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A. INTRODUCTXON 

The chemical bonds in Ianthanide(II1) complexes are considered for the 

most part to be ionic, partly because of their well-shielded 4f orbitals, and pqtly 
because of their inert gas electronic configurations. Recently however, partial 

covalency in the metal ligand bonds has been noticed both theoretically and experi- 
mentally. We describe here the results of our recent work on lanthanide(III) com- 
plexes, dealing with the nephelauxetic effect in praseodymium(III) and neody- 
mium(II1) complexes with various organic ligands’ and the stability constants of 
lanthanide(II1) complexes with a new ligand tetraethylenepentaamineheptaacetic 
acid. 

Absorption spectra of praseodymium(II1) and neodyrnium(III) complexes 
were measured in aqueous alkaline solution with excess of the various ligands. 
The Racah parameter, E3, and the Land6 parameter, cdf, were calculated by the 
least squares method on the basis that the energy separation between J-levels of 
4fQzonfiguration is a function of E3 and cdf. By using the values of E3 obtained, 
the nephelauxetic effect in the Pr“’ and the Nd”’ complexes were compared to that 
in the d-transition metal complexes. 

Potentiometric studies of the interaction between a novel dodecadentate 
l&and, tetracthylenepentaamineheptaaceiic acid (TPHA, H,L) and lanthanide- 
(III) (In”‘) ions, were carried out to discover the affinity of the ligand for lanthan- 
ide(II1) ions. Evidence is given for the formation of lanthanide(II1) complexes, 

having 1 : 1 and 2 : 1 molar ratios of Lnrrr to ligand. Formation of the mono- 
protonated complex LnHL3- and of the complex ML4- was noted in the lower 
pH range and formation con.tants were calculated graphically. 

B. THE NEPHELAUX!STIC EFFECT IN prrrr AND Nd’n COMPLEXES 

It is well known that the radial integrals of the valence orbitals of a metal ion 

*Present address: Department of Chemistry, Wakayama University, Wakayama, Japan. 

Coordin. Gem. Rev., 3 (1968) 189-200 





SPECTRAL AND POTENTIOMETRIC STUDIES OF LANTHANIDE COMPLEXES 191 

where ki = gi(Eo3, &,)_ B ase d on equation (3), X and y can be obtained by the 
least squares method using experimental values. 

Prru complex: The LS term energies and the spin-orbit m%trices were ob- 
tained from Condon and Shortley’, and Satten and Margolis’, respectively. The 
calculation was carried out by putting E, 3 = 451.36 cm-’ and c = 729.5 cm-‘. 
Four experimental values were used for the least squaris calculation for each 
praseodymium(IU) complex. 

Nd’n complex: We have made use of the result of the detailed calculation of 

Carlson and Crosswhiteg. Putting E,,3 = 492.00 cm-l and < = 861.72 cm-‘, we 

have obtained the numerical values of 

gi(JS3, 50)s and 
E3=&3 

for each Ji-level, and then carried out the least square calculation, using eleven 
experimental values for each neodymium(II1) complex. 

E.uperimental--The absorption spectra were measured at room temperature 
(about 20°C) with a Hitachi EPS-2 spectrophotometer, a 10 mm quartz cell being 
used. Excess of the ligand was used to ensure complex formation_ Since the ab- 
sorption spectra may be affected by the pH of the solution, ammonia was added 
to the solution until the increase of pH did not affect the absorption bands any 
more. Some examples of the pH values and the ratio of metal to ligand in the solu- 
tion are shown in Table I. 

Since the absorption spectra of aqueous solutions were completely in accord 
with the literature,‘O further purification of the lanthanide(IU) perchlorate (purity: 
more than 99.99%) used was not necessary. 

Results and discussion--Since it was difficult to obtain the baricenter of the 
J-band experimentally, we had to be satisfied with taking the center of the band 

(not the peak). 

TABLE 1 

THE RATXOS OF METAL TO LISAND AND PH OF THE SOLUTIONS USED FOR THE MEASlJREhIENTS 

P,“’ Nd”’ 

Iigand metalfligand pH metalfligand pH 

glycine 1 : 10 10.45 
alanine 1 : 10 10.45 
serine 1 : 10 10.75 
malate 1 : 1.5 11.15 
tartarate 1 1.5 : 11.35 
citrate I:3 13.50 
NTA* 1:3 12.05 
EDTA 1 : 1.5 12.85 
TPHA 1 : 1.1 10.50 
cysteine 1 : 10 lO.SO 

1 : 10 
1 : IO 
1 : 10 
1 : 1.5 
1 : 1.5 
I:3 
1:3 
1 : 1.5 
1:l 
1 : 10 

10.05 
10.25 
10.60 
10.55 
10.55 
13.35 
12.05 
12.85 
10.50 
10.55 

. 
*NTA: nitorilotriacetic acid 
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Fig. 1, Absorption Spectra of Aquo and EDTA Complexes of Pr”’ in Aqueous Solutions. 

For exampIe, Fig. 1 shows the absorption spectra of aquo and ethylene- 
diaminetetraacetato complexes of Prrrr in aqueous solutions at pH = 12.85 and 
a temp. of 25.0 + O.l”C. The red shift of the absorption spectra of the EDTA 
complex can be seen clearly. Fig. 2 also shows the absorption spectra of aquo and 
EDTA complexes of Nd”’ in aqueous solution under the same conditions. The 
red shift can be similarly observed. 
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Fig_ 2. Absorption Spectra of Aquo and EDTA Complexes of Nd”’ in Aqueous Solutions. 
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The energies of the J-levels of each lanthanide(II1) complex were obtained 
using the least squares calculation. The accordance of the calculated values- with 
the observed values was satisfactory. The calculated values of the aqio com- 
plexex, for example, .are shown in Table II. : . 

The values of E3 and Cbf obtained are listed in Table III. By using these data, 
the degree of the nephelauxetic effect of 4f-transition metal complexes can be 
compared with that of d-transition metal complexes in terms of l-j?’ (where 
jj’ = F,(complex)/F,(aquo) as exemplified in Table IV. 

TABLE 2 

EXAMPLES OF CALCULATED AND OBSERVED WAVE NUMBERS OF J-LEVELS OF THE AQUO COMPLEXES, 

OBTAINED FROM THE RESULTS OF LEAST. SQUARE METHOD. (Cm=) 

Pr”’ 

J-level . JPO 
talc. 22473 
obs. 22523 

“Pl “PO lDD, 

21309 20729 17123 
21413 20725 16935 

Nd”’ 

J-[eve1 4DDys *Dslz OPy3 4G11/2 =Gs,z 4G7,2 ‘G/z ‘h,, ‘Fi,z ‘5,~ ‘&,, 

talc. 29134 28420 22793 21823 19578 19045 17259 14590 13570 12583 11458 
obs. 28893 28257 23397 21650 19554 19171 17271 14663 13550 12563 11468 

TABLE 3 

Es AND 5 (CRl_‘) 

ligand 

Nd”’ PI-“’ 

Ej 5 F t 

aquo 489.8 
glycine 486.5 
alanine 486.2 
malate 486.1 
tartarate 485.9 
NTA* 485.8 
serine 485.8 
EDTA 485.4 
TPHA 485.3 
citrate 485.2 
cysteine 484.7 

*cf. the footnote of Table I. 

930.1 459.8 708.6 
928.3 455.9 707.9 
928.4 455.5 707.6 
932.1 456.3 709.8 
928.9 455.2 709.8 
931.1 457.4 703.3 
927.8 455.9 703.0 
932.5 455.0 706.4 
932.8 454.3 705.8 
928.3 456.3 710.5 
930.2 454.0 708;l 

TABLE 4 

THE NEPHELAUXETIC EFFECT OF 4f- AND 3d-TRANSITION METAL COMPLEXES 

Metal ion C# NiN Mn” PF Nd”’ 

ligmd 

B’ 
1-p 

3 (oxalate) EDTA EDTA EDTA EDTA 
0.88 0.91 0.96 0.990 0.991 
0.12 0.09 0.04 0.010 0.009 
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The values of 1-p for lanthanide(IIi) complexes are only about -one tenth of 
those for 3d-transition metal complexes. 

Jorgensen” reported a similar comparison by regarding ~~~~~~~~~~~~~~~~~~~~ = 
I-/?‘, assuming that the separation between the J-levels are linearly dependent only 
on E3. 

It should be noted that the absorption spectrum of a lanthanide(II1) complex 
in an aqueous solution depends not only on the species of the metal ion and the 
Iigand, but also on the metal-ligand ratio and the pH of the solution. Some exam- 
ples of the experimental conditions for the nepheIauxetic effect obtained in this 
study.are shown in Table I. In spite of this limitation, however, the results of the 
present study are stiII useful for estimating the covalent character of the 4f electrons 
of the lanthanide@II) ion. Furthermore, in some oases, the present dc..a may serve 
to give‘ some information about the configuration of the complex. 

-XpO c 
glycinote - 

dmote - 

mcbatc - 
tortcro1e 

NTA 

scrinate . 
EDTA 
TPHA - 
citrate - 

cysteinate &. 

-0 

1 
485 486 487 488 489 490 

E’ (cm-‘) 

Fig. 3. EJ of Nd”’ Complexes. 

For example, Fig. 3 shows a plot of the values of E3 .against the various ligands for 
Nd”’ complexes. The cysteinato complex shows the smallest E3 and is located at 
the bottom of the nephelauxetic series, on the other hand, the other a-amino acids 
such as glycinato, aIaninato, and serinato complexes are placed on the upper posi- 
tions of the series. This fact suggests that the sulfur atom of cysteine is taking part 
in the formation of the cysteinato complex in solution. The nephelauxetic effect 
of sulfur coordinated to a metal ion” is much larger than that of oxygen or ni- 
trogen coordination. 

C. LANTHANIDE(II1) COMPLEXES OF TPHA 

A new dodecadentate ligand tetraethylenepentaamineheptaacetic acid 
(TPHA) was used as the ligand for lanthanide(ILI) complexes. 
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HOCO-CHI 
\ 

CH&OOH 

N.CH,-CHiN-~HiCH~-N.~H*-~H=.N-CH,.CHdN/ 

krOCo-CH/ &I&OOH ~H&OOH LH,COOH &OOH 

The interaction between TPHA and the Ianthanide(III) ions was investigated 
by a potentiometric titration method using the glass electrode and the stahilitv 
constants of the lanthanide(III)-TPHA complexes were calculated. 

Eqerimenfal-TPHA was synthesized by I. Murase’” and its chemiil 
formula was given by CS3H2,N50 r,.4HC1.2Hz0. Elemental analyses were in 
accord with the for-mule given. Found %_ C = 40.32, H: 6.33, N: 11.05. Calcd %. 
C = 40.70, H: 6.62, N: 10.75. 

The experimental method consisted of potentiometric titration of the hepta 
basic acid TPHA with COz-free KOH solution in the absence and presence of the 
lanthanide(II1) ion. All lanthanide(III) ions were titrated in both 1 : 1 and 2 : 1 
moIar ratios of metal ion to ligand. A Hitachi-Horiba P-type pH meter fitted with 
glass and saturated calomel electrodes was used. Measurements were made in 
nitrogen gas at a temperature of 25.0 + 0. 1°C and at a constant ionic strength p of 
0.1 in KNO,. 

Results and discussion--The neutralization of the free ligand TPHA occurs 
in two steps as shown by titration curve (1) in Fig. 4, which has a strong inflection 
ata = 5 (where a is the number of moles of base added per mole of ligand present 
in the experimental solution) and a weaker inflection at a = 6. This curve is in 
good agreement with the predicted titration curve from the dissociation constants 
of TPHA obtained by N. M. Dyatlova.L4 

The potentiometric titration curve (2), for example, for the 1 : 1 lanthanum-. 
(III)-TPHA complex has a very sharp inflection at a = 7. This indicates the forma- 
tion of a stable 1 : 1 complex. 

ZO- 

6.0 

1.0 2.0 3.0 4.0 SO 6.0 7.0 8.0 9.0 10.0 a 
Fig. 4. Potentiometric titration of TPHA at 2.5”. 
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As shown by titration curve (3), in the presence of two moles of La”’ per 
mole of the ligand TPHA there is a strong inflection at a:= 8. Both La ions are 
bound up. to a pH of 8, indicating that a binuclear complex, La,(OH)TPHA2- is 
formed above pH 8. Though the complex formed is unstable, the hydroxide does 
not precipitate b&cause of the high stability of the lanthanum(III)-TPHA com- 
plex. 

Calculations-The values of the dissociation constants of TPHA obtained 
by Dyatlova14 were used in this work, namely, 

Pkl pke Pk, Pka pks 
9.95 ‘8.85 5.56 3.82 2.79 

As the sixth and seventh dissociation constants are not reported, the cal- 
culations were carried out in the range of a = 4.5 - 6.1 (abovepH2.9), whereno 
influence of K, and K, was observed at all. 

For the 1 : 1 lanthanide(III)-TPHA system, where a monoprotonated 
lanthanide(II1) complex LnHL3- and the complex LnL4- are presumed to exist 
in the region of a = 4.5 - 6. I, the equilibria involved are 

Ln3-+HL6- =$ LnHL3- KLnHL = 
EnHL3’ J 

[Ln3+] [HL6-] 

LnHL3- z+ LnL4-+H+ G&. 5 
[LnL4’] [Hi] 

FnHL3-3 

Ln3 + + L’- S LnL4- K 
[LGL4-] 

LnL 
= CLn”-] CL’-] 

(4) 

(5) 

(6) 

From the usual mass balance and electroneutrality relationships, the follow- 
ing equations may be obtained. 

TL = j i, [HjL(‘-j)] + CL’-] + [LnL4-] + [LGHL3-] 

T Ln = mn3 ‘I+ &nL4-] + EnHL3 -1 

TL(7-a) = [H’J - [OH-J + i j[HjL” -“-I C [LnHL3-] 
j=l ,.. 

(7) 

(8) 

(9) 

where T,, is the total concentration of lanthanide(II1) species and TL is the total 
concentration of ligand TPHA added. From equations (4), (5), (7), (8) and (9), 
Gquations (10) and (11) are obtained. 

10) + (TL(7 -a) - m.*] + [OH-]) KEmHL 

CH’I (Y-w+YG!“liL 
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K 
T,(7-a)-[H+Ji[OH-I--[HL6-]Y 

LnHL = mL6-]2x 
Also 

197 

(11) 

kl 
x = [Hf3 

+ 1 + i ,,+li 6 (i+l) [H’]’ 
r- and Y=l+ c T- 

i=l 

rI kz 
r=2 

where 

k 
L 

= ~~L-IL~~-~)-I WI, z _ 1 2 
[H,L(7-")-I - ' - --.7' 

and k, represents the corresponding dissociation constant of the ligand. 
A series of values was assumed for K Lr,m and corresponding values for 

K LnHL were calculated from equation (11)“. The resulting values of KLnHL were 
plotted against the assumed values of KFnHL to give the intersecting lines shown 
in Fig. 5. 

The different lines obtained from different points on one titration curve all 
intersect at one point as shown in Fig. 5 for the 1 : I La-TPHA system. This indi- 
cates the existence of a set of unique values for KLnHL and KLnHL which will satisfy 
the assumed reactions at any point along the titration curve between a = 4.5 - 6.1. 
The values for KLnL are obtained from equation (12) where KY is the 1st formation 
constant of the ligand TPHA. 

K LnL = Ki!rmL - KL~HL - K? 

Stability constants, logKLnHL and IogK,,, are given in Table V. 

TABLE 5 

STABILITY CONSTANTS OF LANTHANIDE(III)_TPHA COhlPLEXES 

Temperature 25.O;O.l “C. Ionic strength p = 0.1. 

(12) 

La Pr Nd Sm Eu Gd Tb Dy Ho Tm Yb Lu 

l”gKLnHL 13.12 13.46 14.10 14.13 14.51 14.11 14.47 14.13 13.97 13.98 13.80 13.26 
lo@,,, 19.10 19.64 20.18 20.50 20.72 20.41 20.68 20.42 20.35 20.11 19.75 19.14 

The plot of logK,,, vs. atomic number is shown in Fig. 6. By a close inspec- 
tion of this curve, we find that there is a regular increase in the stability constants 
of the lantbanide(IIL)-TPHA complexes with decreasing ionic radius from lantb- 
anum(III) to europinm(lII), according to the lanthanide(III) contraction, then the 
usual gadolinium break and beyond terbium (III) a slight decrease in-the stability 
constants of the complexes to lutetium(III) probably due to the steric hindrance of 
the ligand and the decrease of the coordination number of the central lanthanide- 
(III) ion. Concerning this trend in the stabilhy constants of these complexes, the 
behaviour of TPHA as a ligand seems to be very similar to that of diethylene- 
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Fig. 5. Graphical solution for KLaHL and KH,H, (La: TPHA (1 : 1). 

Fig. 6. Relation between logKM, and atomic number. 

triaminepentaacetic acid (DTPA). This suggests that factors outside the lanthanide- 

(III) contraction influence this trend. It is supposed that the coordination number 
may decrease with the steric hindrance caused by the large size of the ligand as the 
lanthanides(III) decrease in size. Stability constants log&,ou, were calculated 
for the liydroxo-lanthanide(III)-TPHA (1 : 1) complexes. For example, the poten- 
tiometric titration curve of the 1 : 1 La-TPHA complex shown in Fig. 4, has a 
weak inflection above a = 7 inferring the overlap of inflections is due to some 
hydroxo complexes. At least mono or dihydroxo complexes are presumed to be 
present; they involve the following equilibria. 

LnL4- + OH- C$ Ln(OH)L’- K’i = 
[Ln(OH)L’-] 

mnL4-] [OH-] 
(13) 

Ln(OH)L’- + OH- zs Ln(OH),L6- K’, = 
[Ln(OH),L6-] 

Dh(OH)L5 -1 [OH -1 

Assuming the degree of dissociation of LnL4- to be extremely small and 
LnL4- as a only species to be formed in solution above a = 7, Ln(OH)L5- and 
Ln(OH)IL6- should exist in equilibria. Therefore, if a solution of LnL4- is ti- 
trated with standard base, the following equations may be written to describe the 
stoichiometry. 

TL = TLn = [LnL4-] + [Ln(OH)LS-] + [Ln(OH),L6-] (14) 
ToH- [OH-] = &n(OH)L’-] +2[Ln(OH),L6-] (15) 

where TL and TLn denote the total concentration of ligand and lanthanide(II1) ions 

respectively and ToH represents the concentration of hydroxyl ions added at any 
point along the titration curve. The Bjerrum quantity, iioH may be expressed by 
equation.(16), by using equations (13), (14) and (15). 
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T 
noH = 

OH-[OH--1 &n(OH)L’ -1 + 2[Ln(OH),L6 -1 

T = &nL4-] + [Ln(OH)L’-] + [Ln(OH),L6-] 
R’,&H-] +2K’, * K’,[OH-1’ (16) 

= 1 +K1[OH-] +K’l - K’,[OH-I2 

It is seen that the relationship between &,u and [OH-] is identical withthe 
usual Bjerrum function, & relationship with the free ligand concentration- (A). 
Hence, logK’, may be determined to a first approximation from a plot of nou VS. 
pOH, at & values of 0.5. 

Calculated values of logK’, are listed in Table VI. 

TABLE 6 

STABILITY CONSTANTS OF HYDROXOLANTHANIDE(III)-TPHA COMPLEXES 

Temperature 25.0+0.1 “C. Ionic strengthp = 0.1. 

La Pr Nd Sm Eu Gd Tb Dy Ho Tm Yb Lu 

logIs’, 4.75 5.27 5.34 5.29 5.25 5.34 5.25 5.22 5.21 5.15 5.23 5.11 

The usual trend for the lanthanide contraction could not be observed, be- 
cause of the coexistence of other hydroxo complexes in solution. 
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