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Abstract 

The interaction between perchlorate and Ln(II1) ions has been investigated in anhydrous acetonitrile 
for Ln = La, Pr, Sm, Gd, Dy, Ho, Tm and Yb. Control experiments have been carried out with Ln = Nd, 
Eu and Er. Vibrations assigned to unassociated (u), monodentate (m) and bidentate (b) perchlorate 
anions were identified in 0.05 M solutions of Ln(ClO&. Quantitative FT-IR measurements allowed 
the determination of the number of uncoordinated perchlorate ions, ClO,-(u), per Ln(II1) ion, n,, 
which increases from 1.43 (La) to 1.8-1.9 (Pr-Gd) and to 2.0-2.1 (Tb-Yb). Examination of other 
parameters such as the value and the variation of the v4(E)-v1(A1) and Y~(B~)-v~(A~) splittings for 
ClO,-(m) and Clod-(b) ions, respectively, the area of vibrational bands assigned to ClO,-(m), and 
the hypsochromic shift of vibrations assigned to bonded acetonitrile molecules, leads to the following 
interpretation. Both ClO,-(m) and ClO,-(b) ions are in the inner coordination sphere and the 
quantitative data point to a complicated situation in which several equilibria take place between species 
differing by the number of coordinated perchlorate ions, by the coordination mode of the perchlorate 
ions, and, probably, by the number of coordinated acetonitrile molecules. Changes in the average 
coordination number of the Ln(II1) ions occur between La and Pr and at Gd. The equilibrium ratios 
for the formation of the monoperchlorato species could be evaluated for the heavier lanthanides: log 
K, ranges between 1.8 and 2.7. Water molecules replace bonded perchlorate ions in the inner coordination 
sphere and so do chloride ions. The affinity of Ln(II1) ions for chloride ions relative to perchlorate 
ions has been calculated to be log KcIIcIoI= 1.1, 1.2 and 0.5 for La, Nd and Er, respectively. Finally, 
an estimate of the formation constant of the monochloro complex of Er yielded log K,=2.6f0.7. 

Introduction 

Owing to their large charge density and lack of 
directionality in chemical bonding, the trivalent lan- 
thanide ions Ln(II1) are highly solvated cations. In 
water, the average hydration number decreases from 
9 for the lighter lanthanides to 8 for the heavier 
ones [l, 21. Coordination numbers ranging from 10 
to 8 have been reported for non-aqueous solutions. 
These numbers are often fractional, reflecting the 
presence of equilibria between differently solvated 
species. Changes in coordination number occur along 
the series and with the solvent composition. For 
instance, the interaction between lanthanide nitrates 

*For Part 9 see ref. 3. 
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and dimethyl sulfoxide has been recently studied in 
anhydrous acetonitrile [3]; the coordination number 
clearly depends upon the dimethyl sulfoxide con- 
centration, increasing by approximately 0.5 unit when 
the ratio [DMSO]/[Ln(III)] is increased from 3 to 
6. In the absence of water, weakly coordinating anions 
such as perchlorate or triflate interact with lanthanide 
ions to form inner sphere complexes [4]. The presence 
of these species has been confirmed by FI-IR spec- 
troscopy for Ln =Nd, Eu, Tb and Er [5, 61 in 
anhydrous acetonitrile, and by ‘39La NMR mea- 
surements for La in methanol [7]. The interaction 
remains moderate and steric and electrostatic effects 
appear to be of the same order of magnitude. In 
this communication, we extend our previous study 
[5, 61 to most of the remaining members of the Ln 
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TABLE 1. Main IR data (cm-i) for perchlorate ions in Ln(ClO& solutions (0.05 M) in anhydrous acetonitrile’ 

Assignment Lanthanide 

u m b La Pr Sm Gd Dy Ho Tm Yb 

1193 1199 1201 1198 
1156 1157 1157 1155 
1102 1102 1102 1102 
1028 1032 1032 1038 
999 1000 999 1001 
932 934 935 937 
648 651 652 653 
625 625 625 625 

1199 1200 
1163 1163 
1102 1102 
1038 1034 

::7 :;8 
655 656 
625 625 

1;:8 
1102 
1028 
na 
939 

:k 

1;:8 
1102 
1028 
na 
940 
659 
625 

“Assignments from refs. 5 and 6; u = unassociated, m=monodentate, b=bidentate, na=not available without spectral 
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Fig. 1. Difference spectra of Ln(ClO& solutions (0.05 M) 
in anhydrous acetonitrile, in the spectral range of the main 
perchlorate vibration. The arrow points to absorption from 
the coordinated solvent. Stars denote solvent absorptions 
that could not be completely compensated. Key: u=un- 
associated, m = monodentate, b = bidentate. 

of the v~(E)-v~(A~) splitting is therefore indicative 
of the strength of the Ln(III)/C104- interaction. 
The splitting ranges from 128 to 140 cm-’ and is 
close to the values reported for inner-sphere com- 
plexes, e.g. 134, 135 and 128 cm-’ for solid samples 
of Yb(HMPA),(ClO& [lo], Fe(C10&*4Hz0 and 
Cu(C10&.2H20 [ll]. The trend along the lan- 
thanide series is shown in Fig. 2. There is a slow 
decrease in the strength of the Ln(III)/C104- in- 
teraction from La(II1) to Gd(III), followed by a steep 
increase up to Tm(II1). In the case of bidentate 
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Fig. 2. Splitting v.,-y (cm-‘) of monodentate perchlorate 
(top) and average number of coordinated perchlorate ions 
per Ln(II1) ions, n, (bottom), in Ln(CIO& solutions (0.05 
M) in anhydrous acetonitrile vs. the reciprocal of the ionic 
radii [9] for a coordination number of 9. Data for Nd, 
Eu, Tb and Er have been remeasured and are slightly 
different from those reported in ref. 6. 

coordination, the v3(T2) vibration is split into three 
components vi(Ai), vs(B1) and vS(B2) around 1000, 
1140 and 1200 cm-i, respectively. Again, the 
vB(B2)-~i(AI) splitting reflects the intensity of the 
Ln(III)/C104- interaction. The values we find are 
within the range 194-206 cm-‘, with no simple trend 
along the series. A splitting of 240 cm-’ is reported 
for anhydrous Cu(ClO& while the estimated value 
for outer-sphere interaction is 50 cm-’ (vide infra). 
These data clearly point to both ClO,-(m) and 
Clod-(b) being bonded into the first coordination 
sphere of the Ln(II1) ions. 

We have determined the concentration of 
ClO,-(u) in all the investigated solutions by using 
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the y absorption band and a calibration curve based 
on silver perchlorate solutions which are known to 
contain unassociated perchlorate only [5]. The results 
are presented in Table 2 while the variation of the 
average number of uncoordinated perchlorates per 
Ln(III) ions, n,, is depicted in Fig. 2. The lanthanides 
can be divided into three groups: La, Pr-Gd and 
Th-Yb for which 48 f l%, 61 f2% and 69+2% of 
the perchlorate anions are uncoordinated, respec- 
tively. The relative concentrations of ClO,-(m) and 
ClO,-(b) have not been determined, but we have 
shown for Nd, Eu, Tb and Er [6] that ClO,-(b) 
represents 15-30% of the total concentration of 
coordinated perchlorate ions. To get more insight 
into the nature of the Ln/C104- interaction, we have 
measured the band area of two ClO,-(m) vibrations, 
vi(m) and va(m). Both areas first decrease with 
increasing atomic number and then increase again 
(Fig. 3), but surprisingly the break occurs at Dy and 
not Gd, as could be expected from the data of Fig. 
2. 

Acetonitrile molecules bound to the Ln(II1) ions 
give rise to distinct IR absorptions shifted towards 
higher energies. Two of these vibrations, v, and 

TABLE 2. Average number of unassociated perchlorates 
per Ln(II1) ions, n,, in Ln(ClO,), solutions (0.05 M) in 
anhydrous acetonitrile 

Ln n, Reference Ln n, Reference 

La 1.43*0.04 a 
Pr 1.78 f 0.08 a 
Nd 1.82*0.07 6 
Sm 1.78*0.03 a 
Eu 2.08f0.08 6 

1.92 rt 0.08 a 
Gd 1.89kO.03 a 

Tb 2.11 kO.08 6 
Dy 2.12*0.08 a 
Ho 2.13kO.07 a 
Er 2.07 f 0.08 6 
Tm 2.02kO.05 a 
Yb 2.04&-0.08 a 

“This work. 

v3 + v~, occur in the spectral range 2280 to 2320 cm-’ 
and are convenient to study (Fig. 4). The hypsochomic 
shifts range from 25 (La) to 34 (Yb) cm-’ for y 
and from 15 (La) to 22 (Yb) cm-’ for the combination, 
and their variation along the lanthanide series is 
linear (Fig. 5). This points to a monotonically in- 
creasing Ln/CH3CN interaction with the increase in 
electronic density of the ions, hence to a predom- 
inance of the electronic effects on the steric effects. 
It is noteworthy that the band area of v2 remains 
constant over the lanthanide series, indicating that 
the average number of coordinated acetonitrile mol- 
ecules does not vary substantially from La to Yb. 
The band area of the combination y + v4 increases 
by c. 20-25% from La to Yb, but interpretation of 
these data is not easy since the intensity of a com- 
bination band is extremely sensitive to small changes 
in the force constants of the chemical bonds. 

CH3CN / 

I I I 

2350 2300 2250 cm-’ 

Fig. 4. Acetonitrile vibrations vr and vs+ V, m Ln(ClO,)s 
solutions (0.05 M) in anhydrous acetonitrile. 
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Fig. 3. Integrated band area of the q(m) (top) and v.,(m) 
(bottom) vibrations of monodentate perchlorate in 
Ln(CIO& solutions (0.05 M) in anhydrous acetonitrile vs. 
the reciprocal of the ionic radii [9] for a coordination 
number of 9. 
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Fig. 5. Hypsochromic shift of the y (top) and y+ v, 
(bottom) vibrations of bonded acetonitrile molecules in 
Ln(CIO& solutions (0.05 M) in anhydrous acetonitrile. 
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Another experimental fact is of importance. We 
have observed that lanthanide perchlorate solutions 
containing more water than those for which data 
are reported above systematically display a less in- 
tense I+(U) vibration. We have therefore studied the 
influence of added water on Sm(ClO& solutions. 
The range of water concentration investigated was 
0.005-0.258 M, corresponding to ratios R= [HrO]/ 
[Sm(III)] varying from 0.1 to 5. The concentration 
of both C104-(m) and ClO,-(b) decreases upon 
water addition, pointing to water expelling perchlo- 
rate ions out of the first coordination sphere. On 
the other hand, the intensity of the y(u) vibration, 
corrected for its fwhh, decreases by c. 20% when 
R is increased from 0.1 to 5. Control experiments 
have been carried out with AgC104 solutions con- 
taining the same concentrations of water: no variation 
in the intensity of y(u) occurs, which precludes that 
the variation observed with Sm(III) solutions arises 
from an interaction between ClO,-(u) and water. 
In fact the r+(u) absorption band in the solution 
with R =5 displays two shoulders at c. 1120 and 
1075 cm-‘, which could correspond to the absorption 
of a monodentate species in the outer coordination 
sphere, with a v,(E)-vi(A,) splitting of c. 50 cm-‘. 

Interpretation 

To rationalize our data with respect to the Ln(III)/ 
C104- interaction, we consider the following sim- 
plified equilibria, disregarding the coordination mode 
of the perchlorate anions in the inner coordination 
sphere (monodentate or bidentate). 

[Lnmk13+ + C104- ~{[Ln,k]‘+clo,-} & 

[Ln(ClO.&J+ (1) 

[Ln(C10,),,,,]2+ + C104- s 

The variation of n, along the series (Fig. 2 (bottom)) 
can be interpreted as reflecting the gradual dis- 
placement of the above equilibria towards the left. 
The%hange of both n, and the v.,-vl splitting (Fig. 
2 (top)) with increasing atomic number displays a 
break at Gd. In addition, the change of n, with Z 
exhibits a discontinuity between La and Pr. This is 
consistent with the simple following interpretation 
taking into account both steric factors and the in- 
crease in electronic density with decreasing ionic 
radius. For La, the solution contains approximately 
l/4 bis(perchlorato) species and 3/4 monoperchlorato 
complex. The proportion of the former decreases 
drastically for Pr (to c. lo%), then remains ap- 
proximately constant until the middle of the series 

and finally vanishes for Tb. Steric effects cause a 
lengthening in the Ln-ligand distance and as a result, 
the v4-v1 splitting decreases, despite the increasing 
electron density. The difference between La and Pr 
is not really a coordination number change, but 
rather the displacement of an equilibrium between 
two differently coordinated species. However, since 
we speak in terms of average coordination numbers, 
we may describe this change as reflecting a CN 
change of c. 0.5 unit. The discontinuities occurring 
at Gd may be interpreted as reflecting the displace- 
ment of an equilibrium involving two species differing 
by the number of coordinated acetonitrile molecules. 

[LW104)&W 
2+ J 

[Ln(C10,)(s01v),_,]‘+ + solv (3) 

This is not in contradiction with the near constancy 
observed in the area of the v,(CH,CN) vibration 
versus Z. Indeed, a variation of one unit in x will 
cause a lO-12% variation in the band area and our 
accuracy on these data is f5-8%. Moreover, the 
data of Fig. 3 may be understood by taking into 
consideration that the total band area of a vibrational 
band is proportional both to the concentration of 
the species and to the variation in dipole moment 
of the chemical bond. The latter variation will there- 
fore increase with increasing Ln(III)/C104- inter- 
action and the change in the area of both vr(m) 
and us(m) results from the interplay of two converse 
factors, namely the decrease in [ClO,-(m)] and the 
increase in the molar absorption coefficient, hence 
the break at Dy, rather than at Gd, in Fig. 3. 

Returning to equilibrium (l), the relative con- 
centrations of the solvated ion and of the mono- 
perchlorato species present in the lanthanide so- 
lutions can be calculated from the data reported in 
Table 2 and from the total concentrations in Ln(III) 
and perchlorate ions. The apparent equilibrium quo- 
tients Kl =KolK; may then be evaluated for the 
heavier lanthanide ions, under the assumption that 
the n, values are not biased by outer-sphere per- 
chlorate ions, two vibrations of which interfere with 
vJ(u), vide sup-a. The values (Table 3) point to a 

TABLE 3. Apparent equilibrium quotients for the formation 
of monoperchlorato species in Ln(C104)3 solutions (0.05 
M) in anhydrous acetonitrile (see text)’ 

Ln(II1) Log 4 Ln(II1) I-% Kl 
(I mol-‘) (I mol-‘) 

Th 1.9 f 0.4 
Dy 1.8kO.4 
Ho 1.8kO.3 

Er 
Tm 
Yb 

2.1*0.4 
2.7&-0.5 
2.4 f 0.4 

‘Data for Tb and Er are from ref. 6. 
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moderate interaction, with log K1 around 2. They 
are not precise enough to reveal differences along 
the series. 

Effect of added chloride 
To determine the relative complexation ability of 

chloride versus perchlorate for Ln(II1) ions, we have 
added tetraethylammonium chloride ‘to perchlorate 
solutions of La, Nd, Eu and Er. The concentration 
of uncoordinated perchlorate ions was determined 
as described above before and after the addition of 
chloride (Table 4). The experiment can be carried 
out with a small chloride concentration (0.04 to 0.05 
M) only since lanthanide chloride complexes are 
sparingly soluble in anhydrous acetonitrile. Data 
clearly point to an increase in the concentration of 
unassociated perchlorate upon addition of chloride. 
Simultaneously, one observes a decrease in the in- 
tensity of the vibrational bands assigned to ClO,-(m) 
while the intensity of the bands assigned to coor- 
dinated acetonitrile molecules remains constant. 
Since the total chloride concentrations used are small 
and since the change in ClO,-(u) concentration is 
not large, we can interpret the data of Table 4 using 
the following simplified model which takes into ac- 
count the presence of two new inner-sphere species 
only, the monochloro complex and a mixed 
chloro-perchlorato species, and which distinguishes 
two cases for light and heavy lanthanides, respectively. 

K~IICIOI 
[Ln(C104)2(solv)]+ + Cl- t----J 

[LnCI(ClO,)(solv)]+ + C104- (4) 

KCIICIQI 
[Ln(C10,)(solv)]2+ + Cl- c--- 

, 

[LnCl(solv)12+ + ClO/ (5) 

Equation (4) could be applied to La and Nd and 
eqn. (5) to Er. Data for Eu do not yield consistent 
values of either K’ or K, which means that a simplified 

TABLE 4. Average number of unassociated perchlorates 
per Ln(II1) ions, n,, in Ln(CIO& solutions (0.05 M) in 
anhydrous acetonitrile, without and with added chloride 

Ln [Ln(III)], [Cl - It nua % b 
(1 mol-‘) (1 mall’) 

La 0.0490 0.0439 1.38+0.08 1.85kO.07 
Nd 0.0537 0.0402 1.82+0.04 1.98kO.06 
Eu 0.0524 0.0410 1.89*0.10 2.12*0.09 
Er 0.0495 0.0533 2.08 f 0.08 2.49 f 0.08 

‘Without chloride; data are different from those listed in 
Table 2 because they have been evaluated from separate 
experiments (average of 4 solutions). ‘In presence of 
chloride. 

model cannot be used in this case. We find log 
Kaeio4 = 1.1 f 0.2 for La and 1.2f0.2 for Nd, and 
log KC,,C,o, = 0.5 f0.3 for Er. Combining this latter 
value with Ki(Er) found for the formation of the 
monoperchlorato species, the apparent formation 
constant of the monochloro complex [ErCl,,$‘+ is 
estimated to log Kcl = 2.6 f0.7. In view of the as- 
sumptions made to calculate these constants, a strict 
comparison with literature data is not possible; we 
note, however, that Hamze et al. [12] report log KC, 
values ranging from 1.7 to 2.0 for Pr, Nd and Sm 
in propylene carbonate and that we have found log 
Kcl,Clo,=0.6 for La in methanol [4]. 

Conclusions 

This study enlightens the fact that the Ln(III)/ 
C104- interaction in anhydrous acetonitrile results 
in equilibria involving, beside outer-sphere com- 
plexes, several different inner-sphere species which 
differ by the number of coordinated perchlorate ions, 
the coordination mode (monodentate or bidentate) 
and, probably, the number of coordinated acetonitrile 
molecules. They are two changes in the average 
coordination number, one between La and Pr and 
the other at Gd. A detailed quantitative analysis is 
not possible on the basis of the available data, but 
the equilibrium ratios for the formation of mono- 
perchlorato species can be evaluated with the help 
of simplifying assumptions. The interaction is mod- 
erate (log Kl =c. 2) but is strong enough to be taken 
into account when interpreting stability constants 
determined in the presence of excess perchlorate as 
supporting electrolyte. Chloride is shown to be a 
better coordinating anion than perchlorate and the 
relative affinity for the former is larger in acetonitrile 
than in methanol. 
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