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ABSTRACT 

The retention behaviour of complexes of thorium(W) and uranyl ion with a-hydroxyisobutyric acid (HIBA) on a C,, reversed-phase 
column is investigated. Using a mobile phase comprising 400 mM HIBA at pH 4.0 in lo:90 (v/v) methanol-water, the thorium(W) peak 
was eluted before the uranyl peak, despite the fact that calculations based on formation constants suggested that the thorium(IV) was 
present as the neutral tetra(HIBA) complex, whilst uranyl was present as the anionic tris(HIBA) complex. Hydrolysis of the thorium- 
(IV) complex (with subsequent inclusion of hydroxyl in the coordination sphere of the metal ion and formation of an overall negative 
charge) is proposed as a likely explanation for the early elution of this complex. When the percentage of methanol in the mobile phase 
was varied, both thorium(W) and uranyl complexes exhibited reversed-phase behaviour. The retention times of both complexes 
decreased when the concentration of HIBA in the mobile phase was increased over the range 50-600 mM, despite the fact that increased 
complexation should be favoured. This effect was attributed to competition for the adsorption sites on the stationary phase by neutral, 
protonated HIBA in the mobile phase. A retention mechanism based on hydrophobic adsorption (rather than cation-exchange) is 
suggested. 

INTRODUCTION 

Ion-interaction chromatography using dynami- 
cally coated columns has been applied widely to the 
separation of lanthanides [l-3]. In this method, a 
Cl8 column is generally used and is coated with 
sodium n-octanesulphonate (OSA) as the ion-inter- 
action reagent (IIR) to convert it into a dynamically 
coated cation-exchange column. A suitable ligand, 
usually a-hydroxyisobutyric acid (HIBA), is added 
to the mobile phase and serves the purpose of re- 
ducing the effective charge on the injected metal 
ions and so enabling them to be eluted within a 
reasonable time. Detection has generally been per- 

* Corresponding author. 

formed by spectrophotometry after post-column re- 
action with a suitable dye, usually 3,6-bis[(o-arseno- 
phenyl)azo]-4,5-dihydroxy-2,7_naphthalenedisul- 
fonic acid (Arsenazo III) or 4-(2-pyridylazo)resorci- 
no1 (PAR). The advantage of ion-interaction chro- 
matography is the ease with which the column 
ion-exchange capacity and selectivity can be al- 
tered. Several studies have confirmed that the lan- 
thanide ions are separated predominantly by a cat- 
ion-exchange mechanism with retention being mod- 
erated by the complexing effects of the eluent li- 
gand. Gradient elution may be effected in these sys- 
tems by progressively increasing the concentration 
of HIBA in the mobile phase [l]. 

In the course of these studies it has been noted 
that thorium(IV) and uranium(V1) (as uranyl ion) 
were eluted in the early part of the chromatogram 
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and showed similar retention times to some of the 
lanthanides. However, when eluent parameters 
were varied, the behaviour of thorium(IV) and ura- 
nyl showed some differences to that of the lantha- 
nides, suggesting that a different retention mecha- 
nism could be operating. Thorium(N) and uranyl 
could either be eluted amongst the lanthanides or 
after them by varying the OSA concentration in the 
mobile phase. Retention of thorium(IV) and uranyl 
as HIBA complexes on a C1s column was then dem- 
onstrated without the presence of an anionic IIR 
(such as OSA) in the mobile phase and this effect 
was used subsequently as a means to preconcentrate 
these species [4,5]. When the eluent ligand was 
changed to mandelic acid, thorium(IV) and uranyl 
showed greater retention than the lanthanides and 
again could be retained without the use of an anion- 
ic IIR in the mobile phase [6]. 

Whilst some of the factors intluencing retention 
of HIBA complexes of thorium(N) and uranyl 
have been reported, the mechanism of their reten- 
tion on a reversed-phase column remains unclear. 
In the present study we have examined in detail the 
factors which affect retention and have related the 
trends observed to the nature of the complexes 
which exist under the chromatographic conditions 
used. A coherent retention mechanism is then de- 
scribed and used to derive chromatographic condi- 
tions suitable for the determination of thorium(IV) 
and uranyl using a solid-phase preconcentration 
procedure. 

EXPERIMENTAL 

Instrumentation 
The HPLC system consisted of a MilliporeWa- 

ters (Milford, MA, USA) Model 590 programma- 
ble pump, a Model U6K injector and a Model 481 
UV-Vis spectrophotometric detector couped to a 
Waters 820 chromatography data station. The de- 
tector was operated at 658 nm. The analytical col- 
umn was a Waters ,uBondapak Cl8 reversed-phase 
column (300 x 3.9 mm I.D.), fitted with a C1s 
guard column housed in a Waters Guard-Pak pre- 
column module. The post-column reagent solution 
was delivered with a Waters reagent delivery mod- 
ule. 

Reagents and procedures 
The mobile phase was prepared using HIBA (Sig- 

ma, St. Louis, MO, USA), HPLC-grade methanol 
(Millipore-Waters) and water treated with a Milli- 
pore (Bedford, MA, USA) Milli-Q water purifica- 
tion system. The most commonly used mobile phase 
comprised 400 mM HIBA and 10% methanol, ad- 
justed to pH 4.0 with sodium hydroxide. The post- 
column reagent solution contained 0.13 mM Arse- 
nazo III (BDH Laboratory Chemical Division, 
UK), 10 mM urea (May & Baker, Dagenham, UK) 
and 62 mM acetic acid in Milli-Q water. Both the 
mobile phase and the post-column regent solution 
were filtered through a Millipore 0.45pm mem- 
brane and degassed in a ultrasonic bath prior to 
use. 

Thorium and uranium standards were prepared 
from thorium(IV) nitrate (May & Baker) and ura- 
nyl nitrate (Ajax Chemicals, Sydney, Australia), re- 
spectively. Stock solutions of 1000 mg/l were pre- 
pared initially and were further diluted as required. 

The column was re-equilibrated with each new 
mobile phase for at least 20 min prior to injections 
being made. All experiments were carried out at 
room temperature, except in the studies on the ef- 
fect of temperature on retention, in which case a 
Waters temperature control module was used. Each 
data point throughout this research was obtained at 
least in duplicate. 

(Detector) 

Fig 1. Schematic representation of the preconcentration system 
used. Note that two injectors were used so that samples could be 
applied either by direct injection (injector 2) or using preconcen- 
tration (injector 1). 
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Preconcentration studies 
For the preconcentration procedure the appara- 

tus was configured as shown in Fig. 1, in which a 
six-port high-pressure switching valve was added 
between the injector and the analytical column. The 
sample was prepared in 20 mM HIBA solution at 
pH 4.0 and a l.O-ml portion was loaded into in- 
jector 1 (which was fitted with a 2-ml loop) and 
pumped through a Waters PBondapak Cl8 guard 
column, using 40 mM acetic acid (pH 4.0) as the 
driving solvent, using the enrichment pump. The 
valve was then rotated and the adsorbed complexes 
back-flushed onto the analytical column using the 
normal eluent. The switching sequence used to con- 
trol the valves was performed through the Waters 
820 chromatography data station. Direct injection 
of samples was possible using sample injector 2 in 
Fig. 1. 

RESULTS AND DISCUSSION 

Selection of eluent ligand 
Polyvalent cations, such as UOS’ and Th4+, are 
not suited to direct cation-exchange methods be- 
cause the magnitude of the electrostatic interaction 
of these species with the functional groups on the 
ion exchanger is such that these cations are very 
strongly retained. They are best separated chro- 
matographically as complexes with a suitable ligand 
and these complexes can be formed either prior to 
the separation step or in situ by adding the ligand to 
the mobile phase. In general, the latter approach is 
the more convenient and was pursued in this work. 

Thorium(IV) and uranyl are known to form com- 
plexes with a wide range of ligands, with the most 
stable complexes being with hydroxycarboxylic 

TABLE I 

OVERALL FORMATION CONSTANTS FOR THORIUM- 
(IV) AND URANVL COMPLEXES WITH HIBA IN AQUE- 
OUS SOLUTION 

Measured in 1 A4 NaClO, at 2o’C. Data from refs. 7 and 8. 

Species log B, log 82 log 8s log 8, 

Thorium(IV) 4.43 8.15 11.06 13.60 
Uranyl 3.18 5.13 6.67 - 
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Fig. 2. Fraction (a) of each thorium(lV)-HIBA complex present 
at various concentrations of HIBA at pH 4.0. (a) Th(HIBA)3+; 
(b) Th(I-IIBA):+; (c) Th(HIBA)l; (d) Th(HIBA),. Calculated 
using the formation constants given in Table I. 

acids, such as glycolic, mandelic, lactic and hydroxy- 
butyric acids [7]. The overall formation constants 
observed for HIBA are amongst the highest and are 
given in Table I. The distribution of the various 
complexes of HIBA with thorium(IV) and uranyl as 
a function of HIBA concentration in the range O- 
200 mM is given in Figs. 2 and 3, respectively. These 
distributions were calculated using a pH of 4.0, at 
which point the HIBA (pK, = 3.77) is 63% ionised. 

a 

___ 
0 50 100 150 200 

HIBA (mM) 

Fig. 3. Fraction (a) of each uranyl-HIBA complex present at 
various concentrations of HIBA at pH 4.0. (a) UO#-IIBA)+; (b) 
UOJHIBA),; (c) UO,(HIBA); Calculated using the formation 
constants given in Table I. 
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This pH was chosen because it is near to that of the 
maximum buffer capacity for HIBA. These figures 
may be used to select experimental conditions under 
which only one type of complex with each metal ion 
is present in solution so that the resultant chroma- 
tography can be simplified. Fig. 2 shows that the 
tetra(HIBA) complex of thorium(IV) dominates at 
most HIBA concentrations. This species does not 
become the sole complex present until the HIBA 
concentration reaches at least 400 mM (not shown 
in Fig. 2). On the other hand Fig. 3 shows that the 
distribution of HIBA complexes with uranyl varies 
markedly with HIBA concentration. Even at 400 
mA4 HIBA, the uranyl ion is distributed chiefly as 
the tris(HIBA) complex (89.4%) and the bis(HIBA) 
complex (10.1%). If thorium(IV) and uranyl were 
injected into a 400 mM HIBA solution buffered at 
pH 4.0, it would therefore be expected that the tho- 
rium would be present solely as the tetra(HIBA) 
complex, whilst the uranyl would be present pre- 
dominantly as the tris(HIBA) complex. Since HIBA 
can be expected to be present in its deprotonated 
form in metal complexes, the thorium complex 
should be neutral, whilst the uranyl complex should 
be anionic. 

Selection of a suitable chromatographic method 
can be based on these predictions, and reversed- 
phase chromatography should be appropriate for 
thorium and anion-exchange chromatography (or 
ion-interaction chromatography using a cationic 
IIR) for uranyl. When reversed-phase chromatog- 
raphy was examined using a C 1 s column with a mo- 
bile phase comprising 10% methanol and 400 mM 
HIBA at pH 4, the chromatogram shown in Fig. 4 
resulted. The observed elution order was opposite 
to that expected from Figs. 2 and 3 in that the ura- 
nyl complex [presumed to be anionic and contain- 
ing fewer ligand molecules than the thorium(N) 
complex] was the more strongly retained. Further 
studies were therefore undertaken to determine the 
factors affecting retention and to elucidate the re- 
tention mechanism. 

Factors afecting retention 
The intluence of the percentage of organic mod- 

ifier in the mobile phase is shown in Fig. 5, using 
methanol as the modifier. Retention changes were 
measured over the range &20% methanol at 400 
mM HIBA for both thorium(IV) and uranyl, and at 

0 5 10 15 

Tie (min) 

Fig. 4. Chromatogram of thorium(N) (1.0 ppm) and uranyl(4.0 
mg/l). Conditions: Waters PBondapak C,, column, mobile 
phase of 400 mM HIBA at pH 4.0 in lo:90 (v/v) methanol-water 
at a flow-rate of 1 ml/mm. Detection by absorbance at 658 nm 
after post-column reaction with Arsenazo III. 

20 mM HIBA for thorium(IV). For comparison, 
the retention of a neutral reference compound (in 
this case, phenol) was also measured and is included 
in Fig. 5. In all cases, linear plots of log k’ versus the 
percentage of methanol were obtained, indicating 
that these solutes were being retained by a reversed- 
phase mechanism. It will be noted that this conclu- 
sion applies for the thorium(IV) complex even when 

1.5 Th(IV), 2OmM AIBA 

Phenol 20mM AIBA 

Uranyl, 400mM AIBA- 

-0.5 ."' n "'. 1. .'. 1 '.. . 1 
0 5 

Iviethan$ 9b , (v/v)] 
15 20 

Fig. 5. Effect on retention of varying percentages of methanol in 
the mobile phase. With the exception of the methanol concentra- 
tion, chromatographic conditions were as for Fig. 4. 
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Fig. 6. Dependence of capacity factors for thorium(lV) and ura- 
nyl on the concentration of HIBA in the mobile phase. With the 
exception of the HIBA concentration, chromatographic condi- 
tions were as for Fig. 4. 

Fig. 7. Effect of temperature on capacity factors of thorium(IV) 
and uranyl. With the exception of the temperature, chromato- 
graphic conditions were as for Fig. 3. 

the HIBA concentration is as low as 20 mM. Re- 
sults similar to those shown for methanol were also 
obtained using acetonitrile (over the range O-l 5%) 
as the organic modifier. 

The effect of the concentration of HIBA on reten- 
tion is shown in Fig. 6, which indicates that the 
capacity factors for both thorium(IV) and uranyl 
decreased overall with increasing HIBA concentra- 
tion, with the most rapid changes being observed 
for thorium(IV) at HIBA concentrations of less 
than 50 mM. It should be possible to compare these 

TABLE II 

EFFECTS OF MOBILE PHASE pH ON RETENTION 

The mobile phase comprised 50 m&f HIBA (pH 4.0) and 20% 
methanol. The retention time of phenol was unaltered over the 
pH range studied. 

PH Retention time (min) * 

observations with the predicted forms of the metals 
complexes shown in Figs. 2 and 3, however, contra- 
dictions emerge. In the range O-50 mM HIBA, Fig. 
2 suggests that there is an increasing proportion of 
the neutral thorium(IV) tetra(HIBA) complex pre- 
sent, so that one would expect retention to increase 
progressively as the HIBA concentration is raised. 
The opposite trend occurs in Fig. 5. Similarly, the 
proportion of the uranyl tris(HIBA) complex rises 
progressively over the range 100-200 mA4 HIBA, 
but retention decreases. 

The mobile phase pH was varied over the range 
2.545 and the retention times of both thorium(IV) 
and uranyl were found to increase, as shown in Ta- 
ble II. The effect of variation of the temperature of 
the mobile phase on capacity factor was also stud- 
ied and the results are shown in Fig. 7. The progres- 
sive decrease in capacity factor for uranyl with in- 
creasing temperature is in accordance with typical 
reversed-phase behaviour [9], but anomalous effects 
were observed for thorium(IV), which showed an 

2.5 
3.0 
3.5 
4.0 
4.5 

Thorium(IV) Uranyl 

4.5 4.1 
4.9 5.3 
5.2 6.7 
5.9 9.5 
8.8 16.0 

increase in capacity factor with temperature. Simi- 
lar effects for thorium(IV) and uranyl have been 
reported for eluents containing mandelic acid [6]. 

Studies were undertaken in which both cationic 
and anionic IIRs were added to the mobile phase as 
a means of determining whether the eluted metal 
ions were present as anionic, neutral or cationic spe- 
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TABLE III 

EFFECTS OF ANIONIC AND CATIONIC ION-INTERACTION REAGENTS ON RETENTION 

Mobile phase” Retention time (min) Relative retention time 

Phenol Thorium(W) Uranyl Thorium(W) Uranyl 

80 mM HIBA, 5 mM TBA+ 11.0 4.6 8.2 0.42 0.74 
400 mM HIBA, 5 mM TBA+ 9.7 3.7 7.4 0.38 0.76 
80 nd4 HIBA 11.0 5.3 8.1 0.48 0.74 
400 mM HIBA 9.3 4.3 6.1 0.46 0.66 
80 m&f HIBA, 5 mM OSA- 11.0 4.2 5.1 0.38 0.46 
400 mM HIBA, 5 n-d4 OSA- 9.5 3.5 4.0 0.37 0.42 

a TBA’ = Tetrabutylammonium; OSA- = octanesulfate. 

ties. In each case, the column was equilibrated with 
the desired mobile phase, thorium(N), uranyl and 
phenol (as a neutral marker compound) were in- 
jected and the relative retention time (comparative 
to that of phenol) of each metal was calculated. The 
results are given in Table III, which shows that at 
the higher HIBA concentrations, the only signifi- 
cant change observed was a reduction in the relative 
retention time for uranyl in the presence of octane- 
sulfonate as the IIR. This suggests that the uranyl 
complex may be anionic under these conditions, but 
the observed increase in relative retention time in 
the presence of tetrabutylammonium as the IIR was 
only slight. The conclusions reached from these 
studies are two-fold. First, any charge present on 
the complexes is sufficiently diffuse that it does not 
exert a great effect on retention. Second, there is a 
consistent trend for all solutes, including the neutral 
marker, for retention time to decrease as the con- 
centration of HIBA is increased. This suggests that 
HIBA itself is adsorbed onto the stationary phase 
and at the high concentrations used, probably pre- 
cludes any appreciable adsorption of the IIR (which 
is present at much lower concentrations than HI- 
BA), thereby preventing the IIR from significantly 
influencing retention. Decreases in relative reten- 
tion times for thorium(IV) in the presence of octa- 
nesulfonate also suggest an anionic complex, but 
corresponding increases in retention when tetrabu- 
tylammonium was added to the mobile phase were 
not observed. 

Mechanism of retention 
Evaluation of the above factors affecting reten- 

tion of the HIBA complexes of thorium(IV) and 
uranyl on a reversed-phase column was undertaken 
in order to suggest a retention mechanism which 
explains all of the observed trends. The behaviour 
of the uranyl complex is perhaps the more straight- 
forward. The effect of increasing the percentage of 
organic modifier (Fig. 5) and the temperature effect 
(Fig. 7) are consistent with reversed-phase adsorp- 
tion. Despite the fact that complete complexation 
leads to the formation of the anionic tris(HIBA) 
complex, the resultant charge distribution must be 
sufficiently diffuse that the complex exhibits a de- 
gree of hydrophobicity that permits reversed-phase 
adsorption. The decreased retention noted when the 
concentration of HIBA in the mobile phase is in- 
creased above 80 mM can be considered to result 
from increasing competition for the stationary 
phase adsorption sites by the considerable amount 
of unionized HIBA in the mobile phase. This effect 
has been suggested previously to explain a similar 
retention trend for mandelic acid complexes of ura- 
nyl on a reversed-phase column. Evidence in sup- 
port of this hypothesis can be seen from the reten- 
tion behaviour of phenol at the two different HIBA 
concentrations given in Table III. Here, a decrease 
in the retention time of phenol was noted with in- 
creasing HIBA concentration. This factor will con- 
tribute to the behaviour shown in Fig. 5 in addition 
to the effect that increased formation of the anionic 
tris(HIBA) complex of uranyl would be expected to 
favour decreased retention. The retention maxi- 
mum observed for uranyl at about 50 mM HIBA in 
Fig. 6 corresponds closely to the point where maxi- 
mum formation of the neutral bis(HIBA) uranyl 
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complex occurs (Fig. 3). Finally, the increased re- 
tention observed with increasing pH (Table II) can 
be attributed to increased complexation of uranyl 
and a concomitant decrease in the concentration of 
neutral HIBA in the mobile phase. 

The retention behaviour of the thorium(N) com- 
plex is somewhat anomalous in that under most of 
the conditions examined, it is eluted prior to the 
uranyl complex, despite the fact that it is expected 
to be a neutral complex with four ligand molecules, 
compared to a maximum of three for uranyl. Fig. 5 
confirms that reversed-phase retention applies even 
at low concentrations of HIBA, but the temper- 
ature effect shown in Fig. 7 is the opposite to that 
normally encountered in reversed-phase chroma- 
tography. Further anomalies are evident in Fig. 6, 
where the retention of the thorium(IV) complex is 
seen to decrease rapidy as the HIBA concentration 
is increased from 15 to 50 mM and to then show a 
modest decrease with higher concentrations of HI- 
BA. Fig. 2 would suggest the opposite trends of a 
rapid increase in retention followed by a plateau 
region as formation of the neutral tetra(HIBA) 
complex dominates. Allowing for competition for 
the stationary phase adsorption sites by unreacted 
HIBA in the mobile phase could result in decreased 
retention at high HIBA concentrations, so that a 
maximum might be expected in the plot for 
thorium(IV) in Fig. 6. The effect of pH on retention 
of thorium(N) is similar to that observed for uranyl 
and can again be attributed to increased complex 
formation and reduced levels of neutral HIBA in 
the mobile phase. 

One possible explanation for these results lies by 
considering the known propensity for thorium(W) 
to hydrolyse in aqueous solution, even at acidic pH 
values [lo], in juxtaposition with the fact that thori- 
um(IV) often exhibits very high coordination num- 
bers when complexed [l 11. It is therefore likely that 
one or more hydroxyl ligands are incorporated into 
the coordination sphere of the thorium(IV), thereby 
reducing the overall charge on the complex. This 
would lead to the bis- or tris(HIBA) complexes be- 
ing neutral, whilst the tetra(HIBA) complex would 
be anionic. Comparison of the retention times of 
the thorium(IV) and uranyl complexes in a mobile 
phase containing 400 mM HIBA and considering 
the higher stoichiometry of the former complex sug- 
gests that the negative charge on the thorium(N) 

complex should be greater than than for the uranyl 
complex. This indicates the presence of at least two 
hydroxyls in the thorium(N) complex. Some evi- 
dence for this is the rapid decline in retention ob- 
served for thorium(W) in Fig. 6 over the HIBA 
concentration range in which there is conversion of 
the bis(HIBA) complex (presumably neutral if two 
hydroxyls are present) into the tris(HIBA) complex 
(presumably anionic). Decreasing stability of the 
mixed ligand species at higher temperatures may ac- 
count for the anomalous increase in retention ob- 
served with increasing temperature. 

Calibration data andpreconcentration studies 
Linear calibration plots (correlation coefficient 

>0.99) were obtained for both thorium(W) and 
uranyl over the concentration range O-10 mg/l, 
however, it is likely that linearity extends beyond 
these upper concentration limits. Detection limits 
for a 100~~1 injection volume were 22 pug/l for thori- 
um(IV) and 53 pg/l for uranyl. 

The behaviour of the HIBA complexes of thori- 
um(IV) and uranyl suggests that sample preconcen- 
tration techniques could be applied to these solutes. 
A sample comprising thorium(N) and uranyl in the 
presence of 20 mM HIBA at pH 4.0 should permit 
preconcentration of both species on a Crs concen- 
trator column, with subsequent elution and separa- 
tion using 400 mM HIBA in 10% methanol. A 
somewhat similar approach has been used by Kerr 
et al. [4], except that 110 mM HIBA at pH 5.5 was 
used for enrichment and a mobile phase comprising 
220 mM HIBA at pH 3.5 and 25 mM pentanesulfo- 
nate was employed for analysis. Our results suggest 
that these conditions are not optimal. A preconcen- 
tration system was configured according to the 
schematic diagram shown in Fig. 1 and was shown 
to be applicable to the preconcentration of sample 
volumes up to 1 ml. Fig. 8 shows a chromatogram 
of a preconcentrated sample. Under these condi- 
tions linear calibration plots over the range &300 
pg/l of both thorium(N) and uranyl were con- 
structed, giving detection limits of 2.2 and 5.8 pg/l, 
respectively, for a 1 .O-ml sample volume. Recovery 
studies showed that adsorption of the complexes on 
the concentrator column was very close to quantita- 
tive. 
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Fig. 8. Preconcentrated sample (1 ml) containing 300 pg/l of both 
thorium(IV) and uranyl in 20 mM HIBA at pH 4.0. The sep- 
aration conditions were as for Fig. 4. 

CONCLUSIONS 

The elution characteristics of HIBA complexes of 
thorium(N) and uranyl are dependent on the par- 
ticular complexes existing in solution under the 
chromatographic conditions used. In the case of 
uranyl, the anionic tris(HIBA) compex dominates 
at 400 mM HIBA (pH 4.0) and is retained on a 
reversed-phase column by hydrophobic adsorption, 
despite its anionic nature. On the other hand, thori- 
um(IV) forms a neutral tetra(HIBA) complex, 
which hydrolyses readily to produce an anionic 
complex probably containing at least two coordi- 
nated hydroxyl ions. This complex is also retained 
by hydrophobic adsorption, but to a lesser extent 
than the uranyl complex. The behaviour of 
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thorium(IV) and uranyl in mobile phases contain- 
ing HIBA is quite different to that exhibited by lan- 
thanide ions, which are retained by a cation-ex- 
change mechanism. This difference can be explained 
by the smaller formation constants and lower li- 
gand/metal ratios of these species in comparison to 
thorium(W) and uranyl. 
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