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Abstract
La3+ hydration was studied in the 277–623 K temperature range by molecular dynamics simulations using explicit polarization.
Although temperature has virtually no eﬀect on the ﬁrst hydration shell structural properties, dynamical properties are temperature
3þ
dependent. Equilibrium constants are deduced from the LaðH2 OÞ3þ
population ratios. The reactions are enthalpy driven,
ði1Þ =LaðH2 OÞi
and Dr H 0i;298 decreases with i. All these results are consistent with a quite rigid ﬁrst hydration shell.
 2007 Elsevier B.V. All rights reserved.

1. Introduction
Lanthanide trications (Ln3+) hydrations have been
extensively studied by means of classical molecular dynamics (CLMD) at room temperature [1–10]. CLMD simulations can give realistic pictures of hydrated ion structures
and dynamics with a relatively low computational cost for
simulations of up to nanoseconds, a time scale enough to
study exchanges of water molecules in the Ln3+ hydration
shells.
Some experimental studies recently appeared on the
inﬂuence of temperature on the stabilities of aqueous
hydroxides and complexes of f-block elements [11–14]. In
particular, Lindqvist et al. have studied temperature dependency of Cm3+ hydration by time-resolved laser ﬂuorescence spectroscopy (TRLFS) [11]. They concluded that
3þ
3þ
the CmðH2 OÞ8 =CmðH2 OÞ9 equilibrium is entropy driven
0
ð298 Dr S i;298 ¼ 7:6  0:4 kJ mol1 Þ, although their enthalpic contribution value (13 ± 0.4 kJ mol1) is actually
more important at room temperature. In the late 80s
Miyakawa et al. [15] have calculated virtually the same
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entropic contribution for the whole Ln series:
298 Dr S 09;298 ¼ 10 kJ mol1 , while the enthalpy changes
vary along the Ln series, which is consistently attributed
to the Ln contraction. Note that they report the same value
of Dr G09;298 ð5 kJ mol1 Þ for La3+ and Ce3+.
In the present work we report for the ﬁrst time a systematic molecular dynamics study of the temperature inﬂuence
on La3+ hydration using our recently developed La3+–
water pair interaction potential including explicit polarization [10,16]. The La3+ ion – ﬁrst element in the lanthanide
series – was chosen to simplify the quantum chemistry calculations used to parametrize the pair interaction potential,
since La3+ has the simplest electronic conﬁguration in the
lanthanide series, i.e. closed-shell with no f-electron.
2. Computational details
The total energy of our system is modelled as a sum of
potential terms:
V tot ¼ V elec þ V LJ
O–O þ V La–O ;

ð1Þ

where Velec is the electrostatic energy term composed of a
Coulomb and a polarization terms following the Thole’s
induced dipole model [17]. V LJ
O–O is a 12-6 Lennard-Jones

42

M. Duvail et al. / Chemical Physics Letters 448 (2007) 41–45

potential describing the O–O interaction for which we used
a modiﬁed TIP3P/P model [10,18], where the charges on O
and H were rescaled. VLa–O account for the non-electrostatic La–O interactions, modelled with an exponential-6
Buckingham potential [19]. The Buck-6 parameters were
based on ab initio calculations at the MP2 level of theory
using the LanL2MB basis set for La [20–22] and 6-31G*
[23] for H and O.
MD simulations have been carried out in the microcanonical ensemble with our own developed CLMD code
[16] for one La3+ and 216 rigid water molecules in a cubic
box. The size of the cubic box was adjusted to reproduce
the density of pure liquid water at diﬀerent temperatures
(in the 277–623 K range) [24]. The volume change due to
La3+ was neglected, since some simulations were performed taking into account the La3+ volume and the same
results were obtained. The La3+ volume, estimated from
the ionic radius [25], is indeed 7.53 Å3, corresponding to
0.1% of the smallest box volume (6460.73 Å3 at 274 K).
Periodic boundary conditions were applied to the simulation boxes. Long-range interactions have been calculated
by using the smooth particle mesh Ewald (SPME) method
[26]. Simulations were performed using a velocity-verletbased multiple time scale (MTS) using a 1 fs time step for
positions and velocities and 5 fs for dipole dynamics. The
system was ﬁrst equilibrated at the target temperature for
2 ps, and then production runs were collected for 3 ns.
The average temperature range were 274–624 K with a
standard deviation of 9–17 K, respectively.
3. Thermodynamics analysis
The Gibbs energies changes of the
3þ

LaðH2 OÞi1 þ H2 O

3þ

LaðH2 OÞi

ð2Þ

water exchange reactions were calculated from
ai
K 0i;T ¼
ð3Þ
ai1  aðH2 OÞ
where a(H2O) = 1 at any temperature, the usual deﬁnition
for the activity of water, and ai is the activity of
3þ
LaðH2 OÞi . We used the ai/ai1 = Ci/Ci1 approximation,
where Ci is the LaðH2 OÞ3þ
i concentration, and Ci/Ci1 = ni/
ni1, where ni is the number of LaðH2 OÞ3þ
conﬁgurations.
i
This type of ratio is indeed currently interpreted in term of
equilibrium constant [11]. However this is based on several
assumptions: (i) Ci/Ci1 = ai/ai1; this is valid for inﬁnite
dilution, namely no La3+–La3+ interactions, (ii) the
Ki,T = Ci/Ci1 ratio is interpreted as the equilibrium constant of Reaction (2), and (iii) the eﬀects of the T and P
variations are neglected during each simulation. The classical thermodynamic equation


Z
1
1
1 T
 0 
Dr C p;i dT
RlnðK 0i;T Þ ¼ RlnðK 0i;T 0 Þ  Dr H 0i;T 0
T T
T T0
Z
Z T
Dr C p;i
1 P
þ
dT 
Dr V m;i dP
ð4Þ
T P0
T
T0

was used to estimate the systematic error originated in
these approximations, where DrCp,i is the heat capacity
change, and DrVm,i the molar volume change for the same
reaction. To check that pressure variations could be neglected, we performed a simulation at 624 K with a density
of 0.997 instead of 0.589, i.e. the density of the liquid/gas
curve. 0.997 is the density at 298 K. At 624 K we obtained
log (K9) = 1.68 ± 0.19 and 1.41 ± 0.46, for d = 0.997 and
0.589, respectively. Note that with this relatively large
uncertainties the two equilibrium constants are not clearly
separated, such that, in the range we have investigated,
pressure eﬀects are well inside the available uncertainties.
Dr H 0i;T ; Dr S 0i;T and Dr G0i;T , the thermodynamic parameters
for Reaction (2) were obtained from the van’t Hoﬀ
approximation.
The chemical potential of water, l0H2 O , has a contribution to
Dr G0i;T ¼ l0i ðT Þ  l0i1 ðT Þ  l0H2 O ðT Þ

ð5Þ

where l0i ðT Þ is the standard chemical potential of species
LaðH2 OÞ3þ
at temperature T [24]. To plot this contribui
tion, we deﬁne DT l ¼ l0i ðT Þ  l0i ð298Þ.
4. Results and discussion
4.1. Structural and dynamical properties
Increasing the temperature has very small eﬀect on the
position of the ﬁrst hydration shell, whereas a slight shift
in the position of the second hydration shell is observed
(Table 1). The peak widths increase with temperature for
the ﬁrst and the second hydration shells (see Fig. 1). A slight
increase of the CN is observed: for instance at 274 K, our
ﬁrst shell value of 9.00 is an average of diﬀerent distributions of complexes with CN = 9 (99.6%) and 10 (0.4%),
and at 624 K, the most frequent coordination number is still
9 but with other distributions, namely 3.2% for CN = 8,
84.3% for CN = 9 and 12.5% for CN = 10 (Table 2). Note
that for each temperature, the CN is an average of diﬀerent
3þ
distributions of complexes LaðH2 OÞi (i = 8–11) (Fig. 2).
3þ
For the main stoichiometry LaðH2 OÞ9 we calculated a
mean La–O distance in the ﬁrst hydration shell of 2.52 Å
(3 triccaped water molecules at 2.58 Å and 6 prismatic water
3þ
molecules at 2.50 Å) [10]. The LaðH2 OÞ3þ
8 and LaðH2 OÞ10
stoichiometries are essentially observed at high temperature, and we calculated a mean La–O distance in the ﬁrst
3þ
hydration shell of 2.49 and 2.55 Å for LaðH2 OÞ8 and
3þ
LaðH2 OÞ10 respectively. As expected, temperature has
almost no eﬀect on ADF. This regularity shows that the
geometrical distribution for the ﬁrst hydration shell mainly
corresponds to a CN of 9 with the tricapped trigonal prism
TTP geometry. While temperature has no eﬀect on the ﬁrst
hydration shell in our temperature range, the radius of the
second hydration shell slightly increases above 370 K from
4.65 Å to 4.70 Å at 624 K, whereas the coordination number decreases from 19 at 274 K to 15 at 624 K.
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Table 1
Hydration properties of La3+ in aqueous solution as a function of the temperature
ð1Þ

ð2Þ

T (K)

rLa–O a

CN(1)b

hO–La–O c

MRT(1)d

rLa–O a

CN(2)b

MRT(2)d

De

274
277
290
299
319
344
370
410
475
508
571
624

2.52
2.52
2.52
2.52
2.52
2.52
2.52
2.51
2.51
2.51
2.52
2.51

9.00
9.01
9.01
9.02
9.02
9.03
9.04
9.06
9.08
9.10
9.11
9.09

70;137
70;137
70;137
70;137
70;137
70;137
70;136
70;136
69;136
69;136
70;136
70;135

2250
1997
1422
1082
713
712
423
244
138
105
59
47

4.65
4.65
4.66
4.65
4.65
4.65
4.65
4.66
4.66
4.68
4.70
4.70

19.01
18.99
18.91
18.80
18.73
18.55
18.44
17.95
17.54
17.10
16.48
15.52

9
9
8
8
7
6
5
5
4
4
3
3

–
1.74 · 109
1.73 · 109
1.80 · 109
2.61 · 109
3.10 · 109
4.71 · 109
3.34 · 109
6.27 · 109
7.91 · 109
10.57 · 109
20.03 · 109

a
b
c
d
e

ð1Þ

ð2Þ

First ðrLa–O Þ and second ðrLa–O Þ peak maximum of La–O radial distribution functions (in Å).
Coordination number of the ﬁrst (CN(1)) and the second (CN(2)) hydration shells.
Peaks of the O–La–O angular distribution functions (in degrees).
Mean residence times of water molecule in the ﬁrst (MRT(1)) and the second (MRT(2)) hydration shells (in ps).
Water self-diﬀusion coeﬃcient (m2 s1).

Fig. 1. La–O radial distribution functions at 274 K (solid line) and 571 K
(dashed line) and corresponding coordination numbers.

Table 2
Population ratio of the coordination number of the ﬁrst hydration shell
T
(K)

CN = 8

CN = 9

CN = 10

CN = 11

274
277
290
299
319
344
370
410
475
508
571
624

1 (<1%)
1 (<1%)
10 (<1%)
0 (0%)
17 (<1%)
3 (<1%)
26 (<1%)
93 (<1%)
155 (<1%)
195 (1%)
587 (2%)
965 (3%)

29865
29638
29586
29435
29291
28953
28643
27822
27148
26753
25613
25282

134 (<1%)
361 (1%)
404 (1%)
565 (2%)
692 (2%)
1044 (3%)
1331 (4%)
2085 (7%)
2695 (9%)
3049 (10%)
3796 (13%)
3738 (13%)

0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
2 (<1%)
3 (<1%)
4 (<1%)
15 (<1%)

(100%)
(99%)
(99%)
(98%)
(98%)
(97%)
(96%)
(93%)
(91%)
(89%)
(85%)
(84%)

The total number of conﬁgurations for each simulation is 30 000.

Although temperature has virtually no eﬀect on the ﬁrst
hydration shell structural properties, dynamical properties
of the ﬁrst hydration shell are temperature dependent.
Increasing temperature decreases the mean residence time

(MRT) of water molecules in the ﬁrst hydration shell from
2250 ps at 274 K to 47 ps at 624 K (Table 1). Note that
there are two populations in the tricapped trigonal prism
D3h geometry and they have two diﬀerent residence times
consistently with the concerted exchange mechanism as
described in Ref. [10]. The number of water exchanges also
increases with temperature: we observed 3 events at 274 K,
while at 624 K we observed too many exchanges to count
them one by one as we did at 274 K. At 624 K we counted
569 passes of water molecules in the ﬁrst hydration shell
during the 3 ns simulation (note that this number of passes
is greater than the total number of water molecule, since
during 3 ns a water molecule can be more than once in
the ﬁrst hydration shell), while at 274 K we counted 12
passes.
The water self diﬀusion coeﬃcients increase with
temperature (Table 1) from 1.74 · 109 (277 K) to
20.03 · 109 m2 s1 (624 K), slightly smaller than experimental values for pure liquid water [27], as expected from
the slowing eﬀect of La3+ on the water molecules of its
hydrating shells.
4.2. Thermodynamic analysis
We interpreted CNs in terms of the corresponding
chemical equilibria of Reaction (2). The linearity of the
van’t Hoﬀ plots (Fig. 3) indicates that the van’t Hoﬀ law
is a reasonable approximation in our temperature range:
this conﬁrms that the heat capacities and the molar volume
changes can be neglected, which allows to determine Dr H 0i;T
from the van’t Hoﬀ plot (Table 3). The uncertainty on
Rln (Ki,T) is more important at low temperature where
fewer water molecule exchanges were observed. For all
the studied reactions (i = 9–11) the enthalpic contribution
ðDr H 0i;298 Þ is quite predominant as compared to the entropic
contribution ðT Dr S 0i;298 Þ, which is almost within the error
bars. Only Dr H 09;298 is negative. Dr H 0i;298 increases with i, cer-
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Fig. 2. Some snapshots geometries of the La3+ ﬁrst hydration shell extracted from MD simulation in bulk water: (a) LaðH2 OÞ3þ
8 in a (6+2) geometry,
3þ
(b) LaðH2 OÞ3þ
9 in the 6+3 geometry and (c) LaðH2 OÞ10 in the 2 · (4+1) geometry.

Fig. 3. Van’t Hoﬀ plots for equilibrium LaðH2 OÞ3þ
ði1Þ þ H2 O
DT l
LaðH2 OÞ3þ
i   T curve (dashed line) is also shown for comparison.

Table 3
Energies changes
ðkJ mol1 Þ
M

i
a

for

Reactions

MðH2 OÞ3þ
i1 þ H2 O

MðH2 OÞ3þ
i 

Dr H 0i;298

298 Dr S 0i;298

Dr G0i;298

log (Ki,298)

Cm
Ceb
Cec
Lad

9
9
9
9

13.1 ± 0.4
13.00
15
26.2 ± 2.8

+7.6 ± 0.4
+9.83
+10
+3.9 ± 2.3

5.5 ± 0.6
3.17
5
22.3 ± 3.6

+0.96e
+0.68e
+0.88
+3.9 ± 0.6

Lad
Lad

10
11

+12.2 ± 1.0
+24.1 ± 10.1

1.9 ± 0.8
+3.1 ± 5.6

+10.4 ± 1.4
+27.2 ± 11.6

1.8 ± 0.2
4.7 ± 11.6

TRLFS – 0.1 mol L1 HClO4 [11].
O NMR – 0.033 mol L1 Ce(ClO4)3 and 0.1 mol L1 HClO4 [14].
c
Electrostatic model [15].
d
Present study.
e
The CN of Ce3+ and Cm3+ in aqueous solution are 8.8 and 8.9,
respectively.
a

Linear regression through the data points yields
Dr H 09;298 ¼ 26:2  2:8 kJ mol1 and Dr S 09;298 ¼ 13:1
7:7 J mol1 K1 for Reaction (2). These thermodynamic
parameters are of the same order of magnitude as published values (Table 3), but they are diﬀerent of about 4–
6 kJ mol1 for the entropic contributions. However, questionable assumptions were used to obtain the experimental
values [11]. In particular no spectral changes with temperature were assumed for each MðH2 OÞ3þ
species. Indeed
i
TRLFS observations were interpreted assuming that the
TRLFS spectral changes were only originated in the
3þ
3þ
changes of the CmðH2 OÞ8 =CmðH2 OÞ9 ratio, i.e. no spectral changes with temperature were assumed for each
3þ
CmðH2 OÞi species [11]. Note that Miyakawa’s [15] electrostatic model is based on static calculations of a limited
3þ
3þ
number of geometries for the LnðH2 OÞ8 =LnðH2 OÞ9
energy changes.
The temperature dependency of the bulk water term in
our system (DTl) is more important than the temperature
dependency of the concentration ratio between species
(i  1) and i (Fig. 3). This certainly illustrates that each species can be modelled by quite rigid clusters only composed
of the ﬁrst hydration shell, whose energy diﬀerence does
not vary much with temperature, while the second hydration shell and the bulk water terms depend more on temperature. However, this last contribution cancels out to a
large extend in energies of reactions.
5. Conclusion

b 17

tainly reﬂecting the over crowding of the ﬁrst hydration
shell. Dr G0i;298 is of the same sign as Dr H 0i;298 : Dr G09;298 < 0
while Dr G0i;298 > 0 for i > 9 in the 274–624 K temperature
range, reﬂecting the main CN of 9. Finally, CN is essentially originated in Dr H 0i;298 value. This is consistent with
the importance of the ionic radii to extrapolate data to others lanthanides [10].

A detailed temperature study of the La3+ hydration has
been performed by means of molecular dynamics simulations using explicit polarization in the 274–623 K temperature range for the ﬁrst time to our best knowledge. The
present work clearly shows a temperature dependency of
the La3+ hydration, in particular on the second hydration
shell structure and ﬁrst hydration shell dynamics.
3þ
3þ
From the LaðH2 OÞi1 =LaðH2 OÞi equilibrium, thermo0
0
dynamic parameters ðDr H i;298 ; Dr S i;298 Þ have been extracted
3þ
for successive hydration reactions. The LaðH2 OÞði1Þ =
3þ
LaðH2 OÞi equilibrium is found to be enthalpy driven.
Note that temperature inﬂuence is less important on the
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3þ
LaðH2 OÞ3þ
concentration ratio than on the
i1 =LaðH2 OÞi
chemical potential of bulk water.
Finally, as far as our calculations have shown that the
water exchange reactions are enthalpy driven, this is in
agreement with the picture of a predominant role of ionic
radii in determining Ln3+ hydration properties. This
encourages us in extending our simple pair potential to
the whole lanthanide series – and this is easily feasible with
our potential form. Our research is currently going in that
direction.
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