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Complexation of thorium(IV) with malonate at variable temperatures
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b Dipartimento di Scienze Chimiche, Università di Padova, via Marzolo 1, 35131 Padova, Italy

c Istituto di Chimica Inorganica e delle Superfici del C.N.R. of Padova, Corso Stati Uniti 4, 35127 Padova, Italy

Available online 28 June 2005

Abstract

Complexation between thorium(IV) and malonate in 1.05 mol kg−1 NaClO4 was studied from 10 to 70◦C by potentiometry and calorimetry.
Three complexes, ThL2+, ThL2 and ThL3

2−, where L stands for malonate, were identified. The stability constants, the enthalpies and entropies
of complexation at variable temperatures were determined. Despite that the enthalpies of complexation become more endothermic, the
complexes become more stable due to increasingly larger entropies of complexation that exceed the unfavorable contribution of enthalpies
of complexation at higher temperatures. The thermodynamic trends are explained in terms of an electrostatic model and the change in the
s malonate
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tructure of water with temperature. The data are compared with previous results on the complexation of U(VI) and Nd(III) with
nd other carboxylate ligands.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The necessity to treat and dispose of large amounts of
uclear wastes in a safe and economical manner has gener-
ted significant interest in recent years in the coordination
hemistry of actinides in solution, especially at elevated
emperatures. It is well known that the temperature of the
aste in the storage tanks can be up to 90◦C, while that in

he vicinity of the waste forms in the repository can be as
igh as 100–300◦C [1,2]. Thus, complexation of actinides
ith ligands in solution at elevated temperatures should be
nderstood. However, the majority of the literature data are
btained at or near 25◦C [3]. Though the data can be extrap-
lated to higher temperatures with the van’t Hoff isochore if

he enthalpy of complexation is known and assumed to be
onstant[4,5], such attempts could lead to large uncertain-
ies. Theoretical models such as the HKF equation permit
he prediction of thermodynamic properties under geother-
al conditions with fairly good accuracy[6–8]. However,
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use of these models for actinides is hindered by the la
parameters.

The properties of water vary significantly as the te
perature is changed. For example, the dielectric
stant decreases by about 35%[9] and the ionic produc
(Kw = [H+][OH−]) increases by almost three orders of m
nitude [10] from 0 to 100◦C. The change in the dielect
constant is likely to affect the complexation of actini
because the actinide-ligand interactions are dominantly
trostatic. The increase inKw could enhance the hydrolys
of actinides and weaken their complexation with other
ands. Besides, the thermal perturbation of the structu
water at elevated temperatures certainly increases the d
of disorder of the bulk water, thus affecting the entrop
complexation that involves the release of water molec
from the primary hydration sphere of the metal ion to the
water. Therefore, the study of the complexation of actin
at elevated temperatures can provide insight into the n
and energetics of metal–ligand interaction and improve
fundamental understanding of actinide complexation.

For the above-mentioned practical and fundamental
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actinides and lanthanides with carboxylic acids at variable
temperatures, including the complexation of Nd(III), U(VI)
and Th(IV) with acetate[5,11,12], U(VI) with malonate[13],
Sm(III) and U(VI) with oxydiacetate[14], as well as the
hydrolysis of U(VI)[15] and Np(V)[16]. This paper reports
the results of the complexation of Th(IV) with malonate from
10 to 70◦C. The formation constants of three complexes
and the enthalpies of complexation are determined by poten-
tiometry and calorimetry. The effect of temperature on the
complexation and the trends in thermodynamic parameters
are discussed in terms of an electrostatic model.

2. Experimental

2.1. Chemicals

In this study, all the concentrations in molarity refer to
25◦C. All chemicals were reagent grade or higher. Dis-
tilled/deionized water was used in preparations of all solu-
tions. A standard sodium hydroxide solution (Aldrich, ACS
volumetric standard) was used to determine the concen-
trations of perchloric acid by potentiometry. Sodium mal-
onate (Aldrich) was used without further purification. Buffer
solutions of sodium malonate/malonic acid were prepared
by adding calculated amounts of perchloric acid into solu-
t IV)
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The original electrode filling solution (3.0 mol dm−3 KCl)
was replaced with 1.0 mol dm−3 NaCl to avoid clogging of
the electrode frit septum by precipitation of KClO4. The EMF
of the glass electrode in the acidic region can be expressed
by Eq.(1).

E = E0 + RT

F
ln[H+] + γH[H+] (1)

whereR is the gas constant,F is the Faraday constant andT is
the temperature inK. The last term is the electrode junction
potential for the hydrogen ion (�Ej,H+), assumed to be pro-
portional to the concentration of the hydrogen ion. Prior to
each titration, an acid/base titration with standard perchloric
acid and sodium hydroxide was performed to obtain the elec-
trode parameters ofE0 andγH. These parameters allowed the
calculation of hydrogen ion concentrations from the EMFs in
the subsequent titration. Corrections for the electrode junc-
tion potential of the hydroxide ion were not necessary in these
experiments.

Detailed experimental conditions of potentiometry are
provided inTable A.1of Appendix A. The EMF data were
collected at time intervals determined by the data collec-
tion criterion, i.e., the drift of EMF (�E) was less than
0.1 mV for 180 s. Fifty to seventy data points were col-
lected in each titration. Multiple titrations were conducted
at each temperature with solutions of different concentra-
t
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ions of sodium malonate. The stock solution of Th(
erchlorate was prepared from Th(IV) nitrate as follo
h(NO3)4·4H2O was dissolved in water. Th(OH)4(s) was
recipitated by adding NaOH. The precipitate was

rifuged, washed with water and re-dissolved with an ex
f perchloric acid. The precipitation and dissolution w
epeated three times. The concentrations of thorium and
erchloric acid in the stock solution were determined
omplexometry[17] and Gran’s potentiometric method[18].
he ionic strength of all the solutions in potentiometry
alorimetry was adjusted to 1.0 mol dm−3 at 25◦C, equiv-
lent to 1.05 mol kg−1, by adding appropriate amounts
odium perchlorate.

.2. Potentiometry

Potentiometric experiments were carried out at 10
5◦C for the protonation of malonate and at 10, 25, 40
nd 70◦C for the complexation of malonate with Th(IV) wi
variable-temperature titration setup. Detailed descrip

f the apparatus and the procedures are provided else
5,11,19]. Electromotive force (EMF, in millivolts) was me
ured with a Metrohm pH meter (model 713) equipped
Ross combination pH electrode (Orion model 8102).

lectrode is workable up to 100◦C. However, it was foun
hat the electrode frit glass septum could rapidly become
ged at 85◦C in the Th(IV)/malonate titrations, probably d

o thermal expansion and contraction during prolonged
rous washing with cold water between titrations. As a re

he complexation titrations were conducted up to 70◦C.
ions of thorium (C0
Th = 2.4–15 mmol dm−3) and perchloric

cid (C0
H = 3.5–61 mmol dm−3). The initial volume of the

est solutions ranged from 30 to 50 cm3 at 25◦C. The pro
onation and complexation constants on the molarity s
ere calculated with the program Hyperquad[20]. To allow
omparison at different temperatures, the constants in m
ty were converted to the constants in molality accordin
he method in the literature[21]. The equilibrium constant o
reaction in molality (Km) is related to that in molarity (KM)
y Eq.(2).

og10Km = log10KM +
∑

r
νrlog10ϑ (2)

hereϑ is the ratio of the values of molality to molarity for t
pecific ionic medium and equals 1.05 dm3 of solution per kg
f water for 1.0 mol dm−3 NaClO4 at 25◦C. �rνr is the sum
f the stoichiometric coefficients of the reaction (νr is posi-

ive for products and negative for reactants) and is equ
j for malonate protonation (jH+ + L2− = HjL(j−2)+) and for
h(IV) malonate complexation (Th4+ + jL2− = ThLj

(4−2j)+).
herefore, the correction of logβ from molarity to molality

ollows Eq.(3), wherej = 1–2 for malonate protonation a
= 1–3 for Th(IV) malonate complexation.

og10βm,j = log10βM,j − 0.02j (3)

.3. Calorimetry

Calorimetric titrations were conducted with a solut
alorimeter (model ISC-4285, Calorimetry Sciences Co
etails of the calorimeter have been given elsewhere[11]. Its
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performance was tested by measuring the enthalpy of pro-
tonation of 2-bis(2-hydroxyethyl)amino-2-hydroxymethyl-
propan-1,3-diol. The results are−29.1± 0.3 kJ mol−1 at
45◦C and−29.3± 0.3 kJ mol−1 at 70◦C and compare well
with those in the literature (−28.4± 0.3 kJ mol−1 at 45◦C
and−29.3± 0.2 kJ mol−1 at 70◦C) [22].

Detailed titration conditions are provided inTable A.2
of Appendix A. For each titration run,n values of the total
heat generated in the reaction vessel (Qex,j, j = 1 to n) were
obtained as a function of the volume of the added titrant.
These values were corrected for the heat of dilution of the
titrant (Qdil,j), determined in separate runs. The net reaction
heat at thej-th point (Qr,j) was obtained from the differ-
ence:Qr,j = Qex,j − Qdil,j. The quantities�hν,H and�hν,M,
the total heat/mol of malonate (in protonation titrations) or
thorium (in complexation titrations), were then calculated
by

�hν,H =
∑ Qr,j

n
(4)

�hν,M =
∑ (Qr,j − Qp,j)

n
(5)

wheren was the number of moles of malonate (in protona-
tion titrations) or Th(IV) (in complexation titrations) in the
c a-
t n or
c eta-
g tely
m g
v

3. Results

3.1. Protonation of malonate at variable temperatures

The protonation constants and enthalpies from 25 to
70◦C were previously reported[13,24]. The present work
has extended the temperature range to 10–85◦C. As shown
in Table 1, the protonation constants and enthalpies at 10
and 85◦C fit very well with previous values. As is typical
of many carboxylic acids, the enthalpies of protonation of
malonate are small (from 0 to a few kJ mol−1) and more
endothermic at higher temperatures. Despite that the enthalpy
becomes more unfavorable to the protonation at higher tem-
peratures, the protonation constants increase slightly when
the temperature is increased, largely due to the increasingly
more positive entropy of protonation at higher temperatures
(Table 1).

The protonation constants and enthalpies inTable 1
were used in the calculation of the formation constants and
enthalpies of complexation between Th(IV) and malonate.

3.2. Formation constants of Th(IV)/malonate complexes
at variable temperatures

Results of two representative potentiometric titrations are
s ree
s erall
c
w

T

T
P esent 3σ

T kJ mol−

H
0.1
0.1

0.1

0.1
0.1
0.1
0.1

2
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1

on usin
alorimetric cell andQp,j was the heat due to the proton
ion reactions of the ligand. The enthalpy of protonatio
omplexation was calculated by the computer program L
rop[23]. The original version of Letagrop was appropria
odified in order to use�hν,H or�hν,M as the error–carryin

ariable.

able 1
rotonation of malonate,I = 1.05 mol kg−1 (NaClO4), the error limits repr

(◦C) logβH,M logβH,m −�G (
+ + L2− = HL−
10 5.06± 0.01 5.04± 0.01 27.3±
25 5.10± 0.01 5.08± 0.01 29.0±

5.09± 0.02 28.9
35 5.15± 0.01 5.13± 0.01 30.3±
40 5.16
45 5.17± 0.01 5.15± 0.01 31.4±
55 5.22± 0.01 5.20± 0.01 32.7±
70 5.29± 0.02 5.27± 0.02 34.6±
85 5.32± 0.02 5.30± 0.02 36.3±

H+ + L2− = H2L
10 7.66± 0.01 7.62± 0.01 41.3±
25 7.69± 0.01 7.65± 0.01 43.7±

7.68± 0.03 43.6±
35 7.82± 0.01 7.78± 0.01 45.9±
40 7.82
45 7.83± 0.02 7.79± 0.02 47.4±
55 7.91± 0.02 7.87± 0.02 49.4±
70 8.00± 0.02 7.96± 0.02 52.3±
85 8.05± 0.03 8.01± 0.03 54.9±

a The values of logβH,M and�H at 40◦C were obtained by interpolati
hown inFig. 1. The best fit of the data indicates that th
uccessive complexes form during the titration. The ov
omplexation reactions are represented by equilibrium(6),
here L stands for malonate andj = 1, 2, 3.

h4+ + jL2− � ThL(4−2j)+
j (6)

1) �H (kJ mol−1) �S (J K−1 mol−1) Reference

−0.1± 0.2 96± 1 This work
2.07± 0.03 104± 1 [13]
2.0 104± 1 [24]
3.12± 0.03 108± 1 [13]
3.73 a

4.34± 0.03 112± 1 [13]
5.55± 0.04 116± 1 [13]
7.08± 0.08 122± 1 [13]
8.94± 0.05 126± 1 This work

−2.9± 0.2 136± 1 This work
0.43± 0.03 148± 1 [13]
0.5 148± 1 [24]
2.58± 0.03 157± 1 [13]
3.65 a

4.72± 0.03 157± 1 [13]
6.84± 0.03 165± 1 [13]
10.06± 0.08 172± 1 [13]
12.24± 0.06 181± 1 This work

g the values at other temperatures (10–85◦C).
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Fig. 1. Potentiometric titration of the thorium-malonate system,
I = 1.05 mol kg−1 NaClO4. Titrant: CH = 0.400 mol dm−3, Cmalonate=
0.400 mol dm−3. Initial cup solution (V0) in ml: 30.2 (10◦C), 50.7 (70◦C).
Initial cup concentrations (CH/CTh, mmol dm−3): 3.530/2.387 (10◦C),
7.359/4.978 (70◦C). Symbols: (♦) experimental data (pCH); dashed line –
fit (pCH); solid lines—percentage of Th(IV) species (righty-axis).

βj = [ThL(4−2j)+
j ]

([Th4+][L 2−]
j
)

(7)

The calculated equilibrium constants and Gibbs free
energy of the reactions are given inTable 2. The data indi-
cate that the complexation between Th(IV) and malonate
is enhanced as the temperature increases. The stabilities of
ThL2+, ThL2

0 and ThL32− are about 4, 9 and 50 times higher
at 70◦C than those at 25oC, respectively.

3.3. Enthalpy of complexation at variable temperatures

The experimental data of the calorimetric titrations are
shown inFig. 2, in the form of�h�,M versus ¯n, wheren̄ is
the average number of ligands coordinated to each Th(IV)
and defined as

n =
∑

(j × [ML j])

CM
(8)

Values ofn̄ were calculated using the formation constants
in Table 2and the total concentrations of Th(IV), proton
and malonate at each step of the titration. The enthalpies
of complexation were calculated from the calorimetric data
and summarized inTable 2.

Using the enthalpies and formation constants inTable 2,
c ted
a rves
a ency
o lex-
a . It
s gher

Table 2
Complexation of Th(IV) with malonate,I = 1.05 mol kg−1 (NaClO4), the error lim

T (◦C) logβM logβm

Th4+ + L2− = ThL2+

10 7.41± 0.06 7.39± 0.06
25 7.47± 0.04 7.45± 0.04

7.47± 0.01a 7.45± 0.01
40 7.65± 0.07 7.63± 0.07
55 7.84± 0.08 7.82± 0.08
70 8.03± 0.15 8.01± 0.15

Th4+ + 2L2− = ThL2

10 12.69± 0.07 12.65± 0.07
25 12.84± 0.04 12.80± 0.04

12.79± 0.03a 12.75± 0.03
40 13.17± 0.09 13.13± 0.09
55 13.55± 0.08 13.51± 0.08
70 13.81± 0.15 13.77± 0.15

Th4+ + 3L2− = ThL3
2−

10 15.91± 0.07 15.85± 0.07
25 16.54± 0.06 16.48± 0.06

16.28± 0.12a 16.22± 0.12
40 17.30± 0.12 17.24± 0.12
55 17.88± 0.09 17.82± 0.09
70 18.24± 0.15 18.18± 0.15

a Values from[24].
urves simulating the calorimetric titrations were calcula
nd shown inFig. 2. The good agreement between the cu
nd the experimental points confirms the mutual consist
f the calorimetric and potentiometric data on the comp
tion as well as the reliability of the data on protonation
hould be noted that no Th(IV) malonate complexes hi

its represent 3σ

−�G (kJ mol−1) �H (kJ mol−1) �S (J K−1 mol−1)

40.1± 0.3 7.1± 0.3 167± 2
42.5± 0.2 11.3± 0.1 180± 1
42.5± 0.1 11.9± 0.1a 182± 1
45.7± 0.4 14.3± 0.1 192± 1
49.1± 0.5 15.8± 0.2 198± 2
52.6± 1.0 17.1± 0.2 203± 3

68.6± 0.4 12.1± 0.4 285± 2
73.1± 0.2 19.1± 0.1 309± 1
72.8± 0.2 20.4± 0.4a 313± 2
78.7± 0.5 23.4± 0.5 326± 2
84.9± 0.5 27.2± 0.2 342± 2
90.5± 1.0 29.9± 0.4 351± 3

85.9± 0.4 15.0± 0.5 356± 2
94.1± 0.4 23.1± 0.2 393± 2
92.6± 0.7 25.0± 1.2a 394± 5
103.4± 0.7 30.2± 1.2 427± 4
111.9± 0.6 34.7± 0.3 447± 2
119.4± 1.0 39.2± 0.6 462± 4
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Fig. 2. Calorimetric titrations of Th(IV) malonate complexation:�hν,M vs.n̄
at different temperatures,I = 1.05 mol kg−1 NaClO4. Symbols: experimental
data; line: calculated. Three titrations are represented at each temperature.
The number of data points is reduced for clarity. Detailed titration conditions
are provided inTable A.2of Appendix A.

than ML3 are identified in the potentiometric and calori-
metric experiments in this work, though a solid compound
of bis(ethylenediammonium)tetrakis(malonato)thorium(IV),
(C2H10N2)2[Th(C3H2O4)4(H2O)], has been prepared from a
water/methanol solution[25].

4. Discussion

4.1. Effect of temperature on the stability of complexes

Based on the modified Born-equation that describes the
Gibbs free energy for a complexation reaction of electrostatic
nature[5,11], the temperature effect on the complexation can
be expressed as

∂(logβ)

∂T
= Ne2Z1Z2(1/T − 1/θ)

0.2303εTRd12
(9)

whereβ is the stability constant of the complex andε is
the dielectric constant of water at temperatureT [26,27]. Z1
and Z2 are the charges of the two species that form com-
plexes. Other parameters in Eq.(9) are explained elsewhere
[28]. SinceT is always higher thanθ (= 219 K) in the whole
accessible temperature range for liquid water, the electro-
static model predicts that (∂ logβ)/∂T > 0 if Z1Z2 < 0. In other
words, the complexation between species of opposite charges
i pre-
d the
c car-
b
[
a te
c tion
(

ag-
n
t en

Table 3
Temperature effect on the formation constants of 1:1 metal/carboxylate
complexes

System (M + L→ ML) Z1Z2 K70/K25 Reference

M L
Nd3+ Ac− −3 2 [5]
UO2

2+ −3.2a 2.5 [11]
Th4+ −4 2.8 [12]
UO2

2+ Ac− −3.2a 2.5 [11]
Mal2− −6.4a 2.8 [13]

Th4+ Ac− −4 2.8 [12]
Mal2− −8 3.9 This work

a Based on the effective charge on UO2
2+ in the literature[28,29].

species with higher charges is more sensitive to the change
in temperature. This appears to agree with many data on
the 1:1 complexes (ML) of lanthanides/actinides with simple
carboxylates, particularly when compared between the sys-
tems with one common species (either M or L). As shown
in Table 3, the temperature coefficient of acetate complex-
ation with Nd(III), U(VI) and Th(IV) follows the order of
|Z1Z2|: Nd(III) < U(VI) < Th(IV). For the complexes of U(VI)
or Th(IV), the temperature effect (K70/K25) is always higher
for the malonate complex than the acetate complex. However,
it should be emphasized that the discussions based on the
electrostatic model are mostly qualitative. Some experimen-
tal data do not agree with the predictions. For example, The
electrostatic model predicts that the complexation with a neu-
tral species should be insensitive to the change in temperature
((∂ logβ)/∂T = 0 if |Z1Z2| = 0). Some systems seem to agree
with this prediction. For example, the stepwise formation of
UO2(Ac)3− and Th(Ac)5−, UO2(Ac)20 + Ac− = UO2(Ac)3−
and Th(Ac)40 + Ac− = Th(Ac)5−, involves neutral species
(|Z1Z2| = 0) and the formation constants were found to
be insensitive to the temperature change[11,12]. On the
contrary, the stepwise formation of UO2(Mal)22− and
Th(Mal)32−, UO2(Mal)0 + Mal2− = UO2(Mal)22− [13] and
Th(Mal)20 + Mal2− = Th(Mal)32−, has significant tempera-
ture effects even though|Z1Z2| = 0. Such disagreements may
reflect that electrostatic interactions should not be completely
i ause
o lar-
i this
s com-
p

4
c

om
1 tion
f The
c ter-
a
A
i g in
e free
s strengthened by the increase in temperature. This
iction has been found consistent with many data for
omplexation of lanthanide and actinide cations with
oxylate ligands, including Nd(III) acetate[5], U(VI) acetate

11], Th(IV) acetate[12], U(VI) malonate[13], and Sm(III)
nd U(VI) oxydiacetate[14]. The data for Th(IV) malona
omplexation from this work also agree with this predic
Table 2).

In addition, the electrostatic model predicts that the m
itude of the temperature coefficient (∂ logβ)/∂T, is propor-

ional to |Z1Z2|. In other words, the complexation betwe
gnored in the complexation with neutral species bec
f the inductive effect and charge distribution due to po

zation. More detailed and quantitative discussions on
ubject will become feasible when data on more diverse
lex systems are available.

.2. Effect of temperature on the enthalpy and entropy of
omplexation

Data inTable 2show that, in the temperature range fr
0 to 70◦C, both the enthalpy and entropy of complexa

or all three Th(IV) malonate complexes are positive.
omplexation is entropy-driven, characteristic of the in
ction between the “A-character” cations and anions[30].
s the temperature is increased, the entropy term (T �S)

ncreases more significantly than the enthalpy, resultin
ven larger contributions from the entropy to the Gibbs
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energy (�G) and more stable complexes at higher tempera-
tures. The increase of entropy with the temperature could be
the consequence of a more disordered bulk water structure at
higher temperatures due to the perturbation by thermal move-
ments. In the process of complexation, the highly ordered
solvating water molecules are released to an expanded and
more disordered bulk solvent[31]. As a result, the net gain
in the complexation entropy is larger at higher temperatures.

For most of the actinide/carboxylate complexation sys-
tems previously studied, the enthalpies of complexation
increase linearly as the temperature is increased. Thus, the
heat capacities of complexation can be considered constant in
the temperature region[5,11–14]. However, asFig. 3shows,
the enthalpies of complexation between Th(IV) and malonate
cannot be fitted with linear functions of temperature, suggest-
ing that the heat capacities of complexation are dependent
on the temperature. The curves inFig. 3 represent second-
order polynomial fits, from which the heat capacities of
complexation,�Cp, are calculated to be (1614.8− 4.6× T),
(2100.6− 5.8× T) and (2348.5− 6.2× T) J K−1 mol−1 for
ThL2+, ThL2

0 and ThL32−, respectively (whereT is in
Kelvin).

4.3. Comparison between Th(mal)2+ and UO2(mal) at
variable temperatures

nate
a
d both
T er-
a the
l
(

Fig. 3. Enthalpy of complexation between Th(IV) and malonate as a function
of temperature.I = 1.05 mol kg−1 NaClO4. Symbols: (©) ThL2+; (�) ThL2;
(�) ThL3

2−; curves: second-order polynomial fits.

UO2(mal) are positive and become more positive as the tem-
perature is increased (Fig. 4b). These trends provide inter-
esting insight into the energetics of the complexation. The
enthalpy of complexation consists of the energy required
for dehydration of both the metal ion and the ligand, the
energy released when the metal ion and the ligand forms the

F on of U2(m
a

The thermodynamic parameters of the 1:1 U(VI)/malo
nd Th(IV)/malonate complexes are compared inFig. 4. The
ata can be summarized as follows. (1) The stability of
h(mal)2+ and UO2(mal) is enhanced by increasing temp
ture, but the former is affected more significantly than

atter, suggested by the larger slope for Th(mal)2+ in Fig. 4a.
2) The enthalpies of complexation for both Th(mal)2+ and

ig. 4. Comparison of the thermodynamic parameters for the formati
re from[13].
Oal) (�) and Th(mal)2+ (©). I = 1.05 mol kg−1 NaClO4. Data for UO2(mal)



1258 T.G. Srinivasan et al. / Journal of Alloys and Compounds 408–412 (2006) 1252–1259

complex, and the energy released when the dehydrated water
molecules form hydrogen bonding with the bulk water. The
positive enthalpies of Th(mal)2+ and UO2(mal) indicate that
the dehydration energy dominates, which is consistent with
the energetics of interactions between a “hard acid” and a
“hard base”. The trend of�H becoming more positive with
the increase of temperature probably reflects that less energy
is gained from hydrogen bonding between the released water
and the bulk at higher temperatures, because the bulk water
has a higher degree of disorder due to more thermal perturba-
tions at higher temperatures. (3) Entropy is the driving force
of the complexation and is responsible for the enhancement
of complexation at higher temperatures for both Th(IV) and
U(VI) complexes. As shown inFig. 4c, the T �S term is
much larger in magnitude and more sensitive to the tempera-
ture change than�H. TheT �S term dominates the trends in
�G. As a result, both complexes become stronger at higher

temperatures and, the Th(IV) complex is stronger and has a
larger temperature effect than the U(VI) complex.
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Appendix A

SeeTables A.1 and A.2.

Table A.1
Experimental conditions of potentiometry

T (◦C) Cup solution Titrant

V0 (ml) CTh (mmol dm−3) CH (mmol dm−3) CL (mmol dm−3) CH (mol dm−3)a CL (mol dm−3)

10 30.4 4.743 7.013 0.0 0.400 0.400
30.9 10.50 15.52 0.0 0.400 0.400
30.2 2.387 3.530 0.0 0.400 0.400

2

4

5

7

I c conce

T
E

T

1

5 30.4 4.743 47.27
30.9 10.50 54.95
31.3 14.97 61.12
51.3 9.13 53.16
30.4 4.743 7.013
30.4 10.50 15.52
31.3 14.97 22.14

0 30.4 4.743 7.013
30.9 10.50 15.52
31.3 14.97 22.14

5 50.7 4.978 7.359
30.9 10.50 15.52
30.2 2.387 3.530
30.2 4.743 7.013

0 50.4 2.506 3.706
50.7 4.978 7.359
51.0 7.414 10.96

= 1.05 mol kg−1 (NaClO4). CTh, CH andCL represent the stoichiometri
a
 Negative values ofCH stands for the concentration of hydroxide:−CH = COH.

able A.2
xperimental conditions of calorimetry

(◦C) Symbola Cup solution

V0 (ml) CTh (mmol dm−3)

0 ♦ 20.0 4.097
20.0 9.186
20.0 18.372

� 20.0 27.558
20.18 4.096
20.0 8.038

� 20.0 16.037
20.0 32.074
20.07 −1.002 0.0
19.75 −1.002 0.0
19.50 −1.002 0.0
19.82 −1.002 0.0
0.0 0.400 0.400
0.0 0.400 0.400
0.0 0.400 0.400

0.0 0.400 0.400
0.0 0.400 0.400
0.0 0.400 0.400

0.0 0.400 0.400
0.0 0.400 0.400
0.0 0.400 0.400
0.0 0.400 0.400

0.0 0.400 0.400
0.0 0.400 0.400
0.0 0.400 0.400

ntrations of thorium, proton and malonic acid.
Titrant, Na2L/H2L

CH (mmol dm−3) CH (mol dm−3) CL (mol dm−3)

10.677 0.400 0.400
23.940 0.400 0.400
47.880 0.400 0.400
71.820 0.400 0.400
10.677 0.800 0.800
20.948 0.800 0.800
41.896 0.800 0.800
83.982 0.800 0.800
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Table A.2 (Continued )

T (◦C) Symbola Cup solution Titrant, Na2L/H2L

V0 (ml) CTh (mmol dm−3) CH (mmol dm−3) CH (mol dm−3) CL (mol dm−3)

25 ♦ 20.0 4.097 10.677 0.400 0.400
� 20.0 16.075 41.895 0.400 0.400

20.0 22.965 59.85 0.400 0.400
� 20.0 32.151 83.79 0.400 0.400

40 ♦ 20.0 4.134 10.773 0.400 0.400
� 20.0 16.075 41.895 0.400 0.400
� 20.0 22.965 59.85 0.400 0.400

20.0 8.038 20.948 0.400 0.400

55 ♦ 20.0 4.134 10.773 0.400 0.400
� 20.0 8.038 20.948 0.400 0.400
� 20.0 11.485 29.925 0.400 0.400

70 ♦ 20.0 4.134 10.773 0.400 0.400
� 20.0 8.038 20.948 0.400 0.400
� 20.0 11.485 29.925 0.400 0.400

I = 1.05 mol kg−1 (NaClO4). CTh, CH andCL represent the stoichiometric concentrations of thorium, proton and malonic acid.
a Symbols used to show the titrations at different temperatures inFig. 2of the article.
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