
1980 813 

Studies of Lanthanide(ir1) Dipicolinate f Complexes in Aqueous Solution. 
Part 2.l Hydration 

By Basim M. Alsaadi. Francis J. C. Rossotti.' and Robert J. P. Williams, Inorganic Chemistry Laboratory, 
South Parks Road, Oxford OX1 3QR 

A method for obtaining the hydration numbers of some lanthanide(ii1) complexes has been developed. Proton 
relaxation rates of the hydrogen atoms which are a constituent part of the ligands, A,, bound to LnI'I ions in the 
complex [MA,(OH2),n] are compared with those of bound water, which is in fast exchange with bulk water 
(A = dipicolinate). The method is applied to the lanthanide(i1i) mono- and bis-dipicolinate complexes and 
shows that they are bound to six and three water molecules respectively, resulting in nine-co-ordinate complexes. 
The tris complexes have no inner-sphere water. 

IN  the prt.vious paper we have discussed the internal 
mobility within the lanthanide(Ir1) mono-, bis-, and tris- 
dipicolinate complexes in  solution and the disposition of 
the dipicolinate anions in cadi of these complexes. I t  
was found that the dispositions of dipicolinate anions 
relative to the central IanT" ion (Ln = a lanthanide) were 
similar to tliat of a nine-co-ordinate, tricapped trigonal 
pyramid. The vacant positions were assumed to be 
occupied by water molecules in fast exchange with that 
of bulk water. In this paper we shall describe the outer- 
and inner-spl icbre water molecules of t hesc complexes. 

number of eight to ten, but this method could not be 
used for other members of the lanthanide(II1) series. In  
this paper we have used perturbations of the relaxation 
times of the n.1n.r. signals, arising both for protons within 
ligands and water, of lanthanide(II1) complexes caused 
by the presence of the different paramagnetic LnIL1 ions 
to determine hydration numbers all along the series. 

EXPERIMENTAL 

Stock lanthanide(Ir1) perchlorate and disodium di- 
picolinate solutions were prepared as described earlier.' 

TABLE 1 

Relaxation rntes(s-I), 1/71 and l/T,,,, of pcwn and nlptn protons respectively in dipicolinate bound to lanthanide(r1r) ions 
Complex 

Mono Bis 
rpA--- r A- 

1 P - P  1 / T m 7  1 1 T P  1 I Tn, 
0 . 4  & 0.1 
0.8 5 0.1  2 .0  f 0.2 2.3 f 0.2  4 . 3  f 0.3  
2.7 f 0.2 5 . 8  + 0.4 5.4 * 0 . 3  6.7 + 0.5 

0 . 9  & 0.1  

18.5 & 1.3 39.0 2 .3  16.9 f 1.0  
3.1 & 0.2  7.1 0.5 3.1 0 . 3  

For the lantlianide(II1) complexes in solution at  room 
temperature the rate of exchange between the bound 
water and bulk water is very fast compared with the 
time scale of n.m.r. experiments. Consequently any 
measured 1)roperty of the bulk water obtained by an 
n.m.r. expcrinient will, in fact, be a weighted average 
including the bound water. To overcome this problem, 
Fratiello et d.3 tried to determine the hydration numbers 
of the Ln"' aquo-ions at  low temperature in mixed 
solvent\, wliere the rate of exchange of water molecules 
is slow. Direct and indirect measurements of the areas 
of the separate n.m.r. signals of the bound and free water 
molecules wcw made. Unfortunately, the concentrations 
of the metal ions, anions, and water used make it difficult 
to obtain precise hydration numbers at known degrees of 
complexation. Proton relaxation enhancements of sol- 
vent water by Gdl I T ,  which is a special case because of the 
long electroil relaxation time of GdLtl ions, have been 
used 4.5 at  higher temperatures and gave a hydration 

-f I'yridine-2, 6-dicarboxylate. 

32.5 j-- 2.0 65.0 5.0 
86.0 f 6.0 145.0 & 10.0 
27.1 5 2.4 54.6 _f 4 . 0  
31.0 f 2.5 62.0 f 5.0 
10.0 j= 0 . 7  21.5 1.7 

1.7 f 0.1  3 .4  + 0.2 

Solutions of lanthanide(II1) mono-, bis-, and tris-dipicolinate 
were prepared by mixing the required ratios of the corres- 
ponding metal : ligand a t  a pD of 5.7 f 0.3 except for the 
tris complexes where the pD was raised to ca. 7.0 .  Measure- 
ments of the longitudinal relaxation times, Tp,m, of para 
and meta protons of these complexes a t  24 f 1 "C were 
obtained from the signal height observed after a 180-r-90" 
pulse sequence using different time intervals, r. A Bruker 
HX90 Spectrometer operated in the Fourier-transform mode 
was used throughout. Results were corrected for the dia- 
magnetic contribution using data for the lanthanum(rI1) 
complexes. 

Duplicate solutions containing 1 : 0.5, 1 : 1,  1 : 1.5, 1 : 2, 
1 : 2.5, and 1 : 4 mol ratios of LnlIT : dipicolinate were pre- 
pared in H,O a t  pH 5.2 & 0.3.  Measurements of T ,  for 
water were made a t  2 4  f 1 "C using a Bruker Minispec 20 
spectrometer. Values of T I  were obtained from the passage 
of the signal intensity through zero (l /Tl = 0.693/r0) in 
180-90" pulse sequences. Values obtained by this 
method for inore than 50 samples differed by less than 2% 
from those obtained from logarithmic plots using measure- 
ments of the recovery of magnetisation. 
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RESULTS AND DISCUSSION 

Results of the longitudinal relaxation-rate measure- 
ments for the meta, l/Tm, and para, l/Tp, protons of the 
mono, bis, and tris complexes of lanthanide(II1) di- 
picolinate are listed in Table 1. Not all the lanthanide- 
(111) dipicolinate complexes have been studied, since the 
para and meta protons of the bound ligands are not 
resolved in the tris complexes of Celll, Prirr, Ndlll, and 
SmIII and in the case of the europium(Ir1) complexes the 
relaxation rates are too near to that of the diamagnetic 
lanthanum(II1) complexes for precise calculation of the 
paramagnetic contributions. Figure 1 shows the spectra 
of the ytterbium(II1) tris-dipicolinate complex during a 
series of 1 80-.c-90° pulse sequence measurements. 

In the case of the bis complexes no measurements were 
possible for meta protons of the complexes of the metal 

FIGURE 1 90 MHz N.m.r. spectra of nzeta and para protons of 
the ytterbium(rr1) tris-dipicolinate complex at various time 
intervals, T, of the 18Oo-~-9O0 sequence 

ions in the second half of the LnTII series, since their 
resonances were not observed a t  room temperature.l 
Inhomogeneity of the radio-frequency magnetic field 
over the sample due to the huge shift that the protons 
experience made it difficult to measure the relaxation 
rates of para and meta protons of some of the lanthanide- 
(111) mono and bis complexes. 

The relaxation rate of a diamagnetic nucleus near a 
paramagnetic LnIII centre, except for GdlIT, is given by 
the reduced Solomon-Bloembergen equation (1) where 

1/T1,2 is either the longitudinal or the transverse relax- 
ation rate of the nucleus, y [  is the magneto-gyric ratio, 
p is the magnetic moment, p is the Bohr magneton, Y is 
the distance from the nucleus to the paramagnetic centre, 
and T~ is the correlation time, here the electron-spin 
relaxation time, which governs the interaction. The 
longitudinal relaxation rate of a diamagnetic nucleus near 
to a LnTIT ion is independent of frequency in the range 
studied.6 The relaxation rates 1/T, of the meta protons 
of different lanthanide(II1) complexes are greater than 
those of the correspondingpara protons, l/Tp, see Table 1 ,  
because the former are nearer to the paramagnetic centre 
than the latter. I t  is also to be noticed that the relax- 
ation rates of these protons are different for the three 
complexes of the same metal ion. The electron-spin 
relaxation time of a given LnTrl ion is dependent on the 
binding ligands. The average relaxation ratio for the 
tris complexes, i.e. 1/T, : l/Tp, is 2.0 & 0.3 : 1 and that 
for the mono complexes is 2.3 0.4 : 1. These relax- 
ation ratios are the same, within experimental error, 
irrespective of the nature of the central ion. This con- 
stancy of the relaxation ratio along the LnlIZ series 
shows that the interaction between the electron and 
nuclear spins is isotopic. The observation of isotropic 
interaction between protons and lanthanide ions is in 
agreement with studies on cytidine 5'-monopho~phate,~ 
and the average ratio of 2.2 & 0.3 : 1 for all the com- 
plexes studied, see Table 1,  agrees well with the calcu- 
lated ratio of (yP/rm) using a La-N bond length of 
2.4-2.7 A. The reported8 bond length for the solid 
ytterbium(II1) complex is 2.5 A. 

For the LnllI aquo-ions in solution, the rate of exchange 
of water is very fast so that the relaxation rate of water 
protons, l/Tobs., is the weighted mean of contributions 
from water in the inner sphere, l/Tl,, in the outer sphere, 
l/TOs, and in bulk water 1 /Tw. Hence, equation (2) holds 

W -  xnB - ZB 1 1 X ~ ~ B  zB )z ( 2 )  T O I I Q .  W T , , + K + (  w -=L- 

for [MA,,(OH2)2n] and x outer-sphere water molecules 
where W is the molarity of water in the solution and B is 
the concentration of the complex-ion species in the 
solution. Rearranging gives equation (3). Under con- 

1 (3) 
T w  
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ditions where T,> T ,  > T,, the third term in the 
brackets is negligible and the molar relaxation enhance- 
ment (m.r.e.) is given by equation (4). For the tris- 

dipicolinate complexes x? = 0, and m.r.e. is z/I.VT,,;, 
which can then be used as the outer-sphere contribution 
and can b:: subtracted from the m.r.e. for the mono and 
bis complexes to give the inner-sphere contributions. 
Analogous equations apply to the three dipicolinate 
complexes [MA,(OH2)T.] under conditions where the 
Ln"' ion exists essentially in the form of one coniplex 
( HI 1 y . 

The niolal longitudinal relaxation enhancement 
(m.l.r.e.), l/T,i, of water protons at  24 1 "C of the 
lmthanide( 111) mono-, bis-, and tris-dipicolinate com- 
plexcs is3given in Table 2. These results are averaged 

TAELE 2 

Values (s I )  of the molal relaxation rates of solvent water, in 
the prvsence of different lanthanitle(r1r)-dipicolinate 
complexes measured a t  20 MHz, 24 f 1 "C 

r-- 
Mono 

4.8 f 0.3  
6 .6  f 0.3 

18.5 * 0.8 
1.4 & 0.2 
1.3 + 0.2 

641.0 10.0 
378.0 + 10.0 
268.0 & 8 . 0  
224.0 f 5.0  
152.0 & 5.0  
36.0 2.0 

Complex 

Bis 
-Ap 

4.3 0 . 4  
6 .5  f 0.3 

12.7 i 0.5  
1.0 rf 0 . 3  
0.9 + 0.3 

149.0 i 6.0  
235.0 & 7.0 
141.0 f 5.0 
110.0 * 3.0 
56.7 If_ 2.5 
15.7 f 1.2 

Tris 
2.3 f 0.3  
2.6 5 0.1 
3.2 f 0.1 
0.1 f 0.1 
0.1 & 0.1 

58.0 f 2.0 
08.0 rf 4.0 
37.4 f 1.0 
62.4 & 2.0 
19.6 f 1.0 
4 .3  * 0.2 

values from measurements on duplicated solutions con- 
taining different ratios of metal : ligand. The results in 
Table 2 show that the values of 1/TI1 of solutions contain- 
ing the tris-dipicolinate complexes are still relatively 
high, in spite of the fact that no inner-sphere water 
molecules remain, due to  the influence of the para- 
magnetic centre on outer-sphere water molecules. We 
can prove that there is no contribution of inner-sphere 
water molecules as follows. 

Luz and Meiboom lo derived an equation €or the 
estimation of the outer-sphere contribution to the relax- 
ation rattl 1 /T,,, by averaging the dipolar contribution 
over the \rolume between the sphere of closest approach, 
d ,  and infinity. For the LnTTT ions equation ( 5 )  holds 

where iV is the number of ions per m3. Combining 
equations ( 1 )  and (5 )  for the case of para protons in the 
ligand gives equation (6) where K = $ x N .  Thus a plot 
of log l/To9 for the tris complexes against log Z/T, should 

give a straight line of unit slope and intercept log K(rP6/ 
d3) .  The same treatment applies for the meta protons. 
Figure 2 shows plots of log l/TP and log l/T1ll. The con- 
tinuous lines are drawn with unit slopes. The results 
clearly show that there is a linear dependence between 
the relaxation times of protons in ligands directly bound 
to LnrJ1 ions and that of the outer-sphere water molecules. 
Using the values of the intercepts, -0.05 and 0.25, for 
the meta and para plots respectively and a value of 
2.52 A for the Ln-N bond length in the ytterbium(1Ir) 
tris-dipicolinate complex,* a value of 4.5 & 0.1 A was 
obtained for the distance of the closest approach, d,  of 
water molecules in the ytterbium(rI1) tris complex. This 
value is in good agreement with a value o f  5.0 A for the 

distance of closest approach of water molecules in the 
second sphere of the aquo-ion, calculated assuming that 
the radius of a water molecule is 1.43 A. There is no 
evidence for inner-sphere water in these complexes. 

The relaxation enhancement of water niolecules in the 
presence of the mono- and bis-dipicolinate lanthanide(II1) 
complexes is a result of the contribution on inner- and 
outer-sphere water molecules. The contribution of the 
inner sphere is given by equation (7) (neglecting l /TH. ,  

which is very small in comparison). Here rH is the 
distance of water protons from the paramagnetic centre. 
Combination of equations (1) and (7) gives (for the 9ara 
proton) equation (8 ) .  Thus a plot of log l/T,,, (after sub- 
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tracting the outer-sphere contributions to  the total 
relaxation obtained for the tris complexes, see Table 2) 
against log 1/T, should give a straight line of unit slope 
and intercept of log ( ~ , / 5 5 . 5 ) ( r J r H ) ~ .  The same treat- 
ment applies to meta protons. 

Figure 3 shows a plot of log l/T,, for the mono com- 
plexes and log l/T,l for the bis complexes against the 
corresponding values of log 1/T, and Figure 4 shows the 
analogous plot for that of the meta protons. In  both 
Figures, spin-lattice relaxation rates are used for the 
mono complexes and spiti-spin relaxation rates for the 
bis complexes. The solid lines are drawn with unit slope. 

The intercepts are 0.50 and 0.85 for the meta and earn  
protons respectively. Using bond-distance values * o f  
2.60 A for I,n-N and 2.58 A for Ln-O,ll 5.7 & 0.2 a n t 1  
2.8 f. 0.1 were obtained for the liydratioti numbers of 
the lanthanide(Ir1) tnono- and bis-dipicolinate complexes 
respectively. The results strengthen t hc previous 
suggestion that the structures are nine-co-ordinate and 
approximately tricapped trigonal pyramidal. They 
require six and thri\e water moleculrs, for the inono nncl 

- /" 'YM 
- 0.5 0 0.5 1.0 

log W T p )  

FIGURE 3 Plot of the logarithnis of the molal longitudinal 
relaxation enhancements (m.1.r.e.) of the larithanide(iiI) mono- 
and bis-dipicolinate complexes against the logarithms of thc 
corresponding rates for para protons 

F I c i J R E  4 Plot o l  thr  logarithms of the mold longitudinal 
relaxat ion enhancemcnts (in. 1. r c.)  o€ thc lanthanide( I I I )  
mono- and bis-dipicolinate complexes against the logarithms 
of tlw corresponding rates for n7eta protons 

bis complexes respectively, to complete the nine-co- 
ordinate structure. The results indicate that no change 
in the hydration number or in the denticity of the di- 
picolinate complexes is taking place along the lanthanide 
series. 
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