
Chemical Physics Letters 498 (2010) 90–96
Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/locate /cplet t
Temperature influence on lanthanoids (III) hydration from molecular
dynamics simulations

Magali Duvail a, Pierre Vitorge a,b, Riccardo Spezia a,⇑
a Laboratoire Analyse et Modélisation pour la Biologie et l’Environnement, UMR-CNRS 8587, Université d’Evry Val d’Essonne, Boulevard F. Mitterrand, 91025 Evry Cedex, France
b CEA Saclay, Nuclear Energy Division, Physical Chemistry Department, SECR, LSRM, 91991 Gif Sur Yvette, France

a r t i c l e i n f o a b s t r a c t
Article history:
Received 4 May 2010
In final form 17 August 2010
Available online 21 August 2010
0009-2614/$ - see front matter � 2010 Elsevier B.V. A
doi:10.1016/j.cplett.2010.08.048

⇑ Corresponding author. Fax: +33 1 69 47 76 55.
E-mail address: riccardo.spezia@univ-evry.fr (R. Sp
We studied temperature dependence of lanthanoid (III) cations hydration by molecular dynamics simu-
lations using explicit polarization. The main effect of the temperature (T) is to increase exchange frequen-
cies between the two main stoichiometries and the proportions of the minor species. Activation energies
for self-exchange reaction have a minimum in the middle of the series and the CN values of all Ln3þ ions
tends to a limit 8.5 value at high temperature. Linear variations are found through the series for the Gibbs
energies of water exchange reactions being at the origin of the coordination number sigmoidal variation
across the series.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Structure and dynamics at room temperature of lanthanoid (III),
Ln3þ, cations were elucidated in last years by means of both theo-
retical [1–15] and experimental [16–21] approaches. Recently, we
have pointed out the importance of polarizability to correctly de-
scribe hydration structure and dynamics of the whole series
[11,12], confirming the previous findings of Helm, Merbach and
co-workers [3–5]. Using classical molecular dynamics with explicit
polarization (CLMD), we were able to have a very good agreement
with experiments [22,23]. In particular, our model is able to gather
key dynamical features that are at the basis of the understanding of
hydration especially for atoms in the middle of the series [24].
Temperature dependence of exchange reactions can provide infor-
mation on evolution across the series of Gibbs energies (and asso-
ciated enthalpic and entropic contribution), as we have done
previously for La3þ [25], but also on the activation energy for the
same reaction. In particular it is of interest to make the link be-
tween thermodynamic properties and structural features.

Although temperature dependence of stabilities of aqueous
hydroxides and complexes of f-block elements have been studied
experimentally [26–29], few temperature-dependence studies on
Ln3þ hydration properties are reported in literature [30,31]. In par-
ticular, few is known on the temperature influence on Ln3þ hydra-
tions in the middle of the series where water self-exchange plays
an important role [24]. In fact, while LnðH2OÞ3þ9 and LnðH2OÞ3þ8 stoi-
chiometries are stable for elements at the beginning and at the end
of the series, respectively, in the middle of the series, an equilib-
ll rights reserved.

ezia).
rium between the two species is established via relatively fast
interchangings [19,24]. Therefore, for these latter Ln3þ ions tem-
perature may induce changes in their structural and dynamical
hydration properties since it should have a large effect on thermo-
dynamic functions.

Free energy for self-exchange reactions are available from
time-resolved laser fluorescence spectroscopy (TRLFS) [32] on
Cm3þ, which is located in the middle of the actinoid series and thus
often considered an analog of Gd3þ. In particular, they found that
enthalpic and entropic contributions of the CmðH2OÞ3þ8 =CmðH2OÞ3þ9

reaction of the same order of magnitude at room temperature
assuming that temperature has a negligible effect on TRLFS of pure
species. Similarly from 17O NMR study it was found for Ce3þ that
DrH

0
9;298 ð�15 kJ mol�1Þ and 298DrS

0
9;298 ðþ7:6 kJ mol�1Þ are of the

same order of magnitude [31]. Note that such entropic and enthalpic
contributions should almost cancel out in the middle of the series
where the statistical coexistence of the two stoichiometries corre-
sponds to CN = 8.5 [12,24].

In the present work we report a molecular dynamics study of
the temperature influence on hydration properties of some
selected Ln3þ : Nd3þ

; Eu3þ; Gd3þ
; Tb3þ

; Ho3þ and Lu3þ. These
Ln3þ cations have been chosen evenly in the series to have the best
representation of the temperature effect on the structural and
dynamical hydration properties through the series.

2. Methods

2.1. Simulation details

The total energy of our system is modelled as a sum of potential
terms: (i) an electrostatic energy composed by a Coulomb and a
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polarization term – polarization was calculated following the
Thole’s induced dipole model [33], (ii) a 12–6 Lennard–Jones
potential describing the O–O interactions of polarizable TIP3P/P
water molecules [11], and (iii) a non-electrostatic Ln3þ—OH2 inter-
action potential, represented by an exponential-6 Buckingham
(Buck-6) potential. Details on the Hamiltonian employed and
parametrization procedures are given in our previous works
[11,12].

Simulations of the hydrated Ln3þ ions ðLn3þ ¼ Nd3þ
; Eu3þ;

Gd3þ
; Tb3þ

; Ho3þ and Lu3þÞ have been carried out in the microca-
nonical NVE ensemble with our own developed classical molecular
dynamics (CLMD) code MDVRY [34]. CLMD simulations were per-
formed for one Ln3þ and 216 rigid TIP3P/P water molecules in a cu-
bic box at the target temperature in the 277–623 K range. The size
of the cubic box was adjusted to reproduce the density of pure
liquid water at different temperatures (e.g. 1.000, 0.997, 0.9169
and 0.589 kg/dm3 for 277, 298, 423 and 632 K, respectively), as
previously done for Ln3þ [25,35]. Periodic boundary conditions
were applied to the simulation box. Ewald summation was applied
for computing long-range interactions [36] and a homogeneous
background charge was applied to compensate for the ionic charge
of the system. Simulations were performed using a Velocity-
Verlet-Based Multiple Time Scale (MTS) with a 1 fs time step for
positions and velocities and 5 fs for dipole dynamics. The system
was equilibrated at the target temperature for 2 ps. Production
runs were subsequently collected for 3 ns.

2.2. Thermodynamics analysis

The Gibbs energies changes of the

LnðH2OÞ3þ8 þH2O� LnðH2OÞ3þ9 ð1Þ

reactions were calculated from the corresponding equilibrium
constant

DrG
0
9;T ¼ �RT lnðK0

9;TÞ ð2Þ

with

K0
9;T ¼

n9

n8
ð3Þ

where ni is the number of configurations of the LnðH2OÞ3þi stoichi-
ometry. We have employed the same approximations as in the pre-
vious study on La3þ [25]: (i) the ratio of the LnðH2OÞ3þ9 and
LnðH2OÞ3þ8 activity coefficients was neglected and the activity of
water ðaH2OÞwas assumed to be 1 at any temperature (the usual ori-
gin for the water activity scales, a convention that ascribes all the
temperature effects to the concentration ratios, and not to aH2O.
For this reason we also use dLnDrE, the difference between DrE val-
ues for different lanthanoids, where the H2O terms cancel out typ-
ically for E = G, H or S). Further, (ii), the effects of the T and P
variations are neglected during each simulation. Note that our sim-
ulations are in the NVE ensemble such that we need some approx-
imations to have access to Gibb’s energy: fluctuations in T (about
10 K) are small enough to have negligible effect on K as estimated
from the van’t Hoff plot (less than statistical uncertainty) and we
also assumed negligible influence on thermodynamics properties
by P fluctuations. These approximations allow the thermodynamic
interpretation of K to extract the standard of all the properties that
will be the same as the ones calculated in NPT ensemble, e.g. free
energy is Gibbs energy of reaction (Eq. (2)), and DrH

0
9;T that was cal-

culated from the van’t Hoff approximation:

R lnðK0
9;TÞ ¼ R lnðK0

9;T0 Þ � DrH
0
9;T0

1
T
� 1

T0

� �
ð4Þ
Our previous study on Ln3þ shows that this law is a reasonable
approximation in our temperature range, confirming that the heat
capacity ðDrCp;9Þ and the molar volume ðDrVm;9Þ changes can be ne-
glected [25]. The entropy change was calculated from

DrG
0
9;T ¼ DrH

0
9;T � TDrS

0
9;T ð5Þ

Considering only the main stoichiometries through the Ln ser-
ies, i.e. nine and eight, the partial coordination number ðgCNÞ is de-
fined as follows:

gCN ¼ 9� n9

N
þ 8� n8

N
ð6Þ

where N ¼ n8 þ n9, it is almost the total number of configurations.
Note that this definedgCN is an approximation of CN that is obtained
by integrating first peak of the Ln–O radial distribution functions,
since gCN takes into account only the two main stoichiometries,
neglecting the minor ones. It is related to equilibrium constant, as
defined in Eq. (3), such that it becomes:

gCN ¼ 9� 1
K0

9;298 þ 1
ð7Þ

Within this approximation, the gCN has a sigmoidal ðSÞ shape
across the series, when approximately linear DrG

0
298;9 variation is

observed as a function of the atomic number.
Activation energies Ea, corresponding to the ½LnðH2OÞ8ðH2OÞ3þ�#

transition state, have been calculated from mean residence times
(MRTs) of water in the Ln3þ first hydration shells determined using
the ‘direct method’ [11,37] as a function of temperature assuming
the Arrhenius limit behaviour:

1
MRT

¼ A exp � Ea

RT

� �
ð8Þ

To have some insights on enthalpic ðDHzÞ and entropic ðDSzÞ effects
on activation process, we also interpreted the associated rate con-
stants with Eyring–Polanyi equation:

kex ¼
kBT
h

exp
DSz

R

 !
exp �DHz

RT

 !
ð9Þ
3. Results and discussion

3.1. Structural and dynamical properties

As shown in Figure 1, temperature has not an important effect
on the position of the peaks of Ln–O radial distribution functions
(RDFs). Only second hydration shell peaks present a slight increase
of the Ln–O maximum distance as the temperature increases, as al-
ready observed for Ln3þ [25]. At 623 K the first peak is wider and
higher than for lower temperatures, this being probably due the
associated changes in density. Although temperature has no influ-
ence on the Ln–O distance of the first hydration shell, the first (and
second) coordination number (CN) is affected by temperature. In
particular, for light ions (here Nd3þ and Eu3þ) it decreases as tem-
perature increases while for heavy ions (Ho3þ and Lu3þ) it increases
as temperature increases (see Table 1). For all the studied Ln3þ

ions, the CN is an average of different stoichiometries: from seven
to eleven, depending on the Ln3þ ion and the temperature (Table
2), but eight- and ninefold structures are always predominant. In
most cases, increasing the temperature results in an increase of
the minor stoichiometries, by typically less than 1% at 275 K up
to 10% at 624 K for NdðH2OÞ3þ8 , and from 1% at 276 K to 9% at
619 K for LuðH2OÞ3þ9 (Table 2). This effect is more important in
the vicinity of the middle of the Ln series: a decrease of CN from
8.9 at 277 K to about 8.6 at 614 K is observed for Eu3þ, whereas
for Ho3þ, the variations of CN are not monotonous, i.e. CN increases
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Figure 1. Ln–O radial distribution functions at 277 K (solid line), 298 K (dashed line), 423 K (points) and 623 K (dashed-point line) obtained for Nd3þ
; Eu3þ; Ho3þ , and Lu3þ.

Table 1
Hydration properties of Ln3þ in aqueous solution as a function of the temperature.

Ln T (K) rð1ÞLn—O
a CNð1Þb hO—Ln—O

c
MRTð1Þd rð2ÞLn—O

a CNð2Þb MRTð2Þd

Nd3þ 275 2.48 9.00 70;137 1631 4.63 19.5 9
302 2.48 9.00 70;137 1482 4.63 19.2 6
416 2.48 8.99 70;137 261 4.63 18.0 4
624 2.48 8.93 70;136 39 4.67 14.7 3

Eu3þ 277 2.41 8.90 70;137 400 4.58 19.3 9
290 2.41 8.90 70;137 245 4.58 19.0 8
422 2.41 8.77 71;137 73 4.58 17.9 4
614 2.39 8.57 71;138 31 4.60 15.1 3

Gd3þ 275 2.39 8.65 71;138 305 4.56 19.1 9
290 2.39 8.72 71;138 254 4.55 18.9 8
415 2.39 8.72 71;138 75 4.57 18.9 5
623 2.38 8.50 72;139 31 4.59 17.4 4

Tb3þ 276 2.37 8.48 72;140 249 4.55 19.1 10
304 2.37 8.59 72;139 171 4.55 18.9 7
422 2.37 8.57 72;139 69 4.56 19.0 5
619 2.37 8.42 72;138 33 4.58 17.0 4

Ho3þ 283 2.34 8.17 73;119;142 349 4.52 18.8 10
302 2.34 8.24 73;119;141 246 4.52 18.6 8
419 2.34 8.36 72; -;140 78 4.53 17.6 4
626 2.34 8.26 72; -;139 34 4.55 14.8 3

Lu3þ 276 2.32 8.01 74;118;143 1715 4.50 18.3 11
293 2.32 8.01 74;118;143 1327 4.50 18.3 10
415 2.32 8.05 73;121;142 149 4.50 18.1 5
619 2.32 8.07 73; -;141 33 4.50 16.6 3

a First ðrð1ÞLn—OÞ and second ðrð2ÞLn�OÞ peak maximum of Ln–O radial distribution functions (in Å).
b Coordination number of the first ðCNð1ÞÞ and the second ðCNð2ÞÞ hydration shell obtained from integration of the first and second radial distribution function’s peaks.
c Peaks of the O–Ln–O angular distribution functions (in degrees).
d Mean residence times of water molecules in the first ðMRTð1ÞÞ and the second ðMRTð2ÞÞ hydration shell (in ps).
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from 8.17 to 8.36 from 283 K to 419 K, while it decreases down
again to 8.26 at 626 K (see Table 1). Tb3þ has a different behavior.
In fact, it has CN � 8.5 already at low temperature, such that, since
CN ? 8.5 as T increases, temperature does not have a large effect
on CN (while, as we will show later, it has on kinetics).

Changes in geometries – and therefore stoichiometries – as a
function of temperature, through the Ln series, are also observed
on the angular distribution functions (ADF). As already observed
for Ln3þ, temperature has small effect on the O–Nd–O ADF peak
positions: 70� and 137� that are the characteristic positions of
the tricapped trigonal prism geometry [11] for the CN = 9 stoichi-
ometry (Table 1). However, although the positions of the peaks
do not vary as a function of temperature, an increase of the peak
width is observed as shown in Figure 2. The same observations



Table 2
Population ratio of the first hydration shell coordination number, CN, of different atoms.

M3þ T (K) CN = 7 (%) CN = 8 (%) CN = 9 (%) CN = 10 (%) CN = 11 (%)

La3þ ,a 277 0 <1 100 <1 0
299 0 0 99 1 0
410 0 <1 93 7 0
624 0 3 84 13 <1

Nd3þ 275 0 <1 100 <1 0
302 0 <1 100 <1 0
416 0 1 98 1 0
624 <1 10 87 3 0

Eu3þ 277 0 10 90 <1 0
290 0 10 90 0 0
422 0 23 77 <1 0
614 <1 44 56 <1 0

Gd3þ 275 0 35 65 0 0
290 0 28 72 0 0
415 <1 28 72 <1 0
623 <1 50 50 <1 0

Tb3þ 276 0 52 48 0 0
304 0 41 59 0 0
422 0 43 57 <1 0
619 <1 57 43 <1 0

Ho3þ 283 0 83 17 0 0
302 0 76 24 0 0
419 <1 64 36 <1 0
626 1 73 26 <1 0

Lu3þ 276 <1 99 1 0 0
293 0 99 1 0 0
415 <1 94 6 0 0
619 2 89 9 0 0

a Previous study from Ref. [25].
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Figure 2. O–Ln–O angular distribution functions of the first hydration shell at 277 K (solid line), 298 K (dashed line), 423 K (points) and 623 K (dashed-point line) obtained for
Nd3þ

; Eu3þ; Ho3þ , and Lu3þ .
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are made for Eu3þ, i.e. quite small effect of temperature except on
the peak width, even if changes of temperature lead to a decrease
of its CN. On the other hand, ADFs of Ho3þ and Lu3þ, which are
mainly coordinated to eight water molecules at room temperature,
correspond to a mixture of three geometries: square antiprism
(SAP), bicapped trigonal prism (BTP) and trigonal dodecahedron
(DD), the ratio between these geometries depending on the tem-
perature [12]. The 120� peak virtually disappears when increasing
the temperature, especially in the case of Ho3þ. This can be ex-
plained by the broadening of the 120� peak together with the
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Table 3
Energies changes for Reaction MðH2OÞ3þ8 þH2O�MðH2OÞ3þ9 � ðkJ mol�1Þ.

M3þ DrH0
9;298 �298 � DrS0

9;298 DrG0
9;298

log10ðK9;298Þ Ea

La3þ ,a �26.2 ± 2.8 +3.9 ± 2.3 �22.3 ± 3.6 +3.9 ± 0.6 15.2 ± 0.4

Nd3þ �19.5 ± 1.5 +3.5 ± 1.3 �16.1 ± 1.9 +2.8 ± 0.3 15.7 ± 1.7

Eu3þ �8.3 ± 0.8 +3.1 ± 0.7 �5.2 ± 1.0 +0.9 ± 0.2 10.3 ± 0.8

Gd3þ �2.6 ± 2.1 +0.6 ± 1.8 �2.0 ± 2.8 +0.3 ± 0.5 9.4 ± 0.1

Tb3þ �1.2 ± 1.8 +0.8 ± 1.5 �0.4 ± 2.4 +0.1 ± 0.4 8.3 ± 0.1

Ho3þ +2.4 ± 2.0 +0.7 ± 1.7 +3.1 ± 2.6 �0.6 ± 0.5 10.0 ± 0.4

Lu3þ +11.6 ± 1.6 �0.3 ± 1.4 +11.3 ± 2.1 �2.0 ± 0.4 16.8 ± 0.8

Ce3þ ,b �13.0 +9.83 �3.17 +0.68

Ce3þ ,c �15 +10 �5 +0.88

Cm3þ ,d �13.1 ± 0.4 +7.6 ± 0.4 �5.5± 0.4 +0.96

a Previous study from Ref. [25].
b Experimental study from Ref. [31].
c Electrostatic model from Ref. [30].
d TRLFS from Ref. [27].
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increase of the base line between the two other – and bigger –
peaks: by increasing the temperature, the distinction between
the distorted (SAP, BTP and DD) geometries becomes even less
clear. Note that in the case of Nd3þ and Eu3þ the peak at 120� is
not present, even if their eightfold stoichiometries proportions in-
crease with temperature.

All these changes in the Ln3þ structural properties are associ-
ated with changes in the mean residence times (MRTs) of water
molecules in their first hydration shells, and therefore on their
dynamical properties. As already observed for Ln3þ, the increase
of temperature leads to the decrease of the MRTs for all the sys-
tems studied, as reported in Table 1. This corresponds to easier
water exchanges, that is a typical kinetic effect due to the increas-
ing of temperature. Note that this dynamical effect is also observed
on the RDFs (Fig. 1), since the increase of the peak width as a func-
tion of temperature is a direct consequence of the increasing num-
ber of water exchanges between the first and the second hydration
shells. Although the MRTs are different through the Ln series at
room temperature (from about 1 ns at the beginning and at the
end of the series to hundreds of picoseconds for elements in the
middle of the series), the MRTs reach a threshold value of about
30–40 ps at high temperature (624 K). At the beginning and at
the end of the series, a single stoichiometry dominates in the
whole temperature range studied: CN = 9 or 8 for the lightest (with
larger ionic radii) or heaviest (with smaller ionic radii) Ln3þ,
respectively. The less abundant stoichiometries, i.e. 8 and 10 at
the beginning and 7 and 9 at the end of the series, are observed
essentially during water exchanges. Increasing the temperature,
the number of exchanges essentially increases and hence the pro-
portion of the minor species increases. This is the main explanation
of the observed CNs variations toward the 8.5 threshold value.

3.2. Thermodynamic interpretations

In Figure 3 we show thermodynamic properties obtained across
the series. We should remind that we interpretgCN, through Eq. (6),
in terms of the corresponding chemical equilibrium of Reaction (1).
Its equilibrium constant K0

9;298 (Eq. (3)), or equivalently the Gibbs
energy change DrG

0
9;298, provides the thermodynamic interpreta-

tion (Eq. (2)). Linear variation is found for DrG
0
9;298 as a function

of the atomic number Z (Fig. 3b). Since the variations of r, the Shan-
non effective radius, or even 1=r, are almost linear with Z, the vari-
ations of DrG and DrH are also linear. Such linear variations have
been predicted by Miyakawa et al. based on an electrostatic model
[30]. The linear variation of DrG

0
9;298ðZÞ provides the sigmoidal (S

shape) variation of gCN through the lanthanoid series (Eq. (7) and
Fig. 3d). Since the difference between the DrG

0
9;298 values for Ln3þ

and Lu3þ is only 33:6 kJ mol�1, we do not observe any sharp varia-
tion (or ‘break’), as structurally shown by EXAFS studies [20,21].
Note that for Dy3þ we obtained DrG

0
9;298 � 0 kJ mol�1, which corre-

sponds to CN = 8.5, in good agreement with our previous structural
studies [12,24].

Linear regression of the van’t Hoff plots through the data points
yields DrH

0
9;298 and DrS

0
9;298 values for this reaction. For all the stud-

ied Ln3þ, the entropic contribution ðTDrS
0
9;298Þ, is small and of the

same order of magnitude of the error bars: from +3.9 for the begin-
ning of the series to �0:3 kJ mol�1 for the end of the series, as
shown in Table 3.

For this reason, the increase of DrG
0
9;298 across the lanthanoid

series is essentially due to an enthalpic contribution as shown in
Figure 3. This can be interpreted as the decrease of the interaction
strength of the ninth water molecule in the TTP structure with the
decrease of the ionic radii across the series. The center of the sig-
moid variation for CN from 9 to 8 (Fig. 3d) corresponds to
CN = 8.5, where K0

9;T ¼ 1 (Eq. (3)) and DrG
0
9;T ¼ 0 kJ mol�1 (Eq. (2)).

For the corresponding Ln3þ – between Tb3þ and Dy3þ – and for
atoms in this region, the enthalpy and entropy of reaction contri-
butions thus compensate.

DrG
0
9;298; DrH

0
9;298 and DrS

0
9;298 have been reported for Ce3þ

[31,30] and Cm3þ [27]. They are of the same order of magnitude
as those we extracted from our MD simulations (Table 3). Note that
the DrG

0
9;298 value published for Ce3þ assumes CN = 8.8, while our

previous simulations [12], in agreement with recent structural
studies [21], and the quasi linear DrG

0
9;298 trend discussed above,

report higher values. It can be at the origin of the differences.
The thermodynamic parameters we calculated for Eu3þ are close
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to the ones determined for actinoid Cm3þ by Lindqvist-Reis et al.
[27], and especially for DrG

0
9;298. Therefore, Cm3þ can have almost

the same behaviour as Eu3þ in aqueous solution, which is not to-
tally surprising since they are located at almost the same place
in the actinoid and lanthanoid series, respectively.

The variation of the activation energy trough the Ln series fol-
lows the same trend as the one observed for the MRTs at room
temperature, i.e.: it decreases first, reaching a minimum value for
Tb3þ and then it increases, as shown in Figure 4. Note that for
atoms at the beginning of the series, i.e. from Nd3þ to Eu3þ, the acti-
vation energy corresponds to the barrier energy that one water
molecule of the first hydration shell must overcome to go into
the second shell, whereas at the end of the series, this energy cor-
responds to the barrier energy that one water molecule of the Ln3þ

second hydration shell must overcome to go in the first one.
Nevertheless, virtually the same values (about 15–16 kJ mol�1)
are obtained in both cases. The enthalpy–entropy decomposition
obtained by Eyring–Polanyi equation (Fig. 4) shows that they both
contribute to the speed up of self-exchange reaction in the middle
of the series.

For lanthanoids being in the middle of the series, we observed a
larger lability of water molecules between the first and the second
hydration shell, as already observed studying water exchange
frequency at room temperature [24]. Finally, we should note that
the activation energy is smaller for Ln3þ than Nd3þ, due to the high-
er proportion of LaðH2OÞ3þ10 observed compared to the other lantha-
noid ions [25].
4. Conclusions

A detailed temperature study of Ln3þ hydration has been per-
formed by means of CLMD with explicit polarization. The present
work clearly highlights a temperature dependency on Ln3þ struc-
tural and dynamical properties. This dependency is also a function
of the lanthanoid ion, and in particular on its position in the series.
Indeed, although the Ln3þ—OH2 distance in the first hydration shell
does not vary much as a function of temperature, for all the studied
lanthanoid ions, changes in the CN are observed, depending on the
position of the lanthanoid in the series: a small difference is ob-
served for ions at the beginning and at the end of the series – a
slight decrease/increase for Nd3þ and Lu3þ, respectively – whereas
it appears to be more temperature dependent in the vicinity of the
middle of the series (with the obvious exception of ions, like Tb3þ,
with already CN � 8.5 at ambient temperature). Note that EXAFS
results on different cations by Seward and Fulton have shown
slight changes in metal–water distances as a function of T [38–40].

Since entropy difference for the LnðH2OÞ3þ8 =LnðH2OÞ3þ9 equilib-
rium is small and constant across the series, the decrease of
DrG

0
9;298 is enthalpy driven. This result is consistent with the picture

of lanthanoids as hard ions whose hydration number is essentially
determined by ionic radius. Furthermore, the minor hydration
numbers appear only during the water exchanges. CN tends to-
ward the limit value of 8.5 when the frequency of these exchanges
increases. This happens when increasing temperature or when
approaching the size of the cation of the middle of the series. This
is reflected by the lower activation energies found for lanthanoids
located in the middle of the series.

Finally, our calculations of Eu3þ thermodynamic parameters are
very close to those determined experimentally for Cm3þ [27], and
structural data are similar to simulations done by Gagliardi and
co-workers on Cm3þ [41]. These findings let us suppose that these
two ions, located at almost the same place in their respective ser-
ies, should have a very similar behaviour in aqueous solutions. This
encourages us in extending our simple Ln3þ—OH2 pair potentials to
the actinoid series. Our research is currently going in that
direction.
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