
J.  CHEM. SOC. DALTON TRANS. 1982 1929 

Lanthanum4 39 Nuclear Magnetic Resonance Spectra of Lanthanum 
Complexes 
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Lanthanum-I 39 n.m.r. spectra are reported for a variety of lanthanum complexes and systems. The 39La 
linewidths vary greatly and, as expected, an important factor appears to be the symmetry of the 
environment around the lanthanum. Information concerning complex formation by the La3 + ion is 
obtained from the variations in both the 139La chemical shifts and the linewidths when a ligand is 
progressively added to anhydrous La[CIO,], in MeCN. Slow ligand exchange is found with the 
[La(P( N Me2) 30}6]3 + ion, and with the ethylenediamine and diethylenetriamine complexes. 

Lanthanum-139 has an abundance of 99.91%, a magnetic 
moment of 2.7615 nuclear magnetons, and a spin, I = 3. It 
has a high receptivity of 336 relative to I3C, but possesses a 
moderate electric quadrupole moment (Q) of 0.21 x 
cm2, which can lead to broad resonances as a result of 
quadrupole relaxation. Systems for which IJ9La n.m.r. 
spectra have been reported include aqueous solutions of 
lanthanum salts with both co-ordinating and non-co-ordin- 
ating solutions of LaC13 in methanol and aqueous 
methan~l ,~ and a number of lanthanum hydroxycarboxylate 
species in aqueous solution.6 

The present work reports 139La n.m.r. spectra for a variety 
of lanthanum complexes, with the aim of characterising the 
species formed in solution, and also of providing a scale of 
'j9La chemical shifts. 

For a quadrupolar nucleus, an approximate expression 
for the linewidth (at half-height), W,, is that given below 

3n(21+ 3) e4qz,ZQ2 1 2  M f  w, = h2 (1 + % a ) - - -  kT 1012(21- 1) 

where qzz is the largest component of the electric field gradient 
q at the nucleus, a is the asymmetry parameter for q (0 < a < 
l), q is the viscosity of the solvent, V is the volume of the 
molecule or ion, and f is a microviscosity factor which is 
about 0.16 for pure liquids. Lanthanum-139 linewidths should 
thus depend, in part, both on the electric field gradients (and 
hence the symmetry) at the 139La nucleus, and size of the 
Ian thanum complex. Thus, low symmetries and/or large 
sizes will tend to lead to broad resonances. These features are 
well illustrated in the present work. 

For experimental reasons it was unfortunately not possible 
to study reliably 139La resonances for which W, exceeded 
about 10 kHz. Nevertheless, the observed values of W, can 
provide useful information. 

Acetonitrile was normally used as the solvent since, in 
addition to possessing a low viscosity, it is also a moderately 
good ionising solvent, and co-ordinates comparatively weakly 
to the La3+ ion. 

Experiment a1 
Preparation of Anhydrous La[C104]3 in MeCN.-A solution 

of hydrated La[C1O4I3 in MeCN was refluxed for ca. 25 h 
through a Soxhlet extractor packed with 3A molecular 
sieves.s The water content was estimated from the proton 
resonance spectra before and after the addition of a known 
amount of water, and was always less than 0.004 mol dme3. 
An additional check on the water content was provided by the 
width of the 139La resonance (see below). The lanlhanum 
content was determined by titration with ethylenediamine- 

tetra-acetate (edta) at pH 5.8-6.0, using xylenol orange as an 
indicator .9 

Acetonitrile was distilled from P2Os and solutions were pre- 
pared and handled under strictly anhydrous conditions. 
Liquid substrates were (where necessary) freshly distilled, and 
dried over 3A molecular sieves. 

The compounds [ N B u ~ ~ ] ~ [ L ~ C ~ ~ ] , ~ ~  [La{P(NMe2)30}6]- 
[CF3SO3I3, [ La(py~)~]  [C1O4I3 (pyo = pyridine N-oxide), l2 

[NH2Et21CLa{CH(OCCF3)2}41,'3 [NEt41[La(Et2NCS2)41,'4 
lutidine N-oxide (IU~O), '~ [NBu"~][NO~],'~ and LaBr317 were 
prepared by literature procedures, and satisfactory analyses 
were obtained. [La{ P(NMe2)30 14] [CF3SO3I3 was prepared 
by dissolution of the hexakis complex" in acetonitrile and 
precipitation with dry diethyl ether (Found: C, 24.9; H, 5.75; 
N, 12.9. C25H72F9LaN12013P4 requires C, 24.9; H, 5.5;  N, 
12.75%). 

[NBU~~],[L~(NCS)~].--T~~ method in the literature for 
the preparation of hexakis adducts of the 'rare earths' 
other than lanthanum consistently yielded the heptakis 
complex for molar ratios of La[NCS], : [NBun4][NCS] of 
both 1 : 3 and 1 : 4 (Found, ratio 1 : 3: C, 56.4; H, 9.5; N, 
10.2. Found, ratio 1 : 4: C, 56.25; H, 9.65; N, 10.15. C25H36- 
LaN7S7 requires C, 56.3; H, 9.6; N, 10.15%). 

[NB~~~]~[La(N0~)~1.-This was prepared by stirring to- 
gether an ethanolic solution of [NBun4]CI (1.22 g, 4.4 mmol), 
LaC13* 7Hz0 (0.54 g, 1.45 mmol), and NaN02 (0.68 g, 10 mmol) 
in the presence of excess triethyl orthoformate (2 cm3) for 24 h. 
After filtration (under argon) of the NaCI, the ethanol was 
removed in vacuo. The residue was twice extracted with Me- 
CN, the complex precipitated with dry ethyl acetate, and dried 
in vacuo over P205 (Found: C, 50.45; H, 9.55; N, 11.05. 
CI2H2,LaOl2 requires C, 50.15; H, 9.60; N, 10.6%). 

Lanthanum-139 n.m.r. spectra were recorded at 35.3329 
MHz on a Bruker WM-250 FT spectrometer, using a pulse 
rate of 41 ms, 4 K data points, and a sweep width of 50 kHz. 
For lock purposes a sealed 5 mm n.m.r. tube containing D20 
was supported by poly(tetrafluoroethy1ene) spacers in the 10 
mm n.m.r. tubes. Bulk susceptibility corrections are expected 
to be less than the experimental errors in measuring the 139La 
chemical shifts. These errors fell in the range 1-10 p.p.m. 
depending on the linewidth. 

Results and Discussion 
The observed 139La chemical shifts and linewidths for reason- 
ably well characterised species are collected in the Table. 

Octahedral Lanthanum Cornplexes.-[LaXJ3- ( X  = Cl or 
Br). The ele~tronic ,~~ far-i.r., and Raman spectra 2o of solid 
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51- Table. Lanthanum-139 chemical shifts (6) a and linewidths ( W,) for 
various lanthanum complexes in MeCN solution, at 294 f 2 K 

Concentration/ 
Complex mol drr3 G/p.p.m. 

[La(H2O)J3 + b s e  0.16 (0) 

[h(luto)8]3 + 0.20 - 122 
[La(N0&l3 - 0.06 -60 
[ ~ a ( d m f ) ~ i ~ +  0.21 - 39 
[La(pyo)8]3+ bpe 0.19 4 
[La{CH(OCCF3)2}4] - 0.15 33 

[kl(dmSO)8]3+ 0.21 82 

[h{OS(CH2)3CH2)8l3+ 0.21 93 
[La(N(CH2CO2)3}2I3 - 0.15 202 

[La(MeCN)J3+ 0.20 - 129 

[h~{P(NMe2)30)6]~+ ' 0.20 66 

n 

[h(NO&l3- d l h  0.07 342 
[La(Et2NCS2)4]- ca. 0.19 710 
[Laclfjp- d J  0.05 851 
[LaC1,]3- d * J  0.1 1 851 

[La(en)13+ 0.20 40 
[LaBr6I3' d,k 0.1 1 1 090 

[La(dien)I3 + 0.18 122 
[Wen)413+ 0.20 400 

[ La(dien)3]3 + 0.18 450 

w,/= 
140 
380 

2 700 
260 

1700 
2 800 
7000 

930 
1800 
2600 
7 800 

600 
2 100 

200 
270 
500 

ca. 3 800 
3 800 
7 700 
2 400 

Positive values to high frequency of [La(H20)J3+ reference. As 
c104- salt. In D20-H20 (80 : 20 v/v). As NBun4+ salt. In the 
presence of excess ligand. As NH2Et2+ salt. As CF3S03 - salt. 

In the 
presence of [NBun4]CI (0.45 rnol dm-3). Prepared in situ: LaBr, + 
5 [NBun4]Br. 

In the presence of excess [NBun4][N02]. ' At 328 K. 

species of the type [PHPh3]3[LnX6] and WHPh3],[LnX6] 
(Ln = FY, Nd, Sm, Dy, Ho, Er, or Tm; X = C1 or Br) in- 
dicate that the [LnX6I3- ions possess rigorous octahedral 
symmetry. Ryan and Jorgensen l9 have studied the electronic 
(4f4f) spectra of these complexes in succinonitrileaceto- 
nitrile solution. They concluded that, in the presence of excess 
halide, octahedral [Ln&I3- ions are present here also. 
The comparatively narrow 139La resonances observed for 
solutions of [NBu"~]~[L~X~]  in acetonitrile in the presence of 
excess [NBun4]X are in complete agreement with this. 

[La(No2),I3-. The nitrite ion forms a series of complexes of 
the type A2B[Ln(NO2),] or A3[Ln(N02)6], where Ln = La- 
Er and A and B are alkali metals.21 For c ~ ~ N a [ L a ( N o ~ ) ~ ]  the 
X-ray powder pattern 22 and absorption spectrum 23 have 
been interpreted in terms of an anion of Td symmetry, with the 
lanthanum co-ordinated octahedrally by the nitrogen atoms. 
The narrow 139La resonance for a solution of [NBun4I3- 
[La(N02)6] in MeCN in the presence of excess [NBun4]WO2] 
indicates that a similar anion is present in solution. 

[La{P(NMe2)30}6]3+. The maximum number of P(NMe2)30 
molecules found in lanthanide complexes is six,24 presumably 
because of the large size of the ligand. An X-ray diffraction 
study 25 of [Nd(P(NMe2)30}6][C104]3 has shown that the 
cation is octahedrally co-ordinated. 

Complex formation was studied by addition of P(NMe2)30 
to a solution of La[C1O4I3 (0.08 mol dm-3) in acetonitrile. 
The solvation number of the La3+ ion in acetonitrile is 
not known, although the narrow 139La linewidth suggests a 
fairly symmetric species. Addition of P(NMe2),0 up to a 
molar ratio P(NMe2)30 : La3+ of 1.5 : 1 causes a small de- 
shielding of the 139La nucleus, and a very rapid increase in W, 
to ca. 4 kHz, indicating rapid chemical exchange involving 
very unsymmetrical species of the type [La(P(NMe2)30},- 
(MeCN)J3+. For molar ratios in the region 2 4  : 1 no reson- 
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Figure 1. Lanthanumi-139 chemical shift (a), and width at half- 
height W, (b) f i r  the progressive addition of H20 to La[C1O4I3 
(0.21 mol dm-3) in MeCN at 294 K 

ances could be detected, presumably due to excessive line- 
widths. At a molar ratio of P(NMe2)30 : La3+ of 5 : 1, how- 
ever, a comparatively narrow resonance appeared ( W, ca. 
1 0oO Hz, 6 66 p.p.m.), which merely increased in intensity at 
molar ratios of 6 : 1 and 7 : 1. With more P(NMe2)30, the 
complex [La{P(NMez)3O},][Clo4]3 crystallised out of solu- 
tion. Similar results were obtained when P(NMe2)30 was 
added to a solution of [La(P(NMe2)30}4][CF3S03]3 (0.21 mol 
dm-3) in acetonitrile. In this system, when a solution with a 
molar ratio P(NMe2)30 : La3+ of 6.0 : 1 was heated to 328 K 
the signal disappeared. The narrow resonance can be assigned 
to the [La(P(NMe2)30},]3+ ion which, at 294 K, does not 
appreciably exchange (on an n.m.r. time-scale) with other 
La3 + -P(NMe2)30 species. 

' La3+-NCS '. Complexes of the type [NBU"~]~[L~(NCS)~] 
have been reported 18,26 for most of the lanthanides, though 
not for La itself. An X-ray study 26 of the Er complex showed 
the Er3+ to be octahedrally surrounded by six almost linear 
N-bonded thiocyanate groups. Our attempts to prepare a 
similar La complex invariably gave the heptakis adduct 
[NBun4I4[La(NCS),], even when the NCS- : La3+ ratio was 
6 :  1 (see Experimental section). This behaviour may be 
associated with the fact that lanthanum is the largest of the 
rare earths. 

The 139La n.m.r. spectrum of a 0.09 rnol dmV3 solution of the 
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Figure 2. Lanthanum-139 chemical shift (a), and width at half- 
height (b), for the progressive addition of dmf to LA~[CIO~]~ (0.21 
mol dm-3) in MeCN at 294 K 

heptakis adduct consists of a very broad resonance (W,  = 
4 400 Hz, 6 196 p.p.m.). When La[CI0413 in MeCN is added to 
give a molar ratio NCS- : La3+ of 6 : 1 ,  W, increases to 
5 340 Hz (6 160 p.p.m.). It seems likely that the unsymmetrical 
ion [La(NCS)7 J4- exists in solution in equilibrium with species 
containing fewer NCS- groups. This is consistent with the 
electronic (f-f) spectra of acetonitrile solutions of hexathio- 
c yanates of the I igh ter Ian t hanides . 26 

Complexes of Higher Co-ordination Number.-La3 + -H20. 
Figure 1 shows the 139La chemical shifts and linewidths 
obtained when water is progressively added to a solution of 
La[CIO4l3 in MeCN. The chemical shifts change monotonic- 
ally, but the linewidths reach a maximum at a molar ratio 
H20 : La3+ of ca. 5 : 1, presumably due to the presence of very 
asymmetric species of the type [La(H20),(MeCN),13+. The 
data indicate that complete formation of the aqua-ion 
(probably [La(H20),l3+) 27 is not attained even at a HzO : 
La3+ ratio of 20 : 1 .  

La3+-dmf. Similar plots are shown in Figure 2 for the 
addition of dimethylformarnide (dmf) to La[C1O4I3. In this 
case the chemical shifts and, in particular, the linewidths 
reach a constant value at a molar ratio of dmf : La3+ of ca. 
10: 1 corresponding to the complete formation of [La- 
(dmf)J3+, where n is probably eight (La[C104], is known to 
form a solid octakis adduct with dmf, which in MeN02 and 
dmf behaves as a 1 : 3 electrolyte 28). The broad linewidths 
cannot arise from intermediate exchange effects, in view of the 
comparatively narrow range of chemical shifts, and the fact 
that the lineshapes were closely Lorentzian. 

Similar results were obtained for the La3+-dmso (dimethyl 
sulphoxide) and La3+-luto systems. In the latter case, due to 
the close similarity of the 13,La chemical shifts of [La(Me- 
CN),I3+ and [ L a ( l ~ t o ) ~ ] ~ + ,  the plot of shift against mol 
fraction of luto was, within experimental error, a horizontal 
line. The extent of complex formation could, however, be 
gauged by following the changes in W,. 

La3+-N03-. Solid complexes containing the ions [Ln- 
(N03)5]2- and [Ln(NO3),I3- are known.29 X-Ray studies of 
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Figure 3. Lanthanum-139 chemical shift (a), and width at half- 
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Figure 4. The variation of '39La chemical shift with the number of 
La-N bonds in complexes of the type [La(en),13+ (n =; 1-4) and 
[La(dien)J3+ (n = 1-3) in MeCN solution at 294 K 

In both [Ce2Mg3(N03)lz]*24H20 32 and [NH4]2[Ce(N03),],33 
on the other hand, the six nitrogen atoms define an octa- 
hedron, and the 12 oxygens a (distorted) icosahedron. 

Figure 3 presents the 139La chemical shifts and linewidths 
obtained when [NBuon][N03] is added to La[C1O4I3 in 
MeCN. The linewidths follow the usual pattern, but the 
chemical shifts show a pronounced maximum at a molar 
ratio NO3' : La3+ of ca. 4.5 : 1. This may be due to a change 
in the co-ordination number of the lanthanum, which occurs 
in this region. The bidentate nitrate group has a very small 

[PPh3Et][Ce(N03)5] 30 and [N0]2[H~(N03)5] 31 show that the 
lanthanides are surrounded by 10 oxygen atoms Of bidentate 
nitrate groups, with the D2 bicapped octahedron as the most 
appropriate description of the co-ordination polyhedron. * 

* Alternatively, if each nitrate group is considered to oocupy only 
one co-ordination position, the polyhedron is best described by a 
trigond bipyramid. 
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' bite ' and, as seen above, can give rise to 12-co-ordination. 
Figure 3 indicates almost complete formation of [La(N03)J3-" 
at a molar ratio NO3- : La3+ of ca. 10 : 1. The very narrow 
linewidth (W, ca. 275 Hz) suggests that n = 6, giving high 
icosahedral symmetry around the lanthanum. 

La3+-en and La3+-dien. From measurements of the 
ent halpy changes when ethylenediamine (en) and diethylene- 
triamine (dien) are added to Ln[C1O4I3 in MeCN, Forsberg 
and co-workers 34 have shown stepwise formation of the com- 
plexes [Ln(en),I3+ (n = 1 4 )  and [La(dien)J3+ (n = 1-3). 

For en : La3+ molar ratios in the region 0.25-1.5 : 1, two 
separate 139La resonances are found, corresponding to 
[La(MeCN),,I3+ (6 - 129 p.p.m., W, ca. 380 Hz) and the 1 : 1 
adduct (6 40 p.p.m., W+ ca. 3 800 Hz). Chemical exchange is 
therefore slow on the n.m.r. time-scale. The 2 : 1 and 3 : 1 
adducts cannot be detected, presumably due to excessive 
linewidths. However, at molar ratios of en : La3+ of 4 : 1 and 
4.5 : 1, the 'j9La resonance of [La(en).J3+ is observed. 

With molar ratios of dien : La3+ of 0.75 : 1 and 1.0 : 1, 
resonances due to [La(MeCN)J3+ and [La(dien)I3+ appeared. 
The 2: 1 adduct cannot be detected, but at a molar ratio of 
3.5 : 1 the 139La resonance of [La(dien),I3+ appears. 

Factors aflecting 139La Chemical Shifts.-The range of 139La 
chemical shifts is quite large (ca. 1200 p.p.m.) and, as with 
most nuclei, probably results mainly from changes in the 
' paramagnetic ' term. The shifts can be roughly correlated 
with the extent of covalency in the La-ligand bonds, with 
greater covalency leading to deshielding. This is illustrated 
by the octahedral complexes studied, and also by a comparison 
of the eight-co-ordinate ions [La(CH(OCCF3)2}4] and [La- 
(Et2NCS2)4]-, with 0 and S co-ordination respectively. 

Lanthanum-139 chemical shifts thus seem to follow the so- 
called 'inverse order '; that is, increased shielding in the 
order I-  < Br- < C1-.7 This inverse order is also shown by a 
few other nuclei including Nb, T1, the alkali metals, and 
(possibly) Sc, but it is the reverse of the behaviour pattern of 
most nuclei. The reasons for these differences are not 

It is also not clear what effect changes in co-ordination 
number have on 139La chemical shifts. However, all the 
ligands which co-ordinate through oxygen give complexes 
in which the chemical shifts lie in a fairly narrow region around 
zero. 

For the en and dien complexes, Figure 4 shows that there is 
a monotonic (though not linear) relationship between 6 and 
the number of ligand N atoms co-ordinated. 

Ciear.7 
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