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NMR spectroscopy has been increasingly used to 
study the hydrolysis of cations of metals such as 
aluminium [l], gallium [2], vanadium [3] and 
molybdenum [4]. Aside from the general objective 
of characterising oxyanions and polynuclear oxo- 
and hydroxy-cations in aqueous solutions, there is 
also interest in identifying solution precursors which 
are important in the preparation of supported metal 
oxide [S] or pillared clay catalysts [6]. 

In a recent NMR study of molybdenum(V1) 
solutions, we attempted without success to detect 
170 NMR signals from the molybdenyl cation (either 
MoOz2+ or Mo20s2+) believed to exist in strongly 
acidic Mo(V1) aqueous solutions [7]. 170 data have 
been reported for oxo-bridged anions such as di- 
chromate Cr2072- [8] and Mo,O~~~- [9]. Hepta- 
molybdate Mo,O~~‘~- displays terminal “0 chem- 
ical shifts in the range 750-830 ppm [7,9] but 
we were uncertain of the values to expect for termi- 
nal oxygens in neutral or cationic oxocomplexes. 
Despite unequivocal evidence from 95Mo NMR and 
vibrational spectra of the presence of molybdenyl 
halide complexes, MoO~X~(H~O)~, in aqueous HCl 
or HBr solutions [7], no 170 signals could be found 
apart from that of the solvent. It is possible that 
oxygen exchange between the molybdenyl complex 
and water is rapid on the NMR time scale. We there- 
fore reinvestigated MoO~C~~(H~O)~ and Mo02Br2- 
(Hz0)2, taking advantage of ether extraction to 
transfer these complexes into a less polar medium. 
The 170 NMR spectra of diethyl ether extracts con- 
taining the molybdenyl group in the form of Mo02- 
XZ(H20)2 reveal sharp peaks at 1015 ppm (X = Cl) 
or 1019 ppm (X = Br) attributable to the cis-Moo2 
unit, in addition to the solvent signal at c. 15 ppm 
which includes resonance due to both diethyl ether 
[lo] and water molecules. 

Another cationic oxo-complex which has been 
well characterized in aqueous solutions UOz2+. 
Aqueous solutions of uranyl salts are known from 
X-ray scattering measurements [l 11, Raman spectra 
[ 121 and other evidence [ 131 to contain the hydrated 
complex U02(H20)62+. An early NMR study of 
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acidified many1 perchlorate solutions located the 
“0 signal from the U02’+ ion 1115 ppm downfield 
from that of water [14]. The uranyl oxygen res- 
onance peak was markedly asymmetric, but this 
could not be explained and was probably due to 
instrumental factors associated with the continuous- 
wave NMR technique then employed. We have mea- 
sured the “0 NMR spectrum, at natural abundance, 
of 0.5-2.0 mol 1-l uranyl nitrate solutions in Hz0 
(containing 10% D20 to provide a lock signal). Two 
sharp signals were observed in addition to that of 
the solvent (c. 10 ppm in aqueous acid conditions), 
at 415 ppm due to nitrate ion [lo] and at 1121 ppm 
(line width <50 Hz) attributed to U022+. An iden- 
tical chemical shift for UOZ2+ was observed in 
aqueous perchloric acid. No “0 NMR signal was 
observed from coordinated Hz0 ligands of U02- 

(H20)62+t presumably because these molecules are 
highly labile and their resonance merges with the 
solvent water peak. 

Structure determinations of uranyl nitrate in the 
solid state show both nitrate ions to be coordinated 
as bidentate ligands to the U022+ ion, which also 
retains two Ha0 ligands [15, 161. A uranyl complex 
of this kind probably exists in solutions of U02- 
(N0s)2*6H20 in acetone, the Raman spectra of 
which showed that the nitrate anions are coordinated 
1171. For solutions of uranyl nitrate in acetone we 
find “0 signals at 15 ppm (H20), 420 ppm, broad 
(coordinated NOa-), 560 ppm (acetone), and 1118 
ppm (U022+). The acetone signal has moved from 
its usual position at 572 ppm [lo], and we also find 
that its y(C0) Raman frequency has decreased from 
1710 to 1700 cm-‘. Both these effects can be at- 
tributed to solvation of the uranyl complex by 
acetone. 

Hydrolysis of uranium(VI) aqueous solutions is 
reported to result in formation initially of (UO,),- 

tW22+ and subsequently higher nuclearity species 
such as (U02),(OH)s’ [13, 18, 191. We have pre- 
pared these polynuclear cations by adding KOH to 
aqueous uranyl nitrate solution initially at pH 1. At 
pH 2.5, the Raman spectrum of the solution showed 
the u,,(U-0) bands of U02” and (U02)2(OH)22+ 
at 872 and 850 cm-‘, respectively, to have an inten- 
sity ratio of approximately 3 : 1, whereas at pH 3 the 
Raman intensities of these bands were approximately 
equal and a shoulder at 836 cm-’ indicated the 
presence of some (UO,),(OH)s’ [18]. The sharp 
U02’+ signal at 1121 ppm in the “0 spectrum of 
uranyl nitrate was, however, unchanged on addition 
of alkali. No new signals due to coordinated hydr- 
oxide ligands and no changes in shape of the solvent 
peak were detected. We infer that the hydroxide 
ligands are labile on the “0 NMR time scale at room 
temperature, undergoing rapid exchange with the 
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TABLE 1. I’0 NMR data for some metal -0x0 complexes @/ppm) 

Species Solvent Oxo-ligand Other I70 resonances 

resonance 

diethyl ether 1015 
diethyl ether 1019 
acetone 1118 

water (pH 1) 1121 

water (pH 3) 1121 

aqueous HC104 1121 
aqueous HCl 1122 
aqueous HBr 1121 

aqueous HN03 a 

liquid 1460b 

15(&o), 7(&o) 
15(Hzo), 7(Et,O) 
15(H20), 420 broad (N03-), 560(Me$O) 
10(H20), 415 sharp (N03-) 

10(H20), 415(N03-) 

10(H20), 290 sharp (ClOJ 

lWH20) 

lWH20) 
14(H20), 425 (coordinated N03-) 

aNot observed. bRef. 8. 

solvent. Evidence for facile exchange of hydroxide 
ligands with Hz0 has been presented for A13’ hydro- 
lysis products by Oldfield et al. [20], although in 
this case distinct 170 signals from hydroxide ligands 
could be detected which had 6 values of 20-30 ppm. 
The 170 signal of terminal oxo-groups in U02’+ 
and (U02)2(OH)22+ appears to be insensitive to the 
state of hydrolysis of the uranium(VI) species. The 
insensitivity of the oxygen resonance frequency of 
UOz2+ to the presence of other ligands is further 
demonstrated by the observation that the r70 chem- 
ical shifts of U02C12 in concentrated HCl, or U02- 
Br, in concentrated HBr, given in Table 1, hardly 
differ from that of U02(H20)62+, despite the fact 
that a displacement of the vsym(UO) Raman fre- 
quency from 872 cm -’ in uranyl nitrate or per- 
chlorate solutions to 860 cm-’ in halogen acid 
solutions shows that complexing of the UOz2+ ion 
by halide has occurred [2 11. 

A polynuclear cation which contains no terminal 
oxo-ligands is Zr4(OH)r24+. This species, believed 
to be present in aqueous solutions of ZrOC12, con- 
tains bridging and terminal hydroxide ligands [ 12, 
221. In aqueous HNOs solutions of ZrOCl, (2 mol 
I-‘) we could find no 170 NMR signals to attribute 
to hydroxide ligands and assumed that this resonance 
contributes to the solvent water peak at 14 ppm. 
However, in the presence of the zirconyl complex, 
the r70 signal of N03- was shifted from 415 ppm 
to become a broad peak at 42.5 ppm, and the Raman 
spectrum showed evidence of coordinated nitrate. 
These changes in the NMR and Raman spectra re- 
semble those observed for nitrate coordinated to 
uo22+. 

Experimental 

Molybdenum(VI) solutions were prepared by 
dissolving Na2Mo04*2H20 in concentrated HCI or 

HBr. These solutions were shaken with an equal 
volume of diethyl ether to prepare solvent extracts 
in which the Mo(VI) concentration was c. 1 mol 
1-l. Uranyl solutions were made using UOz(NO3)2* 
6H2O. Aqueous KOH was added to precipitate U02- 
(OH), which was separated by centrifuging, washed 
free of nitrate, and redissolved in HClO,,, HCl or HBr 
solution. Zirconium(IV) solutions were prepared by 
dissolving ZrOC12 in dilute aqueous HN03. 

NMR spectra were obtained using a 10 mm broad- 
band probe in a Bruker AM400 spectrometer operat- 
ing at 295 K. Natural abundance 170 spectra at 54.24 
MHz were collected with 4K data points over 84000 
Hz using a 50” pulse (7 ps). The pulse repetition rate 
was 0.11 s. Line broadening of 50 Hz was employed. 
DzO was added to aqueous solutions to provide a 
locking signal. For ether extracts, CD& was added 
as an internal lock. Spectra were referenced to 
external water at 295 K for 170. Raman spectra of 
samples in glass tubes were recorded using a Jasco 
R300 spectrometer with Coherent Radiation argon 
(488 or 514 nm) laser excitation (50-200 mW of 
power at the sample). 

Conclusions 

We conclude from these studies that cationic or 
neutral oxo-complexes are likely to have high positive 
I70 chemical shifts associated with a relatively 
deshielded environment of the oxygen atom. With 
oxygen ligand concentrations of 0.5 mol 1-r or 
more, there was no difficulty in obtaining satisfactory 
NMR spectra from 170 at the natural abundance 
level of 0.04%. This is particularly convenient in the 
case of the uranyl ion since it enables the spectra to 
be obtained without recourse to isotopic labelling 
of this kinetically stable species. 
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