF2C1 and C H 2 F 2 .  

Some s c a l a r  coup l ing  c o n s t a n t s  f o r  t h e  compounds a r e  found 





Fig.  5-6. Semi-log p l o t  of r e l a x a t i o n  r a t e s  and t r a n s i t i o n  
p r o b a b i l i t i e s  vs  1/T f o r  CHF2C1 and CH2F2. 
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Table XII. Scalar  coupling constants  f o r  CHF2C1 and CH2F2. 

from t h e  l i q u i d  phase h igh-resolu t ion  s p e c t r a  and a r e  l i s t e d  i n  

Table X I I .  

Compound 

CHF2C1 

CH2F2 
. . . . . . . .  

High-resolut ion s t eady-s ta t e  f l u o r i n e  NMR measurements a t  

3 1 5 ' ~  show t h a t  t h e  f l u o r i n e s  absorb a t  4187 hz i n  CHF2C1 and 

8313 hz i n  CH2F2 both  towards high f i e l d  w i t h  r e fe rence  t o  C C ~ ~ F .  

Using t h e  f l u o r i n e  nuclear  sh ie ld ing  constant  s c a l e  of Hindermann 

and Cornwell ( 8 7 ) ,  t h e  f l u o r i n e  paramagnetic s h i e l d i n g  oP f o r  F  

CHF2C1 and CH2F2 a r e  obtained. According t o  Ramsey (88) and 

Flygare (89)  t h e  second order  paramagnetic term i n  t h e  s h i e l d i n g  

i s  p ropor t iona l  j o i n t l y  t o  t h e  product of t h e  s p i n - r o t a t i o n  in -  

t e r a c t i o n  constant  ( c )  and t h e  moment of i n e r t i a  ( I )  charac ter -  

i s t i c  of each system. Using an approximate equat ion f o r  an  

asymmetric-top molecule ( 89) 

Jm ( h z )  

6 3 . 3 ~ 2  

50 .2& .2  
------ 

where M i s  t h e  proton mass, 

m i s  t h e  e l e c t r o n  mass, 

g~  i s  t h e  nuclear  g  f a c t o r  f o r  t h e  nucleus F, 

G i s  t h e  average r o t a t i o n a l  constant  

e  i s  t h e  e l e c t r o n i c  c h r g e  

J C 1 3 H  ( h z )  

2 2 8 . h . 5  

1 8 3 . 4 ~ 5  



c  i s  t h e  v e l o c i t y  of l i g h t ,  

Zi i s  t h e  atomic number of t h e  i t h  atom i n  t h e  molecule ,  

r i s  t h e  d i s t a n c e  between t h e  nucleus  i n  q u e s t i o n  and 
i 

t h e  i t h  nucleus  and 

i numbers a l l  t h e  n u c l e i  i n  t h e  molecule except  t h e  nuc leus  

F  

1 and I = - ( I ~ ~  + I + 1 of t h e  i n e r t i a  t e n s o r s  c a l c u l a t e d  f o r  
3 

1 
t h e  systems i n  Appendix B, t h e  Constant C = - ( C  + C,, + C z  ) 3 x x  

of t h e  s p i n - r o t a t i o n  i n t e r a c t i o n  t e n s o r  ( ~ p p e n d i x  C )  f o r  each  

system i s  found and l i s t e d  i n  Table X I 1 1  a long  w i t h  t h e  moment of 

i n e r t i a  (I). From Hubbard's t heo ry  of nuc l ea r  magnetic r e l a x a -  

Table X I I I .  Some molecular  parameters  f o r  C H F , C l  and CH2F2. 

1 ':at 3 1 5 ' ~  / 2 . 1 0 X 1 0 - ' ~  s e c .  
! 
1 7 z a t  315•‹K j 7.04 x 10 - l3  s e c .  
I 

1 

1 . 2 1  X 10 - l4  s e c .  

4.48 x 10-13 s e e .  

I 

i €2 
/ 2.17 * .1 k c a l  mole. 1 22-16 6 .1 k c a l  mole 

L _ _  _. - - -- ---------- 
I 

t i o n  by s p i n - r o t a t i o n  i n t e r a c t i o n s  i n  l i q u i d s  ( 7 6 )  assuming i s o -  
i 
i t r o p i c  r o t a t i o n a l  d i f f u s i o n  we have 

i n  t h e  extreme narrowing l i m i t .  P u t t i n g  t h e  exper imenta l  R ~ ~ ~ s  

ob ta ined  f o r  t h e  systems a t  315OK and t h e  c a l c u l a t e d  v a l u e s  of c 
i e  

T ,  and 72 a r e  c o r r e l a t i o n  t imes f o r  t h e  change i n  angu la r  
momentum and f o r  molecualr  r e o r i e n t a t i o n  r e s p e c t i v e l y .  
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and I i n  equat ion (5.7), t h e  7 I f o r  each system i s  obtained and 

shown i n  Table X I I I .  The T 2 ' s  a t  3 1 5 O ~  a r e  a l s o  obtained  able 

XIII) from t h e  experimental R ~ H ' S  f o r  t h e  systems a t  t h e  same 

temperature assuming t h a t  t h e  R I H ' S  a r e  predominantly due t o  in -  

t ramolecular  d ipole-d ipole  i n t e r a c t i o n s .  The a c t i v a t i o n  ene rg ies  

( c 2 )  f o r  molecular r e o r i e n t a t i o n  a r e  obtained from t h e  s lopes  

of t h e  R~~ vs  1 , ~  p l o t s  ( F i g .  5-6) and a r e  l i s t e d  i n  Table XIII. 

E .  Discussion 

For t h e  s p i n  g nuc le i  i n  t h e  two systems s t u d i e d ,  t h e  pro- 

bable  r e l a x a t i o n  mechanisms t h a t  may be e f f e c t i v e  i n  t h e  l i q u i d s  

a r e  t h e  d ipole-d ipole  i n t e r a c t i o n  and chemical s h i f t  an i so t ropy  

modulated by molecular r e o r i e n t a t i o n ,  s p i n - r o t a t i o n  i n t e r a c t i o n  

modulated by c o l l i s i o n s  and s c a l a r  r e l a x a t i o n  due t o  coupling 

i n d i r e c t l y  t o  a  quadrupolar ch lo r ine  i n  one of t h e  systems, C K F 2 C 1 .  

These a r e  discussed i n  t h i s  s e c t i o n  i n  t h e  l i g h t  of our experi-  

mental r e s u l t s .  

For t h e  pro tons ,  s p i n - r o t a t i o n  and a n i s o t r o p i c  chemical 

s h i f t  con t r ibu t ions  a r e  n e g l i g i b l e  and only the  d ipole-d ipole  

i n t e r a c t i o n  con t r ibu tes  t o  t h e  R I H 1 s  From t h e  genera l  BPP theo- 

r y  (65) it can be shown t h a t  f o r  t h i s  r e l a x a t i o n  p rocess ,  
2 

R l ~ = f  yH2 ( H2 )AV '2 (5.8) 

2 2 R ~ F  = 3  YF ( Hi )AV 72 (5.9) 

where ( H~ )AV i s  t h e  mean square magnitude of t h e  f i e l d  f l u c t u a -  

t i o n  a t  each nucleus,  
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72 ,  t h e  c o r r e l a t i o n  t ime f o r  molecular  r e o r i e n t a t i o n .  Be- 

cause  yH " y and T 2  i s  v i r t u a l l y  t h e  same f o r  H and F  as b o t h  
F 

n u c l e i  a r e  i n  t h e  same e s s e n t i a l l y  r i g i d  and n e a r l y  s p h e r i c a l  

molecule 

R 1 ~  " R 1 ~ '  

The observed d i f f e r e n c e  i n  RIH and RIF w i l l  be d i scus sed  l a t e r  

i n  t h i s  s e c t i o n .  

Usua l ly  i n  t h e  extreme narrowing l i m i t  R l  = R 2 .  T h i s  i s  

observed i n  t h e  R I H  and RpH f o r  CHzF2. I n  CHF2C1 t h e  p r o t o n  R 
2H 

i s  q u i t e  d i f f e r e n t  from R l H 0  A s  de sc r ibed  by Abragam ( 4 0 ) ,  t h e  

r a p i d  r e l a x a t i o n  of t h e  quadrupolar  c h l o r i n e  induces  r a p i d l y  

f l u c t u a t i n g  magnetic f i e l d s  a t  t h e  p r o t o n  th rough  t h e  s c a l a r  r e -  

l a x a t i o n  of t h e  second type  and c o n t r i b u t e s  on ly  t o  T2 under t h e  

c o n d i t i o n  

( w H  - UJ )2~1C12 >> 1 C 1  

where wH and wCl a r e  t h e  p ro ton  and c h l o r i n e  r e sonan t  f r e q u e n c i e s  

r e s p e c t i v e l y  and TIC1, t h e  c h l o r i n e  s p i n - l a t t i c e  r e l a x a t i o n  t ime .  

Accordingly ( 4 0 )  

- &H-C1 - R2H - RIH = 
s ( S  + 1) TIC1 = klTICl (5.10) 

where S  i s  t h e  s p i n  of t h e  c h l o r i n e  nuc leus .  

But TIC, i s  g iven  by ( 5 4 )  

t h e r e f  o r e  

- - ,  k  1 
Q ~ - ~ l  k272 



.e cor r  e l a t i o n  time f 

be t h e  same a s  t h e  T 2  i n  t h e  

l o g  p l o t  of &HBC1 f o r  CHF2C1 
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or molecular r e o r i e n t a t i o n  and should 

dipole-dipole  con t r ibu t ion .  Semi- 

aga ins t  t h e  inver se  temperature 

( F i g .  5-6) g ives ,  wi th in  experimental e r r o r s ,  an inver se  temper- 

a t u r e  dependence t o  t h a t  of t h e  dipole-dipole  c o n t r i b u t i o n  ( t h e  

RIHf  S )  a s  expected from t h e o r i e s .  

For t h e  f l u o r i n e s  s c a l a r  r e l a x a t i o n  con t r ibu tes  only t o  

t h e  T2 by t h e  same token a s  above and does not a f f e c t  t h e  f l u c -  

r i n e  T I .  The f l u o r i n e  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  due overwhelm- 

i n g l y  t o  t h e  s p i n - r o t a t i o n  i n t e r a c t i o n  modulated by c o l l i s i o n s .  

Cont r ibut ion  from aniso t ropy of t h e  f l u o r i n e  chemical s h i f t  has 

been shown t o  be n e g l i g i b l y  small  ( 6 6 ) ,  (L) T,, CSA < lo'*. I n  
I I' 

a d d i t i o n  t h e  f l u o r i n e  r e l a x a t i o n  r a t e s  have been found t o  be 

f ie ld- independent ,  w i th in  experimantal e r r o r s .  Over t h e  temper- 

a t u r e  range covered i n  the  experiment t h e  d ipole-d ipole  c o n t r i -  

bu t ion  can a l s o  be neglected i n  comparison t o  t h e  s p i n - r o t a t i o n  

con t r ibu t ion .  

I n  considering t h e  con t r ibu t ion  t o  r e l a x a t i o n  by t h e  spin-  

r o t a t i o n  i n t e r a c t i o n  i t  i s  found t h a t  t h i s  i n t e r a c t i o n  conta ins  

two time-dependent par ts- the molecular r e o r i e n t a t i o n  and t h e  

angular  momentum modulated by c o l l i s i o n s .  Approximate express- 

ions  have been derived (76,  77, 84, 90) f o r  t h e  c o r r e l a t i o n  func- 

t i o n s  by assuming t h a t  t h e  angular momentum and t h e  o r i e n t a t i o n  

of t h e  molecule a r e  independent? This should be a  good approx- 

imation if t h e  c o r r e l a t i o n  time f o r  t h e  change i n  angular  moment- 

++ For an a l t e r n a t e  t reatment  on a  l e s s  r e s t r i c t i v e  assump- 
t i o n ,  see  Ref. 67, Appendix B. 
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um, T ~ ,  is very different from that for molecular reorientation, 

T2 

When 7, << 72, according to Kuhlmann and Baldeschwieler 

(84) the fluorine transition probability (k,) between states of 

the same symmetry is given by 

where A rnF = *1 

( J O " ) ~ ~  = the mean square angular momentum 

and cA is the totally symmetric part of the spin-rotation in- - 
teraction tensor in the molecule-fixed CO-ordinate system. 

For transitions between states of different symmetry, and 71<<T2, 

the antisymmetric fluorine transition probability (ka ) is given 

by 

ka = Wa b T-' 

where M = AmF = *1 or 0 

and CB is the antisymmetric spin-rotation interaction tensor in 
=3 

the molecule-fixed co-ordinate system. 

Thus when << T~ the symmetric and antisymmetric transition 

Probabilities are all governed by the same correlation time T,. 

They then have the same temperature dependence and their ratio is 
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independent  of temperature  b u t  depends on t h e  magnitudes of t h e  

symmetric and an t i symmetr ic  s p i n - r o t a t i o n  i n t e r a c t i o n  t e n s o r s .  

When 7 ,  >> 7 2 ,  Kuhlmann and Baldeschwieler  (84) showed 

t h a t  t h e  symmetric t r a n s i t i o n  p r o b a b i l i t y  depends on bo th  T ,  and 

T ~ ,  ( T ~  w i l l  dominate due t o  t h e  c o n d i t i o n  T I  >> T, u n l e s s  t h e  

s p i n - r o t a t i o n  i n t e r a c t i o n  t enso r  i s  Very a n i s o t r o p i c )  and t h e  

an i t symmetr ic  t r a n s i t i o n  p r o b a b i l i t y  i s  dominated by T 2 .  Thus 

k, and k, w i l l  show d i f f e r e n t  t empera ture  dependence. 

From our p l o t  ( ~ i g .  5-6) t h e  f l u o r i n e  t r a n s i t i o n  probabi -  

l i t i e s ,  due predominant ly  t o  s p i n - r o t a t i ~ n  i n t e r a c t i o n ,  show 

marked d i f f e r e n c e s  i n  t h e  temperature  dependence from t h a t  of t h e  

d i p o l e - d i p o l e  i n t e r a c t i o n  as  expected from t h e o r i e s .  For bo th  

of t h e  systems t h e  k, and k, l i n e s  a r e  p a r a l l e l  showing t h e  same 

tempera ture  dependence. I t  i s  t h u s  a p p a r e n t  t h a t  w i t h i n  t h e  

framework of t h e  theory  t h e  c o n d i t i o n  T 1 << 7 2  h o l d s  f o r  b o t h  

CH2F2 and CHF2C1 between 217 ' and 3 1 5 ' ~ .  A t  3 1 5 ' ~  v a l u e s  of T 

and 72 c a l c u l a t e d  from exper imenta l  r e l a x a t i o n  r a t e s  show con- 

f i r m a t i v e l y  t h a t  << r2 ( s e e  Table  X I I I ) .  For lower tempera- 

t u r e s  t h e  c o n d i t i o n  must be t r u e  as 7 1  d e c r e a s e s  whi le  7, i n -  

c r e a s e s  as t h e  temperature  d rops .  The r a t i o s  between t h e  sym- 

m e t r i c  and ant isymmetr ic  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  independ- 

e n t  of temperature  and f o r  CHF2C1 

and f o r  CH2F2 



The symmetric and antisymmetric s p i n - r o t a t i o n  i n t e r a c t i o n  ten- 

s o r s  f o r  t h e  systems a r e  shown i n  Appendix C .  

I n  ord inary  long i tud ina l  r e l a x a t i o n  processes  t h e  relaxa-  

t i o n  r a t e  R 1  i s  made up of both  t h e  symmetric and antisymmetric 

t r a n s i t i o n  p r o b a b i l i t i e s .  For both  Cm2C1 and CH2F2 t h e  ind i -  

r e c t l y  found f l u o r i n e  t r a n s i t i o n  p r o b a b i l i t i e s  k, and ka a t  315"~ 

add up t o  be equal ,  w i th in  experimental e r r o r s ,  t o  t h e  d i r e c t l y  

measured RIF  a t  t h e  same temperature ( s e e  Tables X and X I ) .  

I n  our experiment t h e  f l u o r i n e  l o n g i t u d i n a l  r e l a x a t i o n  

r a t e  RIF i n  CHF2C1 i s  found t o  be g r e a t e r  than  t h a t  f o r  C H 2 ~ , .  

Hubbardl s i s o t r o p i c  r o t a t i o n  theory (76) of s p i n - r o t a t i o n  re-  

l a x a t i o n  i n  l i q u i d s  shows t h a t  f o r  a  p a r t i c u l a r  temperature t h e  

s p i n  r e l a x a t i o n  r a t e s  a r e  propor t ional  t o  C ~ I T ,  i n  t h e  extreme 

narrowing l i m i t .  Since i s  propor t ional  t o  1/72 f o r  a  p a r t -  

i c u l a r  temperature (76)  

using t h e  va lues  of C ,  I and 72 obtained s e p a r a t e l y  from o the r  

sources 
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i n  reasonably good agreement t o  t h e  experimental  r a t i o  of 1-18. 

Trans ient  homonuclear Overhauser experiments* done on t h e  

protons of t h e  systems show t h a t  t h e  r a t e  f o r  a  t r a n s i t i o n  t o  

a t t a i n  a  new s teady s t a t e  when another t r a n s i t i o n  i s  i r r a d i a t e d  

by a  s t rong  H2 i s  much f a s t e r  than  t h e  r a t e  of r e t u r n  of t h e  t r an -  

s i t i o n  t o  thermal equi l ibr ium when H2 i s  removed. The time re-  

quired f o r  ' h e a t i n g 1  up 2s found t o  be comparable t o  t h e  T IF' S '  

while  t h a t  f o r  cool ing '  down comparable t o  t h e  T lH' S .  This i s  

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

two t r a n s i e n t  processes .  The r a t e  of a t t a i n i n g  a new s teady 

s t a t e  i n  t h e  presence of Hz i s  determined p r i m a r i l y  by t h e  f luo-  

r i n e  r e l a x a t i o n  p r o b a b i l i t y ,  while t h e  r a t e  of r e t u r n  t o  thermal 

equi l ibr ium i s  determined by t h e  proton r e l a x a t i o n  p r o b a b i l t i ~ .  

The rotary-echo method used i n  t h e  p r e s e n t  s tudy  g ives  

q u i t e  s i m i l a r  r e s u l t s  a s  t h e  o ther  i n d i r e c t  method using one ob- 

se rv ing  and one i r r a d i a t i n g  f i e l d s  of d i f f e r e n t  i n t e n s i t y .  Essen- 

t i a l l y  t h e  method repor ted  here employs t h e  sane rf f i e l d  b o t h  

f o r  i r r a d i a t i n g  and f o r  observing. Thus t h i s  method provides a  

s t r a igh t fo rward  though i n d i r e c t  means of s tudying s p i n - r o t a t i o n  

r e l a x a t i o n  i n  l i q u i d s .  

+F Double resonance experiments performed on a  Varian H A ~ O O  

high-resolu t ion  NMR spectrometer .  



CHAPTER V I  

A CHALLENGING SYSTEM 

N, N-DIMETHYL-2,3-DIHYDROXY- 3-PHENYLPROPIONAMIDE 

@CH( OH) CH( OH) CON( 

This compound i s  a  very i n t e r e s t i n g  system. It has two 

d i s s i m i l a r  asymmetric carbon atoms and t h e r e f o r e  e x h i b i t s  o p t i c a l  

isomerism and a t  t h e  same time diastereoisomerism. There a r e  

a l t o g e t h e r  four  isomers, t h e  d-erythro,  t h e  1 -e ry th ro ,  t h e  d- threo  

and t h e  1- threo  forms. Not considering t h e  isomeric  modifica- 

t i o n s ,  each isomer i n  i t s e l f  p resen t s  a  s u f f i c i e n t l y  chal lenging 

system. It has lone p a i r s  of e l ec t rons  on t h e  oxygen and n i t r o -  

gen atoms i n  t h e  amido group and can a c t  a s  a  l igand .  Being an 

amide, t h e  C-N bond has a  p a r t i a l  double bond charac te r  h inder ing  

i n t e r n a l  r o t a t i o n  about t h a t  bond. The two v i c i n a l  hydroxyl 

groups g ive  an i n t e r e s t i n g  resea rch  idea  about pro ton  exchange 

i n  t h e  g l y c o l .  I n  t h e  following s e c t i o n s ,  We venture  t o  t ake  a  

f u r t h e r  look i n t o  t h e  above mentioned p r o p e r t i e s .  

A .  Prepara t ion  of t h e  Compound 

Attempts t o  prepare dl-erythro-N, N-dimethyl-2, 3-dihydroxy- 

3-phenylpropionamide by t h e  usual  organic  pe rac id  hydroxylat ion 

of dl-trans-N,N-dimethylcinnamamide gave unexpectedly a  40:60 

mixture of both  diastereomers ,  t h e  th reo  form being predominant, 

The anomaly prompted a  c l o s e r  i n v e s t i g a t i o n  of each of t h e  i n t e r -  
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Attempts to prepare dl-erythro-N,N-dimeth~l-2,3-dih~dr0xy-3-phenylpro~ionamide by 
the usual organic peracid hydroxylation of dl-trans-N,N-dimethylcinnamamide gave un- 
expectedly a 40:60 mixture of both diastereomers, the threo form being predominant. The 
anomaly prompted a closer investigation of each of the intermediate stages in the overall 
h droxylation process. Epoxidation of dl-trans-N,N-dimethylcinnamamide by monoper- 
pKthalic acid gave only dl-trans-N,N-dimethyI-3-~heny~glycidamid. Opening of the epoxide 
,in by acids gave a mixture of dl-erythro and dl-threo.di~ls In rf ratio of 40:60. cis-N,N-Dimethyl- 
3-p~enylglycidamide, when subjected to the same rmg-openmg processes, also gave a mixture, 
but in a ratio of 75:25. 
Canadian Journal of Chemistry. Volume 45.2123 (1967) 

The hydroxylation of an alkene by acid- 
catalyzed hydrolytic cleavage of the epoxide 
ring initially given by the reaction with 
organic peracids is commonly regarded 
(1-3) as leading stereospecifically to trans 
addition. In this paper we draw attention 
to an olefinic system which yields pre- 
dominantly the cis addition product when 
subjected to this treatment. 

Hydroxylation 
dl-trans-N,N-Dimethylcinnamamide 

(trans I), m.p. 94-95 OC, was hydroxylated 
by the standard method with hydrogen 
peroxide and formic acid (4). The epoxide 
I1 that  was first formed was rapidly 
opened in the formic acid solvent to give 
the hydroxy formyloxy compound 111. 
Hydrolysis of the monoformate I11 with 
base gave N,N-dimethyl-2,3-dihydroxy-3- 
phenylpropionamide (IV). IV, after re- 
crystallization from benzene, melted sharp- 
ly a t  92-93 OC; the product could not be 
separated by thin-layer or column chroma- 
tography on alumina. 

The 60 MHz proton magnetic resonance 
spectrum of IV in CDCI3 or  D 2 0  a t  42 OC 
displays not one but two N-methylamide 
doublets around T 7.2 of different intensity, 
the intensity ratio being independent of 
temperature over the range - 50 (in CDC13) 
to +200 OC (in molten neat product). The  
splitting within each pair is the normal 
amide chemical shift caused by the mag- 
netic anisotropy of the carbonyl bond, and 
by hindered rotation about the carbon- 
nitrogen bond (5-7). The coalescence 
temperature for both pairs was 60-65 OC in 
CDCII, and 75-80•‹C in D2O. The  two 
lines remaining above 75 OC did not coa- 
lesce even up to 200 OC in the molten prod- 
uct. In addition, the proton magnetic 
resonance spectrum shows two AB quartets 
around T 5.2 arising from the vicinal 
methine protons, the less intense quartet 
having J about 5 Hz, and the more intense 
having J about 6 Hz. The  intensity ratio 
of these quartets is identical (within experi- 
mental error) with that of the N-methyl 
group. The doubling of both the N-methyl 



CANAIIIAN JOURNAL OF CHI:'MISTKY. VOL. 45. 1907 

and the vicinal metliine proton spectrirlli 
cannot 1)e ascribed to rotameric isonieriza- 
tion in I \ '  caused by hindered rotation 
about tlle CM-CII bond as a result of 
intramolecular hydrogen bonding or hy 
steric factors, etc., because (i) the intensity 
ratio is temperature independent (8 )  , (ii) 
the observed value for JIIaHg (5-6 IIz) is 
indicative of an averaged vtcinal coupling 
over the three rotarners (9, lo), and (iii) 
the hydroxyl proton resonance in CI)Clo a t  
7 = 0.2 s l ~ o ~  s no evidence of a strong intra- 
molecular hydrogen bond (1 I). 

We therefore ascribe the doubling ob- 
served in the spectrum of IV to a mixture 
of diastereo~ners. Specific trans 11 ydroxyla- 
tion of trans I would yield erythro IV, 
whereas non-stereospecific hydroxylation 
gives both the erythro and threo isomers. 
Integration of the peak heights in the 
nuclear magnetic resonance spectra of three 
independently prepared samples yielded a 
relative intensity ratio of 1: (1.5 f 0.2) 
for the two isomer concentrations. 

The above interpretation was confirmed 
by comparison of the spectrum of IV with 
that of the threo IV (m.p. 117-118 "C) 
ohtained by Iiydroxylation of trans I with 
KhTn04 (I'L), and by mixed spectra of the 
two products. The proton spectrum of the 
threo isomer is identical with that of the 
major component of the organic peracid 
hydroxylation ~roduc t .  As a further check, 
the synthesis of pure erytlzro diol anlide 
(erythro IV) by KhlnOl hydroxylation of 
cis-N,N-dirnethylcinnamamide (cis I )  was 
desirable, I ~ u t  attempts to prepare cis I 
were unsuccessful. However, we conclude 
that the performic acid hydroxylation of 

J 
111 

(El-trans-N,N-din~etl~ylcin~latilaniide (tmns 
I )  gives prcdonlinantly cis liydroxylatio~~ 
in a GO:40 ratio. 

Xpoxidation , . 
I o discover where the non-stereospeci- 

ficity occurs, each of the individual stages 
involved in the overall hydroxylation 
process was investigated. Oxidation of 
dl-trans-N,N-dimethylcinnan~amide (trans 
I) by monoperph tl~alic acid gave only 
trans epoxide (trans I I ) ,  as expected for 
specific cis addition to the double bond (2, 
3, 13-16). The trans epoxide was identified 
by co~ilparison of its nuclear magnetic 
resonance spectral parameters (Table I) 
with those obtained by Tung et al. (17) for 
trans-N,N-diethy1-3-phenylglycidan1ide. A 
mixture of cis- and trans-N,N-dimethyl-3- 
plienylglycidamide was also prepared from 
benzaldeliyde and N,N-dimethyl-a-chloro- 
acetamide by Darzens condensation (17, 
18) ; the isomers were separated by chroma- 
tograpl~y on alumina to give a light-yellow 
liquid (b.p. 176 "C under 3 mm pressure) 
and a colorless solid (m.p. 96-97 "C). The 
nuclear magnetic resonance spectrum of the 
liquid was identical with that of trans I1 
prepared by epoxidation of trans I with 
~nonoperphthalic acid ; the spectral param- 
eters of the solid in CUCI3 agreed with 
those for cis-N,N-diethyl-3-phenylglycid- 
arnide (li'), and confirmed the assignment 
of the cis form to this isomer. 

Epoxide Ring Opening 
Treatment of dl-trans-N,N-dimethyl-3- 

phenylglycidamide (trans 11) with 80% 
aqueous formic acid, followed by base 
hydrolysis, and treatment with 25% sul- 
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TABLE I 
Nuclear magnetic resonance data at 60 MH7 and 42 "C 

---- - -- - -- -- --- - - 

Chemical shifts 

bm-cn, JR~IIS 

Compound Solvent CHs (7) (Hz) Ha (7) HB (7) (Hz) (HZ) 
- -- .- - - . - 

trans I CDCI, 7.01 - 3.18 2 .42  4 5 . 5  1;5.5 
trans 11 CI)CI., 7 . 0 3  6 .92 6..5 6 .38  5 .96 25 .0  2 . 0  
cis I I CI>Cla 7 .29  7 .12 10 .0  6 .13  5 . 7 9  20.5  4 . 5  
thrco IV CDC13 7.61 7 .17 26 .5  5 . 6 3  5 . 3 3  1 8 . 0  6 . 5  

1 1 2 0  7.41 7 .27 8 . 5  5 .32 5 .21 6 . 5  7 . 0  
CI)Clr 7 .26  7 .11  9 . 0  5 .37 5 .09  17 .0  eryllrro IV 5 . 5 
I)?O 7.09 6 .98  6  5 .19  5 .13  3 . 5  6 . 0  

furic acid in aqueous acetone both gave a 
mixture of diastereomeric glycols (approxi- 
mately 40% erythro (inversion) and 60% 
threo (retention), as in the performic acid 
hydroxylation product). Formic acid was 
deliberately used in the opening of the 
epoxide to make the reaction conditions in 
this isolated step as similar as possible to 
those involved in the hydrogen peroxide - 
formic acid hydroxylation process. The 
ring opening was repeated with dilute 
sulfuric acid to avoid using a base in the 
process. The possibility of isomerization in 
the alkaline hydrolysis of the glycol mono- 
ester was excluded by the observations of 
Curtin et al. (19) and by the fact that the 
same mixture was obtained from ring 
openings with and without alkaline hydrol- 
ysis. Opening of the ring in dl-cis-N,N- 
dimethyl-3-phenyIglycidamide (cis 11) with 
the same two processes gave approximately 
75% of erythro IV (retention) and 25% of 
threo IV (inversion). 

We point out that, in the present case, 
trans epoxide gave a mixture of diastereo- 
meric diols when the ring was cleaved with 
dilute sulfuric acid, in agreement with the 
results of Curtin et al. (19) but in contrast 
to the results of Tung et al. (17), who ob- 
tained only erythro diol from trans-N,N- 
diethyl-3-phenylglycidamide. Our cis epox- 
ide opened with more or less the same ease 
as the trans, giving also a mixture of 
diastereomers, again in contrast to the 
observation of Tung et al. (17), whose cis 
epoxyamide resisted ring opening under 
more or less the same conditions. 

DISCUSSION 

Epoxide ring opening has been the sub- 
ject of several recent reviews (13-15). 
Normally the ring opening is accompanied 
by Walden inversion a t  the reaction site 
independently of whether the reaction is 
conducted in acid, neutral, or basic media. 
This has led Parker and Issacs (14) to 
formulate the mechanism in terms of either 
a true SN2 process or what they call a 
"borderline SN2" process, a subtle distinc- 
tion being drawn between the relative 
proportions of bond forming and bond 
breaking in the transition states. However, 
both descriptions imply configuration in- 
version. Acid-catalyzed cleavage proceeds 
by initial protonation of the epoxide oxygen 
(13), but the subsequent steps in the n~ech- 
anism are apparently the same as those in 
neutral or alkaline ring opening. In acid 
media the possibility of an SN1 mechanism 
through a stable carbonium ion yielding 
mixed stereochemical products seems to be 
ruled out by the great stereospecificity of 
the process in most cases. 

On the other hand, there are a number of 
examples of ring openings which give com- 
plete retention of configuration (19-23). 
These cases are characterized by having an 
aryl and (or) a carbonyl group directly 
bonded to one or both of the epoxide ring 
carbon atoms. For complete retention of 
configuration, neither the SN2 nor the SN1 
mechanism can be the general explanation. 
A retention scheme resulting from two 
inversions a t  the reaction site has been 
proposed by Wasserman and Aubrey (22) 
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by invoking neighboring-group participa- yielding retention. The higher specificity 
tion (24, 25). of the reaction from the cis isomer com- 

pared with that  from the trans isomer is 
+ 5. j'j' .H understandable in terms of a stabilization 

,OH\ 
C- C<,.H Inversion , C I - I S - C - ~ ~ ' ~  of the four membered ring transition com- 

R '/ I I 
CH1 8- R' 

plex relative to the cis reactant as a result 
of the aryl-carbonyl repulsion present in 

0 llnversion the cis reactant. In the case discussed here, 
the neighboring-group effect could operate 

A . H 
R - > C - C i O H  alternatively through the lone pair on the 

d \ nitrogen atom. We have no evidence to 
CHa COR' choose between the two, apart from 

analogy with the other carbonyl systems 
An alternative mechanism (proposed by which give retention. 

Brewster (20)) that accounts for retention I t  is conceivable that the few non- 
is ion-pair formation between the charged stereospecific ring occur by an 
nucleo~hilic reagent and the charge center S, 1 mechanism through a stable carboniu m 
of the ~ro tonated  oxygen and developing ion. However, it is difficult to  see why a 
carbonium ion pair. carbonium ion should then not occur in 

8+ those similar cases which lead specifically 
+ to retention of configuration. A related 

C / ~ ~ ' C - - . ~ ~ ~ ,  criticism may be levelled a t  the double- 
H--; - inversion process. Specific retention in the 

cP5 'CHa CsHa CH, neighboring group participation scheme 

1 
implies a specific stable intramolecular 
interaction; again, it is difficult to  under- 

A, ,OH stand how such an interaction can compete 
H,2-- C. with 100% effectiveness against the normal h'-"6''6 SN2 process in most of the cases in which it 

CsHa CH, is detectable. 
Until answers to problems such as these 

This ion-pair mechanism changes into the are given, we agree with Curtin et al. (19) 
internal displacement mechanism ( S d  of that  epoxide ring openings, a t  present, are 
Ingold (26) when the attacking ion is of dubious reliability for demonstrating 
attached exclusively to the epoxide oxygen, configurational relationships. 
and into the modified SN2 mechanism of 
Parker and Isaacs (14) when the attacking EXPERIMENTAL 

ion is attached to the incipient carbonium dl-trans-N,N-Dimethylcinnamamide ( trans I )  
center. The procedure was similar to that of Cromwell 

hloreover, there are several cases, in and Coughlan (30). A solution of dimethylamine 
(9.5 g, 0.21 mole) in 50 ml of benzene was added addition to the one reported 'ere, of e~ox ide  slowly, with constant stirring, to a solution of trans- 

ring openings yielding both stereoisomeric cinnamoyl chloride (16.7 g, 0.1 mole) in 100 ml of 
products (19, 27-29). Again, the parent benzene cooled in a water bath. After all of the amine 
epoxides contain an aryl or carbonyl func- solution had been added, the reaction mixture was 

attached to the epoxide carbon atom, stirred a t  room temperature for 4 h. The hydro- 
chloride that precipitated was removed by filtration 

and the double-inversion mechanism may a t  the pump, and the filtrate was washed with two 
be operative. Our results can be explained 100 ml portions of 3 N HCI-NaCI solution and then 
by the Wasserman-Aubrey sequence if the twice with 3 N NaCl solution. The benzene solution 

intramolecular complex at the transition was dried over anhydrous sodium sulfate and the 
solvent removed under reduced pressure. The solid state is that a is struck was recrystallized from a 50:50 mixture of benzene 

between the normal SN2 inverting pat11 and petroleum ether (b.p. 65-11O0C), yield 90%, 
and the path through the weak complex m.p. 94-95 "C. 
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I I Ph. 

H' 

threo 

Hydroxylation of dl-trans-N,N-Dimethylcinnamamide 
(trans I )  with Hydrogen Peroxide - Formic Acid 

A solution of 17.5 g (0.1 mole) of trans I in 100 ml 
of 98-100% formic acid was cooled in a cold water 
bath; 25 g (-0.2 mole) of 30% hydrogen peroxide 
was added, with constant stirring, during about 
10 min. Then the reaction mixture was kept a t  
40-45 OC, with constant stirring, for 24 h. The 
solvent was removed under reduced pressure and 
the residue heated under reflux with sufficient 3 N 
aqueous NaOH a t  100 OC for 1 h. The product was 
extracted with chloroform, the extract dried, the 
solvent removed under reduced pressure, and the 
residue recrystallized from benzene, yield 40% m.p. 
92-93 "C. 

dl-threo-N, N-Dimethyl-2,s-dihydroxy-3-phenyl- 
Propionamide (threo I V )  

The procedure was similar to that of Boeseken 
(12). A solution of 17.5 g (0.1 mole) of trans I in 
500 ml of 95% ethanol was cooled in an ice-salt 
bath. A solution of 18 g (0.12 mole) of KMnO, and 
12 g (0.1 mole) of anhydrous MgSO. in 300 ml of 
water was then added during 23 h, the temperature 
being kept a t  about -10 "C. The ice bath was 
removed and the reaction mixture stirred a t  room 
temperature for another 23 h. The mixture was 
then filtered and the filtrate evaporated nearly 
to dryness under reduced pressure. The residue 
was treated with 250 ml of warm water and the 
solution filtered. The water was then removed 
under reduced pressure, the residue dried, and the 
solid recrystallized from benzene, yield 25% m.p. 
117-118•‹C. 

dl-trans-N,N-Dimethyl-3-phenylglycidamide 
(trans I I )  

A solution of 17.5 g (0.1 mole) of trans I in 100 ml 
of benzene was mixed with 36.5 g (0.2 mole) of 
monoperphthalic acid in 600 ml of ether, and refluxed 
for 6 h. The solvent was then removed under reduced 
pressure and the residue dried under vacuum. The 
solid was digested with 500 ml of chloroform that 
had been dried over anhydrous potassium carbonate, 

cis 

the mixture was filtered, and the solvent was re- 
moved from the filtrate, leaving a viscous oil. The 
oil was chromatographed on alumina, with benzene 
as eluent. Some unreacted trans I was washed down 
in the first portion, and the required epoxide in the 
following four. The epoxide was a light-yellow liquid 
boiling a t  180 OC under 3.5 mm pressure, yield 30%. 

cis- and trans-N,N-Dimethyl-3-phnylglycidam& by 
Darzens Condensation ( I  7) 

A solution of potassium t-butoxide (11.5 g, 
0.103 mole) in 100 ml of dried t-butanol was added 
to a mixture of 10.6 g (0.1 mole) of benzaldehyde 
and 12.2 g (0.1 mole) of N,N-dimethyl-a-chloro- 
acetamide under an atmosphere of nitrogen a t  
about 10 "C during 1) h. The reaction was allowed 
to proceed for another hour, and the alcohol was 
removed under reduced pressure. The residue was 
treated with 100 ml of ether and sufficient water to 
dissolve the potassium chloride. The ether solution 
was washed with saturated sodium chloride solution, 
dried with anhydrous sodium sulfate, and evapo- 
rated to dryness. The viscous oil was distilled under 
vacuum, and the fraction distilling a t  170-175 O C  

under 3 mm pressure was collected, yield 65%. 

Separation of cis and trans-N,N-Dimethyl-3-phenyl- 
glycidamide by Chromatography on Alumina 

Five grams of the distilled epoxyamide was chro- 
matographed on alumina. The series of eluents used 
was 50:50 hexane-benzene, benzene, 50:50 benzene- 
chloroform, and chloroform; 2.2 g of a light-yellow 
liquid was obtained from the first few portions of 
eluate, followed by about 0.8 g of mixed compounds 
and finally 1.5 g of a white solid. The yellow oil 
distilled a t  176 "C under 3 mm pressure, and the 
solid, after being recrystallized from benzene, 
melted a t  96-97 OC. 

Treatment of trans-N,N-Dimethyl-S-phenylglycid- 
amide (trans 11) with Formic Acid and Sodium 
Hydroxide 

To a mixture of 5 ml of 98-100% formic acid and 
2 ml of water was added 1 g of trans 11. The reaction 
mixture was kept a t  4 0 4 5  O C  in a water bath for 
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3 h and the solvent removed under reduced pressure. 4.  F. D. GUNSTONE. In Advances in organic 
The residue was heated under reflux with sufficient chemistry. Vol. 1. Interscience Publishers, Inc., 

New York. 1960. p. 103. dilute NaOH at O C  for h' The product 5.  W. D. pHILLIpS. J .  Chern. 13hys, 23, 136;{ was extracted with chloroform, dried, and evapo- (195.5). 
rated to dryness under reduced pressure. The residue 6.  H. S. G ~ ~ ~ ) ~ ~ ~ ~ .  ~ ) i ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~  ~~~~l~~ so,-. 
was then used directly for nuclear magnetic reso- 19,247 (1955). 
nance measurements without further recrystalliza- 7 .  H. S. GUTOWSKY and C. 1 1 .  I ~ O L M .  J. Cheln, 
tion. The spectra showed that the sample was pure. Phys. 25, 1228 (1956). 

8.  J .  A. POPLE, W. G. SCHNEIDER, and 11. J. 
Treatment of trans-N, N-Dimethyl-3-phenylglycid- BERNSTBIN. High-resolution nuclear magnetic 

amide (trans XI) with Dilute Aqueous Sulfuric resonance. McGraw-Hill Book Co., Inc., New 
Acid York. 1959. 

To a mixture of 10 m] of 30% acid and 9 .  J .  T. ARNOLD. P h y ~ .  Rev. 102, 136 (1956). 
5 of acetone was added 1 of trans 1 1 .  ~h~ 10. A. A. BOTHNER-BY and R. E. GLICK. J. Chem. 
reaction mixture was kept a t  40-45 "C in a water Phys. 25,362 (1956). 

11. W. G. SCHNEIDER, I I .  J. BERNSTEIN, and J .  A. 
bath for 3 h, the solvent removed under reduced POPLE. J. Chem. Phys. 28,601 (1!158). 
pressure, 10 ml of fresh water added, and the mixture 12. J. BOESEKEN. Iiec. Trav. Chirn. 47,683 (1!)2X). 
extracted with chloroform. The chloroform extract 13. A. ROSOWSKY. In Heterocyclic compollnds. 
was dried and evaporated to dryness under reduced A. Weissberger (Editor). Intersciencc I'ub- 
pressure. The residue was then used for nuclear lishers, Inc., New York. 1964. Pt. 1. p. 1. 
magnetic resonance measurements without further 14. R. E. PARKER and N. S. ISSACS. Chem. Rev. 
recrystallization. 59,737 (1959). 15. S. W I N S T I ~ N  and R. B. ~ I E N D I ~ K S O N .  In 
Treatment of cis-N,N-Dimethyl-3-phenylgly&da~de Heterocyclic compounds. VO~. 1. K. C. Elder- 

(& 11) with Formic Acid and Sodium IIydroxide field (Editor). John Wiley & SolW 1 llc., New 
The procedure was the same as for trans I I. York. 1950. p. 1. 

16. E. L. ELIEL. Stericeffects in organic chemistry. 
Treatment of M. S. Newman (Editor). John wiley & Sons, 

(cis 11) with Dilute Aqueous Sulfuric Acid Inc., New York. 1956. p. 106. 
17. C .  C. TUNG, A. J.  SPIIZIALE, and 14. W. FRAZII:K. 

The procedure was the same as for trans I I. J. Org. Chem. 28, 1514 (11163). 
Nuclear Magnetic Resonance Spectra 18. M .  S. NEWMAN and B. J. BAGERLI:IN. Org. 

The spectra were run on a Varian A56/60 instru- 
Reactions, 5,438 (1049). 

19. D. Y. CUKTIN, A. BRADLEY, and Y. G. I ~ E N -  
ment, with tetramethylsilane as  an internal standard DRICKSON. J. Am. Chem. Soc. 78,  4064 (1956). 
in those samples run in CDC1, a t  room temperature 20. J. H. BKEWSTI<R. J.  Am. Chem. Sot. 78,  4061 
and below, and as an external standard in those ( 1  956). 
samples run in D20. 21. C. C. ~ ~ J N G  and A. S. SI'IZIALE. J. Org. Chem. 

28,2009 (1!)63). 
22. 11. 11. WASSIRMAN and N. A u s l t e ~ .  J. Am. 
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mediate stages in the overall hydroxylation process. Epoxida- 

tion of dl-trans-N, N-dimethylcinnamamide by monoperphthalic acid 

gave only dl- trans-N, N - d i m e t W l - 3 - ~ h e n ~ l g l ~ c i d a m i d e .  Opening of 

the epoxide ring by acids gave a mixture of dl-erythro and dl- 

threo diols in a ratio of 40: 60. Cis-N,N-dimethyl-3-phenylgl~cid- 

amide, when subjected to the same ring-opening processes, also 

gave a mixture, but in ratio of 75:25. The usual trans-hydroxy- 

lation method being non-stereospecific here, the compound was 

finally prepared in its diastereoisomeric form viz. dl-threo- 

N, N - d i m e t h y l - 2 , 3 - d i h y d r o x y - 3 - p h e n y l p r 0 p 0 d  by cis-hydroxy- 

lation with potassium permangamte. 'The details of the whole 

investigation have been reported in Canadian Journal of Chemistry, 

Volume 45, 2123-2128 (1967), a copy of the reprint being en- 

closed. 

B. Effects of Metal Ions on the PMR of the Compound 

It has been postulated that an amide is coordinated to 

metals via the carbonyl oxygen (91). Some researchers, however, 

believe in complexation via the amino nitrogen ( 92, 93). There 

have also been suggestions for an amide to be bridging or bi- 

dentate in complex formation (94, 95). Being an amide, the corn- 

pound ICH( OH) CH( OH) CON( CH 3) 2 is a potential ligand. 

NM~, methods have been applied to observe complex formation 

between metal ions and diamagnetic ligand molecules. If the met- 

al ions are a l s ~  diamagnetic, complex formation usually results 



96 

in small low field shifts of the NICR signals for the ligands. 

While free or unbonded diamagnetic metal ions produce negligi- 

ble change in magnetic shielding they may lower the spin-lattice 

relaxation time of the magnetic nuclei slightly (96). If the 

metal ions in solution of the ligands are paramagnetic, fluc- 

tuation in the local field produced by the paramagnetic ions are 

great enough to broaden the absorption lines sufficiently to pre- 

vent detection unless the ions are only weakly paramagnetic or 

in very low concentration. This is because the electronic mag- 

netic moments are very large (compared with those of the nuclei) 

and provide an efficient relaxation mechanism to shorten T ,  con- 

siderably (97). Bloembergen, Purcell and Pound (65) have de- 

rived an eqression for TI in terms of the number N of paramag- 

netic ions of effective magnetic moment w e f f  in 1 c.c. in a so- 

lution of viscosity T as shown below. 

If the paramagnetic metal ions form Complexes in solution the 

spectrum of the nuclei in the ligand sometimes shows unusually 

large chemical shifts ( 98 - 101) . These large shifts are thought 

to be due to a slight transfer of unpaired electron spin froffl the 

Paramagnetic ion to the ligand molecule and the unpaired spin is 

then transmitted to the other nuclei in the ligand molecule by 

the contact mechanism. Also if Complexation occurs in solution 

the apparent value of p e f f  will be Concentration-dependent and 

Can be used as a means of studying such equilibria. Another eff- 
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e c t  which may be used f o r  t h e  same purpose i s  t h e  concen t r a t i on -  

dependent s h i f t  of t h e  NMR s i g n a l s  caused by t h e  p re sence  of pa- 

ramagnet ic  i o n s  ( 102, 103) . 
Some p re l imina ry  observa t ions  of t h e  e f f e c t s  of t h e  zn++, 

cdf+, ~ e + + ,  ~ i + f ,  CU++, cr++f Fe+++ and ~ n + +  i o n s  on t h e  PMR 

spectrum of t h e  system @ c H ( o H )  CH( OH) CON( CH3)  2 i n  deuter ium oxide  

s o l u t i o n  were done. With t h e  diamagnetic zn++ o r  cd++ ions ,  so- 

l u t i o n s  of t h e  amide and metal  ions  i n  molar r a t i o s  of 1:l and 

2 : l  r e s p e c t i v e l y ,  gave no d e t e c t a b l e  s h i f t  nor broadening of t h e  

NMR s i g n a l s  of t h e  l i g a n d  i n  deuterium oxide.  The s t r o n g l y  para -  

magnetic i o n s ,  crU+, Fe+++ o r  ~ n + +  even i n  q u i t e  low concentra-  

t i o n  ( l e s s  t h a n  0 . 0 5 ~ )  broaden t h e  resonance l i n e s  t o  a n e a r l y  

Undetectable  l e v e l .  With Fe++, ~ i++,  o r  i o n s ,  t h e  resonance 

s i g n a l s  of t h e  l i g a n d  a r e  s h i f t e d  up - f i e ld  and a t  th? same t i m e  

broadened as t h e  i o n  concen t r a t i on  i n c r e a s e s .  V a r i a t i o n s  of t h e  

chemical s h i f t  ( 6 )  and h a l f  wid th  a t  ha l f  he igh t  ( A W ~ )  of t h e  &. 

s i g n a l s  w i t h  concen t r a t i on  of ~ e + +  ions  i n  deuterium oxide s o l u -  

tion were ob ta ined  as shown i n  Table X I V .  For comparison, t h e  

V a r i a t i o n s  of 6 and Awa f o r  t h e  abso rp t ion  s i g n a l  of pu re  w a t e r  
3 

were ob ta ined  and shown i n  Table XV. 

From t h e s e  p r e l i m i n a r y  observa t ions  i t  i s  n o t  p o s s i b l e  t o  

t e l l  whether rnetal-amide complexes a r e  formed i n  s o l u t i o n  o r  n o t ;  

ne i the r  can it  be c e r t a i n  t h a t  t h e  observed u p - f i e l d  s h i f t  of 

g r e a t e r  than  ha l f  of a  k i l o h e r t z  i s  due t o  i s o t r o p i c  c o n t a c t  i n -  

t e r ac t ions  o r  t o  t h e  u sua l  e f f e c t s  of paramagnetic i o n s  o r  t o  a n  



Table X I V .  Var ia t ion  of Chemical s h i f t s  and ha l f  widths of 
proton resonances wi th  concentrat ion of ~ e + +  ions  i n  D,O 

s o l u t i o n  of dl- threo-  ~ C H (  OH) CH( OH) CON( C H ~ )  2. 

~ e + +  ion  
concentrat ior  
i n  mole / l i t re  

H20 - OH peak Phenyl peak N, N-dimethyl peak 

Table XV. Var ia t ion  of chemical s h i f t  and ha l f  width of t h e  
pro ton  resonance i n  pure water wi th  concent ra t ion  of ~ e * i o n ~ .  

~ e + +  ion  
concentrat ior  
i n  mole/l i trc --- 

0 

average e f f e c t  of t h e  two. The c l a r i f i c a t i o n  of t h e s e  po in t s  

Would be an i n t e r e s t i n g  resea rch  problem but  t h e  techniques r e -  

quired f o r  i n v e s t i g a t i o n  a r e  out of t h e  scope of t h i s  work. 

C .  Hindered I n t e r n a l  Rotat ion 
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Due t o  magnetic anisotropy of t h e  carbonyl bond and bin- 

dered i n t e r n a l  r o t a t i o n  ( s e e  Chapter 111, s e c t i o n  A )  about t h e  

carbon-nitrogen bond, t h e  two N-methyl groups of d l - t k e o -  

@CH( OH) CH( OH) CON( C H ~ )  absorb a t  d i f  f w e n t  f requencies  , 155 - 5  

hz and 164.0 hz from TMS i n  D2O s o l u t i o n  and 145 hz and 171.5 

hz from TMS i n  C D C 1 3  s o l u t i o ~ .  On r a i s i n g  t h e  temperature,  t h e  

two methyl peaks col lapse  i n t o  one around 60-65•‹C i n  CDC1,  and 

75-80•‹C i n  D,O. The coalesced l i n e  sharpens on f u r t h e r  hea t ing .  

NMR methods can be appl ied t o  s tudy the' hindered i n t e r n a l  r o t a -  

t i o n  here .  Any one of the  h igh-resolu t ion  s t e a d y - s t a t e  methods 

can be used but wi th  some l i m i t a t i o n s .  For t h e  case where t h e  

two peaks a r e  wider apa r t  t h e  double resonance method ( 4 4 ,  45) 

i s  a l s o  app l i cab le .  Spin-echo methods employing h igh  power rf 

pu l ses  a r e  not  s u i t a b l e  a s  t h e r e  a r e  o ther  protons not  t ak ing  

p a r t  i n  r o t a t i o n a l  exchange but they  w i l l  be a f fec ted  and sampled 

together  wi th  t h e  methyl s i g n a l s .  On t h e  o ther  hand, t h e  high- 

r e s o l u t i o n  rotary-echo method would be usefu l  here a s  i t s  fie- 

quency r e s o l u t i o n  makes i t  poss ib le  t o  s tudy t h e  methyl s i g n a l s .  

A d e t a i l e d  s tudy on t h i s  system has not y e t  been made.  his 

p o i n t  i s  r a i s e d  here only t o  include a l l  chemical o r  chemico- 

phys ica l  problems of i n t e r e s t  t h a t  a r i s e  from t h e  system Q C H ( O H ) -  

CH( OH) CON( C H ~ )  2.  

D o  Proton Exchange 

Another problem of i n t e r e s t  presented by our compound is 
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pro ton  exchange. The compound i s  a  dissymmetric g l y c o l .  Apart 

from in t ramolecular  exchange between t h e  pro tons  of t h e  v i c i n a l  

hydroxyl groups, in t e rmolecu la r ly  t h e r e  can a l s o  be d i r e c t  and 

cross  exchange between s i m i l a r  and d i s s i m i l a r  s i t e s  r e spec t ive -  

l y  i n  d i f f e r e n t  molecules a s  shown i n  t h e  fol lowing scheme: 

There a r e  a l t o g e t h e r  four  d i f f e r e n t  exchange r a t e s .  They can be 

s o r t e d  out  presumably by s tudying t h e  d i f f e r e n t i a l  co l l apse  of 

t h e  JHCOH couplings i n  t h e  b a s i c  AB p a t t e r n  of t h e  methine pro- - - 
t o n s ,  o r  i n  t h e  resonances of t h e  hydroxyl pro tons  o r  both .  

Deta i led  s t u d i e s  along t h e s e  l i n e s  have not  been made but  

some i n t e r e s t i n g  e f f e c t s  of d i f f e r e n t i a l  pro ton  exchange i n  t h e  

AB spectrum of t h e  methine protons have been observed. F ig .  6-1 

shows a  sequence of temperature runs from 40" t o  120'~ of t h e  AB 

methine pro ton  and t h e  hydroxyl pro ton  resonances of t h e  g l y c o l  

i n  a c e t o n i t r i l e  s o l u t i o n .  A t  40•‹c t h e  exchange among t h e  hydro- 

xy l  pro tons  i s  moderately slow. The spectrum of t h e  AB methine 

pro tons ,  each coupled t o  a hydroxyl pro ton ,  i s  not  resolved  and 



  he methine and hydroxyl proton resonances of 
~ ~ - ~ ~ ~ ~ o - ~ c H ( o H ) c H ( o H ) c o N ( c H ~ ) ~  in CH3CN solution. 
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c o n s i s t s  of two broad peaks corresponding t o  t h e  A and B proton  

t r a n s i t i o n s  r e s p e c t i v e l y  ( E V O / J H ~ ~ ~  w 3) . The hydroxyl p ro ton  

resonances a r e  a l s o  broad and nea r ly  degenerate and appear as an  

overlapping of two unresolved double ts .  A s  t h e  exchange r a t e s  

i n c r e a s e  when t h e  temperature i s  r a i s e d ,  t h e  hydroxyl pro ton  re -  

sonance sharpens up and t h e  AB q u a r t e t  begins t o  emerge but  t h e  

A p a r t  and B p a r t  sharpen up a t  d i f f e r e n t  r a t e s  r e f l e c t i n g  t h e  

d i f fe rence  i n  t h e  exchange r a t e s  k l  and k2. 

I n  N, N- dimethylf ormamide s o l u t i o n ,  t h e  methine pro tons  

and t h e  hydroxyl protons of t h e  g lyco l  have more o r  l e s s  t h e  

same chemical s h i f t s  a t  40•‹c. The spectrum c o n s i s t s  of only non- 

r e so lvab le  broad f e a t u r e s  overlapping each o t h e r .  Addition of 

t r a c e s  of pyr id ine  t o  t h e  s o l u t i o n  speeds up t h e  exchange con- 

s i d e r a b l y  and t h e  AB q u a r t e t  Comes out  d i s t i n c t l y  on top of t h e  

hydroxyl pro ton  resonances ( ~ i g .  6 -2 ) .  Lowering t h e  temperature 

slows down t h e  exchange and t h e  coupling of a  hydroxyl pro ton  t o  

each of t h e  AB methine protons complicates t h e  AB q u a r t e t  which 

f i n a l l y  becomes broad and unresolved again .  The d i f f e r e n t i a l  ex- 

change e f f e c t  i s  not  a s  d i s t i n c t  i n  t h i s  N,N-dimethylformamide 

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

so lven t  w i l l  t h e r e f o r e  f a c i l i t a t e  t h e  s tudy cons iderably .  

I n  genera l ,  t h e  d i f f i c u l t i e s  i n  t h e  p r e s e n t  case a r e  t h e  

temperature dependence of t h e  hydroxyl pro ton  resonances and t h e  

s h i f t  degeneracies among t h e  methine and hydroxyl pro tons  o r  be- 

tween t h e  hydroxyl pro tons  a lone .  The s h i f t i n g  of t h e  hydroxyl 
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proton resonances  up - f i e ld  as t h e  temperature  i s  i n c r e a s e d  i s  

due t o  a vary ing  e x t e n t  of hydrogen bonding among t h e  hydroxgl  

p ro tons  (104, 1 0 5 ) .  Th i s  e f f e c t ,  t o g e t h e r  wi th  t h e  s h i f t  degen- 

e r a c i e s ,  makes t h e  e x t r a c t i o n  of exchange d a t a  from NMR measure- 

ments h a r d e r .  I n  conc lus ion ,  t h e  p r e s e n t  problem i s  complicated 

b u t  i n t e r e s t i n g .  S o l u t i o n  of such a problem r e q u i r e s  h igh  r e -  

s o l u t i o n  and p r e c i s i o n .  The method of t o t a l  l i n e  shape a n a l y s i s  

of a h i g h - r e s o l u t i o n  - spectrum by computer i s  p r e f e r a b l e  b u t  t h e  

s e l e c t i v e  ro ta ry-echo  method may provide  a n  a l t e r n a t e  way. 



CHAPTER V I I  

SUMMARY AND CONCLUSION 

The h igh-resolu t ion  NMR ro ta ry -  echo technique i s  a  mod- 

i f i c a t i o n  of Solomon's rotary-echo experiment. The d i f f e r e n c e  

i s  e s s e n t i a l l y  i n  t h e  means of obta in ing  a  r e l a t i v e  180" phase 

change between t h e  f i e l d  H I  and t h e  y-component of t h e  magnet- 

i z a t i o n  vec to r  i n  t h e  frame r o t a t i n g  a t  t h e  Larmor frequency.  

The modified method proves t o  be p a r t i c u l a r l y  simple t o  apply 

wi th  commercially a v a i l a b l e  h igh- reso lu t ion  NMR spectrometer  and 

o f f e r s  some advantages i n  echo amplitude s t a b i l i t y .  The e f f e c t s  

of r a d i a t i o n  damping a r e  refocussed t o  f i r s t  order  and 'hat t h e  

e f f e c t s  of molecular s e l f - d i f f u s i o n  through t h e  H I  f i e l d  grad- 

i e n t s  can be removed a s  i n  t h e  Cam-Purcel l  spin-echo method. 

A genera l  t h e o r e t i c a l  t reatment  f o r  t h e  decay of t h e  ro-  

tary-echo t r a i n  i s  made. It i s  obtained t h a t  f o r  yH,  much l a r g e r  

than  t h e  n a t u r a l  r e l a x a t i o n  r a t e s  involved,  t h e  r o t a r y  echoes de- 

cay exponent ia l ly  t o  good approximation. The s o l u t i o n  f o r  t h e  

on-resonance rotary-echo decay can be obtained e x a c t l y  but  t h e  

off-resonance case i s  s t i l l  unsolved. The e f f e c t s  of t h e  inhomo- 

g e n e t t i e s  a~~ i n  t h e  s t a t i c  f i e l d  Ho can be made n e g l i g i b l e  a s  

long a s  H~ i s  l a r g e r  than  AHo. Nuclear Overhauser e f f e c t s  a r i s -  

ing  from cross  r e l a x a t i o n  among t h e  Z-components of two o r  more 

s p e c t r a l  magnetization vec to r s  does not  a f f e c t  t h e  ro tary-echo 

decay if none of t h e  o the r  magnetization vec to r s  i s  much l a r g e r  
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than  t h e  one under observat ion  and if yHl i s  much l a r g e r  than  

t h e  cross  r e l a x a t i o n  r a t e  involved. 

Exchange e f f e c t s  i n  h igh-resolu t ion  r o t a r y  echoes a r e  con- 

s i d e r e d .  Due t o  t h e  complexity of t h e  problem closed formulae 

t o  inc lude  chemical exchange a r e  s t i l l  t o  be found but  approxi- 

mate equat ions f o r  s p e c i a l  l i m i t i n g  cases have been der ived .  

Hindered i n t e r n a l  r o t a t i o n  about t h e  carbon-nitrogen bond i n  N,N- 

dimethylcarbamyl ch lo r ide  ( D M C C )  and N,N-dimethylnitrosamine 

(DMNA) i s  s tud ied .  Act iva t ion  energies  and frequency f a c t o r s  

of 15.1 and 25.0 kcal/mole and 2.70 X 10" and 2.99 X 1013 sec - I  

r e s p e c t i v e l y  a r e  obtained f o r  DMCC and DMNA r e s p e c t i v e l y .  These 

r e s u l t s  a r e  comparable t o  t h e  spin-echo r e s u l t s  and t o  some re -  

cent  r e s u l t s  of t h e  h igh-resolu t ion  s t e a d y - s t a t e  methods. The 

rotary-echo method, i n  chemical exchange s t u d i e s ,  can cover q u i t e  

a  l a r g e  o v e r a l l  range of exchange r a t e s  but  i t  s u f f e r s  from t h e  

drawback of r equ i r ing  t h e  knowledge of t h e  r e l a x a t i o n  t imes and 

i n  some cases ,  t h e  chemical s h i f t  t o  determine exchange r a t e s .  

Sometimes e r r o r s  i n  t h e  determinat ion of t h e  in termedia te  para-  

meters may a f f e c t  considerably t h e  accuracy of t h e  exchange r a t e s  

obta ined .  

In rotary-echo e q e r i m e n t s  pu l s ing  a t  sub-audio frequen- 

c i e s ,  i t  i s  found t h a t  t h e  rotary-echo decay i s  s e n s i t i v e  t o  un- 

resolved  s c a l a r  coupling t o  quadrupolar n u c l e i .  The method has 

been app l i ed  t o  determine the  coupling cons tan t s  JHCCN i n  ace t -  - - 

o n i t r i l e  ( C H ~ C N )  and J H ~ ~ ~  i n  chloroform ( c H c ~ , )  . The r e s u l t s  
- -  
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obtained a r e  i n  good agreement t o  those  obtained by o the r  r e -  

sea rcher s  w i t h  o ther  means. 

The f l u o r i n e  s p i n - r o t a t i o n  r e l a x a t i o n  i n  l i q u i d  chloro- 

d i f  luoromethane ( c H F ~ c ~ )  and d i f  lure m ethane ( C H ~ F * )  has 

been s t u d i e d .  An i n d i r e c t  method i s  used i n  which t h e  f l u o r i n e  

t r a n s i t i o n  p r o b a b i l i t i e s  a r e  determined by observing only t h e  r e -  

sonances of t h e  protons t o  which t h e  f l u o r i n e s  a r e  s c a l a r l y  cou- 

p l e d .  The method i s  based on t h e  i d e a  t h a t  t h e  n a t u r a l  l i n e -  

widths of t h e  proton resonances a r e  dominated by t h e  r ap id  re -  

l a x a t i o n  by s p i n - r o t a t i o n  i n t e r a c t i o n  of t h e  f l u o r i n e  n u c l e i .  

With t h e  e l imina t ion  of magnetic inhomogeneity e f f e c t s  by t h e  

h igh-~-eso lu t ion  ro ta ry -  echo method d i f f e r e n t i a l  l inewid ths  a r e  

observed among t h e  proton t r i p l e t .  Ana ly t i ca l  equat ions a r e  de- 

r i v e d  which l ead  t o  t h e  determinat ion of t h e  f l u o r i n e  t r a n s i t i o n  

p r o b a b i l i t i e s  frotn t h e  rotary-echo decay r a t e s  R 2 r ~  f o r  t h e  pro- 

t o n  resonances.  The symmetric and antisymmetric f l u o r i n e  t r a n -  

s i t i o n  p r o b a b i l i t i e s  k, and k, respect i -vely f o r  t h e  two systems 

a r e  found a t  var ious temperatures r an r~ ing  from 217" t o  315'~. 

The same t e m p e r a t u r ~  dependences of k, and 1ca rhow t h a t  t h e  cor- 

r e l a t i o n  time 7 f o r  the change i n  a n w l  a r  momflntum i s  much s h o r t -  

e r  than  t h e  col - re la t ion  t i r n r .  7 2  f o r  molr?cular i ' eo r i en ta t ion .  The 

r a t  Lor. ks/ka n re  folrl!d 1.0 1.f) about 13 f w  CBF,-''1 and about 9 f o r  

CH,~?, indept2ntienf., o r  ttcrt~per:~ture. Essc~n t i a l  l y  t h i s  p r e s e n t  me- 

thod ,";W-'S , l l l j t ~  sirni La]' illformation as  t h e  double resonance me- 

thod of KuhlnIann and Haldeschwieler . 
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I n  conclusion, t h e  h igh-resolu t ion  NMR rotary-echo tech-  

nique a f fo rds  a  frequency s e l e c t i v e  method f o r  t h e  s tudy  of slow 

r e l a x a t i o n  p r o p e r t i e s  of ind iv idua l  t r a n s i t i o n s  i n  a high-reso- 

l u t i o n  NMR spectrum. It has,  i n  genera l ,  wide a p p l i c a t i o n s  t o  

problems of chemical exchange, he teronuclear  r e l a x a t i o n ,  e t c .  

To d a t e  t h e  method i s  s t i l l  i n  i t s  f i r s t  s t a g e  of developement. 

Regarding t h e  ins t rumenta t ion ,  t h e  switching t r a n s i e n t s  have t o  

be f u r t h e r  suppressed t o  g ive  a  b e t t e r  echo sequence. So f a r ,  

only s u f f i c i e n t l y  concentrated s o l u t i o n s  o r  nea t  l i q u i d s  which 

g ive  moderately s t rong  s i g n a l s  Can be used t o  g ive  reasonably 

good echo sequences. To s tudy weaker s i g n a l s ,  t h e  s i g n a l  t o  

no i se  r a t i o  has y e t  t o  be improved. On t h e  t h e o r e t i c a l  s i d e ,  

mathematical p resen ta t ions  of t h e  rotary-echo decay w i t h  o r  with- 

out  exchange f o r  s i g n a l s  On o r  off resonance have t o  be r e f i n e d .  

We be l i eve  t h a t  t h i s  method w i l l  a cqu i re  an important p o s i t i o n  

i n  t h e  NMR f i e l d  a s  improvements along t h e  above mentioned l i n e s  

a r e  made. 
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APPENDIX A 

PHENOMENOLOGICAL TREATMENT OF EXCHANGE BETWEEN TWO SITES 

The ave rage  f r a c t i o n a l  l o s s  of magne t iza t ion  f o r  e v e r y  

t r a n s f e r  of s p i n s  from one s i t e  t o  a n o t h e r  can  be ob t a ined  by 

t a k i n g  t h e  mean over a c y c l e  of t h e  f r a c t i o n a l  l o s s  of magneti-  

z a t i o n  ~ ( 0 )  when a t r a n s f e r  occurs  w i t h  a n  o r i g i n a l  phase a n g l e  

8  of t h e  magne t iza t ion  v e c t o r ,  provided t h e  fo l l owing  c o n d i t i o n s  

ho ld :  

k  << url ( A  -1) 

1 k < < -  
2 7 (A 02)  

Condi t ion  ( ~ . 1 )  a s s u r e s  t h a t  t h e r e  i s  a chance f o r  a t r a n s f e r  

a t  any  v a l u e  of 8 between 0' and % o O ,  whi l e  c o n d i t i o n  (A-2) 

a s s u r e s  t h a t  t h e  chance f o r  one p a r t i c u l a r  s p i n  t o  undergo more 

t han  one t r a n s f e r  between two p u l s e s  i s  n e g l i g i b l e .  

( a )  For t r a n s f e r s  from t h e  on-resonance s i t e  t o  t h e  o f f -  

resonance s i t e  

F i g .  A-1 shows t h e  p r o j e c t i o n  of t h e  p r e c e s s i o n  p a t h s  of 

t h e  on- and off -resonance magne t iza t ion  v e c t o r s  on t h e  xz-plane,  

t h e  y-axis  be ing  pe rpend icu l a r  t o  t h e  XZ-plane and p o i n t i n g  ou t -  

wards .  S t a r t i n g  from OA a t  t = 0, t h e  on-resonance v e c t o r  p re -  

c e s s e s  i n  a c i r c l e  abou t  H1 and i s  r e p r e s e n t e d  by AOK whi l e  t h e  

o f f - resonance  v e c t o r  p r e c e s s e s  i n  a Cone abou t  He,, r e p r e s e n t e d  

by O A L .  Consider a t r a n s f e r  from on-resonance t o  o f f  -resonance 

a t  a n  a n g l e  0  where 0 i s  t h e  phase a n g l e  a t t a i n e d  when t h e  vec- 



t o r  p r e c e s s e s  abou t  H 1  from OA t o  OB. A f t e r  t h e  t r a n s f e r  t h e  

v e c t o r  w i l l  p r eces s  abou t  He,, i n  a cone r e p r e s e n t e d  by OFG. 

The phase a n g l e  cp of OB w i th  r e s p e c t  t o  t h e  new cone of p r eces s -  

18' 

F i g .  A-1. P r o j e c t i o n  of t h e  p r e c e s s i o n  p a t h s  of t h e  
magne t iza t ion  v e c t o r s  on t h e  xz-plane . 

i o n  i s  g iven  by 

t a n  cp = 

and FE = 

There i s  a l s o  a phase 

MosinO - - s i n e  
MocosOcosa cos0cosa 

change (cp - 8  ) i n  t h e  t r a n s f e r .  If 

W 1 

( w I 2  + b 2 ) +  

t h e  l o s s  of magne t iza t ion  i s  mainly due t o  t h e  phase d i f fe rence  

r e s u l t i n g  from t h e  t r a n s f e r  and t h e  e f f e c t i v e  new ampl i tude  

a f t e r  t h e  t r a n s f e r  f o r  t h e  v e c t o r  of o r i g i n a l  amp l i t ude  Mo i s  

FEcos (cp - 0 ) . Simpl i fy ing ,  We g e t  

new e f f e c t i v e  ampl i tude  = ~ ~ ( c o s ~ 0 c o s a  + s in20  ) . 
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Therefore ,  t h e  dec rease  of magne t i za t i on  due t o  one t r a n s f e r  

= M , ( I  - C O S ~ ~ C O S U  - s i n 2 e )  

= 2 ~ ~ s i n ' ~ c o s ~ 0  

and t h e  f r a c t i o n a l  l o s s  F ( B )  i s  g iven  by 

~ ( e )  = 2sin2$os2e 

f o r  a t r a n s f e r  occu r r ing  a t  a n  o r i g i n a l  phase a n g l e  8  . 

( b )  For t r a n s f e r s  from t h e  off - resonance s i t e  t o  t h e  on- 

resonance s i t e  

S i m i l a r  t r ea tmen t  as t h e  above l e a d s  t o  f r a c t i o n a l  l o s s  

F ( B  ) = 2sin2zcos2e - s ina t anacos8  . (A -6) 

Taking t h e  mean over  a complete c y c l e  and s i n c e  

t h e  mean f r a c t i o n a l  l o s s  f o r  a c o r r e l a t e d  t r a n s f e r  (A-B and B-.A 

s imu l t aneous ly )  between two s i t e s  i s  e q u a l  t o  sin2;  

6 where a  = tan'' (-) , 
'J'1 



APPENDIX B 

INERTIA TENSORS FOR CHF2C1 AND CH2F2 

( a )  ~ h l o r o d i f  luoromethane ( C H F ~ C ~ )  

With r e f e r e n c e  t o  F i g .  B-1 and us ing  t h e  known atomic 

molecular  parameters  shown t h e r e i n ,  t h e  e lements  of t h e  i n e r  

t e n s o r  f o r  chlorod.if  1uoromeUmne ( C H F ~ C ~ )  a r e  ob ta ined .  

and 

t i a  

amu 

amu 

amu 

amu 

F i g .  B-1 . The CHF2C1 molecule .  

The primed frame has  i t s  o r i g i n  a t  t h e  c e n t r a l  carbon 

atom and t h e  y t z f - p l a n e  i s  a plane of symmetry of t h e  molecule .  

The two f l u o r i n e  atoms f a l l  i n  t h e  x 1 Z f - p l a n e .  By t h e  p r i n c i p l e  

of moments and by symmetry, t h e  c e n t r e  of g r a v i t y  G of t h e  sys -  

tem i s  found a t  (0 ,  0.573, 0.071 i n  A ? .  The frame having i t s  
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o r i g i n  a t  G i s  unprimed and has  a l l  i t s  a x e s  p a r a l l e l  t o  t h o s e  

of t h e  primed f rame.  With r e f e r e n c e  t o  t h e  frame a t  G, t h e  i n -  

e r t i a  t e n s o r  I ( G )  f o r  t h e  molecule i s  found t o  be 
M 

D i a g o n a l i z a t i o n  of ( B . I )  r e s u l t s  i n  t h e  i n e r t i a  t e n s o r  ~ ( p )  - w i t h  

r e s p e c t  t o  t h e  p r i n c i p a l  a x e s  of r e f e r e n c e  f o r  t h e  molecule  as 

g iven  by 
101 0 1 amuI2. 

53 - 

The p r i n c i p a l  a x e s  a r e  ob ta ined  by a r o t a t i o n  abou t  t h e  x - a x i s  

i n  t h e  counte rc lockwise  d i r e c t i o n  through a n  a n g l e  of abou t  42 O .  

(b ) D i f  luoromethane ( C H 2 F n  ) 

With r e f e r e n c e  t o  F i g .  B-2 and u s i n g  t h e  known a tomic  and 

molecular  parameters  shown t h e r e i n ,  t h e  e lements  of t h e  i n e r t i a  

t e n s o r  f o r  t h e  system a r e  c a l c u l a t e d .  

3'! 3 

amu 

amu 

amu 

i 
F i g .  B-2. The CH2P2  molecule .  
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The primed frame has  i t s  o r i g i n  a t  t h e  c e n t r a l  carbon 

The two f l u o r i n e  atoms f a l l  i n  t h e  x l z  ! -p l ane .  By t h e  p r i n c i p l e  

of moments and by symmetry, t h e  c e n t r e  of g r a v i t y  G of t h e  system 

i s  found a t  (0 ,  0, -0.566 i n  1). The frame having i t s  o r i g i n  a t  

G i s  unprimed and has  a l l  i t s  axes  p a r a l l e l  t o  t hose  of t h e  primed 

frame.  The i n e r t i a  t e n s o r  M I(G) with  r e s p e c t  t o  t h i s  frame i s  

found t o  be 

which i s  d i a g o n a l .  The x-, y- and z-axes a r e ,  t h e r e f o r e ,  t h e  

p r i n c i p a l  axes  f o r  t h e  molecule .  



APPENDIX C 

SPIN-ROTATION I N T E R A C T I O N  TENSORS FOR CHF2C1 AND CH2F2 

The symmetric and ant isymmetr ic  s p i n - r o t a t i o n  i n t e r a c t -  

cA and cB r e s p e c t i v e l y  i n  a molecule-f ixed co-ord in-  i o n  t e n s o r s  
3 

a t e  system a r e  g iven  by 

where C l  and C2 a r e  t h e  t e n s o r s  f o r  t h e  f i r s t  and second f l u o r i n e  
M M 

n u c l e i  wi th  r e f e rence  t o  t h e  same molecule-f ixed  co -o rd ina t e  

system. 

( a )  Chlorodifluoromethane ( C H F ~ C ~ )  

With r e f e r e n c e  t o  F i g .  B-1,  i n  t h e  unprimed frame, t h e  

t e n s o r  c f o r  a f l u o r i n e  nuc leus  can be w r i t t e n  as  
G3' 

The t e n s o r  Cs f o r  t h e  o t h e r  f l u o r i n e  nuc leus  can be ob ta ined  by 
M 

a symmetry o p e r a t i o n  which in t e r changes  t h e  two f l u o r i n e  n u c l e i .  

Here a r e f l e c t i o n  wi th  r e s p e c t  t o  t h e  yz-plane in t e r changes  t h e  

f l u o r i n e  n u c l e i  and t h e  a p p l i c a t i o n  of t h e  t r ans fo rma t ion  t o  M I  c 

g i v e s  



From e q u a t i o n s  ( C  -1)-(C .4) 

p x x  0 

and 

( b )  D i f  luoromethane ( C H ~ F ~  ) 

With r e f e r e n c e  t o  F i g .  B-2, i n  t h e  unprimed frame, t h e  

t e n s o r  C1 f o r  a f l u o r i n e  nuc leus  can be w r i t t e n  as  
N 

s i n c e  M C 1  must be i n v a r i a n t  under r e f l e c t i o n  w i t h  r e s p e c t  t o  t h e  

xz-p lane .  The t e n s o r  (J2 - f o r  t h e  o t h e r  f l u o r i n e  nuc l eus  can  be  

ob t a ined  by a symmetry o p e r a t i o n  which i n t e r c h a n g e s  t h e  two f l u -  

o r i n e  n u c l e i .  For example, 180' r o t a t i o n  a b o u t  t h e  z - a x i s  i n t e r -  

changes t h e  f l u o r i n e  n u c l e i  and t h e  a p p l i c a t i o n  of t h e  t r a n s -  

fo rma t ion  t o  M C 1  g i v e s  



and 


