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A. SCOPE OF THE REVIEW

To help understand biological processes, chemists often design abiotic
systems that reproduce one, or preferentially, some of the features of these
processes. To achieve this goal, insight is needed into the structural recogm-
tion occusring through complexation, which explains the current interest for
both macrocyclic, polycyclic and related open-chain ligands. Multiple site
binding is indeed required to provide a high structural organization of the
complex, which can be either a host/guest or a ligand /metal ion entity.
Macrocyclic ligands are comprised of lipophilic (mainly alkyl chains) and
hydrophilic elements (oxygen, nitrogen atoms or other functional groups).
Their cavity can encapsulate a metal 1on, a property that was recognized in
the early sixties when complexation of potassium and sodium ions by
naturally occurring macrocycles, e.g. valinomycin, was reported. Following
this discovery, model ligands such as crown ethers and cryptands were soon
synthesized and a new field of coordination chemistry was opened, giving
rise to the publication of more than a thousand papers. A literature survey is
presented i ref. {1] while analytical applications are described in refs. 2-4.
A substantial part of this work is devoted to alkali and alkaline-earth ions.

Trivalent lanthanide ions have a 4f"5525p% electronic configuration re-
sulting in weak crystal field and directional effects. In some respects, their
chemical properties resemble those of the I, and II, cations, so that the
investigation of their interaction with macrocyclic ligands is a logical exten-
sion of the work with alkali and alkaline-earth metals [5]. Moreover, such a
study has additional specific motivations which include, among others, (i)
the use of lanthanoid ions as spectroscopic probes [6], (ii) the stabilization of
uncommon oxidation states and (iii) the systematic study of the lanthanoid
ion coordination properties.

In this review the properties of the complexes between rare-carth ions and
the following ligand classes: crown ethers, hetero-substituted crown ethers
and cryptands are discussed. Complexes of polyethyleneglycol derivatives,
the open-chain analogues of the crown ethers, are also partly included for
comparison purposes. The publications referred to in this paper have been
found by means of a computer search of Chemical Abstracts up to the end
of 1983 (vol. 99).
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B. NOMENCLATURE

According to IUPAC rules, the following nomenclature should be used for
the metal ions: lanthanides for Ce to Lu, lanthanoids for La to Lu, and rare
earths for Y, Sc, La to Lu. In this contribution, however, we shall loosely use

~ .

YO Cy

1 12-¢ 2 15-5 3 18-6
122-Crown-4 15-Crown-5 18-Crown-6

J Yo 7 MNo™
Y O ™ or O
S o el

4 -7 5 B-15-5 o DB-18-6

21 -Crown-7 Benzo-15-crown-5 Oibenzo -t8-crown=-§

Jd o c ©
NC:O fo\/) u\f/\\o\/‘o\//\\u

Y B A

7 n=0 [2.21] @ x=n [2B.21]
8 n=1 [2.2.2]
[2.2,n] Cryptand Benze [2,2,1] cryptana

Fig. 1. Formulae and names of some crown ethers and cryptands.
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these three terms as synonymous and represent them by the symbol Ln.
Moreover, when the notation La-Lu is used, La—Lu except Pm is usually
meant: promethium is indeed radioactive and very few chemists work with
this element.

The ligands’ nomenclature poses a more difficuit problem: the IUPAC
rules make the nomenclature of crown ethers and other macrocyclic ligands
extremely involved. This explains why simplified systems have been pro-
posed by the discoverers of these new ligand classes. These systems are,
however, limited and cannot cope with the rapid expansion of the field. A
new proposal for a systematic nomenclature of macrocyclic, polycyclic, and
open-chain multidentate ligands was put forward in 1980 by Weber and
Vogile {1]; this nomenclature system allows an easier recognition of the
ligand type and of other properties, such as its topology and the nature of its
donor centres. The open-chain ligands are called podands, the monocyclic
ligands are named coronands and the polycyclic spherical molecules keep
their original cryptand designation. In order to differentiate the ligands from
their metal complexes, the terms podates, coronates and cryptates are used.
Table 1 illustrates the different nomenclature systems. To keep our text as
comprehensible as possible, we shali adopt the simplified nomenclature
system and notation (Fig. 1).

C. STOICHIOMETRY OF COMPLEXES WITH La{lil} iONS

Rare earth ions form quite stable solvates with polar solvents so that their
complexes with neutral ionophoric ligands must usuaily be isolated from
non-aqueous solutions in solvents with low to moderate donor strength, e.g.
acetone or acetonitrile. The metal : ligand ratio depends upon the nature of
both the Ln(III) ion, the counterion X and the ligand L; in some instances
too, different experimental conditions can lead to the isolation of complexes
with different stoichiometries. Depending upon the relative size between the

TABLE 1

Nomenclature systems for multidentate open-chain and macrocyclic ligands

IUPAC 2,528,11,14.17- 1,4,7,10,13,16- 4,7,13,16,21,24-Hexaoxa-

designation Hexaoxa- Hexaoxa- 1,10-diazabicyclo]9.9.9]-
octadecane cyclooctadecane hexacosane

Short or trivial Pentaglyme 18-Crown-6 [2.2.2]Cryptand

name

Notation {18]C-6, 18C6, 18-6  [2.2.2],[2,2,2), (2,2.2)

Weber and Vogtle  1,16-Dimethyl-  18{Q;-coronand-6%  (N[O,],N-cryptand-8}
nomenclature [1) {0O,-podand-6)
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ionic diameter of the metal ion and the cavity diameter of the ligand, the
Ln(11l) ion may either be located inside the cavity, i.e. encapsulated, or in
the case of the coronands and cryptands, it can lie outside this cavity, being
coordinated by a more or less folded ligand. In most cases, the cation
remains exposed on the axial side(s) to further bonding by the counterions or
by solvent molecules, which explains why some of the complexes are isolated
as solvates. Alternatively, sandwich complexes are also found in which the
metal ion is coordinated to two coronands. The reporied metal to ligand
ratios are 2:1, 3:2,4:3,1:1, and 1:2 and possibly 1:3 {(in solution}. In
this section, the different stoichiometries obtained in the solid state are
summarized and discussed according to the different ligand classes.

(i) Crown ether complexes

In his original work, Pedersen mentioned the formation, in solution, of
1:1 complexes between La(lll) and/or Ce(11l) and three coronands: di-
benzo-18-crown-6, dicyclohexyl-18-crown-6, and dibenzo-24-crown-8 [7,8).
The first crystalline complexes beiween lanthanide tons and crown ethess
were isolated simultaneously in Italy [9] and in the U.S.A. [10]. The Italian
group reported 1:1 complexes, Ln{NCS});-L and Ln{NQ,)},-L (Ln=
La-Lu), with benzo-15-crown-5 {B-15-5) and dibenzo-18-crown-6 (DB-18-6)
ethers; King and Heckley {11-13] found somewhat different results for the
nitrate complexes: with B-15-5, unsolvated complexes form with La-Sm
only, while stoichiometric compounds of DB-18-6 can only be obtained for
La-Nd. This latter result was confirmed in our laboratories [14] and by
Desreux [15). In 1975, Olszanski and Melson isolated solvated scandium
complexes with 1:2 and 3:2 metal: ligand ratios, Sc(NCS), - (DB-18-6), -
3THF and [ScCl,], - (B-15-5),- H,O [16,17]. Their crystal structures were
not established; the authors suggested the first compound is probably not a
sandwich complex, bui rather confains an uncomplexed polyether in the
lattice. The second compound is thought to have a complex formulation,
{CISc{B-15-5)CISc{B-15-5)CI][ScCl,]- H,O, in which each Sc(IIl} in the ca-
tionic complex would lie in the plane of the polyether and have two axially
coordinated chlorides; the resulting idealized coordination polyhedra, two
peniagonal bipyramids, would then be linked together through an apical
bridging chloride. Biinzli and Wessner later discovered that bothal:1 and a
4 - 3 complex crystallize out of a solution containing neodymium nitrate and
18-crown-6 ether [18,19]; it turned out that the 4 : 3 compounds form a large
class of complexes which are thermally more stable than the 1:1 complexes
[18,30,42] and which contain a hexakis(nitrato) moiety, {Ln(NQ,)}, -
L);[Ln{NO,);}. Sandwich 1:2 complexes were found to form with small

cyclic polyethers in the presence of weakly coordinating counteranions
[20-23].
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TABLE 2

Metal :ligand ratios found in isolated crown ether complexes

M:L Cousnteranion {Ln(I11) ions)

12-Crown-4 complexes

1:2 ClQ, (La-Lu){20,21,23}

1:1 NOQO; (La-Lu)[24], Ci™ (Pr, Eu}{22,25,26], Bs~ (Eu) {26],
CF,CO0 " (La, Ce) [26], CF,50; {Pr)[26}, X (La, Pr, Eu) [27)"

3:2 CF,CO0™ {Pr, Eu, Er) [26}

2:1 CF,CO0~ {(Nd, Sm) j26]

]

-Benzenediketone-14-crown-4 compiex
1 NO; (Sc) 28]

[

15-Crown-5 complexes

1:2° CiO; (La-Eu){23), PF, (La—Gd) (28]

1:1 NQ; (La-Lu)[18,29,30], Ci~ (Pr, Eu)[21,26], Br~ (Eu)
[26], NCS™ (Pr) {21}, CF;80; (Pr){22]

4:3 NO; (Gd-Lu)[19,30,31]

2:1 CF,CO0™ {La—Eu}[22,26]

Benzo-15-crown-5 complexes

1:1 NQO; (La—Lu) [10-12], C1™ {Nd, Ew) [38), NCS™ (Sc,
La-Lu)[%.16,17]

3:2 Ci™ (Sc) {9.16)

1,8-Naphtho-16-crown-5 complexes
1:1 NO; (La-Ndj[32,33], NCS™ (Y)[34]

O-Benzenediketone-17-crown-5 complex
1:1 NO, (8c) [28]

Substituted-18-crown-5 complex
1:1 NO; (Sm)[35]

18-Crown-6 complexes :

1:1 ClO; (Pr, Eu) [21,26}, NO; (La-Lu){18,19,21,29,30}
(36}, C1~ (Pr, Eu) 21,26}, Br~ (Eu) [26], NCS~ (Pr) [21],
CF,80; (Pr}[22], CF,COO~ (La—Eu)[26]

4:3 NOj (La-Lu)[18,19,30,31,36], CI~ (Pr)[22}, Br~ (P} [26}
2:1 CF,C00™ (Y, Eu-Yb)[22,26]

Dicyclohexyl-18-crown-6 complexes
1:1 NOQO; (La-Eu, Ho)[37,38], C1™ {La—Eu)[38],
NCS™ (La-Eu)[38]

Dibenzo-18-crown-6 complexes

1:2 NCS™ (Y)[17]

1:1 ClQ, {La-Eu, Dy-Er, Yb) [19,40], NO; (La-Nd)[12,14],
C1™ (Sc)[171, NCS™ (Y [41]

3:2 Cl™ (Eu) [26}
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TABLE 2 {continued}

M:L Counteranion (La{III} ions)
21-Crown-7 complexes

1:1 NOy (Er, Yb)[42)

4:3 NO; {La—Nd, Eu, Tb-Lu) [42]

Dibenzo-30-crown-10 complexes
1:1 ClO; (La-Eu, Dy-Yh)[43]

* The anion is not given, ® 1:1:1 complexes containing both 12-crown-4 and 15-crown-5
ethers have also been isolated (Ln = Pr-Gd, C10, ) [21,23].

A list of all the complexes isotated in the solid state and for which either
an elemental analysis or a structure is available, is given in Table 2; the
solvation has been omitied for the sake of clarity. To rationalize the
metal: ligand ratios, four main factors have to be considered: (i) the ionic
diameter to cavity diameter ratio, D,/D,, (ii) the nature of the counteranion,
(iii) the ligand flexibility, and (iv} the number of donor atoms of the ligand
or, more correctly, the need for the lanthanide ions to achieve a high
coordinatton number, usually between 8 and 12 [44]. The first criterion is
difficult to define quantitatively since both diameters are difficult to esti-
mate. The effective ionic diameters of the Ln(III) ions strongly depend on
both the atomic number and the coordination number CN; a variation of
approximately 0.4 A is found between La(III) and Lu(Il} and, for a given
metal ion, between CN = 8 and CN = 12. The cavity diameter depends upon
the conformation adopted by the ligand; it may be evaluated as follows [26]
for unsubstituted crown ethers: 1.8-2.1 A for 12-crown-4, 2.1-2.4 A for
15-crown-5, 2.5-2.8 A for 18-crown-6, and 3.4-4.2 A for 21-crown-7 (Tabie
3). In the absence of an appreciable cation/anion interaction (C1Q; , PE;),
the following approximate rule may be proposed: if D,/D, is larger than one,
sandwich complexes are isolated, whereas 1: 1 complexes form if this ratio is
smaller than one. On the other hand, with the strongly coordinating and
bidentate nitrate ions, one observes the easy formation of 1:1 complexes
when D,/D  is larger than one; if D,/D, <1, the strong anion/cation
interaction governs the metal : ligand ratio and 4:3 complexes are obtained
with unsubstituted crown ethers, which contain a [Ln(NO,),]>” moiety.
These compounds can either be crystallized out of solutions (18-crown-6 and
21-crown-7 ethers} or be obtained by thermal decomposition of the corres-
ponding 1:1 complexes (15-crown-5 and 18-crown-6 ethers). Halide and
isothiocyanate complexes have been less systematically studied than nitrato
and perchlorato compounds; from the data of Table 2, one sees, however,
that these anions have more or less the same influence as the nitrate ion; in
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particular 4:3 complexes also form, which can be explained by the large
stability of the hexakis(halogen) or hexakis(isothiocyanate) species. The
trifluoromethanesulfonate ion (triflate) seems to induce the formation of 1:1
complexes only and, therefore, behaves differently from the other weakly
coordinating anions; coordination of metal ions by triflate has been reported
and induces only slight anion structural changes [45]. The stoichiometries of
the complexes with the trifluoroacetates are not easy to explain, especially
since the structures of the 3:2 and 2:1 complexes are not known; it seems
there is no driving effect in the Ln(CF,COQ),/crown ether interaction so
that the resulting metal : ligand ratio often depends upon the experimental
conditions.

The influence of the ligand flexibility is illustrated in the case of the
18-crown-6 ether; 1:1 complexes between the dibenzo-substituted ligand
and the lanthanide nitrates can only be prepared with the larger metal ions
{La—Nd). Due to the stiffening of the polyether skeleton by benzo condensa-
tion, the ligand cannot adopt the folded conformation necessary to achieve
the correct Ln-O distances. The non-isolation of 4:3 complexes with
benzo-substituted polyethers is, however, somewhat surprising since in these
complexes the ligand has an almost planar conformation.

{ii} Coronates

A few 1:1 complexes have been isolated with 14- and 15-membered
nitrogen-containing ligands and with 18-membered nitrogen- or sulphur-con-
taining macrocyctes {Fig. 2). They are listed in Table 4. Lanthanide ions bind
quite strongly to amine groups so that the replacement of two ether func-

TABLE 3

Selected ionic diameters D, and ratios of D, to the cavity diameters D, of unsubstituted crown
ethers versus the coordination number (CN) of the Ln(Ili) ions

Ln D (A) D,/D,

CN=8 CN=9 CN=10 CN=12 CN=8° CN=9% CN=10° CN=12°¢
La 232 243 2.54 272 11-1.3  10-12 10-1.1  08-09
Nd 222 233 245° 259 11-12  10-11  09-1.1  08-09

Eu 213 2.24 2.36 2.50 10-12  09-11  09-1.0 08-09
Gd 211 2 2.33° 248°¢ 10-12 09-1.1 09-10 0.8

Er 201 212 223 238¢ 10-11  0%-10 038-10 0.7-0.8
Lu 1.95 2.06 2.18¢ 2.32¢ 09-11 09-10 08-09 0.7-0.8

* P, = D (12-crown-4). ® D_= mean value of D, {12-crown-4) and D.(15-crown-5). ¢ D_=
D_(15-crown-5), ¢ D, = D (18-crown-6). * Inter- or extrapolated from ionic radii vs. CN plots
{R.D. Shannon, Acta Crystaliogr. Sect. A, 32 {1976) 751) and/or from data for adjacent
La{ill) ions.
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tions of the 18-crown-6 ligand by two NH groups results in the easy
formation of unsolvated 1:1 complexes for the entire lanthanide series; no
4:3 compound forms. The larger Ln(IIl)/NH interaction, with respect to
the Ln(Iil) /ether interaction, is exemplified by the isolation of a lanthanum
complex with ligand 15 from an aqueous solution. On the other hand,
thioether groups have a relatively low affinity for hard cations and com-
plexes with ligands 16, 17 and 18 are difficult to synthesize.

Fig. 2. Formulae of some coronands.
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(¢ii} Cryptates

Complexes with macrobicyclic ligands are more stable than coronates.
However, although lanthanide cryptates are highly kinetically inert towards
dissociation in aqueous solutions and can therefore be studied in water, their
formation constant is not large enough to allow their synthesis in such a
polar solvent. On the contrary, the preparation of unsolvated 1:1 complexes
requires strictly anhydrous conditions. Gansow and Triplett have developed
such syntheses [55]; the hydrated lanthanide salt solutions in weakly coordi-
nating organic solvents (e.g. acetonitrile) are treated by a dehydrating agent
such as triethylorthoformate prior to complexation with equimolar quantities
of cryptand. Crystallization of the complexes is induced by concentrating the
solution and adding a non-polar solvent. The preparation of 1:1 cryptates is
usually easier when a good coordinating counteranion is provided. Analyti-
cal determinations are only reported for EuCl,;-(2,2,1) and La(NO,);-
{2,2,2), but the synthetic procedures described by the authors are claimed to
produce unsolvated 1:1 cryptates with all the lanthanide perchlorates,
nitrates and chlorides. When the experimental conditions are not as well
controlied, different compounds can form [56]. including solvated 1:1
cryptates, 4:3, 3:2 and 2: 1 complexes (Table 5). In particular, metal : igand
ratios larger than one tend to be obtained if a more polar solvent is used,
methanol for instance. Until now, only (2,2,1), benzosubstituted-(2,2,1), and
(2,2,2) cryptands have been found to form crystalline complexes with
lanthanide ions. The cavities of these hgands indeed have radii that {it the
Ln(I1i) ionic radii well: 0.8 and 1.15 A for (2,2,1) and (2,2,2), respectively.

TABLE 4

Compiexes isolated with coronands {refer to Fig. 2. for the numbering of the ligands; all the
complexes have a 1:1 stoichiometry)

Ligand Counteranion

10 NCS~ {Sc) [46]

1 Cio; _ (Sc, Tb-Lu) [47,48]

12 - {La-YDb, except Ce} [49]
13 NGO fLa-Lu}[15,500

14 NO; {La, Ce, Pr}[51]

is NO; (La, Ce) [52), ClO; (La)[53a)
15a° NO; (La)[53b]

16 Cio, {La—Eu, Ho, Yb) [54]
17 Cio; (Eu) [54]

18 clo; (Sm, Eu, Yb) [54]

¢ Dibenzo-substituted ligand 15.
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(iv} Podates

Podates are usually less stable, and also more labile, than the correspond-
ing coronates. For instance, the potassium complex with pentaglyme
CH,0{CH,CH,0),CH;, the open-chain analogue of 18-crown-6 ether is 10*
less stable than the coronate. Due to the larger cationic charge, this effect is
much smaller for the trivalent lanthanides, and complexes with polyethylene
glycols and polyethylene glycol dimethyl ethers are easily isolated (Table 6).

TABLE 5
Complexes isolated with cryptands {refer to Fig. 1. for formulae of the ligands)
Ligand M:L  Anion Solvation Ln{fiI} ions
ratio
(2,2,1) i:1 ci~ None La, Pr, Eu, Gd, Yb [57); La-Gd

{58]; La-Lu [55]; La, Eu {56);
La-Yb, cxcept Ce [49)

NO; None La, Ce, Pr[59]; La-Sm [58],
La-Lu {55]
CIO,  None La [58]; La—Lu [55]
-H,0-MeOH La, Pr, Nd, Sm [38}]
4:3 NO, None Th, Dy [58]
-2 MeOH La [38,56]
3:2 Ci~ None Dy [58])
NO; None Ho, Yb [58]
2:1 NO; None Eu [58]
+H,0-2 MeCH Nd, Sm [38]
2B.2Hy*  1:1 Cci- None La—Lu |55}
NO; None La, Ce, Pri59); La-Lu [55]
Cl0;  Noneg La-Lu [55]
2B2, ) 1:1 NO; None La, Pz, Eu [59,60]
{2B,2.1)¢* 1:1 NO; None La, Ce, Eu [59]
{2,2,2) 1:1¢ CI- None La—Nd [58]; Sm, Eu [49]; La-Lu [55]
NO; None La-Pr[57-59]; La-Lu[55]
Ci0y  None La-Lu [55] :
-MeCN Pr, Nd, Eu [55)
‘MeCONH, Er, Yb61]
"Hy;O0-05 MeCN  La, Ce, Sm, Eu, Dy [61]
4:3 NO; None La[56,62]
3:2 Cl- None En [56)
NO; None Sm, Eu, Gd [58]
2:1 NO; None Er, Yb, Lu [58]
-H,0 Sm {63}
-MeOH Pr[38)
-H;0-MeOH Eu [38]

*X=H PX= NH,. *X =N0,. ¢ An organclanthanide cryptate complex with formula
LaCl, (CPhe;)-¢2,2,2) has also been reported [64].
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The stoichiometry of the rare-earth nitrate complexes are similar to those
observed for the coronates; in particular, 4:3 complexes are obtained with
the 18-crown-6 and 21-crown-7 analogues. The podands are indeed known to
adopt a conformation similar to that of the corresponding coronands (1].

Complexes have also been isolated with three other ionophores (Fig. 3):
[Ln(NO,),]5-(27), (Ln = Pr, Nad) [69], Ln(ClO,);-(28),- 2H,0 (Ln=La,
Pr, Nd, Sm) [48], Ln(CiO,); - (28) - 4H,0 (Ln = Eu-Lu) [48] and Eu(BE,),-
(29), 170}.

D. STRUCTURAL PROPERTIES OF COMPLEXES WITH Ln(iil} IONS

{i) Crystal and molecular structure

X-ray crystai' structures have been determined for 18 coronates, 3 cryp-
tates, and 5 podates of the lighter rare-earth elements. The ions most studied

TABLE 6

Lanthanide mitrate and chloride complexes isolated with various polyethylene glycols and
polyethylene giycol dimethyl ethers

Ligand M:L  Ln(iIi)ions
Fato NO; cl-
19 HO(CH,CH,0),H 1:2 Pr, Nd, Sm, Eu [65]
20 HO(CH,CH,0),;H 1:1 Y, La—Lu [65,66} Y, La-Lu 67}
21 HO{CH,CH,0),H 1:1 Y, La—Lu [65,66] Y, La-Lu[67]
22 HO(CH,CH,0j,H 1:1 La-Lu [65,.66] Y, La-Lu [67]
23 HO(CH,CH,0),H 2:1 La, Ce [65,66]
24 H,CO(CH,CH,0),CH,*  1:1 La-Sm [65,66) La—Ho [67]
25 H,CO(CH,CH,0);CH,*  1:1 La[68] La, Pr [67)
4:3 La—Sm [65]; La—Eu [68]
26 H,CO{CH,CH,0),CH,° 4.3 La—Nd [65]

® 15-Crown-5 analogue. P 18-Crown-6 analogue. © 21-Crown-7 analogue.

: ° e
S o i

L i X .
Q
o 0

N T \—-t|:—-—n
ON NO O N /—/
27 28 29

Fig. 3. Formulae of some podands.
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are lanthanum (9 structures), neodymium (6), samarnum (4), and europium
(3); due to its strong coordinating properties which make the complexes less
sensitive to moisture and easier to crystallize, nitrate was usually chosen as
counterion. In many cases, the determinations were only carried out to
unravel the coordination polyhedra of the metal ions and were therefore not
refined completely, so that only 10 determinations are reported with a final
R value lower than 5%. Partial disorders of the ligands and/or the
counterions {perchlorates) sometimes prevented an accurate solution of the
structure.

The results obtained for 1:1 complexes of lanthanide nitrates are dis-
played in Table 7. The 12-crown-4 and 15-crown-5 complexes have similar
arrangements around the metal ion: the ligand is coordinated on one side
while the three nitrate groups are bidentate and coordinated on the opposite
side; the lanthanide ion is therefore not encapsulated into the polyether
cavity, which is too small (Fig. 4). A similar structure is obtained with
(1,8-naphtho)-16-crown-5 ether and, partially, with (2-methoxy-1,3-xylyl)-
18-crown-S ether; in the latter complex, however, unfavourable steric and /or
conformational conditions result in the coordination of only three of the six
ether functions of the ligand, including the prominent methoxyarylic oxygen
atom. When the ligand cavity is larger, encapsulation is better achieved; in
the case of 18-crown-6 and DC-18-crown-6 ethers, the ligands adopt a folded
conformation in order to equalize the Ln—O distances; with the more rigid
hexadentate nitrogen-donor macrocycle 15, the lanthanum ion lies more or
less at the centre of the cavity. In all the complexes with 18-membered
coronands, the three nitrate groups are bidentaie and two of them are
coordinated on the less hindered side while the other is honded on the
opposite side. The two complexes Ln{NO,), - (18-6}, Ln = La, Nd, constitute
an isostructural pair, despite the significant difference in the ionic radii of
the metal ions, 1.36 A (CN = 12) for La(ill}, compared with 129 A for
Nd(I11). In fact, the effects of steric crowding of the neodymium complex are
absorbed by just two oxygen atoms in trans positions in the polyether [36].
The ligand flexibility is, however, limited, as illustrated by Gd(NQ,}, - (18-6)
-(H,0),, the crystal structure of which was also investigated [36]. In this
compound, the ligand cannot absorb the steric crowding arising from the
smaller ionic radius (1.25 A, CN = 12) and it 15 not coordinated to the metal
ion; the Gd(III) ions are bonded to three bidentate nitrates and three water
molecules while the polyether is held in the lattice by weak hydrogen bonds
from coordinated water molecules.

One noteworthy feature of these structures is the fact that the coordina-
tion number of the Ln({Iil) ions can easily be tuned by modifying the
-number of donor atoms of the coronand. In particular, few cases of unde-
cacoordination were known before the publication of the structures of the
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complexes with 15-crown-5 polyether [71-74]; now, 11-coordination appears
to be almost as common for Ln{111) ions as 10- or 12-coordination. The data
of Table 7 also reveal that mean L.n-O bond distances are not much affected
by the nature of the ligands; calculated ionic radii are in good agreement
with values inter- or extrapolated from ionic radii versus coordination
number plots [26]. Moreover, the coordination polyhedra around the metal
ions tend to be as symmetrical as possible, taking into account the steric

oumn
0(23)
0412} a{33)
Ni 7}
N} 0@ M

.....

Fig. 4. Crystal structures of Eu(NO,};-(12-4} {top} and Eu(NO,),-{15-5} (bottomy}, Reprinted,
with the permission of Elsevier-Sequoia SA (Lausanne) from ref. 25 and with the permission
of the American Chemical Society from ref. 74, respectively.
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constraint imposed by the macrocyclic ligand [80), despite a fairly large
scatter of the Ln—O bond distances.

It is of considerable interest to compare the structures of the podates with
those of the coronates even if the polyethylene glycols are not the exact
analogues of the crown ethers. The podands adopt a ring-like configuration
with all the oxygen atoms pointing towards the metal ion. The lanthanide
ion and these oxygen atoms are more or less coplanar; two bidentate niirates
are coordinated axially above and below this plane while the third nitrate is
either bonded to the Ln(11I) ion through the open side of the hgand chain, or
not bonded (ligand 22). In the latter complex, the coordination number of
the Nd(III) ion is lower by two units, compared with Nd(NO,), - (18-6). A
difference also appears between the lanthanum and the neodymium com-
plexes of tetraethylene glycol: the nitrate group bonded through the open
side of the ligand is bidentate in the former and monodentate in the latter
complex; the Ln—O distances are: 2.60 and 2.79 A for Ln = La [77}, 2.53 and
2.91 A for Ln = Nd [78]. This may again be explained by the larger steric
crowding of the neodymium podate. The difference with the coronates arises
from the podand which can wrap around the metal ion, contrary o the
coronand.

Some of the structural data for perchlorato complexes are reported in
Table 8. They all concern 1: 1 complexes since in the pentahydrated samarium
1:2 complex one crown ether is not coordinated to the metal ion but held in
the lattice through hydrogen bonding with threc water molecules; a fourth
water molecule is coordinated to Sm(Iil) and forms hydrogen bonds with
one perchiorate ion and the fifth water molecule [81]. The coordination
number of the Sm(III) ion is larger in the dibenzo-18-crown-6 complex and
reaches 10 because of the perchlorate coordination: two ClOQ; ions are
monodentate and bonded on the less hindered side of the ligand while the
third one is bidentate and lies on the opposite side; the samarium atom is
0.24 A out of the mean plane defined by the oxygen atoms, which are not all
strictly coplanar, two of them being displaced towards the bidentate ClO;
group [39]). Another crystal structure has been reported for a DB-18-crown-6
complex: Y(NCS); - (DB-18-6) {82]; the compound is orthorhombic ( 2,
Z = 2) and Y(III) is nonacoordinated, being bonded to the six oxygen atoms
of the ligand and to the three nitrogen atoms of the NCS~ ions. In the
lanthanum complex of the dithia-substituted 18-crown-6 ether, the four
oxygen atoms of the ligand are coplanar and both the two sulphur atoms
and the lanthanum ions are displaced out of this plane by 1.47, 1.57 and 0.5
A, respectively [54]. Although encapsulation of the Eu(III) ion is realized in
the (2,2,2) cryptate, the ligand is sufficiently flexible to allow the coordina-
tion of another moiety, namely a bidentate perchlorate group (Fig. 5). It is
noteworthy that the mean Ln-0O bondlength in this complex is equal to the
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value found for Eu{NO,), - (15-5) (cf. Table 7).

More complicated structures have also been reported for 2:1 and 4:3
compiexes, which contain very stable polynitrato moieties (Table 9). The
structural similarity of the three 4:3 compounds is particularly striking,
These complexes contain one [Ln(NQO,),]*~ anion and three [La{L}NO,),]*
cations with two different symmetries. In the neodymium cation with D,,
symmetry, the 10-coordinate metal ion lies in the centre of the polyether and
is held into the cavity by one bidentate nitrate group on each side (Fig. 6).
The crown ether is considerably flattened with respect to its usual conforma-
tion. The complex cation with a lower symmetry has a twofold multiplicity
and it contains a disordered ligand oscillating between two positions. The
replacement of the crown ether by the 18-podand-6 only results in somewhat
lower symmetries, The essential features of the structure are retained, in
particular the disorder of the ligand in the second dinitrato cation, which
could not be resolved completely even with low temperature data [84]. The
ligand wraps around the metal ion similariy to the pentaethylene glycol in
Nd(NQO,), - (22} but the presence of the two methyl group prevents the
nitrate coordination through the open side of the ligand chain. In the
lanthanum cryptate, the three dinitrato cations have the same general
arrangement of ligands with two bidentate NO; ions positioned in the gaps
between two CH,CH,{OCH,CH,), chains of the cryptand. Only one nitrate
is coordinated in the samarium cryptate, probably because of the smaller
ionic radius. The three structures reported for lanthanide cryptates demon-
strate that the (2,2,2) ligand is flexible enough to include all the heteroatoms

Perspective view of the [Eu{CIQ,JL1*- cation

Fig. 5. Crystal structure of [En(ClO,}2,2,2)(C10,),. Reprinted, with permission from The
Royal Society of Chemistry (London), from ref. 61.
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Fig. 6. Crystal structure of {[N&NO,;),(18-6)]*. Reprinted, with permission from Elsevier
Sequoia SA (Lausanne), from ref, 83. )

in the coordination polyhedron and to allow additional bonding of smatll
ligands to fulfil the CN requirements of the metal ions (10-12).

{ii} Other structural information

No detailed structure determination has been published for a sandwich
complex. However, preliminary X-ray crystal data indicate a tetragonal
system with a I-centered unit cell for Eu(ClO,);- (15-5}, and a detailed
interpretation of the Eu(III) emission spectrum clearly points to the presence
of an inversion centre at the metal site. The idealized coordination poly-
hedron would then be a pentagonal antiprism [26].

The structure of many other complexes may be related to the results
discussed above by comparing both their X-ray powder diagrams and their
vibrational spectra (Table 10). The Ln(NO,), - (12-4) complexes for Ln =
Nd-Lu ail have the same structure and, probably, the La—Pr complex too
since the Eu-doped La complex presents an emission spectrum identical to
that of the Eu complex [25]. Two isomorphous series were found for
Ln{NO,), - (15-5) [19], a result which has since been confirmed by single-
crystal X-ray structure determinations for La-Nd and Eu (cf. Table 7). A
good test of the structure of 18-crown-6 complexes is the ring-breathing
vibrational mode which occurs at ca. 880 cm™!: this mode is IR-forbidden
and Raman-ailowed if the ligand has an inversion centre, which is the case in
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TABLE 16

Isomorphous series in nitraio complexes with crown ethers and podands, as determined from
X-ray powder patierns

Ligand M:L Isomorphous series
12-Crown-4 1:1 Nd-Lu [24]
15-Crown-5 1:1 La-Nd; Sm, Eu [15,30]
18-Crown-6 1:1 La—Nd j19,30}

4:3 Ce-Eu, Ho [30); Nd-Tb {36}; Dy~Lu [36]
21-Crown-7 1:1 Er, Yb [42}

4:3 La-Fu; Tm-Lu; Gd. Tb, Ho ® [42]
HO(CH,CH,0);H 1:1 La, Ce; Pr-Lu [65]
HO(CH,CH,0),H 1:1 La-Eu; Tb-Lu [65]
HO(CH,CH,0);H 1:1 La, Ce; Pr-Lu [65]
H,CO{CH,CH,0);CH, 4:3 Ce—Nd; Sm, Eu [68]

* From examination of IR spectra; these compounds do not give diffraction patierns.

4:3 complexes. These latter also present an IR-absorption band at 1275
cm~! assigned to the hexanitrato moiety. A close examination of the
vibrational spectra of the 1:1 complexes between the heavier lanthanide ions
(Gd-Lu) and the 15-crown-5 or 18-crown-6 ethers reveals the presence of
bands which may be assigned to both coordinated and uncomplexed ligand
molecules [30]. That is, these compounds, which are often hydrated, may
either be 4:3 complexes with an uncomplexed ligand molecule held in the
lattice {cf. the structure of Sm{ClQ,), - (15-5}, - SH,0} or have a structure
similar to that of Gd(NGO,), - (18-6}-3H,0.

The complexes with polyethylene glycols containing from four to six
oxygen atoms usually form two isomorphous series. These are characterized
by very similar IR spectra [65] so that structural differences are probably
small, as exempiified by the data of Table 7 for the complexes between
HO(CH,CH,0),H and La(NQ;),, Ln = La, Nd.

E. THERMAL, MAGNETIC AND SPECTROSCOPIC PROPERTIES OF COMPLEXES
WITH Ln(il) IONS

In this Section, only solid state data are reported and discussed.
(i) Thermoanalytical data

Thermoanalytical data (TG, DTG, DTA, DSC) have been reported for
many crown ether complexes in order to study their thermal dissociation,

decomposition and transformation.
Upon heating, the monohydrated isothiocyanate complexes with benzo-
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15-crown-5 undergo the following changes [85]
Ln{NCS),-1.- H,0 4 Lo{NCS};- L+ H,0 5 Lo{NCS);+ L 5 decomp.

Step I occurs between 110 and 150°C and step II between 218 and 232°C
(under N, atmosphere} or between 170 and 224 °C (under reduced pressure).
The ligand can be collected during step I1 and identified by its melting point
and its IR spectrum. Appropriate treatment of the thermoanalytical curves
allows the determination of both the “activation energy” E} and the
enthalpy change A_H of the ligand dissociation; this latter ranges between
63 and 268 kJ mol~! (71-184 kJ mol~! under reduced pressure). Step III,
which is exothermic contrary to steps I and Ii, is not well defined and
sometimes star¢s before the ligand dissociation process is complete. The
complexes with dibenzo-18-crown-6 ether Ln{NCS),-L {Ln = La-Lu} un-
dergo a one-step ligand dissociation at 224-270°C (N, atom) or 174-250°C
{reduced pressure) {86]; the corresponding yitrium compound dissociates at
285°C [41]. For Ln = La-Lu, the A _H ranges are 142-761 (N, aim) and
96343 k] mol ™! (reduced pressure) [86]. For both the 15- and the 18-mem-
bered ligands the E} and A _H plots vs. 1/r, where r stands for the ionic
radius, display a kind of periodicity between the lighter and the heavier
cations.

Under the same experimental conditions, nitrato complexes with B-15-
crown-5 and DB-18-crown-6 ethers undergo violent and rapid thermal
decomposition [12,85-87], while EuCl, - (DB-18-6) - H,0 decomposes in two
steps, at 220 and 450°C, after loss of the water molecule [88].

As was briefly mentioned in Section C, some of the 4: 3 complexes can be
obtained by thermal decomposition of the 1:1 complexes. The following
reactions are observed for the nitrato adducts

Ln(NO,), - L- nH,0 - Ln(NO,), - L + nH,0
4La(NO,),-L 5 Ln,{NO,},,- L, + L

| H
Ln,(NO,),,- L, = dec.{LnONO,, Ln,0,) + L

v
Ln{NO,},- L - dec.{LnONO,, Ln,0,} + L

The temperatures at which these various steps occur are reported in Table
11. They are not always reproducible and often depend upon the exact
experimental conditions. The 12-crown-4 complexes are thermally stable up
to ca. 300°C and then decompose according to IV, in what seems to be a
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TABLE 11

Temperatures at which the various thermolysis reactions of the Ln(NO,);-L-aH,0 com-
plexes start { 2C) {refer to the scheme on p. 212 for reaction details)

Ligand Ln n T Tu T Ty Ref.
12-Crown-4 Nd 0 340 31
Lu 0 280 1
15-Crown-5 La 0 260 30,31
Pr 0 240 30,31
Eu 0 170 30,31
Gd 42 100 160 250 3a, 31
Th 20 100 110 260 30, 31
Dy 4.6 %0 S0 260 30, 31
Ho al S0 90 270 30, 31
Er 34 105 116 275 30, 31
Yb 3.9 105 105 270 30, 31
16-Crown-5* La 0 235 33
Ce 0 170 33
Pr G 220 33
Nd 0 204 33
18-Crown-5 La 0 210 230 305 30, 31
185 250 310 36
Ce 0 180 230 250 36
Pr 0 130 220 290 30, 31
155 250 305 36
Nd 0 110 180 270 30, 3
160 250 310 6
Sm 0 305 a6
Eu 0 300 36
04 50 110 280 30, 31
Gd 3 95 160 295 36
Tb 3 100 160 95 36
35 100 110 290 30, 31
Dy 3 95 160 280 6
Ho 3 100 150 270 36
Er 3 105 155 260 36
31 130 135 270 30, 31
Tm 3 105 160 245 36
Yb 3 110 170 240 _ 36
35 105 120 235 30,3
Lu 3 120 160 240 36
21-Crown-7 Er 0 150 42

#1,8-Naphtho-16-crown-5 ether,
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one-step exothermic reaction. The 15-crown-5 adducts of the lighter rare
carths {(Ln = La—Eu) exhibit the same thermal behaviour although their
decomposition temperature is lower and strongly decreases with increasing
atomic number. From Gd on, the thermolysis accurs according to reactions
1, IT and III; that is, intermediate compounds form with a metal : ligand ratio
equal to 4: 3, the stability range of which is approximately 55-100°C. The
1:1—4:3 transformation is quantitative and the ligand can be recovered
unchanged, as proven by its IR spectrum. Complexes with 1,8-naphtho-16-
crown-5 ether {Ln= La-Nd) do not seem to transform into 4:3 com-
pounds; their thermal decomposition starts ai relatively low temperature and
extends over a large temperature range [33]. All the 18-crown-6 complexes
undergo the transformation into the thermaily more stabie 4:3 complexes;
again, this reaction is quantitative and the ligand can be recovered un-
changed. Generally speaking, DTA curves recorded simultaneously with TG
curves reflect a qute small A H for reaction II, except in the case of
Ln{NO,}, - (18-6), Ln = La-Nd. For these complexes, A  H was measured by
a DSC technique which yielded the following, uncorrected endothermic
values: +57.0 (Ln = La, temperature range: 207-233°C), 472 (Ce,
168-187°C), 43.4 (Pr, 128-150°C), and 37.6 kJ mol ' (Nd, 101-129°C);
no enthalpic effect could be measured for Ln = Eu [31]. This decrease may
be partially explained by considering that the energetically unfavourable
strain resulting from the ligand planar conformation {(cf. Section D) will
decrease if the metal ion radius becomes smalier. Other 1:1 — 4: 3 transfor-
mations are observed for PrCl; - (18-6) at 210°C (A, H = +39.7 kJ mol ™!,
204-219°C) [31]) and for EuBr;-(18-6} (26], but not for PrCl;-(12-4),
PrCl, - (15-5), and Pr(NCS); (18-6) {26]. A study of the tnfluoroacetate
complexes reports that both the 1:1 and 3:2 complexes with 12-crown-4
ether are transformed into the more thermally stable 2:1 complexes [26].

The thermal properties of the crown ether complexes can be understood
on the basis of their structure (Section D) and on consideration of their
stoichiometry (Section C). In particular, the formation of 4: 3 species, when
D,/D, <1, results in a less sterically crowded environment for the metal ion
{CN =10 and 12, vs. 12).

(ii} Magnetic moments

Magnetic susceptibilitics have been measured for some crown ether com-
plexes; the calculated paramagnetic moments, corrected for diamagnetic
susceptibility contributions [19] are reported in Tables 12 and 13. The values
for the nitrato complexes do not depend much upon the ligand nature; they
are consistently lower than the free ion moments, by 6-9% for Ce-Nd, 2-3%
for Sm, Eu, and less than 1% for Gd (as expected [90]). For Pr, these values
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are similar to the moment measured for the anhydrous trinitrate. A better
evaluaiion of the ligand influence can be made from the data for complexes
with various praseodymium salts {(Table 13}). In particular, the effect of the
two ligands in the sandwich complex Pr(ClO,)}, - (15-3), results in a value
similar to those found for the nitrato complexes. Al these data point to a
weak to moderately strong chemical bonding between the polyether and the
Ln¢III) ions.

{iii} Vibrational data

IR specira are routinely presented and discussed for most of the isolated
complexes; Raman spectra sometimes complement these data. Although
guite informative, the vibrational spectra will not be reviewed in ail details,
since their interpretation i1s not always straightforward. Within an isomor-
phous series of complexes, these specira are very similar, but for small
systematic shifts, usually towards higher wavenumbers, when the atomic
number increases. Therefore, they may be vused along with X-ray powder

TABLE 12

Corrected magnetic moments in B.M. (1 BM. =9274x10"2* Am’) at 21+1°C of the
Ln{I1) ions in various crown ether complexes with lanthanide nitrates [19]

Ln Pealc 1897 €12-4) (15-5) (18-6) {18-6) {21-7)
1:1 i:1 1:1 4:3 4:3
Ce 2,54 241 2.36 2.38 2.35 2.36
Pr® 162 3.42 3.33 3.33 .35 3.36
Nd 3.68 3.37 334 3.37 3.32 3.35
Sm 1.65 1.66 1.58 1.59
Eu 3.40 331 3.31 3.30 3.38
Gd 7.94 7.87 7.88 7.89

* Calculated values for the free ions. ® The value for anhydrous Pr{NO;}; is 3,35 B.M,

TABLE 13

Corrected magnetic moments (B.M.) at 21 +1°C of the Pr(I!I} icn in various anhydrous salts
and crown ether complexes [19,21)

Complex B{B.M} Complex #{B.M)
PrCl, 3.57 Pr(ClO,}, 3.50
PrCl,-(15-5} 3.49 Pr{Cl0O,),-{12-4Y15-5) 345
PeCl;-(18-6) 348 Pr(CH3,),-{15-5), 3,37
Pr{NCS),-2 EtOH 3.64 Pr(C10,),-(18-6) 345
Pr{NCS5),-(15-5) 348

Pr(NCS),-{18-6) 3
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pattern diagrams to help determine such isomorphous series. The vibrational
spectra also afford evidence for the complexation of both the counterion, the
ligand and other (solvent) molecules.

The isothiocyanate group has been found either to be coordinated through
the nitrogen atom or uncoordinated [9,16,19,21] as indicated by the positions
of the »(C = N), »(C-8), and §(NCS) absorptions: 1990-2070, 780-820 and
475-4%90 cm ™!, respectively, for bonded NCS™ [19]. The perchlorate ion can
be either ionic, with a T, local symmetry, monodentate (C,,), or bidentate
{C,,); these three forms have been observed by crystal structure determina-
tions [39,54,61], which allow one to assign the observed vibrations. The main
vibrational band of ClO, occurs around 1100 cm™' and is often obscured
by interferences from the ligand vibrations, so that the best spectral region to
distinguish between the various forms of the perchlorate ions is between 600
and 660 cm~'. Ionic perchlorate presents one band at 620-630 cm™ ',
monodentate ClQ; has two absorptions at 640-660 and 615-625 cm™ !,
while the bidentate anion gives rise io three bands at 610-620, 625-635 and
640-660 cm ™! [91,92]. These frequencies are not perfectly unambiguous, but
the observed data are in agreement with the structure determinations
[39,54,61), especially if one takes into account that similarly coordinated
anions may not be structurally exactly equivalent. The assignment of the
nitrate vibrations is more difficult. In principle, ionic NO;, with Dy
symmetry, possesses three IR-active vibrational modes at 1390 cm™!, 830
cm~! and 720 cm~!. Upon coordination of the anion, the symmetry is
lowered, the vibrations of higher and lower energies are split into two
components and the fourth vibrational mode becomes IR-allowed, so that
six IR absorptions should be observed, »; and », at 710, 740 cm ™!, », at 820
em™!, v, at 1030 cm™!, v, and », at 1300, 1500 cm™'. The distinction
between monodentate and bidentate nitrate groups is quite difficult and
polarization measurements of the Raman emission bands only provide an
unequivocal differentiation between the two types of nitrate [92]. In the
absence of such data, which are difficult to determine for polycrystalline
powders [93], two criteria have been proposed. One is the magnitude of the
splittings |v,—»,] and |v;-»,| *; the former, which is easier to measure, despite
possibie interferences from —CH,~ vibrational modes, amounts to ca. 120
cm ! for monodentate nitrate ions and to ca. 180-200 cm™! for bidentate
NO; [94]. The second criterion, proposed by many authors [94-96), is based
on the number of components and on the splitting of the two nitrate
combination bands in the 1700-1800 cm ™! region. The separation of these
bands amounts to 5-25 cm ™' for monodentate nitrate groups and to 20-65

* The assignments »,, v, and r,, v; are in the opposite order for mono- and bidentate nitrate
groups [921.
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cm ™! for bidentate anions. One should also realize that the analysis may be
further complicated by the presence of non-equivalent nitrate groups and /or
by bridging nitrato moieties. Most of the studies related to macrocyclic
complexes of the lanthanide ions deduce the presence of bidentate nitrate
groups with local C,, symmetry [11,16,19}. indeed, |v,~»,| ranges between
180 and 220 cm™! and the separation of the two combinations in the
1700-1800 cm ! region usually ranges between 25 and 50 cm ™ [11,19], with
a few exceptions for more complcated compounds (4:3 complexes for
instance) having many non-equivalent nitrate groups. Both ionic and biden-
tate NO; are found in cryptates [58,59). An interesting test of the above-
mentioned criteria is given by the podates with polyethylene glycols, since
the crystal structure determinations revealed the presence of ionic, monoden-
tate, and bidentate nitrate groups [76-79]. According to these determina-
tions, two nitrate ions of Nd(NO,), - (21) are bidentate, with a C,, local
symmeiry, and the third one is monodentate. The IR spectrum displays only
two combination bands at 1745 and 1780 cm ™', pointing to three equivalent
and bidentate nitrate groups. In fact, a close inspection of the crystallo-
graphic data reveals that the third nitrate also possesses local C,, symmetry
and that the only difference with respect to the other nitrate ions lies in two
quite different Nd—O distances (cf. Section D) [78]. Similarly, IR data do not
provide evidence for the presence of one ionic nitrate in Nd(NO;}, - (22);
according 1o the crystal structure determination this ion is clearly uncoordi-
nated, but its local symmetry is C,,, one O-N-0 angle being substantially
smaller than the other two. In conclusion, care must be exercised when such
criteria, based on IR data, are used to determine the nature of the nitrate
ions in complexes. Regarding the complexes containing hexakis(nitrato)
species, their IR spectrum usually displays a band at 1275 cm ™! which can
be assigned to this species [30].

The ligand vibrations are also affected by the complexation and they may
be used to assess whether coordination has occurred or not. The more
characteristic vibrational modes are those involving the donor atoms, that s
the »(CCX) vibrations, with X = O, N, S, Ligands containing ether functions
have two »(CCO) modes, symmetrical and antisymmetrical; the latter is
shifted towards lower wavenumbers upon complexation while »(CCO),,
which is often masked by other interfering vibrations, is blue-shified. Split-
ting of these vibrations often occurs so that an exact interpretation of the
observed shiits is difficult. Generally speaking (Table 14), Av(CCO},, ranges
between —20 and — 50 cm ™! for crown ether complexes; this shift is larger
for cryptates, —40 to — 60 cm ™', but approximately the same for nifrogen-
containing coronates (ligands 10 {46} and 13) or for podates (ligand 27). It is
noteworthy that Ap(CCO), is larger in [Ln{NO,),(18-6)],Ln{NQO,), than in
Ln(NO,}, - (18-6), e.g. —50 vs. —30 cm~! for Ln = Pr [19], which reflects a
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larger Ln-O interaction in the cationic species. The sphitting of the Av(CCO),
vibration of Ln{ClQ,}, (L}, complexes has been interpreted as reflecting
the presence of two non-equivalent polyethers in these sandwich complexes
i23].

Finally, the vibrational spectra may give some information about the
ligand conformational changes induced by complexation; these have been
discussed for 12-crown-4 [24,27] and 18-crown-6 ethers [19,30] {ci. Section
D).

{iv} Absorption and emission spectra

Electronic spectra are used to assess the strength of the Ln(ill)}-ligand
interaction and to determine the geometry of the coordination polyhedron.

The forbidden f—f transitions are weak and difficult to measure by
reflectance methods: they seem to be httle affecied when the Ln{III} ion is
complexed by crown ethers [11,36]. Benzo-substituted crown ethers 5 and 6
exhibit two benzenoid absorptions at 227-228 and 275-276 nm, which are
slightly shifted and modified upon complexation {38]. Similar effects are
observed for complexes with N-containing coronands {47,48,53]. Ciampolini
et al. {39,43,54,61] have studied the ligand-to-meial charge transfer bands for
the complexes of Sm, Eu and Yb ions with various coronands and cryptands
{Table 15) and have calculated the optical electronegativity [97] of these
ligands.

Emission spectra are very sensitive to changes in the first coordination
sphere and many studies of europium and terbium complexes are reported.
An investigation of the photophysical properties of benzo-15-crown-5 com-

TABLE 14

Observed shifts {cm ™} of the »(CCQ) vibrations vpon complexation ¥eompt. — Puncompl,)
Ligand Ay (CCOY,,,, Ar(CCOY iy Ref.
12-Crown-4 +91t0 +16 ~25t0 —35* 19, 21,23
15-Crown-5 +15t0 +25 —18t0 —43 19, 30
B-15-Crown-5 ~2010 ~-51° 11,12
18-Crown-6 230 —-33° 19, 30, 36
DB-18-Crown-6 ~20t0 —40 11,12
Ligand 13 —35 50
21-Crown-7 +10to +22 —15to - 25 19, 42
(2,2,1), 22 —40 to ~ 60 58, 59, 64
Ligand 27 —~25t0 - 35 69

* The band comprises many components; the assignment is not unambiguous, ® -1 to —20
cm™! for Sc complexes [16,17). ¢ — 40 em~ ! in 4: 3 complexes [19,30].
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plexes with various terbium salts reveals that the fuorescence of the ligand
at 302 nm is quenched and accompanied by an emission from the Tb(iIl) *D,
excited level; this emission is only weakly observed when the metal ion is
directly excited at 77 K through the °L,, « 'F; transition. The phosphores-
cence of the polyether occurs at 415 and 440 nm and it is not quenched in
the complexes, which indicates that the energy transfer from the ligand to
the metal ion originates in the singlet state. A similar situation is observed
for europium complexes, but the fluorescence quenching is less effective [98].
The room-temperature emission spectra of Eu(NCS), - (DB-15-5)- H,0 and
Eu(NQ,), - (TMU);, where TMU stands for N,N,N’, N'-tetramethylurea,
are very similar and were interpreted as arising from a nine-coordinate
species [87].

The transitions from the Eu(III) °D, level to the 'F; manifold are particu-
larly useful in determining the site symmetry of the metal ion: the splitting
of the J-levels in a crystal field may easily be determined and the application
of the selection rules allows a prediction of the number of symmetry-allowed
transitions for a given symmeiry and J value. Moreover, since both the >D,
and "F, levels cannot be split by crystal-field effects, the number of compo-
nents of the transition between them indicates the minimum number of
differently coordinated Eu species present in the compound. However, care
must be exercised when performing such analyses since the intensity of ail, in
principle forbidden, transitions may vary considerably upon small perturba-
tions of the Eu(lil} environment [99]). Moreover, vibronic transitions may
further complicate the spectrum. To be conclusive these studies should be
performed at low temperature {77 K or better, 4 K), with use of selective
excitations by laser lines and the emission spectra should be recorded at high
resolution (< 0.1 nm) since the crystal field splitfings are sometimes quite
small. Medium- to low-resolution spectra usually lead to the observation of
too few transitions and to a wrong, too high site symmetry. Finally,

TABLE 15

Energies of the ligand-to-metal charge transfer transitions { Ecp, cm ™!, from reflectance
spectra) for various 1:1 perchlorato complexes of Sm¢III), Eu(1II} and Yb(IIl}

Ligand Optical E(Sm) Ecr{Eu) E{Yb) Ref.
electroneg. ®

18-Crown-6 32 39600 54

DB-18-Crown-6 2.7 32100 22500 27400 3¢

Ligand 16 28 37200 28300 30700 54

DB-30-Crown-10 27 32800 24100 27000 43

(2,2,2) 3.0 41300° 32100 38100 ° 61

® Ligand values calculated from these data. ® In CH,CN solution.
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whenever possible doped samples (1-2%) should be investigated in order to
avoid complications arising from energy transfer from one metal ion to the
other; this in furn requires that either the La, Gd or Lu complex be
isostructural with the compound investigated. To illustrate this point, we
shall review two studies, on Eu{NQO,},-(15-5} [74] and Eu{NO,),-(12-4)
[25), which reported both the X-ray crystal struciure and the high resolution
emission spectrum of these complexes.

In the 15-crown-5 complex, the Eu(III) ion is 11-coordinated; it lies on a
site without symmetry and the coordination polyhedron is a 2:3:5:1
polytope. This latter may, however, be described as a distorted monocapped
pentagonal antiprism (G, symmetry). At first sight this pentagonal symme-
try seems to be reflected in the emassion spectrum, which displays a
moderately intense °D, —’F, transition (symmetry-allowed in C,, point
groups [100]) and a two-line Dy —F, transition. Under high resolution, one
of these components appears clearly as split into two lines. The splitting
amounts to only 11 cm ™! and requires a 0.2 nm resolution to be observed.
Henceforth, the 7F, level is split into three components, consistent with the
low symmetry mentioned above. This unravels another feature of the Eu(iil)
ion emission specira. Due to the high coordination numbers of this ion, and
to weak directional effects in its chemical bonding, the actual coordination
polyhedra often appear fo arise from small distortions of more symmeirical,
ideal polytopes and this “ pseudo-symmetry” is then reflected in the crystal
field splitting patterns [80,99]. This may lead to erroneous interpretations if
the spectra are not recorded under high resolution. The second interesting
feature in the emission spectrum of Eu(NQO;}, - (15-5) is the presence of six
to seven components for the °D, —F, transition in addition to some weak
vibronic transitions. This problem was solved by doping the lanthanum
complex with 1.4% Eu *: the resulting spectrum displays five bands and is
quite similar to the spectrum of the Eu complex, except for two bands which
are no longer present. The authors interpreted these two components as
anising from “luminescent traps” which come from crystal defects or from
slight impurities in the crystal.

In the 12-crown-4 complex, the Eu(1il) ion lies on a site without symme-
try. This site is unique as indicated both by the crystallographic and the
emission data (one sharp *D, — 'F, transition). However, the *D;, — ’F, transi-
tion consists of 23 lines, 14 of which may be assigned to vibronic transitions,
The spectrum of the isostructural lutetivm complex doped with 1.5% Eu
displays the same spectrum, so that the above explanation cannot be
invoked. The authors propose that the extraneous splittings (2-5 cm™ ') may

* The La and Eu complexes are not sirictly isostructural (Table 10), but the Gd camplex
could not be crystallized [30).
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arise from Fermi-type resonances between the electronic 'F; sublevels and
vibrationat states.

The structure of [Eu(NO,},(18-6)],Eu(NO,), has been probed by high
resolution, laser-excited emission and excitation spectroscopies at 77 and 4
K. Preliminary resulis include the assignment of the two main components
of the °D, — "F, transition, themselves split into four to five lines each [101].
It is concluded that this complex has a structure which resembles the
structure of the neodymium complex, with additional distortions arising
from different conformations of the crown ether. The corresponding com-
plex with 21-crown-7 also displays an emission spectrum with two main
D, = F, components [42]. The site symmetry of the Eu(III} ion has also
been probed in  EuCl; - (DC-18-6)-H,0, EuCl;-{B-15-5)-4H,0,
Eu{NCS), - (DC-18-6), Eu(NO,), - (DC-18-6), Eu{C1Q0,); - (2,2,2) [38].

Horrocks and Sudnik have developed an approach to estimate the number
of water molecules coordinated onto the metal ion in Eu(Iil}) complexes
[102]. This number is equal to ¢ = 1.05 [kK(H,0) — k(D,0)], where the k
terms are the rate constants for non-radiative deactivation via coupling with
OH and OD oscillators. The & values are determined by lifetime measure-
ments. This method yields ¢ = 1.7 for solid EuCl, - (2,2,1)-2H,0 and g = 2.2
for frozen aqueous solutions (77 K) of this cryptate [103]. A similar study
performed on Eu(BF,), - (29}, indicates that only one water molecule can
coordinate (¢ = 0.9 + 0.4). The detailed analysis of the laser-excited lumines-
cence spectrum is consistent with a metal site symmetry lower than D,,. The
authors conclude that the Eu(IIl) ion is coordinated in a fashion similar to
that of the analogous Ca(II) complex, CaCl, - (29}, with Ca(II) in a site of
D, symmetry [70].

fv) Other spectroscopic properties

A Mossbauer investigation has been reported for Eu{NCS), - (DB-18-6)
and Eu(NCS), - (B-15-5)-H,0 [87). A small positive isomeric shift, with
respect to EuF, is found for both complexes, meaning that the s-electron
density at-the Eu nucleus is larger in the complexes.

F. SOLUTION STUDIES OF COMPLEXES WITH Ln¢lil} IONS

{i) Complex formation as observed by electronic spectra

Evidence for an interaction in solution between Ln(Iil} ions and benzo-
substituted crown ethers has been reported by many authors. The absorption
of the benzene ring at ca. 275 nm is indeed modified upon complexation:
two bands corresponding to both complexed and uncomplexed ligand are
usually observed, indicating incomplete coordination. For instance, Pedersen
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[8] mentions the appearance of an additional absorption at slightly longer
wavelength for La(OAc), solutions in methanol containing the DB-18-6
ether; no modification of the absorption spectrum is, however, observed for
solutions containing the DB-24-8 polvether. A similar hypsochromic shift
{< 5 nm) is found for Ln{NCS}), solutions in CH,CN (Ln = Sc, Ce, Nd, Sm,
Gd, Tb [9,16]) and Ln(NO,), solutions in acetone [11] contaning the B-15-5
and DB-18-6 crown ethers. On the other hand, ethanolic solutions of
LnX, - (B-15-5), with Ln = Eu, Gd, Tb and X = NO; , NCS5™, ClQ, , do not
show a red shift of the benzenoid band, which has the same absorption
coefficient as in the uncomplexed ligand solutions [98]. However, the ligand
fluorescence is quenched in Tb(III} complexes: the quantum yield of this
fluorescence decreases by 23%, 30% and 15%, for X = NO;, NCS™ and
ClO, , respectively. Simuitancously, a metal-ion sensitized emission occurs,
with a quantum yield equal to 0.4 X 1073, 0.3 X 1073, and 2.2 X 1077 for
X =NO;, NCS7, and ClO,, respectively. Such an emission, which is
caused by an energy transfer from the singlet state of the ligand to the metal
ion only occurs weakly in Eu(1il) compiexes {98).

Ciampolini et al. have studied the ligand-to-metal charge transfer bands of
Ln(ClO,}; solutions in CH,CN containing the DB-18-6 and the DB-30-10
ethers and found that they reflect partial formation of the compiexes [39,43].

The f-f transitions are also affecied by complexation; their energies are
only slightly changed, but their oscillator strength may vary up to 30%, cf.
LnX,- L in CH,CN /EtOH mixtures, with Ln = Nd, Ho, X = NO; , NCS™,
Cl7, and C1Q, , and L = B-15-5, DB-18-6, DC-18-6, (2,2,1), and (2,2,2) {38].
The luminescence spectra of EuCl; in alcohol or benzene are modified when
DB-18-crown-6 is added, which points to the formation of a complex in
these solutions [104].

The 'D, «*H, transition of the Pr(IIl} ion couid be used to demonstrate
the formation of a 1:1 complex between Pr{NO,), and 18-crown-6 in
anhydrous acetonitrile [30]. When 4: 3 complexes are dissolved, the resulting
solution has a molar conductance larger than that of solutions with the
corresponding 1:1 complexes. In view of the structure of these complexes,

this can be explained by the presence of the following equilibria in solution
[30,36]

3{LnX,-(L)] " + LnX}™ S LaX,-(L) + LnX}~
+2|LnX,-(L)]" s 3LaX; (L} + LoX;

For X =NO;, it has been noticed that hexakis(nitrato) species dissociate
completely in solution [105]. Moreover, the high resolution excitation spectra
of solutions containing Eu(NO,); and various concentrations of 21-crown-7
in CH;CN confirm this scheme: three *D, — "F, transitions are observed at
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579.4, 578.8 and 578.4 nm, which correspond to the presence of three
different Eu-containing species. Since the intensity of the last decreases upon
addition of ligand, it is assigned to Eu(NO,}, [42].

Electronic spectra have also been reported for various coronates, with
ligands 10 [46], 11 [47.48], 14 [51], 15 [53a] and 16 |54}, for podates {104,106]
as well as for cryptates [58,59,61,107]. In the case of oligooxaalkanes, both
1:1 and 1:2 complexes were reported for LnCl,;, Ln(NQO;}; (Ln = La, Nd,
Eu, Er, Lu} and derivatives of mono- and diethylenegiycols [106]). A study of
the photophysical properties of EuCl;-{2,2,1}) in water shows that the
Eu(IIl) ion is encapsulated into the ligand cavity and lies on a site of low
symmetry {C,, ). The cryptand only partially shields the Eu(IIT) ion against
further interaction with solvent molecules: the method described above
{Section E) to estimate the number of coordinated water molecules yields
g = 32, which means that three water molecules are bonded through the
holes between the aliphatic chain of the (2,2,1) cryptand [103].

{ii} Stability constanis

Key information is provided by the stability constants of the complexes
and their associated thermodynamic parameters, which allow an under-
standing of the leading effects in the Ln-macrocycle interaction. The log S,
have been measured for many complexes by use of different techniques,
potentiometry, calorimetiry, electronic and NMR speciroscopies, we shall
discuss them first and correlate these values with the observations made in
Section C upon the stoichiometry of the isolated adducts.

Table 16 lists the resuits of a systematic study by Desreux et al. [108-110)
on the compiexes with various substituted and unsubstituted crown ethers.
With small polyethers, 12-crown-4 and 15-crown-5, both 1:1 and 1:2
complexes form in propylene carbonate. The stability constants for the
former are more or less constant over the lanthanide series, When Z
increases, the cation charge density increases, bringing about stronger elec-
trostatic interactions with both the ligand and the solvent. Since the com-
plexation is accompanied by partial desolvation of the Ln(I1I} ion, it appears
that the favourable larger interaction with the ligand is compensated by a
more difficult desolvation, leading to almost no vanation in log 8,. On the
other hand, the stability of the 1: 2 complexes is much larger than that of the
1:1 adducts and decreases with increasing Z for the two ligands, an effect
which can be accounted for by structural considerations. The two polyethers
are brought closer together when the ionic radius decreases and steric
interactions are likely to become important at the end of the rare-earth
series. It is noteworthy that both ligands show a complexation trend which is
opposite to the one exhibited by non-cyclic ligands, but which is typical of
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larger macrocycles. Both 1:1 and 1: 2 complexes with 15-crown-5 are one to
four orders of magnitude more stable than the corresponding complexes with
12-crown-4. This difference is due to the greater number of donor atoms,
which allows better fulfiliment of the coordination number requirements of
the Ln{I1l) ions. In addition, the better flexibility of 15-crown-5 could also
partly account for the greater stability of its complexes. The log 8, values are
consistent with the findings that (i) a 1:1 complex cannot be isolated with
15-crown-5, even in the presence of a large excess of Pr(Cl0O,), [21] and (11}
mixed complexes Ln{ClO,), - (12-4)-(15-5) do not crystallize for Ln=La
and Ce [23].

The presence of a phenyl substituent on the 15-membered cycle causes a
large decrease of the stability constants, by approximately three orders of
magnitude. Moreover, 1: 2 complexes do not form, except with La(III}). This
lower stability may be associated with the electron-withdrawing effect of the
phenyl ring, resulting in a lower basicity of the oxygen atoms. In addition,
the substitution induces a larger rigidity and a small decrease in the cavity
size. The log B, values exhibit a maximum for the Nd(II) ion, followed by a
decrease; from TH(III} on, they remain constant. This behaviour reflects the
delicate balance prevailing between the favourable and unfavourabie factors
influencing the complexation process. The large stability difference between
the Sm{I1l) and Eu(IlI} complexes may explain why King and Heckley could
isolate Ln(NO,), - (B-15-5) complexes for Ln=La-Sm only. The log B,
values for the substituted DB-18-crown-6 ligand decrease with increasing
atomic number. The La(IIl) /Lu{1I]) selectivity, Alog 8, = 2.6, is comparable
to the one achieved in water with, for instance, isobutyric acid, but is smaller
than that exhibited by EDTA. Again, the data reveal a large decrease in
stability between Nd(III), Sm(IH) and ‘Eu(III}) complexes, which may be
related to the failure to obtain crystalline Ln{NQO,), - (DB-18-6) complexes
[11-16]. The complexes with substituted DB-18-crown-6 are more stable
than those with substituted B-15-crown-5 for Ln = La-Er. The log §,
difference decreases with increasing Z and the reverse trend is observed at
the end of the lanthanide series, probably because of the unfavourable D,/ D,
ratio. The DB-30-crown-10 ether is a highly flexible ligand and can wrap
around the metal ions. Complexes of 1:1 stoichiometry can be isolated with
the lanthanide perchlorates La—Fu and Dy-Yb [43]). This can be parily
rationalized considering the log 8, values for the complexes, which exhibit
unusual behaviour: the plot log 8, vs 1/r is a V-shaped curve with a sharp
minimum at Ln = Gd. Desreux et al. [108-110] explain this feature by a
structural change occurring after Gd. Calorimetric data support this hy-
pothesis. The A S values are nearly constant for Ln = La—Gd while the A H
values become less exothermic, reflecting a weaker interaction. From Gd to
Yb, both A,S and A;H values become more negative. Complexes with
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DB-30-crown-6 and substituted DB-18-crown-6 have approximately the same
stability, despite the greater number of donor atoms of the former hgand. In
the “wrap arocund” structure that may be assumed in the presence of the
larger Ln{I1l) ions, the ligand conformation is highly strained, which leads to
a reduction in stability. The decrease of the meial ionic radius causes the
iniraligand repulsions to become progressively stronger; further contraction
is no longer possible for accommodating ions smaller than Gd(I11), hence the
structural change.

The influence of both the anion and the soivent upon the complexation of
unsubstituted 18-crown-6 is displayed in Table 17. The stability of
Ln{CF,;S80,),-(18-6) complexes in propylenc carbonate decreases only
slightly from La to Yb [49]). The log B, values are three to five orders of
magnitude larger than for substituted dibenzo-18-crown-6 ether, for reasons
similar to those discussed in the case of 15-membered ligands. The presence
of a strongly coordinating anion reduces the charge density of the cation,
resulting in a large drop in stability: a comparison of La(CFS0,)}; in
propylene carbonate {49] with La(NO;), in acetonitrile {30] indicates Alog
B, = 4.35. The stability is also decreased in polar solvents. For instance,
LnCl, complexes in methanol /water are 10 times less stable than Ln{NOQO,),
complexes in acetoniirile and no complexation is observed after gadolinium

TABLE 17

Stability constants (log 8,) at 25°C of 1:1 complexes between 18-crown-6 ether and LnX,
salis, in various solvents

Ln Cl"; CH,OH/H,0* CI";CH,OH® NO;:;CH,CN°® CFSO;;PC?

La  3.29+003° 3.25 a4 8.75
Ce 3574020 2.81 4.5

Pr 2634028 2.47 3.7 8.60
Nd 2444016 2.16 3.5

Sm 2034007 <16 2.6 8.10
Es  1.84+0.14 <15

Gd 1324012

Dy ¢ <12 7.90
Er <14 7.67
Yb 238 7.50
Rei. 111 112 30 49

2 Titration calorimetry, p = 0.005. ® Potentiometric competitive method (Na(l) selective elec-
trode), at 264+0.5°C, p=02, +0.001. “NMR measurements, in anhydrous acetonitrile,
variable p: [Ln(iiT}] between 0.9 and 1.7x 1072 mol 17}, £0.2. ¢ Competitive potentiometric
method using H* or Ag™ as auxiliary cations, with Et,NCIO, as supporting electrolyte,
p = 0.2, in anhydrous propylene carbonate, +0.1-0.2, * Another value was proposed, 4.08+
0.10, obtained by a fluorimetric method [113]. F No measurabie heat of dilution from Tb(iI1)
on. 2 In CD,CN, 2.8 [36].
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[111]. This may be rationalized by considering the strong competition from
the solvent molecules.

Data pertaining to (2,1,1), (2,2,1) and (2,2,2) cryptates, as well as to a
15-membered, N-containing coronate are collected in Table 18. The
lanthanide cryptates present very slow kinetics of formation so that measure-
ments are difficult to perform. Using a titrimetric method, Anderegg [116]
has found that one month is necessary to obtain equilibrium in MeOH /water
for the La{lll) ion; furthermore, solvolysis competes with the complex
formation and no formation constant could be determined by this author for
the heavier Ln{IlI) ions. As expected, the stability of the {2,2,1} cryptates is
larger than the one exhibited by the crown ether complexes. In propylene
carbonate, log 3, is around 19 for the cryptates and around 8 for 18-crown-6
complexes [49]. With respect to the monocyclic ligand, the “macrocyclic
effect” amounts to Alog 8, = 4 in this solvent, a value similar to that found
for alkaline-earth ions, Ag(I), Pb{II) and Cd(1I). The same authors j49] also
report the following stability sequence: Eu(Ill) = Ag(l) > Pb(Il) > Ca(il) >
Na(I). An interesting result is the relative insensitivity of the formation
constants to ionic radius changes along the lanthanide series. One explana-
tion traces this fact back to the influence of the two amine groups which
have a great stabilizing effect: log 8, increases by 8-10 units when two ether
functions of the 15-crown-5 ether are replaced by -NH groups [49]. A
somewhat smaller difference exists between the 18-crown-6 ether (log 8, =
3.29 in MeOH /water [111]) and its diaza-substituted homologue (log 8, =
6.18 [116]), but the 1:1 complex [La-L]’*, where L=147,10,1316-
hexaazacyclooctadecane (hexaaza-18-crown-6) i1s quite stable in water: log
B, =5740.3 [117). According to one study [49], a certain specificity to-
wards the metal ion radius seems to be present in methanol: Alog
B(La/Yb)=3.72, the ytterbium complex with (2,2,1) being more stable.
{The *macrobicyclic effect” is smaller in this solvent, Alog 8, = 1.5, proba-
bly because of the solvation effect.) This tends to be consistent with the
metal ion specificity observed between the cryptates with (2,2,1) and (2,2,2)
by electrochemical measurements [118], the former complex being more
stable by more than two orders of magnitude. At variance with these results
are the pH titration data of Burns and Baes [{115], obtained after allowing
4-6 weeks for equilibrium to be reached: atmost no difference is observed in
aqueous solution either between (2,2,1) and (2,2,2) cryptates, or along the
lanthanide series. Since this question of specificity is of considerable signifi-
cance in cryptate chemisiry, Pizer and Selzer {114} carried out the determina-
tion of the stability constants by a visible spectroscopic method using
murexide as metal 1on indicator; they used dimethyl sulfoxide as solvent to
remove the difficuities associated with metal ion hydrolysis. The resulting
data, displayed in Table 18, show a lack of metal ion specificity, which may
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come from interactions with the solvent. Indeed, the structural and spectro-
scopic data discussed previously reveal that small molecules, e.g. water [103],
or anions may coordinate onto the lanthanide ion through the holes between
the aliphatic chains of the cryptand in order to increase the coordination
number of the cation. When chlonde is added to the Yb(III} solution, log 8,
(2,2,2) is reduced from 4.11 to 3.00, whereas no effect is observed on the
formation constant of the St{Il) cryptate [114], which confirms the above
explanation. In fact, stability constants for the formation of [Eu(2,2,1)X]?*,
[Eu(2,2,1)X,]* complexes with X =F, OH, as well as [Eu(2,2,2)F)** and
[Eu(2,2,2)F,]* complexes are reported [58,118]: they range between 2 % 107
and 3 X 10° (log B,) and between 3 and 7 X 10° (log B,), respectively. The
hydroxy! association is stronger than the fluoride interaction. With respect to
the aquo-ion, the F~ association is approximately 10 times larger with the
cryptate, whereas OH™ interaction is the same for both systems.

The thermodynamic parameters available for the complexaiion of 18-
crown-6 are listed in Table 19. In a polar solvent such as methanol, the
enthalpy of complexation is positive and the complexes are stabilized by
entropic effects. In anhydrous acetonitrile, the nitrato complexes display
exactly the reverse trend: they are stabilized by enthalpic effects and
destabilized by entropic effects. These latter may include an unfavourable
conformational change of the ligand upon complexation. The same trend
was observed for DB-30-crown-10 complexes in propylene carbonate (vide
supra) [108].

(iii) NMR and electrochemical studies: structural and kinetic data

Data pertaining to shift reagent studies,. e.g. Eu(fod); complexes, are

TABLE 19

Thermodynamic parameters A 4 ¢(kJ mol~!) and A.S ¢(J mol~! K~} at 25°C for the
formation of 18-crown-6 complexes

Ln C1™; MeOH/H,0[111]* C1"; MeOH[112)®  NO; ; MeCN [119]*
AH A, AH A,S AH AcS

La 11.8+0.2 102.5 9.6 94.0 —36.2 —37.3
Ce 106405 14.0 16.1 108.1 -4340 —556
Pr 187117 1130 18.6 109.5 —44.0 —-769
Nd 200+1.1 1137 257 1277 —36.2 —54.3
Sm 154402 90.4

Eu 128106 78.2 —128 +8.7
Gd 15.6+0.6 77.6

Yb

2 See footnote ®, Table 17. ® See footnote ®, Table 17. © By a calorimetric method, in anhydrous
acetonitrile, {Ln] ca. 0.05 M.
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described in the next paragraph; moreover, the Ln{lI1})/Ln(I1) reduction
kinetics will be reviewed in Section G.

'"H NMR data are often used to probe complex formation in solution. The
proion spectra of dibenzo-15-crown-5 complexes in acetone, Ln(NO,),-
{DB-15-5)-3H,0 - {CH,),CO (Ln=Sm, Eu, Tm, Yb, Lu) exhibit small
isotropic shifts with respect to the ligand alone, +0.04 to 0.5 ppm, except for
Ln = Tm (+0.24 to +1.33 ppm); these shifts are much less important than
those arising from the tris(dipivaloylmethanato}Eu(I11) shift reagent [11,12].
In addition, the spectra display signals from coordinated solvent molecules,
H,0 and {(CH,),CO, in agreement with the formulae of the complexes.
Similar shifts are observed for Tb complexes in the same solvent [98]. The
spectra of ScCl; and Sc(NCS), complexes with both B-15-crown-5 and
DB-18-crown-6 also attest to the presence of solvent coordination (THF,
CH,CN, H;0)[16,17]; they are typical of a weak Ln{I1I)-ligand interaction.
The same authors have pioneered the use of **Sc NMR spectroscopy to
unravel changes in the chemical environment of the Sc{iil) ion {120]. No
evidence for complex formation is found when DC-18-crown-6, B-15-crown-5
or DB-18-crown-6 are added to Sc{Cl0,}, solutions in water; the addition of
(2,1,1) or {2,2,2) cryptands, however, modifies the spectrum: a smali shift is
observed (6-22 ppm with respeci to the salt solution) and the lines are
broadened. A detailed analysis of the 'H and *C NMR spectra of Ln(C1Q,),
{Ln=La, Sm, Pr) solutions in CD,CN/CDCI; containing the DC-18-
crown-6 polyether is reported by Catiton et al. [121]. Both upfield and
downfield shifts are observed; moreover these experiments show that the
ligand exchange reactions are slow since signals from both complexed and
free ligand are present at room temperature. The experimental spectra for Pr
are adequately fitted using a theory based on the assumption that the
molecular species present in solution has the same structure as La(NO,}, -
(DC-18-6) [37], with C, symmetry. The non-axially symmetric susceptibility
tensor used produced a good fit for both the spectra of the initial solution
and those of solutions containing added water and tributylphosphate. It is
suggested that the observed susceptibility anisotropy is caused by uvnequal
ligand fields from the six oxygen atoms and from non-axiaily asymmetric
coordination of the ligands situated above the polyether ring.

NMR data are aiso reported for 1:1 and 4:3 Ln(NO,}, complexes with
18-crown-6, Ln = La-Nd, Eu, Yb [30]. Again, signals from both free and
bonded ligand molecules are observed in acetonitrile at room temperature,
aliowing determination of the stability constants. Solutions of 1:1 and 4:3
complexes give essentially the same spectra, except for Nd; this reflects the
presence of the above-mentioned equilibria in solutions containing the 4:3
complexes. The addition of water has a small effect up to a [H, 0} [Ln] ratio
of 10-20. Low temperature spectra fall into two categories. For Ln = La, Eu,
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YD, the resonance of the coordinated polyether is broadened and shifted.
For Ln=Ce, Pr, Nd, this resonance is split into two components of
approximately the same intensity. Inter- and intramolecular exchange reac-
tions account for this behaviour [30], but they could not be compleiely
elucidated. For Ln = Nd, heating the solution to 70°C resulted in a broad-
ening of the free ligand resonance corresponding to an intermolecular
exchange rate of 12 s™!. The spectrum of Yb(NO,),:(H,0),-(18-6) was
analyzed by Backer-Dirks et al. [36] between 292 and 343 K. Over this
temperature range, the ligand dissociation is approximately constant so that
A, s close to zero,

The paramagnetic shifts of the lanthanide perchiorate 1:2 complexes with
12-crown-4 in acetonitrile are interpreted as arising essentially from a
dipolar origin [20]. Using the known equation [122]

Av 3cos?f — 1

= D)

Desreux and Duyckaerts deduced the average distance between the central
metal ion and the oxygen donor atoms of the polvether under the assump-
tion that the complexes investigated are axially symmetric. This distance is
found to decrease from Pr to Yb, in agreement with the concept of
lanthanide ionic radii contraction. The absolute Ln—-O distances are, how-
ever, to be taken with care in view of the simplificd treatment applied to the
experimental data. Moreover, only the Pr, Ho, Er, Tm and Yb adducts yield
spectra with sufficiently narrow lines to be interpreted. For the La
(C10,},/(12-4} /CD,CN system, the analysis of the spectra as a function of
the lipand fo metal ratio and of the temperaiure (—30°C 10 +40°C)
indicates a dissociative mechanism for the intermolecular ligand exchange,
with k =4 s~ ! at 25°C [23].

The NMR spectra of Pr(NG,); - (13) in CD,;NQ, pont 1o a complex with
an irregular conformation similar to the structure of NaSCN - (18-6} and to
slow ligand exchange kinetics [50]. The coronates Ln{NO,}, - (15}, Ln = La,
Ce remain undissociated in water; the NMR spectra, which indicate that the
cerium compound has a biaxial susceptibility tensor, remain unaltered after
addition of Ce(Ill} to the La-complex or of La{Ill) to the Ce-complex [52}.
The kinetic inertness of these complexes is further indicated by the fact that
no precipitate is observed upon addition of KF or KOH to their aqueous
solutions. The NMR spectra of other coronates are consistent with the
proposed complex formulae {47,48,53].

Cryptates are highly inert complexes: treatment by a base at pH = 10 for
several days does not induce the precipitation of lanthanide hydroxides [57];
their NMR spectra therefore easily provide evidence for the formation of
complexes in solution [123] as, for instance, between La(NQO,;}, and a



232

macrotricyclic ligand [124] belonging to the {3}-cryptand class {1}. The
lanthanide (2,2,1) cryptates have been studied in great detail in D,O and
CD,CN {58,125]). The induced paramagnetic shifts obey the equation

8, = A,(S,) + DG,

where 8, is the shift of the /th proton measured from the resonance position
of the diamagnetic La complex, 4,(S,) is the Fermi contact term, D,
Bleaney’s constant [126] specific to a given Ln ion, and G; a geometric factor
dependent on the position of the proton relative to the ion. The relative
linewidths depend on the radial distance H-Ln{III}; X-ray structurai data
allow the calculation of these distances, so that the eight paramagnetically
shifted resonances could be assigned. The plots of §; vs. D for Ce—Eu, Tb-Er
all give straight lines passing through the origin, which means that contact
interactions are negligible and that the geomeiry of the compiexes is the
same for the entire series. Moreover, the analysis of the coupling constants of
La(NO,);-(2,2,1} in CD,CN indicates that a single conformation of the
ligand is highly favoured [125]. A limited number of (2,2,2) cryptates with
Ln(NQO,), were aiso studied (Ln=La, Ce, Pr, Nd, Sm) [58,123]. The
paramagnetic shifts are smaller than for the (2,2,1) cryptates; the assignment
of the -N-CH, resonances were done using a deuterated ligand. Only three
resonances are observed, pointing to highly symmetrical inclusion com-
plexes. Approximate half-lives for the aquation of [Sm(2,2,2)]** and
[Nd(2,2,2)** at 0°C were found to be 45 and 65 min, respectively [58]. The
spectra of (2B,2,1) cryptates are also reported [59,60]: the observed shifts are
typical of true inclusion complexes.

Further kinetic data are provided by elecirochemical studies: the dif-
ferences in the voltammetric behaviour between aquated and encryptated
Ln(IH} ions can be used to follow the kinetics of dissociation [55]. Table 20
summarizes the rate constants and activation parameters for Eu- and Yb-
cryptates. The reaction is found to be acid catalyzed and the pH dependence
of the rate constant follows the rate law

ka =kd+kH+'[H+]

The presence of significant concentrations of OH™ and F~ also has an
accelerating effect upon the dissociation rates: f,,, for the aquation of
[Eu(2,2,1))** is reduced from 27 days at 25°C to 2.8 days and 22 min upon
addition of 0.05 M F~ and OH ™, respectively [118].

{iv) Shift reagent studies

Lanthanide ions, especially Pr{III}) and Eu(lll), are used as structural
probes in high resolution NMR spectroscopy. Earlier studies used tris(di-
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pivaloylmethanato) complexes, Ln(dpm),, but it was soon realized that
tris(heptafluorodimethyloctanedionate) complexes, Ln(fod);, were more suit-
able: they are stronger Lewis acids and more soluble in non-polar solvents.
The compiexing constants K(LSR) for the binding of organic molecules to
the lanthanide shift reagents (LSR) can be calculated unambiguously from
measurements of the induced chemical shift §(LSR) as a function of the
substrate concentraiion, ai constant LSR concentration. Since adducis of
different stoichiometries (2:1, 1:1, 1:2) may form and coexist in equi-
librium in solution, it is essential o determine these constants from several
resonances.

Eu{dpm), was used to elucidate the NMR spectra of several polyalkylene
glycols; it was found that when two isopropylene groups are present, some
resonances are separated into two doublets, which may be explained by the
presence of optical isomers [127]. Mono- and diaza derivatives of benzo-15-
crown-5 ether were investigated with the use of Eu(fod), [128]. A clear
differentiation in behaviour for the various sets of H nuclei of B-15-5 and
B-21-7 ethers was ascribed to differences in basicity of the individual O
atoms and, therefore, to their selective coordination to the LSR [129]. Data
for experimental formation constants of several adducts with coronands are

TABLE 21

Formation constants of the Lo{fod); 1:1 adducis with various crown ethers and coronands,
from 'H NMR spectra

Ligand Ln T(°C) Solvent K (LSR) Ref.
{lmol™ )
12-Crown-4 Eu K[ N C,D; 108.8° 130
15-Crown-5§ Fu 30 cDCl, 181.3*° 130
18-Crown-6 Eu 30 CcDd, 8s5.7° 130
Fu 28 CDCl, 19 +1 131,132
Fu 28 CDCl, 21 +2° 132,133
Pr c CDCl, 224104 134
DB-18-Crown-6 Eu 27 CD,Ci, 21 #2 135
Eu e CDCl, 21 +1° 131, 135
Fu 28 CDCl, 25 +2°¢ 132,133
Pr c CD,Cl, 11 +1 131
Pr 27 CDCl, 16 +2 131, 135
Pr 27 CDCl, 19 13 133
Ligand 16f Eu ¢ CDCl, 5.35 136
21-Crown-7 Eu 30 CDCi, 77 130
Ligand 278 En 28 cDdl, 46.3 137

® From ?C NMR data. * X, for the 1:2 complex:4.0+0.5. ¢ Not given. ¢ K,=3.0+05
(135] or 2.5 [132]. © K, = 2.5+0.5 [135], ! Dithia-substituted 18-crown-6 ether. & Refer to
Fig. 7.
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reported in Table 21. They are small, which points to unstable complexes.
Moreover, values obtained with 'H NMR experiments are very different
from those calculated from *C NMR data. In the dithia-18-crown-6 (ligand
16) adduct, the shift reagent is coordinated to the O atoms [136], while for
ligands 27 and 28 (Fig. 7), the coordination proceeds preferentially over the
phosphoryl groups [137]. Formation constants for the complexes with 2,6-di-
ones {hgands 29 and 30, Fig. 7} are also reported [130).

The ligand exchange kinetics of Eu(fod),-(18-6) have been studied in
CDCl,. At 22°C, log k = 4.8 for 0.05 M solutions, and the activation energy,
determined between —60 and +40°C, amounts to £, = 37.7 kJ mol™ !, A
slightly positive entropy of activation is found leading to the conclusion that
a dissociative mechanism is operative [138]. Similar results are found for
Pr{fod}, - (18-6): log k = 5.4 at 20°C and £, = 39.8 + 0.8 kJ mol ! [134}.

29 15-5-Dione 30 18-6-~Dione

Fig. 7. Formulae of phosphoryl-containing coronands and of dione derivatives of 15-crown-5
and 18-crown-6 ethers.
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Other studies involving macrocyclic polyamino polyacetate ligands are not
reviewed here [139-144].

G. COMPLEXES WiTH DiVALENT LANTHANIDE ION3

(i} Electrochemical reduction of Ln(lll} ions in the presence of macrocyclic
ligands

Gansow and co-workers [55,57,60,118] have pointed out that the encrypta-
tion of Ln(III) ions, especially Eu(II1) and Yb{III), has a marked effect upon
the electrochemical properties of the Ln{lll)/Ln{il) redox couples. The
cyclic voltammograms of the aquo ions are irreversible, while the encapsu-
lated ions display a reversible oxidation-reduction process. The cyclic
voltammograms serve therefore as evidence that the metal ions reside inside
the ligand cavity. Moreover, the reduction potential of the cryptates is
shifted towards less negative values, which means a stabilization of the
Ln{II} oxidation state by the macrocyclic ligand. The difference in formal
potential, AE,, between the complexed and uncomplexed one-electron redox
couples is directly related to the difference in free energy for these processes

_2303RT log Ky _ AGH — AGy,

AE,

The results of vanous studies in water are reported in Table 22. The formal
potentials E; do not vary upon addition of an excess ligand or a change of
electrolyte (e.g. 0.1 M NaClQ, instead of 0.1 M Et ,NCi0,). Moreover, the
logarithmic analysis of the reduction waves yields linear relationships with a
slope close to the theorelical value of 59 mV. Therefore, one can conclude
that the reduction of [LnL}** leads to the formation of [LnL]?*, via a
one-clectron exchange mechanism. The Ln(Il) complexes are 10° to 10’
times more stable than the Ln(IiI} complexes. The more stabie Ln(II)
cryptates are those with the (2,2,2) ligand, the cavity of which is too large for
the Ln(II1) ions. Yee et al. [118] have evaluated the enthalpic and entropic
contributions to this stabilization and found that A(AG")= AS]; — AS] is
positive so that the large positive values of A(AG®) are associated with quite
large values of the enthalpic terms. A similar stabilization is obtained in
methanol: log (8,/8;)=2.2 and =2.4 for Sm and Eu cryptates with
(2,2,1), respectively [49). On the other hand, the same authors do not find
any stabilization of the Sm(II) cryptates in propylene carbonate: the reduc-
tion waves of the latter occur between —1.85 and —2.00 V, whereas that of
the solvate has an apparent potential of —1.23 V [49].
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Both the trivalent and the divalent cryptates are substitutionally iner¢ on
the cyclic voltammetric time scale and the rate constant for electrochemical
exchange, k., is large, between 0.8 and 1.1 cm s™! [145]. Yee et al. have
reported a polarographic study of the one electron reduction kinetics of the
Eu(I11) cryptates with {2,2,1) and (2,2,2} by the aquo ions M{1I),, (M =V,
Eu), as well as the oxidation kinetics of [Eu(2,2,1)]** by [Co(NH,).]**
[146]. An estimate of the rate constants for the Eu(III /1) self-exchange, £.,,
could be made from the second-order rate constants for the acid-indepen-
dent pathway. For the reactions involving the V(II},, ion, they amount to
2x107% 13 and 14 X 10”21 mol~! s™* for Eu(I11 /1I),,, [Eu({I11 /11) - (2,2,1}]
and [Eu(IT1/11)-(2,2,2)), respectively. That is, the encapsulation of the
europium ion by the cryptands (2,2,1) and (2,2,2) results in an increase of
these constants by 6.5 x 10° and 2 X 10°, respectively. This difference be-
tween the two cryptates is expected since the ligand conformational changes
anticipated during the electron transfer are smaller for [Eu(IIL/11)2,2,2)]:
the smaller (2,2,1) ligand is less flexible than the (2,2,2) cryptand. The
authors suggest that non-adiabaticity is not primarily responsible for the low
reactivity of the aquo-ions [146}.

The Ln{1]) ions are also stabilized by crown ethers [15,110] {cf. Table 23).
The effect for 1: 1 complexes is similar to that observed for (2,2,1} cryptates

TABLE 22

Stabilization of Ln(II} vs. Lo(iIl} by cryptands in water: formal potential E; (m¥) vs.
saturated calome! electrode and log (B, /8i) for 1:1 complexes at 25¢C; supporting
electroiyte, 0.1 M Et ,NCIO,

Ln Ligand — E (mV) log (B1/Biur) Ref.
Eu H,0 626° 118
22 425 3.4 118
222 205 7.1 118
208 71 145
(2B,2,1)® 370° 43 118
(2B, 2,1} ¢ 365°¢ 4.4 59
Sm © H,0 =1780° 49
(2,2,1) 1640 =24 49
(22,2 1410 =63 49
Yb H,0 1423 118
2,2,1) 1108 54 118
1094 & 5.5 145
(2B,2,1)® 1100 ¢ 5.4 55,57

" Electrolyte: 0.1 M sodium p-tosylate. ® Ligand 9, Fig. 1, X = H. © Electrolyte: 0.5 M
NaClQ,. ¢ Ligand 9, Fig. 1, X = NH,. © At 22°C. T Not reversible. ® Electrolyte: 0.1 M
tributylammonium perchlorate at 22°C.
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in water. Because Yb{1I) and Ca(ll} on the one hand and Sm({II} and Sr({lI}
on the other, have quite similar ionic radii, it is expected they will form
complexes with comparable stability. This is indeed the case for the latter
pair of metal ions whereas the complexation consiants of the Yb({l} crown
adducts are always between those of Ca(ll} and Sr(1i) [147]. A determination
of the Eu(1i /I1I} stabilization in propylene carbonate could not be achieved
by potentiometry or by polarography, either because of the reduction by the
amalgams used or because the Il — I polarographic wave of the complexed
metal ion is displaced beyond the oxidation wave of mercury [109]. A slight
stabilization of Sm(II) and Yb(iI} by the unsubstituted 18-crown-6 ether has
also been observed in propylene carbonate, but log (/) remains
smaller than 1; no stabilization cccurs with the diaza-substituted 15-crown-5
ether [49).

Finally, polarographic experiments show that 18-crown-6 stabilizes the
Sm(11} and YH(II) oxidation states in water [148].

{ii) Solution studies of Ln{Il} complexes

In 1980, Donohue investigated the spectroscopic properties of Ln(IIl) ion
solutions in methanol coniaining 18-crown-6 and found that complexation
causes large changes in both charge-transfer and f-f transition bands [149).
Furthermore, he discovered that the quantum yield for the photoreduction of
Eu(1il} to Eu(il) is dramatically increased in the presence of the polyether.
Upon photolysis of a 0.001 M solution of EuCl, by an argon laser (351-363
nm), the absorbance of the 320 nm band of the divalent species is increased
by a factor of ca. 10 in the presence of 18-crown-6 ether. A similar

TABLE 23

Stabilization of Ln(ll) ions by crown ethers in propylene carbonate at 25°C; La{CF,505),,
ionic strength adjusted o 0.1 (Et,NCIQ,); 1:1 and 1:2 complexes observed [109,110]

Ln Ligand Log (By) Log (Bn/Bw)
1:1 1:2 1:1 i:2
Sm 12-4 # 84402 16+03
subst.-15-5® a 108401
subst.-18-6 € T.6040.05 & 3.631+0.03
DB-30-10 8.3 +0.1 2 4554013
Yb 12-4 2 83402
subst.-15-5° & 84401
subst.-18-6 ¢ 1.3240.10 2 4634005
DB-30-10 7.5 +£01 2 2.7440.14

* Complex not observed. ® 4-teri-Butylbenzo-15-crown-5, ¢ 4,4'(5)-Di-tert-butylbenzo-18-
crown-6.
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enhancement is observed when Sm{Ill) solutions are irradiated by an ex-
cimer KrF laser (248 nm): photolysis of the trichloride solutions containing
18-crown-6 produces a fransient blue colour with a lifetime of 3 h. Com-
plexation with (2,2,2) cryptand causes a more pronounced effect: the photo-
lytically produced species has a lifetime of 4 h. By comparison, the Sm(ii}
lifetime amounts to only a few seconds in the absence of complexing agents.
Attempts to photoreduce Ln(IIl) ions using a mercury lamp have been
unsuccessful, which points to a multiphoton process. No substantial increase
of the Yb(II) lifetime is, however, observed upon addition of crown ether or
cryptand [150].

The absorption and emission properties of [Eu(2,2,2)]*" in water have
been studied by Sabbatini et al. [151] at both room temperature and 77 K.
The encapsulation results in changes in the speciroscopic properties of
Eu(Il}. In particular, whereas no emission spectrum 1s observed for Eu(Il),
at room temperature, the cryptate displays a measurable luminescence with a
lifetime of 3 ns (550 ns at 77 K).

A systematic study of the luminescent properties of freshly prepared
solutions of Eu{Il} complexes with various crown ethers, cryptands and
potyethylene glycols in anhydrous methanol has been undertaken by Adachi
et al. [152,153). The stoichiometry of the complexes formed in solution is
determined by Job’s plots in which the emission intensity is plotied vs. the
metal mole ratio. Such plots have to be interpreted with care in the case
where different complexes may form having similar emission spectra but
different quantum yields. For instance, the observation of 3:2 and 4:3
complexes is surprising in dilute solutions ({Eu(il)}=4 X 1073 M) and one
result, with 18-crown-6 ether, was not confirmed by NMR measurements.
The luminescence quantum yields are markedly enhanced by complex for-
mation with the (2,2,2) cryptand and with crown ethers, especially with
15-crown-5 (Table 24). This latter forms a 1: 3 adduct probably shielding the
metal ion from solvent interaction and preventing radiationless deexcitation;
the luminescence of this complex is 700 times larger than that of EuCl,
solutions. A low temperature NMR study reveals the presence of iwo
differently coordinated ligands in the ratio 1:2 [153). A possible application
to the production of phosphors from methanolic solutions of Fu(Il} com-
plexes with crown ethers has been described [154].

Another report mentions that despite the published evidence for the
stabilization of Eu(iI) by 18-crown-6, the dissolution of EuCl,-(18-6} in
degassed absolute methanol results in a rapid oxidation of the divalent ion.
RPE measurements indeed indicate that the addition of the polyether to
methanolic solution of europium dichloride catalyzes the oxidation process:
the more polyether added, the faster the conversion {26]. An explanation is
that the dissociation of the trivalent complex in methanol is more rapid than
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the one-electron exchange process {(cf. Section G(i})
[Eu-L]** @ [Eu-LP’* +e" 2Eud), +L+e”

Once uncomplexed, the Eu(III} ion cannot be reduced to the divalent form
in this medium. One should recall here that the trivalent Eu complex has a
small formation constan{ in methanol.

The use of 18-crown-6 to transport europium, after reduction to its
divalent state, through H,0-CHCl,—H,0O liquid membranes has been pro-
posed by Brown et al. [155]). The Eu(NO,), flux through the membrane is
indeed comparable to that of Sr(NO,}, and 600 times larger than the
Eu(NO,}, flux.

(iii} Isolation of Ln(II} complexes and solid state studies

The isolation of Ln{II) complexes with macrocyclic ligands turns out to be
difficult since the compounds are often very sensitive to oxidation. Good

TABLE 24

Quantum yields Q and lifetime r of methanolic solutions of Eu{{I} complexes with crown
ethers, coronands, cryptands and polyethylene giycols: (Eu(Il)] = 4-10~3 M, room tempera-
ture [153]

Ligand Eu:L Q (%} T {ns}
ratio

Methanol 0.04 20°
12-Crown-4 b 36 300
15-Crown-5 1:3(1:3)° 23 160
18-Crown-6 4:3(1: )¢ 9.4 160
DC-18-crown-6 4:3 6.7 100
DC-24-crown-8 1:1 29 290
B-15.-crown-5 b 1.8 140
B-18-crown-6 ¢ 1:3 0.2 35¢
Diaza-15-crown-5 b 7.1 q2°
Diaza-18-crown-6 3:2 4.6 is6*
21,0 b 0.05 b
{2,21) 3:1 14 24°
2,2,2) 1:1(1: )¢ 9.3 200
HO(CH,CH,0),H ® 0.06 &
HO(CH,CH,0),H 4 0.14 °
HO(CH,CH,0);H 1:1 0.10 b
HO(CH,CH,0),H 2: 0.12 43"
HO(CH,CH ,0),H 2:1 0.18 59°

* Unreliable value. ® Not established or measured. © By NMR measurements.
¢ Monobenzo-substituted 18-crown-6 ether.
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stariing solutions for crystallizing complexes are either EuCl,-2H,0 in
methanol [26] or Sml, in tetrahydrofuran. This latter solution is prepared by
reacting metaltic Sm (Yb can also be used) with 1,2-diiodoethane [156,157].
It is essential to check the purity of the complexes by measuring their
magnetic susceptibility. Indeed, some of the isolated complexes may contain
only 30-60% Ln(il), the remainder already being oxidized [26].

A few Ln(II) complexes are described. Eu(Cl10,), - (DB-18-6) is a colour-
less, microcrystalline complex which turns pale blue when irradiated with
sunlight. The complex is obtained by mixing equimolar amounts of salt and
ligand in N,-degassed acetonitrile. It is thermally stabie up to 320°C and
decomposes completely at 342°C [158]. The complexes of EuCl, with
B-15-crown-5, i18-crown-6, DB-18-crown-6, DC-18-crown-6 and of YbCl,
with DC-18-crown-6 have been prepared from Ln(III}-containing solutions
with Li/naphthalene as reductant. A 4:3 stoichiometry was found for all
these complexes [88]). The 1:1 complex EuCl, - {18-6) was obtained at 0°C
from a methanolic solution containing an excess of ligand. Its IR spectrum
affords evidence for the complexation by the polyether, the v, (CCO} vibra-
tion being shifted by 25 cm™' towards lower wavenumbers [26]. The
intense-blue samarium{II} complex Sml, - (18-6) has a corrected magnetic
moment of 3.36 B.M. at 294 K;; it is quite air- and water-sensitive and only
sparingly soluble in organic solvents. At 77 K, its emission spectrum displays
a broad and structured band (720 nm) assigned to a 4f°5d' — 4f*° transi-
tion; f—f transitions appear on top of this band. The *D, — 'F, transition is
comprised of two components only, indicating that the Sm(II) 1on may lie on
a site with relatively high symmeiry [26].

H. COMPLEXES WITH CERIUM{IV) IONS

Little work is reported on Ce{IV) complexes with macrocyclic ligands.
Reacting Ce(NO,), with dibenzo-18-crown-6 in acetonitrile leads to the
isolation of a dark brown crystailine complex of formula Ce(NQ,), - (DB-18-
6)- CH,CN [159]. This complex is almost insoluble in most organic solvents,
except in DMF and DMSO; it is decomposed by water. Its thermal decom-
position starts at 198°C and is rather complicated, involving four different
steps. The isolation of a diamagnetic adduct {NH,),Ce{NO, ) - (12-4), {26]
and of a complex between Ce{NQ,), and an 18-membered hexaaza macro-
cyclic ligand [160] is also reported.

The templaie reaction leading to the formation of a fluorinated Schiff
base complex of Ce(IV), big[1,1,1,2,2,2-hexafluoro-2,11-bis(trifluoromethyl)-
4,9-dimethyl-2,11-diolato-5,8-diazadodeca-4,8-diene(2-)]cerium(i1V), was in-
vestigated by Timmons et al. [161). The initial reaction mixture contains
Ce(II1), ethylene diamine and 5,5,5-trifluoro-4-hydroxy-4-trifluoromethyi-2-
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pentanone and both condensation and oxidation of the cerous ion occur.
The crystal structure of the pale yellow adduct has been solved; the space
group 15 P2,/c (R =0036). The Ce(IV) ion is eight-coordinate being
bonded to four O atoms and to four N atoms; this is the first crystallo-
graphic evidence for Ce—N bonding. The mean Ce-O and Ce-N distances
are 2.21(2) and 2.6(1) A, respectively. The coordination polyhedron may be
described as a distorted square antiprism [161].

Some studies have shown that a Ce(IV) complex is involved in the
cerium{IV)-catalyzed graft copolymerization of acrylamide onto polyether
urethane [162] and in the emulsion polymerization of styrene [163].

I. APPLICATIONS OF Ln{iii} COMPLEXES
{i) Spectroscopic applications

The gadolinium cryptate with (2,2,1) was proposed as a relaxation agent
for metal nuclide and >N magnetic resonance measurements in water 164].
The advantage of such a reagent is a shortening of the T, relaxation time
without inducing contact shifis since the encapsulation of Gd(IIl) prevents it
from close interaction with solute moiecules, The efficiency of this cryptate
has been demonsirated for *N, #¥Y, "'Cd and "W NMR measurements
[164,165].

Several lanthanide ions display an intense luminescence from long-lived
excited states and may be used as spectroscopic probes [166]. Since the
photons emitted by a luminescent sample can be detected with high sensitiv-
ity, for instance using photon counting [167], these luminescent ion probes
are often useful in solving a variety of chemical and biochemical problems.
Tundo and Fendler have investigated the chiral recognition in tryptophan
derivatives of 18-crown-6 ether {168]. The addition of Tb(Cl, to methanolic
solutions of the polyether produces a quenching of the excited states by the
metal ion. The formation constants of the Tb{IIl}/crown ether complexes,
estimated from a treatment of the fluorescence data, are the same for both
pD-crown-L-iryptophan and L-crown-L-tryptophan: K =28 x10° M™! in
CH ;OH. This means the terbium complexation is unaffected by the chirality
of the host. However, substantial differences are observed in the energy
transler efficiency from the tryptophan side arms, which therefore provides a
measure of the host conformational changes.

An extension of the spectroscopic use of macrocyclic complexes with
Ln{I1l) ions is to attach them to a more complex support; for instance, the
introduction of long alkyl chains to make the macrocycle ligand insoluble in
water and soluble in nonpolar crganic solvents. Polymer-linked systems may
be used as efficient phase-transfer catalysts which can easily be recycled.
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Systems containing hydroxymethyl derivatives of the 18-crown-6 ether and
(2,2,2) cryptand bonded onto a polymer are suitable for extracting cations
from dilute aqueous solutions, a property which has been used to extract the
lanthanide shift reagents Eu(fod}, and Pr{fod), in order to retain a normal
NMR spectrum [169].

Kausar has proposed a diazo coupling of lanthanide benzo crypiates to
proteins, which would then become amenable to spectroscopic and radio-
chemical analyses [59]. The diazotation of [La(2By,,,. 2,11 can be carried
out in water and be followed by a coupling to bovine serum albumin; the
modified protein displays a different absorption spectrum. The coupling of a
radioactive [Pr(2BNH2,2,])]3+ cryptate to ribonuclease-A has also been
achieved to prove that the metal ion remains encapsulated after the cryptate
is attached io the biochemical molecule. ‘

There is little doubt that such experiments will provide interesting oppor-
tunities in bioinorganic research, especially since syntheses for the derivatiza-
tion of macrocyclic ligands are now becomang available [59,170].

(it} Lanthanide separation, extraction and analysis

The similarities in the ionic radii and chemical properties of the various
lanthanide ions make their separation difficuli. It was therefore logical to
take practical advantage of the size-selective cation-coordinating ability of
the cyclic polyethers for this separation. King and Heckiey [11,12] have
chromatographed a mixture of hydrated praseodymium and erbium nitrates
in acetone on a column made up of solid dibenzo-18-crown-6 ether. This
ligand was preferred to benzo-15-crown-5 because it forms less stable
complexes with the lanthanides, which rendess the elution process by an
acetone: hexane mixture more rapid. The visible-spectroscopic analysis of
the eluates showed that Pr(1li) could be obtained free from Er(iil), this
latter demonstrating a weaker retention. These first experimenis were, how-
ever, not pursued. Analytical separation of La—Tb mixtures can be per-
formed by paper chromatography. Such an experiment, with ethyleneglycol
monocthers mixed with oxine as developing agent, was described as early as
1972 {171}. A more recent study used paper chromatography and static
adsorption experiments to investigate the complexation between Ln(III) ions
and several crown ethers [172]; B-15-crown-5, DB-18-crown-6 and their
HCHO-copolymers.

Solvent extraction {and separation} of lanthanide ions based on either
crown ether- {Table 25) or podand-containing systems has generated several
studies. No synergetic effect was observed in the extraction of europium
nitrate by cyclohexyl-15-criown-5 ether and trioctylphosphine oxide [173].
For several extraction systems investipated, 15-crown-5 or its derivatives
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proved, however, to be the best extraction agents; the extracted complexes
usually have a 1 : 2 stotchiometry. The distribution ratios of several lanthanide
ions have been determined by tracer methods using the y-radioactive iso-
topes % Ce, YWINd, 2+¥4Ey, 1Yh, Tm and "Lu [174,175] With
4-methyl-benzo-15-crown-5 in CHCI,, the extracted species are Ln{picrate),
- L, and the extraction equilibrium constants vary in the order Nd > Eu >
Ce > Tm > Yb; the extraction is improved if the organic phase is rendered
more polar either by addition of isopropyl or butyl alcohol or by using
nitrobenzene instead of chloroform [174]. With t-butylbenzo-15-crown-5 in
nitrobenzene, similar complexes are extracted, but the extractability shows a
maximum for Sm(II): Ce < Nd < Sm > Eu > Tm > Yb > Lu; the distribu-
tion ratios obtained with this ligand are twice those with 4-bromobenzo-15-
crown-5 ether [175]. The infuence of the polyether substituents has been
investigated [176]: unsubstituted crown ethers in CH,Cl, (12-crown-4, 15-
crown-5, 18-crown-6) have a betier exiraction ability than their cyclohexyl-
or benzo-derivatives. The different isomers of DC-18-crown-6 also display
different extraction behaviour. The distribution ratios exhibit a maximum at
Sm for beth B-15-crown-5 and DB-18-crown-6. A systematic study of the
extraction ability of 12-crown-4, 15-crown-5 and DB-18-crown-6 in nitro-
benzene has recently been published [177). Europium nitrate in picric acid
solutions was found to be extracted better by the 15-membered crown ether.
In these systems, only 12-crown-4 gives rise to sandwich 1:2 complexes,
whereas the extracied adducts have a 1:1 stoichiometry with both 15-crown-5
and DB-18-crown-6 ethers. The picric acid conc¢entration also affects ihe
extraction; mixed species [Ln(picrate),(NQ,}-L] may form. Other organic
acids, e.g. acetic, citric, oxalic, eic., have a negative influence upon the
distribution coefficient D. The graph of D versus the atomic number of the
extracted Ln ions is reproduced in Fig. 8: Nd, Eu, Gd, Tb and Yb are the
most easily exiracted ions. The presence of other metal ions may also
influence the extraction process: it is found that Hg(Il) and Pb(II) indeed
interfere, contrary to other transition metal ions, such as Fe(IIl), Co(II),
Ni(if), Cu(ll), Zn(il), Ag(D), CA(II) and UO;*.

Liquid membranes can also be used for cation extraction. For instance, a
water-oil emulsion containing sorbitan trioleate, DB-18-crown-6 and chloro-
form can separate praseodymium nitrate from europium nitrate, this latter
remaining in the aqueous phase [178). As seen above, polymer-bonded crown
ethers are suitable for extracting cations from diluie aqueous soluiions [169).

Crown ethers and their derivatives are, however, expensive ligands so that
attempis have been made to replace them by their much cheaper open-chain
analogues. For instance, Zolin et al. have shown that oligooxaalkanes in
chloroform extract neodymium europium and erbium salés from aqueous
sclutions [106). Hirashima et al. [179,180] have attempted to separate
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hydrated lanthanoid nitrates by fractional crystallization in the presence of
HO{CH,CH,0} _H ligands (n = 2-5.7). The stoichiomeiry of the crystalline
complexes is reported in Table 6. The crystalhization time in ethylacetate:
water mixtures varies from a few seconds (#» =4; Ln= La, Pr} to several
days {e.g. n = 5; Ln = Sm, Eu) or weeks (e.g. n = 2; Ln = Dy, Er). Tetraeth-
vlene glycol {n = 4) seems to be the best ligand and crystallization is best
achieved when the water content of the solution is low. The separation
factors for several lanthanide pairs are as follows: 1.7 (La-Ce), 1.4 {Ce—Pr),
2.0 (Pr-Nd), 5.5 (Sm-Nd), 2.9 (Sm-Eu) and 2.0 (Eu~Gd). They are more or
less comparable to those obtained with ethylenediaminetetraacetic acid or
with bis{2-ethylhexyl)hydrogenophosphate [179]. The introduction of poly-
ethylene glycol in ammonium phosphotungstate sorbents results in a syn-
ergetic factor of about 100 for Ce(I1I) [181].

Podands have also proved useful in the preparation of cation-selective
electrodes [182]) and a system working for 5f cations has recently been
proposed [183]. There 1s, however, only one report mentioning an eventual
application to 4/ elements [184).

{iif}) Miscellaneous

Polymeric thermoplastic materials possessing useful electrical properties

15
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Atomic number
Fig. 8. Distribution coefficients D versus atamic numbers of Ln{lil) ions (40 pg mi~")
extracted by 15-crown-5 {0.1 g in 10 mi nitrobenzene} from aqueous soluticns of picric acid
(10 mg mi ™). Reprinted, with the permission of the Royal Society of Chemistry (London),
from ref. 177.
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have been designed [185), comprising a metal salt {(including lanthanide salts)
and a polymer backbone incorporating ether, thioether or methane linkages.

J. CONCLUSIONS

Macrocyclic ligands have added a new dimension to the coordination
chemistry of lanthanide ions. In particular, they allowed the study of highly
coordinated compounds; for instance, the Ln{NO,), - (15-5} adducts are the
first series of complexes in which the Ln(I1l) ions are 11-coordinate. Basic
thermodynamic data are still needed to fully understand the effects influenc-
ing the Ln/macrocyclic ligand interaction. Indeed, as was demonstrated for
monovalent cations [186], the observed facts cannot be simplistically ra-
tionalized in terms of ion diameter to cavity diameter relationships. More-
over, kinetic data on ligand exchange are very scarce and further studies in
this field are certainly desirable.

Regarding the application of the complexes with both macrocyclic ligands
and their open-chain analogues, a wealth of properties could be used,
especially in the extraction and analysis {ion-seleciive electrodes) of the rare
earths. The use of these complexes to attach spectroscopic probes to complex
materiats will probably undergo interesiing developments.
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