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Abstract

A series of sodium lanthanide decatungstates, Na,H,Ln(IH)(W,0,,), -nH,O (Ln = La-Yb) was synthesized and character-

ized by spectroscopic analyses. The '*

W-NMR chemical shifts for the W adjacent to Ln(III) correlated well with the contact

parameter in the lanthanide induced shifts, (Sz), which had been theorized by Golding. The FT-Raman stretching frequencies
for the Ln-O-W bonding also correlated with the theoretical magnetic moments induced from the 4f" electrons in the
lanthanide ions in addition to the ionic radii of Ln(III). A direct contribution of the 4f” electrons to the bonding interaction

among Ln(III) and the oxotungstates is suggested.
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1. Introduction

Lanthanide complexes have been well known as
lanthanide shift reagents (LSR) which are quite useful
for the interpretation of NMR spectra and the inter-
action between the metal-ligands, for example see Ref.
[1]. It is generally recognized that the observed shifts
induced by paramagnetic lanthanide ions (LIS) are a
composite of three terms: the contact, the pseudo-
contact and the complexation. The last term is usually
small and may be estimated from the shifts induced by
the diamagnetic lanthanide complexes [2]. For in-
stance, the '"O-NMR chemical shifts in aqueous solu-
tion containing Gd(III) ion have been attributed to an
electron transfer from the oxygen atom to the Gd(III)
ion [3,4]. Golding et al., [5] have successfully inter-
preted the experimental ''O-NMR results from a
second-order perturbation treatment of the calculation
of (Sz ), where bonding effects and spin-orbit coupling
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mixing are incorporated. That is, they suggested that
the 4f orbitals would not be involved in the direct
bonding with the ligands but the bonding would occur
primarily through the 6s orbital and the orbital overlap
would result in a transfer of the metal electron spin
density to the coordinated atoms. Based on Golding’s
theory, Fedotov et al. conducted a detailed inves-
tigation into the '"O-, *'P-, and " W-NMR of lantha-
nide complexes from La to Yb with (PW,,0,,)7"
ligands; Ln(PW,,0,,)1!~ [6]. In the "O-NMR of the
oxygen ions directly coordinating to Ln(III) and also in
the ""W-NMR of the W adjacent to Ln(IIl), the
contact term was found to predominate.

Lanthanide decatungstate anions (LaW,,05¢;
LnW10) have been found to be workable as a catalyst
for H,O, oxidation of alcohols to the corresponding
carbonyl compounds [7]. In the present paper, the
LnW10 compounds through La to Yb were synthesized
and characterized by spectrometric analyses such as
ICP, FT-IR, FT-Raman and '*W-NMR. Especially, in
order to discuss extensively on some contributions of
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4f" electrons to the chemical interaction among Ln(I1I)
and the oxotungstate polyhedron units, the '**W-NMR
chemical shifts in the W adjacent to Ln(IIl) and the
Ln-O-W stretching bands of the FT-Raman spectra
were measured exactly.

2. Experimental details
2.1. Materials and preparation procedures

The reagents used (Special Grade) were all pur-
chased from Kanto Chemical Co. Ltd. A series of
LnW10 compounds, sodium salt (Na-LnW10), were
prepared generally according to Peacock and Weakley
[8]. A typical synthetic procedure is as follows. In
LnW10 (Ln: La, Ce, Pr, Sm, Nd, Eu, Gd, Dy, and Ho),
Na,WO,-2H,0 (50 g, 152 mmol) was dissolved in
distilled water (100 ml) with stirring, and the pH was
adjusted to 7.2 with acetic anhydride. A warm solution
of Ln(NO,); or LnCl, - 6H,0 was added dropwise to
the hot stirred tungstate solution (90°C). After being
vigorously stirred for 15 min, the mixture was filtered
and the volume of the filtrate was reduced to ca. 50 ml
by evaporating at 60°C. The solution was cooled to
5°C and allowed to stand overnight. The crude crystal
obtained was recrystallized three times from warm
water. In the case of YbW10, Yb,O, (1.56 g, 3.8 mmol)
was dissolved in aqua regia (30 ml) at 80°C. and in the
case of ErtW10, Er,(CO,), - 2H,O was dissolved in 0.1
mol dm ™ solution of HCl. After the Ln-containing
solutions were reacted with the tungstate solution and
treated in a manner similar to that mentioned above,
both Yb- and ErW10 crystals were obtained.

2.2. Instrumental analyses

The compositions of Na, Ln, and W were analyzed
by ICP apparatus Simadzu Model ICPS-1000111. The
UV spectrum was measured over the range of 210-360
nm using a Shimadzu UV-spectrometer Model UV-
120-02. FT-IR spectra were recorded on a Perkin-
Elmer Model 1760X over the frequency range of
4000-450 cm ' with a resolution of 4 cm ™' by the
normal KBr-disk method. FT-Raman were recorded
on a Nicolet Model Magna 950 over the frequency
range of 1200-100 cm ' with a resolution of 4 cm ™",
'"W-NMR spectra were obtained on a JEOL GX500
FT-NMR spectrometer operated at 20.8 MHz using 10
mm diameter sample tube at 25°C. In the typical
measurement, the concentration was adjusted to more
than 0.17 mol dm * and a 10 us (ca. 15°) pulse length
and 1500-11500 transients were applied. The chemical
shifts were measured with respect to 2 mol dm " of
Na,WO, -2H,0 dissolved in D,O.

3. Results and discussion

3.1. Characterization of a series of
Na,H,LnI)W.0,,), (LnWI10; Ln = La-Yb)

The sodium salts of LnWI10 were prepared and
purified as described in the experimental section. The
compositions of Na:Lm:W were determined by ICP
analyses to be 7:1:10 in all the samples synthesized.
The compounds are generally expressed as the for-
mula Na,H,LaW, 0, -nH,0, although the numbers
of the water molecules were not determined. In
Ln(W.0O )3, the Ln(IIl) ion is square-antiprismatical-
ly coordinated by the two units of pentatungstate
(W,0,,) with edge-sharing in which four WO, oc-
tahedron units are bound with edge-sharing in a plane
(‘belt WO(’) and one WO, unit is located at the top of
the center of the ‘belt WO, units with edge-sharing
(‘cap WO,’), as reported by Iball et al. [9]. In UV-VIS
spectra of the samples, a peak characteristic of LnW10
appeared at ca. 260 nm [10]. The characteristic bands
in the FT-IR and FT-Raman spectra compared well
with the data of Kazanskii et al. [11]. The FT-Raman
spectra for Pr-, Eu-, and DyW10 are illustrated in Fig.
1. as examples of the light, medium, and heavy
lanthanide compounds respectively. The strong bands
in the 940-970 cm ™' region have been attributed to
the W-Ot stretching modes and the quite sharp band
at ca. 890 cm ™' to the Ln-O-W stretching mode. The
big and broad bands in the 200 cm™' region are
usually ascribed to the deformation modes characteris-
tic of such polynuclear oxometalates [12]. The (W-O-
W) stretching bands, however, are clearly recognized
in the 820-850 and 760-800 cm™' regions of the
FT-IR spectra. The band frequencies for all the
samples are summarized in Table 1.

The '""W-NMR spectra of those samples were
measured as described in the experimental section.
The spectra for Pr-, Eu-, and DyW10, for example, are
shown in Fig. 2. The quality of the spectrum tended to
fall off considerably; that is, the S/N ratio became
poor with increasing numbers of 4f electrons (4f”). This
might be due to the increase in the paramagnetic
moments caused by the 4f" electrons in Ln(III). In
fact, a quite clear '*W-NMR signal was easily ob-
tained in Y(III)-, La(IIl)-, and Ce(IV)W10 which have
no 4f electrons. Two peaks with the intensity ratio of
ca. 4:1 are certainly seen in Prw10, although only
roughly in EuW10, and in DyW10 only one peak is
seen. The intensive peak should be ascribed to the W
in the ’belt WO, and the weak one to that in the ‘cap
WO, from the comparison of the intensity ratio. We
have never succeeded in detecting either the peak for
the ‘cap WOy’ in the heavy lanthanide compounds or
both peaks in GdW10. The 'W-NMR chemical shifts
thus observed are also added in Table 1.
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Fig. 2. "W-NMR spectra of Pr-, Eu-, and DyW10 solutions.

3.2. Relationship between '“W-NMR chemical shifts
of LnW10 and the corresponding Golding constant
] (Sz) along the trivalent lanthanide ions

A lanthanide induced shift (LIS), 8, for the nucleus
of the ligand coordinating to Ln(II) ion is usually
expressed as the sum of the contact shift A, and the

Fig. 1. FT-Raman spectra of Pr-, Eu-, and DyW10 crystals. pseudocontact (dipolar) shift Apc in Eq. 1 [6].
— — 3

§=A+A, =A(Sz)/gyBy+ DIr (1)
Table 1
Spectroscopic data for a series of sodium lanthanide decatungstate anions
La(III) FT-IR (cm™') FT-Raman (cm™") "“W-NMR, & (ppm)

‘cap WO, ‘belt WO,

La 948, 844, 790, 705, 570, 541, 483 969, 946, 889, 842, 548, 482, 434, 365, 322, 209 -193 335
Ce 933, 849, 799,703, 579, 548, 487 968, 945, 889, 841, 550, 484, 438, 364, 322, 210 52.4 154.4
Pr 958, 849, 795, 691, 576, 546, 487 969, 893, 847, 553, 488, 435, 369, 215 55 381.6
Nd 953, 850, 801, 696, 577, 546, 485 969, 947, 892, 839, 550, 483, 441, 365, 325,192 249 4478
Sm 935, 848, 796, 703, 574, 545, 486 957, 893, 846, 547, 486, 435, 368, 327,214 —255 -13.8
Eu 932, 845,704, 578, 547, 489 969, 949, 892, 849, 545, 484, 435, 367, 332, 328,216 -28 —655.8
Gd 935, 846, 704, 587, 544, 486 971, 950, 896, 847, 820, 557, 487, 442, 369, 334, 218 — —
Dy 934, 846,797, 705, 582, 547, 482 969, 955, 898, 844, 820, 556, 498, 447, 368, 338, 219 — -11142
Ho 956, 853, 790, 694, 581, 549, 488 970,947, 896, 838, 554, 483, 436, 366, 336, 216 — —746.9
Er 931, 852,798, 710, 583, 547, 494 969, 956, 947, 897, 843, 813, 557, 492, 444, 366, 337,217 — ~319
Yb 936, 834,793,711, 587, 552, 492 968, 948, 894, 846, 545, 432, 362, 341, 217 826 234
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where (Sz) is the Golding constant, A the hyperfine
coupling constant, and the other terms have their
usual meanings. As usual, A . predominates in the LIS
of atoms further than four bonds away from a para-
magnetic ion. The Golding constant (Sz) is found
from the individual (Sz), wvalues assuming a
Boltzmann distribution. (Sz), is calculated from the
*$*1L, states in the applied field, in which there is an
effect of a mixing of excited states caused by a second-
order treatment of spin-orbit coupling interaction (sce
Ref. [5] in detail).

The contact terms can be regarded as predominating
in the present "W chemical shifts of ‘belt WO,
which correspond to the Ln-O-W bonding. Thus, the
'"*W chemical shifts relisted in Table 2 should be
discussed in relation to the parameter (Sz). Various
(Sz) values in Table 1 of Ref. [S] are also listed in
Table 2. In Fig. 3 the "W chemical shifts (A) and the
(§z) (O) with y =1 (column 5), (—~—-) with y = 0.8
1.1 (column 7), and (°) from a treatment without
bonding effects (column 8), where y denotes the
orbital reduction factor (see Ref. [13] in detail), are
plotted as a function of the ionic radii r along the
lanthanide ions. A better correlation of the ex-
perimental (-----) is seen in the plots of (A) in the
light and heavy LnW10 rather than that in the medium
LaW10, the plots of which deviate greatly. The '**'W-
NMR chemical shifts were directly plotted as a func-
tion of (Sz) in Fig. 4. A good correlation is confirmed
except for Eu and Sm which are excluded from the
least squares treatment. Such great deviations from
the linear line in Eu- and SmW10 would be caused by
the fact that the energy differences among the highly
excited spectroscopic terms of the 4f" in the anions are
not necessarily large relative to k7 and thus their
mixings result in complexities [14].

This good correlation suggests that the Ln—O bond-

Table 2
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Fig. 3. Plots of the """W-NMR chemical shifts & (belt WO,) in the
LnW10 series and the Golding constants {Sz) variously evaluated in
Ref. [5] (see text) against the ionic radii of Ln(I11); correspondence
of § with {§z).

ing will occur primarily through the 6s metal orbital
and the orbital overlap will result in a transfer of
4f"-electron spin density to the directly coordinated
oxygen ions [5] and further to the Wés orbital through
the Ln-O-W bonding. Fedotov et al. [6] precisely
investigated the '"O-, *'P-, and '"“"W-NMR of lantha-
nide complexes from La to Yb with (PW, 0,,)

ligands. In the '"O-NMR of the oxygen ions directly
coordinating to Ln(III) and also in the "SW-NMR
chemical shifts of the W closest to Ln(III), A. was
found to predominate. However, the correspondences
of the "W-NMR shifts to the Golding parameters
deviated rather greatly along the lanthanide ions,
because the situation seemed to be more complicated
in their polyanions than the present ones.

Correlation of the characteristic FT-Raman band frequency and the '"“'W-NMR chemical shift of LnW10 with various physicochemical
parameters of a series of lanthanide ion and the related compounds. see the text in detail

Ln(IIT) £ r w (theor)” (§z)° '""W.NMR FT-Raman
(A) 8 (‘belt WO, ") v (Ln-0O-W)
column 5 column 7 column § (ppm) (cm ')
La £ 1.23 0 0 4] 0 35 889
Ce f! 1.22 2.54 0.98 0.98 0 154.4 889
Pr f’ 1.205 3.62 2.97 1.97 272 381.6 893
Nd £ 1.18 3.68 4.49 2.69 4.49 4478 892
Sm f* 1.14 1.65 —0.06 1.18 1.96 -13.8 893
Eu £ 1.13 34 —-10.68 ~10.68 —-65.58 —~655.8 892
Gd {7 1.11 7.98 —-31.5¢ -315 ~27.99 — 896
Dy £ 1.07 10.6 —28.55 —28.55 —25.66 -11142 898
Ho " 1.05 10.6 —22.63 ~19.95 -19.98 ~746.9 896
Er £ 1.03 9.8 ~15.37 ~13.35 ~13.08 —319 897
Yb ' 1.0 4.5 -2.59 -7.05 — 234 894

“In units of Bohr-magnetron per ion.

" The values were taken from the columns 5, 7, and 8 in Table | of Ref. [5].



R. Shiozaki et al. | Journal of Alloys and Compounds 234 (1996) 193-198 197

500 N
i Pr
Yb OCe
0 44
Laf~'Sm
£ Er
o
o
~ -500 + Eu
“© Ho o)
-1000 | Dy
-1500 1 4 .

<Sz>(column 7)

Fig. 4. Correlation of 6 (belt WO,) best corresponded to the
Golding constants (Sz) (column 7 in Table 2).

3.3. Effects of 4f electrons on bonding interaction
between Ln(Ill) and the polyhedron unit W,0%;

With increasing nuclear charge the 4f orbitals have
drastically lowered and thus successive electrons
added to the 4f shell are more tightly bound. Conse-
quently, the ionic radii of lanthanide ions (Ln(lII)), in
general, have became short with increasing atomic
number, as shown in Table 2 [15]. Thus, the inter-
action of Ln(III}) with the coordinating polyhedron,
(W,0%;),, may be regarded as varying with the ionic
radii of Ln(III). We first note the remarkably sharp
Raman band at ca. 890 cm ™' ascribed to the Ln-O-W
stretching and thus plotted the wavenumber as a
function of the ionic radii, as shown in Fig. 5. The
peak roughly tends to shift toward a high wavenumber
with increasing atomic number, although the ex-
perimental points are considerably diverse, suggesting
that the interaction between Ln(III) and the polytung-
states becomes strong with the contraction of the ionic
radii.

The chemical properties of the compounds con-
taining Ln(III) ion through all 14 lanthanide elements
are well known to be remarkably similar, being de-
termined by the 4f shell closed to the 5s” and 5p° outer
configuration [16]. In the lanthanide-containing solid
compounds, the experimentally determined effective
magnetic moments calcuiated using the Curie-Weiss
law are well known to be fairly consistent with the
theoretical moments u(theor) of Van Vleck and Frank
[17] which are listed in Table 2 [16]. The Ln-O-W
stretching frequency seems to vary roughly along
u(theor) in Table 2. In fact, from the direct plots of the
wavenumber against w(theor), as shown in Fig. 6, a
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Fig. 5. Plots of {Ln—0O-W) Raman band of LaW10 against the ionic
radii of Ln(III).
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Fig. 6. Correlation of ®Ln-O-W) to u(theor) along LnW10.

linear correlation, even though it is rough, is confirmed
except for a few points. In Eu(lll) and Sm(III), in
general, u(theor) greatly deviates from that observed
with the complexes containing those lanthanide ions
for the reasons described above [14]. Consequently,
the Ln~O-W stretching frequency, that is, the strength
in the bonding between Ln(III) and the (W,0O )¢ is
generally mentioned to be varied depending upon not
only the ionic radii but also u(theor).

In conclusion, it is presented in LnWI10 in the
lanthanide ions that the "**W-NMR chemical shifts for
the W adjacent to Ln correlate well with the Golding
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constant (Sz), and the FT-Raman stretching frequen-
cies for the Ln-O-W bonding also correlate to the
Van Vleck uf{theor) induced from the 4f" electrons in
addition to the ionic radii.

The relation between the contribution of the 4f"
electrons to the bonding and the '**W-NMR chemical
shifts (LIS) remains an important problem for general-
ly understanding the physicochemical properties of
lanthanide compounds.
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