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Proton spin relaxation in methyl substituted aromatic radical ions. A formula for the CH3
proton NMR linewidth

J .  W . M . de Boer, M . R . A rick, and E . de Boer 
Departm ent o f  Physical Chemistry, University o f  Nijmegen, Toemooiveld, Nijmegen, The N etherlands

(R eceived 24  A ugust 1972)

T h e  proton relaxation has been studied in  m ethyl substituted arom atic radical ions in  solution. The  

linewidth param eter T 2 o f  the  protons in  such radicals is govem éd by two intram olecular interactions, 

nam ely, th e F erm i con tact interaction and the  anisotropic dipolar interaction. F o r  the  m ethyl protons 

th e interactions are modulated in  tim e by bo th  in tem al rotation and tum bling o f  the whole m olecule in 

solution. Equations have been derived to  account fo r the effect o f  these m otions on the C H 3 proton 

linew idth. T h e resulting form ulas are used to  analyze the  N M R proton linew idths fo r the anion o f  3 , 3 '-  

d im ethylbiphenyl.

I. INTRODUCTION

In tern a l ro ta tio n  in  m o le c u le s  h as b een  th e  su b 
je c t  of raany in v e stig a tio n s  during th e la s t  d e 
c a d e s . E s p e c ia lly  ro ta tio n  of m eth y l gro u p s w as 
studied, i t s  e f fe c ts  ca n  b e o b serv ed  in  i r ,  R a m a n ,1 

and m icro w av e s p e c tr o s c o p y ,2 in  th e th e rm o d y - 
n am ic  p r o p e r t ie s 3 o f m o le c u le s , in  slow  n eu tron  
s c a t te r in g  e x p e r im e n ts4 and in  E S R  s p e c tr a  of 

m ethyl con tain in g  r a d i c a l s .5,6 In th e E S R  s p e c tr a  

th e  CHS ro ta tio n  m a n ifested  i t s e l f  c le a r ly  by a 
change of th e h yp erfine p a tte rn  due to  th e  CH3 

group on d e c re a s in g  th e te m p e ra tu re .

S in ce  in te rn a l m otio n  i s  a b le  to  m od u late  m ag - 
n e tic  in te ra c t io n s , m eth y l ro ta tio n  m ay  a c t  a s  a 

r e la x a tio n  m ech a n ism  fo r  th e CH3 p ro to n  sp in s 

and a cco rd in g ly  m ay  in flu en ce  th e lin e  sh ap e of 

n u c le a r  m a g n etic  re so n a n c e  s ig n a ls . T h is  h as 
g iv en  r i s e  to  a  num ber of NMR stu d ies  on d ia -  
m ag n etic  com pounds. O ur in te r e s t  in  th e  su b 

je c t  a r o s e  fro m  a  r e c e n t  a r t ic le  by L a  M a r  and 
V an  H ecke7 w hich r e p o r ts  an  NM R study on hindered 

m eth y l ro ta tio n  in  p a r a m a g n e  t ic  C r  (II) co m p le x e s  
con ta in in g a  CHS group in  th e  lig a n d s . T h ey  su g g est 

th a t th e re la x in g  e f fe c t  of in te rn a l ro ta tio n  can  be 

accou nted fo r  by a  s im p le  m o d ifica tio n  of th e lin e 
w idth fo rm u la s  valid  f o r  p ro to n s th a t a r e  rig id ly  

fix ed  to  th e  m o le cu le ; only th e e le c tr o n  c o r r e la -  
tio n  tim e  Te should b e re p la ce d  by r'e -  (rêx+ r ,̂1)’ 1, 

w h ere r m is  th e c o r r e la t io n  t im e  fo r  th e  in te rn a l 

ro ta tio n . If th is  is  tru e , one would e x p e ct to  find 

m o tio n al n arrow in g  of th e p ro to n  re s o n a n c e  lin e s , 
w hen Tm < Te .  A s L a  M ar and V an  H ecke pointed 

out, th is  m o tio n al n arro w in g  h as not b e e n  ob serv ed . 
but they  su ggested  th a t i t  would m a n ife s t  i t s e l l  in  

a ro m a tic  f r e e  r a d ic a ls , fo r  w hich both r a and th e 

coupling co n sta n ts  a r e  la r g e r  than  th o se  in  the 

co m p lex es in v estig ated  by th em .

T h e s e  s ta te m e n ts  in sp ired  us to  s t a r t  in v e stig a 

t io n s  on m eth y l su b stitu ted  a r o m a tic  r a d ic a l a n -

io n s . In o rd e r  to  ex p la in  ou r r e s u l ts ,  i t  proved 

n e c e s s a r y  to  d e r iv e  eq u ation s w hich d e s c r ib e  in  
a  p ro p e r  way the in flu en ce of m eth y l ro ta tio n  on 
th e  linew idth. T h e d eriv ed  eq u ation s show th at 
th e  in tu itiv e  fo rm u la s  of L a  M a r and V an  H ecke a r e  

not c o r r e c t .  In  S e c . H a  d e ta iled  a cco u n t of the 

d e riv a tio n  of th e linew idth  fo rm u la s  i s  g iv en ; in  

S e c . IV  th e r e s u lts  of ou r e x p e r im e n ts  on th e  anion 

erf 3, 3 '-d im eth y lb ip h en y l (dm b) a r e  d isc u sse d .

n. THEORETICAL

In g e n e ra l th e r e la x a tio n  of p ro to n  sp in s depends 

on tim e  dependent in te ra c t io n s  o f both in te r -  and 
in tra m o le c u la r  o r ig in . F o r  a  p ro to n  in  a  p a r a -  
m a g n etic  m o lecu le  th e in tra m o le c u la r  in te ra c t io n s  

betw een  the u npaired e le c tr o n  sp in  and th e proton  

sp in s a r e  by f a r  th e m o st im p o rta n t. T ak in g  th e se  
in te ra c t io n s  in to  accou nt, an  e x p r e s s io n  fo r  the 
linew idth  p a r a m e te r  T 2 v alid  fo r  p ro to n s fix ed  to  
th e m o lecu le  w as d e r iv e d .8-10 F o r  p ro to n s u nd er- 
going in te rn a l ro ta tio n  no s a t is fa c to r y  fo rm u la  

fo r  T j 1 has b een  g iv en . In S e c . n.A th e fo rm u la s  
a r e  su m m ariz ed  w hich hold f o r  th e r in g  p ro to n s; 

in  S e c . II. B  fo rm u la s  a r e  d eriv ed  w hich a r e  valid  

fo r  th e  p ro to n s of th e  CH3 grou p.

A. R ing Protons 

F o r  p ro to n s fix ed  to  th e rig id  m o le c u la r  fra m e  
o f  a  p a ra m a g n e tic  m o le cu le , th e linew idth p a ra m 
e t e r  T 2 i s  governed by two co n trib u tio n s

•̂ 21= ( ï ,21) f c +  @ z )d  j (1)

th e f i r s t  te r m  stan d s fo r  th e F e r m i co n ta ct in te r 

a c tio n  and th e seco nd  te r m  fo r  th e  a n iso tro p ic  

e le c tr o n  d ip o le -n u c le a r  d ip ole in te ra c t io n . F o r  
an  a ro m a tic  ra d ic a l ion in  so lu tio n , undergoing 

rap id  Brow n ian  m otion, th e  fo llow in g e x p re ss io n s  
have b een  d eriv ed 8-10:

(^V)f c = ï W 2t 0[1 + 1 /( 1 + (2a)

( T l X = - k { B ) \ [  7 + 1 3 /( 1 + u>y a)\ (2b)
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w h ere  A  i s  th e  h y p erfin e  sp littin g  co n stan t (h fsc ) 
of th e  p ro to n  (in  ra d ia n s  p e r  se co n d s) and B  (in  
ra d ia n s p e r  s e c o n d s )= K /r 3 in  a  point d ip ole 

m od el, w h ere  r  i s  th e  d is ta n ce  b etw een  th e d i-  
p o le s . T he e le c tr o n  an g u lar freq u en cy  i s  denoted 

by oi0, th e  e le c tr o n  sp in  re la x a tio n  tim e  by r 0 and 

the d ip o lar c ö r r e la t io n  tim e  by w here

t ; x= t ; 1+ t ; x (3)

and Tr  i s  th e  c o r r e la t io n  tim e  f o r  m o le cu la r  r e -  
o rien ta tio n .

If we a r e  d ealin g  w ith a  d e lo ca liz e d  e le c tr o n , i t  

w as sh o w n ,11 th a t E q . (2b) s t i l l  holds, if  B  i s  d e - 

fin ed by

B 2 = £ T r T 2 (4 )

w h ere  T  stan d s fo r  th e a n iso tro p ic  d ip o lar te n s o r ; 

i t s  e le m e n ts  ca n  b e w ritte n  a s

T aB = <0 I -  3 r 0 r fl) /r 5] | ip )y ey s % (5)

ip i s  th e odd e le c tr o n  o r b ita l w ave fu n ctio n ; a ,  /3 
= 1, 2, 3, and r u  r z, r 3  a r e  th e  x ,  y ,  and z  com po - 

n en ts of th e p r o to n -e le c t r o n  rad iu s v e c to r .

B. CH3 Protons

1. F orm u la tion  o f  th eP rob lem

T h e p ro to n s of a  CH3 group p o s s e s s  an  e x tr a  
d e g re e  o f fre e d o m  w ith r e s p e c t  to  th e r in g  p ro to n s, 

b e ca u se  ro ta tio n  is  p o s s ib le  around th e th ree fo ld  

a x is . S in ce  th is  in te rn a l ro ta tio n  m od u lates the 

in te ra c t io n s  w ith th e unp aired e le c tr o n , i t  m ay 
fu n ctio n  a s  an  e x tr a  re la x a tio n  m ech a n ism .

F r e e d 5 h as g iv en  a  d eta iled  study of th e  in flu en ce 

of quantum  e f fe c ts  o f m eth yl group ro ta tio n s  on 

linew id th s of h y p erfin e  l in e s  in  E S R  s p e c tr a . H ere 

i t  i s  n e c e s s a r y  to  c o n s id e r  e x p lic it ly  th e ph ase 

co h e re n cy  b etw een  th e p ro to n s of th e m ethyl group, 

s in c e  th e  e le c tr o n  sp in  re la x a tio n  i s  governed by 
the in te ra c t io n  w ith  th e th r e e  p ro to n  n u cle i of the 
ro ta tin g  CH3 grou p. In ou r c a s e ,  how ev er, the 
re la x a tio n  of th e  p ro to n  sp in  i s  govern ed by the 

in te ra c t io n  w ith th e  s in g le  sp in  of th e  unpaired 

e le c tr o n ; m utu al in te ra c t io n s  b etw een  th e p ro ton  
sp in s of th e  CHS grou p can  b e  d isca rd ed  (se e  
Appendix). T h e  d en sity  m a tr ix  fo r m a lis m  d e- 

sc r ib e d  by A b rag am  ca n  b e used to  d e riv e  a  r a th e r  
g e n e ra l e x p r e s s io n  f o r  the linew id th of a  p ro ton  

in te ra c tin g  w ith one unp aired e le c t r o n .10 F o r  ou r 

p u rp o ses i t  i s  su ff ic ië n t  to  co n s id e r  th e  c a s e  w h ere  

th e  e le c tr o n  sp in  S r e la x e s  fa s t  com p are d  to  the 

p ro to n  sp in  I ;  th e  sp in  S ca n  be tak en  a s  p a rt  of 
th e  la t t ic e .  It ca n  b e  show n th a t th e tim e  depen- 
dent in te r a c t io n  H am ilton ian  3C$ )  including the 

F e r m i c o n ta c t and th e a n iso tro p ic  d ip o la r  in te r 

a c tio n  can  g e n e ra lly  b e  w ritte n  a s

X i < f ) = H F * \ t ) I '  q = -  1, 0 , + 1 ,  (6)

w h ere  and I q d e s c r ib e  th e  la t t ic e  and th e nu- 

c le a r  sp in  v a r ia b le s , re s p e c tiv e ly  (I± i = I x ± U y and 

h = I z) . T h e  b eh a v io r  of th e  sp in  I  i s  p ro p erly  d e- 
s c r ib e d  by B lo ch  eq u atio n s and fo r  T l 1 i t  i s  found10:

T % }=J j ( w j ) + 2Jo (0 )  . (7)

T h e J , ( w )  a r e  F o u r ie r  tr a n s fo r m s  of th e c o r r e la 

t io n  fu n ctio n s g Q( r ) :

g q ( T ) = ( F < l ,\ t ) F l- ‘‘ ) ( t + T ) )  (8 )

J „ ( w)= • <9)

T h e  b r a c k e ts  in  E q . (8 ) in d ica te  an  e n sem b le  a v e r 

age o v e r  a l l  m o le c u le s  in  th e  so lu tio n . T h e r e le 

vant in te r a c t io n  H am ilton ian  re a d s  as

3Ci(*) = S ( f ) .  [ A ( * ) l  +  T (*)] • I . (10)

T h e f i r s t  te r m  d e s c r ib e s  th e F e r m i co n ta ct in te r 
a c tio n  (1 i s  th e  unit dy ad ic) and th e seco nd  te rm  

th e a n iso tro p ic  d ip o la r in te ra c tio n .

B e c a u se  th e  p ro to n  sp in  is  coupled to  th e  e x te rn a l 

m a g n etic  fie ld  by th e Zeem an in te ra c tio n , a l l  quan- 

t i t ie s  in  E q . (10 ) a r e  given in  th e la b o ra to ry  fr a m e . 
T h e  t im e  dependence of S i s  governed by th e e le c 
tr o n  sp in  re la x a tio n , th at of A  by in te rn a l ro ta tio n  
and th a t of T  by both in te rn a l and o v e ra ll ro ta tio n s  

(tum bling of th e  w hole m o lecu le  in  th e so lu tio n ). 

W ritin g  th e H am ilton ian  of E q . (10 ) in  the fo rm  of 

E q . (6) y ie ld s

F m (t) = [ A ( t ) + F 0 ( f ) ) S e(t)

+ f ,1w s * ( f ) + jp ? w s lw - ,

F w (t) = F 1 ( t ) S ,( t )  + F 2 ( t )S t (t)

+ [ M ( < ) - i F 0( f ) ] S .W , ( U )

+ [ U ( t ) - \ F 0 ( t ) ] S M

w h ere  th e F ,  a r e  fu n ctio n s of n u c le a r  co o rd in a te s  
only, defined by

F 0 - T 3 3 ,

F \ = z \ T —i T 2 ^ ,  (12)

F z =  ï \ T n  — T 2 i T ^  .

2. Correlation  Function s

W e a r e  now le f t  w ith the c a lcu la tio n  of the c o r 

r e la t io n  fu n ctio n s g q(t )  obtained by su b stitu tio n  of 

E q . (11) in to E q . (8 ), and th e ir  F o u r ie r  t r a n s 
fo r m s . T h is  ca n  be done a ssu m in g  that th e  a v e r 
ag es o v e r  e le c tr o n  sp in  m otion and n u c le a r  r o ta -  

tio n a l m otion  ca n  be se p a ra te d . U sin g  th e fa c t  

th a t c o r r e la t io n  fu n ctio ns of the fo rm  ( S x(t) 

x  S u (t + T )) (X, v = z ,  +, -  ) v an ish  u n le ss  S,, i s  th e 
H erm itia n  co n ju g ate  of S x , th is  y ie ld s :



* o ( t )= <[F 0W +A ( 0 ]  [ F 0( i+ r ) + A ( t + r ) ]> <S ,( * ) S .( f + r)>

+ ( F 1 ( t ) F * ( t + r ) )  ( S . ( t )  S .( t  + r)> + ( F * ( t ) F l {t + r)> ( S . ( t ) S . ( t  + r )  > (13)

and

^i( T ) =J? . 1( r ) = <F !( * ) >? ( *  + r ))  <Ss( f ) S ^  + r )>+ ( F z( t ) F t ( t +  r)> < S ^ ) S . ( *  + r)>

+ i  < [ i ^o ( 0  - A (i)]  [ i F 0(* + r )  -  A (f  + r ) ] )  ( S . ( t ) S . ( t  + r)> . (14)

T h e  e le c tr o n  sp in  c o r r e la t io n  fu n ctio n s a r e  e a s y  to  handle when S can  be d e sc r ib e d  by B lo ch  eq u atio n s w ith 
r e la x a tio n  tim e s  T j and r 8 . One o b ta in s 10

( S e ( t ) S e (t + r)> = [ S ( S + l ) /3 ]  e x p { -  |r J /r , }

( S . ( t ) S . ( t +  T ) ) = ( S . ( t ) S . { t + T ) *

= |S ( S + l)e x p { - ic o e T -  ( | T |/t 2) } .  (15)

F u rth e r m o re , s in c e  A {t )  depends on in te rn a l m o tio n  only, and F 0 -  T ee i s  an  e le m e n t of a  t r a c e le s s  ten - 

s o r ,  te r m s  involv ing ( A ( t ) F 0(t + r ) )  and ( F 0 ( t )A {t  +  r ) )  v a n ish . Thu s E q s . (13) and (1 4 ) b eco m e

g o(t) = i S ( S  + 1 ) { [  ( F 0 ( t ) F 0(t + t)> + ( A ( t ) A ( t  + r ) ) ] e x p (-  | r  |/rx)

+ -2[er‘ “«T ( F 1 ( t ) F Ï ( t + T ) ) + e ,a *T ( F t ( t ) F x( t + T ) ) } e x v ( -  |r |/r 2)} (16)

and

g i ( T ) - =g - i ( T )=  i S ( S +  1 ) { <J ï’i ( ^ ) + T ) ) e x p ( -  t | /t 1) +  2 [ e i<V'(t5<jF'oM -F'o(*+ r ) >+| ( A ( t ) A ( t  + t )))

+ e ' iUar( F z{ t ) F * ( t  + t ) >] e x p ( -  | t  |/t 2)}  . (17)

F ro m  th e se  eq u ation s one s e e s  th a t th e  F e r m i co n ta c t and th e d ip o la r co n trib u tio n  to  Tg1 a r e  independent. 
T h ey  m ay b e ca lcu la ted  se p a r a te ly  and sim p ly  added a fte rw a rd s .

0 4 0  d e  B O E R ,  A R I C K ,  A N D  d e  B O E R

3. A u tocorrela tion  Function s

T he p ro b lem  is  now red u ced  to  the c a lc u la tio n  

of the a u to co rre la tio n  fu n ctio n s i o r  A ( t )  and fo r  
F „ {t ) .  L e t us f i r s t  co n sid e r  th e F In  E q . (10) 

a l l  q u a n titie s  a re  e x p re sse d  in  co o rd in a te s  w ith 

r e s p e c t  to  a  la b o ra to ry  fix ed  r e fe r e n c e  fr a m e  (R F ), 

so  a r e  the fu n ctio ns F v . T ra n s fo rm a tio n  of th e 
F „  to  a  m o lecu le  fix ed  R F  w ith th e aid of the W ig - 

n e r  ro ta tio n  m a tr ic e s  y ie ld s e x p r e s s io n s , in  w hich 
th e  tim e  dep endence due to  th e tu m b ling  m otion  of 

th e  m o le cu le s  is  contained co m p le te ly  in  th e t r a n s 
fo rm a tio n  m a tr ic e s ;  th e tim e  dependence of th é 

tra n sfo rm e d  p a r a m e te r s  i s  only due to  in te rn a l 
m o tio n s . In ev alu atin g  th e a u to c o rre la t io n  fu n c 

tio n s s e r io u s  d iff ic u lt ie s  a r e  en cou ntere d  s in c e  th e 
ro ta tio n a l d iffu sio n  equ ation  h as to  be so lv ed  a n a ly t- 

ic a l ly . It i s  m o re  con ven ient to  t r a n s fo r m  each  
co o rd in ate  in  E q . (5) s e p a ra te ly  u sin g  th r e e  R F ’ s  
a s  w as introdu ced  by P e r r i n . 12

T h e r e fe r e n c e  fr a m e s  a r e  defined a s  fo llo w s :
S  i s  th e la b o ra to ry  fix ed  R F ; S °  i s  a  R F  w ith a 

fix ed  o rien ta tio n  w ith r e s p e c t  to  S  and i t s  a x e s  d e- 

fin e  th e in itia l o r ie n ta tio n  of a  m o le cu le  a t t im e  t;

S '  i s  a  m o lecu le  fix ed  R F  giving th e o r ie n ta tio n  of 

th e m o lecu le  a t  t im e s  t +  r  ( r >  0 ). S °  and S ' c o -  

in c id e  a t tim e  t ( r = 0 ) . F u r th e r  le t  J2= (<p, 3 , ip) be 
the s e t  of E u le r  a n g le s13 re la tin g  S °  to  S and 

a o= (<Po, $o, >Po) su ch  a  s e t  re la tin g  S '  to  S ° .  A c -

cord ing ly , $2 is  a  fu n ctio n  of t  and S20 of t  only. 

r ,  r ° ,  r '  a r e  th e e le c tr o n -p r o to n  ra d iu s v e c to rs  

in  th e fr a m e s  S , S °  and S ' ,  r e s p e c t iv e ly . Th en  
we have

r  = a(J2 )r°  (18)

r °  = c(O 0) r '

w h ere a  and c  a r e  ro ta tio n  m a tr ic e s ;  th e ir  e le -  

m en ts a r e  giv en  in  R e fs . 12 and 14 in  te r m s  of the 
E u le r  an g les .

, Now we ca n  w rite

r ( f )  = a ( * ) r 0(*) = a ( f ) r '( f )  (19)

r  (t + r ) =  a.(t) r  ° (t +  t )  = a(£) c  ( t )  r '(t  + t )

F o r  a  giv en  tim e  t , a (t) g iv es th e in itia l o r ie n ta tio n  

of a  m o lecu le , c ( r )  co n ta in s a l l  in fo rm a tio n  on 
o v e ra ll ro ta tio n  and r ' i t  + r )  in v o lv es only in tern a l 

m o tio n s [note that c (0 )  is  th e unit dyadic s in - e  S ' 
and S °  co in cid e  fo r  t = 0 ] ,

T h en  fro m  E q . (5) and E q . (12) we find (in tro - 
ducing the sy m b o l D fo r  the d ip o la r te n so r  in  the 
m o lecu le  fixed  R F  S ') :

T { j (t + T)=  X)  a ik( t ) as l (t)
k,  t , m , n

X c l m ( r ) c ln(T )D mrl(t + T) (20)

and af t e r  so m e m a th e m a tica l m an ip u la tio ns one 
fin d s
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( F v( t ) F * ( t + r ) ) =  E  ( ö ^ , „ ( 0 ^ ( r ) ^ , ( T)
k* 11* tkt l§ Ifltfl

x f l É* , ' ( P J i + T ) )  (21) 
w h ere  9 =0 ,  1 , 2

a k ‘ l, k l = a 3k, a 3 l , a 2 l f l3 l

a * ' ! 'W  =  - ^ S*  a 3 l 'A k a 3l  ( 2 2 )

w ith

A-k = (o i* + io  zk)/ 2

It c a n  be show n th a t th e ro ta tio n a l H am ilton ian  fo r  

a sy s te m  undergoing  both o v e ra ll and in te rn a l r o -  

ta tio n  can  be w r itte n  w ithout in te ra c t io n  te r m s  b e - 
tw een th e two m o tio n s by a  p ro p e r  ch o ice  of angu- 
l a r  m o m e n ta .2 Th u s th e two m otio ns ca n  be co n - 

s id e re d  a s  independent and the a v e ra g e s  o v e r  them  
ca n  be se p a ra te d . In addition th e a v era g in g  o v er 

a ll  in it ia l o r ie n ta tio n s  of the m o le c u le s  in v olv es 
only th e a $ \ ,k l ; h en ce we ca n  r e w r ite  E q . (21) to

( F v( t ) F Ï ( t + T )) = S  <o $ .„ ( t ) > .
k* , 1 ' , k , l  , m , n

'* {C k m( . T ) C i J j ) < p k, l. { t ) D mn( t +  T)> . (23)

The a v e ra g e s  on th e rig h t-h an d  sid e  of E q . (23) 
w e re  ca lcu la ted  a s  fo llo w s :

(a) Th e f i r s t  a v era g e  ca n  be obtained by sim p le  

in te g ra tio n  a ssu m in g  a  random  d is tr ib u tio n  of 

o r ie n ta tio n s  a t tim e  t:

<«&«(*»= J d S i ( l / 6 i r z)

T he sy m m e try  p r o p e r t ie s  of th e  can  b e used 
to  red u ce  the n u m b er of in te g ra ls  to  be ca lcu la ted  

e x p lic it ly .

(b) T he a v e ra g e  o v e r  o v e ra ll ro ta tio n  in v olv es 

the  con d itio nal p ro b a b ility  P ( n 0, t )  of finding a 
m o lecu le  ro ta ted  a f te r  a  tim e r  o v e r  th e an g le s  £20 

fro m  i t s  o r ie n ta tio n  ft a t tim e  t .  Th e g r e a t  ad- 

van tage  of P e r r in s  m ethod is  th at i t  d o es not r e -  

q u ire  any know ledge of P (i2 0» T) e x ce p t th a t it  s a t -  
i s f ie s  th e ro ta tio n a l d iffu sio n  eq u ation  fo r  B ro w n - 

ian  m otion

8 P (O 0,- T ) /8 T =A P ( n 0, t ) , (24)

w h ere  A is  a seco n d  o rd e r  d iffe re n tia l o p e ra to r 

in  V o , «o , and i/)0 (se e  E q . (17) of R e f. 14). Now 
fo r  any fu n ctio n  ƒ  reg a rd in g  th e m o le cu la r  o r ie n ta 

tio n  one f in d s 12

d ( f ) / d T = ( A f )  . (25)

P e r r in 12 h as show n th at th e nonvanishing ro ta tio n  

a v e ra g e s  co n ta in  p ro d u cts of e le m e n ts  of th e m a 

t r ix  c  th a t a r e  e ig en fu n ctio n s of A, e . g . ,

A c j j ( r )2= ( l /r r)c <l( r )2.

U sin g  th e in it ia l  co n d itio n  c ( J (0) = and the o rth o g - 

on a lity  o f c  one fin d s w ith E q . (25):

( c h ( t )2) =  i [ l +  2 e x p ( -  \t \/t t )] 

<c JJ( r )2) = i [ l - e x p ( -  |t |/t t )] , i * j  (26)

i (t )Cj j (t)> + <c , j ( r ) c j { (r)> = e x p ( -  | t | /r r),

i  + j .

A ll o th e r  a v e ra g e s  v an ish  by sy m m e try .

Su b stitu tio n  of th e r e s u lts  of (a ) and (b) into E q . 

(23) g iv es

( F' ( t ) F* ( t + T) )  = k Qex p( -  | t  | / rr )

x S < D « W M + t ) >  (27) 
i . i

w ith &0 = 2 /1 5 , k 1 = l / 2 0 = k s .

(c) T h e a v e ra g e  { D u (t )D i J ( t +T ) )  can  be w ritte n

a s

<Pi] ( t ) D i j ( t + r ) ) =  d<p0 P {cp 0 ) D is {cpa)

x f * d < p P { ( p a, <p, r jD , ^ ^ ) ,  (28)

w h ere  P(<p0, V , t )  i s  th e con d itio nal p ro b a b ility  of 
f  inding th e  m eth y l p ro to n  at angle <p at tim e  t + T ,  
w hen it  w as a t <p0  a t  tim e  t (s e e  F ig . 1). In o rd e r  

to  p e r fo rm  th e in te g ra tio n  a n a ly tica l e x p re s s io n s  

a r e  needed f o r  D f j (cp) and P((po, 9 ,  t ) .

In a  ro ta tio n  d iffu sio n  m odel fo r  CH3 ro ta tio n , 

P (cp 0, <p , t ) m ay  be obtained fro m  the d iffu sio n  
eq u ation

d P / d T = R m( ^ p / d ( p 2) (29)

w ith R m a s  th e  d iffu sio n  co n stan t fo r  in te rn a l r o ta 
tio n . A so lu tio n  of E q . (29) i s  th e  G au ssian  d is 

tr ib u tio n 15:

P(<Po, <P, t )  = i ( T m/ ï ï t ) 1/z e x p { -  <p'2r m/4 r } ,  (30) 

w h ere  <p’ = <p -<p 0  and r m = 1 / R m .

F IG . 1 .  D e f in it io n  o f  t h e  m e th y l g ro u p  o r ie n ta t io n  

a n g le  cp.
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A n a ly tica l e x p re s s io n s  fo r  th e d ip o la r  te n s o r  

e le m e n ts  D i } (cp) a r e  not so  e a s ily  found, m ain ly  b e - 

ca u se  of th e <p depend ence i n r ' 5[s e e  E q . (5 )]. Sin ce  

the a v era g in g  o v er e le c tr o n ic  co o rd in a te s  w as done 
n u m e rica lly , i t  w as con v en ien t to  c a lc u la te  D i]  fo r  

a  num ber of an g les  cp (0  «  q> «  2ir). A fte r  th a t D i } (q>) 

w e re  expanded in  a  F o u r ie r  s e r i e s :

D u { < p ) = f ^ D ^ e ik\
k=-N

(31)

T h e num b er of te r m s  to  be ta k en  in to  acco u n t (i. e . , 

th e va lu e of N )  depends on th e s p e c if ic  c a s e ;  in  

p r a c t ic e  rap id  co n v erg en cy  is  re a ch e d . S in ce  th e  

d ip o la r te n s o r  is  r e a l ,  one has D ff l  = D}~jk)* .  The 

r e s u lt  of th is  F o u r ie r  exp an sio n  is ,  th a t w e ca n  

w rite

( D i j ( t ) Di j ( t + T) ) =  £  d D ' d I Ï
ü,l=-N

and the a v e ra g e  on th e  rig h t-h an d  s id e  of th is  eq u a- 
tio n  m ay be ev alu ated  by in te g ra tio n , u sin g  E q .
(30) and a ssu m in g  th at th e re  is  a  rand om  d is tr ib u -  

tio n  of in it ia l o r ie n ta tio n s , th u s P(<P0)= l/2 ir .  One 
then  ob tain s

<exp { ik c p {t ) }e x p { i l<p (t +T )})  = ökt. ,

x e x p { - f e 2( |r \/t J }  (32) 

s o  th at fin a lly  E q . (27) b e co m e s

( F ' ( t ) F * ( t + T ) ) =  6 fe, £  B \  ex p (-1  t| /T rk) , (33)
k=-N

w h ere

|D g *  2= 0- T r { |D tt)|2}

and

T~rl= T'r' + k 2 ^ 1

T h e  a u to co rre la tio n  fu n ctio n  fo r  A ( t )  is  now re a d ily  

ob ta in ed . Expanding A (<p) in  a  F o u r ie r  s e r ie s

N'

A (c p )= E  a ke lkv ( 3 4 )
h=-N '

and u sing E q . (32 ) one g e ts

( A ( t ) A ( t + r ) )  = X )  |aft |8 e x p ( - fe 2  |r |/r m) .  (35)
k=-N‘

4. L in ew idth  E quation

If we now su b stitu te  th e  r e s u l ts ,  th a t i s ,  E q s .
(33), (35) in to  E q s . (16), (17), p e r fo rm  th e F o u r ie r  
tra n s fo rm a tio n  of E q . (9), su b stitu te  th e found 
J q(w) into E q . (7) and se p a ra te  th e  co n trib u tio n s 

due to  th e F e r m i co n ta ct and th e d ip o la r in te ra c tio n , 
we fin a lly  g et

N’

(^V)f c = ï  | i 2[ r s l+ t s2/[ 1 +( w e - w /)2 r|2]
k=-N‘

L

(T z ) d ~  20 4  2
*=-if L ( I+W/Tfe,  1 )

( 6  1

+ 1 + K + c o , ) 2 t m22 } ]

w h ere

= T~i +k *  t ; 1 , ( t m1)_1 = T j1 + 7 ? +  k Z t ; 1

and s im ila r  e x p r e s s io n s  fo r  and re p la c in g  

Ti by t 2  . T h e  above eq u ation s ca n  be red u ced  co n - 
s id e ra b ly  u sing th e con d itions valid  in  our c a s e : 
co j«a>e , tof r J n  « 1  and T j= r 2= t c . F u rth e rm o re  

in  a  p la n a r a ro m a tic  ra d ic a l A (cp) i s  fa ir ly  w ell 
d e sc r ib e d  b y 5 ’ 18

A (<p) = a + a  cos2<p. (36)

Th u s a 0= a , a - 2 = a 3 = « /2 and a ll  o th e r  aik v an ish . 
Thus

= T Te[ 1 + i T ^ f ] + F T4 1+

(37)

with

r\ ï= T ? + k zT ?  

t]r l - T d1+ k ZTm1 .

F ro m  the d efin itio n  of Tk i, r kd and E q . (37 ) i t  is  

se e n  th at th e  CH3 p ro to n  linew id th is  p red icted  to  

v a ry  w ith r m only in  a  c e r ta in  ran g e  of rm v a lu es , 

v iz  fo r  Tm~ T e , Td (v id e  i n f r a ,  F ig . 7 ). In th e lim it  
of fa s t  in te rn a l ro ta tio n  (rm «  Te , Td) a ll  Tke and t m 
v an ish  fo r  k  * 0 .  H ence E q . (37) re d u ce s  then  e s -  

s e n tia lly  to  E q . (2) in volving only th e m ean  valu es 
a 0  and B 0  of th e m eth yl p ro ton  h fsc  and th e d ip o la r 
te n s o r , re s p e c tiv e ly ; v e ry  f a s t  CH 3 ro ta tio n  p ro - 

v id es no e ffe c t iv e  re la x a tio n  m e ch a n ism . In the 
o th e r  l im it  ( r m »  r 0 , r 4) a ll Tke, t m tend to  r e ,

Ta , re s p e c tiv e ly , and th e co n trib u tio n s to th e lin e 
width b eco m e

( T  ( 3 /8 ) a 2T„ [ 1 + 1 /( 1 + w2  rf)]

( T I X  = (1 /2 0 )  ( S  B t )  r d [7 + 1 3 /(1  + co2  r 2)] .

H ow ever, th e th e o ry  given h e re  only hold s fo r  fa s t  

in te rn a l ro ta tio n , th a t i s  CH3 ro ta tio n  m uch f a s te r  
th an  th e m axim u m  re so n a n c e  freq u en cy  d iffe re n ce  

A v = 2 a [ E q .  (36 ); th e e x tr e m e s  a r e  found fo r  <p= 0 
and <p =ir /2 ] . F o r  a  m eth y l h fsc  of 0 . 5 Oe th is  
m ea n s r m « 1 0 " 6  s e c .
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F IG . 2 .  3 ,  3 '-d im e th y lb ip h e n y l  (d m b ): n u m b e rin g  

s y s t e m .  B o n d  le n g th s  (in  A) a r e  in d ic a te d .

F in a lly , th e above th e o ry  p re d ic ts  no m otio nal 
n arro w in g  in  th e  fa s t  ro ta tio n a l l im it .  The CH3 

p ro to n  linew idth i s  ca lcu la ted  to  be alw ays la r g e r  

than  o r  eq u al to th e linew idth  p red icted  fro m  E q .

(2), in  co n tra d ic tio n  to the eq u atio n s giv en  by L a  

M a r and V an  H ecke , w hich p re d ic t  alw ays a  s m a lle r  
linew id th .

I I I .  E X P E R IM E N T A L

T h e p ro to n  NMR m e a su re m e n ts  on th e an ion  of 

dm b w e re  p èrfo rm ed  on a  V a ria n  D P 6 0  e x te rn a l 
lo c k  (E L ) s p e c tr o m e te r , o p era tin g  a t  6 0  M Hz. The 
te m p e ra tu re  of th e sa m p le s  w as co n tro lled  by a 

V 4540  unit and m ea su red  w ith a  th erm o co u p le . The 

sa m p le s  w e re  p re p a red  by high vacuum  S tan d a r d  

te c h n iq u e s .17 Th e te m p e ra tu re  ran g e th at could be 
stu died w as lim ite d  by th e high fr e e z in g  point of 
th e so lu tio n  (about -  10 °C ) and by th e fa c t  that 

r a d ic a l d eco m p o sitio n  s ta r te d  a t te m p e ra tu re s  

above 4 0  °C . T h e r a d ic a l co n ce n tra tio n  in  th e 
NMR tube could be v a rie d  by d is tillin g  so lv en t out 

of o r  into th is  tu b e. Th e co n ce n tra tio n  w as d e te r -  
m ined by m e a su re m e n t o f the volu m e of th e so lu 
t io n  by m ea n s of a  c a lib ra te d  tube (with an a c c u r -  
a c y  of 0 .1  m l, th a t i s  2 % -5 % ).

Th e d e g re e  of red u ctio n , the f r a c t io n  of a ro m a t 

i c  m o le c u le s  th a t w e re  red u ced  to  ra d ic a l an io n s, 
w as d eterm in ed  by m e a su rin g  th e sh ift  of the s o l 

v en t s ig n a ls  w ith r e s p e c t  to  th e ir  p o s itio n s  in  the 

unreduced dm b so lu tio n . R ed u ction  on the sodium  
m ir r o r  w a s  continued u ntil th e so lv en t sh ift  reach ed  

i t s  m axim u m . T o  o b se rv e  th e so lv en t p eak s 

th e s p e c tr o m e te r  w as op erated  in  th e high re s o lu -  

tio n  m ode, w h ils t th e d etec tio n  of th e p ro ton  r e s o -  

n an ces of the dm b anion w as done in  the wide lin e  
(W L) m ode. Th e s ig n a ls  of the m eth yl and m eta  
p ro to n s (3, 3 ' and 5, 5 ',  se e  F ig . 2) w e re  so  n a r -  

row  th a t m od u lation  c o r r e c t io n s 18,19 on the lin e 
w idth w e re  n e c e s s a r y . In  sp ite  of th is  d isad van - 

ta g e w e  w e r e fo r c e d  to  m e a su re  th e se  p eak s in  the 

W L m ode, b e ca u se  in  th e high re so lu tio n  m ode 

o v e rla p  betw een  p ea k s and sid ebands a r is in g  fro m  

fre q u e n cy  m od u lation  m ade a c c u ra te  m ea su re m e n ts  
im p o ss ib le . T h e m od u lation  c o r r e c t io n s  w e re  ob 
tain ed  fro m  th e f ig u r e s  giv en  in  R e f. 19. It a c -

counted fo r  th e e f fe c ts  of both am plitud e and f r e 

quency of th e fie ld  m od ulation. T h e o b serv ed  l in e -  
w idths w e re  a ls o  c o r r e c te d  fo r  in te rm o le c u la r  

b ro ad en in g  d eterm in ed  by the p a ra m a g n e tic  p a r -  

t ic le s  in  th e  so lu tio n . T h is  w as a cco m p lish ed  by 
m e a su rin g  th e  b ro ad en in g  of th e so lv en t p ro to n  

p eak s in  th e  red u ced  so lu tio n s w ith r e s p e c t  to th o se  
in  th e unred uced so lu tio n s.

T h e c o n ta c t s h if ts  w e re  d eterm in ed  d ir e c t ly fr o m  
th e s p e c tr a  u sin g  th e p o sitio n  of th e so lv en t p eak 

a s  an  in te rn a l r e fe r e n c e .

In o r d e r  to  d e te rm in e  the sh ift  and linew id th fo r  

th e ov erlap p in g  o rth o  p ro to n  p eak s (2, 2 ' and 6, 6 ')  

a  co m p u ter a n a ly s is  w as n e c e s s a r y . In th e co m 
p u te r p ro g ra m  N M R FIT  th e b a s ic  lin e  sh ap e is  a s -  
sum ed to  be d e riv a tiv e  L o re n tz ia n . The sum  of 

the sq u a re s  of th e d iffe r e n c e s  betw een  th e fitted  
sp e c tru m  and th e m ea su red  one is  c a lcu la te d . The 

b e s t  s e t  of p a r a m e te r s  c h a r a c te r iz in g  e a ch  lin e  

(sh ift , linew id th ) is  d eterm in ed  by m in im iz in g  th e 
su in  of th e  sq u ared  d iffe r e n c e s  u sin g  a  n o n lin ear 
m in im iz a tio n  p ro g ra m  M IN U IT obtained fro m  C ER N  
(G enève). It w as v e r ifie d  th at the r e s u lts  w ere  in - 

s e n s it iv e  to  th e v a lu es of th e input p a r a m e te r s .
In F ig . 3 i s  show n the r e s u lt  of one su ch  fittin g .

Th e fin a l ca lcu la te d  lin e , w hich is  th e su m  of the 

two lin e s  d ep icted , is  w ith in  th e n o ise  of the m e a 
su red  sp e c tru m .

T h e v e ry  bro ad  p a r a  p ro ton  p eak  (4, 4 ')  w as d if-  
f ic u lt  to  m e a s u re  and only a  rough e s tim a te  of it s  
p o s itio n  could be m ad e.

dm b (K o g h -L ig h t L t d . ) w as p u rified  on ce by 
vacuum  d is ti lla t io n . Th e f r a c t io n  betw een  114  and 

118 °C w as c o lle c te d  ( 4 - 5  m m  Hg). The so lv en t 

used , 1, 2 -d im eth ö xy eth an e , w as d ried  o v e r  sod ium ,

F IG . 3 .  W L  N M R  s p e c t r u m  o f  th e  d m b  a n io n  in  1 ,  2 -  

d im e th o x y e th a n e . T h e  n u m b e r s  a b o v e  t h e  l in e s  r e f e r  

to  th e  p o s it io n s  o f  th e  p r o to n s  ( F ig .  2 ) .  S  d e n o te s  th e  

s o lv e n t  p e a k . T h e  o r t h o  p ro to n  a b s o r p t io n  l in e  o a n  b e  

d e c o m p o s e d  in to  tw o  a b s o r p t io n  l in e s  ( s e e  t e x t ) ,  w h ich  

a r e  a l s o  sh o w n  in  th e  f ig u r e .  T h e  s p e c tr u m  w a s  o b ta in e d  

a t  3 0  °C , an d  a t  a  c o n c e n tr a t io n  o f  1 . 6  M .
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T A B L E  I .  H y p e rfin e  s p li t t in g  c o n s t a n ts ,  s p in  d e n s i t ie s ,  

and d ip o la r  in te r a o t io n  p a r a m e t e r s  f o r  th e  a n io n  o f  d m b.

P o s it io n

o  ff  N M R  

(Oe)

1 du  1 E S R  

(Oe)
Pi B 2

(M H z /s e c )2

1 . 1 '
. . . . . . 0 .1 2 7 . . .

2 , 2 ' - 2 . 3 7 2 . 3 3 0 . 0 9 2 6 .1 5

3 ,  3 '(C H 3) - 0 . 4 9 4 0 .4 9 -  0 .0 1 7 0 . 6 6

4 ,  4 ' - 5 . 2 5 5 . 1 5 0 .2 0 3 2 7 .3

5 ,  5 ' +  0 .2 8 4 0 . 2 7 -  0 .  0 1 1 1 . 6 4

6 , 6 ' - 2 . 7 8 2 . 8 2 0 .1 0 7 7 . 4 4

vacuum  d is tille d  and sto re d  in  v a c u o  o v er a  N a -K  
a llo y .

IV . R E S U L T S  AND D ISC U SSIO N  

A. H yperfine Sp litting C onstants, Spin  D ensities

T he m e a su re m e n t of th e h fsc  i s  re q u ire d  fo r  the 

linew idth a n a ly s is  fo r  two r e a s o n s . F ir s t ly ,  the 
F e r r a i  co n ta ct co n trib u tio n  to  th e lin ew id th is  d e- 

te rm in ed  by the cou pling  co n sta n ts , se co n d ly , c a l- , 
cu la tio n  of th e T  te n s o r  and B 2  (that a p p e a r in  the 
d ip o lar co n trib u tio n ) r e q u ir e s  know ledge of th e  sp in  
d en sity  d is tr ib u tio n  in  th e r a d ic a l , w hich m ay be 
in fe rre d  in  p a r t  fro m  the h fsc .

T a b le  I  show s th e h fsc  of th e p ro to n s in  th e dmb 

an ion  obtained fro m  NMR c o n ta c t s h i f t s .20,21 Th e 

a ss ig n m en t of th e cou pling co n sta n ts  f o r  th e o rth o  

p ro to n s w as based  on th e o r e t ic a l ca lc u la tio n s  that 
y ie ld  a  h ig h er sp in  d en sity  on ca rb o n  a to m s 6 , 6 ' ;  

thu s th e la r g e r  coupling co n sta n t w as a ss ig n ed  to  

the 6, 6 ' p ro to n s and th e s m a l le r  to  th e 2, 2 ' p ro 

to n s . Th e ab so lu te  v a lu es  of th e  h fsc  a r e  c lo s e  to 

th o se  obtained by E S R 22; co m p le te  a g re e m e n t w as 
not ev en  ex p e cted , s in c e  ou r NMR e x p e rim e n ts  

w e re  p erfo rm ed  on 1 - 2  M  so lu tio n s , w h ile  E S R  

m e a su re m e n ts  u su a lly  u se  c o n ce n tra tio n s  of about 
10‘ 4 M . 23

Th e sp in  d e n s itie s  on th e ca rb o n  a to m s 
2, 4 , 5 ,6  and th e eq u iv alen t o n es in  th e  o th e r  r in g  

a r e  re la te d  to  th e h fsc  a ,  of th e p ro to n s on th o se  

p o sitio n s by th e w ell known M cC on n ell r e la t io n 24:

a { = Q aPi (38)

w h ere  Q a i s  a  p ro p o rtio n a lity  co n sta n t w ith a  v a l-  

ue of -  26 Oe fo r  a ro m a tic  m o le c u le s . A s im ila r  

equ ation  w as proposed  by F e s se n d e n  and S c h u ie r25 
to  r e la te  th e h fsc  of a  CH3 p ro to n  to  th e sp in  den 
s i ty  on the ca rb o n  atom  to  w hich th e m eth y l group 
i s  a ttach ed :

« s  = Q a P .  (39)

U sing  th is  re la tio n  p 3, p 3,  can  be c a lcu la te d  (QB 

i s  s e t  eq u al t o + 29 . 3 O e25). T he sp in  d e n s itie s  
P t ,  P i' a r e  found fro m  th e n o rm a liz a tio n  of the 
to ta l sp in  d en sity .

B . C alculation o fT T e n s o r s

Th e te n so r  fo r  th e a n iso tro p ic  d ip o lar in te r -  

a c tio n  T  w as ca lcu la ted  in  a  s e m ie m p ir ic a l w ay. 

It h as only fiv e  independent e le m e n ts , s in c e  it  is  
t r a c e le s s  and s y m m e tr ie  [E q . (5 )]. In the spin 
d en sity  m a tr ix  fo r m a lis m  one ca n  w r ite 26' 27

T - S p ^  T j J (  
<1 i

(40)

w h ere  th e su m m atio n  ru ns o v e r  an  ap p ro p ria te  
s e t  {<Pi} of a to m ic  o r b ita ls .  F o r  th is  the s e t  of 

2 p z  -  AO’ s  of th e  a ro m a tic  ca rb o n  a to m s w as used 

(which in  fa c t  im p lie s  th e n e g le c t  o f th e in flu en ce 
of th e a lk a li co u n terio n ). F u r th e r m o re , the spin 

d en sity  m a tr ix  w as a ssu m ed  to  be d iago nal, th at 

m ean s n eg le c t of o v erla p  betw een  fu n ctio n s of th e 

s e t  T h en  E q . (40) re d u ce s  to

= £ p ,
i

i Aii (41)

T h e te n s o r  T fi is  th e  te n s o r  fo r  the d ip o lar in te r -  

a c tio n  betw een  th e p ro ton  under co n sid e ra tio n  and 

an e le c tr o n  sp in  lo c a liz e d  in  th e 2 p e o rb ita l of c a r 

bon atom  i .  It w as ca lcu la ted  w ith  th e fo rm u la s  

developed by M cC on n ell and S tra th d e e 26 and D e rb y - 

s h i r e , 28 u sing  an  e ffe c t iv e  n u c le a r  ch a rg e  f o r  th e  
ca rb o n  a to m s of 3 .1 3 5 8  in  the S la te r  2 p e o rb ita ls .29 

Th e e x p e rim e n ta l sp in  d e n s itie s  p( of T a b le  I  w ere  

used a s  th e d iago nal d en sity  m a tr ix  e le m e n ts  pJ4. 

Th e g eo m e try  of dm b has not y e t  b een  d eterm in ed , 
so  it  w as assu m ed  th at th e biphenyl sk e le to n  is  not 

d is tu rb ed  by the in tro d u ctio n  of th e  m eth yl groups 

and c o n s is ts  of two co p la n a r  re g u la r  h exagon s of 

ca rb o n  a to m s w ith bond le n g th s30 a s  in d icated  in  

F ig . 2 . T h e m eth y l p ro to n s w e re  put on the th re e  
c o r n e r s  of a  te tra h e d ro n  w ith th e m eth yl carb o n  
atom  in  the c e n te r ; bond le n g th s , show n in  F ig .

2 w e re  es tim a te d  fro m  a  num ber of in te ra to m ic  
d is ta n c e s  obtained fo r  o th e r  a r o m a tic  m eth yl d e- 
r iv a tiv e s .

T he T  te n s o r  fo r  a  m eth yl p ro to n  in  th e dmb 

anion w as ca lcu la te d  fo r  a  num ber of an g le s  

<p(0  « <p «  2ir) and th e re su ltin g  v a lu e s  w e re  analyzed 

by a  co m p u ter p ro g ra m  th at ca lcu la te d  th e F o u r ie r  

c o e ff ic ie n ts  D fi*  of E q . (3 1 ). W hile te s tin g  the p ro 
g ra m  w ith known su m s of s in e s  and c o s in e s  we 

found that m any p oin ts ( in te rv a ls  betw een  th e points 
s m a l le r  than, sa y , 0 . 5 deg) w e re  re q u ire d  to get 
a c c u ra te  r e s u lts  (deviations. l e s s  than  about 1% 

fro m  the r e a l  c o e ff ic ie n ts ) . C a lcu la tin g  th e B\  
v a lu es  fo r  dm b (in  units of 10’ 12 ra d 2/s e c 2), we 
found

B% = 25 . 5 ,

B \ = 0. 2 ,

B \ = 0 . 5 ,

£ | < 0 . 0 1 f o r  k >  3.
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F IG . 4 .  B  a s  a  fu n c tio n  o f  cp f o r  a  m e th y l p ro to n  

In  d m b  a n io n .

F ro m  th e se  r e s u lts  i t  is  c le a r  th a t fo r  the anion 

of dm b th e r m dependent p a rt  of th e d ip o lar con - 
tr ib u tio n  to  th e linew idth ( te rm s  co n tain in g  B®, 

k *  0) i s  s m a ll . T he e f fe c t  of m eth yl ro ta tio n  on 
T j 1 i s  h e re  m ain ly  governed by th e F e r m i co n ta ct 
co n trib u tio n .

In F ig . 4  the cp depend ence of B z(cp) = jrTr[D *(<p)\  

is  show n. Two m a x im a  a r e  c a lcu la te d : one when 

the p ro to n  is  n e a r  th e 2 p o sitio n  (the lo w er m a x i 
m um ; <p =-n /2 ), th e o th e r  one (the h ig h er m axim um ) 

w hen it  is  n e a r  th e  4 p o s itio n  (<p = 3 ir/2), w hich 

c a r r ie s  th e h ig h est sp in  d en sity .

C. R in g  Proton Linew idths

T he a n a ly s is  of th e r in g  p ro to n  lin ew id ths w ith 

E q s . ( l ) - ( 3 )  y ie ld s  v a lu e s  fo r  th e c o r r e la t io n  
t im e s  Te , Td ,  and Tr . Su b stitu tio n  o f E q . (2) into 
E q . (1) g iv es  an eq u ation  w ith two unknowns t„

T A B L E  I I .  C o r r e la t io n  t i m e s  f o r  th e  a n io n  o f d m b .

T

(°C)

C

(M)

Tg X 1 0 11

( s e c )
TrfXlO 11

( s e c )

3 0 1 . 2 5 2 .  7 ± 0 . 3 a 0 . 2 2  ± 0 . 0 8 a

3 0 1 . 3 9 2 . 5 ± 0 . 3 0 . 3 0  ± 0 . 1 1

3 0 1 . 6 7 2 . 0 ± 0 . 3 0 . 1 7  ± 0 . 0 5

3 0 1 . 9 2 1 . 4  ± 0 . 2 0 . 3 1  ± 0 .  09

2 7 1 . 6 7 2 . 0  ± 0 . 3 0 . 5 8 ± 0 .  2 0

2 0 1 . 6 7 2 . 1 ±  0 .3 0. 24  ± 0 .  0 8

10 1 . 6 7 2 .  2 ± 0 .  03 0 . 3 0 ± 0 . 1 1

- 2 1 . 6 7 2 . 9 ± 0 . 4 0 . 2 0 ± 0 .  0 8

c

F I G . 5 .  C o n c e n tr a t io n  d ep en d e n ce  o f  th e  e le c t r o n  c o r 

r e l a t io n  t im e  T e  f o r  th e  a n io n  o f  d m b  in  1 ,  2 - d im e th o x y -  

e th a n e  a t  3 0  °C .

and t ,i , th a t c a n  be s'olved w hen the re so n a n ce  s ig 

n a ls  of two in eq u iv alen t p ro to n s a r e  m ea su red . In 
o rd e r  to c a lc u la te  r e and Td we com bined th e r e 

s u lts  fo r  the p ro to n s 2 and 5 and fo r  6 and 5. It 
tu rn ed  out th at both co m b in atio n s give a lm o st the 
sa m e  v a lu es  fo r  th e  c o r r e la t io n  t im e s . C om bining 

the  r e s u lts  fo r  the p ro to ns 2 and 6 le a d s  to  two 
n e a r ly  dependent eq u ation s, y ie ld in g  n o n re lia b le  

r e s u l t s . T h e  v a lu es  obtained fo r  Te and Td fo r  

so m e  co n ce n tra tio n s  and te m p e ra tu re s  a r e  given 

in  T a b le  II. Th e co n trib u tio n s of n o n secu la r p a rts  
of the tim e  dependent H am ilton ian  [the second 

te r m s  in  the b r a c k e ts  in  E q . (2)] w ere  included 
s in c e  u>J t |,  wf-rf» 1 (wa = 2. 5 x  10" 
applied e x te r n a l m a g n etic  f ie ld ).

ri“11 s e c " 1 a t  the

aT h e  e r r o r  g iv e n  i s  o n e  S ta n d a rd  d e v ia tio n .

An a n a ly s is  of th e te m p e ra tu re  dependence is  
not m ean in gfu l b e ca u se  of th e s m a ll te m p e ra tu re  

ra n g e  th at could  be studied and th e r a th e r  high in - 
a c c u r a c ie s  (se e  T a b le  II) . Th e exp ected  lin e a r  

re la tio n sh ip  betw een  r e and th e in v e rse  of the con 

c e n tra tio n 31 (1 /C )  is  a ffirm e d  by ou r ex p e rim en ts  

a s  F ig . 5 show s. In addition, the o b serv ed  p ro - 
p o rtio n a lity  b etw een  the w idths of th e o rt h o  p ro ton  

l in e s  and 1 /C  (F ig . 6) p oin ts to  th e p re d o m in an ce  

of th e F e r m i co n ta c t con b rib u tio n  to T £  a s  i s  e x 
p ected  fo r  p ro to n s w ith la r g e  cou pling  c o n sta n ts .27*32 
T h is  i s  a ls o  th e re a s ó n  th at th e linew idth equ ations 

d eriv ed  fo r  th e p ro to n s 2 and 6 a r e  n e a r ly  depen 

den t.

D. M ethyl P roton Linew idth

T he linew idth of th e CHS p ro to n s in  the anion of 
dm b can  be analyzed w ith th e  eq u ations d erived  in 

S e c . n . At a  giv en  te m p e ra tu re  and co n cen tra tio n  

Te and Td w e re  d eterm in ed  fro m  th e linew id th s of 

th e  r in g  p ro to n s . W ith th e re s u ltin g  v a lu es T j 1 
fo r  th e  CHS p ro to n s ca n  be p red icted  a s  a  fu n ctio n
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Km1)
FXG. 6 . C o n c e n tr a t io n  d ep en d e n ce  o f  t h e  o r f f to -p r o to n  

lin ew id th  a t  3 0  °C .

of r m. F ig u re  7 show s th is  fo r  a  p a r t ic u la r  c a s e  
(30  °C ; 1. 9 M ) .  F o r  r m~ 1 0"12 s e c  Tg1 is  indepen 

dent of th e  m agnitude of r m. T h is  i s  th e  fa s t  ro ta 
t io n  lim it , w h ere th e linew idth eq u atio n s fo r  the 

m ethyl p ro to n s [E q . (37)] b eco m e id e n tic a l w ith 

th o se  fo r  th e r in g  p ro to n s [E q . (2 )]. T h e  p red icted  
linew idth in c r e a s e s  rap id ly  when r m b e co m e s la r g e r  

than 10 "11 s e c  and i t  r e a c h e s  th e o th e r  l im it  fo r  

r m =* 1 0 '8 s e c .  In T a b le  i n  the r e s u l ts  of th e  an a ly - 

s i s  a r e  su m m a riz ed . G iven a r e  th e o b serv ed  T j 1 

and the p re d ic te d  T \ l in  th e  fa s t  ( r m «  Tg )  and slow  
(r m »  Te ) ro ta tio n a l l im it .  T h e e r r o r s  in  the p r e 

d icted  linew id th s a r e  about 15% to  20% m ain ly  due 
to  th e u n certa in ty  in  th e c o r r e la t io n t im e s  Te and r 4 . 
A t a ll  te m p e ra tu re s  and co n ce n tra tio n s  studied the 

o b serv ed  T j 1 a g r e e s  w ith in  th e e x p e r im e n ta l e r r o r

T A B L E  I I I .  E x p e r im e n ta l  and t h e o r e t i c a l  lin ew id th  

p a r a m e t e r s  f o r  th e  m e th y l p r o to n s  in  th e  a n io n  o f  d m b.

ï y i L im i t s  T j" 1 s e c " 1

T C o b s e r v e d p r e d ic te d

<°C) m ( s e c -1) T_ = 0 T„ = 00 ’m wi

3 0 1 , 2 5 5 4 7 5 7 6 8 41

3 0 1 .3 9 5 7 0 5 5 2 7 9 8

3 0 1 . 6 7 3 8 5 4 2 5 619

3 0 1 .9 2 3 4 1 3 5 0 4 9 5 '

2 7 1 . 6 7 4 2 4 4 8 2 6 8 1

2 0 1 . 6 7 4 4 7 4 6 2 6 6 9

1 0 1 . 6 7 4 7 0 4 8 1 6 9 3

- 2 1 . 6 7 4 7 4 5 9 0 8 7 1

F IG . 7 . T h e o r e t i c a l  Tm d ep en d e n ce  o f  T 2_1 f o r  a  CH 3 

p r o to n  in  th e  a n io n  o f  d m b  ( s o l id  c u r v e ) .  T h e  d a sh ed  

c u r v e s  show  th e  e s t im a te d  e r r o r  l im i t s .  T h e  h o r iz o n ta l  

b a r  a t  th e  le ft -h a n d  s id e  in d ic a te s  th e  m e a s u r e d  l in e 

w id th . T h e  te m p e r a t u r e  i s  3 0 ° C ,  t h e  c o n c e n tr a t io n  o f  

d m b  a n io n  1 . 9 * ,

with T l 1 p red icted  f o r  th e fa s t  ro ta tio n a l lim it .

H ence rm fo r  thé CH3 grou ps in  th e  dm b an ion  m ust 
l ie  in  th e h eft h o riz o n ta l re g io n  of th e cu rv e  in  F ig . 7. 

An up per lim it  o f r m is  5 x  1 0 '12 s e c .  T h is  p oin ts 
to  a low ro ta tio n a l b a r r ie r  a s  m ight b e  exp ected  

fro m  the g eo m e try  of th e dm b m o le cu le . The 
heigh t of th is  b a r r ie r  can  not be es tim a te d  fro m  
the te m p e ra tu re  dependent m e a su re m e n ts  b ecau se  
in  th e  fa s t  ro ta tio n a l l im it  T l 1 i s  independent of the 
m agnitude of r m. F o r  an  e s t im a te  of a lo w er lim it  

fo r  Tm the f r e e  ro to r  l im it  in  th e m od el of S te e le 33 

can  be used, w hich y ie ld s  t „ ^ 6 x  10’ 14 s e c .  In 

co n clu sió n  th e CH3 grou ps in  th e anion of dm b r o -  
ta te  too  fa s t  to  p ro vid e an  e ffe c t iv e  re la x a tio n  

m ech a n ism  fo r  th e  p ro to n  sp in s . W e a r e  planning 

fu r th e r  e x p e rim e n ts  on com pounds con tain in g  hin - 

d ered  CH3 grou p s in  o rd e r  to  t e s t  th e  th e o ry  in  thè 
re g io n  w h ere  s ig n ific a n t co n trib u tio n s to  th e l in e 
width due to CH3 ro ta tio n  a r e  e x p e cted ,

A CK N O W LED GM EN T

T h e au th o rs w ish  to  thank D r. B . M . P . H endriks 

fo r  v alu ab le  d is c u ss io n s .

A PPEN D IX

ï ï  the . in te ra c tio n  betw een  th e p ro to n  sp in s of the 

CH3 group is  ta k en  into accou nt, th e tim e  dependent 
H am iltonian  3Cj(£) i s  given by

3C1( 0  = 3Ctó + 3Cln

3Ctó= S s ( 0 -  A J (t) ■ l ,
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0Cln= E  V  T “ ( 0 -  I , .
fe, i

(A l)

AJ (£) i s  th e to ta l h y p erfin e  in te ra c t io n  te n s o r  fo r  
p ro to n  j  and T kl(t) i s  th e a n iso tro p ic  te n so r  fo r  the 

d ip o la r cou pling  betw een  th e CHS p ro to n s k  and l .

Th e tim e  d e r iv a tiv e  of th e  n u c le a r  m ag n etiz a tio n  
fo r  p ro ton  p ,  M pxj i s  then  d e scrib e d  a s 10

T t M * ( t ) = ~  l  ^ { ( [ r e j ^ - T ) ,  [ « l { t ) , i PX}} )

+ < [ < ( * - r ) ,  [ 3 ( 4 ( 0 , /„ ] ] )

+ <[g e £ ( f -T ) ,  [3c*„(t), U D

+ ( [ < ( *  -  T ), [K *n (t ), I J ]  ) } d T  . (A2)

Th e f i r s t  te r m  h as b een  co n sid ered  in  ou r p ap er, 
it  re d u ce s  to  M Px/ T ^  , w h ere  T &  i s  given by Eq . 

(7 ). W e w ill show now th at the o th e r  te r m s  can  
be n eg le cte d  w ith r e s p e c t  to  th e  f i r s t  te r m .

Su b stitu tin g  E q . (A l) into th e  seco nd  te r m  of E q . 
(A2) w e get

£  S  S * ( t - r ) A i B( t - T )T % (t )
a t$,y,6 j  i k > l

X < [ /« ( * - -r), U U t K i t ) ,  Ipx} ] )

a , P, 7 ,  0  = x ,y i ,z

j ,  k t l\ running o v e r  a l l  p ro to n s in  
th e CH3 group

T h e c o r r e la t io n  fu n ctio n s in  th is  e x p re s s io n  ca n  be 
w ritte n  a s

S l ( t - T ) X A U t - T ) T % ( t )

= ö aA S t ) A U t - r ) T % ( t )

*  r e H 0 A i e ( t - r ) T % ( t )
3 k T

S in ce  S (S  + l ) y e H ^/ k T  «  10‘ 3 in  ou r e x p e rim e n ts  and 

T * l  i s  p ro p o rtio n a l to  y% , w h e re a s  A jaS i s  p ro p o r- 

tio n a l to  y ey N, i t  ca n  b e  concluded th a t th is  te rm  
is  n e g lig ib le  (and a ls o , of c o u rs e , th e  th ird  one), 

w ith r e s p e c t  to th e f i r s t  te r m  (se e  S e c . n .  B ).

T h e co n trib u tio n  of th e la s t  te r m  can  be e s t i -  

m ated fro m  linew id th s m ea su red  in  d iam ag n etic  
m eth y l com pounds. An u p p erlim it i s  10 s e c " 1, 

w h e re a s  th e m eth y l p ro to n  linew idths in  dmb" a r e  
la r g e r  than  3 50  s e c " 1.
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