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Molecular recognition events in which lanthanide(ii1) ( L n 3 + )  cation pairs are formed have been studied 
using the template condensation crystalline products (Ln, -,Eu,),L( NO,),*H,O and (Ln,  -,Tb,),L- 
(NO,),*H,O (where H,L is the [2 + 21 macrocyclic Schiff base obtained from 2.6-diformyl-p-cresol and 
3,6-dioxaoctane-l,8-diamine). The observed relationship between the concentrations of Eu3+ (or Tb3+) 
in the reaction mixture X,, or X,, (from neutron activation analyses) with corresponding concen- 
trations in the crystalline products ( x )  suggests that formation of LnEuL(  NO,),*H,O heteromolecules is 
more favourable than that of LnTbL( NO,),*H,O. In both cases the cation discrimination index, computed 
as the ratio of probabilities of Ln3+ incorporation into the crystalline heterolanthanide compounds, is in 
favour of the larger Ln3+ ion. However indiscriminate complexation of Nd3+ and Eu3+ in the (Nd,-,- 
Eu,),L( NO,),-H,O system is unusual and reflects the importance of co-operative heteropair effects. 
Luminescence decay dynamics of the (Sm, -,Eu,),L( NO,),*H,O and (Pr, -,Tb,),L( NO,),*H,O systems 
(0 < x < 1 )  reveal two microscopic environments for Eu3+  and Tb3+ which were attributed to 
homodinuclear molecules, Ln,L(N0,),-H20 (Ln = Eu or Tb) (slow component) and heterodinuclear 
molecules SmEuL(NO,),=H,O and PrTbL( NO,),-H,O (fast component). The luminescence decay rate 
constants for intramolecularly coupled Eu-Sm and Pr-Tb pairs are 8200 and 1 2  500 s-', which yield 
coupling constants (a) of 2.9 x and 4.7 x lo", m6 s-' respectively when dominant dipolar 
interactions are assumed. No exchange interactions are evident despite the presence of a phenolate 
linkage shared by the heteroatoms only z 4  A apart. The ratio of Eu-Eu to Eu-Sm 'cation pairing 
selectivity' constants of 1 : 1.5 (expected ratio for random pairing is 1 : 2) supports the intervention of 
molecular recognition processes favouring the homo- to hetero-paired species in the ion pairing 
events leading to (Sm, -,Eu,),L( NO,),*H,O compounds. 

Dinuclear lanthanide(n1) (Ln3 +) complexes are important as 
potential new biomedical metallo-diagnostic and thera- 
peutic agents.'v8 Possible applications of immobilized di- 
nucleating chelates for the efficient separation and purification 
of lanthanides' are also of great interest. Whereas some 
dinuclear lanthanide complexes have been prepared, lo-' 

especially by template procedures, essential information about 
molecular recognition processes which govern the Ln3 + cation 
pairing events is not available. Of particular interest are 
processes in which heterolanthanide cation pairs (Ln-Ln') are 
formed. Pure molecules which incorporate Ln-Ln' species are 
desirable as precursors to ternary metal oxides16 with 
potentially important catalytic l 7  and phosphor character- 
istics which take advantage of mutual electronic interactions. 
Furthermore, biomedical benefits associated with coupling the 
functions of a potential therapeutic radionuclide such as 
with those of a luminescent probe' (Tb3+ or Eu3+) 1 9 s 2 0  in the 
same heterolanthanide dinuclear molecule can be envisaged. 
For these reasons better understanding of the chemistry and 
spectroscopy of coupled Ln-Ln' species is required. We have 
studied competitive binding events leading to the formation of 
heterolanthanide dinuclear complexes (Ln, - xLn'x)2L(N03)4~ 
H 2 0  and luminescence decay dynamics of the crystalline 
products. 

Here we report the formation of heterodinuclear lanthanide- 

t N o n - U  unit employed: eV z I .6 x J. 

L 

(111) complexes (Ln, -xEux)2L(N0,)4~H20 and (Ln, -xTbx)2L- 
(N03)4*H20 and their luminescence decay dynamics which 
reveal the presence of Ln3 +-Eu3 + and Ln3 +-Tb3 + heteropairs. 

Experiment a1 
Preparation of the Heterodinuclear Complexes. -The com- 

plexes (Ln, -xE~x)2L(N0,),~H20 and (Ln, - xTbx)2L(N03)4- 
H 2 0  were prepared by the template condensation of 2,6- 
diformyl-p-cresol and 3,6-dioxaoctane- 1,g-diamine in the pre- 
sence of appropriate quantities of the heterolanthanide nitrates 
as described previously. The complexes were examined on the 
microscope for homogeneity in crystal morphology and similar- 
ity to the well characterized homodinuclear complexes Ln2- 
L(NO3),.H2O l 2  (Fig. 1). 

Neutron Activation Analysis (NU).-The concentrations of 
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Table 1 Mole fraction of europium(x,,) [or terbium(x,,)] and the heterolanthanide (xLn) found by neutron activation analysis for crystalline 
(Ln, -xEu,)2L(N0,)4-H20 or (Ln, - xTbx)2L(N0,)4-H20 complexes obtained from solutions containing 0.5xEu (or OSx,,) and 0 . 5 ~ ~ ~ .  The 
lanthanide(rrr) cation radii, rLn in six-co-ordination 23 are also given 

Ln 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
DY 

* Element was not quantified. 

xEu 

0.49 
0.47 
0.62 
0.51 
0.38 

0.45 
0.74 
0.76 

XL" 

0.5 1 
0.50 
0.38 
0.41 * 
* 
0.26 * 

XTb 

0.20 
0.22 
0.21 
0.24 
0.26 
0.29 

0.57 

0.91 
0.74 
0.84 

0.74 
* 

* 

* 

r L n l A  
1.06 1 
1.034 
1.03 1 
0.995 
0.964 
0.950 
0.938 
0.923 
0.908 

Pr 

0.21 

- 0.04 0 0.04 0.08 0.12 

hrIA 

Fig. 2 The dependence of Eu3+ and Tb3+ mole fractions in the 
crystalline heterolanthanide products on the ionic radii difference, Ar  
[Ar = r(Ln3+) - r(Eu3+ or Tb3+)], (Ln, -,Eux)2L(N03)4~H20 (a) 
and (Ln, -xTbx)2L(N03)4-H20 (0) 

Fig. 1 The molecular structure of dinuclear Ln,L(NO,),-H,O 
complexes. A representative gadolinium structure is shown 5 * 2  

lanthanum, praseodymium, neodymium, europium and terbium 
were determined by neutron activation analyses at the 
University of the West Indies (UWI) Center for Nuclear 
Sciences. Irradiations were carried out in a small pool-type 
light-water cooled and moderated SLOWPOKE-I1 research 
reactor, having a maximum rated flux of 10 l 2  neutrons 
s-'. The spectra were measured and analysed on a gamma 
spectrometry system consisting of an Ortec high purity 
germanium coaxial detector (relative efficiency 15% and 
resolution 1.8 keV at 1.33 MeV), multichannel buffer and 
GELIGAM software package. The standards used were 
supplied by Aldrich and the results (Table 1) were in good 
agreement with those obtained by Inductively Coupled Plasma 
(ICP) methods (Galbraith Laboratories Inc., Knoxville, TN). 

Luminescence Lifetime Measurements.-The luminescence 
lifetimes were determined using either the set-up at Tulane 
University which was described previously 22 or the new system 
at the UWI. The UWI facility utilises a pulsed Photon 
Technology International (PTI) PL 2300 nitrogen laser (pulse 
width c 1 ns, and maximum energy 1.4 mJ per pulse) which 
pumps a PL201 dye laser. The observation wavelength for 
sample emission was selected on a quarter meter PTI S/N 1137 
monochromator (600 g mm-', blazed at 500 nm and aperture 
ratio f = 2.5). The emission was detected by a Hamamatsu 
R928 photomultiplier tube and then passed through an NE 
531N preamplifier from R.S. Components Ltd. which was 
sampled by a Tektronics 2232 oscilloscope (100 mHz band- 
width, 100 megasamples s-l, lo00 channels, 8 bit digitizer and 

16 bit storage amplitude resolution). The scope was triggered by 
a PTI photodiode detector placed in the excitation beam. 
Generally, about 1 OOO transients were averaged by the scope, 
transferred to a 386 PC computer for further averaging and/or 
analysis using a non-linear Marquardt procedure. Parameters 
obtained using the two set-ups were essentially similar. 

For 77 K measurements, the samples were sealed in 4 mm 
glass tubes and placed in a 50 cm3 finger type quartz EPR 
dewar. Selective excitation of Eu3+ ('Do) at 575.9 nm was 
accomplished with Rhodamine 6G (one stock solution was used 
throughout to optimize reproducibility of background effects); 
Tb3 + was indiscriminately excited at 337 nm since excitation at 
488 nm gave very low emission intensity. 

Results and Discussion 
Distribution of Eu3 + in the (Ln, -xE~,)2L(N03)4*H20 Het- 

erodinuclear Complexes.-Reaction mixtures containing equi- 
molar amounts of Eu3+ and Ln3+ (Ln = La-Dy, except Pm) 
deposited crystalline (Ln, -xEux)2L(N03)4~H20 complexes 
which exhibited variable compositions depending on the nature 
of Ln3+ (Table 1). The measured mole fractions of Eu3+ (xFJ 
relative to the total lanthanide concentration in the crystalline 
products, i.e. x in the formula (Ln, -xEux)2L(N03)4~H20, are 
plotted against the cation radii difference Ar (Ar = radius of 
Ln3+ - radius of Eu3+) in Fig. 2. All radii used are empirical 
averages of Ln3 + in six-co-ordination derived from many 
structures 24 and often used for comparative purposes.25 The 
measured europium levels are generally in the range x x 0.4- 
0.6 when the competing heterocations, Ln3+, are members of 
the large lanthanide series (Ln = La-Gd). But with members of 
the small lanthanide series, Ln = Tb3 + and Dy3 + , preferential 
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Fig. 3 The dependence of the mole fraction (xEJ of Eu3+ (or XTb of 
Tb3 +) in the crystalline (Ln, -xE~,)2L(N03)4~H20 and (Ln, -,Tb,),L- 
(NO,),-H,O on the initial mole fraction (XEu) of Eu3+ (or X,, of Tb3+) 
in the parent reaction mixture. Lines show best fits to equation (1); Nd- 
Tb (a), Sm-Eu (O), Nd-Eu ( x ) 

enrichment of Eu3 + is observed. Molecular recognition pro- 
cesses which govern the template condensation of 2,6-diformyl- 
p-cresol with 3,6-dioxaoctane- 1,8-diamine to yield L and its 
dilanthanide complexes are on the basis of these results more 
selective towards the larger Ln3+ cations. The deviant be- 
haviour of samarium and praseodymium compounds does not 
have an obvious explanation but reflects a selectivity differ- 
ential. The preference for large Ln3+ cations by either L or key 
intermediates along the cyclic Schiff-base formation reaction 
pathway was studied in detail using reaction mixtures with 
widely varying europium concentrations. 

The mole fraction of Eu3 + , x,,, in the solid products (Ln, - x- 

Eux),L(N03),~H,0, Ln = Nd or Sm, is plotted against the 
initial mole fraction of Eu3 + in the mother-reaction mixture, 
X,,, in Fig. 3. The good linear relationship between xEU and 
X,, for (Nd - xEux)2L(N03)4~H,0 complexes over the entire 
range of X,, (0-1.0) confirms that Nd3+ and Eu3+ form 
complexes of similar stabilities during events in which Ln3 + 

ion-pairing mechanisms are active. However, unexpectedly, 
the relationship between x,, and X,, for the (Sm,- ,Eu,),L- 
(N03),-H,0 complexes (Fig. 3) is not linear, although Eu3+ 
and Sm3+ (Ar = 0.015 A being more similar in size than Eu3+ 

the identical co-ordination cavities of L. Instead, the solid 
products, (Sm, -xEux)2L(N03)4*H20 (Fig. 3) have larger 
Sm : Eu concentration ratios compared to that of the mother- 
reaction mixture. This behaviour is inconsistent with what 
would be expected on the basis of usual lanthanide contraction 
effects.,' Since both Sm, and Eu, homopairs are complexed by 
L efficiently,', the constrasting behaviour of the Nd-Eu and 
Sm-Eu systems reflects the importance of co-operative 
heteropair properties to competitive complexation. For a better 
understanding of this behaviour we studied the (Ln! -xTbx)2- 
L(N03),*H20 complexes in which the Tb3+ cation is smaller 
than Eu3+.  

and Nd3+ (Ar = 0.045 a ) would be expected to fit better in 

Distribution of Tb3 + in Heterodilanthanide (Ln, -,Tb,),L- 
(NO,),*H,O Complexes.-The mole fraction of Tb3 +, XTb, in 
the crystalline (Ln , - xTbx),L(N03),-H20 complexes which 
were obtained from parent-reaction mixtures containing equi- 
molar amounts of Ln3+ and Tb3+ are plotted against the radii 
difference Ar in Fig. 2.  Preferential incorporation of the large 
lanthanide cations into the solid (Ln, -xTb,)2L(N03)4~H,0 

complexes is evident from the small values of XTb (0.20 < 
XTb < 0.30, Table 1). There is a slight systematic increase in the 
concentration of Tb3 + on going from Ce3 + to Gd3 + , but with 
small Ln3 + ions, Ln = Gd-Dy, the heterodilanthanide crystal- 
line products become increasingly richer in Tb3 +. 

The (Nd, -xTb,)2L(N03)4.H,0 system, featuring Ln3 + 

cations of vastly contrasting radii, was studied in detail. The 
mole fractions of Tb3+ in the solid products, XTb, are plotted 
against the mole fraction of Tb3+, XTb, in the parent-reaction 
mixtures in Fig. 3. The solid products are richer in Nd3+ for 
XTb < 0.8, but preferential incorporation of Tb3+ is evident 
for XTb > 0.8. Indeed, the behaviour of the (Nd,-,Tb,),- 
L(NO3),.H,O compounds is similar to that of (Sm, - xE~,)2- 
L(N03),*H20 complexes with preference for the large Nd3 + 

ion more dramatically expressed. The competitive behaviour of 
the homo- and hetero-pairs towards L is compared below. 

Partition of Lanthanide(Ix1) Cations Between Solubilized 
Species and Crystalline Heterodilanthanide Complexes. -The 
distribution of lanthanide cations Ln3 + between the numerous 
uncharacterized solubilized species retained by the reaction 
mother-liquor and the well defined crystalline products 
(LnA1 -xLnB,)2L(N03)4-H20 may be described in detail by the 
partition law. Phenomenologically, the observed mole fraction 
of LnA in the crystalline product is adequately described by 
equation (1) where xA is the mole fraction of LnA in the 

crystalline product, XA and XB are the initial mole fractions of 
LnA and LnB in the mother-reaction mixture and p A  and p B  are 
probabilites for the incorporation of LnA and LnB respectively 
into the crystalline products. For comparative purposes we 
define a cation discrimination index ID = pA/pB, where LnA is 
the larger of the two lanthanide cations competing for com- 
plexation. 

With (Sm, -xEux)2L(N03)4.H20 (Fig. 3) use of a non-linear 
Marquardt least-squares curve fitting procedure yields the con- 
stants psm and pEu from which the cation discrimination index 
ID = ps,/p,, = 1.5 is derived. Indeed samarium(xx1) is a better 
competitor (Fig. 2) for complexation than the other larger 
lanthanide(n1) cations. For complexes in which the radii of the 
competing cations are vastly different, as in (Nd, -,Tb,),L- 
(NO3),.H20 (Fig. 3) the corresponding lanthanide(1n) cation 
discrimination index, ID = PNd/PTb = 5, is dramatically much 
larger. 

The above macroscopic characteristics show conclusively 
that co-ordination of competing hetero Ln3 + cations by di- 
nucleating chelate L defies a simple dependence on Ln3+ cation 
size and demonstrate the overriding importance of co-operative 
heteropair effects. Formation of heteropaired molecules, such as 
SmEuL(NO,),=H,O, is thus implied though not proved. An 
investigation of the microscopic environments of the individual 
hetero ions is required to prove the formation of heteropaired 
molecules. This was done for (Sm, - xE~,)2L(N03)4-H20 using 
Eu3+ ions as luminescent 

Luminescence Decay Dynamics of Eu3+ (5D,) in (Sm, -x- 

Eu,),L(NO~)~-H,O at 77 K.-The luminescence spectra of 
(Sm, - xEu,)2L(N03),-H,0 are dominated by strong emission 
from the 'Do level of Eu3+ at 77 K (Fig. 4). The emission from 
the 4G; state of Sm3+ which was observed at both 298 and 77 
K is apparently quenched by Eu3+. The emission decay rate 
constants and integrated intensities of Eu3 + emission are given 
in Table 2. The luminescence decay rate constant of Eu3 + in the 
absence of Sm3+ (k,) is x 1140 sP1 and is independent of 
temperature (for T < 110 K) and concentration quenching 
effects.,' For the (Sm, -xE~x)2L(N03)4=H20 complexes, the 
largely non-exponential behaviour of the luminescence decay of 
Eu3 + in the region 0 < xEu < 0.75 is evident in Table 2 and Fig. 
5. The short-lived luminescence has a decay rate constant 
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Table2 Initial mole fraction ofeuropium(X,,) [or terbium(XTb)] in the 
reaction mixture and the corresponding mole fraction of europium(x,,) 
[or terbium(xTb)] in the isolated compounds; luminescence decay con- 
stants (k ,  and k,) and integrated intensities (I,)  at 77 K (see text) 

(Sml - xEux)2L(N03)4wH20 
XEU xEu k,/s-' k,/s-' 1 o4rOa 
1 .oo 1 .oo 1140 8.17 
0.95 0.97 1210 7.69 
0.90 0.93 1260 6.81 
0.85 0.87 1320 7.21 
0.75 0.70 1420 5.69 
0.60 0.50 7900 1410 4.72 
0.50 0.38 7600 1460 4.04 
0.43 0.30 6900 1320 3.24 
0.30 0.20 8300 1420 3.60 
0.25 0.17 8300 1 400 2.58 
0.15 O . I O b  8600 1.72 
0.05 0.03 1.45 

(Ndl -xEux)2L(N03)4.H20 (Ndl - xTbx)2L(N03)4*H20 
XEU xEu XNd xTb XTb XNd 

0.02 0.017 1 .oo 0.02 0.002 0.78 
0.25 0.23 0.82 0.25 0.026 1.07 
0.50 0.5 1 0.4 1 0.50 0.20 0.81 
0.75 0.72 0.27 0.80 0.37 0.63 
0.90 0.79 0.12 0.85 0.61 0.37 

Emission monitored at 612 nm following excitation at 575.9 nm. 
Concentrations calculated using equation ( 1 )  (Fig. 1). 

k ,  z 8200 s-l while the cumulative average decay rate constant 
for the long-lived components is k ,  z 1400 s-' . These results do 
confirm that europium ions are in two different environments. 
We attribute the fast decaying emission (k , )  to intramolecularly 
coupled Eu3 +-Sm3 + heteropairs in SmEuL(NO?),-H,O het- 
erolanthanide molecules. The cumulative long-lived average 
(k , )  is due to Eu3 +-Eu3 + homopairs intermolecularly coupled 
to Sm3+-Sm3+ or Sm3+-Eu3+ pairs in neighbouring Sm,L- 
(NO&*H20 homodinuclear or SmEuL(NO,),-H,O hetero- 
dinuclear molecules. Energy transfer efficiency 26 q as given by 
the expression 1 - (k,/k) z 0.86 for intramolecularly coupled 
Sm3+-Eu3+ heteropairs (k = k , )  in which the cations are 
linked by a phenolate oxygen bridge at ~ 4 . 0  A and for inter- 
molecularly coupled (k  = k2)  Sm-Eu pairs q = 0.19. 

The negligible variations in k, for all X,, < 0.75 (Table 1) 
suggests that intermolecular interactions are limited to a few 
neighbours. The relatively low Eu3 + to Sm3 + energy transfer 
efficiency for both intra- and inter-molecular processes makes 
energy transfer by exchange mechanisms unlikely. Energy trans- 

I ,  
0 0.5 1 .o 1.5 2.0 

1 03t /S 

Fig. 5 The biphasic behaviour of the luminescence decay dynamics of 
Eu3+ ('Do) in (Sm0~,Eu,~,),L(N0,),~H,0; fast decay, k, = 8200 s-' 
and slow decay, k, z 1400 s-' 

fer through multipolar interactions appears more likely. Dif- 
fusion limited processes are unimportant since Eu3 + to Nd3 + 

energy transfer in isostructural (Nd -xE~x),L(N03),~H,0 is 
much faster (see below). Assuming energy transfer by predomi- 
nantly dipole-dipole mechanisms in the fast diffusion limit,5 the 
energy transfer rate constant kDD is given by equation (2) which 

kDD = 6.023 X lo-' 1," k,(r/Ro)-6(4nr2)dr 

simplifies to equation (3) where, R, = 50% transfer distance 

(2) 

(nm) for a single donor-acceptor pair and a = donor-acceptor 
distance of closest approach. The value of a is well defined for 
the heteropair, Sm3+-Eu3+, i.e. ~4 A, therefore R, z 0.73 nm 
(kDD(,, z 7054 s-l from the relation kDDfl, = k ,  - k,). 

The crystal structure of Ln,L(NO,),.H,O 12,21 exhibits the 
following intermolecular Ln Ln contacts < 1.8 nm (nm with 
the number of contacts in parentheses): O M (  l), 0.92(2), 1.04(4), 
1.12(4), 1.16(2), 1.18(2), 1.22(2), 1.24(3), 1.35(1), 1.44(2), 
1.56(1), 1.58(4), 1.65(6), 1.74(2), 1.78(4), 1.80(3). The measured 
constant value of k2 z 1400 s-l leads to k ~ ~ ( 2 )  = 263 s-l for the 
slowly decaying component which corresponds to a distance of 
closest intermolecular approach of a = 1.18 nm. This distance 
is not compatible with the presence of the much shorter 
Sm Eu intermolecular contacts. Therefore the measured 
constant intermolecular energy transfer rate of kDD(2) ( = k ,  - 
ks) 7 263 s-' must be a weighted average of several processes 
within a limited volume. A weighted average of kDD = 247 s-l is 
obtained using equation (3), with R, = 0.73 nm and all 
intermolecular contacts, for which a < 1.74 nm. On the basis of 
these results, it is concluded that the crystalline (Sm, -x-  

Eux),L(N03),~H,0 complexes contain heterolanthanide mole- 
cules SmEuL(NO,),-H,O in which the intramolecular 
Sm3+-Eu3 + interaction is relatively weak. There are also 
Eu2L(NO3),.H2O and Sm2L(N03),-H20 homodinuclear 
molecules present and exhibiting very weak mutual intermolecu- 
lar coupling. Assuming predominantly dipolar interactions, the 
intramolecular Sm-Eu coupling constant (a) is, from kDD = 
c ~ / R ~ ,  2.9 x lops3 m6 s-'. 

Support for these conclusions is found in a comparison of 
luminescence integrated intensities. When intermolecular inter- 
actions are ignored, integrated intensities (I) can be described 
by equation (4) 27 where I, is the integrated luminescence 

I = IOXEuEu2 + IhXEuSm2 + cO (4) 

intensity in the absence of Sm3+ (i.e. of unperturbed Eu-Eu 
homopairs), is the integrated luminescence intensity due to 
coupled Eu-Sm ions in SmEuL(NO3),eH2O molecules 
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ments of Eu3 + and Tb3 + ions confirm the formation of hetero- 
lanthanide(I1i) cation pairs which are weakly coupled by mainly 
dipolar interactions. 
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Fig. 6 The dependence of the luminescence integrated intensity, I ,  = 

5 1, of Eu3+, at 77 K following excitation of the 'Do state at 575.9 nm, 

on the mole fraction of Eu3+ in crystalline (Sm, ...xEu,)2L(N03),~H,0 
complexes. The line shows best fit to equation (5) 

r=o 

(approximated as I,, z lokl /ko) ,  XEuEu is the mole fraction of Eu- 
Eu homopairs, XEuSm is the mole fraction of Eu-Sm heteropairs 
and co is the cumulative intensity due to background effects. 

The mole fraction of Eu-Eu homopairs is dependent on the 
mole fraction of europium, therefore XEuEu = (c1/2)&, and 
the mole fraction of the Eu-Sm heteropairs depends on the 
population of both Sm and Eu, hence XEuSm = C2(XSmXE,,)+, c1 
and c2 are ion pairing selectivity constants for the homo- and 
hetero-pair respectively. Equation (4) can be rewritten in terms 
of equation (5). 

Observed integrated luminescence intensities are plotted 
against the mole fraction of Eu3 + (xEJ in Fig. 6. From equation 
(3, the ratio of c1 to c2 is approximately 1 : 1.5 which is larger 
than the value of 1 : 2.0 expected for a process in which EuEu, 
EuSm and SmSm pairing is purely statistical. These results 
support the conclusion that the formation of dinuclear lanth- 
anide complexes of chelate L is governed by molecular recog- 
nition processes in which the homo- or hetero-lanthanide 
cations are recognized and paired on the basis of their co-oper- 
ative effects the detailed nature of which is of great interest. 

The 77 K decay curves in the case of (Nd, -xEux),L(N03)4* 
H 2 0  are non-exponential and energy transfer is very fast and 
efficient (study in progress). Presumably, this is because of the 
presence of a hypersensitive energy level ('G;) on Nd3+ which 
matches well the energy of the 'Do state of Eu3 + and is there- 
fore better placed for efficient resonant energy transfer. 

The behaviour of the (Tb, -xPrx)2L(N03)4~H20 system is 
somewhat similar to that of the (Sm, -xEux)2L(N03)4.H,0 
complexes. Detailed studies were limited by poor emission when 
the 'D, state of Tb3+ was directly excited. However, indis- 
criminate excitation at 337 nm yields 12 500 s-' for the decay 
rate constant of the short-lived component attributable to 
Pr3 +-Tb3 +. heteropairs. The Tb3 +-Pr3 + intramolecular inter- 
action (a = 4.7 x m6 s-') is as moderate as that of 
Sm3 +-Eu3 + heteropairs. 

In conclusion, studies of the microscopic electronic environ- 
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