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Complex formation of uranylf VI) ion with ammo-
nia and some polyamines has been studied by the
polarographic technique at 25°C in 0.1 M TBAP—
DMSO solutions. The polarographic data could be
explained in terms of the formation of the following
complexes: [UO,(L),]*" where L = NH;, en, dmen
andn=2 3;L=tn hexnandn=1, 2;L = tmen and
n = 3; L = trien and n = 2. The relative coordinating
abilities of the ligands have been discussed on the
basis of the calculated Bo.. [Breq values.

Introduction

In previous papers we studied the formation of
complexes between uranium(VI) and diethyldithio-
carbamate [1], carboxylic acids [2], aliphatic amines
[3] and halides and pseudohalides 4] in dimethyl-
sulfoxide. The present paper is devoted to the polaro-
graphic investigation of the complex species formed
by uranium(VI) ion with ammonia and polyamine
ligands.

Ammonia is a very common ligand for several
metal ions of d-block in aqueous media [5-8], while
for uranium(VI), as well as for other f-type transi-
tion metal ions, ammonia acts mainly as a precipitat-
ing agent of their hydroxides [9] ; up today no inves-
tigations have been reported in nonaqueous solvents.

Polyamines also constitute a class of widely
studied metal-ligands and the relative literature data
up to 1972 have been reviewed by Paoletti et al.
[10]. Like previous papers also the more recent ones
deal with equilibria in aqueous media [11-15] or
with structure /property relationships of some adducts
[16-20]; only Forsberg and Moeller [21] have
studied some polyamines complexes of lanthanide
ions in acetonitrile medium, but no data are available
on uranium(VI)-polyamine complexes in aqueous
and in nonaqueous solvents.

Experimental

The apparatus and the methods as well as the pre-
paration and the purification of dimethylsulfoxide
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Figure 1. Polarographic profiles recorded on a 0.1 M TBAP,
1.02 X 1073 M UO2", DMSO solution (curve A); the same
at mol ratios [NH3]/[UO%+] 1 (curve B), 2 (curve C), 3 (cur-
ve D) and 4 (curve E).

(DMSO), the DMSO-uranyl(VI) solvate [UO,-
(NO;),*5SDMSO] and tetrabutylammonium perchlo-
rate supporting electrolyte (TBAP) have been already
described [1, 2] .

Reagent grade ethylenediamine (en), 1,3-diamino-
propane (tn), 1,6-hexanediamine (hexn), sym-di-
methylethylenediamine  (dmen), N,NN'N'-tetra-
methylethylenediamine (tmen), triethylenetetramine
(trien) and hexamethylenetetramine were used as
received (Aldrich) without further purification.

The stock ammonia—DMSO solution was prepared
by bubbling gaseous ammonia through the solvent.
It was every time standardized immediately before
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Figure 2. Current trend of the polarographic reduction processes as a function of the mol ratio NH3/UO§+. Uranium(VI) concen-

tration: 1.02 X 10> M.

use by titration with aqueous hydrochloric acid.
0.1 M TBAP was used as supporting electrolyte.
All experiments were carried out at 25 °C.

Results

The voltammetric behaviour of uranyl(VI) ion in
DMSO has been previously reported [1]. Some tests
at different uranyl concentrations indicated that no
formation of polynuclear species occurred [2].

Ammonia

The addition of increasing amounts of ammonia
to uranyl(VI) solutions gave the polarographic
pictures outlined in Fig. 1. As can be noted the limit-
ing current of the free uranjum(VI) cathodic wave
(a) (Ey;2 = —0.53V) decreases and a second reduction
process (b) appears, followed in turn by a well defin-
ed third one (c). The E,;, value of the reduction wave
of free uranyl ion was unaffected by the additions of
ammonia. Also a well formed anodic wave took
place (d), related to the formation of stable ammo-
nia—mercury complexes [22]. In Fig. 2 the trend of
the limiting current of the reduction processes a, b, c,
against the mol ratio ammonia/UQ3%" is plotted.

The half-wave potentials of the cathodic waves
“pb” and “c” remained constant at —0.78V and
—0.95V respectively.

Logarithmic analysis [E vs. log (ig — i)/i] of the
waves “b” and ‘“c” gave a straight line with a slope of
0.067 and 0.065V respectively, indicating in both
cases an almost reversible one-electron reduction
process.

The trend of Fig. 2 indicates that under our
experimental conditions the existence of two com-
plex species, [UO,(NH;),]?" and [UO,(NH;)3]*", can
be evidentiated. The 2:1 ammonia—uranyl complex
is however less stable than the 3:1 one, as evidentiat-
ed by the higher value of the limiting current of the
process ‘‘c”.

On the basis of the E,;, values relative to the
reduction waves of the 2:1 and 3:1 species in respect
to that of the free uranyl ion, it is possible to cal-
culate the order of magnitude of the corresponding
stability constants ratios [23], Box/Breq = 1 X 10%,
where fox refers to the 2:1 ammonia—uranium(VI)
complex, freq refers to the 2:1 ammonia—uranium-
(V) complex and Box/Breq = 1 X 107, where Box
and BRreg refer now to the 3:1 complexes.

Ethylenediamine

Uranyl(VI)  solutions containing increasing
amounts of ethylenediamine (en) gave a polaro-
graphic cathodic picture very similar to that report-
ed in Fig. 1 for ammonia, giving rise to a current plot
analogous to Fig. 2; in this case the half-wave poten-
tials of the free uranyl ion and of the second and
third cathodic waves were constant at —0.53V,
—0.79V and —0.99V respectively.

Logarithmic analysis indicated again an almost re-
versible behaviour for both reduction steps “b” and
“c”,

The trend of the plot of reduction currents as a
function of the mol ratio en/UO%" allows to eviden-
tiate the presence of the species [UO,(en);]*" and
[UO,(en)s]** and suggests that the 3:1 complex is
more stable.
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Iigure 3. Dependence of the limiting current of the cathodic processes on the mol ratio tn/UO%t Uranium(VI) concentration:

1.01 x 1073 M.

The ratio of stability constants for the 2:1 and 3:1

complexes is Box/Bred = 2 X 10* and Box/Breq =
6 X 107 respectively.

1,3-Diaminopropane

The polarographic cathodic behaviour exhibited
by uranyl(VI) solutions containing increasing
amounts of 1,3-diaminopropane (tn) was qualitative-
ly similar to that reported in Fig. 1.

In Fig. 3 the dependence of the limiting currents
of the polarographic processes occurring up to
—1.35V (beyond these potential values the interferen-
ce of traces of water arises [1]) on the mol ratio
tn/UO3%" is reported.

Also in this case two complexes are evidentiated,
but the first, corresponding to the process “b”
(E(;, = —0.78V), is attributable to the reduction of
the complex [UO,(tn)]?* and the second, corres-
ponding to the process “c” (E,;; = —0.99V), to the
species [UO,(tn),]*".

The curve “c”, Fig, 3, reaches its maximum value
at a mol ratio between 2 and 3 and then slowly
decreases, suggesting the formation of further higher
complexes reducible at potential values more negative
than —1.35V.

Logarithmic analysis of the waves corresponding
to “b” and “c” of Fig. 1 indicated almost reversible
reduction processes.

The stability constant ratios for the 1:1 and 2:1
complexes are Box/Bred = 1 X 10* and Box/BRed =
6 X 107 respectively.

1,6-Hexanediamine
Additions of 1,6-hexanediamine (hexn) to the
uranyl gave a polarographic picture very similar to

that described above as the cathodic wave of ura-
nium(VI) progressively decreased and two successive
cathodic waves appeared at constant half-wave
potential values of ~0.81V and —0.99V respectively.
The current plot is analogous to that reported in Fig.
3 indicating the existence of the two complexes
[UO,(hexn)]?>* and [UO,(hexn);]*>* and further-
more suggesting the probable formation of successive
higher complexes.

Taking into account the E,;, values relative to the
reduction of the 1:1 and 2:1 diamine—uranyl com-
plexes the stability constants ratios are respectively
Box/Bred = 5 X 10% and Box/BRreq = 6 X 107.

sym-Dimethylethylenediamine

Uranium(VI) solutions containing increasing
amounts of sym-dimethylethylenediamine (dmen)
gave rise to polarographic cathodic waves similar to
those reported for ammonia; in fact the decrease of
the free uranium(VI) limiting current was compensat-
ed by the appearance of two successive distinct
cathodic processes (E;;, = —0.77V and —0.98V,
respectively). The E;;, values of these reduction
waves and that of free UO3" were unaffected by
ligand successive additions. The usual current vs. mol
ratio dmen/UO3" plot is very similar to that reported
in Fig. 2. This trend evidentiates the existence of the
two stable complexes [UO,(dmen),]?* and [UO,-
(dmen);]*".

The almost reversible polarographic behaviour
allows to calculate the stability constant ratios for
the 2:1 and 3:1 diamine-uranyl complexes; these
ratios are Box/Breq = 1 X 10* and Box/Breq = 4 X
107.
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Figure 4. Current trend of the cathodic processes as a function of the mol ratio tmen/UO%+. Uranium(VI} concentration: 1.02 X

107°Mm

N,N,N' N'-Tetramethylethylenediamine

By adding increasing amounts of NNN'N'-
tetramethyletylenediamine (tmen) to uranyl( VI) solu-
tions a polarographic picture somewhat different
from that reported in Fig. 1 was obtained; in fact as
the free uranium(VI) wave decreased only one suc-
cessive cathodic wave appeared (E,;, = —0.84V).

In Fig. 4 the dependence of the limiting currents
of the observed cathodic processes on the mol ratio
tmen/UO2" is reported. As can be observed the limit-
ing current of the free uranium(VI) wave {(curve “a”)
decreases much more slowly than in the previous
cases; correspondingly, also curve “b” increases very
slowly. However, the formation of the 3:1 complex
can be deduced from the intersection of the straight
line portions drawn through the experimental points
away from the 3:1 ratio. The curvature exhibited by
curve “b” around this value indicates a rather small
ﬂox value,

Moreover the constant E;;; value of the free UO3"
reduction wave allows to disregard the occurrence of
the formation of stable 1:1 and 2:1 complexes.

From the E,;; value a fgx/Breq ratio of 2 X 10°
was calculated for this complex.

Triethylenetetramine

The addition of increasing amounts of triethylene-
tetramine (trien) to uranyl(VI) solutions gave a pola-
rographic picture qualitatively similar to that report-
ed for N,N,N' N'-tetramethylethylenediamine, as only
one successive cathodic wave compensated the
decrease of the limiting current of free uranyl(VI)

ion. The half-wave potential of this second cathodic
wave was constant at —0.81V up to ligand concen-
trations of about 2 X 1073 M; at higher concentra-
tions the wave is distorted by a maximum of the
first kind, preventing any reliable measurement of
the half-wave potential.

In Fig. 5 the current vs. mol ratio trien/UO3" plot
is reported. The trend clearly evidentiates the forma-
tion of the [UO,(trien),]?* species; the existence of
higher complexes cannot be however excluded owing
to the poor reliability of E;;, measurements at higher
ligand concentrations.

In the hypothesis of an almost reversible reduction
process, the stability constant ratio for the 2:1
complex is fox/Breq = 5 X 10%.

Hexamethylenetetramine

The reduction wave of uranium(VI) was not
affected by the addition of increasing amounts of
hexamethylenetetramine, neither lowering of the
limiting current nor E;;; shift were observed; hence
no other cathodic wave could arise. This suggests
that hexamethylenetetramine is not able to initiate
the desolvation process, owing to its hindered
structure.

Discussion

The polarographic behaviour of ammonia and dia-
mine—uranyl(VI) solutions in DMSO indicates that
these ligands form stable complexes in agreement
with the hard character of uranyl(VI) ion; the
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Figure 5. Current trend of the reduction processes as a function of the mol ratio trien/ U0%+. Uranium(VI) concentration: 1.14 X

1073 M.

appearance of cathodic waves, distinct from that of
free uranyl(VI) ion, points out that the rate of for-
mation and dissociation of the involved complexes is
lower than that of their diffusion towards the electro-
de.

By assuming a constant coordinating ability of
uranium(V) ion in respect to every ligand tested, the
obtained results, summarized in Table I, allow some
correlations to be stated about the relative stability
of the studied complexes. This assumption can be
justified on the basis of the well-known poor coordi-
nating tendency of uranium(V) ion.

The maximum number of ammonia molecules
linked to the uranyl(VI) ion is three under the pre-
sent experimental conditions. By comparing the
Box/Breq value relative to the 3:1 ammonia com-
plex with those of monoamine ligands—uranjium(VT)
complexes [3], it can be deduced that the coordi-
nating ability of ammonia is of the same order of
magnitude as that of primary amines; in addition the
polarographic behaviour also evidentiates the distinct

TABLE 1. Box/BRea Values for the Different Ligands

intermediate formation of the 2:1 complex. This fact
is probably due to the low steric hindrance of
ammonia in respect to the straight chain primary
amines. The absence of the fox/Breq Vvalue for the
1:1 complex in the case of ammonia, as well as for
other amines, does not mean that the 1:1 complex
cannot exist. In fact the polarographic process
involves a reduction of uranium(VI) to uranium(V),
hence the absence of E,;; shifts of the uranyl(VI)
wave and the absence of distinct cathodic waves, can
be attributed either to small stability constants of
the 1:1 complexes or to an unusual similarity
between the stability constant values for the 1:1
complex of uranium(VI) and uranium(V).

As regards polyamine complexes it can be noted
that ethylenediamine and its derivatives (en, dmen,
tmen) form complexes of decreasing stability from
primary to tertiary amino group, in agreement with
the behaviour already described for monoamines [3].
The stoichiometry of the highest complex formed by
uranium(VI) with these ligands is 1:3, as required by

Ligand/ UO%+ Ligands

:f:i'c‘}’llie;‘me“y en  dmen tmen tn  hexn trien  n-butNH, nhexNH; tertbutNH, di-n-butNH triethN NH,
1:1 1x10* 5x10? *1x10° .
2:1 2x10% 1x10* 6x107 6x107 5x10° , 1x100
3:1 6x107 4x10” 2x10° *4x107  *2x107  *2x10% *4%10% *4x10% 1x10

*Ref. 3.
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the hexacoordination in the equatorial plane of UO3"
group, accomplished by three bidentate ligands able
to give rise to five membered chelate rings.

1:1 and 2:1 tn and hexn uranyl(VI) complexes
show high stability constant ratios in respect to the
known stability of five membered chelate rings. This
behaviour can be explained by considering either the
formation of stable puckered chelate rings [17], six
or nine membered, respectively, or by assuming that
these ligands, potentially bidentate, behave as mono-
dentate [13]; the last hypothesis seems however in
apparent disagreement with the constant ratios found
for the corresponding monoamines.

The polarographic behaviour of trien—uranyl(VI)
system allowed to evidentiate only the 2:1 complex.
From the present measurements it is not possible to
state the actual structure of this complex, however
the two following possible structures can be pro-
posed:

?Nm RNH,

U/N \2(
/

/
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S

The first structure involves the formation of two
stable five membered chelate rings, but does not
complete the hexacoordination on the equatorial
plane of urany(VI) ion. The second one, which satis-
fies the hexacoordination, involves however the for-
mation of accumulated chelate rings of lower stabili-
ty [10]. Our experimental data do not evidentiate
the 1:1 complex formation of the type:

AT
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RNH, RNH,
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which is the accepted structure for aliphatic
polyamine complexes with 3d metal ions [24].
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