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Abstract: 

The dynamics of the use of relaxation agents for 31P NMR 

spectroscopy were investigated. 

of the associated ligand is essential, in order for line broadening 

to be prevented. Thus, chelates were found to be most suitable. In 

addition, evidence was accumulated that indicates an outer sphere 

coordination is significant for effective reduction of spin-lattice 

relaxation times (T1's). 

moment, as pertains to Gdf3 and Fe+3, was examined and related to 

effective reduction of T ' s .  

It was found that non-lability 

Finally, the magnitude of the magnetic 
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604 CARR AND RITCHEY 

I n t r o d u c t i o n  

Nuclear magne t i c  r e sonance  (NMR) is  a t echn ique  t h a t  h a s  demon- 

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

d i l u t e  s o l u t i o n .  Among i t s  advan tages  a r e  t h e  n o n - d e s t r u c t i v e n e s s  

of t h e  method and t h e  s p e c i f i c i t y  p rov ided  by t h e  p r e s e n c e  of d i s t i n c t  

chemical  s h i f t s .  The pu l se -Four i e r  Transform t echn ique ,  w i t h  s i g n a l  

ave rag ing ,  h a s  g r e a t l y  lowered t h e  c o n c e n t r a t i o n  l i m i t s  a b l e  t o  be  

observed.  

However, l ong  s p i n - l a t t i c e  r e l a x a t i o n  t imes (T1's) p r e s e n t  

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

time. To some e x t e n t ,  t h i s  problem can b e  a l l e v i a t e d  by t h e  c h o i c e  

of s o l v e n t  (1). S o l v e n t  v i s c o s i t y  i s  a f a c t o r  i n  d e t e r m i n i n g  t h e  

r a t e  of r e o r i e n t a t i o n  of a molecu le  and, a c c o r d i n g l y ,  t h e  e f f e c t i v e -  

n e s s  of t h i s  r e o r i e n t a t i o n  as a r e l a x a t i o n  mechanism ( 2 ) .  However, 

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

Another method of c i r cumven t ing  t h e  problem i s  th rough  t h e  i n c r e a s e d  

s e n s i t i v i t y  p rov ided  by i n s t r u m e n t  m o d i f i c a t i o n .  For example,  

Be r t r and  ach ieved  t h i s  t h rough  c r o s s  p o l a r i z a t i o n  of l i q u i d s  f o r  

1 3 C  and 1 5 N  s p e c t r o s c o p y  ( 3 ) .  A t h i r d  less expens ive  and e a s i l y  

performed e x p e r i m e n t a l  p rocedure  is t o  add pa ramagne t i c  materials t o  

t h e  s o l u t i o n  under  s t u d y  ( 4 ) .  These pa ramagne t i c  m a t e r i a l s ,  o r  

r e l a x a t i o n  a g e n t s ,  r educe  t h e  s p i n - l a t t i c e  r e l a x a t i o n  times so  t h a t  

more p u l s e s  may be  e f f e c t e d  w i t h i n  a g i v e n  p e r i o d  of t ime  w i t h o u t  

s a t u r a t i o n ,  t h u s  improving s e n s i t i v i t y .  

I n  t h i s  l a b o r a t o r y ,  r e s e a r c h  e f f o r t s  have been d i r e c t e d  toward t h e  

a n a l y s i s  of phosphorus compounds i n  d i l u t e  s o l u t i o n .  R e l a x a t i o n  a g e n t s  
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PARAMAGNETIC RELAXATION AGENT 605 

a r e  an important  p a r t  of t h i s  work. E f f o r t  has  been expended toward 

t h e  accumulat ion of a body of in format ion  t h a t  would l e a d  t o  t h e  

optimum use  of t h e s e  s p e c i e s  and ,  p o s s i b l y ,  t o  t h e  s y n t h e s i s  of new 

and more e f f e c t i v e  r e l a x a t i o n  agents .  Contained h e r e i n  a r e  t h e  r e s u l t s  

of some i n v e s t i g a t i o n s  i n t o  t h e  dynamics of t h e  u s e  of r e l a x a t i o n  

agents .  

Theory 

I n  o r d e r  f o r  t h e  combined techniques  of t i m e  averaging  and t h e  

pulse-Fourier  Transform method t o  be  most e f f e c t i v e ,  t h e r e  must be t h e  

complete l o s s  of magnet iza t ion  energy by t h e  Boltzmann excess  of NMR 

a c t i v e  n u c l e i .  S ince  spontaneous emission i s  a n e g l i g i b l e  p r o c e s s ,  

t h i s  l o s s  of energy must be e f f e c t e d  by i n t e r a c t i o n s  w i t h  f l u c t u a t i n g  

magnetic f i e l d s  generated by t h e  environment and, hence, i s  termed 

s p i n - l a t t i c e  r e l a x a t i o n .  S p i n - l a t t i c e  r e l a x a t i o n  i s  an e x p o n e n t i a l  

decay process ,  which i s  c h a r a c t e r i z e d  by t h e  f i r s t  o r d e r  time c o n s t a n t ,  

T1, c a l l e d  t h e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e .  

e f f e c t s  of s a t u r a t i o n ,  one g e n e r a l l y  wa i t s  a per iod  of 5 Ti's o r  longer  

between p u l s e s .  

To avoid d e l e t e r i o u s  

Some of t h e  p h y s i c a l  p r o c e s s e s  by which n u c l e i  exchange energy 

wi th  t h e  l a t t i c e  a r e ,  as f o l l o w s  (5):  

1. Magnetic d ipole-d ipole  i n t e r a c t i o n s  among n u c l e i .  

2 .  I n t e r n u c l e a r  e lec t r ic  quadrupole  i n t e r a c t i o n s .  

3 .  Chemical s h i f t  a n i s o t r o p i c  i n t e r a c t i o n s .  

4 .  S c a l a r  coupl ing  i n t e r a c t i o n s .  

5. Spin- ro ta t ion  i n t e r a c t i o n s .  
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606 CARR AND RITCHEY 

Often, however, the aforementioned mechanisms are inefficient at 

causing nuclei to relax. For example, dipolar interactions are 

distance dependent and this is described by the following ( 6 ) :  

R a r  , (1) 
-6 

in which R is the relaxation rate and r is the internuclear distance. 

Thus, as a relaxation mechanism, dipolar interaction among nuclei 

are usually of great importance only in cases where the nuclei of 

interest are directly bonded to nuclei or of comparable proximity 

with strong magnetic moments like For phosphorus, an 

example of a species where this is an important mechanism is the 

PF03 ion (7). The other mechanisms are generally very effective 

only under rather stringent conditions (8). An example of this is 

provided by the PBr3 molecule, for which scalar coupling is a signi- 

ficant mechanism (9). Because of this, one often encounters nuclei 

with rather long T1's. 

dilute or insensitive requires long periods of instrument time. 

However, this problem can be overcome by the addition of a 

1 H or "F. 

-2 

Thus, the observation of nuclei which are 

relaxation agent to the solution under study. Relaxation may be induced 

by magnetic dipolar interaction between unpaired electrons and the 

nuclei of interest -- a process that is analogous to inter-nuclear 
dipolar interactions. Although the distances between the unpaired 

electrons of the relaxation agent and the nuclei of interest are 

greater than inter-nuclear distances, the magnetic moment of the 

unpaired electron is over 600 times greater than that of the proton. 

This intense magnetic moment, when modulated by molecular motion, 

becomes a very effective mechanism by which relaxation occurs. (10). 
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PARAMAGNETIC RELAXATION AGENT 607 

The type of performance that one would like to obtain from the 

use of a relaxation agent is twofold. One is the reduction of spin- 

lattice relaxation times without the peak broadening that leads to 

reduced signal intensity and sensitivity. The other is minimal shifting 

of the resonance lines. Ideally, these criteria may be fulfilled by 

species which possess a high magnetic moment and does not interact 

chemically with NMR sample. In practice, good results have been 

obtained with chelates of transition metal ions. Examples of these 

are Cr(acac)3, Fe(acac) and Gd(fod)3. All of these metal ions 

possess multiple unpaired electrons and, hence, have rather high 

magnetic moments. Furthermore, these complexes are characterized by 

high stability constants and are non-labile. Presumably, it is this 

strength of co-ordination that is a determing factor in the usefulness 

of a relaxation agent (11). 

3 

Experimental: 

Diethyl ethylphosphonate (DEP) and triphenyl phosphate (TPP) 

were obtained from the Aldrich Chemical Company and triethyl phosphate 

(TEP) and triethyl thiophosphate were obtained from Eastman Kodak 

Company. All metal salts mentioned were reagent grade chemicals from 

Fisher Scientific Company, except for the vanadium halides, which were 

obtained from Alfa Inorganics. Iron (111) acetylacetonate was obtained 

from ICN and gadolinium (111) (fod) was obtained from the Norell 3 

Chemical Company. Co(I1) (acac)* and Co(II1) (acac)3 were prepared in 

the laboratory (12). Aldrich supplied the acetylacetone that was used 

and the ethylenediamine was from Matheson, Coleman and Bell. All 
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608 CARR AND RITCHEY 

s o l u t i o n s  examined were made w i t h  HPLC g r a d e  methanol  from Burdick 

and Jackson and degassed by bubb l ing  n i t r o g e n  g a s ,  from Matheson Gas 

P r o d u c t s ,  through them. 

31P NMR s p e c t r o s c o p y  was performed on a m u l t i - n u c l e a r  Var i an  

XL-100 15 s p e c t r o m e t e r ,  equipped w i t h  a Var i an  620-L computer and 

Sykes Compucorder. Magnet homogeneity w a s  i n i t i a l l y  o b t a i n e d  u s i n g  

a sample of me thy l  a l c o h o l  dl  from t h e  N o r e l l  Chemical Company, 

employing t h e  i n t e r n a l  deu te r ium l o c k ,  and ma in ta ined  a f t e r w a r d s  by 

an e x t e r n a l  f l u o r i n e  lock .  The p robe  t e m p e r a t u r e  w a s  r e g u l a t e d  a t  

3OoC. 

program from Var i an ,  w i t h  t h e  180' p u l s e  e q u a l  t o  6 4  usec  and t h e  

90' p u l s e  e q u a l  t o  32 usec .  

Ti's were measured, u s i n g  t h e  PIN 20309-M i n v e r s i o n  r e c o v e r y  

R e s u l t s  and D i s c u s s i o n  ~- 

To o b t a i n  i n s i g h t  i n t o  t h e  impor t ance  t h a t  t h e  d e g r e e  of c o o r d i -  

n a t i o n  may have on r e l a x a t i o n  a g e n t  u s e f u l n e s s ,  a number of phosphorous 

c o n t a i n i n g  compounds w i t h  v a r i o u s  s t r u c t u r a l  f e a t u r e s  was a sed .  These 

are i l l u s t r a t e d  i n  F i g u r e  1, i n c l u d i n g  31P chemica l  s h i f t s  (13) and 

t y p i c a l  Ti's i n  d i l u t e  (1% v / v )  methanol  s o l u t i o n .  

(TPP) w a s  s e l e c t e d  f o r  t h e  s t e r i c  h i n d r a n c e  p rov ided  by t h e  b u l k i n e s s  of  

t h e  pheny l  groups.  T r i e t h y  phospha te  (TEP) and d i e t h y l  e t h y l p h o s p h o n a t e  

(DEP) are two s t e r i c a l l y  a c c e s s i b l e  compounds t h a t  d i f f e r  s t r u c t u r a l l y .  

T r i e t h y l  t h i o p h o s p h a t e  (TTP) w a s  u sed  because  of  t h e  p r e s e n c e  of t h e  

s u l f u r  atom. The e f f e c t i v e n e s s  of t h e  r e d u c t i o n  of  t h e  l o n g  r e l a x a t i o n  

times of  t h e s e  compounds by a r e l a x a t i o n  a g e n t  w a s  e v a l u a t e d  by t h e  

inve r s ion - recove ry  (14)  method of T1 measurement. 

T r i p h e n y l  phospha te  
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PARAMAGNETIC RELAXATION AGENT 609 

1 
P H O S P H O R U S  ' P  C H E M I C A L  S H I F T  T, ( s e c . 1  
C O M  P O U N  D ( 8 5 %  H,PO,- 0 . 0  p p m )  in  m e t h a n o l  

T R I PHENY L 
PHOSPHATE 

TPP 

TR I E T ti  Y L 
PHOSPHATE 

T E  P 

D I E T H Y L -  E T H Y L  
PHOSPHONATE 

r 1 

* 1  

FH,- CH; j- p - CH,- CH, -3 2 

2 0  
DE P 

TR IETHYL 
THIOPHOS PHATE 

T T P  

-67  

2 7.0 

2 0.0 

18.3 

13.8 

FIGURE 1 
S e l e c t e d  Phosphorus Compounds 

and Relevant  Data 

F i g u r e  2 shows a p r o t o n  decoupled 31P spectrum of  a m i x t u r e  of t h e  

aforementioned compounds. S i n c e  TEP and TPP appear  more than  30 ppm 

u p f i e l d  of DEP, t h e i r  s i g n a l s  a r e  p laced  i n  t h e  c e n t e r  of t h e  i l l u s -  

t r a t i o n  f o r  convenience of r e p r e s e n t a t i o n .  The c o n c e n t r a t i o n  of each 

of t h e  phosphorus compounds i n  1% v/v  and t h e  spectrum w a s  ob ta ined  

over  a per iod  of approximately a n  hour. 

S ince  most e f f e c t i v e  r e l a x a t i o n  a g e n t s  have t i g h t l y  h e l d  l i g a n d s ,  

e.g., F e ( I I I ) ( a c a c ) 3 ,  i n i t i a l  s t u d i e s  w e r e  made t o  see t h e  e f f e c t  t h a t  
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31 
P o r g a n i c  p h o s p h o r u s  s p e c i e s  s p e c t r u m  

1 H d e c o u p l e d  
w i t h o u t  m e t a l  i o n  
i n  m e t h a n o l  

T EP T P P  

h 
FIGURE 2 

DE P 

I 
L 

a r e l a t i v e l y  exposed m e t a l  i o n  would have.  Fo r  t h i s ,  i r o n  (111) 

n i t r a t e  w a s  chosen b e c a u s e  of t h e  paramagnet ism of t h e  i r o n  and t h e  

known poor  c o o r d i n a t i n g  a b i l i t y  o f  t h e  n i t r a t e .  The r e s u l t s  of t h e  

a d d i t i o n  of i r o n  n i t r a t e  t o  a m i x t u r e  of t h e  f o u r  o r g a n i c  phosphorus 

compounds are i l l u s t r a t e d  i n  F i g u r e  3 .  

The peaks of  t h e  s t e r i c a l l y  a c c e s s i b l e  compounds are  n o t  obse rved .  

A 

r e sonance  l i n e s ,  b u t  none was obse rved .  We conc lude  from t h e  obse rva -  

number of a t t e m p t s  were made t o  f i n d  p o s s i b l e  s h i f t i n g  of t h e s e  
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PARAMAGNETIC RELAXATION AGENT 611 

T T P  
T,: 2 .4  s e c .  

0.02 M Fe(NO,), 
~n m e t h a n o l  

" T P P  

D E  P 
---b 

FIGURE 3 

t i o n  t h a t  t h e  s i g n a l s  f o r  TEP and DEP have  been  b roadened  i n t o  t h e  

b a s e  l i n e .  A s  a r e s u l t  o f  p r e v i o u s  work conduc ted  i n  t h i s  l a b o r a t o r y ,  

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

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

would o c c u r  (11 ) .  Such b r o a d e n i n g  would r e s u l t  f rom t h e  m i g r a t i o n  of  

t h e  TEP and DEP m o l e c u l e s  i n t o  t h e  i n n e r  c o o r d i n a t i o n  s p h e r e  of  t h e  

i r o n  ion .  A c o o r d i n a t i o n  complex would t h e n  form w i t h  a d e f i n i t e  geo -  

m e t r y  and o r i e n t a t i o n  of t h e  s t e r i c a l l y  a c c e s s i b l e  phosphorus  compounds. 

A l o c a l l y  inhomogenous m a g n e t i c  f i e l d  would t h e n  i n d u c e  b roaden ing .  I n  

TPP, a broadened b u t  o b s e r v a b l e  s i g n a l  i s  o b t a i n e d .  P resumab ly ,  t h e  

b u l k i n e s s  o f  t h e  pheny l  r i n g s  would p r e v e n t  t h e  phosphorus  atom f r o m  

e n t e r i n g  t h e  i r o n  i n n e r  c o o r d i n a t i o n  s p h e r e .  I n  TTP, t h e  p o o r e r  

c o o r d i n a t i n g  a b i l i t y  of  t h e  s u l f u r  atom h i n d e r s  c o o r d i n a t i o n  and a 
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612 CARR AND RITCHEY 

s h a r p  s i g n a l  r e s u l t s .  S i m i l a r  r e s u l t s  were o b t a i n e d  when t h e s e  

compounds were examined s e p a r a t e l y .  

I f  a p o o r l y  c o o r d i n a t i n g  l i g a n d  a l l o w s  such  c o o r d i n a t i o n  of  

s t e r i c a l l y  a c c e s s i b l e  m o l e c u l e s  and r e s u l t a n t  b r o a d e n i n g  of s i g n a l s ,  

the p r e s e n c e  o f  a more t i g h t l y  h e l d  l i g a n d  would p r e v e n t  n i i g r a t i o n  of  

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

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

snou ld  b e  t h e  r e a p p e a r a n c e  of t h e  TEP and DEP s i g n a l s .  A c e t y l a c e t o n e  

is s u c h  a s u b s t a n c e  and i t  fo rms  an  immediate  b lood  r e d  complex w i t h  

f e r r i c  i r o n .  

F i g u r e  4 i l l u s t r a t e s  t h e  r e s u l t s  t h a t  t h e  a d d i t i o n  of  a c e t y l -  

a c e t o n e  h a s  on t h e  s p e c t r u m  o f  t h e  m i x t u r e  of t h e  o r g a n i c  phosphorus  

compounds w i t h  f e r r i c  n i t r a t e .  A s  e x p e c t e d ,  t h e  s i g n a l s  f o r  TEP and  

0.02  M F e ( N O , ) ,  

+ a c a c  

T,'s in s e c .  

1 T E P  T P P  

F I G U R E  4 
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PARAMAGNETIC RELAXATION AGENT 613 

' T T P  
T1:3.6 s e c .  

T E P  

DEP have r e a p p e a r e d  w i t h  good l i n e  s h a p e  and s i g n a l - t o - n o i s e  r a t i o  and 

T P P  
1,~1.5 s e c .  

c o n s i d e r a b l y  r educed  T ' s .  Again,  s i m i l a r  r e s u l t s  were o b t a i n e d  when 

t h e  phosphorus  compounds were examined i n d i v i d u a l l y  wh ich  i n d i c a t e s  that  

t h e  r e l a x a t i o n  a g e n t  f u n c t i o n s  t h e  same, w h e t h e r  t h e  s p e c i e s  of i n t e r e s t  

is  i s o l a t e d  o r  p a r t  of a m i x t u r e  w i t h  o t h e r  s i m i l a r  s p e c i e s .  From t h e s e  

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

t o  p r e v e n t  s i g n a l  b roaden ing  by k e e p i n g  t h e  phosphorus -con ta in ing  s p e c i e s  

of i n t e r e s t  f rom occupy ing  a p l a c e  i n  t h e  i n n e r  c o o r d i n a t i o n  s p h e r e  

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

1 

To tes t  t h i s  i d e a  f u r t h e r ,  s imilar e x p e r i m e n t s  u s i n g  c o p p e r  ( 1 1 )  

i o n  were performed.  The a d d i t i o n  of  coppe r  ( 1 1 )  n i t r a t e  t o  s o l u t i o n s  

of t h e  phosphorus  compounds i n  me thano l  gave  r e s u l t s  v e r y  s imi l a r  t o  

t h o s e  o b t a i n e d  w i t h  i r o n  (111) ni t ra te .  T h i s  i s  shown i n  F i g u r e  5. 

Copper h a s  a s t r o n g  a f f i n i t y  f o r  n i t r o g e n  (15) and so e t h y l e n e d i a m i n e  

0.02 M Cu(NO,), 
I" m e t h a n o l  

FIGURE 5 
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C U R  AND RITCHEY 6 14 

was added t o  t h e  s o l u t i o n  and t h e  r e s u l t s  a r e  shown i n  F i g u r e  6. A s  i n  

t h e  c a s e  of i r o n  and a c e t y l a c e t o n e ,  t h e  s i g n a l s  f o r  TEP and DEP have 

r e a p p e a r e d  w i t h  good s i g n a l - t o - n o i s e  and l i n e  shape .  The TTP s i g n a l  

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

s e v e r l y  broadened.  I n  a d d i t i o n ,  a me thano l  s o l u t i o n  of TTP, Cu(N0 ) 

and e t h y l e n e d i a m i n e  i s  g r e e n  i n  c o l o r ,  as opposed t o  t h e  d i s t i n c t  b l u e  

of similar s o l u t i o n s  of t h e  o t h e r  phosphorus compounds. Th i s  s u g g e s t s  

t h a t  a d i s t i n c t  chemica l  s p e c i e s  i s  be ing  formed--a c o o r d i n a t i o n  complex 

3 2  

w i t h  t h e  TPP p r e s e n t  i n  t h e  copper  i n n e r  c o o r d i n a t i o n  s p h e r e .  

i s  t h e  c a s e ,  i t  would b e  a f u r t h e r  i n d i c a t i o n  t h a t  e x c l u s i o n  of t h e  

phosphorus s p e c i e s  f rom t h e  i n n e r  c o o r d i n a t i o n  s p h e r e  of t h e  m e t a l  i o n  

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

I f  such  

T T P  
T : 3.3 1 

T E  P 
Tz2.3 1 

0.02 M C u ( N 0 3 1 2  
+ e n  
T ’ s  i n  s e c .  1 

T P P  
T i  0.04 

FIGURE 6 

O E  P 
1 - 2 . 6  
1 
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PARAMAGNETIC RELAXATION AGENT 615 

To i n v e s t i g a t e  t h i s  f u r t h e r ,  t h e  p r i n c i p l e  of ha rd  and s o f t  a c i d s  

and b a s e s  (HSAB) (16 )  w a s  c o n s i d e r e d .  Fo r  example,  a n  oxygen ( s m a l l  and 

u n p o l a r i z a b l e )  c o n t a i n i n g  l i g a n d  w i l l  bond more s t r o n g l y  t o  a small ,  

u n p o l a r i z a b l e  c a t i o n  t h a n  t o  a l a r g e r  more p o l a r i z a b l e  c a t i o n .  Thus,  i f  

t h e  t h e o r y  a p p l i e s ,  t h e n  improved s i g n a l - t o - n o i s e  s h o u l d  be o b t a i n e d  w i t h  

C o ( I I I ) ( a c a c ) g ,  as opposed t o  C o ( I I ) ( a c a c ) 2 .  

i s  t h e  c a s e ,  which f u r t h e r  s t r e n g t h e n s  t h e  argument t h a t  i f  t h e  phosphorus 

F i g u r e  7 shows t h a t  such  

T R I E T H Y L  P H O S P H A T E  

2 p e r c e n t  b y  v o l u m e  

i n  m e t h a n o l  

0.02 M C ~ ( A C A C )  
2 

8 t r a n s i e n t s  

T I 3 . 3  S e C .  
I 

-A 

FIGURE 7 

0 . 0 2  M C O ( A C A C )  
3 

3 t r a n s i e n t s  

T = 8 . 3  s e c .  
1 
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616 CARR AND RITCHEY 

T P P  v CI 
T E P  

atom is kept outside of the inner coordination sphere of the relaxa- 

tion agent ion, effective relaxation without excessive broadening will 

result. 

Additional evidence for this comes from experiments using vanadium 

(111) ion as a relaxation agent. Figure 8 clearly demonstrates that the 

effectiveness of a relaxation agent ion is very dependent on the anion 

associated with it. Superior signal-to-noise results for both TEP 

and TPP when VF is used. This is in contrast to the broader signals 

obtained with an equivalent concentration of VC13.  

3 

This is expected 

I 

T E P  - T P  P C O M P A R I S O N  

0 . 0 2  M V A N A D I U M ( + 3 )  

1 0  t r a n s i e n t s  

FIGURE 8 
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PARAMAGNETIC RELAXATION AGENT 617 

a s  a consequence of a s t r o n g e r  a s s o c a t i o n  o f  t h e  s m a l l  and unpolar i -  

z a b l e  vanndiur.i (111) i o n  w i t h  L he s m a l l ,  u n p o l a r i z a b l e  f l u o r i d e ,  than 

wi th  t h e  l a r g e r ,  more p o l a r i z a b l e  c h l o r i d e  i o n .  'This t r e n d  w a s  observed 

i n  o t h e r  systems;  examples of which a r e  shown i n  r a b l e  1. For a g iven  

f i r s t  row t r a n s i t i o n  meta l  i o n ,  i t s  e f f e c t i v e n e s s  a s  a r e l a x a t i o n  agent. 

was observed t o  be dependent on  t h e  t y p e  of h a l i d e  i o n  a s s o c i a t e d  w i t h  

i t .  In a d d i t i o n ,  i t  appears  t h a t  i n c r e a s e d  s igna l - to-noise  i s  r e l a t e d  

t o  i n c r e a s e d  magnitude of  t h e  s t a b i l i t y  c o n s t a n t  of t h e  r e l a x a t i o n  agent  

i n  s o l u t i o n .  Such behavior  was observed f o r  a l l  f o u r  phosphorus 

compounds. 

I t  seems, t h e n ,  that  f o r  il r e l a x a t i o n  a g e n t  t o  b e d f e c t i v e ,  t h e  

l igand  m u s t  f u n c t i o n  t o  exclude t h e  phosphorus c o n t a i n i n g  species of 

i n t e r e s t  from the inner  c o o r d i n a t i o n  s p h e r e  of t h e  meta l  ion.  I f  t h e  

observed s p e c i e s  m i g r a t e  i n t o  t he  i n n e r  c o o r d i n a t i o n  s p h e r e ,  s e v e r e  

broadening r e s u l t s .  I f  i t  i s  prevented from doing s o ,  e f f e c t i v e  T 

reduct ion  w i t h  minimum broadening r e s u l t s .  

1 

The e f f e c t i v e n e s s  of a r e l a x a t i o n  agent  may b e  a f f e c t e d  by 

o t h e r  f a c t o r s .  From a c o n t a c t  model of h a r d  s h e l l  s p h e r e s ,  a n  ex- 

p r e s s i o n ,  developed j n i t i a l l y  by Abragam ( 1 7 )  and l a t e r  modif ied 

by Levy (18) and Gurley (19), may be d e r i v e d  t h a t  r e l a t e s  the e f f e c -  

t i v e n e s s  of  a given  r e l a x a t i o n ,  as measured by Rle ,  t h e  e l e c t r o n -  

n u c l e a r  d i p o l a r  r e l a x a t i o n  r a t < ,  t o  s n l . u t i o n  v i s c o s i t y  ( v )  a n d  the 

molar c o n c e n t r a t i o n  o f  t h e  par,iuiagnetic spc3cii.s ( E )  , i n  the l o l l o w -  
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618 CARR AND RITCHEY 

T a b l e  

The E f f e c t  o f  Hal ides  on  Metal 

Phosphorus Metal Conc. T 1  
Compound H a l i d e  M o l e s / L i t e r  CsecJ 

b 

b 

- TEP C U C l 2  0 .02 

- 0.02 2 TEP CuBr 

TEP C 0 C l 2  0 . 0 1  0 . 1 4  

TEP CoBr 0 . 0 1  0.10 2 

TPP C U C l 2  0 . 0 2  1 . 9 3  

TPP CuBr 0.02 1 . 5 8  2 

TPP C 0 C l 2  0 . 0 1  3.20 

TPP CoBr2 0 . 0 1  2 .95  

DEI: C r C 1 3  0 .02  1 . 5 0  

DEP C r B r  0 .02 0.36 3 

TTP C r C 1 3  0.02 2.29 

TTP C r B r  0 .02 1 . 6 4  3 

a )  Values f rom S t a b i l i t y  C o n s t a n t s  o f  Me ta l - ion  
The Chemical S o c i e t y ,  B u r l i n g t o n  House, W .  I., 

b )  Signal n o t  o b s e r v e d .  
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PARAMAGNETIC RELAXATION AGENT 

Ions as Relaxation Agents 

Stability Constant 
Typical Kla SIN 

(in s o l ' n ,  logarithm) T r a n s i e n t s  Ratio 

0.1 10 4 
b - -0.6 10 

3 . 1  

2.5 

0.1 

-0.6 

3.1 

2.5 

-1 .0  

-2.5 

1 5  

15 

10 

10  

1 5  

15 

a 
8 

619 

5 

5 

112 

38 

59 

38 

346 

19 

-1.0 a 450 

-2.5 8 74 

Complexes, Special Publication No, 17, London, 
Metcalfe and Cooper 670 (1964). 
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6 2 0 

T~', i n  t u r n ,  is  ttie r e l a x a t  

p o l a r  i n t e r a c t i o n s  and i s  ab 

equat ion  : 

1 1 1  

T l e  T1 
- -  

CARR AND RITCIlEY 

on t i m e  due t o  e l e c t i o n - n u c l e a r  d i -  

e t o  be c a l c u l a t e d  from tlie fo l lowing  

I n  Equat ion 3 ,  T is  the r e l a x a t i o n  time measured f o r  t h e  s p e c i e 5  

o f  i n t e r e s t  w i t h  the  r e l a x a t i o n  agent  and T1 

time measured € o r  the  s p e c i e s  of i n t e r e s t  wi thout  the  r e l a x a t i o n  

agent .  By s u b s t i t u t i o n  of Equation 3 i n t o  Equation 4 ,  one may 

o b t a i n  the fo l lowing  e x p r e s s i o n  t h a t  r e l a t e s  c o n c e n t r a t i o n  o f  

r e l a x a t i o n  agent  t o  t h e  i n v e r s e  of T1: 

1 

is t h e  r e l a x a t i o n  

IkomCquation 3, i t  i s  c l e a r l y  seen  t h a t  t h e  only parameters  

t h a t  e f f e c t  t h e  observed T a r e  the  v i s c o s i t v  of t h e  s o l u t i o n  

under s tudy  and t h e  c o n c e n t r a t i o n  o f  the  r e l a x a t i o n  agent .  Thus, 

1 

the  observed T of a phosphorus s p e c i e s  should  bc i n v a r i a n t  w i t h  

r e s p e c t  t o  c o n c e n t r a t i o n  of t h e  phosphorus s p e c i e s ,  a t  c o n s t a n t  

r e l a x a t i o n  agent  c o n c e n t r a t i o n  and s o l u t i o n  v i s c o s i t y .  To t e s t  

t h i s  p o i n t ,  a s e r i e s  of  methanol s o l u t i o n s  with vary ing  TEP concen- 

t r a t i o n s  were prepared.  A l l  conta ined  a c o n s t a n t  c o n c e n t r a t i o n  of 

Fe(acac)3 and were found t o  possess  n e g l i g i b l e  v a r i a t i o n s  i n  v i s -  

c o s i t y .  The measured T 's f o r  the  s e r i e s  were found t o  be  r e l a t i v -  

e l y  i n v a r i a n t  and t h i s  i s  shown i n  F igure  9. 

1 
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I 

621  

I I ~ I 

V A R I A T I O N  O F  T L L  W I T H  T E P  C O N C .  I N  M e O H  
C O N S T A N T  Fe(acac) z 2.83 x 10- 'M 

3 

0 
5 3 6 1  036 0 0 

0 3 . i  

0 10 40 bO 80 Ion 120 140 

x 10' M TEP 

FIGURE 9 

Other u s e f u l  information may be obta ined  from Equat ion 4 .  

The y - i n t e r c e p t  provides  the  i n v e r s e  of the  T1, without  the  presence  

o f  the  r e l a x a t i o n  agent .  From t h e  s l o p e  of  e q u a t i o n ,  the  e l e c t r o n -  

n u c l e a r  r e l a x a t i o n  r a t e ,  Rle,  may be c a l c u l a t e d .  However, Equat ion 

4 needs t o  be used w i t h  c a r e ,  a s  the e f f e c t i v e n e s s  of a r e l a x a t i o n  

agent  may be  a f f e c t e d  by parameters ,  o t h e r  than the v i s c o s i t y  and 

the l i m i t a t i o n s  imposed by  s o l u b i l i t y  ( 2 0 ) .  

I t  was of i n t e r e s t  t o  s e e  i f  t h e r e  is an optimum c o n c e n t r a t i o n  

f o r  a r e l a x a t i o n  agent .  The T I s  of  a s e r i e s  of 2% (v /v)  s o l u t i o n s  1 

of TEP i n  methanol with vary ing  Fe(acac)3  c o n c e n t r a t i o n s  were 

measured. Figure 10 shows a p l o t  of F e ( a c a c ) j  c o n c e n t r a t i o n  vs .  

the measured T I s  f o r  t h e  s o l u t i o n .  A l i n e a r  p l o t  is  indeed ob- 

t a i n e d ;  however, t h e r e  is  a p o i n t  of i n f l e c t i o n  a t  4 .7  x 10 g. 
1 

- 3  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



622 CAPa AND RITCHEY 

T,-’ 2 T E P ( v / .  in  m e t h a n o l )  

0.118 M 

l . 1  1.0 

I I I 
0.0 2.0 4.0 

0 
,-- , , 

D” 
/’ 

I 1 I 
6.0 Ed 10.0 

C 0 N C .  Fe(acac) 
x l o - ’  M ’ 

FIGURE 10 

The lower segment h a s  a s l o p e  of 115, from which an Rle v a l u e  of 

87 is c a l c u l a t e d  f o r  t h e  v i s c o s i t y  o f  methanol a t  30”C, 0 .51  

cp (21 ) .  The upper  segment h a s  a s l o p e  of  88, from which an R 

v a l u e  of  66 i s  c a l c u l a t e d ,  which is i n  r e l a t i v e l y  c l o s e  agreement 

1 

13 w i t h  t h e  l i t e r a t u r e  v a l u e  o f  50 (20) o b t a i n e d  from C NMR d a t a .  

Furthermore,  t h e  c o n c e n t r a t i o n  r a t i o  of TEP t o  F e ( a c a c ) ,  a t  the  

p o i n t  of  i n f l e c t i o n  is approx ima te ly  25. A s i m i l a r  p l o t  f o r  a 

s e r i e s  of  1% (v /v )  TEP s o l u t i o n  is shown i n  F igu re  11. This p l o t  

has  an i n f l e c t i o n  p o i n t  a t  2.2 x 1 0  M and a r e s u l t a n t  concentra-  -3 
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PARAMAGNETIC RELAXATION AGENT 623 

T,‘ ’ 1 % T E  p (v/v in m e t h a n o l )  

0.059 M 7 

0 8  

0 6  

0.4 i 

0 0  2’0 4 0  6 0  8 0  10 0 
C O N C  F e ( a c a c ) ,  

x l o - ’  M 

FIGURE 1 1  

t i o n  r a t i o  of TEP t o  Fe(acac)  of  approximately 27 .  The lower seg- 

ment has  a s l o p e  of 130,  from which an Rle of 98 is  c a l c u l a t e d  and 

the  upper segment h a s  a s l o p e  o f  80, from which an Rle of 6 1  is  

c a l c u l a t e d .  

t h e i r  c o u n t e r p a r t s  from t h e  2% p l o t .  

Both of t h e s e  Rle v a l u e s  a r e  i n  good agreement w i t h  

The p o i n t  of i n f l e c t i o n  i n d i c a t e s  t h a t ,  f o r  TEP, the  e f f e c t i v e -  

ness  of t h e  Fe(acac)3  i s  diminished a f t e r  a c e r t a i n  c o n c e n t r a t i o n  

l i m i t  ‘is reached.  The s i g n i f i c a n c e  of t h i s  may be r e a l i z e d  from 

a c a l c u l a t i o n  t h a t  shows t h a t  32 molecules of  the  dimensions of a 
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6 2 4  CARR AND RITCHEY 

TEP molecule may f i t  around a molecule of t h e  s i z e  of a n  F e ( a c a c I j  

molecule ,  i f  one uses  the  Abragam's hard  sphere  model. From t h i s ,  

we t h e o r i z e  t h a t  a l a b i l e  o u t e r  sphere  c o o r d i n a t i o n  may be t a k i n g  

p lace  between the  observed phosphorous s p e c i e s  and t h e  r e l a x a t i o n  

agent .  A s  t h e  Fe(acac)3  c o n c e n t r a t i o n  i n c r e a s e s ,  t h e r e  is  an in-  

c r e a s e d  number of c o o r d i n a t i o n  s i tes  f o r  the  TEP molecules  t o  

assume and so T i s  reduced w i t h  g r e a t e s t  e f f e c t i v e n e s s .  A f t e r  a 

c e r t a i n  c o n c e n t r a t i o n  of F e ( a c a c ) j  i s  reached t h e r e  a r e  more co- 

o r d i n a t i o n  s i t e s  than TEP molecules  t o  occupy them. A d d i t i o n a l  

Fe(acac)3  molecules are a b l e  t o  i n t e r a c t  w i t h  the  TEP molecules 

only a t  g r e a t e r  i n t e r m o l e c u l a r  d i s t a n c e s .  A s  d i p o l a r  i n t e r a c t i o n s  

f a l l  o f f  r a p i d l y  wi th  d i s t a n c e ,  t h e  r e d u c t i o n  i n  T1 i s  not  as 

l a r g e  a t  these  h i g h e r  l e v e l s  of F e ( a c a c ) j  c o n c e n t r a t i o n .  I f  t h i s  

i s  a v a l i d  model, the  opt imal  r e l a x a t i o n  agent  would be a physic- 

a l l y  l a r g e  molecule, so  t h a t  more of t h e  observed s p e c i e s  could 

f i t  around i t ,  

1 

A d d i t i o n a l  evidence f o r  t h e  o u t e r  sphere  c o o r d i n a t i o n  model 

was provided by experiments  t h a t  measured t h e  Ti's of a series of 

2% (v /v)  s o l u t i o n  of TTP i n  methanol wi th  vary ing  c o n c e n t r a t i o n s  

of Fe(acac)3.  

s m a l l e r  degree of i n t e r a c t i o n  wi th  F e ( a c a c ) ,  due t o  t h e  presence  

of t h e  s u l f u r  atom. An o u t e r  s p h e r e  c o o r d i n a t i o n  complex would 

not  be as l i k e l y  t o  form i n  t h i s  case.  

c e n t r a t i o n  vs. T1 

F igure  12 shows t h a t  such i s  t h e  case .  Due t o  t h e  weakness of 

t h e  i n t e r a c t i o n ,  t h e  degree t o  which t h e  s p i n - l a t t i c e  r e l a x a t i o n  

From HSAB, i t  is expected t h a t  TTP would have a 

A p l o t  of Fe(acac)3  con- 

would t h e r e f o r e  show no p o i n t  of i n f l e c t i o n .  -1 
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PARAMAGNETIC RELAXATION AGENT 625 

T;' ..'1 
0 poi 
0 7  O I  
Ij 

0 6 0  I 
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0 ..'i 

- _  
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0 30- 

0 0  2 0  0 

/' 

t i m e  i s  r e d u c e d  would 

c e n t r a t i o n  of  F e ( a c a c  

I - 1 r- - - - i o T r T  
4 0 0  6 0 0  

C 0 N C  f e ( a c a c l ,  I LO ' 

FIGURE 1 2  

b e  smaller f o r  TTP than  TEP, a t  a g i v e n  con- 

3. This i s  o b s e r v e d ,  as shown i n  T a b l e  2. 

Over a n  e q u i v a l e n t  c o n c e n t r a t i o n  r ange  o f  F e ( a c a c ) 3 ,  t h e  d e g r e e  t o  

which t h e  phosphorus  T1 i s  reduced  is i n d e e d  smaller f o r  TTP t h a n  

f o r  TEP. 

i s  61. Thus,  t h e  g r e a t e r  d e g r e e  of i n t e r t n e s s  w i t h  TTP r e s u l t s  

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

segmen t s  o f  t h e  TEP p l o t s .  

The s l o p e  of  t h e  l i n e  is  80 ,  and t h e  r e s u l t a n t  Rle v a l u e  

With t h e  seeming  i m p o r t a n c e  of t h e  l i g a n d  and t h e  o u t e r  s p h e r e  
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626 CARR AND RITCHEY 

T a b l e  2 

Comparison of  T R e d u c t i o n  of TEP a n d  TTP by  

( F e ( n c a c )  ( 2 %  (v/v S o l u t i o n s )  
1 

3 

TEP 3 Conc . Fe ( a c a c )  

g T1 ( s e c )  

2.83 

5.66 

8.49 

11.33 

16.99 

22.65 

33.98 

56.63 

70.79 

84.89 

99.10 

113.30 

7.76 

5.25 

4.87 

4.06 

3.70 

2.97 

2.27 

1.41 

1.23 

1.02 

0.93 

0.81 

1 Conc . Fe ( n c a c )  ~ 1 

0.13 

0.19 

0.21 

0.25 

0.27 

0.34 

0.44 

0.71 

0.81 

0.98 

1.08 

1.24 

1.00 

5 .OO 

10.00 

15.00 

20.00 

25.00 

30.00 

40.00 

50 .OO 

60.00 

70.00 

80.00 

90 .oo 
100.00 

110  .oo 

12.72 

9.28 

6.87 

5.49 

4.32 

3.58 

3.28 

2.52 

2.12 

1.81 

1.52 

1.36 

1.26 

1.12 

1.05 

0.08 

0.11 

0.15 

0.18 

0.23 

0.28 

0.31 

0.40 

0.47 

0.55 

0.66 

0.74 

0 .79  

0.89 

0.95 

c o o r d i n a t i o n  mechanism a t  hand,  t h e  p o s s i b i l i t i e s  a f f o r d e d  by t h e  

use  of gado l in ium (111 ) t ris- 1,1,1,2,2,3 3- te t ra-  f l u o  ro- 7 7-dime t h y  1- 

4,6-0ctanedionate(Gd)fod)~) 

31P NMR were e x u l o r e d .  

(22) as a n  i d e a l  r e l a x a t i o n  a g e n t  f o r  

The complex as a whole i s  r a t h e r  l a r g e  
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PARAMAGNETIC RELAXATION AGENT 627 

0 

( o u r  c a l c u l a t i o n  show i t  h a s  a hydrodynamic  r a d i u s  o f  9 .65  A ,  as 

comparcd t o  a c l a c u l a t e d  hydrodynamic  r a d i u s  o f  6 .16  A for F e ( a c a c )  1, 

i t s  f o d  l i g a n d  i s  t i g h t l y  h e l d ,  and t h e  G d ( I I 1 )  i o n s  lias a h i g h ,  

i s o t r o p i c  m a g n e t i c  moment (as h o t h  G d ( 1 I T )  and  F e ( T I T )  ions have  

S ground s t a t e s  ( 2 3 ) ,  t h e r e  i s  no  o r b i t a l  c o n t r i b u t i o n  t o  t h e  mag- 

n e t i c  moment and  t h e  m a g n e t i c  iiioments f o r  t h e s e  ions may be  con- 

v i e n t l y  c a l c u l a t e d  by a "sp in-only"  f o r m u l a :  7 .9  B.M. f o r  G d ( I I 1 )  

as o p p o s e d  t o  5 . 9  B.M. f o r  F e ( 1 I I ) ) .  F i g u r e  1 3  shows tlie r e s u l t s  

0 

3 

3 o b t a i n e d  w i t h  i t s  use .  Note t h e  l o w  c o n c e n t r a t i o n  o f  t h e  Gd( fod)  

needed  t o  e f f e c t  s i g n i f i c a n t  r cx laxa t ion .  However, a t  l i i g h e r  con- 

0 . 0 0 1  M R 

FIGURE 1 3  
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6 2 8  CARR AND RITCHEY 

c e n t r a t i o n s ,  t h e  DEP and TEP s i g n a l s  tend t o  be broadened i n t o  t h e  

b a s e l i n e  ( 2 4 ) .  I n  l i g h t  of t h e  presence of t h e  P+0 moiety i n  t h e  

DEP and TEP compounds and t h e  high magnet ic  moment of t h e  Gd(fod)3 

molecule, such broadening would be expected i f  an o u t e r  sphere  

coord ina t ion  is t a k i n g  place.  

The T 's of a s e r i e s  of 2% (v /v)  TEP s o l u t i o n s  i n  methanol 1 

w i t h  vary ing  Gd(fod)3 c o n c e n t r a t i o n s  were measured. 

shows a p l o t  of  Gd(fod)j  c o n c e n t r a t i o n s  v s .  TI 

As w i t h  the  Fe(acac)3  p l o t s ,  a p o i n t  of  i n f l e c t i o n  is observed and 

i t  is  a t  2 . 0  x 10 Gd(fod) wi th  a c o n c e n t r a t i o n  r a t i o  o r  TEP 

F igure  1 4  

f o r  t h i s  s e r i e s .  -1 

-4  
3 

"I 

0.0 2 0.0 4 0 0  6 0.0 8 0.0 

C O  N C .  C d l l o d j 3  1 10  ! 

0.0 oj 
I I I I I I I I I 1 

0.0 2 0.0 4 0.0 6 0.0 8 0.0 

C O  N C .  C d l l o d 1 3  I 1 0 . '  ! 

FIGURE 1 4  
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PARAMAGNETIC RELAXATION AGENT 629 

i ,/ 

0.0 2 0.0 4 0.0 6 0 0  8 0.0 1 0  0.0 

C O N C .  C d ( l o  d ), I 1 0 '  m 

FIGURE 15 

t o  G d ( f o d ) j  o f  590. 

TEP molecu le s  a r e  a b l e  t o  f i t  a round  one G d ( f o d ) j .  

f a c t o r  of  a l m o s t  10  d i f f e r e n c e s  does n o t  p r e c l u d e  a n  o u t e r  s p h e r e  

c o o r d i n a t i o n  as a v a l i d  mechanism. R a t h e r ,  i t  i s  t h e  r e s u l t  of 

C a l c u l a t i o n s  i n d i c a t e  t h a t  a p p r o x i m a t e l y  6 1  

Yet ,  t h i s  

t h e  h i g h  m a g n e t i c  moment of  G d ( f o d ) j  e f f e c t i n g  t h e  r e l a x a t i o n  of 

a l a r g e  number of  TEP molecu le s  i n  r a p i d  e q u i l i b r i u m .  When com- 

p a r e d  t o  t h e  magne t i c  moment of F e ( I I I ) ,  t h e  m a g n e t i c  moment o f  

G d ( 1 I I )  i s  l a r g e r  by a f a c t o r  o f  1.34. A s  t h e  r dependence (25)  

of  d i p o l a r  i n t e r a c t i o n s  d e f i n e s  an  e f f e c t i v e  r a d i u s  f o r  F e ( I I I ) ,  

-6 
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630 CARR AND RITCHEU 

Tab le  3 

Comparison of T1 Reduc t ion  of  TEP and TTP by 

G d ( f o c l ) 3  ( 2 %  (v /v)  s o l u t i o n s )  

1 
- Conc . Gd (€0~1) TEP Conc. Cd ( f o c l )  TTP 1 

T1 (set) T1 
- 

g T1 (set) T1 

1.00 

2.50 

7.50 

10 .oo 

1 6  .OO 

20 .oo 

40 .OO 

50.00 

60.00 

75 .oo 

7.8.1 

4.79 

2.76 

1 .94  

1.28 

1 .12  

0 .64  

0.54 

0.49 

0.37 

0 . 1 3  

0 .21  

0.36 

0.52 

0.78 

0.89 

1 .56  

1 .85  

2.02 

2.67 

1.00 

2 .oo 

5 .OO 

10 .oo 

1 5  .OO 

20.00 

30 .OO 

40 .OO 

60.00 

80.00 

100 .oo 

13.18 

12.65 

11.73 

10.62 

10.07 

9.23 

8.04 

7 .64  

6.30 

5 .43  

4.57 

0.076 

0.079 

0.085 

0 . 0 9 4  

0.099 

0.018 

0.124 

0.131 

0.159 

0.184 

0.219 

6 
t h e  e f f e c t i v e  d i s t a n c e  f o r  Gd( I I1 )  w i l l  be a f a c t o r  o f  ( 1 . 3 4 )  o r  

5.82 g r e a t e r .  Within t h e  folume of t h e  s p h e r i c a l  s h e l l  d e s c r i b e d  

by t h i s  l a r g e r  e f f e c t i v e  r a d i u s .  a l a r g e  number of  TEP molecules  

may be inc luded .  Usine Abragam's c o n t a c t  model, c a l c u l a t i o n s  show 

t h a t  129 TEP molecules  are a b l e  t o  € i t  i n t o  t h e  second coordina-  

t i o n  s p h e r e  and t h a t  222 TEP molecules  a r e  a b l e  t o  congrega te  i n  

a ter t iary c o o r d i n a t i o n  s p h e r e .  Thus, t h e r e  a r e  t h r e e  c o n c e n t r i c  
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PARAMAGNETIC RELAXATION AGENT 631 

s p h e r e s  which are  a b l e  t o  c o n t a i n  a number  of  TEP m o l e c u l e s  ( 6 1  + 

129 + 222 = 412) t h a t  i s  a f a i r  approx ima t ion  of t h e  590 o b t a i n e d  

from t h e  p o i n t  o f  i n f l e c t i o n  i n  t h e  p l o t .  

A s  i n  t h e  case of F e ( a c a c ) 3 ,  a n lo t  of  Gd( fod)3  c o n c e n t r a -  

-1 t i o n  v s .  T1 f o r  a ser ies  of  2% (v /v )  TTP s o l u t i o n s  i n  me thano l  

shows no p o i n t  o f  i n f l e c t i o n .  T h i s  is  i l l u s t r a t e d  i n  F i g u r e  15. 

I n  a d d i t i o n ,  t h e  deg ree  t o  which T1 is  reduced f o r  T'I" a t  a g i v e n  

Gd( fod)3  c o n c e n t r a t i o n  i s  c o n s i d e r a b l y  smaller t h a n  f o r  TEP.  

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

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

of  t h e  Gd( fodI3  t o  f u n c t i o n  as a r e l a x a t i o n  a g e n t .  

t rasts t h e  e f f e c t  of  a c o n c e n t r a t i o n  r ange  o f  Gd(fod)  on TEP and 

RRP i n  2% (v /v )  s o l u t i o n s .  

This 

Tab le  3 con- 

3 

CONCLUSIONS 

I n  summary, t h e r e  a p p e a r s  t o  be  a number of  c o n d i t i o n s  f o r  

t h e  o p t i m a l  r e l a x a t i o n  a g e n t  f o r  phosphorus NHR: 

a )  t o  p r e v e n t  b roaden ing ,  a t i g h t l y  bound l i g a n d  is 

n e c e s s a r y  

b )  a n  o u t e r  s p h e r e  c o o r d i n a t i o n  between t h e  o b s e r v e d  

s u b s t r a t e  and  r e l a x a t i o n  a g e n t  may b e  needed f o r  

maximum e f f e c t i v e n e s s  

c) t h e  s i z e  of  t h e  magne t i c  moment p l a y s  a s i g n i f i c a n t  

r o l e  i n  t h e  u s e f u l n e s s  of t h e  r e l a x a t i o n  a g e n t .  
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