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Although coordination chemistry of the trivalent lanthanide ions has expanded rapidly 

in the last twenty years, the majority of complexes studied have been derived from strong- 
ly chelating anionic ligands with oxygen donor sites’? Prior to 1964, nitrogen coordina- 
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tion was well characterized only in association with oxygen donors, as exemplified by the 

polyaminepofycarboxylates and 8-quinolinolates. The observation that cationic complexes 

derived from N-donors could not be isolated from aqueous media prompted the assump- 

tion that Ln3+ -N interactions were necessarily weaker than Ln3+-0 interactions. 

The conspicuous absence of these species in aqueous solution dictates a significant dif- 

ference in coordinating tendency of lanthanide ions and d-type transition metal ions. This 

difference may be attributed to effective shielding of the lanthanide 4f orbitals by the 

%*S# octet, precluding the existence of strongly covalent metal-iigand interactions. Thus 

metal-Iigand bonding in lanthanide complexes is substantially electrostatic, as corrobora- 

ted by magnetic, spectral and kinetic data3. Thus it is not surprising that the species isol- 

able from aqueous media are derived from anionic donors, in which strong electrostatic 

bonding with the metal ion is possible. The fact that complexes derived from neutral 

N-donors could not be isolated prompted the assumption that these species were thermo- 

dynamically unstable in aqueous solution. 

However, the problem of synthesizing complexes in aqueous media is one of compara- 

tive donor availability and donor strength. Complexation of a weakly basic N-donor could 

occur only by displacement of strongly bonded water molecules. The calculated enthalpy 

of hydration4 (- 800 to - 900 kcal.mole-’ ) is indicative of the strength of the Ln3+--H,O 

interaction, In addition, the large excess of solvent molecules makes it even more difficult 

for the relatively smaIl number of N-donors to compete effectively. 

Strongly basic N-donors, which might otherwise be expected to form strong metai- 

nitrogen bonds, generate a sufficient concentration of hydroxide ion by interaction with 

water to precipitate the highly insoluble ianthanide hydroxides5 (Ksp ca. 10-‘g--10-24 

mole4. le4). Prevention of hydroxide precipitation would require the formation of an 

amine complex possessing extensive thermodynamic stability6 a 

It is apparent that the ability of lanthanide ions to coordinate with neutral N-donors 

could best be evaluated in non-aqueous media of moderate polarity, Since 1964, a number 

of cationic or neutral complexes containing N-donor ligands have been isolated utilizing 

non-aqueous solvent media. Calorimetric measurement of the enthaipies of compiexation 

of several N-donors (see p. 2 18) with the ianthanide ions in acetonitrile provides quantita- 

tive evidence for considerable thermodynamic stability of lanthanide compieies based 

solely upon nitrogen coordination_ The fact that complexes derived from N-donors have 

coordination numbers of eight or nine is perhaps indicative of a stronger Ln3+-N inter- 

action than previously assumed. 

It is now weI1 established that coordination numbers greater than six are favored in 

Ianthanide systems3. The variation in coordination number (six to twelve) observed in 

ianthanide complexes may be attributed to steric factors and electrostatic forces of attrac- 

tion and repulsion, rather than bond orientation by the well-shielded 4forbitais of the 

metal ion. Thus the relatively large size of the Ianthanide ions (La3+ = 1.061 A, Lu3+ = 

0.848 &) generally allow accommodation of more than six donor atoms in the coordina- 

tion sphere. 



This review is concerned with lanthanide complexes derived from neutral nitrogen do- 
nors, with primary emphasis upon the characterization of these species with respect to 
coordination number (usually greater than six), bonding, moiecufar geometry, and thermo- 

dynamic and kinetic stability. Sections of the review are devoted to an ex!ensive ~sc~ssi~n 
of the fluorescence, NMR, infrared and thermodynamic data utilized in the characteriza- 
tion of these species. 

B_ SYNTHESIS OF COWT.EX SPECIES 

The isolation of the first lan~anid~ complexes derived from the weakIy basic nitrogen 
donors 1, IO-phenanthrohne and 2,2’ -dipyridyI was reported7-9 in 1963. CompIexes 
derived from these Iigands and other related species are summarized in Table I_ These spe- 
cies are most canonry obtained by treating warm ethanolic solutions of a hydrated lan- 

thanide salt with excess iigand. 
The number of neutral hgands coordinated to the lanthanide ion depends primarily upon 

the coordinating ability of the anion present. When the anion is a strongly chelating I ,3- 

ciiketonate or acetate, oniy mono-substituted compiexes are obtained, indicating the in- 
abiI.ity of the weakly basic amine to chsplace a strongly coordinated anion from the coor- 
dination from the coordination sphere. However, addition of a bidentate phenantlrroline 
or dipyridyl group to the tris-diketone complexes demonstrates expansion of the Iantha- 
nide ~oordinat~on sphere, ind~~~~i~e of si~i~~an~ Ln3+--N interaction. That dipyridyl 

and phenanthroline enter the coordination sphere of the Ln(thd), chelates (thd=: 2,2,6,6- 
tetramethyl-3,5- heptane-3,5-dione)‘21 perhaps best exemplifies the ability of lanthanide 
ions to form high-coordinate complexes, in view of the buIky nature of the diketonate 
ligand, Proof of Ln-N bonding is found in the crystal structure4’ of [Eufacac), phenj 
(see p. 201), in which the Ln3+ ion is ei~t-coordinate, with a s&htly distorted square 
antiprismatic arrangement of Q- and N-donor atoms- 

Kertes and Kassierer have determined the stepwise enthaipy, entropy and Free energy 
changes for the additiun of dipyridyl to several Ln(TTA), 2H$l chelates (TTA = thenoyf- 
trifhioroacetone) in chloroform solution by direct titration caIotietry’Z2. The shapes of 
the thermograms suggest that two complexes, Ln(TTA), (dipy), (U = I, 21, coexist in 
equilibrium. Since the enthalpy change associated with the complexation reaction is a 
measure of the diff’erence between the metal-dipyridyl and metal-water bond energies, 
the large, exothermic enthalpy changes observed (12.47--39-14 kcal.mole-r) provide 
quantitative proof of a significant Ln3+ -N interaction in these species, 

Bis-phenanthrobne and dipyridyl complexes are obtained when the anion is chloride, 
nitrate or sahcylate fHsal)7-20~8-30_ E xcess ligand does irot yield the tris species. Ln each 
of these species, a coordination number greater than six is achieved by bonding to the 
anions and solvent molecules. Ten-coordination in the species [La(dipu)2l (NO,),] has been 
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TABLE 1 
Complexes with weakly basic mines 

FcllTXI %&.I Designations Ref, 

X=Cl, NU,, SCN, SeCN; n = U-5 

X=Cl,NU,,SCN,SeCN;n =U--2 

x = SCN, Sea? 

x = SCN, SeCN 

X = salicylate, benmate, 
~hydr~xyb~nz~ate 

7-20 

9,13-I& 20-25 

03-15),2f 

13-715,18 

26 

27 

28-30 

X=Cl,Br,NO,;n=O-3 

x = Cl, Br, cm, 

3 = pytidine, picatine, 
quinoline 

It = 3-5 

L = 4,4’ -dibu%yl-2,z 
bipyridim, 5 ,$‘-dibuty2-2,2’- 
bipyridine 

L = 4,4’-dQyridy2; n = 2-G 

X = CI v formate 

25 

31-35 

36,37 

36 

31,38-40,121 

31,38,121 

31 

41,42 

43 

43 

43 

44 

45 

46 

123, x24 

IZS, 126,128 

vgr~~~~4~ by a crystal structure ~~t~rrni~at~on (see p* 201)_ A~~~u~~ the w@akly bz&c 
N-donors do xlot displace the N03- and C I-” anions from the ~~~rd~ati~~ sphere, fivr~ 

p~e~a~~u~~ and d~~y~d~~ ligands are a~&~rnrn~da~ed in the coordination sphere owing 

to tie small steric ~~~u~~rn~~ts of the anions. Only one t~~yr~dy~gr~up is a~~~rnrn~dat~d 

in that c~~rd~~ti~~ sphere of the nitrate salts, perhaps indicative of the greater steric re- 
qtiements of this tridentate i&and, although his-terpyridyl chelates are obtained with 
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chloride and bromide salts. Infrared and fluorescence data indicate displacement of an anicn 
from the coordination sphere of the salicylate chelates, resulting in formation of an eight- 
coordinate species [LnL2 (Hs&] Hsal. 

Tris-phenanthroline and dipyridyl complexes are obtained when the anion is thiocyanate 
or selenocyanate13-15* 1g-2i_ Th e infrared spectra of the LnL,(SeCN), species indicate 
coordinated selenocyanate groups (through N) only, suggesting formulation of a nine-coor- 
dinate species13,. The analogous LnL3(NCS)3 species are likely to be nine-coordinate also, 
although the infrared data do not prove conclusively the coordination of the thiocyanate 
group’8,21. 

Maximum coordination by the neutral donor is obtained when the anion is the weakly 
coordinating perchlorate. Thus both the eight-coordinate26 Ln(phen),CClO,), and nine- 
coordinate36 Ln(terpy)g (ClOQ) j s ecies have been isolated_ The crystal structure of the tris- p 
terpyridyl complex (see p. 201) verifies the formation of nine metal-nitrogen bonds”. 

Infrared data indicate that all the nitrate groups are coordinated43 in the 2,4,6-tri-a+ 

pyridyl-1,3,5-triazine (TPT) chelates, [Ln(TPT) (NO&H,O]. The proposed coordination 
sites of the ligand in these species are 

Inclusion of water in the coordination sphere gives a seven-coordinate complex. However, 
with perchlorate salts, the nine-coordinate [Ln(TPT)3] ClO,), species are obtained4j_ 

Mono-phthalocyanine complexes, LnPcX, have been obtained123V’“4 by the direct reac- 
tion of lanthanide chlorides and formates with o-phthalonitrile at 250--300°C. Kirin et 
al . 125~126 prepared species formulated as [LnPc] + [Ln(Pc)2] - by reacting lanthanide ace- 
tates with o-phthalonitrile at 28O*C. The existence of both a cationic and an anionic com- 
plex species was verified by electrophoresis experiments in dimethylformamide’25. The 
mono and bis complexes were separated on a column of A120, and isolated as the LnPcCl 
arrd Ln(Pc)2H species, respectively. A ferrocene-type structure has been proposed for the 

bis complex, based upon the results of spectroscopic studies’27Y1? 

(ii) complexes derived from strungly basic ~-donors 

Solid adducts of anhydrous lanthanide chlorides with ammonia and several monodentate 
amines have been prepared *o--52. These species are generally obtained by reacting the gas- 

eous amine directly with the anhydrous salt. The stoichiometries of the adducts, e.g. 
LnC 1 3 - (NH3), (n = l-8), LnC 1 3 * (CH3NHz) ,z (n = I-51, were established by absorp- 
tion techniques on a vacuum line. However, the coordination number in these solid ad- 
ducts is not known with certainty, and neither has the existence of these species as thermo- 

dynamically stable complexes in solution yet been established. 
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TABLE 2 

Complexes with strongly basic amines 

Formula@ ~esi~n~~oRs 

__^_-- 

Ref. 

Lri = La-Sm (+ Ce, Pr) 

Ln = Eu-Yb E+ Tm) 

Ln = Gd-Ho 

Ln = La, Nd 

Ln = Sm-Lu 

Ln = Cd, Er 

Ln= La 

Ln = Nd, Gd 

Ln=Gd 

Ln = Lzr. Pr, Nd 

Ln = La, Nd 

Ln = Gd, Er 

Ln = La, Nd, Gd, Er 

Ln = La, Nd, Gd 

Ln = La, Nd 

Ln = La, Pr, Nd, Sm, Gd 

Ln = La, Pr, Nd, Sn, Gd, Dy, Er, Yb 

Ln = La, Pr, Nd 

Ln = Sm, Eu, Cd, f)y, Er, Yb 

Ln = h, Pr, Nd, Sm, Gd, Dy, Er, Yb 

Ln = La, Pr, Nd, Cd, Er 

Ln = Pr, Nd, Eu 

Ln = La, Pr, Nd, Sm, Gd, Tb, Ho 

53,544 

53 

53 

53,60 

S3,60 

5?,60 

53 

53 

53 

53 

57 

5-T 

57 

57 

57 

5s 

5s 

56 

56 

56 

58 

59 

59 

Q Coordinntio n sphere dictated by infrared and c~nduc~~ty data. 

Complexes derived from several polydentate amines are listed in Table 2. Alf of these 
species have been obtained by the reaction of the anhydrous l~tha~id~ salt with the ligand 
in acetonitrile. These compo~ds are obtained as crystalline powders and possess consider- 
able thermal stability, but Iimited hydrolytic stability; they are rapidly hydrolyzed upon 
exposure to the atmosphere. 

In contrrtst to the behavior observed with weakly basic nitrogen donors, ham-coord~at~ 

complexes c~~t~~g only nitrogen atoms in the ~~~rd~~t~~~ sphere may be obtainer 
with strongly basic donors, even in the presence of strong@ coordinating anions such as 
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nitrate and chloride. Calorimetric measurements (see p. 218) of the enthalpies of !igation 
established the thermodynamic stability of these complexes in solution55B64i. 

C. MOLECULAR STRUCTURES 

Several papers concerning possible geometries of coordination polyhedra in high-coor- 

dinate complexes have appeared recentIy6z-67. Lanthanide complexes serve as ideal mod- 
els in providing information on preferred ground state geometries, since the observed 
geometry of the complex is that which minimizes Coulombic repulsions within the con- 
straints imposed by the ligands. 

Al-Karaghauli and Wood determined the crystal and molecular structure of the bis- 

bipyridyl complex, La(bipy)2 (NC&& (Fig. 1)48*129. Ail three nitrate ligands are bidentate, 
resulting in a ten-coordinate complex- The coordination polyhedron (Cz symmetry) is de- 
rived from one of the possible models described for decaloordination, the bicapped dode- 

caheron withDz symmetry. The three metal-oxygen bond lengths are equal, averaging 
2.605 a, while the two metal-nitrogen bond lengths are 2.655 i% (N1) and 2.648 A (N-& 

Distortion from the idealized bicapped dodecahedron may be attributed to the constraints 
imposed by the chelating ligands. 

The crystal and molecular structure of tris-(2.2: 6: 2” -terpyridyl)europium(III) per- 

chlorate (Fib. D 2) showed that the metal ion was nine-coordinate with overall C, symrne- 
try4’. The coordination polyhedron most closely resembles an idealized s-tricapped trigo- 

nal prism (D3 symmetry), with slight distortions from D, symmetry being caused by non- 
planarity of the ligands. The most important contribution to the distortions is thought to 
be intra-ligand lone pair interactions. Thus a rotation as well as slight bending of both ter- 
rninal pyridine rings about the inter-ring C-C bonds is observed, moving the nitrogen lone 
pairs as far apart as possible. The Eu 3+-N bond lengths lie in the range 2.57-2.62A. 

The crystal and moIecular structure of tris(acetylacetonato)- (1 ,lO-phenanthroline)euro- 

Fig. 1. Molecular structure of La(bipy),(NO,),. Reprinted with permission of the authors and The 
American Chemical Society from A.R. Al-Karaghauli and f.S. Wood,J. Amer. C?iem_ Sot., 90 (19681 
6548. 
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Fig. 2. Molecular structure of Eu(terpy),(C104)3 Reprinted with permission of the authors and The 
Chemical Society from G&i. Frost, F.A. Hart, C. Heath and MB. Hu~t~~use, Ckenx, ~u~~~#, (1969) 
1422. 

pium(III) indicates the metal ion is coordinated to eight ligand atoms which forms a dis- 
torted square aniiprism4’. The Eu-O bond distances average 2.397 a and the two Err-N 
bond distances average 2.643 a. The symmetry around the eur~~~urn ictn is approximately 
C, with the ligands spanning the square (s) edges of the poIyhedron. 

The structure of tris(2,2,6,6-tetramethyl-heptane-3,5-dionato)-bis(4-picoline) hol- 
mi~m(III), ~~~thd)~(~pic)*, conta ins an dint-coordinate metal ion with a coordination 
polyhedron closeiy resembling a square antiprism 68_ The picaline ligands are situated at 
apices of opposite square faces as far removed as possible. The crystal symmetry is Cz, with 
one chelate ring spanning a lateral (1) edge and the other two spanning s edges. The Wo-0 
bond distance averages 2.27 a with an IIo-N bond distance of 2-53 a_ 

D. ELECTRONIC FLUORESCENCE SPECTRA 

Weissman6g first observed that direct excitation of the organic moiety in certain lantha- 
tide complexes resulted in ff ucxeseence characteristic of the intra4f transition of the met- 

af ion. A later discovery that such systems have potential laser activity70-78 prompted an 
extensive investigation of the fluorescence properties of these complexes. Fluorescence 
spectra provide vaIuabIe information relating to coordination mrmbers, nature of bonding 
and symmetry in lanthanide complexes. 

Although several mechanisms for metal-ion fluorescence in lanthanide complexes have 
been reported 79-84, that of Whan and Crosby= (Fig. 3) appears most reasonable, based up- 
on inte~retati~n of several studies. Direct excitation of the ligand moiety @+S$ is fo~~wed 
by a non-radiative intersystem crossing, forming a l&and triplet (Z$ Tz). The l&and triplet 
may phosphoresce (rl *SO) or lose energy by a non-radiative transfer to the lanthanide 
ion. When the latter process occurs, the excited lanthanide ion can lose its energy by either 
a radiative (fluorescence) process or a series of non-radiative processes as depicted in Fig. 3, 
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Siwtet Trip1 et ln3+ States 

Fig. 3. Schematic energy-level diagram showing paths for loss of energy from a Iigand exited state. Ra- 
diative transitions--c ; non-radiative transitionslu+ . Reprinted with permission of the authors and Academ- 
ic Press, Inc., New York, from R.E. Whan and G.A. Crosby, J. Mof. Specfrosc., 8 (1962) 315. 

Consistent with this mechanism, Wan and Crosby have classified complexes of the 
lanthanide ions into three categoriesn based upon their fluorescence properties. The first 
category includes complexes of La III, Gdm and Lu”, which exhibit no metal-ion fluores- 
cence. Tntra4f transitions are not possible for the Lam (fo) and LulIf (f’“> ions. The lowest- 
lying excited state of Gdm (32,000 cm-l) Lies above the triplet energy levels of the ligands 
investigated, precluding energy transfer from ligand to metal and subsequent metal-ion 
fluorescence. The second category includes complexes of Sm”, Eu”, Tbl= and Dyrn, which 
exhibit strong metal-ion fluorescence. Each of these ions has an excited state which lies 
close in energy to the triplet energy level of the ligands studied. The third category includes 
complexes of Pr m, Nd”, Horn, Er”, Tmm and Yb m, which exhibit weak metal-ion fiuores- 
cence. Each of these metal ions possesses several dosely spaced energy Ievels, thus increas- 
ing the probabifity of a non-radiative transition as a consequence of the need to dissipate 
a smaller amount of energy. 

The line-like emission spectra of trivalent Ianthanide ions result from intradftransi- 

tions of predominantly electric dipole character, although magnetic dipole radiation is of- 

ten jointry responsible for the Iine intensity. For a free ion, electric dipole* transitions be- 
tween states of the same 4f n configuration are strictly forbidden. Thus the observed spec- 
tra must be expIained in terms of interactions caused by the Iigand fieId that mixes in high- 
er energy states of opposite parity. This mixing can be brought about by the removal of 
the center of syrnrnetry in the ion, or by vibronic coupling in the case of centrosymmetric 

complexes. 
Since electrons in the 4forbitals are weII shielded from the ligand field by the inter- 

vening 5s25p6 octet, the order of perturbations for a Iantfianide ion is crysta1 fieId <spin- 
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orbit couphng <in tereIectronic repulsions. Utilizing the Russe&-Saunders coupling scheme, 
the effect of the: &and field is to remove the J-degeneracy of the t arious x+1& terms, thus 
giving rise to fine structure associated with an emission line, The extent to which the de- 
generacy is removed depends upon both the strength and symmetry of the Zigand field. 

J states is A&X, althou , for an even ~urnb~r of electrons, transitives from J = even to 
J= odd states are usually weak”‘. Magnetic dipole transitions are governed by the selec- 
tion de, AhJ= 0, 2 1, except J= 0 +J=; 0, Ligmd field mixing of Jstates could produce 

weak magnetic dipole transitions with AJ> 2. However, the AJ= 0, $1 rule is generalIy 
satisfied’2*. 

The smatf sp~j~tings that characterize certain ~anthanide emission lines are useful. for 
est~b~ishing~ by a group theoretical method, the focal site sy~etry of the metal ion in the 
~o~~~~x~ Eu’~ chelates are often studied in preference to other l~~~~des= since the low 
J vahles of the strongest &nission lines (sDJ + ‘F;,, Jr 0, i ; J” = 0,l 1 2) givr? rise to a smatler 

number of closely spaced energy levefs than is observed with most other ~anthanid~ ions. 
Transitions from the 5Du state are particularly useful for interpretations of site symmetry, 
since the emitting state (J= 0) cannot be split by the iigand Geld. Thus transitions from 
sDo to the various FJ states are generally well separated, and transitions to a particular 
J manifold are often we11 resolved, The number of electric dipole aIlowed (AJG 6) and 
magnetic dipole allowed (AJ= 0, f 1) transitions in commonIy encouuter~d non-~~ntrosym- 
metric symmetries for the SD0 -+ 7FJp (J’ = O-4) ~ansitions of Eu”, as predicted from 
group theory, are presented in Table 3. Transitions from J= O++J= 1 are expected to have 
predominantly magnetic dipoIe character. 

Hart and co-workers have interpreted the fhtorescence spectrum of Eu(terpy)s (CD& 
(Fig. 4, Table 4) in terms of slightly distorted 03 symmetry about the metal ~cu-I~~. This in- 
terpretation is in agreement with the moIeeuIar structure of the complex, as subsequently 
determined by X-ray c~st~~~ography4’ (see p_ 201)_ The rather small s~~tt~g observed 
(4 A) for the E; compun~~t af the %I0 + ?Fl tr~sit~on indicates a comparatively smaff dis- 
tortion from D3 sy~et~, since the usual magnitude of cryst~-~~~d splitting of an indi- 
vidual component is 40 a in this spectral region. Thus the srnalf splitting is reasonably as- 
signed to a second-order effect arising from the eon-cop~a~a~ty of the three pyridine rings. 

Butter et al. have interpreted the fkorescence spectrum of Eu(~he~)~~~~)~ in terms 
of’s 02 site symmetry for the metal ion 8s This assignment appears quite reasonable, based . 

upon the 192 symmetry observed in the crystal structure of the analogous dipyridyl che- 

late? La(dipy)2~~~)~. 
Strong fiuoreseenoe has been 0bserved23*32*S35 f or the dipy~dyi, ~h~nan~hr~~i~~, and 

te~yr~dy~ cheIates of EuzU, Tb”, 13yl” and Smm. Based upon the obs~~ation that little 
increase in ~uorescence ~t~ns~ty occurs upon powering the temperature from 3OOqK to 
78”K, Sinha et aI. concluded that non-radiative relaxation of the excited metal ion through 
vibrational effects is not the main factor in d~~~rrn~~g fluorescence y&Ids in complexes 
derived from N-heterocycles. They attribute the quantum yields to a “bottleneck” in the 
energy transfer from the aromatic ligand to the 4flevels of tie metal ion86. 
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TABLIE 3 (continued) 

J.H. FORSBERG 

Spl.&hg of ‘Q levels and activitPof %,-, - ‘FJ transition& of Eum in non-centrosymmetic ligand 

fierds 

J=O J=l J’2 J=3 J=4 

Sylnn-letry 
rc ED MD r’ ED MD r ED MD r ED MD r ED MD 

D2 A - 

c4Y Al -I- 

c3v Al + 

c3r1 A; - 

% 4 f 

c4 

=3 

c2 

A f 

A + 

-A+ 

B,+ -I- 

BZ -f- f 

B, -t f 

- A, - •t 

E + f 

A,- + A,+ - 

E-t -t- 2E + + 

+ A’- + 

E”- i- 

A’ - + 

&’ + - 

E” - f 

- A,- + 

f3,+ + 

B,+ -I- * 

+ A+ + 

E++ 

-I- A++ 

Et + 

+ A++ 

2i3++ 

2A - - 

B1 -?- -F- 

B, f f 

B2 -f- f 
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B, - - 

E ++ 

2A,+ - 

A, - f 

B, + -I- 

B, f + 

At+ 

2B - - 

E + + 

A++ 

2E++ 

3d + t 

28-c+ 

A - - 

2B,t f 

2Bz+ f 

2B,+ + 

A,- + 

B,- - 

B, - - 

2&++ 

A,-t - 

2A,- + 

ZE + + 

A’ - i- 

E’ + - 

2A;+ - 

E” - i- 

Al+ - 

2A,- -v 

2B, + + 

2B, + + 

A f + 

2B - - 

2-E + + 

3A’+ + 

2E -1- + 

3A + + 

4B f + 

&I,+ - 

A,- f- 

B, - - 

432 - - 

2E f - 

z&l,+ - 

A2 - + 

3E + +. 

A’ - + 

2E’ -f - 

2A” + - 

E” - + 

3A,+ - 

2A, - + 

2B, + + 

2B, + + 

3A -I- + 

213 -- 

2Ett- 

3A + + 

3E + + 

SA + + 

4B +- f 
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TABLE 3 (continued) 

Splitting of ‘FJlevels and activity of ‘a o-+ ‘F~transitions~ of Eum in non-centrosymmetric Iigand 
fields 

Symmetry 
3=Q J=l J=2 J=3 J=4 

rc ED MD r ED MD r ED MD r EDMD I' ED MD 

=s A’ + -t A’ I- -I- Q’+ -6 3Al-c + 5A’+ + 

2A” +- + 2.4” + + 2A”+ + 4&l"+ + 

u Strong magnetic dipole transition expected only for ‘Do-, ‘F1 transition. The ‘Do - ‘J’, (J= odd) 
transition is usually weak for electric dipole. 

b % 
sD 

o-+7&J- 

csF4 

5800 A, %* - ‘F* - 5900-5960 A, ‘Do + ‘& - 6100-6200 A, ‘f+, + ‘F* - 6500 A, 
- 6870-7030 A. 

c Abbreviations and symbols: I?, irreducible representation; ED, electric dipole ailowed transition; MD. 
magnetic dipoie &owed transition, 

The efficiency of energy transfer is expected to depend upon the metal-nitrogen bond 
length as well as the degree of covalency in the metal-ligand bond. Thus Sinha2s observed 
an overall enhancement of fluorescence intensity in the europium complex, Eu(dimp)ZC1 3, 

derived from the methyl-substituted dipyridyl chelate, 4,4’ -dimethyl-2,2’-dipyridyl (dimp). 
This observation is accounted for in terms of a more efficient energy transfer, resulting 
from a decrease in the metal-nitrogen bond length due to increased electron density at the 

donor sites of the methyl-substituted ligand. Analogous effects have been observed by 

Fig. 4, Fluorescence spectrum of Eu (terpy)s(CIO&. Reprinted with permission of the authors and 
Pergamon Publishing Co., Oxford, from D.A. Durham, G.H. Frost and F.A. Hart, J. fnorg. Nucl Clrem, 
31 (1969) 833. 
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TA3l.E 4 

Transition ve:y weak; 
singlet cmfy at 6499 

Ffipcscu et r~f? in the substitution of electron-donatklg groups an the aromatic rings of 

"the d~benzoy~met~de group in ~u~dbrn~~ 3-r-, and the opposite effect [decrease in fluores- 

cence intensity) upon $u~st~t~t~~~ of electrcm=withdrawing groups. 

Sinha and 3~tter~ ~nt~~r~ted the fluorescence spectra of the his-phenan~roline-tris- 
carbaxylate- europium(IIf) complexes {~u~pbe~~~ (sai),, Eu(phen), benz; sal = saiicylate, 
benz = benzoate) in terms of ~i~~-~o~rd~at~ species, vtith metaf-ion site symmetries D2 

=dC2* rspectivefy. 

3% INFRARED STUDIES 

infrared data have proved quite useful far distinguistig between coordbated and non- 
c~o~d~ated ~g~ds dour group ~~oret~~l ~t~~retations based upon symmetry 
changes occurring upon coordination of a &and. Thus assignments of the nitrate ion ab- 
sorptkms, bawl upun the two possible sy~e~y types, Dg h (free nitrate) and Cz y (coor- 

dinated nitrate) he@ d&k the coordination sphere of several complexes listed in Tables f 

and 2. The D, Ir nitrate group has three infraed allowed t~~ns~t~~ns (A z, 83 I cm-l ; E’, 

1390 cm- f;E: 790 cm-‘) and an add~t~~n~ t,ransition (Ai, 1050 cm-l) observed only in 
Raman spectra. ~o~r~nation of a nitrate group to a metaX ion towers its site symmetry to 

C&, resuiting in &infrared active bands (A,, X030cm-1;BZ,810 cm-t;Br, 1480--1530 
cmf;A,,1290 ~~-~;~~~74~c~ -';B,, 7 Z 3 cm- I)_ A distinction between bidentate and 
monodentate nitrate coordination cannot be made on the basis of infrared data alone, since 

the nitrate group has c, ~y~~~~~y in both ~~~~~~ce~‘ 



COMPLEXES OF LANTHANIDE(III) IONS 209 

[Lnh (NO&], have been interpreted in terms of all nitrate groups being coordinated. 
This interpretation has been verified by a crystal structure determination (see p. 201) in the 
case of the dipyridyl chelates. Thus it is likely that the analogous phenanthroline corn- 
plexes are also ten-coordinate, because of the similar steric requirements of the phenan- 
throline and dipyridyl molecules. 

Infrared studies of complexes derived from the strongly basic N-donors ethylenedia- 
mine, 1,2-propanediamine, diethylenetriamine and 0, /3’, p”-tfiamlnotriethylamine clearly 

establish that the amine is capable of replacing the nitrate group in the coordination 
sphere s3,ss -57 

. Thus the species formulated as [Ln(en)@O&] NO3, [Ln@n)3(NO3)$ 
NO3 and [Ln(dien)z(N03)2] NO3 exhibit absorptions corresponding to bothD3, and 
C,, nitrate groups. In addition, the mono-tren chelate, [Lnftren) (NO&] gives peaks cor- 
responding only to coordinated nitrate groups. However, the spectra of the species formu- 
lated as [Ln(en)4] (NO& (Ln = Eu-Yb), [Ln(pn)ql (NO& (Ln = Eu-Yb), [Ln(dien)3]- 

WO313 and fLn(tren)z] WO313 (Ln = Sm-Yb) give bands corresponding only to free ni- 
trate groups, indicating displacement of this anion from the coordination sphere upon 
coordination of an additional molecule of amine. 

The spectra of the tetrakis-ethylenediamine and b&/3, /3’, $‘-triaminotriethylamine (tren) 
chelates of the larger lanthanide ions show absorptions corresponding to both C&, and D3, 
nitrate groups s3s6 The rather low frequency (1428 cm-l and 1420 cm-l respectively) of . 
the l31 mode indicates a small distortion from D 3h symetry and weak coordination. Ster- 
ic considerations favor formulations with one coordinated nitrate group, i.e. 

tLn(en)~ NO31 (NO312 and [Ln(tren)2 NO,] (N03j2. In each series of complexes, the de- 

creasing ionic radius of the metal ion across the lanthanide series results in displacement of 
the coordinated nitrate group. However, nitrate displacement does not occur at the same 

metal ion in each system. In the series of ethylenediamine chelates, displacement occurs 
between samarium and europium, whereas in the series of tren chelates, displacement oc- 
curs before samarium. This may be attributed to greater steric crowding in the bis-tren 
chelates, created by the accommodation of two additional ethylene groups in the coor- 
dination sphere. No evidence was observed for nitrate coordination in the more sterically 
hindered nine-coordinate tris-diethylenetriamine chelatess5. 

The effect of coordination upon the N-H stretching frequencies of an amino group is 

observed by comparing data for free ethylenediamine and complexed ligand, as in 
Ln(en)d (ClO,),, in acetonitrile5? On this basis, a decrease of 40 cm-l in the N-H stretch. 
ing frequency is observed upon coordination. a much smaller shift than is typically found 
for amine complexes of d-type transition metal?’ ( 1 OO- 150 cm-l). The corresponding 

modes for the nitrate, chloride and bromide salts (Fig. 5) are displaced additionally to 
lower frequencies in the order vclo,- >v~~s--- >ucl- > VBr-, which is the order expected 

in terms of a decrease due to hydrogen bonding between the anion and NH, protonsgt . 
Changes in the nitrate regions of absorption corresponding to nitrate coordination are 

accompanied by alterations in the N-H stretching region (Fig. 5). En general, a larger num- 

ber of bands is observed upon nitrate coordination, as clearly demonstrated in the mono- 



\ 

2 

Is- 

3 

II t II 
3400 3200 3300 3loo 

J.H. FORSBERG 

Fig. 5. infrared spectra of Ln(eenJnX3 and LnOren),X3 species in the NH stretching region: 1, free en 
(SOW; 2, NdCen)&lO&_; 3, NdCen),(ClO& (soIn.); 4, [Ln(en),N03] (NO&: 5, [Ln(en),j (NO,),; 
6, [Ln(W3@J0,),j No,; 7, [Ln(=04C1] Cl,; 8, [Ln(en),j Cl,; 9, [Ln(en),Cl,] Cl; 10, [La(en),Br]- 
Br2; II, [Ln(er&] Br3; 12, [Ln(en)$r2] Br; 13, free tren; 14, fLn(tren) (NO,),]; 15, [Ln(tren),NO,]- 
(NO,),; 16, [Ln(t.ren)z] (NO&. Reprinted with permission of The American Chemical Society from 
J.H. Forsberg and T- Moeller, Inorg. Cizem., 8 (1969) 883 and J.H. For&erg, T.M. Kubik, T. Moeller and 
K- Gucwa, Iwrg Chezn., 10 (1971) 2656. 

tren chelate, in which five bands are resolved, compared with the bis chelates, in which 

three bands are observed. The large number of NH2 bands observed upon anion coordina- 
tion may be attributed to non-equivalent sets of amino groups. The increase in frequency 
of one set may result from repulsions between the nitrogen end of the N-H dipole and the 
coordinated anion’*, or poorer hydrogen bonding of the amino protons with the coordi- 
nated anions. 

Similar alterations are observed in the chloride and bromide saits of the ethylenediamine 

cheIates. By analogy with the nitrate series, these changes were attributed to entry of the 
anions into the coordination sphere. The ability of the anion to enter the coordination 
sphere decreases in the order expected based upon anion size (PQ- 3 C 1 - > Br-), as the 
radius of the Ln3) ion decreases (see Table 2). 

Coordination of the perchlorate ion ( Td symmety) lowers the site symmetry of this 
ion to C&. resulting in splitting of the band at 1111 cm-l and intensification of a band 
around 927 cm-l. The infrared spectra of the Ln(phen)3(C104)3 chelates are interpreted 
in terms of both ionic and coordinated perchlorate groups*‘. However, all percHorate 

groups were found to be ionic in the eight-coordinate species [Ln(en)4] (C104)3 (ref. 53), 
[Ln(pn)s] (ClU& (ref. 57), [Ln(phe&] fClO& (ref. 26) and [Ln(tren)z 1 (C10& 



(ref. 58) as well as the nine-coordinate species [Ln(terpy)31 &X0& (ref. 36} and 
{Ln(TE’T)~] (ClO& (ref. 43). Both ionic and coordinated groups were observed in the 
eight-coordinate ~Ln~T~~~tCl~~*~ CM& species43. 

The characteristic ring breathing mode (990 cm-l) in ar-substituted pyridines is shifted 
to higher frequency (- 1015 cm-l) upon chelation, Thus the d~a~pearance of the free 
ligand band at 990 em-l, together with rhe appearance of a band in the 1015 cm-l re- 

gion, is ~dlc~t~ve of Ln-N bond fo~ation in the dipyridylz3, terpyridy13’ and Z&4,6-tri- 

tu-pyridyl- 1,3,5triaztie complexes43. In the fast example, a small unshifted peak is pre- 
sent in addition to the 1015 cm-l peak, sugesting that the triazine molecute is not coor- 
dinating through all potential donor sites. 

The spectra of dipyridyl, terpyrklyl, phenanthroline and ethylenediamine chelates have 

been recbrded in the far infrared region. An absorption in the 2CO--250 cm-l region is as- 
signed to the metal-nitrogen stretching made in the bis-dipyridyl and phena~t~~l~e che- 

latesq3 . A plot of the frequency of this Mets-nitrogen stretch v;, e/p2, as a measure of the 
polarizing power of the cation, shows a gradual increase in frequency with increasing po- 

larizing power, with a break at Gd3+ and Eu3+ in the dipyridyl chelates and phenanthroline 
chelates respectively. No ~~etal-nitrogen assignments could be made for the tripyridyl 

chelates, but Ln-Cl and Ln-E3r stretching modes were assigned to the regions 200-260 

cm-l and I40-- 155 cm- I9 respectively3’. 
A band in the region of 350-380 cm-l was assigned to one of the bossible Ln-N 

stretching modes in the ethylenediamine chelates s3 This band shows a monotonic increase . 
in frequency across the lanthanide series, indicative of stronger Ln-N bonding with de- 
creasing metal ion radius. This band is present in all ethylenedi~~ne complexes, and its 
position is nearly ~dependent of the anion present, Although metal-nitrogen stretching 
modes are assigned to the 500-600 cm-l ~egicm~ for amine complexes of &type transi- 
tion metals, both the weaker lanthanide-nitrogen bonding and the large mass of the Ln3+ 
ion suggest that this mode should occur at a lower frequency in the lanthanide-amine 

complexes. 

F. NUCLEAR MAGNETIC ?XESONANCE STUDIES 

Nuclear magnetic resonance spectroscopy has proven to be a potverful investigative tool 

for the elucidation of structure and bonding in transition metal cumplexes_ Prior to the 
discovery by Ninckleyg5 that certain Ianthanide complexes carr be used as NMR shift re- 

agents, relatively few NMR studies involving lanthanide complexes had been reported. The 
proliferation of literature lw in this area is indicative of the considerable interest these spe- 
cies have attracted as shift reagents. Although several studies involving amines have been re- 
ported, the majority concern analysis of the substrate spectrum and do not include charac- 
terization of the Ln3+--N interaction96-*oo, 



212 J.H. FORSBERG 

The isotropic shifts observed in the NMR spectra of paramagnetic complexes may be 
composed of both a Fermi contact term (through bond interactions and a dipolar or 
pseudo-contact term (through space interaction). The contact shift is dependent upon the 
ma~itude afAN (electron-proton hyperfme coupling constant), w&h is related to the ex- 

tent of covelency in the metal-ligand bondr*l . The dipolar shift is proportional to the pro- 
duct of a magnetic anisotropy factor and a geometric factor in the case of axial symme- 

try’? whereas P;uro magnetic and two geometric factors are involved for non-axial syrnme- 

try - 103*1Q4 The dipolar shifts provide ~format~~n relating to the ~eorn~t~~~ ~on~~ra- 
tion of the ligands about the metal ion. 

in order to observe nuclear resonance in the presence of a p~~agneti~ metal ion, it is 
necessary that one of the conditions 

be fuh311ed205, where r1 is the electron spin relaxation time and Te is an electron spin ex- 
change time relating to condensed systems. The large value of TIWf for must lan~de 
ions (Gd” being s.n exception), together with the small values ofA, expected for pre- 
do~~ntIy electrostatic ~t~~a~~o~s, fulf;lu the first condition, lowing the obse~atio~ 
of relatively narrow resonance lines in several lanthanide systems. The relative broadening 
abilities of the various lan~a~des were obsemed to follow the order 

for the methyl resonances of the 2-picoline adducts with the t~s~ip~valoylmethanato- 

Ianthanide(Ii1) chelates”001 Although-the largest isotropic shifts are generally observed in 
complexes of the heavier lantha~de ions, these resonances are the most severely broadened 
and most difficult to observe. The NMR spectra of Gdm chelates are often not observed, 
owing to extreme line broadening by the gadolinium ion. 

The simultaneous appearance of contact and dipolar interactions makes it difficult to 

assms the relative contribution of each to the observed isotropic shift. The well Efefrned 
coordination spheres of &type transition metal complexes in solution, together with the 
measured g-tensor anisotropy, provide at least a qualitative estimate of the magnitude of 
the dipolar shifts, f-iowever, the coordination number and geometry of a lanthanide com- 
plex in solution is dictated solely by steric factors and electrostatic forces of attraction and 
repulsion, rather than bond orientation by the well shielded 4f orbitals. As a consequence 
of this stereochemieal non-rigidity, neither the geometry- nor the coordination number of 
a lanthanide complex is readily $redicted in solution. In addition, the g-tensor anisotropy 
is unknown. 

Birnbaum and Moe&r observed large isotropic shifts upon coordination of substituted 

pyridine molec@es fo Ianthanide ions, and interpreted the shifts in terms of contact and di- 
polar contributions of similar magnitude but opposite signxM. They assumed an axially 
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TABLE 5 
C&da ted pseudo-contact shifts by subtraction and by ratios of geometric fktors for substituted 
pyridiite complexesa -- 

35-Lutidinel” ~~aB~~~p~~~= ~E~yl~y~d~~~ 
Type of shift Q 4 r Q1 P T ac P T Y* 

Contact shift, 

initial choice 
-800 

6 c13mP, calculated +I 18 

Pseudo-contact shift, +9 18 
geometric ratio 

Contact shift, 
as for NdQW& 

-800 

Pseudo-contact shift, t652 
su~~rac~o~ 

Pseudo-contact shift, i-648 
geometric ratio 

Cuntacr shift, 
above + 1.18e 

%umg.P calculated +466 

Pseud~contact shift, +lL44 
subtraction 

Pseudo-contact shift, +1082 
geometric ratio 

Contact shift, 
as for Fr(NCk& 

-678 

Bcomp, cakuIa ted -255 

Pseudo-contact shift, +423 
subtraction 

-189 

+32 

+I?21 

-160 -242 

-77 

+83 

--is2 

+90 

-286 

+24 

+3IO 

-286 

-242 -945 -417 -187 -170 

+I I5 +448 +2116 +I17 +78 

1-357 11393 +5&s +304 -4248 

+X6 +129O +522 +298 *248 

-1106 -487 -200 -1115 -492 -221 -200 

+101 0 +32 t-101 0 +60 +34 

+I207 t48’7 +232 +I216 +492 +28l -5-234 

-1106 -487 -200 -I. Lf5 --492 -221 -200 

-159 -118 -25 +LSO --Ill -18 -22 

+-947 +369 +I75 +965 +38f +203 +I 78 

+910 t368 +I75 +925 +374 i-214 -i-178 

-936 -4k3 -170 -945 -4f7 -187 -170 

-290 -203 -78 -301 -208 -35 -66 

+t54ci +21u +92 +644 +209 -1-102 +1u4 
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TABLE 5 (continued) 
Cakulated pseudo-contact shifts by subtraction and by ratios of geometric factors for substituted 
pyridine complexes@ 

Type of shift 

Pseudo-contact shift, +345 +83 *Ii16 +478 i-193 +92 +542 +218 r’125 -%I04 
geometric ratio 

j3 Ratio of geometric factors, 4.15:1_0:1,4. 
c Ratio of ge m 0 etric factors, 5.2:2.1:1.0_ 
d Ratio of geometric factors, 3.2:2.1;1.2:1J% 
e fn comparing the complexes of the Pr3+ ion with those of Nd') * for&, the contact shifts were reduced 

by n factor of 1.18 in order to take into account the djffere~ces in average g value and ground state J 
value between these ions. 

symmetric model and used the ge~rnet~~ factor (3 cos2 8-1)~~~ to calculate ratios of di- 
pole shifts of the various protons on this geometri~aIIy rigid molecule (Table 5). A corn- 
parison of-the calculated dipolar shift ratios with the observed shift ratios ciear’iy indicates 
that the observed isotropic shift is composed of both contact and dipolar contributions. 
Using a method similar to that outtined by Happe and Ward ‘O’, Birnbaum and Moe&x 

separated the observed isotropic shift into contact and dipolar contributions. The results 
are presented in Table 5. Close agreement is observed between the dip&r shifts obtained 
by subtracting the calculated contact shift from the observed isotropic shift, and the di- 
polar shifts obtained using the calculated g~orn~~ri~ factors. 

The negative direction of the calculated contact shifts is consistent with a covalent in- 

teraction involving the 6~ orbital of the lant~anide ionlo or spin pola~zati~~ of the 5s25p6 
octeP. 

Horracks and Sipe’OD observed isotropic shifts of the proton resonances of 4-tinylpyridine 

upon coordination to the shift reagent Ln(dpn& (dpm = dipivaloyimethane). Using a geo- 
metric factor f3 COG &--l)r-3 appropriate for axial symmetry, they found the four iade- 
pendent isotropic shift ratios to correlate with the ratio of the geometric factors for both 
upfiefd and dow~~eld rifting systems. The correlation of the observed shifts with the 
calculated geometric factors, together with the lack of any ~orr~s~ond~nce of the observed 
shifts with the coma&shift pattern of ~v~y~pyr~d~n~ coordinated to Nin, is indicative of 
the dipofar hature of these shifts. 

Afthough the crystal structure of the analogous complex derived from 4.picoline 
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(see p_ 202) is not axially symmetric in the solid state, intramolecular rearrangements be- 

tween possible structural isomers may result in an average structure in solution which ap- 

proximates axiality. However, as Horrocks and Sipe point out, interpretations based upon 

an axially symmetric system should be accepted with certain reservations_ 

Hart et al. reported NMR studies involving lanthanide complexes derived from the alkyl- 

substituted bipyridine chelates 4,4’ -di-I?-butyl-2,2’ -b,ipyridine and 5,5’di-n-butyl-2,2’- 

bipyridine’ *I . The isotropic shifts observed in the spectra of the paramagnetic chelates are 

interpreted in terms of a contribution from both contact and dipolar interactions. The at- 

tenuation of chemical shift observed along the alkyl side chain in complexes derived from 

both ligands was attributed to a contact mechanism. Attenuation is not expected in the 

case of a dipoIar mechanism. since the metal-ion P-proton distance is only slightly greater 

than the cw-proton distance (- 7.5 A vs. 7.2 A), and the respective metal-ion-proton di- 

rection vectors are averaged due to rotation of the ring C, and C,- Cp bonds. The terminal 

methyl group of the 5,s’ chelates shows a larger isotropic shift than the corresponding 

group in the 4,4’ chelate, e.g. for Pr Ih 53 Hz and 4 Hz, respectively. This behavior is con- 

sistent with a dipolar mechanism, since the terminal methyl group of the 5,s’ chelate ap- 
proaches the metal ion more closely. 

That the isotropic shift of a particular aromatic proton is nearly the same for the 4,4’ 

and 5,s’ chelates indicates that the two series of complexes are isostructural in solution. 

Although no conchrsions are drawn as to the mechanism of the shifts of the aromatic pro- 

ton resonances, the spectra of the diamagnetic chelates (La3+, Y3+, Lu3+) indicate very 

little electron transfer between the metal ion and donor atom. 

That only one set of aromatic proton resonances are observed is indicative of a rapid 

intramolecular exchange of chelate configuration, which averages the environment of the 

two non-equivalent pyridine rings. The non-equivalency of the two pyridine rings is pre- 

dicted from the molecular structure observed for the analogous Ln(dipy)2(N03)3 species 

in the solid state. 

Double resonance experiments establish that the two downfield resonances obsecred 

at 3.48 ppm and 7.41 ppm (referenced to TMS) in the paramagnetic complex Nd (tren)? 

correspond to the two magnetically non-equivalent methylene groups”*. The downfield 

position of these peaks results from isotropic shifts of 59 Hz and 452 Hz respectively-The 

NH2 resonance of the coordinated Zigand was not observed, presumably owing to effec- 
tive relaxation by the paramagnetic ion. The fact that only two methylene resonances are 

observed indicates rapid intramolecular exchange and/or rapid chelate ring inversion_ 

A surprisingly narrow resonance line (A& = 40 Hz) centered at 2-76 p-p-m- was ob- 

served for the paramagnetic Gd(tren)p chelates8_ This corresponds to an isotropic shift 

(referenced to the diamagnetic yttrium chelate) of only + 16 Hz. Since GdIn (f7) is an 

S-state ion, no g-tensor anisotropy is possible’W. Thus no dipolar contribution to the ob- 

served chemical shift is expected. The isotropic shift observed indicates that the contact 

contribution to the isotropic shifts in this and other paramagnetic lanthanide-tren com- 

plexes is small. That a small contact shift is observed in this system, compared with the 



2i6 J.H. FORSBERG 

large contact shift reported for certain 
tion expected in the contact shift for a 

aromatic systems, m;iy be indicative of the attenua- 
o-bonded system. 

Harr et al. have obtained kinetic data for the Egand exchange reaction 

EuLz @JC$& + L’ s EuLL’(NC$),, + L 

in chIoroform, where L= 4,4’ di-n-butylbipyridine, using the NMR line broadening tech- 
nique in the slow exchange region”’ . The exchange was observed to be first-order, indica- 
tive of a dissociative mechanism 

The transition state parameters calculated from the temperature variation of the linewidth 

of a coordinated proton ze AG* (2739 = 17.6 kcal.moW1, AH” = 5.60 kcaLmoWr anh 
As* = - 40.4 cal.deg-2 .mole- l. The postulation of an eight-coordinate intermediate is 
quite reasonable, since reorganization of the coordination sphere with simultaneous exit 
of the ligand mole&es reduces steric repulsions, stabilizing the intermediate. 

Johnson and Forsberg”’ have investigated the kinetics of the figand exchange reaction 
In anhydrous acetonitrile involving tren and the eight-coordinate complex Nd (tren):? 

Double resonance experiments estabfish a transfer of spin saturation (TOSS)‘r’ from the 
free ligand methyfene resonances to the coordinated methylene resonance, indicative of 
an intermolecular exchange reaction of the type 

Nd (tren) :+ + tren’ 2 Nd (tren) (tren’) 3+ + tren (3) 

Kinetic data ob~a~ed in the slow exchange region (MO to +80”) establish rhat the ex- 
change is first-order in both complex and free Iigand concentration, Thus the rate law for 
the bimolecular, second-order exchange is 

Rate = k[Nd(tren)3i] [tren] 
2 w 

The activation parameters calculated are AH* = 10.6 -I- 1.3 kcal.mole-1, AS* = 

- f S,Ok 4.0 caf,deg-f -mole- 1, AC* (257= 15.1 k2.5 kcal,mole_l,fcf254=58,2” 17.0 
Imole-1. sec- I. The error limits were established by regression analysis at the 95% con- 
fidence ;tevel. 

The second-order kinetics observed for this reaction indicate the simultaneous attach- 

ment of incoming and outgoing Iigands. However, molecular models indicate that steric 
repuIsions would be prohibitive in a transition state with a coordination number greater 
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than eight. Therefore, a mechanism involving a stepwise dissociation of the coordinated li- 
gand with a simultaneous stepwise bond formation by the incoming group was proposed. 

kl k2 k3 k4 

Nd(tren) i + tren’ 2 MN,N’ 2 MN,Ni 2 MNN; 2 Nd(tren) (tren’)3’ f tren (5) 

k-1 k? k-3 k+ 

In this equation, lV_r and IV;, represent the number of coordinated nitrogens in each in- 
termediate (MN X N’ 4-J for the departing and incoming ligand respectively. This mechanism 
allows simultaneous coordination of the two transitive ligands without requiring an increase 

in the coordination number of an intermediate. This mechanism was shown to be consis- 
tent with the observed rate Iaw by applying the steady-state treatment to the intermediate 
MN3N’. 

This mechanism requires that the ligand involved must possess sufficient internal flex- 
ibility to twist out of the path of the incoming ligand upon dissociation of a coordinate 
bond. Molecular models indicate that an ethyIamine group of tren may be effectively re- 
moved from the coordination site by rotation about the C-&rr.-N bond. The observation 
that second-order kinetics are exhibited by the tren exchange, in contrast to the first-order 
kinetics observed for the 4,4’-di-n-butyl-bipyridine exch;mge, may be due to the greater 
internal rigidity of the latter ligand. Although a pyridine ring may rotate about the C-C 
bond connecting the two rings, moIecuIar models indicate that the coordination site re- 
mains partially blocked upon such rotation, folIowing dissociation of the first coordinate 
bond. Thus coordination of the incoming group occurs after complete dissociation of the 
departing group. 

Second-order kinetics are also observed in the exchange reaction of diethylenetriamine 
with the nine-coordinate complex Pr(dien)$+ in acetonitrile1’4_ The exchange rate is - 103 

times greater in this system than in the tren system, reflecting the difference in lability as- 
sociated with tridentate versus tetradentate coordination by the ligand. 

The determination of a ligand exchange rate by NMR in the sIow exchange region in- 
volves the determination of the natural Iinewidth (A@ of a coordinated ligand reso- 

nance11sy116 . In transition metal systems, the natural linewidth is usually obtained by ex- 
trapolation of the linear portion of a plot of log (Av_p”‘) vs- l/T(AvTbS is the observed 
linewidth measured at half height) from the region where exchange 6 stopped (low tempera- 
ture) into the exchange region (high temperature). However, in the Nd3*-tren system, such 
treatment gives smaller linewidths than expected for a proton relaxation rate controlled by an 
Nd3* ion. Thus it is apparent that caution must be employed in ianthanide systems when de- 

termining (AY,) values by extrapolation of low-temperature data. 
The influe&e of the neodymium ion on the relaxation rate of a methylene proton of 

the coordinated @and is observed in the high-temperature region of Fig. 6. Since the soiu- 

tion contains only the bis complex, intermolecular exchange with free tigand is not pos- 

sible. Thus relativeIy narrow resonance Iines are observed at temperatures > - lO”C, indi- 

cative of a relaxation process controlled by a neodymium ion. However, in this system as 
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Fig. 6, T~~perature v~~ati~n of ~n~~~id~l for a 2:1 Iigand ta metal ion mole ratio, [Nd33 = 0.05 Itf; 
Reprinted with p~~mi~ion of The American Chemical Society from M.F. Johnson and J.H. Forsbeg, 
Irrorg. Cllem., 11 (1972) in press. 

we& excessive line broadening is observed b&w - 10°C Thus it is apparent that the metal 
ion is nut the only factor controlling the linewidth in the low te~~~rat~r~ region- The ex- 
tensive broadening observed in this region is attributed to an intramolecular exchange pro- 

cess refating possibIe structural isomers existing in solution. 

The isolaticm of complexes such as those listed in Tables I and 2 raises a ~~~st~~R as tr, 
the real existence of the complex species in solution. as opposed to their formation solely 
to satisfy the demand of crystal stabihty, Since all of the lanthanid~ complexes derived 
from N-donors are hydrolyzed to some extent in aqueous solution, the existence and stab% 
ity of these species must be studied in non-aqueous media, Although thermodynamic sta- 
bility is commonIy measured in terms of formation constant data, the usual methods of 

~va~uatjng ~~rrn~ti~~ constants are i~a~~~~ca~~~ to nut-aqueous ~st~ms. ~~~~v~r, the ca- 
Iorirnetric measurement of stepwise enthafpies of compfexation in non-aqueous media have 
proven quite valuabfe in ~stabli~~ng the ~~rm~dy~am~cal~y stable species ~~~st~~ in solu- 
tion 55,59,61 

. Calorimetric data have also proved quite valuable in elucidating such factors as 
the re~at~ous~p of coordination number to steric requirements of the ligand and to metal 
ion size, 

Most of the entha~py data reported for aqueous systems have been cakufated from the 
temperature dependence of the formation constants. The values are small and sometimes 
positiverG , probably as a consequence of the need to displace strongly bound water mole- 



COMPLEXES OF LANTHANIDE(II1) IONS 219 

cules in the ligation process. The stability of lanthanide complexes in aqueous solution 
is due to the large positive entropy change (chelate effect) associated with the complexa- 
tion reaction. 

in contrast to the behavior in aqueous solution, the enthalpy changes associated with 
the complexation of ethylenediamine, diethylenetriamine, triethylenetetramine and /3,@,@‘- 
triaminotriethylamine with tanthanide perchlorates in anhydrous acetonitrile are both 
large and exothermic. A plot of molar enthalpy of complexation of ethylenediamine in 
terms of the general equation 

Ln(en),_l (CH3CN)_y + en 2 Ln(en),(CH3CN,~ + (x -Y) CH,CN (6) 

is shown in Fig 7 for Gdm. The results for other Ianthanide perchlorates are similar. Each 

curve is characterized by four distinct pIateaux, indicating the formation of four Ln(en)z 
(n = 1-4) species in solution. The distinct breaks in these enthalpy curves are character- 

istic of thermodynamically stable complexes1r7 in which the successive stepwise formation 

constant differ by lO*- 103_ Representative enthaIpy data are presented in Table 6. The 

stepwise formation constants (Table 7) were calculated by the method suggested by Bren- 
ner117. Although the treatment is subject to considerable error, the Iog K, values are of the 

correct orders of magnitude and are useful for establishing the magnitude of thermody- 
namic stability which these chelates possess in solution. The stepwise formation constants, 
together with the molar enthalpy data, were used to calculate the stepwise entropy 
changes (Table 7). It is interesting to note that the entropy changes are both large and neg- 
ative in this ligation reaction, in contrast to the large positive values observed in aqueous 

229 - 
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Fig. 7. EnthaIpy curve for the formation of Cd (en), (CiOJ,. Reprinted with permission of The Ameri- 
can Chemical Society from J.H. Forsberg and T. Moeller, Itlorg. Chem., 8 (1969) 889. 
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TA3LE 6 
Enthlpies of c~rnpi~~3~~~ of lanthanide per&bates at 23°C 

13.8 
13.6 . 
13.8 
13-5 

13.9 
13.9 
13.X 
12.6 
12-7 
13.1 
14.4 
14.3 

11.43 
10.8 
10.9 

9.9 
917 
9.5 
9.0 
9.2 

IO.0 
II*5 
12.8 
12.8 

23.8 19.8 
24.6 XL8 
25.6 20*9 
25.7 21.2 

2-6-J 

27.2 

28.1. 
27.4 

211s 

22.2 

23.5 6.2 
22*7 6.1 

9.9 

6.9 



COMPLEXES OF LANTHANIDE(II1) IONS 221 

metal ion radius. The large difference observed in AH, values for Gd3+ and Dy3+ may in- 

dicate that steric factors are decisive in preventing the isolation of the tris chelates of the 
heavier Ianthanides (Table 2). 

The total enthalpies of complexation, A&, for the formation of tetrakis-ethylenedia- 
mine complexes and tris-diethylenetriamine complexes are given in Table 8. The total 
enthalpy of complexation is less for the tris-diethylenetriamine chelates for each lantha- 
nide ion, even though diethylenetriamine presumably involves formation of nine metal- 

nitrogen bonds, as compared to only eight for the tetrakis-ethylenediamine chelates. Fur- 
thermore, the difference in AH, increases with decreasing metal ion radius, indicating the 
presence of greater steric repulsions in the tris-diethylenetriamine chelates. Since the ni- 

trogen atoms in each of these ligands are expected to be of comparable donor strength, a 
comparison of AH, values provides a quantitative measure of the difference in the steric 
requirements of these two ligands in high-coordinate complexes, as a function of metal 

ion radius. 
Two distinct plateaux characterize the formation of the triathylenetetramine chelates, 

establishing the existence of the Ln(trien)z+ (rz = 1,2) species in soXutior?‘_ A comparison 

of the AH, values (Table 8) with the corresponding values for ethylenediamine and diethy- 
Ienetriamine chelates indicates that the values for triethylenetetramine are substantially 

less than expected. The lower values obtained for these chelates may best be explained by 
the inability of this ligand to form four strong metal-nitrogen bonds, due to the strain 
induced in the central chelate ring upon tetradentate coordination_ This effect has been 

noted previously in d-type transition met al systems’ 18. 
The values of the total enthalpy of complexation (AH,) of Pr(ClO& and Nd(ClO& 

with j3, /3’, 0” -triaminotriethylamine indicate that all four nitrogen atoms of the ligand are 
involved in coordination s6_ The values obtained (AH(Pr) = - 62.5 2 1 S kcal.mole-I; 

AH(Gd) = - 60.3 f 1 S kcal.mole-1) agree with the enthalpy changes corresponding to 
the formation of eight metal-nitrogen bonds in the tetrakis-ethylenediamine chelate$* 

(AH(Pt) = - 59.9 kcal.mole-l; AH(Gd) = - 60.9 kcal.moleB1). 

Molar conductivity data (Table 9) also prove useful in establishing the nature of the 
complex species in solution. Although the data indicate that al1 nitrates are coordinated to 
the lanthanide ion in the absence of ligand, solutions containing excess diethyienetriamine 
are in the range expected for 1: 1 electrolytes in acetonitrile (1: 1 f 175 ohm-l .cm2.moleV1 
(ref. 119); 2: 1, 285 ohm-1.cm2.mo1e- 1 (ref. 119); 3: 1,400 ohm-1.cm2_mole-~ (ref. 36). 

A conductance titration (Fig. 8) of Nd(NO& with diethyfenetriamine is characterized 
by a sharp increase in conductivity between the 1: 1 and 2: 1 ligand:metal-ion molar ratios, 
indicating the release of a coordinated nitrate ion in this region. The bis chelate existing 

in solution is formulated as [Ln(dien)2(N03)2] +, since the conductivities at the 2: 1 ligand: 

metal ion molar ratio are indicative of uni-univalent electrolyte behavior.This formulation 
is consistent with that postulated for the sohd chelates. The lack of a further large in- 

crease in conductivity beyond the 2: 1 ligand:metal-ion molar ratio indicates that the third 
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TABLE 8 
T&I enthaIpies of cornpIe_xation for ethylenediamine, diethylenetriamine and triethyIenetetramine 
chelates of lanthanide perchlorates 

Ln3+ Total enthaIpy change (kcaI.moIe-l) 

- AH= (en) - Al!?= (dien) - AHa (trien) Difference 
(dien-en) 

J_P 57-6 56.7 51.5 0.9 
Nd3:+ Fr 60.4 59-9 58-O 58.0 51.9 51.5 2.4 1.9 

Sm3+ 60.7 57.6 52.6 3.1 
Gd3’ 60.9 57.5 3.4 
DY3+ 60.1 56.3 50.9 3.8 
Er3+ 63.4 57.8 6.6 
Yb3+ 66.1 56.2 53.8 9.9 -- -- -- 

TABLE 9 
Molar conductivities of acetonitrile soIutions containing Ianthanide salts and diethylenetriamine 

nM (Iigand:metal) (ohm-‘.cm2.moIe-1) 

AM IO:fP 12fi1 (6~1)~ 

12.4 129 

12.6 135 

17.5 136 

17.5 136 

4.8 137 

6-5 -157 

5.6 176 

465 430 

A..~ (6:1$ 

170 

175 

160 

164 

175 

205 

210 

430 

Q Concentration of Ianthanide salts is 0.001 &f. 
’ Limiting conductitities at infmite dilution were obtained by extrapolation of the Iinear portion of a 

standard conductance plot. The graphs deviate from linearity in the nitrate systems for concentra- 
tions less than 1.5 X lOa M owing to the presence of the weak electrolyte Ln(dien)~ cN03)~. 

molecule of diethylenetriamine does not compete effectively against the nitrate ligands for 
the remaining coordination positions of Fe lanthanide ion. 

The enthalpy curves for tie titration of lanthtide nitrates with ethylenediamine41 and 
diethylenetriamines5 _are characterized by two plateaux, demonstrating the formation of 
the mono and bis chelates. The lack of further plateaux, as observed with the perchlorate 
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L~gond i Metal 

Fig. 8. Conductance titration of Nd(NO,), with diethyknetriamine. Reprinted with permission of The 
American Chemical Society from J.H. For&erg and CA. Wathen, Imrg. C%em.. 10 (1971) 1379. 

salts, is further proof that in the presence of nitrate ion, the species Ln(en)F (n = 3,4) and 
Ln(dien) :’ are thermodynamically unfavorable relative to the [Ln(en)2(N03),] and 
Ln(dien)2(NO&] NO3 species, (The molar conductivity of perchlorate salt?‘, - 400 
ohm- I .cm” .moIe-’ , indicates that the perchlorate ion does not coordinate the lanthanide 
ion in acetonitrile.) The effect af coordinated nitrate in lowering the effective positive 
charge of the metal ion is reflected in the lower enthalpy change (3-6 kcal.mole-I) ob- 
served for the nitrate salts compared with the perchlorate salts. 

H. SUMMARY 

The use of non-aqueous solvent media has provided a means of successful synthesis of 

lanthanide complexes derived from several N-donors. The high coordination numbers of 
these species, established by determinations of molecular structure and interpretations of 
spectral data, are indicative of appreciable Ln 3+-N interaction. Calorimetric measure- 
ments of enthalpies of ligation provide quantitative evidence for considerable thermody- 
namic stability of lanthanide complexes based solely upon nitrogen coordination- Com- 
plexes derived from strongly basic nitrogen donors in acetonitrile are enthalpy-stabilized, 
emphasizing the importance of Ln3+ --N bond formation in the ligation reaction. 

Neutral N-donors are apparently incapabIe of competing effectively for coordination 
sites with st;ongIy coordinating anions in solution. The isofation of high-coordinate, stoi- 
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chiometric complexes containing at most one nitrate or halide group in the coordination 

sphere may best be attributed to the greater insolubility of these species in the reaction 

medium, since anion displacement is not thermodynamically favorable. 

Interpretations of NMR data indicate that the Ln 3*-N interaction is predominantly 

electrostatic. Thus the observed stereochemistry of a lanthanide complex may be attrib- 

uted to sieric factors and electrostatic forces of attraction and repulsion, rather than orien- 

tation of the metal-ligand bonds by the we11 shielded 4forbitals of the metal ion. 
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