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A QUANTITATIVE STUDY OF EFFECTS OF RARE EARTH CHELATES ON 

NMR CHEMICAL SHIFTS: I .  TREATMENT OF 1:l COMPLEXES 

AND CHEMICAL SHIFTS OF THE PURE COMPLEXES 
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Larry Goldberg and W i l l i a m  M .  R i tchey  

Department of Chemistry 
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Cleveland,  Ohio 44106 

INTRODUCTION 

Recent ly  s e v e r a l  rare e a r t h  c h e l a t e s  have been found t h a t  induce 

l a r g e  and dramat ic  chemical s h i f t s  when complexed wi th  a l igand . '  

i s  due t o  paramagnet ic  s h i e l d i n g ,  t h e  mechanism of  which i s  observed t o  be 

a pseudo-contact  s h i f t ,  In cases such as t h i s  involv ing  dynamic e q u i l i -  

b r i a  where exchange o f  pro tons  i s  r a p i d  compared t o  o b s e r v a t i o n  t i m e ,  t h e  

observed chemical s h i f t  r e p r e s e n t s  an average environment determined by 

t h e  t i m e  t h e  proton n u c l e i  spend a t  each s i t e .  

complex i s  a lone  p a i r  donor such as t h e  oxygen of a carbonyl  group,  a lco-  

h o l ,  o r  e t h e r ,  o r  t h e  n i t r o g e n  o f  var ious  n i t r o g e n  c o n t a i n i n g  groups. The 

oxygen b e a r i n g  compounds could t h e o r e t i c a l l y  form s t r o n g  complexes with 

t h e  added poss ib i1 i t .y  o f  m u l t i p l e  complexes with c h e l a t e s .  The n i t r o g e n  

b e a r i n g  compounds o f  weak donor s t r e n p t h  arid conta in ing  only a lone p a i r  

would presumably form only  t h e  1:l complex. 

This 

The e f f e c t i v e  s i t e  o f  t h e  
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GOLDBERG AND RITCHEY 

The types of che la tes  used i n  t h i s  study were Eu(DPW3 [DPM] and 

Eu(FOD)~ [FOD]. 

a "vastly superior" s h i f t  agent; although it is more so luble ,  i t s  super- 

i o r i t y  is dependent upon one's purposes f o r  employing it which w i l l  be 

discussed la ter .  These rare e a r t h  che la tes  can be bene f i c i a l  t o  NMR 

spectroscopy i n  seve ra l  ways: (1) e f f ec t ive ly  reduce second order  t o  

first order  spec t r a ,  (2) allow s p e c i f i c  protons within a molecule t o  d i s -  

play unique chemical s h i f t s  i n  cases where they normally would not ,  and 

In  the  l i t e r a t u r e  t h e  FOD che la te  has been reported t o  be a 

(3) can sub jec t  a molecule t o  an e f f e c t i v e l y  much higher applied f i e l d .  

The rare ea r th  che la tes  though may s u f f e r  two severe l imi t a t ions :  (1) the  

l imi ted  s o l u b i l i t y  o f  t h e  che la t e ,  and (2) an e f f e c t i v e  so lvent  cannot 

contain a lone p a i r  f o r  it may be p r e f e r e n t i a l l y  complexed. 

The magnitude and d i r ec t ion  of t h e  s h i f t  i s  a function of the  metal 

che la te  used, t he  mole r a t i o  o f  the  che la te  complex t o  l igand, t he  concen- 

t r a t i o n  of t h e  so lu t ion ,  t he  temperature, t he  d is tance  and geometry of  the  

protons r e l a t i v e  t o  the  coordination s i t e ,  and t h e  b a s i c  s t r eng th  of  t h e  

donor. 

DISCUSSION 

Most s tud ie s  t o  da te  have avoided a quan t i t a t ive  study concerning the  

mole r a t i o  o f  che la t e  t o  l igand, t h e  e f f e c t  o f  temperature, and the  e f f e c t  

of concentration on chemical s h i f t s .  

F i r s t ,  t he  in t e rac t ion  o f  t h e  che la te  and l igand involves up t o  four 

e q u i l i b r i a  as shown below, 

This i s  l a rge ly  due t o  two reasons. 

c + L + C L  (1) 

2c + L + C ~ L  133 

c + 2L+CL2 ( 2 )  

c2"2c (4) 

where C = rare ea r th  che la te  

L = l igand (bearing lone p a i r )  
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EFFECTS OF RARE EARTH CHELATES ON NMR CHENICAL SHIFTS. I 

Thus, e q u i l i b r i u m  c o n s t a n t s  f o r  each class of  f u n c t i o n a l  groups must be  

determined i n  t h e  presence  of  m u l t i p l e  e q u i l i b r i a  unless c o n d i t i o n s  can 

be  j u d i c i o u s l y  chosen t o  minimize t h e  number o f  e q u i l i b r i a  o c c u r r i n g  t o  a 

s i g n i f i c a n t  e x t e n t .  

t h e  knowledge o f  t h e  c h e n i c a l  s h i f t  o f  t h e  p u r e  c h e l a t e - l i g a n d  complex, 

b u t  t h e  pure  complex h a s  n o t  been obta ined .  

Secondly, t h e  NMR d a t a  can b e s t  b e  i n t e r p r e t e d  wi th  

T y p i c a l l y ,  a p l o t  o f  induced s h i f t  versus  i n c r e a s i n g  c h e l a t e  concen- 

t r a t i o n  tends  t o  f la t ten  and reach  a l i m i t i n g  va lue  a t  h igher  c h e l a t e  con- 

c e n t r a t i o n s .  This maximum induced chemical s h i f t  has  been i n t e r p r e t e d  i n  

t h e  l i t e r a t u r e '  as being  t h e  c h e n i c a l  s h i f t  o f  t h e  pure  complex. 

e v e r ,  our  d a t a  i n d i c a t e  t h a t  t h i s  l i m i t i n g  chemical s h i f t  i s  n o t  i d e n t i c a l  

wi th  t h e  chemical s h i f t  o f  t h e  pure  complex, b u t  r a t h e r  i s  a l i m i t i n g  

s h i f t  due t o  s o l u b i l i t y  l i m i t a t i o n s  and p o s s i b l y  t h e  effects o f  m u l t i p l e  

e q u i l i b r i a .  This  must be apparent  s i n c e  t h e  l i m i t i n g  s h i f t  o b t a i n e d  i s  a 

f u n c t i o n  of t h e  i n i t i a l  l i g a n d  c o n c e n t r a t i o n .  

How- 

Shown i n  Figure 1 are t h e  d e f i n i t i o n s  o f  t h e  s h i f t  va lues  which w i l l  

A is  taken  t o  r e p r e s e n t  t h e  observed d i f f e r e n c e  i n  be  used subsequent ly .  

chemical s h i , f t  from t h e  f r e e  l i g a n d  and t h e  e q u i l i b r i u m  mixture  o f  complex 

and f r e e  l igand .  A r e p r e s e n t s  t h e  h y p o t h e t i c a l  d i f f e r e n t i a l  s h i f t  o f  t h e  

pure  complex and t h e  free l i g a n d .  The problem, as a l r e a d y  mentioned, i s  

t h a t  i n  o r d e r  t o  t r e a t  t h e s e  systems i n  a q u a n t i a t i v e  manner, one needs 

t o  know t h e  chemical s h i f t  f o r  t h e  pure complex which has  n o t  been ob- 

se rved .  

0 

The observed chemical s h i f t  can be  p r e d i c t e d  wi th  a knowledge o f  A o ,  

t h e  chemical s h i f t  o f  t h e  free l i g a n d ,  and a knowledge o f  t h e  f r a c t i o n  o f  

t h e s e  components p r e s e n t .  The f r a c t i o n  o f  t h e s e  components p r e s e n t  w i l l  

a l s o  g ive  t h e  e q u i l i b r i u m  cons tan t  i f  one a l s o  h a s  knowledge o f  what equi -  

l i b r i a  a r e  occurr ing .  The 1:l  equi lbr ium i s  shown i n  equat ion  [lJ 

c + L*L (1) 
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GOLDBERG AND RITCHEY 

c + 
< A r \ 

< - 6L j -  

Figure 1 
CHEM I CAL SH I FTS 

Derivation of t he  equilibrium expression f o r  t he  1:l complex follows: 

6 = P 6 + PCLGcL where P = f r ac t ion  o f  spec ies  present  L L  
and 6 = observed chemical s h i f t  

Since P + P = 1 L CL 

:. 6 = 6 (1-P ) + Pc1,6cL L CL 

upon rearranging: 6 = 6 + P (6 L CL C P L )  

L Let A. = 6 -6 and A = 6-6 CL L 

where [Llo = i n i t i a l  concentration of  t h e  l igand 
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EFFECTS OF RARE EARTH CHELATES ON NMR CHEMICAL SHIFTS. I 

* [LlO 
[C] = [C], - [CL] = [ C l 0  - - A- 

0 
[Cl 

-K . * .  [ C l 0  = x[Ll0 where x = mole r a t i o  of 

Upon rearrangement and s impl i f i ca t ion ,  one obtains equation (5) , the  

equilibrium expression f o r  the  1:l complex: 

+= x ( > -  1) - + - a 
oKCL AO 

Equation (5) contains two unknowns, K C L ,  the  equilibrium cons tan t ,  

and A o ,  t he  d i f f e r e n t i a l  s h i f t  of t h e  pure complex, and cannot be solved 

without a knowledge of one of the  two. However, u t i l i z i n g  equation (S) ,  

two simultaneous equations can be wr i t t en ;  upon s impl i f i ca t ion  and re -  

arrangement, equation ( 6 )  is  obtained which is  a quadra t ic  expression with 

only one unknown, Ao: 

x&;> - 1 + - =  Al (“0 i> - l + r  A2 
0 

*O x2 5- 

Therefore, i f  da t a  i s  taken o f  t he  observed A as a function of t h e  mole 

r a t i o  of che la t e  t o  l igand a t  constant l igand concentration, equation ( 6 )  

can be solved f o r  A . Then armed with the  value of A o ,  the r e s t  of t he  
0 

terms i n  equation (5) a r e  known except KCL, and equation ( 5 )  can now be 

solved f o r  KCL. 
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GOLDBERG AND RITCHEY 

Figure 2 represents  a p l o t  o f  the methyl protons of 2,s hexanedione. 

Data w a s  genera l ly  taken a t  r e l a t i v e l y  low concentrations of l igands and 

che la tes  i n  an e f f o r t  t o  minimize the  occurrence of  mul t ip le  e q u i l i b r i a .  

Results shown i n  t h i s  figure are typ ica l  da t a  f o r  t he  observed in-  

cremental s h i f t  A as a function of  mole r a t i o .  I t  should be noted t h a t  

t he  r e s u l t i n g  p l o t  appears t o  be l i n e a r  and one i s  tempted t o  take t h e  

value of A as being i d e n t i c a l  with t h e  value o f  t h e  s lope ,  

s t r i c t l y  co r rec t  f o r  the  following reasons, as mole r a t i o  increases  then: 

(1) a c t i v i t y  coe f f i c i en t s  may vary d ispropor t iona l ly ,  (2)  addi t iona l  equi- 

l i b r i a  may become more s i g n i f i c a n t ,  and (3) the  e f f e c t s  of s o l u b i l i t y  

l imi t a t ions  may become more pronounced. However, i n  the  l i m i t ,  a t  low 

concentrations o f  che la te  and l igand ,  t h e  above considerations a re  mini- 

mized and the  s lope  w i l l  be very c lose  t o ,  i f  not i d e n t i c a l  wi th ,  Ao.  

This i s  no t  
0 

Figure 2 

CHEMICAL SHJFT VS. MOLE RATIO 

ACHEM SHIFT-CH3 

(PPmI 
2,s hexanedione 

temperature 3 9 " ~  

Mole Ratio Chem S h i f t  A 

6.00 - methyl p ro tons ,  0.465 moles/l.  CC14, 

(PPm) (PPm) 
0.00 2 . 1 2  
0 .08  2.62 0.50 
0.16 3.12 1.00 
0.32 4 . 1 2  2 .00  

- 

4.00 - 

2.00 - 

I 

0.40 

MOLE RATIO Eu(FOD)~/LIGAND 
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EFFECTS OF RARE EARTH CHELATES ON NMR CHEMICAL SHIFTS.  I 

RE S LILTS 

Table 1 shows typ ica l  r e s u l t s  f o r  A. obtained from the  systems l i s t e d  

which include u t i l i z a t i o n  o f  both DPM and FOD che la tes  a t  various l igand  

concentrations.  The l a s t  column gives the  standard devia t ions  f o r  mole 

r a t i o s  obtained from the  l e a s t  squares l i n e a r  treatment o f  the  da ta .  

In a l l  cases, the  values f o r  A. given f o r  these  various func t iona l  

groups are q u i t e  s i m i l a r  t o  t h e  slopes reported by Sanders and Williams 

t o  which they r e f e r  as gradients. '  

given a re  somewhat dependent on t h e  l igand concentration, bu t  even so ,  

seem t o  be f a i r l y  c h a r a c t e r i s t i c  o f  a given func t iona l  group. 

s tud ied  normal alcohols C - C  

0 . ~ ~  

be explained as being due t o  d i f fe rences  i n  l igand concentrations and 

I t  i s  a l so  noteworthy t h a t  t h e  A I s  as 
0 

[Rabenstein 

and the  average s lope  obtained w a s  2 2 . 8  + 2 7  - 

Differences between h i s  da t a  and t h a t  presented here  can e a s i l y  

Table 1 

TYPICAL DATA 

Functional Group Compound Ligand Standard 

Concentrationa DPN FOD Deviation' 

OH n-decanol 

no R n-propy le ther  

0 
I 1  

R-C-R acetone 

0 0  
I1 I1 

R-C-C-C-C-R 2.5-hexanedione 

013 
C l l Z  

CH3 

Ct12 

0 .522  2 0 . 0  

0 .736  2 4 . 1  

0 . 3 3 0  1 5 . 3  

0 .700  1 7 . 6  

0 . 7 0 6  12 .2  

1 .120  

1.430 13 .4  

20.5 0 . 0 1  

24.6 0 . 0 1  

0 .02  

0 . 0 6  

0.04 

20.5 0.09 

0.01 

0.465 
6 . 9  0.03 

8 . 4  0 . 0 2  

0 .982  

9 . 4  

7 . 0  0 .00 

9 . 8  0.04 

a moles per l i t e r  CCI 
b 

PPm 
obtained from l e a s t  squares f i t  o f  data 
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GOLDBERG AND RITCHEY 

temperature.] An apparent anomaly t o  t h i s  statement can he  seen i n  t h e  

A I s  l i s t e d  f o r  t h e  2,5 diketone, bu t  it should be pointed ou t  t h a t  t h e  

apparent low values f o r  t h e  A. f o r  the  methyl group i s  low because the  

molecule i s  d i func t iona l  r a t h e r  than monofunctional. 'Ihus, t h e  e f f e c t i v e  

concentration of che la te  p e r  func t iona l  group i s  h a l f  t h a t  given by t h e  

mole r a t i o  and consequently t h e  value f o r  A here i s  about h a l f  what 

would be expected. f o r  t h e  methylene group i n  t h i s  system i s  d i f -  

fe ren t  from t h a t  of  t he  methyl and t h i s  i s  e a s i l y  explained s ince  t h i s  

shows t h a t  t he  methylene experiences some o f  t h e  paramagnetic f i e l d  o f  t h e  

che la te  whether t h e  che la t e  i s  complexing with t h e  carbonyl which the  

0' 
methylene is  c1 o r  B t o  and thus it would have a g r e a t e r  value f o r  A 

An equilibrium constant of approximately 12 w a s  obtained f o r  t h e  

0 

0 

The A 
0 

system acetone and FOD. 

magnitude of  t h e  equilibrium constants measured i n  a s e r i e s  of  n i t r i l e s  

where the  1:l complex predominated.2 Constancy i n  the  equi l ibr ium con- 

s t a n t s  f o r  n-decanol and n-propylether were not obtained suggesting t h a t  

t hese  systems were not simply 1:l complexes i n  the  concentration range 

s tudied .  Equilibrium constants f o r  t he  hexanedione and d i func t iona l  

groups i n  general are s t i l l  under inves t iga t ion .  

This example appears t o  be i n  agreement with t h e  

The typ ica l  e f f e c t  o f  temperature can be seen i n  Figure 3 showing 

t h e  s p e c t r a  of n-propyl e the r .  The resonance l i n e s  do s h i f t  somewhat, 

b u t  r a t h e r  s l i g h t l y  over the  temperature range inves t iga t ed  (39'C-7SoC). 

The resonance l i n e s  from t h e  che la te  i t se l f  a l s o  s h i f t  with temperature as 

would be expected. 

The change in A as a function of temperature can be more e a s i l y  seen 

i n  Figure 4 showing 2,s-hexanedione. This represents  a p l o t  of  t h e  in- 

cremental s h i f t  A as a function o f  temperature and a r e l a t i v e l y  l i n e a r  

response is obtained. The l i n e a r i t y  of  the  l i n e s  ind ica t e s  t h a t  AHo, t h e  
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EFFECTS OF RARE EARTH CHFLA'TES ON NMR CHEMICAL SHIFTS. I 

Figure  3 

TEMPERATURE EFFECTS ON N-PROPYL ETHER 

0.33 MOLES/LITER Eu(DPM)~ 

0.08 MOLE RATIO CHELATE T O  LIGAND 

56°C 
A 

I I .  I I I 
I . , . . . I  ' . . I  

7.0 6.0 s!o w + b i  . ,I0 . 1.0 2.0 1.0 
z-.--i . I . . I 

F igure  4 

EFFECTS OF TEMPERATURE 

0 
I? II A (PPml 

CH3-C-CH -CH -C-CH3 -2 -2 

3.00 - 0.465 moles/liter CC14 w/ Eu(FOD)~ 

Mole Ratio * (PPm) 
EU(FOD)~ 39'C 56°C 75°C 

0 . 0 8  0.70 0.65 0.61 
0.16 1.39 1.29 1 . 2 1  

2.00 - 0.32 

1.00 - 

0.32 0.40 

MOLE RATIO Eu(F0D) 3/LIGAND 
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GOLDBERG AND RITCHEY 

s tandard  enthalpy , i s  e s s e n t i a l l y  constant over t h i s  temperature range, 

and a l s o  t h a t  t h e r e  a re  no dramatic changes i n  t h e  na tu re  o f  mul t ip le  

e q u i l i b r i a  over t h i s  temperature range. 

can be obtained from KCL and u t i l i z i n g  AH , t h e  s tandard  entropy (ASo) 

can b e  obtained. 

The s tandard  f r e e  energy (AGO) 
0 

The appl ica t ion  of s h i f t  agents t o  polymers appears t o  be a very 

promising area f o r  study. The measurement of sequence d i s t r i b u t i o n s  i n  

polymers i s  very important,  and with regard t o  NMR, i s  o f t e n  l imi ted  by 

v i r t u e  o f  t h e  fact t h a t  s h i f t s  due t o  d i f f e r e n t  s t r u c t u r e s  a re  no t  well 

enough resolved so t h a t  they can be properly assigned and t h e i r  i n t e n s i -  

t i e s  accura te ly  measured. 

bene f i c i a l  i n  t h a t  g r e a t e r  s h i f t s  would be observed which would allow 

these  l i n e s  t o  be resolved. 

ace t a t e  as a f r e e  l igand  and then  i n  t h e  presence o f  DPM and FOD. 

The appl ica t ion  of s h i f t  agents should be very 

Shown i n  Figure 5 i s  t h e  s p e c t r a  o f  polyvinyl 

Several  observations can be made, one is  t h a t  t h e  g r e a t e r  s h i f t  i s  i n  

f a c t  obtained with t h e  FOD, bu t  t he  DPM seems t o  be more d iscr imina t ing  t o  

the  s t r u c t u r e s  and shows the  reso lu t ions  of t he  overlapping region i n t o  

two resonance a reas  much more c l e a r l y ;  thus t h e r e  may be many occasions 

when the  g r e a t e r  s e l e c t i v i t y  o f  t he  DPM might warrant i ts  choice over t he  

FOD che la t e .  This may be more important when s t e r i c  f a c t o r s  may allow 

the  DPM che la t e  t o  approach the  func t iona l  group somewhat more c lose ly  

than the  FOD che la t e  and thereby induce a g r e a t e r  s h i f t .  The observed 

chemical s h i f t s  have been t e n t a t i v e l y  in t e rp re t ed  i n  terms o f  t a c t i c  

s t r u c t u r e s ,  bu t  a discussion o f  t h i s  is being defer red  t o  a later paper. 

As mentioned previous ly ,  t he  values f o r  A. do show a dependence on 

l igand  concentration. 

and ex t rapola ted  t o  zero l igand concentration, t he  value A would be ob- 

t a ined  as shown i n  Figure 6 .  Several noteworthy po in t s  a r e  apparent.  

Thus, i f  one p l o t t e d  A. versus l igand concentration 
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EFFECTS O F  F B  ELYTH CHELATES ON NMR CHEMICAL SHIFTS. I 

Figure 5 

POLY-VINYL ACETATE 

One is  t h a t  t h e  A' values  f o r  t h e  a l c o h o l ,  t h e  e t h e r ,  and t h e  s imple 

ketone a l l  e x t r a p o l a t e  back t o  t h e  v i c i n i t y  of 1 2  ppm. This  would i q l y  

t h a t  t h e  A' value  f o r  t h e  pure  complex involv ing  oxygen a t  i n f i n i t e  d i l u -  

t i o n  i s  t h e  same f o r  a l l  t h r e e  s p e c i e s  and is l i k e l y  due t o  t h e  1:l 

complex, and secondly ,  t h a t  t h e  va lue  12 r e l a t e s  t o  t h e  s t r e n g t h  o f  t h e  

oxygen-chelate  complex. Furthermore, t h i s  could be u s e f u l  i n  determining 

t h e  m u l t i p l i c i t y  of t he  e q u i l i b r i a  occur r ing  i n  any given system a t  any 

given l i g a n d  concent ra t ion .  l h a t  i s  t o  s a y ,  t h a t  i t  would sugges t  t h a t  

o v e r  t h e  concent ra t ion  range i n  which decanol w a s  s t u d i e d ,  it always 

occurred  as at least a 2 : 1  complex. I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  

0 

0 

twice  t h e  va lue  f o r  t h e  Ao o f  

equal  t o  t h e  A: value  f o r  t h e  

0 
t h e  methyl group i n  t h e  d ike tone  i s  about 

methyl group i n  acetone.  
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GOLDBERG AND RITCHEX 

Figure 6 

A: EXTRAPOLATION TO INFINITE DILUTION 

*: 
24 

20 

16 

12 

8 

I // R- I I -R 

Concentration (moles p e r  l i t e r )  

EXPERIMENTAL 

A l l  spec t r a  w e r e  taken on Varian A-60 o r  A-60A spectrometers. Probe 

temperature w a s  38.5 2 l 0 C .  

used as an i n t e r n a l  standard.  The rare ea r th  che la tes  were s to red  under 

Solvents used were CDC13 and CC14 with TMS 

anhydrous conditions p r i o r  t o  use. 

from t h e  Norell Chemical Company. A 1 1  l igands were s n e c t r a l  grade 

Most rare ea r th  che la tes  were obtained 

reagents.  
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