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Formation of 1:1, 1:2, and 1:3 binary complexes of Th(IV), UO2(II), Ce(III), and La(III) metal ions with
acetohydroxamic acid (Aha), benzohydroxamic acid (Bha), and salicylhydroxamic acid (Sham) was investigated
in aqueous medium using the potentiometric technique at 25°C andI ) 0.10 mol‚dm-3 NaNO3. The order of
stability of the complexes was investigated and is discussed in terms of both the nature of hydroxamic acid and
the metal ion. The concentration distribution of various species formed in solution was evaluated. Evaluation of
the effect of temperature of the medium on the ionization process of ligands and the stability of 1:1 binary complexes
has been performed atI ) 0.10 mol‚dm-3 NaNO3, and the corresponding thermodynamic parameters have been
calculated and are discussed as well. Evaluation of the effect of ionic strength of the medium on both the dissociation
process and the stability of metal complexes for Sham binary systems is reported. In addition, the dissociation
constants of Aha and stability constants of its 1:1 binary complexes were determined in various water+ dioxane
mixtures under the experimental conditions (t ) 25 °C, I ) 0.10 mol‚dm-3 NaNO3). It was concluded that solvent
effects have a profound influence on the proton-ligand and metal-ligand stability constants. Confirmation of
the formation of binary complexes in solution has been done using conductivity, cyclic voltammetry, and UV-
visible spectroscopic measurements.

Introduction

Over the past few decades, the coordination chemistry of
actinides has been extensively investigated.1-6 Actinides are
present in sediments and in ground and surface waters as a result
of both natural processes and anthropogenic activities.7 They
have remarkable environmental impact and are dangerous for
human health because, like all heavy metals, they have high
chemical toxicity and great affinity toward biological systems
containing phosphoric, sulfuric, and oxygenated groups.8-13 The
necessity of treating and disposing large amounts of nuclear
wastes in a safe and economical manner has generated a
significant interest in recent years in the coordination chemistry
of actinides in solution, especially at elevated temperatures. It
is well-known that the temperature of the waste in storage tanks
can be up to 90°C,14 whereas that in the vicinity of the waste
forms in the repository can be as high as 100°C to 300°C.15,16

Thus, complexation of actinides with ligands in solution at
elevated temperatures should be understood. The majority of
the literature data are obtained at or near 25°C.17 It is noted
that lanthanide ions, which are able to hydrolyze nucleic acids,
can form a variety of coordination compounds in aqueous
solution. These complexes can be conjugated to RNA or DNA
oligomers that bind to a specific site in the target nucleic
acid.18-23 Site-specific artificial enzymes can be considered as
essential tools for biotechnology in the future.24 Despite the
existence of a very large amount of literature data on the solution
chemistry of the actinide and lanthanide ions, interactions of
these ions in aqueous media with molecules of biological
interest, such as hydroxamic acids, have been little investigated.
Since the discovery of hydroxamic acids by Wahlroos and
Virtanen25 in 1959, and over the past decades, their chemistry
and biochemistry have attracted considerable attention, due to

their pharmacological, toxicological, and pathological properties.
It is well-known from the literature26-28 that the unsubstituted
aliphatic hydroxamic acids, for example, acetohydroxamic acid
(Aha), are well established as effective urease inhibitors in
plants28 and have been shown to effectively inhibit ureolytic
activity and/or to lower blood ammonia levels in sheep,26 dogs,
and man.27 The potential applications of these compounds, in
the treatment of hepatic coma and in the improvement of
nitrogen utilization by ruminant animals, have led to the present
series of their physiological disposition in the animal body.

Recently, a new oral iron chelator, salicylhydroxamic acid
(Sham), has been developed and found to have a promising
advantage, because no toxicity has, as yet, been recorded.29 The
iron chelating property is due to the presence of the hydroxamic
acid moiety (-CO-NOH), which it shares with desferrioxamine
B and another lower molecular weight iron chelator, acetohy-
droxamic acid, which may also have a potential ability as an
iron chelator.30 In Egypt, it is recommended to use salicylhy-
droxamic acid as an effective and low-cost pharmaceutical drug.
Sham, being a hydroxamic acid derivative of salicylic acid,
exerts dual urolithiatic activity. It inhibits both the urease
enzyme activity and sulfation of mucopolysaccharides, which
are responsible for renal stone formation. The design and
synthesis of ligands for biomedical applications in fields such
as anticancer applications have become of great importance.
One of those ligands is the hydroxamate molecule. Hydroxamic
acids have been found to react with both proteins and nucleic
acids.31 Anticancer properties of the three hydroxamic acids,
taken into consideration in this paper, [Aha, benzohydroxamic
acid (Bha), and Sham] have been investigated.32 Therefore, the
present study focuses on the detailed complexation behavior of
actinide and lanthanide metal ions with the above-mentioned
hydroxamic acids.* Corresponding author. E-mail: magdy_mmagdy@yahoo.com.
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Stabilities of binary complexes of both transition and alkaline
earth metal ions with salicylhydroxamic acid have been recently
investigated, in our laboratory, using the potentiometric tech-
nique at 25°C andI ) 0.10 mol‚dm-3 NaNO3.33 More recently,
the formation of binary complexes of the divalent [Cu(II),
Co(II), Ni(II), and Zn(II)] and trivalent [Fe(III), Al(III), and
Cr(III)] metal ions with the three hydroxamic acids was also
studied by us34 potentiometrically under the same experimental
conditions and also at four different temperatures ranging from
25 °C to 55°C for investigating the dissociation process of Bha
as well as its 1:1 binary complexes with the trivalent metal ions
mentioned above. As our research program aims to study the
interaction of metal ions with biologically relevant ligands,33-36

the present paper focuses on the detailed complexation behavior
of actinide and lanthanide metal ions with the considered
hydroxamic acids.

Experimental Section

Materials and Solutions.Aha and Bha were Sigma products.
Sham was purchased in a pure form from the Nasr Pharmaceuti-
cal Chemicals Co., Egypt. The purity of hydroxamic acids and
the concentrations of the stock solutions were determined by
Gran’s method.37 The metal salts were provided by BDH as
nitrates. Stock solutions of the metal salts were prepared in
bidistilled water, and the metal concentration was standardized
with the disodium salt of EDTA.38 Carbonate-free sodium
hydroxide (titrant, prepared in 0.10 mol‚dm-3 NaNO3 solution)
was standardized potentiometrically with KH phthalate (Merck
AG). A nitric acid solution (≈0.04 mol‚dm-3) was prepared
and used after standardization. Sodium hydroxide, nitric acid,
and sodium nitrate were from Merck p.a. Dioxane was of high
purity (spectro grade product).

Apparatus and Procedure.Potentiometric pH measurements
were performed using a Metrohm 702 titroprocessor equipped
with a 665 dosimat (Switzerland). The precision of the instru-
ment was ((0.001) pH unit. The pH titrations were carried out
in an 80 cm3 commercial double-walled glass vessel. The ionic
strength of the solutions was maintained at a constant level by
using the desired concentration of NaNO3 solution as supporting
electrolyte, and temperature was adjusted inside the cell at the
desired temperature, by circulating thermostated water using an
oil-thermostated setup. A computer program (GLEE, glass
electrode evaluation)39 has been used for the calibration of the
glass electrode, in terms of pH) -log [H+], by titrating
HNO3 (at the same temperature and ionic strength or for
solutions containing different v/v % dioxane) against a NaOH
standard solution. The resulting titration data were used to
calculate the standard electrode potentialE° andKw for water
before each experiment. The investigated solutions were pre-
pared (total volume) 50 cm3) and titrated potentiometrically
against standard CO2-free NaOH (0.10 mol‚dm-3) solution. A
stream of nitrogen was passed throughout the course of the
experiment to exclude the adverse effect of atmospheric carbon
dioxide.

The ligand concentrations were varied in the range of 1‚10-3

mol‚dm-3 to 6‚10-3 mol‚dm-3. Three to four different metal-

to-ligand ratios, ranging from 1:1 to 1:4, were used. The initial
estimates of the ionization constants of the ligands as well as
the stability constants of metal-ligand binary complexes were
calculated by adopting the Irving and Rossotti technique.40,41

The equilibrium constants were refined with a computer program
based on an unweighted linear least-squares fit. The stiochi-
ometries and stability constants of the complex species formed
in solution were determined by examining various possible
composition models for the systems studied. The model was
that which gave the best statistical fit and plausibly consists of
the 1:1 and 1:2 complex species for all systems investigated.
In addition, the 1:3 complex for the binary systems Th(IV)-
Sham, Ce(III)-Bha, Ce(III)-Aha, and La(III)-Aha has been
detected.

Accounting for the differences in acidity, basicity, dielectric
constant, and ion activities for solutions containing different
proportions (5 % to 50 %) v/v of dioxane relative to pure
aqueous ones, the pH values of the former solutions were
corrected in accordance with the method described by
Douheret.42

Each of the investigated solutions was thermostated at the
required temperature with an accuracy of(0.10 °C, and the
solutions were left to stand at this temperature for about 15
min before titration. Magnetic stirring was used during all
titrations. About 100 to 140 experimental data points were
available for evaluation in each system. The titration was
repeated at least five times for each titration curve. All
calculations were made with the aid of a computer program
based on an unweighted linear least-squares fit.

Scheme 1

Figure 1. Potentiometric pH titration curves for UO2(II)-Sham system at
25 °C andI ) 0.10 mol‚dm-3 NaNO3: (a) 4‚10-3 mol‚dm-3 HNO3; (b)
solution a+ 1‚10-3 mol‚dm-3 Sham; (c) solution b+ 2.5‚10-4 mol‚dm-3

UO2(II).
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Conductometric Measurements.Conductometric titrations
were followed with a HANNA conductivity meter HI-98304.
The following mixture was titrated conductometrically against
0.10 mol‚dm-3 NaOH solution: 1‚10-2 mol‚dm-3 La(III) (20
cm3) + 1‚10-2 mol‚dm-3 hydroxamic acid (20 cm3).

Cyclic Voltammetry Measurements.Cyclic voltammetric
measurements were collected using potentiostat/galvanostate
wenking PGS 95 with a single-compartment voltammetric cell
equipped with a platinum working electrode (area) 0.50 cm2),
a Pt wire counter electrode, and a SCE as a reference electrode.
In a typical experiment, a sample volume of 25 cm3 containing
the free metal ion 1‚10-3 mol‚dm-3 Th(IV) (a), 1‚10-3

mol‚dm-3 Th(IV) + 1‚10-3 mol‚dm-3 hydroxamic acid (b) was
used. The ionic strength of the studied solutions was adjusted
at 0.10 mol‚dm-3 using a NaNO3 solution. All solutions were
investigated in water at 25°C. The solutions were purged with
nitrogen for 120 s, and then the potential was scanned at the
scan rate 25 mV‚s-1 from (+0.10 to-0.10) V.

Spectrophotometric Measurements.The absorption spectra
of solutions to be tested were recorded on a Shimadzu Corp.

UV-1601 (PC)S spectrophotometer in the range of 300 nm to
500 nm using 1 cm matched quartz cells.

Results and Discussion

The formulas of the hydroxamic acids investigated are shown
in Scheme 1. The proton dissociation constants of the hydrox-
amic acids studied have been redetermined at 25°C andI )
0.10 mol‚dm-3 NaNO3 to obtain values using the same
experimental procedures as used in the study of binary systems
and are in good agreement with data found in the literature.33,43,44

The differences in pKa values for Aha, Bha, and Sham have
been discussed previously by us.34

Representative potentiometric pH titration curves for the
UO2(II)-Sham binary system are shown in Figure 1. Analysis
of the complexed ligand curves indicates that the addition of
metal ion to the free ligand solution shifts the buffer region of
the ligand to lower pH values. This shows that complex
formation reaction proceeds by releasing protons from such
ligands. The stability constants of 1:1, 1:2, and 1:3 binary
complexes of the considered ligands have been determined at

Figure 2. Potentiometric pH titration curves for Aha and its metal complexes at 25°C andI ) 0.10 mol‚dm-3 NaNO3: (a) 4‚10-3 mol‚dm-3 HNO3; (b)
solution a+ 1‚10-3 mol‚dm-3 Aha; (c) solution b+ 1‚10-3 mol‚dm-3 Th(IV); (d) solution b+ 1‚10-3 mol‚dm-3 UO2(II); (e) solution b+ 1‚10-3 mol‚dm-3

Ce(III); (f) solution b+ 1‚10-3 mol‚dm-3 La(III).

Table 1. Dissociation Constants (( SD) of the Ligands and Stability Constants (( SD) of Their 1:1, 1:2, and 1:3 Binary Complexes at 25°C
and I ) 0.10 mol‚dm-3 NaNO3

Aha
pKa1 ) 9.40( 0.01

Bha
pKa1 ) 8.63( 0.03

Sham
pKa1 ) 7.40( 0.02
pKa2 ) 9.78( 0.01

cation logk1 log k2 log k3 log k1 log k2 log k3 log k1 log k2 log k3

Th(IV) 10.50( 0.03 9.20( 0.02 8.97( 0.02 8.56( 0.03 14.40( 0.01 12.60( 0.01 9.15( 0.02
UO2(II) 8.55 ( 0.02 7.94( 0.04 7.42( 0.03 6.70( 0.01 11.90( 0.02 9.70( 0.02
Ce(III) 7.85( 0.01 6.90( 0.04 5.76( 0.01 7.25( 0.05 6.40( 0.04 5.22( 0.02 11.00( 0.01 8.69( 0.01
La(III) 6.99 ( 0.02 6.05( 0.03 3.98( 0.02 6.75( 0.02 5.90( 0.02 10.90( 0.03 7.77( 0.02
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25 °C and I ) 0.10 mol‚dm-3 NaNO3. Figure 2 displays a
representative set of experimental titration curves for Aha and
its 1:1 binary complexes involving the investigated metal ions.

The equilibria involved in the formation of the metal-
hydroxamic acid binary complexes may be represented as
follows:

Examination of the stability constants of the binary complexes
investigated (Table 1) leads to the following remarks:

(a) The observed order of stability of binary systems with
respect to the ligand hydroxamic acid is Sham> Aha > Bha.34

(b) The complex stability of the binary complexes with respect
to the metal ion present follows the order Th(IV)> UO2(II) >
Ce(III) > La(III).45,46

(c) Also, it can be observed that the stability constants of the
different 1:3 metal-ligand complexes are lower than those of
the corresponding 1:2 complex species, and the stability
constants of the latter complexes are lower than those of the
corresponding 1:1 systems, as expected from statistical consid-
eration. The∆log k (log k3 - log k2 or log k2 - log k1) values
are negative (Table 1). The reduction in the values of stepwise
constants is principally due to the fact that the entropy
contribution to the free energy change becomes less favorable
from one step to the next (eqs 1 to 3).

Estimation of the concentration distribution of various
complex species in solution provides a useful picture of metal
ion binding in biological systems. The speciation diagrams

Figure 3. Distribution diagram for the system Th(IV)-Bha atI ) 0.10 mol‚dm-3 NaNO3 andt ) 25 °C. Concentration:CTh(IV) ) 3‚10-4 mol‚dm-3; CBha

) 1‚10-3 mol‚dm-3.

Figure 4. Distribution diagram for the system UO2(II)-Aha atI ) 0.10 mol‚dm-3 NaNO3 andt ) 25 °C. Concentration:CUO2(II) ) 3‚10-4 mol‚dm-3; CAha

) 1‚10-3 mol‚dm-3.

M + L h ML K1 )
[ML]

[M][L]
(1)

ML + L h ML2 K2 )
[ML 2]

[ML][L]
(2)

ML2 + L h ML3 K3 )
[ML 3]

[ML 2][L]
(3)
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obtained for Th(IV)-Bha and UO2(II)-Aha systems are shown
in Figures 3 and 4, respectively. In all of the species distribu-
tions, the concentration of the complex increases with increasing
pH. The hydrolytic constant used for UO2(II) was previously
determined.47 The concentration distribution of various complex
species existing in solution as a function of pH was obtained
using the SPECIES program.48

Stability constants of binary complex species ML, ML2, and
ML3 were determined successfully at pH< 4.5.1-6,24,49-51 The
formation of monohydroxo complexes could not be detected;
the formation constants of the corresponding complex species
were rejected by our computer program. All side reactions due
to hydrolysis of lanthanides or actinides have not been included
in our calculations. The mononuclear hydrolytic species, for
example, UO2OH+, is formed at low uranyl concentrations. The
bi- and trinuclear hydrolytic species were found to be stabilized
only in chloride media by the formation of a fairly stable ion

pair (UO2)3(OH)4Cl+.7,52These hydrolytic species are generally
formed with high percentages at pHg 5, even in the presence
of O-O donor ligands.

The effect of temperature of the medium on both the
dissociation of hydroxamic acids investigated as well as the
stability of their 1:1 binary complexes was also studied atI )
0.10 mol‚dm-3 NaNO3. The values of the protonation and binary
(1:1) equilibrium constants for each hydroxamic acid ligand are
found to be linearly dependent on the inverse of temperature,
indicating negligible change in heat capacity for each of these
protonation and complexation reactions.53 The equilibrium
constants have been evaluated at four different temperatures
(from 25°C to 55°C), along with the thermodynamic quantities,
and the values obtained are cited in Table 2. The values of∆H°
for the ionization of the ligands are found to be positive,
indicating the endothermic nature of the deprotonation process.
The positive values of the standard free energy change (∆G°)
for the dissociation processes of the ligands denote that the
processes are not spontaneous. Also, the negative values of∆S°
are pointing to increased ordering due to association. The values
of the formation constants decrease with temperature because
the formation reactions are exthothermic (Le Chatelier’s prin-
ciple). The values of enthalpy changes (∆H°) for the binary
systems investigated are negative. However, the complex
formation process is spontaneous in nature, as characterized by
the negative∆G° values. The values of∆S° substantiate the
suggestion that the different binary complexes are formed due
to the coordination of the ligand anion to the metal cation.
Furthermore, the positive values of∆S° suggest also a desol-
vation of the ligands, resulting in weak solvent-ligand interac-
tions, to the advantage of the metal ion-ligand interaction.54

The ionic strength of the medium is considered as a measure
of total electrolyte concentration. It is related to the activity
coefficients of the ions in solution by the following relation-
ship:54

The dissociation constants of Sham and the stability constants
of its 1:1 binary complexes at 25°C and different ionic strengths
have been evaluated, and the values obtained are cited in Table
3. The plot of pK values for Sham and logk1 for its binary
systems versusxI is linear as shown in Figure 5. The
thermodynamic equilibrium constants, atI ) 0.0 [pKa1 ) 6.99
( 0.02, pKa2 ) 9.33( 0.01, and logk1 ) 15.25( 0.03, 12.38
( 0.02, 11.39( 0.03, and 11.20( 0.04 for Th(IV), UO2(II),
Ce(III), and La(III) binary systems, respectively] were deter-
mined by applying linear regression analysis.

To shed more light on both the protonation process of Aha
and, consequently, its complexation process in various water
+ organic solvent mixtures, dioxane (an aprotic nonionizing
coorganic solvent) was chosen. The observed increase in the
protonation constants of Aha upon enrichment of the solvent
with dioxane can be ascribed to a lowering of the dielectric

Table 2. Thermodynamic Quantities Associated with the
Dissociation of the Ligands and the Interaction of Metal Ions with
the Ligands at 1:1 Molar Ratio and I ) 0.10 mol‚dm-3 NaNO3

pKa or logk1

ligand or
complex cation t ) 25 °C t ) 35 °C t ) 45 °C t ) 55 °C

Aha H 9.40( 0.01 9.21( 0.04 9.13( 0.01 8.88( 0.02
1:1 binary Th(IV) 10.50( 0.03 10.22( 0.01 10.07( 0.01 9.93( 0.01

complex UO2(II) 8.55 ( 0.02 8.38( 0.01 8.28( 0.02 8.20( 0.03
of Aha Ce(III) 7.85( 0.01 7.76( 0.04 7.70( 0.03 7.61( 0.01

La(III) 6.99 ( 0.02 6.92( 0.02 6.88( 0.01 6.85( 0.04

Bha H(b) 8.63( 0.04 8.58( 0.04 8.55( 0.02 8.50( 0.04
1:1 binary Th(IV) 8.97( 0.02 8.80( 0.01 8.68( 0.03 8.59( 0.01

complex UO2(II) 7.42 ( 0.03 7.29( 0.03 7.22( 0.02 7.18( 0.01
of Bha Ce(III) 7.25( 0.05 7.15( 0.04 7.08( 0.01 7.04( 0.03

La(III) 6.75 ( 0.02 6.70( 0.02 6.67( 0.03 6.64( 0.01

Sham H 7.40( 0.02 6.85( 0.01 6.53( 0.02 6.32( 0.03
H 9.78( 0.01 9.69( 0.02 9.63( 0.03 9.57( 0.01

1:1 binary Th(IV) 14.40( 0.01 13.64( 0.02 13.25( 0.01 12.92( 0.03
complex UO2(II) 11.90( 0.02 11.65( 0.04 11.52( 0.01 11.43( 0.02
of Sham Ce(III) 11.00( 0.01 10.83( 0.02 10.73( 0.04 10.66( 0.01

La(III) 10.90( 0.03 10.73( 0.01 10.63( 0.02 10.55( 0.03

∆H° ∆G° ∆S°

ligand or
complex cation kJ‚mol-1 kJ‚mol-1 J‚mol-1‚K-1

Aha H 28.76 53.65 -83.66
1:1 binary Th(IV) -37.88 -59.93 74.67

complex UO2(II) -23.43 -48.80 85.01
of Aha Ce(III) -15.73 -44.81 97.65

La(III) -10.19 -39.90 99.57

Bha H(c) 94.53 48.63 -160.71
1:1 binary complex Th(IV) -27.92 -51.20 78.12

complex UO2(II) -17.87 -42.35 82.33
of Bha Ce(III) -15.10 -41.38 88.08

La(III) -7.55 -38.53 103.97

Sham H 96.16 42.24 -179.69
H 17.42 55.82 -128.29

1:1 binary Th(IV) -109.08 -82.19 89.89
complex UO2(II) -34.85 -67.92 111.05
of Sham Ce(III) -25.42 -62.76 124.46

La(III) -23.60 -62.21 128.29

Table 3. Dissociation Constants of Sham and Stability Constants of Its 1:1 Binary Complexes at 25°C and Different Ionic Strengths

log KM(Sham)
M

ionic strengthI
(NaNO3) pKa1 pKa2 Th(IV) UO2(VI) Ce(III) La(III)

0.25 7.22( 0.03 9.53( 0.03 13.16( 0.02 11.25( 0.01 10.60( 0.01 10.19( 0.03
0.20 7.27( 0.02 9.65( 0.04 13.42( 0.06 11.54( 0.06 10.64( 0.02 10.34( 0.01
0.15 7.29( 0.05 9.70( 0.02 13.83( 0.03 11.77( 0.05 10.81( 0.04 10.53( 0.02
0.10 7.40( 0.02 9.78( 0.01 14.40( 0.01 11.90( 0.02 11.00( 0.01 10.90( 0.03
0.05 7.57( 0.06 9.92( 0.02 14.58( 0.04 12.05( 0.02 11.13( 0.03 10.98( 0.05
0.02 7.66( 0.02 10.03( 0.04 15.02( 0.02 12.17( 0.01 11.25( 0.02 11.04( 0.03

- log fi ) 0.51Zi
2 xI/(1 + 0.33Ri xI)
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constant (ε ) 77.71 and 65.32 for 5 % and 50 % v/v solvent
composition, respectively, at 25°C), which increases, in turn,
the fraction of associated ions to form Bjerrum ion pairs and
higher aggregates such as triple ions and dipole aggregates.56,57

The concentration of free ions is very low, and the complexes
are governed largely by ionic association reactions. The change
in the relative permittivity of the medium (ε) influences the
activity coefficient of the charged species, as reported previously
by Coetzee and Ritchie.58 Thus, the activity coefficient of the

lanthanide or actinide ion and the hydroxamate anion will
increase with an increasing amount of dioxane in the aqueous
medium and, hence, the complex stability constants will
increase. It is concluded that electrostatic effects, established
from the change in the relative permittivity of the medium, play
the major role in the magnitude of the complexes’ stability, and
the interactions between the metal ion and the ligand are
predominately ionic. However, the variation of logk1 values
with the reciprocal ofε is not linear. This behavior shows that

Figure 5. Plot of pK values of Sham and logk1 for its binary systems versusxI at 25°C.

Table 4. Dissociation Constants of Aha and Stability Constants of Its 1:1 Binary Complexes in Aqueous Dioxane Media at 25°C and I ) 0.10
mol‚dm-3 NaNO3

log k1

solvent composition
% v/v

dielectric constant
of the medium (ε) pKa1 Th(IV) UO2(II) Ce(III) La(III)

0.00 78.54 9.40( 0.01 10.50( 0.03 8.55( 0.02 7.85( 0.01 6.99( 0.02
5.00 77.71 9.44( 0.05 10.55( 0.03 9.19( 0.03 7.90( 0.02 7.23( 0.05

10.0 76.80 9.60( 0.03 10.61( 0.05 9.22( 0.05 8.00( 0.05 7.35( 0.03
20.0 74.74 9.66( 0.06 10.69( 0.04 9.26( 0.02 8.17( 0.02 7.42( 0.04
30.0 72.24 9.70( 0.02 10.72( 0.05 9.33( 0.04 8.27( 0.06 7.80( 0.02
40.0 69.19 9.72( 0.01 10.78( 0.01 9.50( 0.03 8.36( 0.02 8.17( 0.03
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the increase in the stability constant of the 1:1 binary complex,
although mainly governed by the electrostatic effect, is influ-
enced also by other solvent effects. Mui et al.59 provided
evidence suggesting the presence of the probable important
interactions with solvent in the overall reactions of complex
formation. Water molecules have a high tendency to develop
H-bonds compared with other solvents.60 Thus, the hydroxamate

anion is less stabilized by hydrogen-bonding interactions as the
amount of the organic solvent is increased in the medium,
leading to an increase in the association of the anion with the
positive metal ion, forming the metal complexes. The pKa values
of Aha and its stability constants for 1:1 complex species in
aqueous dioxane media are cited in Table 4.

Conductometric titrations have been investigated to indicate
the complexation behavior of the binary systems studied in
solution. In Figure 6 representative conductometric titration
curves for binary complexes of La(III) with Aha and Sham are
displayed. The titration curves show an initial decrease and
inflections ata ) 1 anda ) 2 for La(III)-Aha and La(III)-
Sham systems, respectively (a ) moles of base added per mole
of ligand). This probably corresponds to the neutralization of
H+ ions resulting from the formation of the binary complexes.
Beyonda ) 1 for the La(III)-Aha titration curve anda ) 2
for the La(III)-Sham curve, the conductance increases more
uniformly due to the presence of an excess of NaOH.

Confirmation of the formation of the binary complexes in
solution has been studied using the cyclic voltammetry tech-
nique. The binary systems of hydroxamic acids involving
Th(IV) have been selected for study due to their high stability
compared to the other binary systems studied as mentioned in
the potentiometric studies. Figure 7 represents the cyclic
voltammograms for the reduction of 1‚10-3 mol‚dm-3 Th(IV)
in the absence and presence of the hydroxamic acid ligands
(1‚10-3 mol‚dm-3) at I ) 0.10 mol‚dm-3 NaNO3, 25 °C, and
pH 3.5. The addition of hydroxamic acid ligand causes a slight
shift of the cathodic peaks to more negative potential, indicating
the formation of binary complexes in solution. From a com-
parison of the values of the reduction potentials of the three
binary systems investigated, it is clear that the stability of
complexes follows the order

This order is in accordance with the results obtained by
potentiometric pH titrations under the same conditions as shown
in Table 1.

Figure 6. Conductometric titration curves for La(III)-Sham and La(III)-
Aha binary systems.

Figure 7. Cyclic voltammograms for the Th(IV) in the absence and presence of hydroxamic acid systems atI ) 0.10 mol‚dm-3 NaNO3 and pH 3.5 with
a scan rate of 25 mV‚s-1 at 25°C. CTh(IV) ) 1‚10 -3 mol‚dm-3 and metal-ligand ratio of 1:1.

Th(IV)-Bha (Ered ) -70 mV) < Th(IV)-Aha (Ered )
-225 mV)< Th(IV)-Sham (Ered ) -380 mV)
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The main features of the voltammograms are a four-electron
oxidation step at negative potentials and a four-electron two
reduction steps at negative potentials. The voltammetric behavior
is shown to be quasireversible for all Th(IV)-hydroxamic acid
binary systems investigated, and the irreversibility phenomenon
increases according to the sequence

The spectrum of a solution containing UO2(II) (2‚10-4

mol‚dm-3) exhibited no absorption when the solution was
scanned versus a blank solution similarly prepared but contain-
ing no UO2(II). A Sham solution (2‚10 -4 mol‚dm-3), scanned
versus a blank solution similarly prepared but containing no
Sham, shows an absorption band at about 304 nm. However,
the solution containing Sham and UO2(II) (1:1 molar ratio)
undergoes a change in color, and the spectrum of the reaction
mixture against a blank containing the same concentration of
the ligand exhibits a new band at 316 nm. The latter is
presumably due to the formation of a binary complex. The
maximum color development for the binary system was attained
at pH 6.20, and the absorbance decreases if the pH is increased
further. The absorption spectra obtained are shown in Figure 8.
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