
6' 

NAME OF AUTHOR/NOM DE L'AUTEUR C iaude LP-SSf GME 

TITLE OF THESIS/T,TRE DE IHiSE Spin R e l a x w o n  and Molecular Motion in Liquid 
0 

--? $Z -,& CH3;r, Hg(cH3), and s~(cH~), and ~euteriwn Isotope 

Shift for the S e r i e s  S~(CH~).+-~(CD~)~ 

~ i m n  FraSer U n i v e r s i t y  . . 

U N I V E R S I ~ / U N I V E R S I T E '  -- .- .- . - . . . . - .- - - . -- 
-i------- 

DEGREE FOR WHICH THESIS W A ~  @ES@NTED/ 
GRADE POUR LEQUEL CETTE THESE FUT P R ~ S E N T ~ E  Doctor of Philosophy - 

r 

YEAR THIS DEGREE CONFERRED/A,NN~E D'OBTENTION DE CE D E G R ~  /9 7.r 

" 

\,4 --,-- A 

Permission i s  hereby granted to the NATIONAL LIBRARY Of L'sutorisation est, par /a prgsente, accordbe 3 la ~ 1 8 ~ 1 0 ~ ~ ~ -  

CANADA t o  mic ro f i lm th is  thesis and to lend or sell copies QUE NA7IONALE DU CANADA de microfilmer cette these et 

of the f i l m .  de prefer ou de vendre des exempleires du film. 
.. 

The a u%or reserves other pub1 i ca t iw rights, and mit  her the L'auteur se r s e m  -tes autres draits de publicstion; ni la  , 

t h e s i s n a e x t e n s i v e e x t r a c ~ s f r m i t m a y ~ p r i n t ~ a r o t h e r -  th~senidelongsextraitsdecelle-cinsdoiveniBtreimprimds 

wise r e p r h c e d  without the author's witten prmission. w autrement repraduits sans I'sutorisation &rite de l'auteur. 



I 

SPIN P33LAZATIQX A I D  MOLECULAR MOTION I N  I ~ Q u I D  

CH3Er, H ~ ( c H ~ ) ~  AND s ~ ( c H ~ ) ~  

A IVD 

LETJTEPITJM ISOTGPS SHIFT  FOE: TIXE SEXES s~(cH~),-,(cD~), 

i 
5.3~. , California State College at Long Be.a,ch, 1970 

A THESIS SUBI4ITTED II\T PAFTIAL FULFI'U4ENT OF 

DOCTOE OF PHILOSOPHY 

in the Department 

January, 1975 

t l 1  r ~ g h t k  r e s e r ~ ~ e 6 .  This thesis - - - -  
srhole o r  i n  p a r t ,  by photocopy o r  
penfiission of the euthor. 

may no t  be- reproduced 
o the r  means, without 



Claude 

Degree: Doctor of Philosophy @ I 

Ti t le  of Thesis: Spin Relaxation and ~ o l e c u l a r  Motion in Liquid 

CH3Br, Hg( CH3 ) , and Sn( C H ~ )  and Deuterium 
Isotope Shift f o r  the  Ser ies  S n ( C H 3 ) 4 - n ( ~ ~ 3 ) n  

Committee : 

Chairman: . Dr. Lfionel B. Funk 

. DK E. J. Wells 
Senior Supervisor 

D r .  J. ~alw 

mr, J .M.  b ~ ~ u r i a  

D r .  --~,!b. Crozier 

D r .  A. R, Sharp 
External ' ~xamine r~  

- 

Assmiate ~ r o ~ s s o r  
University of MichLgan 



I hereby  g r a n t  t o  Simon F r a s e r  U n i v e r s i t y  t h e  r i g h t  t o  lend 

my t h e s i s  o r  d i s s e r t a t i o n  ( t h e  t i t le  o f  which i s  shown below) t o  u s e r s  
> 

of t h e  Simon F r a s e r  U n i v e r s i t y  L i b r a r y ,  and t o  make p a r t i a l  o r  s i n g l e  

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

of  any  o t h e r  u n i v e r s i t y ,  or  o t h e r  e d u c a t i o n a l  i n s t i t u t i o n ,  on i t s  'own 

b e h a l f  or  f o r  one of i t s  u s e r s .  I f u r t h e r  agree t h a t  p e r r n i s s i o n ' f o r  

m u l t i p l e  copying of t h i s  t h e s i s  f o r  s c h o l a r l y  purposes  may be g r a n t e d  

by  me or  the Dean of  Graduate S t u d i e s .  It i s  unders tood  t h a t  copying 

or p u b l i c a t i o n  of t h i s  t h e s i s  f o r  f i n a n c i a l  g a i n  s h a l l  n o t  be a l lowed 

w i t h o u t  my w r i t t e n  pe rmiss ion .  I 

di 

F i t - l e .  of Thes i s  / ~ i s s e r t a t i o n  : 
- 

,- \-?pin Relaxation and Molecular Motion i n  L iqu id  CH3Br,  
I 

/H~(cH~)B and Sn(CH3)4 and Deuterium I s o t o p i  Shift f o r  

the  Series s~(cH~)~-,(cD~), 

Author : 

Claude Lass igne 

(name ) 

( d a t e )  



AESTRACT 

Spin-lattice relaxation times of ]H ,?D ,  ' 3 ~ ,  lSsn and 

19'Hg have been measured over a wide temperature range in 

liquid CH3Br, H ~ ( c H ~ ) , ; s ~ ( c H ~ ) ~  and their isotopic modifi- 

cations. These measurements have alloGed the separation of 
B 

the relaxation mechanisms. It was found that the spin-rotation 

interaction mecha~ism contributes to 'H and ' 3~ relaxation; 

and for both nuclei this mechanism is dominated by motion 

ab0u.t the molecular figure axis. Estimates are given for the - -  L 

11_1 i q ,  
9 lgsn and lS9Hg spin-rotation constants. It is con- 

cluded that molecu.lar reorientation about the symmetry axis 

is not well-described by molecular diffusion: Reorientation 

of the methyl group about the symmetry axis is much faster than 

reorientation of the symmetry axis for all molecules studied. - 
It also shows that spin-rotation is the dominant mechanism for 

?l1"sn and lS9~g relaxation and that the interaction.becomes 

more important for the hFgher Z nuclei. The scalar relaxation ' 

mechanisms of and,13c in methyl bromide allowed the estima- 

tion of several previously unreported scalar coupling constants. 

The menbers of' the series S ~ (CH~),-~(CD~)~ were prepared \ 

$9 study the effect of changes in the moments of inertia upon 
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C 

t h e .  s p i n - r o t a t i o n  dominaAed TI of t h e  " ' ~ n  nucleus.  The 

r e s u l t s  demonstrated t h a t  t h e  s p i n - r o t a t i o n a l  r e l a x a t i o n  
1 

time v a r i e s  Ai rec t ly  a s  1' and thus i n  t h e  r o t a t i o n a l  d i -  
B 

f f u s i o n  limi$! molecular  r e o r i e n t a t i o n  t imes vary a s  . 
- J 

pr,eparation of t h e s e  compounds allowed us t o  s tudy t h e  suc- 

1 cess ive  deuterium iso tope  e f f e c t s  on t h e  H J  13c and 1 1 9 ~ n  I 
Lt 

chemical s h i f t s  and spin-spin coupling cons tants .  The r a t i o  
cC 

JX-H /7J,I-D - .  
(where % = 'H, 13c and ll',Sn) i s  always very c lose  

t o  t h e  value Eredicted from t h e  gyromagnetic r a t i o s  ( Y ~  /yD = 

6.5144). On t h e  a,verage t h e  vaJues of JX - a r e  s l i g h t l y  

highgr  than  6.5144 J~ - ;however they a r e  wi th in  t h e  range of 

experimental  e r r o r .  A l l  chemical s h i f t s  ('H, I3c and lZ9sn) 

were u p f i e l d  on success ive  deu te ra t ion  through t h e  s e r i e s .  

Proton i so tope  s h i f t s  were 0.017-0.030 pprn, carbon-13 isotope 

- s h i f t s  were 0.088-0.352 pprn f o r  secondary and 0.700 PPm 

f o r  primary e f f e c t s ,  while t in-119 i s o t o p i c  s h i f t s  were 

0.8-2.9 ppm. The s i z e  of t h i s  i s o t o p i c  s h i f t  r e f l e c t s  
t 

t h e  chemical s h i f t  range f o r  t h e  p a r t i c u l a r  nucleus.  This 

chemical s h i f t  range i s  t h e  paramagnetic con t r ibu t ion  t o  t h e  

t o t a l  s h i e l d i n g  cons tant .  Since t h e  paramagnetic term 

inc reases  roughly as t h e  4/3 power of Z t h e  t in-119 nucleus 

x i 1 1  have t h e  l a r g e s t  chemical s h i f t  range ( 2000 ppm) and 

i s  thus more s e n s i t i v e  t o  changes brought on by deutera t ion .  

_ The T l  s and chemical s h i f t s  of a v a r i e t y  of t L n  compounds 

h e x  been surveyed. The r e s u l t s  show t h e  very l a r g e  chemical 



s h i f t  range f o r  t in-119 and the  r a t h e r  s h o r t  TI values.  
C 

+ ' .  
m e r e  i s  a. - t r end  from ohr d a t a  which shows a c o r r e l a t i o n  

of T ~ ~ ~ (  l l s s n )  with t h e  paramagnetic term of t h e  s h i e l d i n g  

t e n s o r  f o r  t h e  t in-119 nucleus. A s e r i e s  of l i 3 s n  reso-  
9 

nances has a l s o  been observed when anhydrous SnC1, i s  

dissolved i n  water. Tenta t ive  .assignments have been made - - 
f o r  the poss ib le  ~ n (  ~ 1 1  G - n ( ~ ~ ) n  spec ies  p resen t  i n  

s o l u t i o n ,  

We have observed d i f f e r e n t i a l  T I  I s  f o r  t h e  inner  and 

ou te r  components of t h e  13c q u a r t e t  i n  H~(cH~) ,,. We a t t r i -  

bute  t h i s  t o  probable symmetry e f f e c t s  i n  t h e  d ipole-d ipole  

dominated TI of t h e  carbon-13 sp in .  
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When an ensemble 

CHAPTER 1 
i 

& 

OF SPIN-LATTICE RELAXATION 

of nuclear spins is placed in a 

strong magnetic field go, it will show a resulting equilibriuh 
?. 

macroscopic magnetization given by, 

At thermal eq~ilibriu~ there is only a magnetization component 
i 

parallel to the externaJ magnetic field flo, but no perpendicular 

cornponents. However if we then apply a perturbation such as 
t 

an rf fieldjgl(t) to this equillbriwn state and later remove 
u 0 

it e can create an instantaneous magnetizetion fl(t) which 

has both parallel and perpendicular components with respect to 
- 1,' 

f i5 .  The eT~olu;tions of these components may often be charac- 

terized by the time constants TI and T2. 

As described above the instantaneous magnetization 3(t) 

bas ttro components . The longitudinal component s ( i .'e,. parallel - - 

- L G  usual exponential recovery towards its' equilibrium valuk 

is descrLbed by a ,  characteristic value T I  called the spin-lattice 

..?laxation time whicfi involves the transfer of energy between I .  
E s g h  and its surroundings (lattice). 0,$the bther hand the 



perpendicular  o r  t ransverse component has a decay descr iued . 

by a time cons tant  c a l l e d  the  spin-spin r e l a x a t i o n  time ( ~ 2 )  

because it involves t h e  t r a n s f e r  of 'energy from one s p i n  t o  
* 

another  within t h e  s p i n  system. These r e l a x a t i o n  processes  

have been descr ibed  by Bloch (1946) i n  terms of f irst  order  . 

d i f f e r e n t i a l  equat ions ,  whdch serve  as phenomenological 

d e f i n i t i o n s  of TI and T 2 .  

4-. S p e c t r a l  dens i ty  and au to -cor re la t ion  func t ions  

When some random funct ion .  f ( t ) w i t h  average value zero 

$ 1 ~ - c t u a t e s  i n  some t L ~ e  i n t e r v a l ,  then t h e  time dependence 
- + 

of t h e  s t a t i s t i c a l  average i s  described by t h e  a u t o c o r r e l a t i o n  

func t ion  ~ ( r  ),  y~hich %- serves  a s  a' "memory funct ion" or t h e  

f l u c t u a t i o n ,  averaged over t h e  ensemble. 

- 
y 4 q  then G(7 ) ^ I  f (t) ) *and conversely when 7 becomes ve ry  l a r g e  

' ~ ( 7  ' approaches zero .  Frequently G(T ) may be approximated as 



an exponent ia l  decay w i t h -  a  c o r r e l a t i o n  time T ~ ;  then  t h e  

au to -cor re la t ion  func t ion  i s  assumed t o  have t h e  form 

(Carr ington  and lilc Lachlan , 1967) 
"3 

The au to -cor re la t ion  func t ion  G ( T )  i s  r e l a t e d  t o  t h e  spec tm.1  

. dens i ty  func t ion  J(W) by a  Four ier  t ransformat ion  ( c a r r i n g t o n  

and Mc Lachlan 19671, 

Exponential  c o r r e l a t i o n  func t ions  g ive  only a  crude 

d e s c r i p t i o n  of most r e l a x a t i o n  experiments i n  l i q u i d s .  Nuclear 

m a g n e t i ~  r e l a x a t i o n  experiments i n  the  extreme narrowing 

l i m i t  W ~ T ~  << 1 y i e l d  d~ a ~ d  are thus  unable t o  dele-  
A 

n i a t e  pos,sible f i n i t e  . . s t ruc ture  i n  t h e  a u t o c o r r e l a t i o n  funct ions ;  

t h i s  e f f z c t  may lead t o  i n c o r r e c t  concJusions when based on 

assumed exponentia i t y  f o r  G ( T ) .  However f a s t e r  time s c a l e  
f, 

methods such as I R  and Raman band contour a n a l y s i s  may be a b l e  
4 

L bo &ve d e t a i l e d  i n f o m a t i a n  about t h e  shape of the auto-  

c o r r e l a t i o n  func t ion  (Rothschi ld 1970). 

If -ue a s s d  an sxponenkial  decay  f o r  G ( T  ) w e  have  



The spectrum for this function is shown in Figure 1-1 (Pooh . 

and Faracah 1971) . 

-. 
r l p r e  1-1 The spectral d e r q i t y  fyction 

fluctuation - with an decaying auto- 
i 

correlation function value of 

one. J '  



"*J # 

f o r  t h e  i n t e r a c t i o n  

g n e t i c  d ipoles  is w r i t t e n  in opera to r  form, 
\ 

Hamiltonian i s ,  in Cartes ion  t e n s o r  form: 
-F 

. where ?( i) and ?( j )  a r e  t h e  s p i n  vec tor  opera tors  of t h e  
4 
4 

two nucle i .  D, , ( t )  is  t h e  dipola,r i n t e r a c t i o n  t e n s o r  
J-J 

between nuclei ' i  and j, with components which da$en& op. ; , 
and t h e  e x t e r n a l  f i e l d .  The t e n s o r  components a r e  timeL.*.- 

dependent i n  a  coordina te  system f ixed  by t h e  e x t e r n a l  

f i e l d ,  because of two rekons: i) i f  t h e  two n u c l e l  belong 

' t o  t h e  same molecule t h e  d i s t ance  ; i s  f ixed  bu t  6 var ies  

according t o  t h e  r o t a t i o n  of t h e  molecule, ii) i f  t h e  

n u c l e i  belong t o  d i f f e r e n t  molecu.les t h e  r e l a t i v e  t r a n s -  

l a t i o n a l  motion makes ,; a l s o  time dependent. 
C 

1. Intramolecular  dipole-dipole  

For r o t a t i o n a l  motion, xhich i s .  a l l  t h a t  i s  necessary 
@ 

f o r  in%ramolecUlar dipole-dipole  i n t e r a c t i o n s ,  f o r  l i k e  sp ins  

t h z  long i tud ina l  r e l a x a t i o n  r a t e  of magnetization of I sp ins  

i s  given by (Abragm 1951), 



where y i s  t h e  gyromagnetic ' r a t i o  of n u c l e i  with s p i n  I, 

w, i s  t h e  angu la r  precess ion  frequency of n u c l e i  I and T~ 

i s  t h e  rn@ecular c o r r e l a t i o n  time. I n  mobile l i q u i d s  

where t h e  r e l a t i o n  w ,T << 1 holds ,  

This s i t u a t i o n  i s  c a l l e d  t h e  extreme narrowing con( 

For s e l e c t i v e  experiments on t h e  I sp ins  wi th  d ipole  i n t e r -  

a c t i d n  between un l ike  s p i n s  ( I  ahd S )  i n  t h e  extreme narrow- . 

ing l i m i t ,  it i s  given as 

7i%u-s, t h e  d i p o l a r  i_nteraction ' i s  r e l a t e d  t o  molecular 

geometry v ia  t h e  r ap id  r dependence. However t h e  c o r r e l a t i o n  
/, 

1' 

t ime i s  d i f f i c u l t  t o  determine and w i l l  be discussed i n  
'1 

more d e t a i l  i n  a l a t e r  sec t ion .  
, . 

2. Intermolecular  dipole-dipole  

The intermolecular con t r ibu t ion  depends on t h e  same 

motions a s  those  f o r  in t ramolecular  dipole-dipole  a s  wel l  

a s  on t h e  r e l a t i v e  t r a n s l a t i o n a l  msrtions. Since t h e s e  
- 

motions have Yl f fe ren t  c o r r e l a t i o n  t imes they  l ead  t o  some- 

>[hat d i f f e r e n t  expressions f c r  t h e  con t r ibu t ion  of d i p o l a r  

* r e l a x a t i o n  t o  



identical ) 
L 

Bloombergen, Pureell and Pound (1948) showed that 

the spin-lattice relaxation of a single nuclear spin (1=1/2) " ( V '  

in a liquid is induced by the fluctuating local magnetic I 

field of its neighbouring spins (assuming all nuclei are 

where a is the molecular ~adius and Cs is the liquid's 

self-diffusion constant. Their results have now been 

generalized to systems with many nuclei by ~utowsk~ and 

Woessner. (1956)~ 

where y is the gyronagnetic ratio of the nucleus, r is the 

internuclear distance, N is the number of molecules per unit 

volme and a is an average spherical molecular radius. The 5 

summation C is over nuclei of the same type as i and DC over 

all others. The translational relaxation time in Eq. (1-13) 

is given by 

These self-diffusion constants nay be known or can be estimated 



-8- - -rr 

- - - - - - 

uSing Gierer  and Wirtzls  (1953) formula fo r  t h e  t r a n s l a -  
3 " 

t i o n a l  d i f f u s i o n  cons tant  o f  a s p h e r i c a l  molecufe with 

and v i s cos i t y  in a spherical-  so lvent  

'trans 

t r a n s l a t i o n a l  f r i c t i o n  constant  . 

t h e  t r a n s  l a , t iona l  microvis c o s i t y  f a c t o r .  

Although t h e s e  fo-mulas were derived fo? spheres  they  a r e  

c ornrnonly used and work wel l  f o r  non-spherical  molecules. 

' C. Quadrupolar r e  l a x a t i o n  

Nuclei x i t h  spin I g r e a t e r  tfian l/2 posses e l e c t k i c  

~ u a d r u p o l e  moments eQ. The i n t e r a c t i o n  of t h e  quadrupole 

moxent with t h e  molecule-fixed e l e c t r i c  f i e l d  g r a d i e n t s  

provides a very e f f i c i e n t  r e l a x a t i o n  path.  In t h i s  case 

-4 4 x it) = I*!+) * ?  A .  



-C 
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t he  t ensor  of rank 2 is  time dependent because of t h e  r o t a -  

ticin of the  m l e c u l e .  The t r a n s l a t i o n a l  motion 5s n o t  

kcgortant  behause t h e  f i e l d  g rad ien t s  a r i s e  from charge 

d i s t r i b u t i o n s  srithLn t h e  molecule t o  .which t h e  nucleus 

b2151-g~. For the case of molecular r e o r i e n t a t i o n  and i n  

t h e  1 i r ~ i - b  t h a t  L ~ T ~  << 1, +t can be shovm t h a t   bragam am 

l y 3 ) ,  

i:here I is t h e  s p h - f o r  t h e  k c l e u s ,  q 5s t h e  f i e l d  g rad ien t  

zs:'-rtrnetry [ r= ( T  - 72- 
- a ) 1 ,  ( e 2 ~ q / h )  i s  t h e  quadrupole 

--SJ 

n r ; l + l i n g  constant Zz arid T 2s t h e  molecular c o r r e l a t i o n  c  
t iY! e 

9 

2.  Cherfiica-1 shift,  an i so t ropy  
- it 13 xe?? kno~rn..,that a nucleus does no t  experience 

the Isbor~Cc~j apclied magnetic field Ho but  i n s t e a d  a l o c a l  



The amount of sh i e ld in g  depends on t h e  o r i e n t a t i o n  of t h e  

molecule but  i n  i s o t r o p i c  l i q u i d s  and gases  t h e  average 

value a i s  de tec ted  ads a f i e l d  o r  frequency s h i f t  , , 

The nucleus on t h e  average sees  a  chemical s h i f t  g iven  by 

a ,  however on a s h o r t e r  time s c a l e  it s e e s  f l u c t u a t i o n s  

in the l o c a l  r m g ~ s t i c  f i e l d .  Therefore i f  uxx 
J~~~~ %z a r e  

x 

no t  equal  ( 5 ,  e. s n i s o t r o p i c )  , t h i s  provides a r e l a x a t i o n  

mechanism. The magnitude of t h i s  mechanism i s ,  

Sp in - ro ta t ion  r e l a x a t i o n  

This is  t h e  i n t e r a c t i o n  of a  nuc lea r  magnetic moment 

i:ith the magnetic f i e l d  prodv.ced a t  t h e  p o s i t i o n  of t h e  
4 

niieleus by the  r o t a t i o n  of.the molecule containing t h e  



-t 

xhere 7 i s  t h e  nu-clear s p i n  opera tor ,  J i s  t h e  molecular 
4 

a r g u l a z  rnomenturr! opera tor  and -? i s  t h e  s p i n - r o t a t i o n  t e n s o r  

cons i s t ing  of ranks 0 , l  and 2. For l i q u i d s  undergoing 

i s o t r o p i c  rnolecu-lar r e o r i e n t a t i o n  by rap id  r o t a t i o n a l  

d i f fus ion ,  t h e  r e l a x a t i o n  r a t e  i s  given by ( ~ u b b a r d  1963) 

;&ere C 2  = and T ,  is t h e  angu la r  momentum corre-  eff , $9 

la- t ion t ime which is  a, neasure of t h e  time a lnolecule spends 

i-n any given angular  xornentux s t a t e .  

5. Relaxat icn by sea lax  coupling 

Scalar  coup?bg i s  "Le in t ramolecular  nuc lea r  mag- 

netic c o u p l i ~ g  f m n d  in m l t l p l e t  s p l i t t b g  of high reso- , 

l u t i o n  ITia?. .This coupl ing i s  a source of r e l a x a t i o n  f o r  

sp in  I if e % t h e r  t he  coupling constant  A o r  s p i n  S a r e  

t k e  dependent. Pie hyperf ine coupl ing Hamiltonian i s  

3.c s c a l a r  = %5f t )  4 ( t )  



spin I modulated by r e l a x a t i o n  of S i s  given by Abragam (1961) 

where U = 2nJ, TI, and T, are t h e  l o n g i t u d i n a l  and t r ans -  
3 S 

verse relaxxt5on t i m s  of nucleus S, w I h?4,pS are the 

Lamor f requencies  of nucleus I and S. From &s equat ion 

xe can see  t h a t  un$ess pT, is cf t he  same orde r  a s  (uI-wS) S 

and ZTTJ i s  large t h e  llSC cont r ibu t ion  ):ill be n e g l i g i b l y  



APiISOTROPIC I4OLZCULAR iiFORIENTATION IN LIQUID 
I ~ T H Y L  BROMIDE ' 

A. i n t roduc t ion  

A cpns idersble  amount of work, both experimental  and 

t h e o r e t i c a l ,  has been devoted over the  p a s t  decade t o  t h e  

problems of mo1ecula.r r e o r i e n t a t i o n  and molecular c o l l i s i o n  

dynamics in l i q u i d s  sand dense gases ag or don 1968). 

increas ing  number of experimental techniques a r e  being 

brought t o  bear  on the\se problems, and now include I R  and 

- \, -&man band shape contours  ordo don 1966, Rothschild 1 9 6 9 ~ 9 7 0  

1972, and Goldberg and-Pershan 1373), neutron s c a t t e r i n g  

{Zge l s t a f f  e t  a l .  1371), d i e l e c t r i c  r e l axa t ionY?oole  and 

Ferach 1970)' and magnetic r e l a x a t i o n  (yoole and Farach 1970). 

hr. important dynamic parameter which i s  obtained from these  

T - ~ t h o d s  i s  t h e  molecular o r i e n t a t i o n  c o r r e l a t i o n  time r 
0 , 4  ' 

-.t7rir.' ,...-- n 1s a measure of t h e  o r i e n t a t i o n  memory time of an 

-j --- -! idual  -- molecule a g e i n s t  space-fixed axes.  Here C denotes 

A -  -fie ~ r d e r  of the  s p h e r i c a l  harmonic of t h e  r e l evan t  i n t e r a c t i p n ;  

L = 1 - f o r  r e c r i e n t a t i c n  of a  vector  such a s  t h e  e l e c t r i c  d ipole  
* - 

zszsnt a p ~ r a ~ r i a t e  t o  t h e  I R  lbcshape and d i e l e c t r i c  r e l an -  

arise r;r&lma, ;:hemar 1 = 2 f o r  t h e  t ensor  r e o r i e n t a t i o n s  



A second parameter of i n t e r e s t  which r a G t o t h e  

microscopic dgna-mics i s  t h e  c o r r e l a t i o n  time 7, of t h e  

molecu.la r angular  amomenturn o r  angular  ve loc i ty .  This has 

been considerably more d i f f i c u l t  t o  monitor, but  may i n .  

s u i t a b l e  cases be obtained from magnetic r e l a x a t i o n  due t o  

s p h - r o t a t i o n  i n t e r a c t i o n .  C l a s s i c a l l y  t h i s  i n t e r a c t i o n  

a r i s e s  from t h e  coupling of a nuclear  magnetic d ipo le  with 

t h e  magnetic f i e l d  produced by t h e  r o t a t i o n  of a molecular 

e l e c t r i c  quadru-pole. If independent information (from, 
r, 

f o r  example, molecular beam s t u d i e s )  i s  a v a i l a b l e  on t h e  

magnitude of t h e  coupling cons tant ,  then  measurement of t h e  

nuclear  s p i n - l a t t i c e  r e l a x a t i o n  time leads  f a i r l y  d i r e c t l y  

t o  2 value f o r  T ~ .  Such s t u d i e s  a r e  exemplified by t h e  

elega,nt work on l i q u i d  P 1 0  F by Maryott e t  a l .  (1971). 
3 

The importance of ~ ~ u l t a n e o u s  measurement of T 
$96 

and 

T i s  tha,t t h e  r e l a t i o n s h i p  betT;7een these  microscopic para- 
'% 

u e t e r s  i s  model-dependent, and thus  toge the r  they  g ive  

i n s i g h t  t o  the  s t a t e  of molecular motion. Early workers 

Ps sss1;irned an i s o t r  p ic  hydrodynamic model ( ~ e b y e  1929), t h e  

s3 -ca l l ed  r f l i o m l  d i f  fus  ion  model, i n .  which t h e  angular  

- i c loc i t ?  changes r a p i d l y  ( 7  << T ~ , )  and t h e  o r i e n t a t i o n  
'31 J J  

cha%e:s. by I. su.ccessior~ of small Erownian ,steps. In t h i s  

535 t h e  ~ : ~ . t ? c ~ ~ r ? l % t i c n  func t ion  f o r  a n g u h r  p o s i t i o n  decays 



exponent ial ly .  Hubbard (1963). l a t e r  showed t h a t  i n  t h e  same 

l i m i t  T 
0 ,& 

a,nd T a r e  inverse ly  r e l a t e d  
'LC 

The l i m i t i n g  case of i s o t r o p i c  r o t a t i o n a l  d i f f u k i o n  has been 

extended i n t o  t he  gas-like region   l loom 1967) where T~ 78 

may become comparable t o  T e , t y  but  where t h e  in termolecular  

torques represented  by T . . a c t  impulsively.  This extended , 

D 
V 

d i f f u s i o n  model -as app l i ed  by Gordon (1966) t o  l i n e a r  molecules, 

and f u r t h e r  t o  s p h e r i c a l  molecules by McClung (19691 and 

7 riman and Rider '1959). A f e a t u r e  of t h e s e  t h e o r i e s  i s  t h a t  

a  d i s t i n c t i o n  can 5e made between J -d i f fus ion ,  w h e r e k b o t h  

the magnitude and d i r e c t i o n  of t h e  angular  nomentum is  random- 

i z e d  upon c o l l i s i o n ,  a n d  M-diffusion, where only t h e  o r i e n t a t i o n  

of t he  molecular angular momlenturn i s  randomized. In  those 

:PSI  cases where a  c r i t i c a l  experimental t e s t  has been made 

t o  da te ,  weakly o r  non-l;olar l i n e a r  o r  quas i -spher ica l  mole- 

c- lea i n  t h e  l i q u i d  p h a s e  outs ide  the  r o t a t i o n a l  d i f f u s i o n  

- - k i t  appear t o  obey ; -diffusion dynamics[ClO F ( ~ a r y o t t  et a l .  
3 

19'1, 921, ( 5 i l l e n  eC al. 1972),  C S 2  ( S p r i s s  et a l .  1971, 

recen~:? t h e  e n t i r e  t rea tment  of i s o t r o p i c  molecular dynamics 

. - .  
;I - 1 ; ~ i d s  h s - b e a n  u n i f i e d  i ~ i s e l s o n  and Keyes 1972) by 

r-laz6Cion of t h e  ir_.lpulsive tc rque  condi t ion  t o  include long 
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This l i m i t  corresponds t o  t h e  s o l i d - l i k e  c e l l  theory  of -' 

l i q u i d s  y ie ld ing  t o r s i o n a l  o s c i l l a t i o n s  i n  t h e  molecular 
/ 

o r i e n t a t i o n ,  and i s  t h e  one appropr ia te  t o  Ivanovrs  (1964) 
$9 

d e s c r i p t i o n  of r e o r i e n t a t i o n , i n  the  l i q u i d  phase, l a t e r  

used by OfRe i l ly  (1968,1971,1972) and Atkins (1969). 

The r o t a t i o n a l  d i f f u s i o n  model of a l i q u i d  views t h e  

r e o r i e n t a t i o n a l  motion of a  molecule a s  proceedirg slowly 

v i a  a  l a r g e  number of small a,ngular s t e p s ,  whereas i n  t h e  

f ree-gas  and s o l i d - l i k e  models l a r g e  incoherent angular  

changes may take  place during inf requent  " c o l l i s i o n s " .  

In t h i s  l a rge  angle s t e p  case,  Eq .  2 1 )  evolves i n t o  T *  w , 

7 

, 

8,2' Eq. ( 2 - 2 )  becomes i n v a l i d ,  and t h e  a u t o c o r r e l a t i o n  

funct ion  of 0 approximates a  gaussian decay. Nuclear 

magnetic r e l a x a t i o n  stiudies of T alone  have ' l imi ta t ions  
0, .e  

i n  probing such d e t a i l s  of t h e  microdynamics, f o r  i n  t h e  

"extreme narroving" l i m i t ,  m,T 0 << 1 ( appropr ia t e  t o  dense' 

gases  and l i q u i d s )  only t h e  a rea '  of t h e  angular  c o r r e l a t i o n  

"netion i s  normally determined, and not  i t s  shape. Fas te r  

t h e - s c a l e  methods, such as IR and Raman l ineshape s t u d i e s ,  

a r e  p r e f e r a b l e  i n  t h i s  r e spec t ,  bu t  it now appears   oldbe berg 
, 

zr-13 Pershan 197:) t h a t  some of the e a r l i e r  viork(lothschi ld 

19F9,1979,1072) a i o w  these  l i n e s  i s  suspect  because of 
.s-L 

neg lec t  of v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n .  The p i c t u r e  
- - 

that Ts emerging i s  that small  s f & n e t r i c  non-polar molecules 



- - -- - pppp-pp - 

r o t a t i o n   illen en and G r i f  f  i t h s  1972),  cyclohexane (0 '  R e i l l y  

e t  a l .  1972),  U F  (Bu l l  and Johas ' 1970)~  AsH3 (Burnet t  and 
6 

Zeltmann 1972)]  undergo molecular r e o r i e n t a t i o n  t h a t  i s  not  ' 

in t h e  r o t a t i o n a l  d i f f u s i o n  l i m i t ,  but  r a t h e r  i n  t h e  so-ca l led  

" i n e r t i a l  region" between r o t a t i o n a l  d i f f u s i o n  and t h e  quantized 

_ f r e e  r o t a t o r .  On t h e  o the r  hand, t h e  presence of a  moderate 

electric dipole  i n  a (necessar i ly ' )  asymmetric molecule sends 

t h e  r e o r i e n t a t i o n  of t h e  d ipole  a x i s  i n t o  t h e  d i f f u s i o n  l i m i t  

( fo ldberg  and Pershan 1973, G i l l e n  and Noggle 1970),  even 

f o r  a  molecule a s  small  as NH, ( ~ t k i n s  e t  a l .  1969,  ille en 

and Noggle 1970).  Moderately a n i s o t r o p i c  molecules of i n t e r -  
- 

mediate. s i z e  such as  to luene  ( ~ i v e l s - o n  and Keyes 1972) and 

~ h l o r o b e n z e n e ( 0 ~ ~ e i l l y  1971, Bull  and Jonas 1970) may be i n  

t h e  s o l i d - l i k e  c e l l - t h e o r y  J i m i t ,  which may a l s o  ahply t o  

l i q u i d s  under ,h igh  pressure  ( ~ u l l  and Jonas 1970, Van der  Hart 
\ 

1973) 

The above t h e o r i e s  of molecular r e o r i e n t a t i o n  a r e  i s o t r o p i c ,  

 hereas as t h e  normal experimental  s i t u a t i o n  i s  one of a n i s o t r o p i c  

molecular geometries,  motions and in terac%ions .  The aniso-  

t r o p i c  motional problem'has been solved i n  t h e  r o t a t i o n a l  

d i f f u s i o n  l M i t  by + ~ u n t r e s s  (1968,1970), and t h e  a n i s o t r o p i c  

s p i n - r o t a t i o n  i n t e r a c t i o n  problem l n  t h e  same limit by Bender 

and ~ e i d l e r ( l g 7 l ) .  The a n i s o t r o p i c  symmetric t o p  theory has 

Men given very- recat -@ by-McClung (1972) i n t o  LEe extenaed 

d i f f u s i o n  o r  i n e r t i a l  ~ e g i o n ,  and 

i ~ r g e  angle  jmps ( ~ ~ ~ e i l l y  1972, 

19722) . 

f o r  random a n i s o t r o p i c  

Cukier and Lakatos-Lindenberg 



- -- --- 

The s o l u t i o n s  a r e  found t o  be OF s i m i l a r  f o n  t o  those of 

t h e  a n i s o t r o p i c  smal l -s tep  , c a s e .  However t h e  connection 

between t h e  two models i s  made only i f  t h e  aniso t ropy of 

t h e  d i f f u s i o n  t ensor  can be a t t r i b u t e d  t o  the aniso t ropy 

of t h e  i n e r t i a  t ensor .  This d i f f e rence  between t h e  aniso- 

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  and extended d i f f u s i o n  cases  

' r e l a t e s  t o  the assumption i n  r o t a t i o n a l  d i f f u s i o n ,  of complete 

lack  of c o r r e l a t i o n  between d i f f e r e n t  molecule-fixed components 

of angular  ve loc i ty ;  i n  t h e  gas - l ike  i n e r t i a l  reg ion  of 

extended d i f f u s i o n  t h e  angular  momentum i s  taken  a s  a cons tant  

of the  motion between c o l l i s o n s  and i t s  components a r e  

c o r r e l a t e d  by precession.  ~ c ~ l u n g ~ s  t rea tment  i n d i c a t e s  

t h a t  changes i n  t h e  aniso t ropy of the  d i f f u s i o n  t e n s o r  with 

TLu 
could account f o r  t h e  d i f f e r e n c e  i n  t h e  apparent  a c t i v a t i o n  

energies  of D 
1 1  and 7- xhich have been observed i n  C H 3 1   i ill en 

- 
2t a l .  1 9 7 1 ) ~  CD3CN, T:OC1  illen en and ~ o g ~ l e  1970) and i n  . 

3 

our s t u d i e s  on CH B r .  
3 

The present  i n v e s t i g a t i o n  i s  a  s tudy,  by nuclear  r e l a x a t i o n  

methods, of t h e  small  p o l a r  s - m e t r i c  t o p  molecule CH,Br and 

i t s  various i s o t o p i c  n?odif iczt ions,  i n  t h e  n e a t  l i q u i d  phase 

over t h e  temperatu-re range 223 t o  315OK. By analogy with 
. . 

related CH I (soldberg and Pershan 1973, G i l l e n  ef a l .  1971) 
3 

and CB CN (-3opp 1967, 'hioessner e t  a l .  1968) t h e  g o t i r k  of 
3 

the p o l a r  axis( "tuz&lingT') may be taken td be  iri t h e  r o t a -  
-. 

t5onal d i f f u s i o n  lhi;, x i t h  T $ ,  given by d i e l e c t r i c  r e l a x a t i o n  



-- - - 

&ta. - Then meazuFe%Tnt o f  l ~ , % p a n i  f3C T s as a function 
1 

of temperature allows separation of the competing relaxation 

mechanisms and derivation of the temperature dependence of 

the two reorientational motions. Also the effects of unobserved 

7 9 ~ r  and ' l ~ r  can be estimated. Due to the chance near-dege- 
. + 

neracy of the Zeeman splitting of 13c and ?'Br the 13C spins 

in the species 1111 I3c7'~r suffer a significant scalar T 
d 1 

relaxation from 793r, which is in turn passed on as a T, 

broadening to the 'H spins scalar-coupled to the ' 3 C .  In 

addition the 'A spins experience a direct T, scalar relaxation 

- from both 7 9 ~ r  and a i ~ r ,  so that all scalar coupling constants 

to 3r isotopes can be obtained. 

Spin-rotation effects a,t 13c and 'H cam be accounted for, 

and estimates obtained for the 'H spin-rotation coupling , 

constants. The derived values for T, allow estimation of 

the mean angular reorientation between collisions. 

2.  Experimental 

Yhe proton spin-lattice relaxation times T! were measured 
1 

by the saturation recovery method (van Geet and Hume 19653 

znd rapid adiabatLc passage with sampling (~arker and Jonas 
L 

1371)) on a 'Iarian ~.55/61) high resolution NMR spectrometer 

at <O :+Ez. The spin-lattice relaxation times were measured 

at 2: .& l-3z b y  rapid adiasatic paxsage with sampling on a ~arian 

b ~ ~ + - 1 3 9  spectrometer. 



The 1 3 C  r e l a x a t i o n  t imes were measured i n d i r e c t l y  by t h e  

modified s e l e c t i v e  pu l se  r o t a r y  echo m e t h o d ( ~ e 1 l s  and Abramson 

1969, Chan b 6 9 )  on t h e  proton mult3pl'et components of 1 3 C  

enr iched methyl bromide. RZr  ( -  T;:) f o r  protons was 

a t  60 IMz with t h e  modified ~56/60 spectrometer.  The 

r a t e  in t h e  r o t a t i n g  frame i s  g iven  by, 

Therefore a s e l e c t i v e  r o t a r y  echo experiment 

proton s i g n a l  due t o  12cH3Br  y i e l d s  

t o  R. due t o  
2 

T , sca lar  s c a l a r  is 
P,- + 1H *'2H 9 and R2H t h e  

t h e  unresolved cbupling between 'H 

t h e  

obtained 

r e  l a x a t  ion  

c e n t r a l  

con t r ibu t ion  

and 7 9 3 8 i ~ r .  

Fxr ther ,  a  s e l e c t i v e  r o t a r y  echo experiment OM e i t h e r  member 

5f t h e  proton doublet  due t o  I3cFI,Br g ives  ( Figure 2-l),, 

c l i ~ o l e - d i p o l c  c s n t r i ~ ~ u . t i o n  from 
I I 

t h e  i n t e r a c t i o n  between t h e  
- - -  - - - 

~ r o t o n s  and t h e  cerbcn-13 spin. 

-scalar 
- ('"c) sihere K,, 

-!1 2 - 
i s  the  same as t h a t  previous ly  



i 
described for Eq. (2-4) and R, (13c) is the carbon-f3 

4 
contribution to the proton R2 in the limit of slow 1 3 ~  

relaxation ( R (13c) << 2rrJ ) which is well satisfied 
1 1 3 c - 1 ~  

hbre. 

Therefore using these two selective rotary echo experi- 
1 ~ -  1 3 ~  

ments along with RIH we can indirectly obtain averaged 
. ? 

values for R1 ( I3c). ~xpected differential 13c relaxation 

in the two species H,13~79~r and H3I3c8'~r could not be 

experimentally resolved. 

9verhauses coaications in tfigxation of the 13c which 
. r  --, d 

may cause n~n-e>~onentialit~ of the 13C relaxation are ' 

negligible because the tota2 dipole-dipole contribution to 

the 1 3 ~  T is small. 
1 

For the nixtures of CR B r  and CD3Br there was no evidence 
3 

of any mixed species such as CB2DBr or CHD Br, so that in the 
2 

I 

separation of+ the various mechanisms, possible H-D exchange 

scul'd be neglected. 

'em-perature control belo?[ room temperature was accomplished 

, -- ;,,; u s i n g  the Tsriarr -;-6040 variable temperature TWR probe 

s c c e s s o r j .  Tezperatures were measured by u s i n g  a copper 
- - - -  - - - -  - 

smstantan themocmple; temperature readings were accurate 

- to k 1 " ~ .  ~ z p r ~ e ~ t s  could not be carried out aJt temperatures 



~ i g h  r e s o l u t i o n  60 KKZ 'H spectra of (57.75 ) 13c 

enriched CK,Br 





- - - - -p pp - 
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above 315' K because of -severepref luxing  problems i n s i d e  t h e  

sample tube.  This re f lux ing  problem w a s  kept  t o  a minimum 

a t  and above room temperature by t h e  use of a  pressure  cap 

on t h e  Nl4R probe. !Ibis cap' minimized thermal  g r a d i e n t s  
i 

in a v e r t i c a l  d i r e c t i  %long t h e  sample tube.  w 
The 13c enr iched methyl bromide (57.7% 13c) obtained 

d from X e ~ c k ,  Sham and Do&e of Cahada w a s  s e v e r a l  yea r s  o l d  - 

and had a  p ink i sh  tJrige poss ib ly  due . t o  s l i g h t  decomposition 
1' 

of t h e  sample; however t h i s  does no t  appear t o  have a f f e c t e d  

0 1 3 ~  measurements which a r e  i n  good agreement with t h e  

repor ted  values of F a r r a r  e t  a1. (1972). CD,Br (99.85 'D) 

i r a s  a l s o  obtained'from Merck, Sharp and D o b e  of Canada. 

The samples tiers degassed i n  5 mrn.tubes % by t h e  usua l  f reeze-  

pump-thaw c y c l e s ,  under vacum. The mole f r a c t i o n  mixtures 
- 

o l  CD,Br d and CB35r -;:ere determined by weight with t h e  use 

o f  a Fota-f lo  valve which allowed t h e  degassed sample t o  b.e 

removed from t h e  vacum system without t h e  danger of oxygen 

5. Pesu l t s  and Analysis 

1. ?enera1 Approach 

For  a o s t  sp-Ln 3 
1 

n u c l e i  t h e  r e l a x a t i o n  r a t e  ( T  ) = R  
1 1 

is m u s e d  by a cox5inatioxn of mechanisms, 



xhere t h e  f i r s t  tiro terms a r e  due t o  i n t e r -  and intra-molecular  

magnetic d i p o l a r  coupling, i s  t h e  s p i n - r o t a t i o n a l  i n t e r - .  
1 

- i s  due t o  chemical sh i f t  -an iso t ropy and a c t i o n  term, r, 

3 jC i s  a  s c a l a r  coupling con t r ibu t ion  of t h e  second kind. 
1 

Tne proton T re laxa, t lon da ta  i n  Table 2-1 and curves (a), 
1 

( b )  and ( c )  o f  F i g u r e  2-2 i n d i c a t e  the  presence of s e v e r a l  

mechanisms i n  t h e  r e l a x a t i o n  r a t e .  

The chemical s h i f t  an iso t ropy c o n t r i b u t i o n  in a mobile 

'muid has t h e  f am,  11, .- - 

>:here H i s  t h e  app l i ed  f i e l d  (- 1.4. x lo4 ~ a u s s )  and ( 0  
0 l l  - "1' 

i s  t h e  chemical s h i f t  an iso t ropy,  1.3 & 0.5 ppm ( c a e s a r  and 

- ~ a i l e y  1969) f o r  protons i n  methyl bxomhde. Since t h e  

c o r r e l a t i o n  tLme, r c  i s  of t h e  o rde r  of lo-" sec  a rough 

CSA , ?sCiri?a,te shoxs ? lo-* sec-  l , which i s  completely 
1 

n e g l i g i b l e .  ?or 13? 2n 1 3 ~ ~  Er t h e  chemical s h i f t  anisotropy.  
3 

h z s  been measured tc; be - l a 5  ppm ( ~ a i l e y  and Ehattacharyya 
CSA , 10-7 lg7j), u~hich m k e s  T see-I a l s o  completely 

1 - . , neg l ig lo le .  

:-I* - +- &rotfin; the scalzr con t r ibu t ion  t o  R i s  shown t o  
C* 1 

-3e n e g l Q i b l e  i n  Sect ion  jc .  - Bowever - f o r  '"c - t h e r e  - i s  a  
- 

-.cala-r cmt-ribl;r,lcn Setween '3~-7"~r and 1 3 ~ - e r ~ f ~ h i ~ h  - 

, - , - ,T-  -,2t b? taken 3 t c  " c c o y n t ,  2,s discussed in s e c t i o n  4. 
2 



El RELAXATIOlT DATA FOR L I Q U I D  METKYL BROMIDE 



Experimental and derived relaxation times f o r  'H i n .  
. . 

methyl bromide; (2) pure CH,Br ; ( b )  64.8% ~ H ~ ~ r - i n  
H 

mD,Er; 4 ( c )  31.7":~ 3 B r  i n  CD,Br; ( d )  Rlintra . 





Standard extrapolation  o on era and Rigamonti 1965) of 
our dilution data of CH,Br in CD3Br allows the separation of 

intermolecular dipole-dipole effects from intramolecular 

mechanisms for protons. In the 13c relaxation in liquid 

methyl bromide it is safe to assume that the Sntermolecular 

dipole-dipole relaxation rate is ins ignf f icant (~uhlrnann,' 
/ 
Grant and Harris 1970) because of the much increased 

intermolecular nuclear separation. We are thus left with 

separating the various intramolecular contributions for I 

, 

both IH and 136. The method  i ill en et al. 1971) used 
involves the calculation of the dipolar contribution from 

theoretical equations for intramolecular dipole-dipole 

relaxation rates. These theoretical 'equations require 

known internuclear parameters and correlation.times for 

the reorientat ion of the particular dipole interaction. 

In the case of 13c, the correlation time for reorientation 

of the intramolecular C-H bond directions is easily obtained 
-,> 

from the *D quadrupolar relaxation times, since the latter 
-- _ 
de.$end upon the reorientation of the same C-D bond directions 

&ssuming that the electric field gradient at the deuteron 

is aligned along: the C-D bond axis. For protons the analysis 

is not as easy; in order to obtain the needed correlation 

time for the direction connecting two protons in, the methyl 

group, v;e-rnust knox both components of the moleculets - - -  

rotational reorientation tensor. Therefore this must first 



con t r ibu t ion  from o t h e r  intramolecular  c o n t r i b u t ~ o n s  . 
h 

2. Anisotropic  r o t a t i o n a l  r e o r i e n t a t i o n  t e n s o r  f o r  CD3Br 

The usual  method of  obta in ing  the  a n i s o t r o p i c  r eo r i en ta -  

t i o n a l  t ensor  of a  symmetric t o p  moJecule involves t h e  mea- 
\ 

- 
surement o f  the  r e l a x a t i o n  time of two quadrupolar n u c l e i  

rrhich have d i f f e r e n t  bond angles  with respect  t o  t h e  symmetry 

, a x i s  of the  molecule  i ill en and Noggle 1970; Bopp 1967; 

Woessner e t  a l .  1968; Jonas and Di Gennaro 1969; Allerhand 

1970). Thus i n .  our case w e  might wish t o  determine t h e  

r e o r i e n t a t i o n a l  t ensor  f o r  CD,Sr from quadrupolar reraaxation 

of both 2~ and 79"1~r ,  The necessary equat ions ( ~ u n t r e s s  

1368) t h a t  r e l a t e  t h e  rneasured'relaxation r a t e  of a  nucleus - 

t o  t h e  r e o r i e n t a t i ~ n a - 1  t e n s o r  components and t h e  r e l a t i v e  

o r i e n t a t i o n  of t h i s  t ensor  t o  t h e  e l e c t r i c  f i e l d  g rad ien t  

t ensor  are*:  

fn t h e  r o t a t i o n a l  d i f f u s i o n  model, buk apply in a d d i t i o n  t o  



- - - - 
-- - - - - - - - 

the extended diffusion (~c~lung 1972) and random large angle 

, jump models (~ukier and Lakatos-Lindenberg 1972); there the 

D's' should be interpreted as generalized reorientational 

rate constants. Independent I\MR data from two symmetrically 

different relaxing quadrupoles, whose coupling constants are 
Y- 

accurately kno~trn, then suffice to obtain D 11 and Dl, independent 
of the models. The choice betwee9models can then be based on 

temperature dependence or other criteria. 

where I is the spin of the quadrupolar nucleus, (eaqQ/h) 

the quadrupole coupling constant in Hz, D is the rate constant II 
fcr rotation ab0u.t the top axis 

and Dl the rate constant for 
rotation about an axis perpendicular to the molecule's symmetry 

axis, 8 is the angle between the symmetry axis of the molecule . 

and the z-axis of the molecular coordinate system which dia- 

gona,lizes the field gradient tensor at the nucleuq. 

8 1 Since the 7 9 ~ r  an3 B r  lie exactly on the molecule~s 

s;ynn-etry axis the a-ngle G=O and thus the 79'"1~r relaxation 

tine xi11 depend only on D 1 '  The difficulty is that the 

'3zr znd quairapole coupling constants (Gordy et al. 

1 h-7 - L J ~ , )  (5551 an6 L ~ T :  I.Zz respectively, intermediate values 

Szt-:reen gaseous zni solid state), are extremely large making 



The 

1973; Gi l l en  e t  a l .  1971) and CH CN ( ~ o p p  1967; Woess.nes 
3 

e t  a l .  1968) i s  known t o  be i n  t h e  r o t a t i o n a l  d i f f u s i o n  

l i m i t ,  and we ' sha l l  assume t h i s  t o  be t h e  case a l s o  f o r  

CH B r .  Then t h e  
3 

d i e i e c t r i c  r e l a x a t i o n  time .rdiel g ives  

the  d i f f u s i o n  l i m i t  (Carr ington  and McLachlan 

No d i e l e c t r i c  r e l a x a t i o n  time values have been repor ted  

t h e  l i t e r a t u r e  f o r  l r a u i d  methyl bromide. However Vuks 

and Chernyavska (1962) have measured t h e  d i e l e c t r i c  r e l a x a t i o n  

t h e  f o r  t h e  s e r i e s  of normal a.lkyl bromides from e t h y l  bromide 

t o  n-decyl bromide. From t h i s  s e r i e s  a value of T~~~~ = 2.8 psec 

has been ex t rapo la ted  f o r  methyl bromide a t  20•‹C, The d i e l e c t r i c  

r e l a x a t i o n  f o r  t h i s  s e r i e s  has a l s o  been rneasured a t  1 " ~  and 

2 5 3 C  ( ~ i g a s i  e t .  21. l960), from which we e x t r a p o l a t e  f o r  

:?ethyl bromide 3.5 psec and 2.6 psec re spec t ive ly .  The 

a c t i v a t i o n  energy f o r  T) is ca lcu la ted  t o  be (1.7 + 0.2) 1 - 
kcal/mole f r o n  these d i e l e c t r i c  r e s u l t s .  

"lllen snd :Tcggle (1970) have shovm t h a t  t h e  energy of 

acei-mtion f o r  " of po la r  syxmetric t o p  molecules cam be 

7 7 

- '  

~ s x E s t e ~  quite sreI1 TEor the  %nEr@ df a c t i F a t i o n  c a l c u l a t e d  



where Idv7 i s  t h e  molecular weight, p t h e  d e n s i t y  and t h e  

v i s c o s i t y .  The a3sumptions on which Gierer: and Wirtz(1953) 

based t h e i r  c a l c u l a t i o n  of  t h e  microviscos i ty  c o r r e c t i o n  

f a c t o r  6.125 from t h e  c l a s s i c a ' l  hydrodynamic theory  and 
- 

which have been c a r r i e d  - in to  Eq.  (2-121, have been c r i t i c i z e d  

r e c e n t l y  by O f R e i l l y  (1972a). Nevertheless,  microviscos i ty  
T theory  apparent ly  works we l l  f o r  t h e  p o l a r  r e o r i e n t a t i o n a l  

xo t ion  of small  p o l a r  molecules  i ill en and Noggle 1970). 

V s i n g  t h e  da ta  in Y e . b l e i 2  along with Eq. (2-12) ,  we o b t a i n  

en a c t i v a t i o n  energy o f  (1.7 + 0.1) kcal/mole f o r  D , and - Cc 

t h i s  temperature dependence is  p l o t t e d  i n  Figure 2-3 . 
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r a t e  cons tants  f o r  CD B r .  
3 

D was 1 

E 

placed from 

ex t rapo la ted  d i e l e c t r i c  r e l a x a t i o n  d a t g  a t  lo, 20" and 25•‹C 

a s  descr ibed in t h e  t e x t ,  with temperature dependence: 

i d e n t i c a l  t o  t h a t  of t h e  microviscos i ty  .d i f fus ion  'constant - 

5 ca lcu la ted  from l i t e r a t u r e  values of q and p over t h e  
C1 

t e q e r a t u r e  range -30•‹C to 0 • ‹ C .  Absolute values of D a r e  
CI 

 lotted f o r  comparison. Values of D a t  a g iven  temperature I i 
t h e  measured *D re l a x a t  ion irere then obtained from D and 1. 

r e t e  using Eq. (2-10). 





Deuteron spin-lattice relaxation rate in CDIBr .., 





For comparison t h e  t h r e e  d i e l e c t r i c  values of D a r e  1 . 
indica ted ,  and a r e  seen t o  agree w e l l  wi th D . 

I.I * 
i?ow makiG use of D along with t h e  2~ r e l a x a t i o n  1 

times ( ~ i g u r e  2-4, Table 2-I), t h e  measured "D quadrupole 

coupling cons tant  ( ~ a s p a r y  e t  a l .  1969) of 171+ - 4 KHz 

i n  o r i en ted  l i q u i d s ,  the D-C-Br angle  and Eqs. (2-9) and 
- - 

( 2-10)  ,"D and i t s  temperature dependence a r e  obtained. I I 
Ye find E,(D ) t o  be (0.9-ko.2) kcal/mole, and t h a t  r e o r i -  I I - 

e n t a t i o n  about the figure axis is about e i g h t  times f a s t e r  

than  r e o r i e n t a t i o n  - of the  f i g u r e  a x i s  a t  25•‹C. 

The der ive6  values of Di y i e l d  r e o r i e n t a i o n a l  cor re-  
- 1 

l a t i o n  times r ,, . = ( 5 ~ ~ )  t h a t  can be compared with t h e  
$ d l  

~ l a s s i c a l  f r e e  r o t c r  r e o r i e n t a i o n a l  time about t h e  same 

axis 7 = (3/,) f 1/k?)": in t h e  so-ca l led  X - t e s t   illen en f i 

and I:gggle 1970). Thus 

.rl n . 
d.&* -L /. A i >> 1 f o r  t h e  r o t a t i o n a l  d i f f u s i o n  model t o  apply. 

:ie Zin i  xl rarges over  values from 3 t o  10 f o r  the'ternpe- 
F I  r r s t u r e  r a p j e  +h3 " LG - L ~ ' C ,  i nd ica t ing  t h a t  t h i s  motion does 



f o r  t h e  molecule has a very small  moment of i n e r t i a  about 

t h e  f i g u r e  a x i s ,  because the  motion requ i res  no reor ien-  

t a t i o n  of t h e  dipoLe, and because t h e  angular  dependence 

of t h e  i n t e m o l e c u l a r  p o t e n t i a l  i s  expected t o  be small. 

The l i q u i d  rnicrodynamics of CH B r  a r e  then  s i m i l a r  t o  CH31 
3 

& i l l e n  e t  a.1. 1371) and CH CN ( ~ o p p  1967). 
3 

3'. ?rot on Relaxat ion  

A l l  t h e o r e t i c a l  c a l c u l a t i o n s  of t h e  in termolecular  

dipole-dipole  i n t e r a c t i o n  involve many ques t ionable  assump- 

t i o n s ( ~ e r t z  1957). It i s  assumed t h a t  ( a )  t h e  r e l a x a t i o n  of 

spi-n I i s  due t o  t h e  imcorre la ted  motion of a l l  i t s  i n t e r -  

molecular s p i n  p a i r s ,  ( b )  only r e l a t i v e  t r a n s l a t i o n  changes 

the intermolecuIar  d ipo le  vec to r  i . e .  t h e  e f f e c t  of r o t a t i o n s  

i s  neglected,  ( c )  t he  molecules a r e  s p h e r i c a l  and have a 

s i n g l e  d is tance  of c l o s e s t  approach independent of r e l a t i v e  

o r i e n t a t i o n s .  A t y p i c a l  t h e o r e t i c a l  express ion  f o r  R dd 

I n t e r  
LE ( :< i t che l l  and Zisner  1960), 

due t o  t h e  i n t e m o l e c u l a r  

. i nc ludes  a a l  n ~ ~ c l ? i  cf t he  same type as i; t h e  sum over 

-1 
. - 

- ~xclu5es 2,:: n o r - z z m t i r z l  n u c l e i  on neighbourlrg molecules. 



- - -- - - - - - - - - - -- 

The do is t h e  d i s t ance  of c l o s e s t  approach; N i s  t h e  number 

of molecules pe r  u n i t  volume, a i s  t h e  r ad ius  of t h e  assumed 

s p h e r i c a l  molecule and T~ i s  t h e  t r a n s l a t i o n a l  c o r r e l a t i o n  

time . 
0 

The temperature dependent proton r e l a x a t i o n  t imes are - 

shown i n  Figure 2-2 f o r  pure CH Bk. and f o r  mixtures contain- 
3 

i r g  31.7 and 6t.8 per  cent  mole f r a c t i o n  CH B r  i n  CD Br. 
3 3 

For these  CH 3r-CE S r  mixtures t h e  in termolecular  r e l a x a t i o n  
Q u 3 

r a t e  i s ,  

7 .r - ri 
M 

H-H + = 9 H-D + R H- Br (2-15) - L 

- i n t e r  i n t e r  i n t e r  l i n t e r  

S i n c e  y z  = 42,5 y: and t h e  s p i n  values a . re  d i f f e r e n t ,  t h e  H lJ 

chuter im in CC 3r xi11 con t r ibu te  I/,, a s  much to t h e  
1 - 

Fnteraolecular  r e l a z a t i o n  a s  the  hydrogens in CH Br. The 
3 

t o t a l  proton r e l a z a t i o r k i s  then,  

ai:h2r5 C is t h e  ~ o l o  f r a c t i o n  3f protonated methyl bromide. 

1 -- - -  
- - i  zrc  iLLt syc5>t  = 2 r - - *  - -  + Y, -+ ?. H-D da i- R SR 

d L  1: t s r  z~Jd- ? inter i n t r a  1 



t h a t  d i  - Br equals  d o  ( in  S a c t , ,  " will be a c t u a l l y  H-H d ~ - ~ r  

g r e a t e r  than  d;i - H), whence 

R H - B r  s 0.07 R H- H 
i n t e r  l i n t e x  

We a r e  then l e f t  with separa t ing  R dd from R SR . 
1 i n t r a  s 

3a. Trans la t iona l  3if f'us ion  

The t r a n s l a t i o n a l  c o r r e l a t i o n  time T~ i s  given by 

t h e  l i q u i d 1  s  s e l f - d i f f u s i o n  c o e f f i c i e n t  Ds by  itchel ell 

and Eisner  1960)~ 

' i n t e r  

- * 

,- 1s given by t h e  Stokes formula a s  k$'6nqa, i n  which it i s  
u 

zsswned t h a t  a s p h e r i c a l  ' s o l u t e '  p a r t i c l e  of r ad ius  ''a" 

:.?Dvea in a continuous ' s o l v e n t '  medium' of v i s c o s i t y  q. Gierer  

end X i r t z  (1953) have extended Stokes1 t h e o ~ j  by introducing 

s t r a n s l a t i o n z l  x i c r o v i s c o s i t y  term f t o  t ' 
size of t h e  so lvent  molecules. For 

- 

account f o r ,  t h e  

~ - ~ 

a pure 



Therefore,  

- H-H 
Y -. 

l i n t e r  

f o r  

which can be d i r e c t l y  compared with experimental  values 

. .  able 2-3). Frorn this we s e e  t h a t  t h e  t h e o r e t i c a l  r e s u l t s  

2-re i n  surprisLrlgly good agreement with t h e  experimental ly  

obtzined values .  From t h e o n  the  energy of a c t i v a t i o n  i s  

2.1 kcal/mole and from experiment it i s  

FOR T H-H 
' i n t e r  

AND EXPERELENTAL VALUES 

Exp . 
2-20) (from data and Eq 2-14) ( from 

66 sec 

6 2  sec  56 sec 

4 1  sec  



3b. Proton in t ramolecular  dipole-dipole  imte rac t ion  

Separa t ion  of R dd from R '* can be accomplished 
i n t r a  1 dd using t h e  t h e o r e t i c a l  equat ions f o r  R g iven  by 

' intra " 

Powles (1963), which assumes independent pa i rwise  i n t e r -  

a c t i o n s  and neg lec t s  symmetry e f f e c t s  : 

where n i s  t h e  number of protons in t h e  molecule. For t h e  

i n t e r a c t i o n  betxeen t h e  p-rotons and t h e  bromine it is; 

(2-25) 
4 R H - 3 r  - - h2 I 

- 3 
.(I I )  T -  T (.H-BY) 

i n t r a  Y ~ Y B r  B r  B r  H-Br c 

r c ( ~ - ~ )  i s  t h e  e f f e c t i v e  c o r r e l a t i o n  time f o r  r e o r i e n t a t i o n  

of t h e  proton i n t e r n u c l e a r  vec tor  and can be ca lcu la ted  

using D and C with 0=90•‹ because t h e  p e r t i n e n t  proton i j !  
r e l a x a t i o n  i n t e r a c t i o n  occurs i n  t h e  plane of t h e  methyl 

hydrogens.** This plane i s  normal t o  t h e  major ax i s .  

+* The values of C! and D appropr ia te  t o  CD B r  have been I 1 3 

correc ted  for t h e  c a l c u l a t i o n s  on t h e  CH B r  case.  The 
3 

< i f f  erence be tseen  "1 f o r  CD B r  and CH 3r i s  n e g l i g i b l e  but  
-a - 3 

t h e  d i f ference  i n  L, i s  l a r g e  s ince  t h e  p a r a l l e l  moments of 
- - 1 ' -  - - - --  - 

i n e r t i a  d i f f e r  by a factor of 2. This l a r g e  d i f f e r e n c e  in 
- 
- , I  hoiiever i s  no t  very important s i n c e  t h e  c o r r e l a t i o n  time 

I ' 



r is nak affeckedmu_ckby~_cbange s_-innD 1 +j~xxer& --- - -- a 

C ft - 

d i f f e r e n c e  i f  we use Dl f o r  CD B r  ins t ead  of  D f o r  CH ~r). ,I 3 It 3 

For 7 ,  (H-Br)  8= 25.0 *; using t h e  appropr ia t e  i n t e r n u c l e a r  

d i s t ances  given i n  Table 2-4, we ob ta in  the  fol lowing:  

f o r  1 2 c H  7 9 ~ r  
3 

(2-26)  R dd 
j n t r a  

f o r  1 2 C ~  ' l ~ r  
3 

.The r e s u l t i n g  E dd 5s shown i n  Figure 
i n t r a  

3c. Proton S c a l a r  Relaxatdon 

nucleus The f a s t  r e l a x a t i o n  of t h e  bromine 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  protons under 

observation, through t h e  i n d i r e c t  s c a l a r  coupling, JH-C-Br 
- - 

This mechanism is called a type I1 s c a l a r  i n t e r a c t i o n  by 

Abragam (1961) .  The.contributions t o  t h e  r e l a x a t i o n  pro- 

cesses  for t h e  spin I by this i n t e r a c t i o n  a r e :  



, TABLE 2-4 

GEOMETRIC PARAXETERS AND MOMENTS OF INERTIA FOR CH B r  

< H-C-H 

A l l  values obtained from references below, otherwise 

ca lcu la ted .  

+ T.L. B a m e t t  and T.H. Edwards, J. Mol.' Spect.,  20 -> 

352QgF.6).  

" 2. G G T ~ Y ,  .:,xc;,Slinzzlons and A . G .  Smith, Phys. Rev., 



, 
Separat ion 

r e l a x a t  ion 

molecular 

r a t e s .  

of  the proton in t ramolecular  

r a t e  in CH,Br into its intra- 
u 

, - ,  
dipole-d ipole  and sp in - ro ta t ion  





where J 'ys t h e  s c a l a r  c o u p l i n g c o n i t a n t  betweenspins1 ' - ----  

and S,  wI a n d ' ~ ~  a r e  t h e  resonant  angular  f requencies  of 

t h e  n u c l e i  with sp ins  I and S, and T i s  t h e  t r a n s v e r s e  
2S 

r e l a x a t i o n  time of t h e  quadrupole nucleus,  which i s  i n  

t h e  l i q u i d  s t a t e  equal t o  t h e  s p i n - l a t t i c e  r e l a x a t i o n  time 

Is 
2 2  > > l > > T  Since ' (wH-dfBr) T Br 'Br ' T 2 ~ r s  t h i s  mechanism 

con t r ibu tes  only t o  and no t  t o  R I H  Therefore t h e  

s e l e c t i v e  measurement of R and RZrH 1H 
(select i 've  f o r  t h e  

spbecies 1 2 ~ ~  ~ r )  can be used t o  determine t h i s  s c a l a r  con- 
3 - 

t r i b u t i o n  and thus  t h e  s p e c t r a l l y  unobservable JH Br 
, - coupling 

constant .  R, was measured by a d i a b a t i c  f a s t  passage. Values 

f o r  T ( 7 9 ~ r )  and T ("Br)  (Figure 2-6) were obtained from 
1 1 

t h e  ex t rapo la ted  D values of Figure 2-3 based -the d ie-  
' 

L 
l e c t r i c  r e s u l t s ,  t oge the r  with l i t e r a t u r e  values (Gordy e t  a l .  

1953) f o r  t h e  i s o t o p i c  quadrupole coupling cons tants .  RZrH 

was obtained by t h e  r o t a r y  echo method on t h e  2CH B r  reso- 
3 

nance. Since d i s t i n c t  I?,, decays from t h e  equa l ly  abundant 
6 

species  1 2 c H  7 9 ~ r  &nd ' 2 ~ ~  'l~r were n o t  experimental ly  
3 3 

resolved,  it was a s s u e d  t h a t  t h e  observed experimental 

decay gave mean values of t h e  ind iv idua l  decay cons tants .  

f m e  2 vslues xere  t h e n  resolved by not ing t h a t  the r a t i o  
- 

=, r 2  = Y / v The e x t r a c t e d  values were 
& 7 9 3 ~  1 1 - 8 1 ~ ~  

- 

7 9 ~ r  SIBr 







1 3 ~   pin- rr l a t t i c e  Relaxation 

For the 1 3 ~  r e l a x a t i o n  i n  a methyl group it i s  s a f e  

t o  a s b e  t h a t  the  in termolecular  dipole-dipole  r e l a x a t i o n  

iz 5nn i g n i f  icant as previously mentioned. Therefore t h e  

r- 1 of '"c in l i q u i d  methyl bromide ( ~ i g u r e  2-71 come 
I 

f rcr? a combimtion o f  Ln-tramolecular dipole-dipole,  spin- 

r o t a t i o n  and scalar r e l a x a t i o n  of t h e  second k i n d  r e s u l t i n g  

Tram s c a l a r  ccup l i -y -  of 13C! t o  e i t h e r s t h e  7 9 ~ r  o r  

w ~ c I e u s .  735s e f f i c i e n t  s c a l a r  r e l a x a t i o n  between 1 3 C  and 
-- 
'"'"~r has Seen observed f o r  a  number of systems: bromo- 

~!s thane$ (1:5rraT et 1-1. 1972; I j ie r la  e t  al. 1971) , 
% 

- : 3  : +'ne t ~ t s l  r e l a x a t i o n  express ion  f o r  C c a n  

-P -..- r- < i p a l i ~  ccntrib- ti& is given t h e o r e t i c a l l y  as, 

'e 
-l 

- -  . 
2 -" - -- - the ~ r s t r t e t e  va l?~es  f o r  tlie cons tants  and i n t e r -  



( 2-33) E 
dd - - 
i n t r a  

T ( C - ~ r )  i s  t h e  c o r r e l a t i o n  time f o r  r e o r i e n t a t i o n  perpen- 
C 

d i c u l a r  t o  t h e  synmetry a x i s  and i s  equal  t o  ( 6 ~  ) - I .  The 1 
t ensor  a x i s  xhos e r e o r i e n t a t i o n  i s  represented  By T ( C-H) 

i s  t h e  same as t h a t  from t h e  *D relaxat ion.** The ca lcu la ted  

c o n t r i b u t i o m  are l i s t e d  Bn Table 2-5 f o r  5 • ‹ C  and a r e  

p l o t t e d  i n  Figure 2-7. 

Recently Ru.hlrnann, Grant and Harr i s  (1970, 1971) have 

shoim t h a t  eva!uat-ion of t h e  1 3 ~ - [ . 1 ~ ]  nuclear  Overhauser 

ef 'fect (NOE) i n  conjunct ion with nuclear  s p i n - l a t t i c e  

r e l a x a t i o n  t i n e s  ! T ) a l l o m  a  separa t ion  of ' t he  d i p o l a r  

mechanism from o the r  T processes.  F a r r a r ,  Druck, Shoup 
1 

a ~ d  Becker (.l9?2) have measured t h i s  f o r  l i q u i d  methyl 

broyaide a t  30•‹C and 15.1 KHz; they obtained q R~~ : Ys 1 1-Cs3' ,, 

= 9.29 ( t h i s  is t h e  r a t i o  of t h e  change i n  t h e  

t o t a l  i n t e n s i t y  of t h e  s p i n  I resonance during double 

resmance  t o  t h e  s w l e  resonance i n t e n s i t y ) ;  and T ('=c)= . 
I 

2 -, - dd , . s  see, xhich gives  an  x = 0.017 sec- I  in very good 
1 intra 



Separation 09 carbon-13 intramolecular 

dd relaxation rate of CH 3 Br into Rlintra, 



6, R ! ~ ~  (mean value) 



C O I J T R I B U T I O N S  TO THE 13c RELAXATION TlME I N  PURE CH 3 Br 

n Rate - - -RePaxa-ticm -The - - - ---- 

I ) (set > 
T 

t o t a l  
1 

T 1 & L 3 ~  - 

l intra 
SR 

1 

T SC 
1 

' ~ c - ~ ~ B ~  
T 

intra 

Relaxation R a t e  
(sec-I) 

T Mechanism 
1 

T t o t a l  



Temperature dependence of the R 1 .  SC(7s~r) and 

R SC(81~r) contributions to the carbon-13 
1 

re3axation rate. 





agreement with our t h e o r e t i c a l  R dd - - (Figure 2-7). 
i n  tdra 

It appears t h e r e f o r e  t h a t  t h e  d i p o l a r  c o n t r i b u t i o n  t o  

I3c i n  l i q u i d  methyl bromide is small, a t  l e a s t  a t  t h e  

h igher  temperatures.  

We a r e  l e f t  with separa t ing  R 
1 
SR from R 

1 
SC f o r  

I3c.  The problem i s  t h a t  the' s c a l a r  con t r ibu t ion  i s  not  
* 

t h e  same f o r  both  bromine isotopes;  i n  f a c t  as shown l a t e r  

i t  i s  t h e  7 9 ~ r  iso tope  which cont?ibutes  t o  R SC and t h e  
1 

"'~r con t r ibu t ion  i s  q u i t e  s m a l l  ( s e e  Figure 2-8). 

The s p i n - r o t a t i o n  i n t e r a c t i o n  cons tant  f o r  t h e  13c 

s p i n  i n  CH Br has no t  been repor ted .  However it c a n  be 
3 

est imated from t h e  average paramagnetic sh ie ld ing  of 13c 

by a  method due t o  Cevere l l  (1970). From an 'atom i n  a  

no lecu le r  approach he f i n d s  the  modified Ramsey paramagnetic 

sh ie ld ing  a 1  t o  be f o r  a nu'cleus on t h e  axis '  of a symmetric 
P 

t o p  molecule, 

where c r l  represents  the  atomic diamagnetic sh ie ld ing ,  taken 
d 

t o  be a cons tant ,  and can be c a l i b r a t e d  from t h e  observed 

nuclear  zh ie ld ing  of a ,molecule  whose i s o t r o p i c  s p i n - r o t a t i o n  

- - - constant LaV 2 Tr ",has been measured from molecular beam 
- - - - -  - 

- - 

42ta.  ??. '>-:A) t h e n  forms the  b a s i s  of an abso lu te  chemical 

- shift s c a l e  f o r  rA-~c leus  L. The cons tants  in Eq.  (2-74) 



- - - - - - --- -- - - - - - - -- - - - - - 

have t h e i r  usua l  meaning, with g being t h e  nuclear  g - fac to r  
I 

of s p i n  I, and t h e  u n i t s  of C being i n  Hz and I i n  gm-em2. 

Using t h e  value of C= -32i.59 kHz f o r -  1 3 ~ 1 6 ~  (Ozier ,  
' 

Crapo and Ramsey 1968) along wi th  Eq. (2-34) w e  can e s t a -  

b l i s h  a  13c s h i f t  s c a l e  based on 13c0 a s  t h e  reference ,  

' 0 1  = -256.3 ppm f o r  l 3? .  The measured s h i f t  of 1 3 ~ ~ 3 ~ r  
P 

i s  172.3 ppm u p f i e l d  from ' 3 ~ ~  the re fo re  a '  = -84.0 ppm 
P 

f o r  I 3 C H 3 ~ r .  

If we now make use of t h e  following two equat ions,  

along with u 1  = -84.0 ppm and A D -  -10 + 5 ppm ( ~ a i l e y  and 
I? - 

3ha-ttacharyya 1973) f o r  ' 3 ~ ~ 3 ~ r  we ob ta in  a 11 and Now 
by equ.ating Eq.  (2 -  34) with (2-35) we ob ta in ,  

30; -;:hich ;.;G ckts i r !  
s '1 = i 1 .20  kHz and C = + 21.2 kHz. /I 



These r e s u l t s  a r e  i n  agreement with Lyerla,  Grant and Wang's 
- -- - - - - - -- -- 

(1971) comment t h a t  t h e  ( I C )  t ensor  f o r  carbon-13 sp ins  i n  

many non-l inear  molecules i s  near  i s o t r o p i c  i . e .  ( 1 ~ ) ~  2 IilCll 

'19 . This i s  t r u e  only f o r  the  cases  where Aa is  small  

compared t o  a l .  
P 

Spin- ro ta t ion  i n t e r a c t i o n s  in small  molecules have been 

t h e  sub jec t  of many s t u d i e s (  ? i l l e n  e t  a l .  1971, 1974; Woessner 

e t  a l .  1968; Sawjer and Powles 1971; Litchman and Ale i  1972). 

An expression f o r  2' f o r  symmetric t o p  molecules i s  given by 

( ~ e n d e r  and Zeid ler  1971; Lyerla Jr. e t  a l .  1971),  

The terms I C and I I ~ C  r e f e r  t o  t h e  s e t s  of l o n g i t u d i n a l  and 1 L I /  ll 
t r ansver se  components of moment of i n e r t i a  and s p i n - r o t a t i o n a l  

coupling cons tznt  ~;!ith r e spec t  t o  t h e  symmetry a x i s .  

>The values L .  ed f o r  C i n  1 3 ~ ~ 3 ~ r  a r e  nea r ly  

the same valueb a s  obtained f o r '  13CH31  illen en e t  a l .  1971). 
I 

30th of thes  molecxles a r e  s~ymnetric tops  cons i s t ing  of a  ( 
?ethyl  group $d have nea r ly  t h e  same ( 1 ~ ) ~  f o r  t h e  13c sp ins ,  

but  i n   ethyl bromide t h i s  i s  masked by t h e  l a r g e  s c a l a r  

S R  c s n t r i b u t i o n  from the'bromine. We will assume t h e  same TI. 

fgr t h e  carton-13 spin f o r  t h e  more complex case of 13~~,13r, 

" j n -  - 197h) an3 &L (:i?14n 9f- a l . . 1 9 7 1 ) ,  t h a t  t h e  13c s p i n - r o t a t i o n  . 



- - - --- - -- -- -- 
- 

r e l a x a t i o n  is  dominated by r e o r i e n t a t i o n  about the  f i g u r e  

axis, i . e .  T ~ ~ / I ~  << T 
.I,' I l l  , s o  t h a t  t h i s  term can be ne- . 

I I 

g l e c t e d  i n  Eq.  (2-39).  We then  ob ta in  rw = 0.22 psec a t  
II 

30' C f o r  t h e  methyl bromide geometry. This c o r r e l a t i o n  

t G e  can be i d e n t i f i e d  with t h e  time between c o l l i s i o n s  t h a t  i 

i n t e r r u p t  the  angular  v e l o c i t y  about t h e  a x i s ,  and may then  
- - 

be compared with the  per iod f o r  f r e e  r o t a t i o n  through one 

rad ian  given by t h e  equ ipa r t  it ion  p r i n c i p l e ,  

' T  l I 
8 

/ I  t f  

= (I /k~) = 0.11 psec 

wi th  t h e  r e s u l t  t h a t  t h e  molecule makes about a  100•‹ jump 

f o r  t h e  p a r a l l e l  motion. However t h i s  value should not  be 

tasken as a q u a n t i t a t i v e  measure of t h i s  angle  jump s i n c e  it 

i s  based on an  assumed value of 18 sec  f o r  T ~ ~ ~ ,  but  we can 

say t h a t  t h e  angle  jump i s  l a rge .  Hubbardis r e l a t i o n s h i p  

i 1 9 6 3 ) ,  Y 

m y  n o t  be used t o  c a l p l a t e  T because %is motion i s  not  " i j  
 TI t h e  r o t a t i o n a l  d i f f u s i o n  l i m i t  bbt  i n s t e a d  ' i n  the  i n e r t i a l  

- - 

r e g  gun.- H o ~ . e v w  for- the perper rd ic~ la r  motLon the Hubbar5 
I 

r3lat icnshTp should hold,  and we may use  Lt t o  c a l c u l a t e  T~ . 



---_ - - - -- 

For the  perpendicular  motion we o b t a i n  T = 0.039 psec and 
lJJ l 
A 

71,f = 0.46 psec. This means t h a t  f o r  t h i s  motion t h e  

molecule moves through an angle  of about 5'. These r e s u l t s  

aze i n  agreement' with those  found by B a r t o l i  and L i t o v i t z  

(1972) using Ra.man s c a t t e r i n g  techniques and t h e  r e s u l t s  of 
/ 

Laul icht  and Meriman ( 1973)- who obtaiped a value of ( 0)  =j+l . - 

A t  t h i s  time we can check t h e  s ta tement  made about 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  i n  13c being dominated by t h e  

o r i e n t a t i o n  about t h e  f i g u r e  a x i s . .  If w e  s u b s t i t u t e  t h e  

SF, values f o r  RI 1 11, cl/ , C l ,  7 q  , TUJL i n t o  Eq.  (2-39) 

we see  t h a t  t h e  r e o r i e n t a t i o n  about t h e  f i g u r e  a x i s  con t s i -  

butes  98 "/, while t h e  o t h e r  2 per cent  comes 'from the 

perpendicular  motion. 

The derived R1 values f o r . 1 3 c  a r e  a mean value because 

we have two i s o t o p i c  spec ies  ' 3 ~ ~ 3 7 9 ~ r  and 1 3 ~ ~ 3 8 1 ~ r  which 

have d i f f e r e n t  kISC con t r ibu t ions .  Again, t h i s  experimental  

groblem i s  t h a t  of decomposing a  double exponent ia l  i n  t h e  
e 

proton r o t a r y  echo envelope decays f o r  t h e  13C!H3~r  resonances. 

Xowever dev ia t ion  from s i n g l e  exponent ial  recovery was not-. 

observed, a t  l e a s t  through t h e  f i r s t  decade; t h i s  i n d i c a t e s  

t h a t  t h e  r a t i o  R 2 r H ( 1 3 ~ ~ 3 7 9 ~ r ) / ~ 2 r H  ( 1 3 ~ ~ 3 8 1 ~ r )  5 1.5 and 

31(13~~3735r)/~l(1"~~3e1~r) 5 2 ( s e e  Experimental s e c t i o n ) .  



- - - - -  - -- - - -  -- - - - 

Therefore within +?b errorthe derived observed value of 

the R ~ ( I ~ C )  can be expressed as, 

us% Riobs (I3c) at 30•‹C and the estimated value of T I  SR at 

the same temperature we can calculate the R~~~ contribution 

at 30•‹C and thus the coupling constants J13C-,79Br and J13C-81Br 

(30 + 4 Az and 72 h 4 Hz correspondingly). Using these 

coupling constants along with the temperature dependence of 

the Br Ti values in Figure 2-6 and Eq. (2-28) applied to, 

the C-Br pairs, we obtain the temperature dependence of R1 SC 

contribution, leaving finally in Eq. t h e  temperature 

dependence of the R~~~ contribution. The results are plotted 
* 

in Figure 2-7. -. 
\ 

It should be pointed out tha<usually R~~~ is small but 

in this case the proximity of the y ! s  of and 79'e'~r 

- coupled with the very shprt Tg makes this contribution Br 

2uite significant. From these results we see that the 7 9 ~ r  

isotope is the one which contributes significantly to the R 1  SC 

xh i l e  the e13r isotope contributes only a very small amount. 

?he experimental activation energy of the spin-rotawon 

interaction relaxation is found to be ( - 0 .7  i 0.2) kcal/nole. 

3 2 s  value can be_ conmared with the E ,  for 3/t, wh2ch -- is ( 0 . ~ 0 . 2 )  - 



kcal/mole; t h e  values agree wi th in  experimental  e r r o r s .  Thus 
- - - - 

al though t h e  motion about t h e  symmetry a x i s  i s  not  i n  t h e  

d i f f u s i o n  l i m i t ,  a s  d iscussed  in Sect ion  2, we now f i n d  t h a t  

t h e  a c t i v a t i o n  energies  are r e l a t e d  a s  though t h e  d i f f u s i o n  

model a p p l i e s .  . This r e s u l t  i s  a t  variance with t h e  c o r r e l a t e d  

i n e r t i a l  model of McClung (1969,1972) bu t  i s  i n  agreement w i t h  

e a r l i e r  da ta  i G i l l e n  e t  a l .  1971; woessner e t  a l .  1968) f o r  

C H 3 1  and CH3CN. The equal  and opposi te  temperature dependences 

of D and 7, have been taken i n  t h e  p a s t  a s  evidence f o r  I1 I I 
methyl group r e o r i e n t a t i o n  a s  t h e  source of t h e  l a r g e  spin- 

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

5. Proton Spin-Rotation I n t e r a c t i o n  

SC Since (H-3r) i s  n e g l i g i b l e ,  t h e  s p i n - r o t a t i o n  con- 

t r i b u t i o n  i s  a l l  t h a t  remains of Eq. (2-17) and by s u b t r a c t i o n  

i t s  con t r ibu t ion  i s  a l s o  s h o m  i n  Ffgure 2-5. Its energy of 

a c t i v a t i o n  i s  (-0.6 * 0.2) kcal/mole. The e r r o r s  a r e ,  from 

uncer t a in ty  i n  E q .  (2-17) because of poss ib le  e r r o r s  i n  t h e  

d i l u t i o n  ex t rapo la t ion .  

'i"neI1I3 s p i n - r o t a t i o n  cons tants  f o r  CH3Br have not  been 

rspeyted: fowever rie may es t ima te  the  averaged s p i n - r o t a t i o n a l  

cons tant  by\  evere ell a method ( 1970). From molecular beam 
\ 

data it  was found f o r  ?Aq t h a t  C ;  = -1;58 kHz and CL = +16.54 kHz 
1 I 

1 .  . ;t:cfsy e t  a l .  1970) ; s i n c e  t h e  chemical s h i f t  of CH3Br i s  



- 2-39) is cnly z p p l i c a b l e  when the * I r  resonant  nucleus i s  

L .  ' s h e  protons ir: r?.cth-~l' br~mtde. The expression for the spin-  

2 . t  zoxe point -4 22 xhlsh the S tensor for $he proton i s  

f - .  
: I r -  ) As a result the  2-tensor elegent  

y r z t z r  z f t e r  t k e  transformation is g iven  by, 

&.* 2; - p  . - - - - "  0 Q s i n  8 cos  9 



FIGURE 2-9 

Beloca t ion  of the p ro ton  from the  z-axis  to t h e  

- a x i s  t o  obtain 3 value neces sa ry  f o r  t h e  c a l c u l a t i o n  

of the spin-rotation c o n t r i b u t i o n  from t h e  proton 

nucleus vrhir,h l i e s  - of f  t he  p r i n c i p a l  axis, 





SR then obtains t he  expression f o r  R1 , 

l i m i t  Lrl the 

! 2 - h k )  

reduces t o  

may use the value for 7 along w i t h  Eq.  (2-44) and the 

T = 5.22 psec and T = 0.039 psec , Dll = 
'U ! I l 

250 x 10 l0  
A s ?. an? t h e  ezperirriental = 9.950 s e c - I  and o b t a i n  values f o r  

poss ib le  solutions: (a)  CL = +1.07 



1,de may cornpadre these  t o  values obtained as i n  t h e  13c 

c a l c u l a t i o n  using 9; and ha for IH. From t h i s  c a l c u l a t i o n  
l' 

vTe have obtained C = to. 50 kHz 1 
l l e n t  agreement x i t h  t h e  second 

The various con t r ibu t ions  

i n  pure  CH3Er a t  15•‹C are  shown 

and CI/ = +9.17 kHz i n  exce- 

s e t  of s o l u t i o n s .  

t o  the  proton r e l a x a t i o n  time 

i n  Table 2-6. 



CONTEIBUTIONS TO THE 'H RGLAXATION TIME IN PURE CH3Br 

Pe laxa t ion  Rate Relaxat ion Time 

(set > 
T Mechanism 

1 

t o t a l  

T H-H 

i n t e r  

H-Br 
inter 

T H-H 
i n t r a  

i n t  ra 



ANISOTROPIC ROTATIONAL DIFFUSION I N  DIDETHYLMERCURY 
., 

A .  In t roduct ion  

Nuclear magnetic resonance i s  a  convenient probe f o r  t h e  

s tudy .of t h e  r o t a t i o n  of molecules i n  l i q u i d s ( ~ b r a g a m ,  1961) 

because t h e  nuclear  sp in - re laxa t ion  time depends on t h e  mole- 

c u l a r  motion although t h e r e  i s  s t i l l  some ques t ion  as t o  t h e  

. v a l i d i t y  of t h e  var ious proposed models. In  a molecule i n  

t h e  l i q u i d  phase, the  more n u c l e i  whose r e l a x a t i o n  t imes can 

+ bn measured, t h e  more information one can ob ta in  about t h e  i, 

motions of t h a t  p a r t i c u l a r  molecule ( s e e  e.g. Bopp 1967; 

Zoidler  1965). For n u c l e i  of sp in  1 2 1  t h e  quadrupolar r e l ax -  

a t i o n  i s  genera l ly  the  dominant mechanism i n  t h e  s p i n - l a t t i c e  

r e l a x a t i o n  tirne. However f o r  n u c l e i  of s p i n  6 t h e  problem i s  

complicated because t he  various poss ib le  mechanisms 

xk lch  may con t r ibu te  t o  t h e  t o t a l  r e l a x a t i o n  r a t e .  

In a  number of s t u d i e s  involving n u c l e i  of spin *, 
L 3 C ( ? i l l e n  e t  al. 19p; F a r r a r  e t  a l .  1972; Grant e t  a l .  1971); 

6 

' 3 ?  !Amstrong anii 5rjurtney 1372); 3 1 ~  (~a t ryer  and Powles 1971); 
, - 
1 3 3 -  --, ( L i t c k m a z - a ; ~ d  L e i  ST. 1972); '13$n &harp WT?, 197hJ 

z z n t r i b u t i c n  t o  t h e  s p i n - l a t t i c e  r e l a x a t i o n  rate is  a dominant 

- 4 n _nsre  erpears  tg b e  a t r end  showing t h s t  t h e  



- -- - - - -  - - - -  

s p i n - r o t a t i o n  i n t e r a c t  ion  ( I *  J) becomes more important f o r  

t h e  h igher  Z n u c l e i  of s p i n  4, however s t u d i e s  involving these  

h igher  Z n u c l e i  have been r a r e l y  repor ted  I n  t h e  l i t e r a t u r e .  

I f  indeed t h i s  i n t e r a c t i o n  i s  l a r g e  it shou-ld be r e f l e c t e d  i n  

t h e  value f o r  t h e  s p i n - r o t a t i o n  constant  C f o r  t h e  1 9 9 ~ g  

nucleus i n  dimethylmercury. 

Along w i t h  t h e  s tudy of t h e  r e l a x a t i o n  of th'e l S 9 ~ g  

nucleus we have a l s o  s tud ied  t h e  'H and 'D temperature depen- , 

dence of the  s p i n - l a t t i c e  r e l a x a t i o n  t imes and thus  der ived 

t h e  an i so t rop ic  r e o r i e n t a t i o n a l  motion of t h e  dimethylmercury 
4.. 

molecule. 

E. Experimental 

1. Measurement of -. r e l a x a t i o n  - t imes.  

The proton s p i n - l a t t i c e  r e l a x a t i o n  t i m &  T I  were 

measured by t h e  s a t u r a t i o n  recovery method (van Geet 1965) .- 
and rapid  adiabatic passage with sampling ( ~ a r k e r  and Jonas 

1379) on a  Varian ~55/60 high r e s o l u t i o n  NMR spectrometer 

opera t ing  a t  61) f1%z. The 2~ s p i n - l a t t i c e  r e l a x a t i o n  t imes 

:<:ere measured a t  l5.L MHz by r a p i d  a d i a b a t i c  passage with 

s a z p l h g  9n a 'isrizn YL-100 IRt% spectrometer.  
1 =c. 

1 Y-Fg r e l a x a t i o n  ti?.es were measured i n d i r e c t l y  

b ~ i  the modif ie? r o - t a a  echo ,method of Yel l s  and Abramson 4 1969) 

$2 t h e  ~rotcn mul",iplet components. R2 ( f ~ 2 - f )  f o r  protons 
I' r 

. ,..;; - -  o k t a i n e d  at ;S !.%z (1k.l %:suss). The r e l a x a t i o n  r a t e  i n  



1- 

the r o t a t  lng Trame a s  men% ioTEa prevIousTy Ts-gTEn Ey, 

Therefore by performing a s e l e c t i v e  r o t a r y  echo experiment 

on the  proton s i g n a l  due t o  t h e  dimethylmercury molecules con- 
1 

1 t a i n i n g  non-magnetic H g  ( I=O)  we obta in ,  

For t h i s  case the value of R e r  ( H )  

I I P,(H) which means t h a t  F I H  = FZH 

Also performing a s e l e c t i v e  

double t  member due to I g 9 ~ g (  C H ~ )  

was found to be t h e  same 

r o t a r y  echo experiment on 

a s  

e i t h e r  

( s e e  Figure 3-1) we obta in ,  

I :<.%ere R ~ ~ ~ =  
H 

since both d ipole  and s c a l a %  con t r ibu t ions  

I1 froor? l S 9 H g  t o  'h a r e  n e g l i g i b l e ,  and RZH -: R1il + R~('~~H@;); 
- F l i 1 s 9 E @ )  is t h e  mercurs.-199 s c a l a r  con t r ibu t ion  t o  t h e  proton 

The 2 0 1 ~ g  isotope (13,224, I= 3/2) i s  scalar  coupled 

'3 b u t  col lapsed i n  t h e  spectrum, an? a f f o r d s  a s c a l a r  R 2  

x c h a n i s m  to t h e  ~ h i c h  i s  included i n  with t h e  r o t a r y  echo 
- -- - - - - -- - 

xeastlremnt on Fig Z = S )  resonance. The e f f e c t  i s  n e g l i g i b l e  

as is shoxn in the calculation in Appendix E. 
d 

I 







Therefore us ing these  t m  selective r o t a r y  echo -exper-imerrts - 

we can i n d i r e c t l y  ob ta in  values of R,(lS9~g). 

- For t h e  mixtures of H ~ ( c ; H ~ )  and @ ( C D ~ )  2 t h e r e  was no 

evidence of any,of t he  mixed spec ies  such as  CH3-Hg-CH2D e tc .  

o r  CH3-Hg-CD3 so t h a t  i n  the  separa t ion  of t h e  var ious mechanisms 

we d i d  not have t o  worry about poss ib le  H-D o r  CH3-CD3 exchange. 

Temperature con t ro l  was accomplished using t h e  Varlan 

'1-6040 var iab le  temperature WMR probe accessory.  Temperatures 

were measured-using a  copper constantan thermocouple, tempera- 

t u r e  readings ware accura te  t o  + 1 • ‹ C .  - 

2 .  Synthesis  of H~(cD~)), 

The d e - d q t h y l m e r c u r y  was prepared according t o  Gilman 
? 

and Brown's Grignard method (1929) with minor modif icat ions.  
C 

In  a dry 100 cc f l a s k  f i t t e d  with a r e f l u x  condenser and a 

drying tube f i l l e d  with " D r i e r i t e "  was added 2.0 grams of Mg 

t u rn ings ,  To t h i s  was added 10 cc of dry(abso1utef  e t h e r  and ,- 

2 . 0  grams of dry methyl iodide-d, ( ~ e r c k ,  Sharp and Dohme of 

zanada). A s  soon a s  t h e  e a d t i d n 4 h a d  s t a r t e d ,  a  s o l u t i o n  of 

r- 5 .0  g r a m  C D j I  in 40 c c  of dk.y ( a k s o l u t e )  e t h e r  was slowly ' 

% 

sqdeci. An ice b a t h  x a s  used t o  cdol t h e  re%ction f l a s k  when 
- 

t h e  r e w t  ion proceeded t o o ,  vigorously.  When sp6ntaneou.s . 
. . . . 

r 9 I ' l u x i r g  had 'ceased, t h e  &xture was f u r t h e r  re'fluxkd f o r  



- - -- - - - - - - - - - - - - 

30 minutes' t o  d r ive  t h e  r e a c t i o n  t o  completion. 

The Grignard reagent  was c a r e f u l l y  decanted from t h e  

excess Mg i n t o  a 500 cc f l a s k  f i t t e d  with a  condenser and 

heated u n t i l  r e f lux ing  had begun. To t h i s  i s  a t t ached  a  

Soxhlet  e x t r a c t o r  c o n t a i n i r g  7.15 grams of mercuric ch lo r ide  

and 75 cc  of dry ( a b s o l u t e )  e t h e r  is  added t o  t h e  f l a s k ,  T h i s  

w a s  allowed t o  reflux f o r  3 days t o  improve t h e  yield of 

dimethylmercury-d,, 

After  t h r e e  days of r e t l u x i n g  t h e  s o l u t i o n  was cooled 

i n  i c e  and t h e  excess Grignard reagent  was destroyed by t h e  

a d d i t i o n  of  about 25 cc of water through t h e  condenser. The 

water had t o  be c a r e f u l l y  added t o  keep the  r e a c t i o n  from 

becoming too  vigorous. Next t h e  e t h e r  l a y e r  was separa ted  

.and the  aqueous l a y e r  ex t rac ted  with 20 cc of dky (abso lu te )  
I 

e t h e r ,  The combined ekher e x t r a c t  was washed with 25 cc of 

x a t e r ,  separa ted  and d r i ed  over CaC1,. , The e t h e r  was c a r e f u l l y  

d i s t i l l e d  o f f  using a " s p i r a l "  column. The remaining t r a c e s  

of e t h e r  'were separa ted  out u s i n g  p repara t ive  vapor phase 

chromatography. The y i e l d  was 3.92 grams of ~ ( c D ~ ) ,  (57$ 

y i e l d )  ; E. P. e3-89'~ (uncorrec ted) .  

The YI! T : H ~ )  ;i Was obtained from Alfa InorganiCs. ?'he 

;s;r?ples x e r e  degassed i n  5 m n  tubes by t h e  usual  freeze-pump- 

thaw cycles m d e r  -mcutm. ? 3 e  v i s c o s i t y  and dens i ty  were 



,-iy, 
k

"' 
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( spectrum) ., 

( 'H spectrum) 
+ 

( 13c- { '83 decoupled) 

4 

( IH spectrum) - , 

% 

( undecoupled 
specti-urn) 

- -  
- , r i t e  : spectrum obtained. on 7arian ~56/60 at 60 MHz and 

, 13c spectrum obtained. on XL-100 operating at 25.1 MHz 

in FT made. 



T.  Pesul t s  and Ana,lysis 

P,s mentioned previously f o 6  most n u c l e i  of s p i n  % t h e  

re laxadt ion  i s  caused by a  combinattion of mechanisms : i n t e r -  

molecular and in t ramolecular  d i p o l a r  coupling, sp in - ro ta t ion  
k 

axid poss ib ly  chemical s h i f t  anisotropy.  The pro ton  r e l a x a t i o n  

d a t a  i n  Table 3-2 and Figure 3-2 ind ica te  t h e  presence of 

several mechanisms i n  t h e  r e l a x a t i o n  r a t e ,  '. 
As descr ibed e a r l i e r  t h e  form of t h e  chemical s h i f t  

a 

CSA 2 aniso t ropy c o n t r i b u t i o n  i s  R1 = - 
15 

Y*H; (oil - 01)2~c s ince  
7 

V ! g k 3  oL) N 1-5 ppm and T~ FU 10- l2  sec  f o r  protons usua l ly ,  

g1 l o e 9  f o r  protons i s  neg l ig ib le .  For I g 9 ~ g  t h e  chemical - 

s h i f t  an iso t ropy ( o,, - o ,  ) has no t  been measured; howev'er i f  
I I I 

:.re assumed a value of eve?-- 3000' ppm, R l  
4 

R sec- '  which 
- 

would s t i l l  be completely neg l ig ib le .  
1 

Extrapola t ion  from da ta  by , s t andard  type of d i l u t i o n  

s t u d i e s  st on era and Rigamonti 1965) of Hg(CH3) @ ~g(cD3) 2 

allows t h e  separa t ion  of intermolecular  d ipole-d ipole  e f f e c t s  

from intramolecular  mechanisms f o r  protons.  In  t h e  199J5g 

r e l a x a t i o n  in dimethylmercury 4 t  i s  s a f e  t o  assume t h a t  t h e  

intermo1ecula.r d ipole-d ipole  r e l a x a t i o n  r a t e  i s  i n s  i g n i f  i c a n t  

z s  i n  t h e  I3c r e l a x a t i o n  ( ~ u h l m n n ,  Grant and Harr i s  1970) - =-  

because of 'the much increased intermolecular  n u c l e a r  separa t ion .  
* 

?.ms we a r e  l e f t  with t h e  separa t ion  of t h e  intramolecular  con- 

t r i b u t i o n s  t o  both t h e  'X and '''& r e l a x a t i o p  r a t e s .  
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+ in . ( 3 )  2 Error in measured relaxation rates is + ,jk - 







The temperature dependent proton re laxa t ion  times a r e  

shmn i n  Figure 3-2 f o r  pure H ~ ( c H ? )  and f o r  mixtures con- 

t a in ing  27 and 60 per  cent mole f r a c t i o n  Hg(CH3) * i n  Hg(CD3) - 
respectively.  Using the  same method a s  f o r  the  methyl bromide 

c-ase (chapter  2 )  the  re laxa t ion  r a t e  f o r  the  mixtures is, 

H - H-H H-D H- 199j3g 
(3-5) - 

' l in te r  - ' l inteS + R l i n t e r  + ' l in te r  

Since y i  ,= 42.5 y 2  and the spin  values a r e  d i f f e r en t ,  the  deu- D 
/ 

teriurn i n  dimethylmercury-de w i l l  contr ibute 1/24 a s  much t o  

the  intermolecular re laxat ion a s  the  hydrogens i n  dimethylmercury-he. 

The t o t a l  proton re laxa t ion  
.I 

i s  then, 

H-H H-~"?I@ dd + R f R  
R1 i n t e r  + ' l,inter R1intra 

where C i s  the  mole f r a c t i o n  of dimethylmercury-k&. Once again 
H as described &I Chapter 2, a p lo t  of RI  vs. 23~ /24  y ie lds ,  

H-H slope = hinter 

, and 
1 H-H 199 

dd + - R 1  SR A in tercept= z R l i n t e r  + ' l in ter  H- &+ 

d O ~ - ~  
( in f a c t  d o  H- Hg will ac tua l ly  be g rea t e r  thak \ .  

vie must a l s o  keep i n  mind t h a t  lS9H,g is  only 16.86 per cent* 
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n a t u r a l  abundance, whence 

H- "'Eg, H-H 
'1 i n t e r  a 0.024 Rlintei. 

SR dd PJe a r e  then  l e f t  with separa t ing  R1 intra f romR1 . I f . % .  
d L 

vie n o t i c e  t h e  p l o t s  i n  Figure 3-2 we see  t h a t  they  show no 
' 

curvature ,  which w o u i d  .a normally be present  i f  w e  had a mixture - 
of intramolecular  d ipole-d ipole  and sp in - r&at ion  i n t e r a c t i a n s  

, , 
s i n c e  these  two mechanisms have opposi te  temperatare  dependence. 

I 

It appears s a f e  t o  assume t h a t  a t  l e a s t  over t h e  temperature 

range s tud ied  t h a t  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  i s  n e g l i g i b l e  

f o r  protons and t h a t  t h e  only r e l a x a t i o n  mechanisms present  a re ;  
7' . 

those  due t o  i n t e r  and intramolecular  d ipo le ld ipb le  i n t e r a c t i o n s .  

The separa t ion  of t h e s e  two mechanisms is shown i n  Figure -3-3,. 

For t h e  inteemolecu.lar in te ' rac t ion  t h e  energy of a c t i v a t i o n  ' 

i s  2 .3  + - 0.3 ~cal/rnole.  and f o r  t h e  intramolecular  dipole-di&le 
9 

it is* 0.9 - + 0.1 ~cal / .mole .  The d a t a  i n d i c a t e s  in t ramolecular  %" p, 

dipole-dipole  mechanism to b e ' t h e  predominant a t  t h e  h igher  
. . 

r\ 

temperatures.  

Anisotropic r o t a t i o n a l  d i f f u s i o n  t ensor  f o r  Hg( C D ~ )  

The usual  method of obta in ing  &he a n i s o 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  t e n s o r  of a symmetric top,molecule  involves t h e  

measurement of t h e  r e l a x a t i o n  time of two quadrupolar n u c l e i  

xhich have d i f f e r e n t  bond angles with r e spec t  t o  t h e  symmetry 

a x i s  of the  molecule (k~oessner  e t  a l .  1968; Jonas and D i  Gennaro 



Figure 3-3 

A . 'H r e l a x a t i o n  , r a t e  i n  H ~ ( c H ~ ) ~ .  
I 

H-H . s epa ra t ion  of R~ dd i n t e r  from RI intra f o r  t h e  





Figure 3-4 , 

2~ s p i n - l a t t i c e  r e l a x a t i o n  r a t e  i n  H~(cD~) 





mole cu l e  we c o u l d  d e t  e=%e the TniToEoprc ' - r0taTonaT dif-figpion 
* 

t e n s o r  f o r  dimethylrnercury-dk . , from &adrupolar r e l a x a t i o n  of 
es 

both *D and 'O1I@. As before  the' equat ions (Huntress 1965) 

t h a t  r e l a t e  t h e  measured r e l a x a t i o n  r a t e  of a nucleus t o  t h e  

d i f f u s i o n  t ensor  components and t h e  r e l a t i v e  o r i e n t a t i o n  t o  $he 
. -'\ e l e c t r i c  f i e l d  g r a d i e n t  a r e  : 

* 

The problem i s  t h a t  t h e  ' f l H g  resonance i s  n o t  observable e i t h e r  

d i r e c t l y  or  i n d i r e c t l y  because of i t s  very s h o r t  r e l a x a t i o n  t & e  

due t o  i t s  presumably la'rge quadrupole coupling cons tant  ( s e e  

Appendix B). We must t h e r e f o r e  f i n d  a d i f f e r e n t  method of 

obta in ing  D and Dl,. F i r s t  w e  use t h e  2~ r e l a x a t i o n  t imes of L 
Figure 3-4, t h e  approximate 2~ quadrupole coupling cons tant  

f o r  molecules containing methyl groups ( 165 k ~ z )  and Eq. (3-10) 

t o  ob ta in  T,(D). We then  assume t h a t  DII  and D, w i l l  no t  d i f f e r  
I, I I 

A ** 
g r e a t l y  in' going from t h e  H~(c&) t? t h e  Hg ( CDS ) spec ies  

and use Powlest equat ion  (1963), , ' 



< T, s i 

assumes independent 

3 

and neg lec t s  

- m e t r y  e f f e c t s )  t o  Obtain T ~ ( H - H ) .  This is  t h e  e f f e c t i v e  
r 

$ ~ r r e l a t i o n  time for r e o r i e n t a t i o n  of the  proton i n t e r n u c l e a r  
I 1 

vector .  For t h i s  c o r r e l a t i o n  time Q=90•‹ because t h e  p e r t i n e n t  

p r ~ t o n  r e l a x a t i o n  ' i n t e r a c t i o n  occurs i n  t h e  plane of t h e  methyl 

hjdrogenz. This plane I c  normql,to t h e  major a x i s .  Using the -  

appropr ia t e  va lues  f o r  t h e  conctants  and r 1-1- H (from Table *$-3) 

7 - - 2-I? 
P 

~1 = 4.86 x 10:" r ( G - E )  i n t r a  c 

, ,zing - E?. ( 3 - 1  t h e  experimental  values f o r  T ( H - H )  , T c ( ~ ) ,  
P 

z;= 90" f o r  T ~ ( H - P )  m d .  9= 109 '28~ f o r  T,(D) we can so lve  f o r  

t he  temperature dependen&& of both D and D L I 1  
These a r e  giGen 

i n  Figure 3-5. !.le f i n d  3, f o r  D i s  0.85 -t- 0.15 ~ c a l / m o l e  and:  1 -- 

fo-r D,, , E = 1.30 + 0.60 ~ca l / rno le .  Also t h e  r e o r i e n t a t i o n  a - ' d@ 

a.'cout t he  f i g u r e  a x i s  i s  about f o r t y  times f a s t e r  than  or ien-  -- - 
3 

t a ~ i o n  - o f ' t h e  f i g u r e  a x i s ,  The 

m c e r t a i n t y  because as  mentioned 

+, -V _ n i s  i s  q u i t e  reasonable f o r  

5, f z c t o r  of 2 d i f f e rence  between 

values f o r  

below both 

%/but  n o t  

D have a g r e a t  I I 
~ ~ ( 1 ) ) '  - and T ~ ( H - H )  

C 

D s ince  t h e r e  i s  l I 

- ---=;,;ever t h i s  does not  rnatter much s ince  i n  t h e  c a l c u l a t i o n  of 

T ( 2 - 2 )  4905 comes flro~ri t h e  first t e r n  i n  Eq. (~,/11) which ,is 
C 

t h e  f i r s t  

- 

t he  c a l c u l a t i o n  of T c ( ~ ) +  -70% 



Typica l  values of average -CH3 gi-cup r - 
4 

- - 
% .,-,S?;ryanarayana izcl, 3. F. St oickieff , _and F. Turner, 







s 

a r e  l a r g e l y  dependent on t h e  value of D ; however l a r g e  changes 1 \ 

in 
have very l i t t l e  . e f f e c t  on e i t h e r  T ~ ( D )  o r  T ~ ( \ H ) .  The 

*s- 

value of E,(D )=  1.30 + 0.6 ~ c a l / m o l e  would appear  a $it high I I - 
s i n c e  i n  most cases  involving methyl group r e o r i e n t a t i o n  .. 
E,(D~~ ) = &LO. 8 ~ c a l / m o l e  (Bopp 1967; Woessner e t  a l .  1968; ' Jonas 

and D i  Gennaro 1969; G i l l e n  e t  a l .  1971 ; ,Chapter, 2  of t h i s  

t h e s i s ) ,  however a value of 0.8 ~ c a l / m o l e  i s  w i t h i n  t h e  uncer- 

t a i n t y  of our measurement. 

Since Eqs. (3-10) and (3-11) a r e  der ived from t h e  assimption 

of ro ta t ' i ona l  d i f f u s i o n ,  w e  can t e s t  t h e  r e s u l t s  by t h e  so-ca l led  

X - t e s t   i ill en and Noggle 1970) t o  check t h a t  t h i s  method i s  a 

good "approximation of t h e  r e o r i e n t a t i o n s .  The x t e s t  c o n s i s t s  
Y 

of c a l c ~ i a t . 2 . n ~  t h e  r a t i o  of 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  

time about a p a r t i c u l a r  a x i s  t o  t h e  t h e o r e t i c a l  ' f r e e  gas re- 

o r i e n t a t i o n a l  t ime about t h e  same a x i s .  IP x i s  large  compared 

t o  one, t h e  r o t a t i o n a l  d i f f u s i o n  l i m i t  a p p l i e s .  For dimethyl- 

mercury a p p l i c a t i o n  of t h e  X - t e s t  t o  t h e  perpendicular  motion 
I 

g ives  values ranging from 15-22 i n d i c a t i n g  r o t a t i o n a l  d i f f u s i o n  

f o r  t h i s  motion. However f o r  t h e  p a r a l l e l  motion t h e  range of 

Xjl i s  1.4-3.0 i n d i c a t i n g  p o s s i b l e  i n e r t i a l  e f f e c t s  due t o  t h e  

rnuck smal ler  moment of i n e r t i a  about t h i s  a x i s .  
4& 

3. 99Hg S p i n - l a t t i c e  r e l a x a t i o n  
t 

For t h e  9 s I i - r e l a x a t i o n  it i s  safe t o  assume- that t h e  - -- 

b- temolecu . l a r  d ipole-d ipole  r e l a x a t i o n  i s  i n s i g n i f i c a n t  a s  
* 

_areviously mentioned. Therefore t h e  Tl I s  of 19'Hg in H ~ ( C H S )  2 



, . 
i 

ls9lig spin-lattice relaxation rate in 1 9 9 ~ g (  C H ~ ) ~  





- - - -  
( ~ i g u r e  3-6) come from intramolecular  I n t e r a c t i o n s .  f2he 

d i p o l a r  con t r ibu t ion  can be w r i t t e n  a s  (powles 1963),  

2 2 
dd 6yHy i s s ~ p  t i 2  

, ( 3 - 1 4 )  - R1 intra 
- 

c 6 

r5- r ~ - ~ g  

Using t h e  a p p r o p r i a t e ~ v a l u e s  f o r  t h e  cons tants  and in termolecular  

d i s t ances   a able 3-32 w e  obta in ,  

1 

P 
T , ( H ~ - H )  can be ca lcu la ted  using equat ion (3-11)' a long with 

0 

D and 8=23.5' . The ca lcu la ted  c o n t r i b u t i o n  a t  +40•‹C 9' iI 
dd = 0.0014 which i s  n e g l i g i b l e ,  t h e  dominant is R 1 i n t r a  . 

reason being t h e  l a r g e  Hg-H separa t ion .  We a r e  thus  l e f t  

with..the conclusion t h a t  t h e  only opera t ive  s p i n - l a t t i c e  r e -  

l a x a t i o n  mechanism i s  t h a t  due 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 .  

This conclusion i s  supported by t h e  experimental  temperature 

dependence ( see , -~ :~ure  3-6) a s  t h i s  i s  t h e  only mechanism which 
1 

shows t h i s  p a r t i c u l a r  ternpeS a t  e dependence. It shows an = 

."9)" 
Arrhenius behaviour with an h e r g y  of a c t i v a t i o n  of -1.1 + 0.2 - 

I - ~ c a l / m o l e .  

D. Discussion 
- .  

0 
4, u 

- 1. Roton-proton  in termolecular  r e l a x a t i o n  t imes 
I 

- 

*I 

The proton-proton intermolecular  r e l a x a t  ion  t imes ( see  

r e  3 3 )  compare very wel l  t o  those  ca lcu la ted  from Eq.(2-20) 

T - n  ,>mg + t h e  same treatment  a s  f o r  t h e  methyl bromide proton- 
', 



proton in termolecular  r e l k x a t i o n  dime we ,- - ob ta in  t h e  r e s u l t ,  
J 

.- Y' 

where a l l  symbols have t h e  p r e v i o h l y  mentioned meanings. 

Using Eq. (3-16) along with the  mdsured  values f o r  deps i ty  
H-H 

and v i s c o s i t y  ( ~ a b l a  3-4) we ob ta in  t h e  t h e o r e t i c a l  Rlinter . 

308 
4 3.0620 0.956 

-. 
These t h e o r e t i c a l  values can be compare& wi th  experimental  

values  able 3-5). The t h e o r e t i c a l  r e su l tFs  are. i n  s u r p r i -  

s i n g l y  good agreement' with t h e  experimental ly  obtained values 

again, although perhaps f o r t u i t o u s  i n  view of t h e  ques t ionable  

assumptions i n  i t s  de r iva i ion .  From theory t h e  energy o f '  
L 

a c t i v a t i o n  i s  2 . 2  ~ c a l / m o l e  and from experiment Ea . is  2.3 f 0.3 



HA H THEORETICAL AND EXPERIMENTAL VALUES FOR TI  inter 
/ 

* - 

Experiment 

273 
"Y 

13.9 'sec 15.1 sec 

288 17.5 sec 18.9 sec 

298 * 19.6 sec 21.7 sec 

308 22.2 sec 24.6 sec 

19'~g Spin-rotation constant 

Since we have established that the relaxation of the 

1S9Hg nucleus in dimethylmercury is due strictly to the spin- 

rotation interaction we should be able to obtain the spin-rotation 

constant (C ) The angular momentum correlation time T, has m 
been related to the tumbling reorientational correlation time 

T by Hubbard (1963) in the diffusion limit 
C 

The classical diffusion model was extended by Gordon 

, i1965,1966). In the extended diffusion model, molecular re- 
9 1 

orientation is described as %tochastic process in w h i $  --the 
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9 
T# 

molecules a r e  undf!'!?going f r e e  r o t a t i o n  i n t e r r u p t e d  by c o l l i s i o n s .  

After  each period o f  freeWotatrcion, T;, , t h e r e  occurs a c o l l i s f o n  ' 

which randomizes both  t h e  magnitude and d i r e c t i o n  of t h e  angular  

momentum vector  ( J - d i f f u s i o n )  o r  randomizes only t h e  d i r e c t i o n  

(14-diffusion) . McClung ( 1971, 1972) obtained l i m i t i n g  expre- , 
-3 

s s ions  f o r  s p h e r i c a l  t o p  molecules, . 

2 
% where a= 1,3 in 5 Bd# Id-diffusion respec t ive ly .  . . . -- 

An express ionL f o r  p l S R  has been g iven  by ~ l i c h a r s k l ( 1 9 6 3 ) ,  

1 

where C =[+ (cIr +21) 1% i s  the  s p i n - r o t a t i o n  i n t e r a c t i o n  
Hg 

cons tan t ;  

Since t h e " 9 9 ~ g  nucleus l i e s  on t h e  main symmetry a x i s ,  

0 =  0  and t h e r e f o r e  i t s  tumbling c o r r e l a t i o n  time i s  given by 

T = ( 6 ~ ~ ) ~ ' .  'This - i n d i c a t e s  t h a t  t h e f  energy of a c t i v a t i o n 1  
C 

f o r  p l S R (  lS9Hg) should have the  same temperature dependence 

a.s D, bu.t of .opposite s ign .  ,The experimental  r e s u l t s  a r e  i n  
-L 

f a i r l y  good agreement, 3 I R ~ ~ ~ )  = -1.1 + 0.2 ~ca l / rno le  and a  - 
L < 

'3 ) = +0.85 + 0. 1 5 3 ~ c a l / m o l e .  a I - 

TJsing Eq.  (3-17a) along with T~ = 6.7 x 10-12 sec  a t  

33Q•‹K and T we ob ta in  rw  = 1.0 r sec  f o r  J - d i f f u s i o n  

and 7 ,  = 3.0 x 10-l" see f o r  #-d i f fus ion .  Now using Eq.  (3-18) 



and C = 28 + 5 kHz f o r  M-difyusion. s ine6  t h e  molecule is  
Hg - 

h igh ly  a n i s o t r o p i c  a s  can be seen from t h e  i n e r t i a  and d i f f u s i o n  

t ensors  it i s  q u i t e  p l a u s i b l e  t h a t  t h e  aniso t ropy of t h e  sp in-  
i 

( 

r o t a t i o n  t ensor  ( C  - C ) i s ,  q u i t e  la rge .  Therefore discrepan-  1 1  1 
c i e s  a r e  expected when one uses an i s o t r o p i c  approach f o r  a  , 

A\ 
I > 

h igh ly  a n i s o t r o p i c  molecule. with enough a v a i l a b l e  information 

t h e  more r igoro2s a n i s o t r o p i c  apprpach is poss ib le .  -Y 

Eender and Zeid ler  (1971) have derived an equat ion r e l a -  - 

t i n g  t h e  s p i n - r o t a t i o n  r e l a x a t i o n  of a nucleus i n  symmetric t o p  

molecules t o  t h e  r o t a t i o n a l  d i f f u s i o n  cons tants  of t h e  mol;ecule. 

Their r e s u l t  i s ,  

xhere al.1 symbols have t h e i r  u s u a l h e a n i n g .  The d e r i v a t i o n  of 

t h i s  equat ion i s  based on t h e  assumption t h a t  both d i f f u s i o n  

cons tants  a r e  i n  t h e  r o t a t i o n a l  d i f f u s i o n  l i m i t ,  which i s  rea-  

sonable f o r  D but  poss ib ly  not  f o r  D because of i n e r t i a l  1 I I 
e f f e c t s  ' f o r  t h i s  motion. However with t h i s  i n  mind we w i l l  

f 

with t h i s  t rea tment .  /' 
/ .  

If the  t empera tu re  dependent da ta  f o r  D D and 'R, 1 1 '  1 
i s  known, one can ob ta in  t h e  values of C and CL+using Eq. \ 

g' - 1 )  From equat ion (7-19) and the  necessary values f o r  ., 
- SR 
y l  , Dll and Dl .;ie obta in ,  



.8p -88- a a 

1, and FL 
1 A 

The values f o r  C are obtained &rn the ixhersect5ons of , 

t h e  temperature dependent e l l i p s e s ~ g l o ~ t m t e d  i n  Figure 3-7. The 
>kJ f l  

values obtained a r e :  
e 

( C  I =120+60kHz and I C I  = 2 6 + 3 k H z  I 1  - 1 4 

d 

/ Using these  values f o r  C I, and Cl we can c a l c u l a t e  C e f f  - - 
L 

[ +(2c1 + ")I" , from which we ob ta in  c i f f  = , 72 - + 22 ~ H Z .  d 

This r e s u l t  i s  i n  f a i r  agreement with t h e  c a l c u l a t e d  values - 

f o r  J- and M-diffusion. As mentioned a t  t h e  beginning of 

t h i s  d iscuss ion  we must remember t h a t  a l though D i s  i n  t h e  1 
r o t a f i o n a l  d i f f u s i o n  l i m i t  D probably i s n l t  and we must I I 
be caut ious with the  value obtained f o r  C e f f  according t o  

Bender and Z e i d l e r f s  t reatment .  We must be $ s p e c i a l l y  care-  

f u l  with t h e  value obtained f o r  C ih view of t h e  l a r g e  e r r o r  I I 
assoc ia ted  with t h i s  value. 

3 .  -- Absolute s h i e l d i n g  - --- s c a l e  of " S H ~  

The magnetic s h i e l d i n g  constant  has been r e l a t e d  t o  t h e  
Y 

s p i n - r o t a t i o n  cons tant  through t h e  second order  paramagnetic 
\ 

term of Eamsey's s h i e l d i n g  expression ( ~ a m s e y  1950, 1956; 
0 

F l y g a r e  1964).  Devesell  (1970) has r e w r i t t e n  t h i s  expression 

f o r  sl~rnmetric top  molecules, 



using ~ e v e r e ' l l t  s  no ta t ion .  This r e l a t i o n  has been used t o  ob ta in  ' ,  

t h e  Lbsolute chemical s?if%-qale f o r  3 1 ~   everel ell 1970; Oi l len  

1972);  "F ( ~ s v e r e l l  1970); li9Sh (sharp  1972) and 2 0 7 ~ b  (Sharp - e 
and Hawk 1974). The above expression suggests  t h a t  t h e  a i s  

P 
t h e  only por t ion  of t h e  sh ie ld ing  cons tant  t h a t  i s  s e n s i t i v e  t o  

chemical environment changes and thus  changes i n  t h e  s p i n - r o t a t i o n  

cons tant  (G) . 
Using the second term o f  Eq. (3-22) along with t h e  appro- 

p r i ake  value f o r  t h e  cons tants ,  C and C we ob ta in  a ! f o r  I I I' P 
l g 9 ~ g  i n  H~(cH~) 2. 'rle assume o t o  be negat ive  i n  or&er t o  . 

P 
have a n e t  deshie ld ing  e f f e c t , a n d  thus  t h e r e  a r e  two s o l u t i o n s  

i f  CIl = -120 kHz 
then  CT = -5050 ppm 

cL = -26  HZ P 

i f  CII = +I20 kBz 1 

then  a = -4100 ppm 

Cl = -25 kHz 
P 

The average t o t a l  sh ie ld ing  cons tant  can be calculated.  from 

L e q e r e l l i  s  formula along with t h e  value of o d i  f o r  t h e  f r e e  

atom tabu la ted  by Pamsey (1956).  Ramsey g i p s  ad1  = 9650 pprn 

f o r  Hg and t h e r e f o r e  gave = 4600 o r  5550 ppm. The s h i e l d i n g  

s c a l e  o'stained i s  s h o m  Fn Figure 3-8 and shovrs t h a t  t h e  reso-  

nances of the  n o n - m e t ~ l l i c  mercurj  compounds a r e  found between 

the resonances of t h e  bare  nu.cleus and t h e  f r e e  mercury atom. 



Figu re  3-7, 

Temperature dependent ellipses ( - - - -  313•‹K and 

- 2 3 e " ~ )  of C11 for 'a3Hg in *dimethylmercury. 

- 





' " 3 ~ g  s h i . e l d L r ~ ~  scales. Experimental s c a l e  values 

L' obtained f r s ~  ~ n e  results of Schnelder and Bvcking- 
P 

ham (1952). T ~ e o r e t i c e l  scale derived from experi- 
4 

m~ntal ~al:~cs for 3 and C ~ l  
along x i t h  Eq. ( 5 - 2 2 ) .  





MAGNETIC FBLAXAT ION STUDIES OF sn(CH3) 

This study involves the investigation of the spin-lattice 

relaxatLon times of 'H,~D, I3c and '19sn in tetramethyl tin. 

Xeasurement - - of these times has allowed us to separate the tem- 

perature dependences of the various contributions: dipolar and 

spin-rotadtion for ''H,, '"c and '19sn and quadrupolar for the 2D 
nucleus. These contributions can be directly related to both 

a the molecular orientational time and the molecular angular 

mornenturn time 7, . These can be used to obtain values1for C&e 

spin-rotational constants and compared to val~les obtained from 

chemical shift data. Our data seems to indicate that the spin- 

rotational interaction becomes more important as the Z number 

sf the nuclei increases as has been pointed out earlier for the 

' 5 ? H g  case in dimethyl nercury. 

'I. Z#feasu-rezaent of relaxation times 



- 
The 13c spin-lattice relaxation times were measured 

under proton- noise decoupled conditions using the 180•‹-T -90' 

pulse sequence. The nucle3r Overhauser enhancement (q) was . '4 
/ 

obtained by dividing the integrated peak intensity in 'H r 

decoupled cmr spectra by the total integrated peak intensities 

in the coupled cmr spectra. All of the "SC ekperhents were 

perforr&d on a Varian XL-100-15 spectrometer equipp'ed for pulsed 

Tcurier transform (FT) operation at 25.2 MHz. 

The ' 'Sn relaxa.tion times in ~ n (  C H ~ )  were measured 

indirectly by the previously described rotary echo method (see 

Thapter 3). Spin-lattice relaxation times ( T ~ )  of the 1 1 9 ~ n  

f o r  the series 119~n(~~3)4-n(CD3)n were measured by the 180•‹- 

7-90' sequence a t  15.05 !?Hz by direct observation of the "'sn 

resonance at +28Oc. These measurements were made on a modified 

l:jl'.-Specialties spectrometer with a home-built crossed coil, 

ez'cernal H 2 0  lock probe (-dells et al.) equipped with a Nicolet 

1922 FT system. 

Temperature control was accomplished using the Varian . 

-,rz-.iable temperature NItW probe accessory. Temperatures were 

r q D p  *-,d,u-red - us ing  a copper constantan thermocouple, temperature 

7 .  

T Z Z Q ~ ~ S  siern accurate to - +l0C. 

3 e  s~(cK~), ?:as obtained from Aldrich Chemical Co.. 

- 
r ^  r~i-rtu.res of SE(CF~)~ + s~(cG~), vrere measured rirll the same _ --G 

Z.? - -  --,nion as f ~ r  t h ~  2Z33r-CDs3r rniztu-res (see Chapter 2). All 

szn~Tcz - ?;ere 3egzss35 ~ 5 m t~2bes by the usual freeze-pwnp- 

3 - - 0 s - -  
LL-,.A C I J Z I ~ S  u.cder VZR,:; .~J~,  







2. Synthes is  of sn(CD3)k and s ~ ( c H ~ ) ~ - ~ ( c D ~ ) ~  

The dl , - te t ramethyl  t i n  was prepared according t o  

Waring and Hortonl s Grignard method ( 1945) with minor modif i- 

ca t ions .  To a 500 cc  3-neck f l a s k  was added 3.4 grams of M g  

t u rn ings  and 50 cc of anhydrous-ethyl e t h e r ,  f i t t e d  with a 
'(9 

thermometer, dropping funnel  and condenser with a drying tube.  

In to  t h e  dropping funnel  was added t h e  C D J I  (15.0 grams) and 

an  equal volun-e. of dry e t h e r .  The CD.1 s o l u t i o n  was slowly 

added u n t i l  t h e  r e a c t i o n  began and t h e  remainder added drop- 

wise while t h e  mixture r e f  luxed. It was f u r t h e r  r e f  luxed f o r  

30 minutes and allowed t o  cool  t o  room temperature.  

Next 1 was added 5.0 g r a m  of SnC14 (anhydrous) dropwise, 

a t  t h i s  time slow r e f l u x i n g  occured. ~ f t e r  a l l  of t h e  s t a n n i c  

chlor ide  had been added t h e  r e a c t i o n  mixture was ref luxed f o r  

24 h r s .  The excess Grignard reagent was then  destroyed by 

slovr a d d i t i o n  of water t o  t h e  mixture;  The aqueous l a y e r  was 

separa ted  from t h e  e t h e r  l aye r .  The L 

q e r  l a y e r  was then  

f r a c t i o n a l l y  d i s t i l l e d  o f f  us " a p i r a l "  column. The s m a l l  

t r a c e s  of r e s i d u a l  e t h e r  were removed by p repara t ive  VPC. me 

(26 pe r  cent  y i e l d )  ; 

cor rec ted) .  

e o the r  members of t h e  s e r i e s :  s ~ ( c H ~ ) , ( c D ~ ) ,  s ~ ( c H ~ ) ~  

( C D 3  3 /  and ~ n (  C D ~ )  s ( ~ ~ 3 )  were prepared in t h e  same manner by 

r e a c t i n g  t h e  Srignard reagent  ( C D & ~ ~ I )  ~ 6 t h  the appropr ia t e  

t i n  ch lo r ides  obtained from A l f a  



B. Relaxation results 

1. 13c and 2~ spin-lattice relaxation 
.- 

For the 13c relaxation in a methyl group it is safe 

'to assume that the intermolecu-lar dipole-dipole relaxation 
2- 

is insignificant as mentioned previously. Tne chemical shift 

anisotropy contribution for 13c in methyl groups is also 
2' 

negligible (see Chapters 2 and 3). Therefore the T l l s  of . 

13C in tetramethyl tin given in Table 4-1 and Figure %-2 

come from a combination of intramolecular dipole-dipole and 

spin-rotation interactions. The aipolar contribution is 

give,n as, 

\ L <ahowever the .second term is very small and may be neglected 

because of the smaller y lsSn VS . y lH and the much greater 

distance of rC-,n vs. r C-H' ~sifig the appropriate constants 

and intermolecular distances given in Table 4-2 one obtains, 

From the '"c Ti at t 4 9 " C  along with q= 1.26 
dC +43"C WE? may se~arzte Rl intra f ro"m-~ SR at 

(NOE factor) at 

this temperature . 
n Li-ien using Eg. (4-2) we obtain 13C-~) = 0.68 x 10-12 sec 



The %ensor axis whose reorientation is represented 

by T,('~c-H) is the same axis as that obtained from the 2~ 

relaxation data. Therefore making use of ( R ~ ) Z ~  from Table 
5 

4-1 and-Figure- 4-3 along with the ass-ued (e2qQ/h)sD value 

for methyl groups of 165 kHz and Eq. 13-10) one obtains 

values for iC(2~) and its temperatuae dependence. The 
d ' 

temperature dependence of T ~ ( ~ D )  and Tc( 13c-H) must be the 

same. Thus using our value for rc(13c-H) at +40•‹c a.long 
\ 

with the temperature dependence of the 2D we obtain the 

temperature variation of T~('~C-H) shown in Figure 4-4. 

It has been shotm in ND~/NH~ (~tkins et al. 1969) and PD~/PH~ 
. , 

( Sawyer and Powle s 137 1) that the molecular reorientation 
I 

time varies as I~ therefore, 

Our results show 7 (2~)/TC ( 13c-H) =l .lj at +40•‹C in excellent 

agreement with the predicted '1.12. The temperature dependence 

of T~('~G-H) may now be used along'with Eq. (4-2) and our 

L, carbon-13 d ta at three temperatures (+40, +20 and -200~) ' 

to obtain values for R ~ ~ ~ ( ' ~ C ) .  The results are shown in 

Figure 4-2. Interpre ?ation of this data and calculation 

of.the spin-rotation constants for 13c will be carried out 

in a later section. 



AND 'D RELAXATION DATA FOR TETRAMETHYL TIN 

Error  in measurement of relaxation rates is - + 8% 
- 



TABLE 4-2 

G E O M E T R I C  PARAMETERS AND MOMENTS O F  INERTIA F O R  S ~ ( C H ~ ) ~  

< H-C-H 

++% 
0 .  Brockiway and H.O. Jenk ins ,  J .  Arner. C h e m .  Soc ., 

All o t h e r  values assumed f o r  the molecule. Moments of 
." 

inertia based on the assumed. values .  



Carbon-13 spin l a t t i c e  re laxat ion o f  s~(cH~) 

SR and i t s  separation i n t o  ~l~~ and RI . 









< 

Temperature dependence of r ( 2 ~ )  and r , ( ' C- 'H) 





* 
r - - -- - - --  2 .  H r e l axaz ion  - - 

A s  e a r l i e r  mentioned t h e  chemical s h i f t  d aniso t ropy 

c o n t r i b u t i o n  t o  t h e  r e l a x a t i o n  r a t e  f o r  protons i s  n e g l i g i b l e .  

Therefore we a r e  l e f t  wi th  t h e  separa t ion  of  t h e  intermole- 

c u l a r  and in t ramolecular  con t r ibu t ions .  

The temperature dependent proton r e l a x a t i o n  times a r e  

given i n  Table 4-3 and Figure 4-5 f o r  pure S ~ ( C H ~ ) *  and f o r  - - 

a mixture conta in ing  27 per  cent  mole f r a c t i o n  S ~ ( C H ~ ) *  i n  
L 

S ~ ( C D ~ ) , .  Using t h e  same d i l u t i o n  s t u d i e s  method as used f o r  

methyl bromide (Cha,pter 2 )  and dimethylmercury (Chapter 3)  

one may separa te  t h e  in termolecular  c o n t r i b u t i o n  from t h e  

intramolecular .  These r e s u l t s  a r e  shown i n  Figure 4-5. One 

i s  then  l e f t  only with t h e  separa t ion  of  the  in t ramolecular  

dipole-dipole  from the  s p i n - r o t a t i o n  i n t e r a c t i o n .  

I f  one f i r s t  assumes t h a - t  a t  220•‹K t h e  proton r e l a x a t i o n  

r a t e  i s  dominated by the  intrarnoldcular dipole-dipole  i n t e r -  

a c t i o n  and t h e  s p i n - r o t a t i o n  con t r ibu t ion  i s  n e g l i g i b l e  one 

can ob ta in  t h e  c o r r e l a t i o n  time 7 c (H-H). 

( Q - 3 )  dd - - 
R 1 i n t r a  

3y$j2 
+ I - H )  = 5.35 x i o l 0  T C ( ~ - ~ )  - 

re H-H 

Extrapola t ion  of the  proton r e l a x a t i o n  r a t e  t o  2 2 0 • ‹ ~  shows 
H 

" t o t a l  = 0.171 sec- '  which means t h a t  T,(H-H)= 3.20 x lo-'" 

s e c .   h he proton' eorrela't-ion time is g i v e r b y ,  - 

- 



where 7 is the overall reorientational time for the molecule e 
and T~ is the internal reorientational time of the methyl 

group. In terms of rotational diffusion constant 7 e = 1/6Dl 
and T~ = 1 / ~  -D D is the rotational diffusion constant for ll 1' 1 
molecular reorientation and DI1 iskfor reorientation of the 

I I 

methyl group. E n s .  (4-4) and (4-5) 'derived from Eq. (2-10). 

Extrapolation of the carbon-13 dipole dipole relaxation 

rate at 220•‹K allows calculation of the correlation time 

TJ l3  C-H) which is 2.29 x l o m x 2  sec and is given by the 

following equation, 

Thus making use of Eqs . (4-4) and (4-5) along with the values 
for Tc(H-H) and T~('~C-H) at 220•‹K one obtains: 

3 

= 10.88 x 10-l2 sec and 
TM 

= 2.72 x 1 0 - l ~  sec 

The literature value for the activation energy for methyl 

rotation in tetramethyl tin is 800 cal/mole (~urig, Craven 

aqld Zragin 1970) .  If we make use of this along with the 
fi 

temperature dependence of T~('~C-H) one obtains the entire 

texperature dependence for 7 shown in Figure 4-6. e + 





FIGURE 4-5 
'- 

Experimental and derived proton relaxation 
ra . tes  in tetramethyl tin 





FIGURE 4-6 

Temperature dependence of T~ and T~ in S~(CH~)* 



p a s  d j l  



The energy of a c t i v a t i o n  f o r  r i s  2.25 ~ca</mole  i n  good 

agreement with t h e  value of 1.9 ~ c a l / m o l e  obtained f o r  t h e  

s e l f - d i f f u s i o n  of n e a t  l i q u i d  te t ramethyl  t i n  ( ~ e s s l e r ,  Weiss 

a-nd Witte 1967).  Applicat ion of t h e  X - t e s t  a t  3 0 0 ~ ~  t o  t h e  

o v e r a l l  molecular r e o r i e n t a t i o n  time ( T ~ )  g ives  a  value of 

5.3 f o r  x a t  t h i s  temperature.  This r e s u l t  i n d i c a t e s  t h a t  -- 
. 

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

A .  l i q u i d 1  s rnicroviscosi ty  d i f f u s  ion c o e f f i c i e n t  i s  g iven  

xhere Mw i s  t h e  molecular weight, p i s  t h e  d e n s i t y  and r( i s  the 

v i s c o s i t y  i n  poises .  For molecules i n  t h e  r o t a t i o n a l  d i f f u s i o n  

l i m i t  t h e  value of D i s  usua l ly  of t h e  same magnitude ( wi th in  v 
10 per  c e n t )  a s  t h a t  obtained from NMR data .  For our molecule 

El=D because t h e  molecule i s  s p h e r i c a l  t h e r e f o r e  us ing  v i s c o s i t y  

and dens i ty  da ta  we may c a l c u l a t e  D an8 compare it t o  t h e  NMR 
I-l 

value obtained from T ~ =  1 / D  . A t  300•‹K D= 5.9 x 101•‹ from t h e  
6 

IT;/% data  and using p= 1.29 gm/cc and q= 0 . 4 1  cP a t  300•‹K gives  

a value of D = 6.1 x lolo in e x c e l l e n t  agreement. 
i-r 

.B The t enpera tu re  dependence of koth . re  and T allow 
- - - M - 

dd t h e  c a l c u l a t i o n  of T ~ ( H - H )  and thus  Rlintra by way of Eq. (4-3) .  

Tnis c a l c u l a t i o n  a l l ~ x s  t h e  separa t ion  of the  in t ramolecular  







s h w *  -In- 

constant 

-r - 7, .p - - . - -  th5 5ependence 3f the 2 ~ p o l a r  term . /-.  - -  
- - 

2 rL - . l a r  + ~ m  6u.e t o  d i p o l a r  coupling is 

- .  
- r ~ ; - ?  - i y i 1 ~ l e  - P , W - C > - P ~ =  5 ;  
--az--- 

d - _ _.._ - ,_ _ epin--rotation c o n t r i b u t i o n .  The 

3 : : ~  -r ,c' , - ,F- ,riz . , ir  .,,;i?j-: 7 = - 2 .  2 - .....-- A,-  V l l ' i .  4 - 2.3 ~cal/asle. This ya lue  
.=. 

- - y ;  G-'-co:  ;=.p.- 1:; I,. ,.. _-- d A L  - zr rc ,e~ . ;n t  -. :,:lth %he energ7 of a-c t iva t ion  for 

--- - 
, -r.-.ll r:a?c~.;Zzr rr j=rLeri tzt isr i  (4-2.25 % r , a l / m o l ~ ) .  From t h e  - --. 
- - -.;7:,-:z~5 ~2 l~'? <z~&z-!!z ,( - - 







- - - - - - - - - - - - - - - 

based on t h e  a s sumpt ion~of  r o t a t i o n a l  d i f f u s i o n  one can 

immediately see  t h a t  .rg and T~ should have t h e  same tem- 

p e r a t u r e  dependence and because R~~~ depend; on 7, t h e  

dependence should be of oppos i te  s ign .  This i s  confirmed 

from our experimental  d a t a  aga in  providing evidence t h a t  we 

a r e  in the  r o t a t i o n a l  d i f f u s i o n  l i m i t .  

A s  mentioned earlier i n  Chapter 3 extens ion  of the  - - --- 

d i f f u s i o n  model by Gordon (1965,1966) l e d  t o  t h e  two 

of 2- and M-diffusion. McClung (1971,1972) obtained 

expressions f o r  s p h e r i c a l  t o p  molecules 

models 
-- -- 

1 i m i t  ing 

where a=1,3 i n  5- and M-diffusion r e s p e c t i v e l y .  

The s p i n - r o t a t i o n  re laxakion  r a t e  f o r  t h e  ' 'sn i s  

g iven  by, 

U s i n g  Eqs. (4-9) and (4-9)  along with R , ~ ~  = '1.5 s ~ c - '  and 

T~ = 2.82 x 10-12 sec  a t  300•‹K gives  t h e  fol lowing values f o r  



The comp~ l t e d  I c,\ vaIues a r e  p o s l t i v e  am n a t  nega t l3eas  had - 

been obtained by ~ h a r p ( l 9 7 2 )  f o r  SnC14 and Sn14, because of t h e  

neg lec t  of t h e  negat ive  s i g n  of f o r  t h e  I9sn nucleus in 

t h e  0 1  c a l c u l a t i o n .  The t i n  T~ i s  t h e  time between c o l l i s i o n s  
P 

t h a t  i n t e r r u p t  t h e  angular  ve loc i ty  of t h e  molecule, and may 

be compared t o  t h e  per iod of  f r e e  rota-bidn through one rad ian  , 

f- 

given by Eq. (2-40).  The r e s u l t  i s  r f  = 0.91 psec and means 

t h a t  f o r  the  J - d i f f u s i o n  model t h e  molecule moves through about 

a 3" angle jump between c o l l i s i o n s .  

The magnetic s h i e l d i n g  cons tant  has been r e l a t e d  t o  t h e  

sp in - ro ta t ion  cons tant  ( s e e  Eq. (3-22) by Deverel l  (1970) and 

may be used t o  c a l c u l a t e  t h e  second oMer  paramagnetic term 

J-d i f fus ion  a r e  o f  = -3200 -ppm and f o r  M-diffusion a t  = -1900 
P  P 

ppm. The r e s u l t s  f o r  J - d i f f u s i o n  a r e  i n  e x c e l l e n t  agreement 

x i t h  Sharp ' s  (1972) r e s u l t s  f o r  1 1 g ~ n ~ 1 4  and 1 1 3 ~ n ~ 4 .  Comparison 

bet7,t~een t h e  computed a' and observed chemical s h i f t s  f o r  Sn14 , 
P  

SnCl, and s ~ ( c H ~ ) ,  a r e  shovm i n  Table 4-4.. The discrepancy 

.- ,5~::een A -  computed and observed chemical s h i f t s  f o r  s ~ c ~ ~ - s ~ ( c H ~ ) ~  

is only about 1C per  cent  of t h e  t o t a l  a t  f o r  te t ramethyl  t i n  
P 

znd t h e r e f o r e  is  wel l  wi th in  t h e  experimental  u n c e r t a i n t i e s  

i n  t h e  neasurernents of C f o r  SnC1, and s ~ ( C H S ) ~ .  
0 



COMPARISON OF COMPUTED a r  AND OBSERVED CHEMICAL SHIFTS IN 
P 

s~(cH~) 4 ,  SnC1, and Sn14 

0' ( W ( C H ~ )  4 )  = -3200 ppm P 
0 

a t  (snC1,) a P = -2760 ppm 

lo(snc14) - ~ ( s ~ ( c H ~ ) ~ ) \ =  440 'ppm computed 

14% 8 ppm observedb 

2- - i . r .  Sharp , J. Chem. Phys., ~,5321(1972) 



4. '"31 r e l a x a t i o n  in t h e  s e r i e s  ~n( CH3) 4 - n ( ~ 3 ) n  

It has been demonstrated i n  N D ~ / N H ~  ( ~ t k i n s  e t  a l .  1969) 

and P D ~ / P H ~  (sawyer and Powles 1971) t h a t  molecular r eo r i en ta -  
1 

t i o n  t imes vary a s  I". Therefore i f  t h e  Hubbard r e l a t i o n s h i p  

( r o t a t i o n a l  d i f f u s i o n )  i s  v a l i d  it would lead  t o  a sp in- ro ta-  

8 t i o n a l  r e l a x a t i o n  time which v a r i e s  d i r e c t l y  as I . 
With thisn i n  mind and having synthesized t h e  molecules i n  ". - * 

t h e  s e r i e s  s;? C H ~ )  r - n ( ~ ~ 3 ) n  we decided t o  t e s t  t h i s  point .  The 

experiments were c a r r i e d  out  a t  +28Oc and 15.05 MHz. The 

r e s u l t s  a r e  shotm in Table 4-6. Looking a t  Table 4-5 it i s  

seen t h a t  s u b s t i t u i o n  of -CD3 groups f o r  -CH3 groups does no t  

a l t e r  the  moments of i n e r t i a  g r e a t l y ,  i n  f a c t  going from t h e  

f u l l y  protonated t o  t h e  f u l l y  deuteurated molecule r e s u l t s  i n  

only a 26 per  cent  increase  i n  I. This being t h e  case t h e  

expected change i n  t h e  T I  of t h e  ' l 9 ~ n  would be small .  As 

seen from our r e s u l t s  t h e  observed agreement between t h e o r e t i c & l  

and experimental  i s  e x c e l l e n t  c.ons ide r ing  t h e  d i f f i c u l t i e s  

i n  t h e  measurement of such small  d i f f e rences .  

The '19sn chemical s h i f t s  f o r  t h i s  s e r i e s  has been 

measured (Chapter 5)  and i s  only 3 ppm f o r  s ~ ( C H ~ ) ~ - S ~ ( C D ~ ) ~ .  

Tnis r e s u l t  with the  a l r eady  derived value of 0 ' .  ( s ~ ( c H ~ ) * )  
P 

of -3200 ppm i n d i c a t e s  t h a t  f u l l  deu te ra t ion  o f  t h e  molecule 
.I 

causes only a 0.1 per  cent  change i n  t h e  paramagnetic term 

of t he  t o t a l ,  s h i e l d i n g  cons tan t .  The value of a '  -for each 
P 



TABU 4-5 

MOMENTS OF INERTIA FOR THE MOUCUUS OF'THE SERIES s ~ ( c H ~ ) * - ~ ( c D ~ ) ~  

All values x lo4' gm-~m2. Values for Iii for all molecules 

based on the following values : CH-c.-H(D) , <~n-C-H(D) and 
0 0 

cC-Sn-s all 109.5", rC-H - - 1.09 A and rSn - = 2.18 A , 





member of t h i s  s e r i e s  a long with t h e - T   a able 4 - 9  allows--- 

c a l c u l a t i o n  of C o  f o r  each spec ies .  The r e s u l t s  shown i n  

Table 4-7 i n d i c a t e  t h a t  Co a 1/1 f o r  a nucleus in a molecule 

which has undergone 5sotopic  s u b s t i t u t i o n .  Calcula t ion  of 

7w for--each spec ies  by use of Eq. (4-9) along with t h e  measured 

r e l a x a t i o n  t imes and Co values shows t h a t  7, v a r i e s  inve r se ly  
1 

as I" within experimental  e r r o r .  

Molecule 

TABLE 4-7 



-- -- 

5. Carbon-13 ~ ~ & - r o t a t i o n  i n t e r a c t i o n  

Although t h e  te t ramethyl  t i n  molecule i s  spher ica1 , t rea t -  

ment of t h e  carbon-13 s p i n  and proton spins '  i s  based on t h e  

assumption t h a t  we may t r e a t  t h e  -CH3 group as a symmetric top.  

As i n  t h e  methyl bromide case (Chapter 2 )  we may use 13c0 a s  - 
t h e  b a s i s  f o r  an abso lu te  carbon-13 chemical s h i f t  s c a l e .  The 

value of o 1  f o r  I3c0 i s  -256.3 ppm and since - 1 3 ~ ~ 3  i n  t e t r a -  , P 
methyl t in  i s  190.6 pprn u p f i e l d  .from carbon monoxide, o i s  

P 
-65.7 ppm f o r s t e t r a m e t h y l  t in .  Using D e v e r e l l l s  method (1970), 

As mentioned by Lyerla,  Grant and Wang (1971) and a l s o  found 

in t h e  methyl bromfde case t h e  ( I C )  t e n s o r  f o r  carbon-13 sp ins  

i n  many non-l inear  molecules i s  near  i s o t r o p i c  because t h e  

a n i s o t r o p i c  chemical s h i f t  ( A D )  i s  small  compared t o  a '  For 
P. 

our case it r e s u l t s  i n  ( I C ) ~  = 8.46 x and t h e r e f o r e  

C -  0.25 kHz and C 15.4 kHz. 1- 11% 
For a syznm&tric t o p  molecule whose nucleus i s  - on t h e  

symmetry a x i s  i t s  r e l a x a t i o n  r a t e  i s  given by ( ~ e n d e r  and 

Zeid ler  1971; W e r l a  Jr. e t  al .  1971),  



7 w  I 
can be obtained from T~ f o r  t h e  o v e r a l l  reor ient&ion of 

t h z  molecule and t h e  Hubbard r e l a t i o n s h i p .  The value obtained 

i s  r = 5.47 k 10- l4  sec  a t  3 1 3 " ~ .  Using Eq. (4-11) along 
w l 
A 

with R,'~= 0.025 sec- '  and r a t  3 1 3 O K  and t h e  value f o r  
W I  

I C -1 C ( 1 ~ ) ~  y i e l d s  a value of 3.41 x l o z 6  f o r  T~ l l  1 1 -  1. 1% II /Ill ' 
I I 

Since we a r e  t r e a t i n g  t h e  -CH3 as  a symmetric t o p  111 has t h e  

value of 5.5 x 1 0  - 4 0  gm-cm2 ( t y p i c a l  f o r  a 

t h e r e f o r e  r, I/ = 
1.88 x see.  If t h i s  

c o r r e l a t i o n  time i s  compared t o  t h e  per iod  

through one rad ian  given by 

I I 

methyl group) and 

angular  momentum 

of f r e e  r o t a t i o n  

t h e  r e s u l t  i s  t h a t  the  molecule makes about a 95O Bngle jump 

f o r  t h i s  r e o r i e n t a t i o n a l  motion. This is  i n  agreement with 

t h e  methyl bromide r e s u l t s  and with o t h e r  r e s u l t s  on methyl 

groups which undergo a  l a r g e  angle  jump because of t h e i r  

r e l a t i v e l y  small  moments of i n e r t i a .  

From our r e l a t i v e l y  l imi ted  da ta  t h e  energy of a c t i v a t i o n  

f o r  t h e  carbon-13 s p i n - r o t a t i o n  i n t e r a c t i o n  i s  -1.3 ~ c a l / m o l e .  

Calcula t ion  of Ea f o r  D ( r o t a t i o n a l  d i f f u s i o n  cons tant  f o r  I I 
r e o r i e n t a t i o n  of t h e  methyl group about t h e  Sn-C bond) one 

obta-ins a value of + 0.95 ~ c a l / m o l e .  Therefore al though our 

value of -1.3 ~ c a l / m o l e  i s  a  l i t t l e  high it i s  we l l  wi th in  

reason considering our l imi ted  da ta  f o r  t h e  carbon-13 re laxa t ion .  
P 



All of t h i s  da ta  provides f u r t h e r  evidence t h a t  t h e  carbon-13 
- - - 

s p i n - r o t a t i o n  r e l a x a t i o n  i n  methyl groups i s  dominated by 

methyl group r e o r i e n t a t i o n  about t h e  f i g u r e  ax i s .  

6. Proton s p i n - r o t a t i o n  i n t e r a c t i o n  

Separa t ion  of t h e  in t ramolecular  d ipole-d ipole  and 

s p i n - r o t a t i o n  has already been descr ibed i n  Sec t ion  B2 of 
. 

. t h i s  chapter .  The energy of a c t i v a t i o n  was found t o  be -1.1 

I '  

Since very few 'H sp in - ro ta t ion  cons tan t s  have been 

repor ted  in t h e  l i t e r a t u r e  we now wish t o  e s t ima te  them from 

our s p i n - r o t a t i o n  da ta ,  Using Devere l l l  s method(l970) along 

with molecular beam da ta  f o r  t h e  s p i n - r o t a t i o n  cons tants  f o r  

CHa ( ~ o f s y ,  Yuenter and Klemperer 1970)and t h e  f a c t  t h a t  t h e  

protons i n  ( c H ~ ) * s ~  a r e  0.1 ppm u p f i e l d  from methane we can 

ob ta in  an average value f o r  3, - 

Using the  same treatment  a s  f o r  t h e  protons i n  t h e  methyl 

bromide case w e  may use Eq. ( 2 - 4 4 )  along with t h e  obtained 

value f o r  and o t h e r  molecular cons tants  and r e o r i e n t a t i o n a l  

t m e s  l i s t e d  i n  Table 4-8 t o  c a l c u l a t e  C jl and #% 



ITECESSARY VALKES TO CALCULATE TKE PROTON SPIN-ROTATION - 

CONSTANTS A T  313OK 

Tvro possibl_e s o l u t i o n s  a r e  ob$a,ined: ( a )  CL= +0.31 kHz 

CI I=  -7.45 kHz and jb )  C - +O..lg kHz , 
_I- C I ~  = 

+2.04 kHz, S u b s t i -  
1 I 

t u t i o n  of t h e s e  v a l u e s  i n t o  E?. ( 2 - 4 4 )  shows t h a t  70% 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  i s  due t o  t h e  p a r a l l e l  motion ( i . e .  

r oo r i en t a . t i on  of t h e  methyl  group about  t h e  Sn-C bond) and 

t h ?  o t h e r  30$ i s  due t o  t h e  pe rpend icu l a r  o r  o v e r a l l  r~o l e ' cu l a r  

r e o r i e n t a t i o n  a t  j 1 3 " Y .  Since a s  p r e v i o u s i y  mentioned. E ( D  ) 
a II 

F3 +0.95 %sal/mole (D ) 5s +2.25 ~ c a l / m o f e  ou r  ob t a ined  % 1 
~ ~ z l u s  c~f -1.1 7rz1/::zln for the  p ro ton  s p i n - r o t a t i o n  i n t e r a c t i o n  

L s  in  e x c e l l e n t  z,gr3z~gent 7;ith prevLous evidence s h o ~ i l l g  t h a t  



m e  exi2Ler:ce 3f i m 4 3 p e  effects on chemical  shifts in 

Tr r -  , . . -  s p e c t r o s  cop:: has 3een h o l m  for some t i m  ( ~atiz-Hernandez 

zri 3rrnhelrn in?'?). lie first experimental i so tope  shift was 



Yith t h i s  i n  ?gin3 we decided t o  s tudy t h e  e f f e c t  of 

deuter ium subst i tu . ion i n  s ~ ( c H ~ ) ~  on t h e  IH, I 3 C  and l i S s n  

n ~ ~ c l e a r  magnetic resonance spec t ra .  By s tudying these  n u c l e i  

s:e m y  see t h e  i so tope  e f f e c t  on these  var ious NMR s i g n a l s ,  

i n  par t icu . la r  t h e  l i g ~ n  nucleus which has a l a r g e  paramagnetic 

con t r ibu t ion  t~ t h e  t ~ t a l  sh ie ld ing  of the  t in-119 nucleus.  

I!e have o b s e r ~ ~ e ?  t h e  deuterium isotope e f f e c t s  on both t h e  

chemical s h i f k s  an3 spin-spin coupling cons tants .  

2, Zzperimentzl 

The various zemhers of t h e  s e r i e s  s ~ ( c H ~ ) ~ - ~ ( c D ~ ) ,  were 

p r e ~ a r e d  by r e a c t i n g  a  Srignard reagent with t h e  appropr ia t e  

9rganot in ch lo r ide  s a l t  (EQ. I ) .  The compounds were f u r t h e r  

pl;.rif i ed  using p reparz t ive  vapor phase chromatography. 

3 e  proton n&ctra. -;:Ere obtained on a  ;?arian ~56/60 

k ~ i z h  r e s o l u t i o n  spec t rone te r  at +42"~. The 13c s p e c t r a  were 

- - - - -  ?-$ y - 2 1  , , 1 1  S ~ L Y . ~ ~ _ P S  ?:ere degassed by the  usual  f reeze-  



Simulated ( t ransparency)  and experimental  

PUT:? spec t ra  a t  15.063710 MHz f o r  the 
'L 

s e r i e s  s ~ ( c H ~ )  *-,('?D~), 











Simulated ( t r anspa rency)  ' and experimental  

l f S ~ n  Pi3iR s p e c t r a  a t  15.044368 MHz f o r  the 
aeries  ~ n (  CH.-) 4-n( C D ~ ) ~  











C.  Resul ts  

1. Proton Nuclear M a ~ n e t i c  Resonance 

The proton chemical s h i f t s  and JtH-2D a r e  shown in Table 

5-1. The geminal coupling cons tants  = 1.90 + 0.05 HZ - 

i n d i c a t e  t h a t  t h e  < H-C-D is  109.5' a s  i s  t h e  case i n  CH4 where 
* 

J I H - l H  = 12 .4  Hz and thus  using t h e  r e l a t i o n s h i p  JIH- yD =(yD/y<) 

wee'dbtain J 
J I H - l H  - 

lH-% = 1.91 Hz. It has been shown by 

Gutowsky, Karplus and Grant (1959) t h a t  t h e  geminal coupling 

constant  i s  very s e n s i t i v e  t o  changes i n  t h e  <H-C-D bond (e.g. 

in C H 2 D I  <H-C-D i s  ill. 4' and J i H - 2 ~  = 1.50 + 0.05 Hz while - 

f o r  methane <H-C-D = 109.5' and J lH-PD = 1.91 Hz. 

The proton chemical s h i f t  i s  s e n s i t i v e  t o  isokopic sub- 

s t i t u t i o n  H(D) which appears t o  produce an upf i e l d  l i n e a r  s h i f t  

with t h e  number of D s u b s t i t u t e d  f o r  H. These r e s u l t s  a r e  i n  

agreement with o t h e r  deuterixm iso tope  e f f e c t s , o n  t h e  proton 

I l iF  of methanes ( ~ e r n h e i m  and Lavery 1965), acetone (Gutowsky 

1959) and ammonia ( ~ e r n h e i m  and Fatiz-Hernandez 1964). For 

most compounds it appears t h a t  geminal H ( D >  s u b s t i t u i o n  causes 

a r a t h e r  small  chemical s h i f t  d i f f e r e n c e  (-J 0.02 ppm/ D) s i n c e  
/' 

t h e  proton chemical s h i f t  s c a l e  i s  r a t h e r  small - 20 pp$ and 

thus  t h e  paramagnetic contributi 'on term t o  t h e  t o t a l  
* 

i s  also- r a t h e r  s ~ a l l .  

Although no q u a n t i t a t i v e  t reatment  has  been. done on t h e  

isotope e f f e c t  e x e e ~ t  f o r  H~(HD) a number of q u a l i t a t i v e  ex- 

p l m a t i o n s  have Seen Srought forward, One of t h e s e  i s  G u t o ~ s k y f s  





'1573) theory ?hat  a Geuterium neighbor has a smaller zero- 
A 

p o i n t  - ~ i b r a t i o n a l  amplitude :han a hydrogen neighbor and thus 

1 in less elecirostatic deformat ion in t h e  applied H, 

f i e l d ,  i.e. red-;res the molecular polarizability and thus the 
I 

p a r a n a g n e t i s  skielding. Another explanation has been offered 

- 
t;: : e r i ? e h  a24 :a-.-eq,- ! !?_?c5) itrho suggest that one must cons i -  

i e r  also charg?c ir tte t o n d  l e ~ t h  ( c - H )  and possibly a change 

i r ~   he hgbriqizitis- 3f the ?-I! bond con t , r i k~u t ing  to the in- 

z r e ~ s e 3  p r o t o r  X E Z ~ L ~ L ~ ?  .... shielding produced by deuterium sub- 

?";  - d-:l~tion. + 



- - 

ig73) b u t  i n  c o n t r a s t  t o  Fraenkelf s repor t  c1965j- that the 

groups a n d  a l s o  f o r  1 f 7 J 1 f " ~ n - 1 3 ~ ~ 3  i n  s ~ ( c w ~ ) ( c D ~ ) ~ .  The 

r e s u l t s  in Table 5-3 show that t h e  coupl ing  constants a r e  

2u.ite iinsens it i v e  t o  t h e  i s o t o p i c  subs . t i t u t ion  even when 

A1 tdrie I3C!n3 is d i r e c t l ; ~  invo lved .  Our resu l t s  are i n  good 

zzreement wi th  :.:cFarlanet s ( 1967) value of iT13C- flgSn = -340 

- ! 3 n -  ,,? a r e  s h i f t e ?  7 .~pf ie lc !  r e l a t i v e  t o  -13W3 i n  x~(cH,) $. 

?e isotopic shift f g r  the -13W3 is linear and increases by 

3.322 p p ~ / - ~ i I ?  group a s i e d .  Fovever t h e  i s o t o p i c  s h i f t  due 

- - J  ,- ?he - 1 3 ~ ~ 3  gromdp or. $he 135 cf t h e  - 1 3 ~ ~ S  is 0.700 ppm + 
a 

r ^ . ? P  

, . J - :  ppm/-X3 group r 3 r  t h e  molecule ( f. e .  t h e  chemical  

~~. i f" i i f fe rence  Set-t~een t h e  - 1 S % 2  and - I  '22, in t h e  same 

-+ -, :he 2 and a s e n o r d a c  f sg topk  effect for t h e  neighbouring 

- ' 3 .,-* - - . .?. .=.-ir+,+e~-&rs*-s-it~e g&wi irt ?able 5-2 3 13= - .  - P %:-.5 pl~:$e$ iz - : - 3 .  /' 



TABLE 5-2 

values obtained at both  15.1-~MHz and 

texperetures of + 3 O C C  an? + 38•‹C respectively. 

MHz 





F I G U R E  5-9 

P l o t  6 ( I 3 C ! )  vs. n in s~(cH,)+-~(cD,)~ 





5= 

- - --- - -- -- - - - 

Our r e s u l t s  i n d i c a t e  t h a t  a l though t h e  coupling cons tant  i s  

not  very s e n s i t i v e  t o  i s o t o p i c  s u b s t i t u i o n  t h i s  is no t  t h e  

case f o r  chemical s h i f t s .  Also t h e  i s o t o p i c  s h i f t s  i n  

NPdR a r e  much g r e a t e r  t h a n  i n  proton NMR; t h i s  is presumably 

a r e f l e c t i o n  of t h e  l a r g e r  s i z e  of o r  (1 .e .  t h e  chemical 
P 

s h i f t  window i n  i 3 ~  is  -600 ppm while in IH only q 0  ppm) . 
- - 

3. 1 1 9 ~ n  - Nuclear Magnetic Resonance 

We have measured t h e  coupling cons tants  JIIsSn- 
IH 

i n  t h e  proton M4R s p e c t r a  and J 1 1 9 ~ ~ - 2 ~  i n  t h e  Sn NMR 

spec t ra .  These values a r e  given i ra  Table 5-4. Once again  - 
f o r  n e g l i g i b l e  geometry change t h e  gyromagnetic r a t i o s  

( Y ~  /yD. = 0.5144) should be q u i t e  c lose  t o  t h e  values f o r  t h e  

coupling cons tants .  Our r e s u l t s  show t h a t  t h e  values of 

- t' 
'I 1 19sn- IH a r e  s l i g h t l y  g r e a t e r  than  6.5144 2, 19Sn-pD - ( A J =  + l e g  + . 

f - 
L 

1.5 ' i z )  although c lose  t o  t h e  limits of experimental  e r r o r .  

The e f f e c t  of s u b s t i t u i o n  of -CD3 &goups f o r  -CH3 

groups on the chem+cal s h i f t  of t h e  is  q u i t e  l a r g e  

( s e e  F&ure 5-10 a& Table 5-4). The t in-119 chemical s h i f t  

LC-. .aoi~s from s ~ ( c H ~ ) .  t o  s ~ ~ c D , ) * ~  i s  2.86 + 0.03 ppm which - 

I s  -7ez-y l a r g e  cans ider ing  t h a t  t h e  D r s  a r e  not  d i r e c t l y  bonded 

t o  t h e  tin a t m .  The reason f o r  t h i s  appears t o  be t h a t  t h e  
r 

psrazagnet ic  texr. ( s f )  of t h e  sh ie ld ing  t e n s o r  i s  r a t h e r  l a r g e  p 
ic 1'3~r f-3291) p p  for f l s ~ n ( ~ 3 ) ' 4 )  and thus  a s h i f t  of -3 Grn 
reflects only a rhar3e of 0 . 1  per c e n t  i n  t h e  paramagnetic term. 



'sn Chemical s h i f t s  and Cmpl ing  Constants 

J 

t he  'H spectra a t  60 !.GIZ. 



.* 
* 

P l o t  6 ( " 3 ~ ~ )  v a .  n in s ~ ( c H ~ ) , - ~ ( c D ~ ) ~  





In Figure 5-10 the stmight line from point 0 (s~(cH~)~) 

to point 4 (s~(cD~) 4 )  is between molecular configurations of 

identical overall symmetry. This dependence reflects both - 

bond length changes on D substitution and possible angle changes 

at the C 

density . 
with CZV 

from the 

centers along with associated changes in electron 
7 

%-- 

From this figure it is apparent that s ~ ( c H ~ ) ~ ( c D ~ ) ~  
A 

symmetry and s ~ ( c H ~ ) ( c D ~ ) ~  with CSV symmetry deviate 

straight line relationship. This then represents 

effects due to symfietry distortion around the Sn atom. Thus 

there appears to be at. least two effects causing this deviation: 

i) the size effect of the'average electron cloud and ii) a 

sryrmetry effect. 

Theoretical calculations of isotopic chemical shifts 

should be useful in the testing of shielding theories. There 

?la-?e been a number of approaches used. ~utows@(l959) tried 

2s use the idea of an intramolecular electric field which 

-1arf2d xith isotopic substitution. This was followed by more 

accurate calculations involving internuclear distances and 
4 

a-feraging over the zero-point vibrational functions af the 

r?,olecules (Einder~ann and Corn7+rell 1968) . Bernheim and 

3etiz-~ernandez ( lYE6 ) considered shielding as a function of 

s-zall -lariations in bcnd hybridization caused by isotopic 



Thus f a r  t h e r e  is no good q u a n t i t a t i v e  Approach which-_ 

p r e d i c t s  chemical sh i f t s  upon i s o t o p i c  s u b s t i t u t i o n  because 

t h e  c a l c u l a t i o n s  involve t h e  use  of e l e c t r o n i c  wavefunctions 

which requ i re  knowledge of bond angles  and bond lengths  along 

with poss ib le  con t r ibu t ions  of exc i ted  v i b r a t i o n a l  s t a t e s  t o  

the  magnetic s h i e l d i n g .  Therefore having obtained t h e  geo- 

m e t r i c a l  s t r u c t u r e s  of  i s o t o p i c a l l y  s u b s t i t u t e d  molecules 

one might then o b t a i n  a c i e a r  qxplanat ion of t h e  i s o t o p e '  

s h i f t  and thus poss ib ly  be a b l e  t o  use t h e  i so tope  s h i f t  as 

a t o o l  f o r  determining molecular s t r u c t u r e .  



H I G H  RESOLUTION 19sn NMR STUDIES BY PULSE FOURIER TRANSFORM 

A .  Survey of Ch?mica+l S h i f t s  and T l  s - 
The l l B s n  i so tope  (I= l / 2 )  i s  t h e  most abundant i so tope  

of t i n  and t h e  one most f r equen t ly  s tud ied  ip NMR inves t iga t ions .  

Previous measurements o f  1 1 9 ~ n  chemical s h i f t s  had been done 

under r ap id  passage d i s p e r s i o n  mode ( ~ u r k e  and Lauterbur 1961) 

and a l s o  absorp t ion  mode s i g n a l s  involving proton decoupling 

( ~ u n t e r  and Peeves 1968). However now t h a t  Four ier  t ransform 

i s  r e a d i l y  a v a i l a b l e  a number of heavy n u c l e i  may be s tud ied  

x i t h  g r e a t e r  ease.  Fle r e p o r t  t h e  r e s u l t s  of signal-averaged 

pulse Fourier  t ransform, experiments on ' " ~ n  i n  a v a r i e t y  of 

t i n  compounds, s p e c t r a  were obtained on n a t u r a l  abundance 

4 (3.68 per  c e n t )  1 1 9 ~ n  samples in 10 mm tubes a t  15.05 ?mz, 

us ing a modified ~ ~ / i ~ - ~ ~ e c i a l t i e s  spectrometer with a  home- 

S u i l t  crossed c o i l ,  e x t e r n a l  water-lock probe (Wells, Higgs 
+h 

and ~ r o o k e ) .  The sahple was not  spun. Four ier  t ransformat ion  

o f  t h e  f r e e  k d u c t i o n  decay ( F I D )  was accomplished using a  

: ; icoIet  1982' FT system. s p i n - l a t t i c e  r e l a x a t i o n  times were 

gb ta ined  by t h ?  u s u a l  180•‹-~-900 pulse sequence. A l l  chemi- 

c ,? l  s h i f t s  are given r e l a t i v e  t o  t h e  r e f e r w e  S ~ { C & ) ~ .  
- - - -- 



All t h  compounds were obta ined  commercially except f o r  

SnCl,, SnBr,, SnCla-2CH30H and SnCl4'2CH3CN. Both stannous 
2 - 

ch lo r ide  and bromide were prepared by r e a c t i n g  stannous 

oxide with concentrated. HC1 and HBr r e spec t ive ly .  .+ Both 

s t a n n i c  ch lo r ide  adducts were prepared by r e a c t i n g  methanol 

and a c e t o n i t r i l e  with cold SnC14 (anhydrous) producing 

immediately a white p r e c i p i t a t e  o f  SnC1, 2CHsOH and 

SnC14'2CH3CN. The melt ing po in t s  of t h e s e  adducts a r e  i n  

agreement with those  repor ted  in t h e  l i t e r a t u r e  ( ~ e g i t a  e t  a l .  

E. .Results and Discussion 

1. Chemical s h i f t s  

The l a r g e  range of chemical s h i f t s  observed shows 

t h a t  t h e  major con t r ibu to ry  term $0 t h e  s h i e l d i n g  of . the 

t in-119 nucleus i s  t h e  paramagnetic term. This has been 

shown t o  be t h e  case f o r  130 chemical s h i f t s  ( s e e  Chapter 2 )  

a.nd a l s o  ll 'sn ( Chapter 4; Sharp 1972). The diamagnetic 

term con t r ibu t ion  t o  t h e  t o t a l  sh ie ld ing  cons tan t  remains 

e s s e n t i a l l y  cons tant  and it i s  t h e  changes i n  t h e  paramagnetic 

I ~ , n m  -;rhich cause t h e  changes i n  chemical s h i f t  f o r  a par- 

ticular nucleus. m e  chemical s h i f t  da ta  i s  t abu la ted  i n  

- z 1 ~ r k e  an? D.uter":ur 1361; Eunter and Reeves 1968) and 
- 

i 
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- 
s i m i l a r l y  suggests  t h a t  t h e r e  a r e  two important- f a c t o r s  

opposing ea. other in t h e  sh ie ld ing  of the  t i n  n u c l e i  of 
. . 

t h i s  s e r i e s :  (2) 2.n induct ive  e f f e c t  r e s u l t i n g  i n  t h e  

increased s h i e l j d b y  t h e  a d d i t i o n  of a l k y l  groups and 
I 

(3) an opposi te  e f f e c t  due t o  ( p  , d)n bonding'between t h e  

r,  snd1. The t i n  r_h~x i r . a l  shiLfts and. coupling constan8s J ~ n - ~ - ~  
L .  

a.ye v e r j  dependent on the  concent ra t ion  and type of so lvent  
4 

, :,.zed, i n  good agreement -:iith 'che r e s u l t s  of Hunter and Reeves 

'1968), and%&q9inZ s p e c i f i c  s o l v a t i o n  e f f e c t s .  A t y p i c a l  
t 

high resolutiozi l l " s n  spectrum i s  shown - i n  Figure 6-1. 

2 Linewidths or  T2 r e l a , m t i o n  
P- 

i n d i c a t  ive t h e  various poss ib le  

 pin-spin r e l a z a t w n  mechanisms con t r ibu t ing  t o  t h e  t r ansverse  

rn1a:~at ion  time ,T2. Tine poss ib le  - mechanisms a r e :  a )  experi-  
# 

n e n t a l  i. e. magnet inhomo&eneity, b )  scaJa r  r e l a x a t  ion,  and 

2 )  exchange which could be determined from t h e  temperature 
113 ce5endence. The T2 v2,lu.e~ measured fpr t h e  var ious Sn 

2GYfipound~ a.re l i s t e d  i n  Table 6-1, 

- -, 5ominated by s c a l a r  r e i a z a t i o n  of t h e  second kind (Abragam 
1 

Q < I j ,  t o   he g m i n a l  halogen n u c l e i  assumed t o  be re laxing  



High ?.esciutFon 'I3sn i~ .m spectra at 15.05 MHZ 
k 

of 514 s~(cH,),c~ i n  C C I ,  

( 8093 scans at a r a - t e  of 1 scan/sec. The dominant 
' s p l i t t i n g  Ls due t o  t h e  2 ~ ,  ,, = 59.9 Hz. ' 

F u r t h e r  splitting of  each of g ~ ~ i g  1 ines into a 
d~ublez (,J, ,Sn-, 3 C  = 387 HZ) is caused by the 

l . l , d 3 c j  





where J is  the  s c a l a r  coupl i rg  constant  between n u c l e i  1 - a n d  

S; S i s  t h e  s p i n  of t h e  quadrupolar nucleus,  u s u a l l y  TI =Tgg Q 
f o r  l i g u i d s  and Ws i s  t h e  number of quadrupolar n u c l e i .  

v ~ l v e d .  The l a r g e  s c a l a r  coupling constants  ( sha rp  1972,1373) 

i n  a l l  t h r e e  compounds along with t h e  f a i r l y  s h o r t  T2 of t h e  

yu.adrupola,r halogens produce a  r e l a t i v e l y  e f f i c i e n t  t r a n s -  

verse  r e l a m t i o n  i n  1 1 5 ~ n , .  

The s e r i e s  of methyl t in  ch lor ides  shows decreasing ' 

l inewidths  a s  t h e  number of ch lor ines  i s  decreased. ,Again 

t h i s  i s  a t t r ibu ted .  t o  the  s c a l a r  con t r ibu t ion  t o  T2 by t h e  

r a p i d l y  r e l ax ing  chlor ines  s c a l a r  coupled t o  t h e  t i n  nucleus. , 

The s c a l a r  c o n t r i b u t i o n  t o  T2 depends on the  number of ch lo r ine  

" a,torns i n  t h e  molecule and. t h e r e  r e  as  t h e  number of ch lor ines  p 
ie decreased t-he l inewidth i s  a,lso decreased.. 

The two adducts of' s t a n n i c  ch lo r ide  ( S ~ C ~ ~ ~ ~ C H ~ O H  and 
* 

s ~ c ~ ~ * ~ c H ~ c N )  have a smal ler  l inewidth than  t h e  anhydrous 
@ 

SnC14. This may be a r e f l e c t i o n  of t h e  decrease i n  s  cha- 

r a c t e r  of t h e  t i n  nu.cleus i n  going from a t ekahedra l  ( s p 3 )  

geometry t o  a cis-octahedqal  (sp3d2) geometry ( ~ e b s t e r  and 

Slayden 1969; Cunningham e t  a l .  1972). This decrease i n  s  

cha a c t e r  of t h e  nucleus would cause t h e  JllsS,-C1 f t o  be 
s 

smal ler  than  t h e  repor ted  470 Hz by/ Sharp (1972). and the re -  

f o r e  would make a smhller  con t r ibu t ion  t o   see Eq. ( 6 - 1 ) )  

making t h e  t in-119 Ibnewidth smaller .  Also t h e  change t o  the 

octahedradl spec ies  jxcreases  the  moment of i n e r t i a ,  lowering 



VJ 
and r a i s i n g  T @ ,  assuming r o t a t i o n a l  e q u i p a r t i t  ion.  This 

shor tens  TI a n d  a l s o  decreases  t h e  s c a l a r  R , a t  t h e  Sn i n  
Q 

the  f a s t  r e l a x a t i o n  l i m i t .  ' 

S p i n - l a t t i c e  r e l a x a t i o n  t imes ( T ~  ) 

The wide ra.nge of TI  Is shows t h a t  a  number of spin-  

l a . t t  i ce  mechanisms may be opera t ive .  The poss ib le  mechanisms 

a r n :  a )  dipole-dipole ,  b )  s c a l k  r e l axa t ion ,  c )  spin-rotat iapl  
b 

and i n  some cases 3) chemical s h i f t  anisotropy.  The l a s t  

case i s  only found i n  the  compounds which do not  have Td 
, 

o r  Cx, symmetry a-nd thus may conta in  an a n i s o t r o p i c  sh ie ld ing  

f o r  t h e  t in-119 nu.cleus. However t h i s  con t r ibu t ion  would 

he very small and may be neglected i n  our d iscuss ion;  

For te t ramethyl  t i n ,  s t r i c t l y  dominated the  

s p i n - r o t a t i o n  i n t e r a c t i o n  (Cha,pter 4 ) .  The T I  of SnC1, i s  

a l s o  dominated by s p i n - r o t a t i o n  a.s has been demonstkqted by 

Sharp ( 1972). However i n  SnEr4 ( sha rp '  1973.) and Sn14 (sharp'  

1972) t h e  s p i n - l a t t i c e  r 6 l a x a t i o n  r a t e  is  a  mixture of both 

-pin-rota- t  ion  and s c a l a r  r e l axa t ion .  For SnBr4 Sharp (1973) 

has obtained a decomposition of t h e  TI :  he obtained ~ ~ ' ~ 7  see  

;,. SC , 
1 1.8 sec a t  300"~. For t h e  Sn14 case Sharp (1972) has 

cbts ined  data. a t  477"~ how*ver ex t rapo la t ion  of  h i s  da ta  back 

t c  3gO'K y i e l d s  T I  S?. 10 sec  and T1 SC - 0.38 sec.  Our T I  

data f o r  t h e  var ious ~ n ( i V )  h a l i d e s  a r e  i n  e x c e l l e n t  agree- 
, 

zent with  Shaypl s 1972,1973) reported va lues .  We were only ', 

2-~15 t o  measure t2he TI of one SnCI4 adduct ( s ~ ~ c ~ ~ * ~ c H ~ o H )  



a,, 

baca-use the  s i g n a l  of the  a , c e t o n i t r i l e  adduct was very weak. 

a-dduct most probably re l axes  by sp in - ro ta t ion ,  

i s  much longer  than  , ~ n C l ,  ( T ~  = 1.6 s e e )  

of a  smal ler  angular  c o r r e l a t i o n  t i n e  ( r,) 

moment of i n e r t t a  along with a  smal ler  

sp in- ro ta , t ion  constant  (c,) r e l a t e d  t o  t h e  smal ler  paramagnetic 

eh ie ld ing .  A l l  of the  t i n  compounds containing protons mpst 

proba.bly aze a l s o  dominated by the  spin-rotaat ion i n t e r a c t i o n  

.r i th  t h e  dipole-dipole  ~ e l a x a ~ t i o n  being n e g l i g i b l e  because of 
P 

t h e  r-" dependence. Eoth ~ n ( 1 1 )  d i h a l i d e s  i n  t h e i r  r e spec t ive  

a c i d s  have s i m i l a r  TI  values (11 s e c ) .  These s o l u t i o n s  a r e  
- - - 

most l i k e l y  a rnizture of SnZ, and SnX, spec ies  i n  very 
f 

r ap id  ha-lide exchange. From t h e  da ta  i n  Table 6-1 t h e r e  is 

e t r end  showing t h a t  with increas ing  chemical s h i f t  t h e r e  i $  

a l s o  an increase  i n  the  TiSR.  The reason f o r  t h i s  i s - t h a t  
i 

t he  paramagnetic term of t h e  s h i e l d i n g t t e n s o r  becomes smal ler  

::ith the  upf ie ld  s h i f t  i n  going from s~(cH,), t o  SnI, and 

L 1  m ~ s  t he  s p i n - r o t a t i o n  constant  becomes smal ler ,  a l s o  t h e  

va1u.e of T decreases  with increas ing  moment of i n e r t i a  
W 

causing o b e r a l l  a l e s s  e f f e c t i v e  s p i n - r o t a t i o n  i n t e r a c t i o n  - 
and t h e r e f o r e t h e  T , ~ '  values become longer.  

The ~ a ~ t h e r  s h o r t  r e l a x a t i o n  times make l i 9 s n  a use fu l  

nucleus f o r  f u r t h e r  s t u d i e s  us in:: s  ignal-averaged pulse  

Four ier  t r a n s  f  om.? iE4E. 





C. STUDY OF HYDROLYSIS EQUILIBRIA PRODUCTS OF s n ( I V ) ~ l ~  

EY ll 'sn NMR 

NI4R exchange s t u d i e s  have usua l ly  employed t h e  'H o r  

'"F nucleus a s  t h e  probe because of high n a t u r a l  abundance 

and e a s i l y  observ&ble NMR s i g n a l .  For nuc' lei  of low n a t u r a l  

abundance and s p i n  1/2 t h e  r e l a t i v e l y  narrow l inewidth  and 

low s e n s i t i v i t y  have been i n  t h e  pas t  a problem i n  de tec t ion  , 

of the  NMR s i g n a l .  However now with t h e  advent of s igna l -  

averaging and Four ier  Transform t h i s  problem has kgen e l imi-  
\ 

", naked and we a r e  a,ble '%p d e t e c t  athe NMR s i g n a l s  of n u c l e i  

such a s  ' 13cd ,  Sn ,199m and 2 0 7 ~  much more e a s i l y .  
I 

There have been s e v e r a l  NMR s t u d i e s  involving metal 

h a l i d e  spec ies  i n  organic  l i q u i d s .  These have involved t h e  

u.se of the  metal n u c l e i  a s  t h e  NMR probe i n  the,  i d e n t i f i c a t i o n  

of t h e .  various mixed metal  h a l i d e  complexes. The n u c l e i  i n  

these  s t u d i e s  were: 9 3 ~ b ( ~ i d d  and Spinney 19?3),  7 3 ~ e ( ~ i d d  

and Spinney 1973) and " '~ i  ( ~ i d d ,  Matthem and Spinney 1972). 

Evans and Dean (1958) have charac ter ized  in s o l u t i o n  some 

100 anions of t h e  type ' s ~ F ~ - n ~ i -  using "F-NMR. They have 

a,lso obta,ined equi l ibr ium cons tants  f o r  t h e  displacement of 
-- 

F- from SnFs by ch lo r ide ,  bromide and hydroxide ions.  We 

planned t o  study t h e  hydro lys i s .o f  SnC14 by a  f r e s h  and novel 

approach, that  of u t i l i e t n g  t h e  1 1 9 ~ n  nucleus a s  t h e  NMR probe. 

The mechanism f o r  t h e  hydrolys is  of a covalent  h a l i d e  - 
0 

such a s  SnC14 has t o  be d i f f e r e n t  from t h e  Bydrolysis o f c a n  



i o n i c  ha l ide ,  The f i r s t  s t e p  i n  t h e  hydrolys is  of SnC14 

ma,y involve t h e  coordinate  a d d i t i o n  of two water molecules. 

This seems l o g i c z l  s i n c e  t h e  S ~ ( T V )  i s  coordina t ive ly  un- 

s a t u r a t e d  and thus  t h e  a d d i t i o n  of two molecules of water 

ena,ble it t o  a t t a i n  i t s  s t a b l e  coordina t ion  maximum numbe~ 
"3 

of s i x .  Cornpou-nds su.ch a s  CC14, SF6 and OsFs do not  hydrolyze 

because t h e  c e n t r a l  element has a l ready a t t a i n e d  i t 6  maximum 
-3 

coordinat ion number and t h e r e f o r e  t h e  i n i t i a l  addimoh s t e p  

does not occu-r. However a compound such as  WC16 can be 
-. 

hydrclyzed because t h e  maximum coordina t ion  a m b e r  of  tungs ten  

i s  e i i h t .  4 poss ib le  mechanism f o r  t h e  h y d ~ o l y s i s  of SnC1, 

may be as  f o l l o x s  : 

1 
8~ One may n o t i c e  t h a t  t h e r e  e x i s t s  t h e  p o s s i b i l i t y  l$of - c i s  and 

t r a n s  stru.ctu.ral  isomers f o r  t h r e e  o f  t h e s e  prop ed spec ies .  + 



PossFGle cis and t r a a s  Isomers of the 

dichloro, t r i c h l o r o  and tetrachlcro 

tin species 



t rans 

l ii) 

c i s  



\ * I > 1 

1' I Previous a t tempts  a t  f ind ing  th'e 19sn NMR 53gnal i n  

aqueous so lu t ion-  of t i n  t e t r a c h l o r i d e  (Lauterbur  and Burke I: 

1361 f have f a i l e d .  Possibly it was because of t h e  'ear ly 
G ,  

crude techniques used t o  observe these  "exo t i c"  n u c l e i  

i. e .  r ap id  passage d i spe r s ion  mode spec t ra .  However now 

with FT techniques a t  hand it i s  much e a s i e r  and l e s s  time 

consuming t o  observe the  r a t h e r  weak s i g n a l s  of such "exot ic"  

n u c l e i  a s  ' 9 9 ~ ,  " 3 ~ d ,  " ' ~ n  and o the r  nuc le i .  In prelirni-  

nary h~ork we have been a b l e  t o  observe a number of '19sn 
/ B 

s i g n a l s  i n  aqueous t i n  t e t r a c h l o r i d e  so lu t ions .  We .be l ieve  

these  t o  be t h e  s i g n a l s  of t h e  var ious c h l o r o t i n ( r ~ )  spec ies  

i n  so lu t ion .  By v a r i a t i o n  of t h e  concent ra t ion  of SnCl,, pH 

and chlor ide  concent ra t ion  we have observed what we be l i eve  

a r e  a l l  seven of t h e  spec ies  , S ~ C ~ , ( O H ) ~  . The poss ib le  

ex is tence  of t h i s  complete s e r i e s  of chlorohydroxo t i n  spec ies  

had been d.ihcussed by de l a  Puente (1922).  oure ever- d i r e c t  

proof of t h e i r  ex is tence  has never been repor ted  i n  t h e  

O l i t e r a t u r e .  

2. Charac ter iza t ion  of t h e  spec ies  

e various measured chemical s h i f t s  and l inewidths a r e  

given i n  Table 6-2 r e l a t i v e  t o  1 1 3 ~ n ( ~ ~ 3 ) 4  as  t h e  reference  

s tandard.  A r e p r e s e n t a t i v e  spectrum i s  a l s o  shown i n  Figure 

- 3 .  This i s  the  f i r s t  repor ted  ins tance  i n  which t h e  var ious 

\ chlorohydrozo t i n  spec ies  have been ind iv idua l ly  observed. 
\ - 

Tne only o t h e r  spec5es which had been previously i d e n t i f i e d  

are 9 n ~ 1 , -  and s ~ B ~ L - b y  Ea.man spectroscopy ( ~ o o d k a r d  a,nd 
- ' ? 

Anderson 1957). j.' 



I FIGURE 6-3 

Typica,l  "Sn -.. I.ll4F'. spectra of c_hlorohgdroxo-tin species 





TABLE 6-2 
A 

ASSI3ITED CKEl-iICkL SHIFTS AND LINEWIDTHS FOR THE VARIOUS 

3 1 3  ~n~l~(0.H);:~ S P E C B S  

Species Conrentrat ion b a ( p p m )  A V & ( H Z )  
2 'B 

S~(OH) s- Satd. in NaOH 589.4 L0.5 5 

2 1 - 
&-A- anec t r a  taken zt 26'~. All shifts to high field , 



-? 
Prom t h e  s p e c t r a  in Figure 6-3 and our assignment of each %I. 

'i 
l i " sn  s i g n a l  it seems t h a t  we do not  obsexve t h e  s t r u c t u r a l  - - 

isomers, - c i s  and t r a n s  f o r  t h e  d ichloro ,  t r i c h l o r o  and t e t r a -  

chloro t i n  spec ies .  Two poss ib le  reasons f o r  t h i s  a re ;  ( a )  

one of the  s t r u c t u r a l  isomers i s  more s t a b l e  thermodgflamica-, 

117 than  t h e  o thor  and thus  we only observe e i t h e r  t h e  c i s  
, 

- 
or tra-ns isomer as 5s t h e  case f o r  t h e  SnC1, adducts wkth 

, - 
d 

a c e t o n i t r i l e  (Cw-mingham e t  a l .  1972),  acetone  eatfi fie et a l .  
/ . . 

1965) and POC1,  randon on 1963) whose s te reochemisGy a s  de- 

termined by X-ray d i f f r a c t i o n  i n  t h e  s o l i d  s t a t e  and by I R  

spectroscopy i n  soiu.tions i s  - c i s ;  ( b )  t h e  o the r  poss ib le  
- 

-reason ma>y be t h e  p ~ ~ s s ' i b i l i t y  of ra,pid l i g m d  exchange g iv ing  

>~ .s  an average s i g n a l  f o r  t h e  two isomers. Our proposed spec ies  

i s  octahedral ;  f c r  t h e  exchange t o  occur wou-ld n e c e s s i t a t e  t h e  

complkz t o  go through some type of f ive-coordina te  interme- 

3 i h t e  -1ia an S,, 1 d i s s o c i a t i o n .  But then  we a r e  l e d  t o  t h e  
1 ' 

nararlox of f a s t  S,, '1 d. i ssoc ia t ion  t o  accormoda,te r ap id  
l'i 

stru.etu.ra1 in terconvers ion ,  but  slow in termolecular  exchange 

a t  t h e  same intermediate .  

S t u . 6 . i ~ ~  have been condu.cted by ~euman  (1954) 'on t h e  

S S / ~ )  in H C i  system. Ey ana,lyzing the  W s p e c t r a  of var ious 

s ~ l u t L m z  ~f % ( v )  Ln HC1 s o l u t i o n s  r a n g i x  from 2  t o  12M, 

h? i ~ t e m i n e d  the k ind  and amounts of spec ies  present .  With 

- . L-- - 
5screas ing  : _ . c i ~ l ~ y  ?L?n sho:':ed. t h e  presence of s ~ ( o H ) c ~ ~  , 

- s - ~  f P - - \  ~ d ) ~ C 1 &  , . . , . e t r .  z n i  measured t h e  amounts p resen t  f o r  



- 
various - a c i d i t i e s .  The Sb ( O H )  i s  the  predominant form 

- 
i n  8M H C ~ , . S ~ ( O H ) ~ C ~ ~  i n  614 a c i d  and below 5M a c i d  he found 

- s ~ ( o H ) ~ c ~ ~  and the  more hydrolyzed spec ies  a r e  t h e  most 

" important. 

A similar s tudy t o  NeumanJs has been conducted by Inoue 
3 3 

e t  a l . ( l g 5 g )  on the  W determinat ion of quadr iva lent  $ i n  

i n  t h e  H C l  a c i d  medium. They be l i eve  they have i d m t i f i e d  
-- -- 

t h e  SnCIF, a n d  S ~ ( O H )  c15 species  , i n  6~ H C 1  ~ s o l u t i o n .  

Their r e s u l t s  i n d i c a t e  tha,t t he  hydronium ion  g ives  a  l a r g e  

e f f e c t  on the  system because it ekpedi tes  t h e  formation of 

chloro-complex from s t a n n i c  hydroxo-complexes which e x i 5 t  

in low a c i d i t y .  Thus our system could be analogous and 

c o n s i s t  of our proposed spec ies  of t h e  type S ~ C L ~ ( O H ) ; : ~ .  
I 

Newnan (1954) obseved t h a t  t h e r e  was no r e t e n t i o n  of 

antimony on cation-exchar&e r e s i n s  and complete r e t e n t i o n  
C 

on a-nion-excha-ngers. Soner (1949) a l s o  condu.cted migrat ion 

s t 1 ~ d . i ~ ~  on t h e  ~ b ( - ~ ) ' - ~ l ~ l  system which ind ica ted  t h a t  a l l  of 

the species  containing antimony were anionic .  In  a  s i m i l a r  

r?.anni=,r ' r ~ e  may invest iga. te  t h e  ~ n (  IT) system t o  determine if 

t h e  spec ies  pre, cent a r e  r e a l l y  negat ive ly  cha&ed p a r t i c l e s  
-- 

s- jch  a s  SnCl ' O R )  ,-, . n 
- it i s  a l s o  q u i t e  poss ib le  t h a t  a t  h igh  a c i d  conFen- 

- 
t r a t i o n s  the  spec ies  present  could be chloroaquo-tinaspecies 

'2.g. 5nC15(325)--) s ince  a t  su.ch high a c i d  concent ra t ions  

. L 
1 1 ~  -s l~ . ld-be  3u.ite ~ h s y  t o  protonate  a n  OH- graup.  

4 
J 



% 

We could seek evidence of t h i s  by s tudying t h e  pH 

dependence of SnC14 i n  water using a s t rong  a c i d  such a s  

-?- 
H C 1 O 4 .  A t  low [ H ] where t h e  major spec ies  would be i n  the 

3 

form snc15 ( O H )  -- .we would hopeful ly  see  t h e  chemical s h i f t  
+ c h a r a c t e r i s t i c  of  t h i s  spec ies  while a t  high [ H. 1 t h e  pre- 

dominant spec ies  xou ld  be i n  t h e  form s ~ c ~ , ( H ~ o ) -  and thus 

we would see t h e  chemica.1 s h i f t  f o r  t h i s  p a r t i c u l a r  spe.cies, 
.\ 

while i n  bet:.!eGn one would see only a n  average  chemical'^ 
5- ' 

s h i f t  propor t ional  t o  t h e  r e l a t i v e  anounts of each spec ies  

( S ~ C I S ( O H ) - -  o r  s ~ c ~ * ( H ~ o ) - )  present .  

Another poss ib le  approach t o  t h e  i d e n t i f i c a t i o n  of t h e  
i 

- species  present  i n  t h i s  system i s  t o  assume t h a t  each spec ies  
F 

i s  a par t icu la- r  type and thus  see  i f  reasonable equi l ibr ium 

cons tants  can be obta.ined. I f  w e  assume t h e  spec ies  present  

a r e  members of t h e  s e r i e s  S n C 1 l I ( ~ ~ ) ~ ~ n  then  t h e  equixibrium 

r e l a t i n g  these  spec ies ,  i s  given by 

s n d  th? equilibrium cons tant  i s  given by, 



However i f  t h e  spec ies  present  a r e  of t h e  type 

S ~ C ~ , ( H ~ O )  e~i-n then'; 

and 

+ where a H + 9 aC1-, and a 
H20 

a r e  t h e  a c t i v i t i e s  of H , ~1- .  , 

and water. The a c t i v i t i e s  of H20 can be c a l c u l a t e d  from 

data of Akerlof and Teare (1937) and t h e  a c t i v i t i e s  of aH+ 

and aC1- can be measured by using a s tandard  hydrogen c e l l  

along wi th . a  A g / ~ g ~ l  e l e c t r o d e  system and t h e  following 

re1a.t ionsh,ip, I 

The only assumption involved i n  t h e  c a l c u l a t i o n  of Eq.  (6-4) 

is C h a t a t h e  a c t i v i t y  c o e f f i c i e n t  of t h e  chlorohydroxo-tin 

specie3 a r e  t h e  same. 

' 1  

jc 

$TsCe t h a t  i n  E 3 ,  (&4) we deal  L ~ i t h  a c t i v i t i e s  while Ln 

. (6-6)  vie have n i t t e n  t h e  equi1Tbriu.m ,cons tant  i n  terms 

sf concent ra t ions .  The reason f o r  t h i s  i s  t h a t  we cannot 

xeasure t h e  a - c t i v i t ; ~  of ~ 1 -  a2one. 



Because of t h i s  problem about t h e  ab,- i n  Eq.  (6-6) we must 

, be c a r e f u l  i n  t h e  handling of da ta  i n  t h i s  pa'rt* of t h e  . 1  

problem. 

1 

The amounts of the  t i n  spec ies  is  determined by using 

13sn F T  hlgh r e s o l u t i o n  NMR ( i. e. i n t e g r a t i o n  of  the ,  s i g n a l  . 

from each spec ies  along with t h e  known t o t a l  concent ra t ion  

of )?fn(TV) i n  s o l u t i o n ) .  

Once t h e  equi l ibr ium cons tants  have been obtained t h e  

changes i n  hea t  content ,  f r e e  energy and entropy 'of these  

r eac t ions  can be ca lcu la ted  i n  t h e  usual  manner. From t h e  

equi l ibr ium consfant and t h e  expression,  

~ & ~ o b t a , i n  t h e  f r e e  energy. Then by s tudying t h e  temperature 
L 

dependence of the equilibrium constant  and using t h e  follow- 

ing equ-ation we obta in  AH, 
__-A 

From these  two q u a n t i t i e s  it i s  then t r i v i a l  t o  obat in  

t h e  entropy AS. 
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D. FURTHER WORK . a 

/ I 

Our dharac te r i za t ionPbf  each member of t%e s e r i e s  is  

no t  q u i t e  complete and t h i s  must be v e r i f i e d  before  proceeding 
I - 

with the  determinat ion of t h e  equi l ibr ium cons tants  f o r  t h e  
m 

various r e a c t i o n s .  T h e ' d i r e c t  observat ion of t h e  ' I9sn  

s i g n a l s  due to t h e  var ious chlorohydroxo-tin spec ies  should 

allow t h e  determinat ion of t h e  OH/C~ displacement r a t e s  ts 

b e  much more e a s i l y  obtained than  i f  3 5 ~ 1  were used a s  t h e  . 

probe nucleus. This should serve t o  show t h e  f e r t i l i t y  of 

not  o n l y , t h i s  system bu t  of many other systems involving 

metal  n u c l e i  in which one may use the  metal  nucleus a s  t h e  

IWR probe. 



YYIQETRY EFFECTS IN 13c TI  PBLAXATION I N  METHYL GROUPS 

We have r e c e n t l y  observed a d i f f e r e n t i a l  T I  e f f e c t  i n  
*I 

t h e  I 3 C  s p i n - l a t t i c e  r e l a x a t i o n  of t h e  members of  t h e  q u a r t e t  

i n  methyl groups.  This  observed behaviour  has  never  been 

p rev ious ly  r epo r t ed  i n  t h e  l i t e r a t u r e .  We have observed t h e  

undecoupled 13c spectrum of 1 3 ~ H 3 C D J  and H g ( 1 3 ~ & ) ( c & )  a t  

7 0 1 " ~  bo th  a t  15.0 and 25.1 MHz us ing  pu l se  FT techniques .  

The r e s u l t s e o b t a i n e d  a r e  a.s f o l l o ~ s :  ( a )  Figure  7-1 shows t h e  

13c q u a r t e t  due t o  t h e  c ~ u - ~ l e d .  p ro tons  i n  1 3 ~ ~ 3 ~ ~  and it i s  

p l a i n l y  s een  t h a t  t h e  q u a r t e t  remains i n  a r a t i o  1 :3 :3 :1 a s  

T i s  var'ied i n  t h e  180•‹-~-900 p u l s e  sequence, ( b )  F igure  7-2 

'shovs t h e  13c q u a r t e t  i n  HgI C H ~ ) ,  ( t h e  q u a r t e t  i s  broader  

t han  i n  t h e  a c e t o n i t r i l e  case  because of t h e  unresolved 'J13C-H 

= 1.3 HZ), t h e  r a t i o  of  t h i s  q u a r t e t  begins  and ends a t  

1 :3 : 3  : 1 r a t i o s  bu t  n e a r  t h e  nu.21 p o i n t  it does n o t  remain 

i n  t h i s  r a t i o .  This r e s u l t  is b e t t e r  i l l u s t r a t e d  i n  ~ i g u r e  

?f3==&nd 7.k Figure  7-3 shows t h e  ,13c spectrum of' H ~ ( C H ~ ) P  ' 

at T =  e .  5 s e c  f o r  t h e  180"-T -90" sequence. The only appa ren t  

members a r e  t h e  two i n n e r  l i n e s  whi le  t h e  o u t e r  two l i n e s  

apFear nu l l66  o u t .  Figure  7-4 shows a g a i n  t h e  1 3 ~  spectrum 



of ~ ( c H ~ ) ,  a t  T =  8 . 7  , 8.8, and 9.0 sec  showing examples 

rirher-e t h e  outer  wings a r e  . p o s i t i v e  and t h e  inner  members 

negati've, ou te r  members p o s i t i v e  and inner  members nu l l ed  

and f i n a l l y  the ou te r  wings l a r g e r  than  t h e  inner  l i n e s .  

We then decided t o  me.asure both the  s p i n - l a t t i c e  r e l a -  

x a t i o n  times (T, ) i n  proton decoupled condi t ions .  We a l s o  

measured the  nuc lea r  Overhauser enhancement.factor (q) f o r  . 

both compound-s. The r e s u l t s  a r e  a s  follows a t  3 0 1 ' ~ :  

~ " C H ~ C N  TI = 19.7 - -k 0.7 sec  q = 0.70 - + 0.10 

( ' " c H ~ ) ( c H ~ ) H ~  T1 = 13.0 - + 0 . 5  sec q = 1.40 - + 0.10 

The nuclear  Overhauser enhancement f a c t o r  ( q )  f o r  a he tero-  

P nuclear  system where both ' sp ins  a r e  1/2 is  given by, 
-> 

(7-1) qI-{s] = - 1 'S ( d i p o l a r )  
2 R l ( t o t a l )  

the re fo re  i f  I = 13c and S = 'H Equation (7-1) becomes, 

(7-2)  '13c-{ HI = 1.988 R1 ( d i p o l a r )  / RI ( t o t a l )  

d-' 

TJsing this equa-tion %long with the  rneasured q and T l ( 1 3 c )  we 

can c a l c u l a t e  t h e  con t r ibu t ion  f r o m  dipole-dipole  i n t e r a c t i o n s  

'33) and the  con t r i5u t ion  from other  mechanisms, in t h i s  case 



Plot of 1 8 0 ~ - r - 9 0 ~  pulse sequence in the proton unde- 

coupled I3c quartet of natural abundance 1 3 ~ ~ 3 ~ ~  





Plot of 180~-~-90" pulse sequence i n  the , p ro ton  

undecoupled I 3 c  quartet of natural abundance 





' l o t  of 1?qL-~-23' se2uence for r= 5.5 s e c  in t h e  

'?,: quartet r,f . - 'cycle time 39 s e e ;  1000 scans) 





P l o t  of 120"-~-90" sequence for T =  .8.7;8.8;and 9.0 
? -z s e c .  in t& quartet of ~ ( C H ~ ) , .  (360 scans) 





Iri n e i t h e r  case d i d  w e  observe-arry non-exp~err t ia1behaX~our  

i n  carbon-13 TI  experiments. Although t h e r e  may have been 

such behaviour it -)?as wel l  wi th in  our poss ib le  experimental  

observat ion e r r o r s .  

Using Eq.  (7-2) we may c a l c u l a t e  t h e  DD &d sI? con- . 

t r i b u t i o n s  f o r  both a c e t o p i t r i l e  and dimethyl mercury. The L 

r e s u l t s  a r e  as f o l l o m :  ( a )  I3cH3c~ T I  i s  35s DD and 652 S R  

and (b) ( 1 3 ~ ~ 3 ) ( ~ ~ 3 ) H g  TI i s  made up of 70% DD and TO$ S R .  

The same e f f e c t  has  been observed i n  the  13c Ti recovery of 

the ' "c q u a r t e t  i n  s ~ ( c & ) , ,  where a t  t h e  same temperature 

i n  Chapter 'i' it ixas shown t h a t  t h e  13c r e l a x a t i o n  mechanism 
I 

i s  about 30s S R  and 70% DD. I 

3. Discussion 

This da ta  i d e n t i f i e s  t h e  13c t o  'H dipole-dipole  r e l ax -  

a t i o n  i n t e r a c t i o n  as respons ib le  f o r  t h e  observed r e l a x a t i o n  

r a t e  d- i fferences of the  mu-l t iplet  members. A q u a l i t a t i v e  

ezp?a,nation i s  t h a t  t h e r e  i s  a feeding of energy between t h e  

''c spins  and the  'H s p i n  r e s e r v o i r  ( s e e  Figure 7-5).  For 

the '"c dipole-d ipole  case t h e r e  i s  an exchange of energy 
I 

bet;.ieen.the carbon-13 and pro ton  sp ins  before  t h e  energy 

gces out t o  t h e  l a . t t i c e  irhile f o r  t h e  s p i n - r o t a t i o n  case 

the  energy i s  d i r e c t l y  t r a n s f e r e d  t o  t h e  l a t t i c e  and thus  

Sy-pzssing t h e  i n t e r a c t i o n  with the  IH spins  and e f f e c t i v e l y  

s h o r t - c i r c u i t l 3 g  t h i s  e f f e c t  of d - i f f e r e n t i a l  Tl s .  ., 
- 





I3C Dipole-Dipole  c a s e  (H~(cH,),) 

r IH s p i n s  
f - - - - - - ; - -  -.. 

( d i p o l e - d i p o l e )  

13c S p i n - r o t a t i o n  c a s e  (CH~CN) 



When dipolar coupling occurs between two unlike spins 

I and S then the change in magnetization of the I and S spins 

is given by a set of coupled equations  b brag am 1961), 

This means that when an r.f. field is applied at frequency 

w it will affect (I~) while it acts on (SZ) These so called 
S 

"cross-relaxation terms T~~~ and T~ IS cause a non-exponential 

behaviour in the recovery of the S, magnetization. We would 

of course observe this behaviour if we proton decoupled our 

~ ( C H ~ ) ,  I 3 c  quartet since it would recover at a rate which 

would be a m$xture of the outer and ifmer lines which have 

different T1 values. We did not observe non-exponentiality 

in the proton decoupled TI measurement of H ~ ( c H ~ ) ~  because 

this non-exponentiality is too small and within any experi- 
5 

mental uncertainties in measurement. I b e e m s  that these 

above equations have something missing that is they are for 

C a non-selective TI .,experiment. However our TI experiments 

are selective since we observe each component of the quartet 

separately. This leads to the conclusion that me must 

slyrmetrize the vazious members of the quartet. 



The q u a r t e t  f o r - t h e  undecoupled 1 3 ~ ~ 3  system of local. 

nuclear  space symmetry C3V has t h e  following symmetry compo- 

nent  s  . q 

Figure 7-6. l-Spi> Resonance Quartet .  

It i s  q u i t e  poss ib le  ' t h a t  t h i s  symmetry e f f e c t  i s  t h e  

cause of t h i s  non-equivalent r e l a x a t i o n  behaviour i n  t h e  

~ ( C H ~ ) ~  case where T1 i dominated by DD bust not  i n  t h e  

CH3CN case where TI i s  dominated by the  S R  i n t e r a c t i o n .  

Each ou te r  component of t h e  q u a r t e t  having A 1  ('H) symmetry 

has an  e f f e c t i v e  TI of 12.1  s e c . w h i l e  t h e  E components have 

TI of 13.0 sec  ( we observe an  average TI f o r  t h e  degenerate 

inner l i n e s ) .  



i 
Apparently t h i s  e f f e c t  had never been no t i ced  before 

\ 

poss ib ly  f o r  two reasons:  ( a )  most 13c TI measurements are 

obtained under pro-hn~ decoupled condi t ions,  ( b )  it i s  very 

d i f f i c u l t  t o  observe t h e  e f f e c t  except near  t h e  n u l l  poin t  

of t h e  180'-7-90" sequence where t h i s  e f f e c t  i s  b e s t  observed 

and thus  r equ i res  very long term .signal-averagiGg s ince  the  

13c T l r s  a r e  f a i r l y  long. 



APPENDIX A 

I so tope  NMR frequency i n  
10 kGauss f i e l d  

(MHz) 

Nat 1. Abundance 

T1aria.n Associates,  TDlR Table ( ~ i f t h  e d i t i o n )  

Spin 



1. Determination of TI (*OIHg) 

Since t h e  atom (I= 3/2) l i e s  on t h e  main symmetry a x i s  i n  

N ( C H ~ ) "  and 8 - =  0 then  T~ = 1 / 6 q  . 

A t  + 40•‹C DL= 2.5 .x l o1" .  However w e  do not  know t h e  value f o r  

( e  2 q ~ / h )  20 lm . However w e  can es t imate  t h i s  value from t h e  

known values f o r  79'81 Br i n  CH&gBr (Gordy e t  a l .  1953 ), 

Ve a l s o  know t h a t  f o r  

7 9 ~ r  I= j/2 eQ = 0.335 

" ~ r  I = 3 / 2  . e ~ = 0 . 2 8 0  I a a 

20 I= 3/2 eQ = 0.5 

3 e l - e f o r e  ( e"J i~1h)  2 o  (0.5/0.335)(325 MEz) 500 MHz 

,Inis i s  an upper limit value s i n c e  t h e  procedure is- n o t  r e a l l y  

v z l i d  because of t h e  d i f f e r e n t  e q t s  f o r  pr  and Hg and i n  f a c t  

57 is probably l e s s  a t  t h e  H g  than a , t  the B r .  



- Using this value for (e 2q&/h) 20iHg aIong w l € h  Di at +40•‹C we . 4 

obtain, , 
V 

'TI ( 20' ~ g )  1.. 5 x sec I 
' ,  ' " 

, #- 

2. 2 0 1 ~  Scalar contribution to RpH ,in H~(CH~)\Z 

Since (wH_wHg) *T:= ) ) 1 the above  equation^ reduces to, 

From our measurement we know that;Jg-lss = 
Hg, 

Z sec-l. ' A t 4  Therefore at +40•‹c R2 , 
L _ thks temperature 

- 3 h2g '- 07 088 se'c-l SO that for the 13.24natural abundance 201Hg(,~~3) 

%' . ?z& = RIH + ~ 2 "  0.098 secql and for the remaining 69.9% ~g 
- 9  

isotopes with 1=0 , FIH = RZH . '  This means that the average - 
, I 

? v a l u e  for the resonance due to Hg isotopes with T=O,,&nd 2H I ,  

2 " 1 ~  (1=3/2) cdllapsed resonance would be 0,090 ~ec-'~: Thus - 1 
4 

we see that the P . ~ ~ ~  contribution of the 201Hg(~H~)~.,is neg~i~iblk.. I 
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