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mal).
We propose an energy decomposition analysis of mono aqua systems of both open and closed shell lan-
thanide and actinide cations using the CSOV scheme. We compared the values obtained with either large
f-in-core or small core quasi relativistic pseudopotentials and computed the unpaired electrons contribu-
tion to the polarization energy component. Through a quasi-systematic approach on a number of chosen
f-element cations, we quantified the different trends across both series for each contribution. This work is
an important preliminary step for the acquisition of reference ab initio data for further parameterization
of polarizable force fields for lanthanides and actinides.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lanthanides (Ln) and Actinides (An) form a block of elements
called the f-elements because of the presence of either 4f or 5f
orbitals respectively. They respectively have a [Xe] 5d1 6s2 4fn

and [Rn] 6d1 7s2 5fn configuration (n = 1–14). The different cations
are then formed by losing first the s- and d-electrons then the f-
electrons. Completely filled or empty f-orbitals will therefore lead
to closed shell cations, while partially filled orbitals will generate
multi reference open shell systems. Having the same outermost
shell configuration, the elements from those two lines often exhibit
very similar chemical behavior, more specifically in the case of tri-
valent cations. This oxidation state is the most common one for the
elements of the lanthanide series and for the transplutonium ele-
ments of the actinide series such as Am(III) or Cm(III). In many
ways, lanthanide and actinide ions resemble the alkaline earth ions
since they are often described as hard acids with a strong prefer-
ence for oxygen donor ligands, the simplest of which is water.
However, in particular cases, Ln and An cations undergo selective
complexation with particular ligands. Such complexation phenom-
ena have direct applications in medical diagnosis as contrast
agents in magnetic resonance imaging or luminescent probes for
proteins [1–3], in synthesis [4] but also in nuclear waste manage-
ment and nuclear toxicology studies [5–7]. A means to understand
the preferential binding of heavy metals is through the study of the
interaction energy between the metal cations and ligands, and of
ll rights reserved.
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its physical components by means of quantum chemical ap-
proaches [8–11]. In this work, binding energies of both closed-shell
and open-shell lanthanide and actinide cations with water will be
addressed as the different physical interactions at play will be
deconvoluted through the use of the constrained space orbital
variation (CSOV) energy decomposition analysis approach (EDA)
[12–14]. Such results would be of prime importance for the EDA
based ab initio parameterization of the polarization contribution
of new generation polarizable force fields [15–21]. We will focus
on two different EDA strategies based on the use of both small
and large core scalar relativistic pseudopotentials.

2. Procedure

2.1. EDA methodology

Energy decomposition analyses (EDA) are a useful tool to esti-
mate the intermolecular interaction energies of metal–ligand sys-
tems. Also the separation into the different contributions to this
interaction energy gives insight on the nature of the bond. Indeed
the interaction energy of a dimer system consisting of monomers A
and B can be calculated as the sum of different energy terms i.e.
electrostatic interaction between the fragments (Eelec), exchange-
repulsion linked to Pauli’s repulsion between parallel spin elec-
trons (Eexch-rep), the monomer polarization contribution (Epol) due
to the relaxation of a given fragment’s occupied orbitals within
its virtual orbitals in the field of another fragment, and the charge
transfer term (Ect) accounting for donation and back-donation.

Eint ¼ Eelec þ Eexch�rep þ Epol þ Ect
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The different contributions are evaluated by carrying out con-
strained SCF procedures in which specific orbitals are frozen. E1

(or frozen core energy) denotes the sum of Eelec þ Eexch�rep and E2

corresponds to the sum of Epol þ Ect. Among the different methods
available for such decomposition schemes, we chose the con-
strained space orbital variation (CSOV) method at the Hartree–
Fock level to carry out our study. This choice was motivated by
the need for a pure polarization energy contribution which will
be further used for force field developments [15–21]. CSOV is
based on the definition of a variational space from the isolated
monomers’ occupied and virtual orbitals. Please note that within
the CSOV procedure, linear dependencies of the basis set are re-
moved leading to slightly smaller active space and therefore to
small differences with usual BSSE corrected interaction energies.
Besides HF, DFT based decompositions are also implemented, in
which case, the variational space is built using Kohn–Sham orbi-
tals. However, even if some of the correlation can be recovered
using density functional theory, we chose to stick to the HF meth-
od. Indeed, none of the actual popular DFT functionals are designed
to specifically study f-elements and computational errors, also
linked to the fact that most pseudopotentials are adjusted within
wavefunction based schemes, can arise from their use. In the CSOV
approach, the supermolecule wavefunction is kept antisymmetric,
contrarily to the procedure developed by Kitaura and Morokuma
[22] allowing a physical inclusion of exchange-polarization effects
which is mandatory (see discussion on reference [14]). Note that
no dispersion contribution is added at this uncorrelated (HF) level.
Indeed, as we will see in Section 2.2, performing correlated MCSCF
EDA computations generates difficulties.
2.2. Computational details

All energy decomposition calculations were carried out with a
modified version of the HONDO95.3 code [23]. The geometries were
previously calculated at MRCI level using the MOLPRO package [24].

For optimization we used the Dunning’s augmented triple zeta
basis sets for H and O [25] and Stuttgart–Cologne smallcore quasi-
relativistic effective core potentials (RECPs) and associated basis
sets for cations. In addition, for EDA, small and large core RECPs
and associated basis sets were used for the cation [26–31]. The dif-
ferent complete active spaces (CAS) for the multi reference calcula-
tion are given in Table 1. Also all geometry optimizations were
carried out in C2V group and in the most stable symmetry of the
wavefunction. The EDA was first carried out on the optimized
geometry and the metal–ligand distance was then varied so as to
obtain a curve of each of the contributions as a function of the inter
fragment distance. The aug-cc-pVTZ basis set was kept for the
water fragment but for the cations, calculations were carried out
with both the small core pseudopotential and a large f-in-core
pseudopotential. The basis set superposition error (BSSE) was eval-
Table 1
CAS used for MRCI calculation, the optimized distance (dopt) of the dimer system and
its interaction energy (Eint).

Dimer CAS dopt (Å) Eint

(kcal/mol)

[Eu–OH2]2+ 8a1 9a1 4b1 5b1 6b1 7b1 5b2 6b2 2a2 2.427 �47.32
[La–OH2]3+ 4b1 5b1 6b1 7b1 2.315 �91.84
[Eu–OH2]3+ 8a1 4b1 5b1 6b1 7b1 5b2 6b2 2a2 2.197 �107.80
[Gd–OH2]3+ 8a1 9a1 4b1 5b1, 6b1 7b1 5b2 6b2 2a2 2.191 �108.41
[Lu–OH2]3+ 6b1 7b1, 8b1 2.100 �118.90
[Ac–OH2]3+ 4b1 5b1, 6b1 7b1 8b1 2.427 �84.30
[Am–OH2]3+ 8a1 4b1 5b1 6b1 7b1 5b2 6b2 2a2 2.270 �102.19
[Cm–OH2]3+ 8a1 9a1 4b1 5b1 6b1 7b1 5b2 6b2 2a2 2.255 �108.41
[Lr–OH2]3+ 6b1 7b1, 8b1 2.163 �111.75
[Th–OH2]4+ 4b1 5b1 6b1 7b1 2.218 �160.40
uated using the counterpoise correction to less than 0.1% of the
interaction energy at Hartree–Fock level and therefore considered
negligible. The aim was to compare the general behavior of both
pseudopotentials and assess the contribution of the unpaired elec-
trons to the polarization energy in the case of the open shell sys-
tems. In the case of Eu(III), Eu(II), Gd(III), Am(III) and Cm(III) the
use of f in-core pseudopotentials turned the open shell systems
to a closed shell system of multiplicity 2S + 1 = 1. In all cases how-
ever the pseudopotentials had to be modified in such a way that
the h-component was removed since it is not handled by the HON-
DO code. Each fragment had to be first calculated separately so as
to generate the wavefunctions needed in the decomposition en-
ergy scheme for the super molecule. Explicit open-shell EDA com-
putation using small core pseudopotentials have been handled
following Bagus and Bauschlicher [13] by using MCSCF wavefunc-
tions obtained with the complete active space approach (CASSCF).
In this approach, the active electrons correspond to the unpaired f-
electrons only. Such a choice is made in order to produce uncorre-
lated ‘Hartree–Fock like’ computations. Here, the CASSCF approach
is a technical means enabling a convenient handling of unpaired
electrons thanks to the possibility of having single orbital occupan-
cies [13].
3. Results and discussion

3.1. Large core decomposition

Table 2 gives the energy decomposition analysis of the different
dimers at their optimized geometry with a large core pseudopoten-
tial. E1 is the first order energy, i.e. the sum of the electrostatic term
and exchange-repulsion. The order of magnitude of this contribu-
tion mainly depends on the charge of the system as well as on
the atomic number. However, all the large-core pseudopotentials
were designed to have only eight valence electrons, but should
be able to account for the increasing number of electrons from Lan-
thanum to Lawrencium. Indeed, a general trend in the first order
energies can be observed among the trivalent cations of both series
as the atomic number increases: Ln(III): La < Eu < Gd < Lu; An(III):
Ac < Am < Cm < Lr. Also, another trend down the same column is
present, meaning that for a given configuration of valence elec-
trons e.g. nf6 or nf7, the increase in the number of core electrons
is still taken into account by the pseudopotential. However in rel-
ative percentage of E1, the cations are arranged quite differently
across both series: Ln(III): Eu < Gd < La < Lu; An(III): Am < Cm < L-
r < Ac. This new trend highlights the difference between the open
and closed shell cations: indeed, it seems that the contribution of
the first order energy is somewhat weaker in the open shell cat-
ions, indicating that the ionic degree of the bond is less than in
the closed shell systems. In the case of the 4f0 and 4f14 lanthanide
cations, the La(III) system features a smaller E1 contribution than
Lu(III) which is expected with respect to the increasing Z number.
On the other hand, across the actinide series, the 5f0 Ac(III) cation
is clearly more ionic than the 5f14 Lr(III) cation. The Lawren-
cium(III) cation however is found to show a different behavior than
the other f-elements, due to its completely filled 5f shell and smal-
ler ionic radius.

Concerning the polarization energies, the relative percentage of
the value with respect to the total interaction energy is found to
account for approximately 50%. Since the polarization energy de-
pends on the charge of the system, the contribution for the Eu(II)
divalent cation adds up to 40% while that of the tetravalent acti-
nide Th(IV) rises to more than 60%. Still, in all the trivalent systems,
the values of this contribution are greater than the frozen core (E1).
The different cations of each series can be defined in term of the
increasing relative percentage of the polarization energies: Ln(III):



Table 2
Large core pseudopotential energy decomposition analysis of the mono aqua complexes of the different f-cations arranged in increasing Z number. All energies are in kcal/mol.

Dimer dopt (Å) E1 POL CT Eint %POL %CT

[Eu–OH2]2+ 2.427 �21.18 �17.69 �4.26 �43.73 40.46 9.74
[La–OH2]3+ 2.315 �24.48 �44.41 �10.97 �82.31 53.95 13.32
[Eu–OH2]3+ 2.197 �26.34 �49.77 �14.67 �93.69 53.12 15.65
[Gd–OH2]3+ 2.191 �27.88 �50.01 �14.69 �95.42 52.41 15.39
[Lu–OH2]3+ 2.100 �32.50 �55.03 �17.16 �107.72 51.09 15.93
[Ac–OH2]3+ 2.427 �26.74 �39.44 �6.62 �74.58 52.88 8.87
[Am–OH2]3+ 2.270 �28.71 �45.87 �11.15 �88.17 52.02 12.65
[Cm–OH2]3+ 2.255 �29.70 �46.50 �11.52 �90.19 51.56 12.77
[Lr–OH2]3+ 2.163 �34.64 �51.70 �13.47 �102.52 50.42 13.14
[Th–OH2]4+ 2.218 �26.23 �86.96 �17.99 �136.75 63.59 13.16

Table 3
Comparison of the large core (lc) and small core (sc) values of the frozen core energy (E1), the induction energy (E2), the polarization energy of the metal cation (POLB) and the
interaction energies of the mono aqua complexes as calculated vithin the CSOV framework. All given values are in kcal/mol. NC = not converged.

Dimer E1 E2 POLB Eint

sc lc sc lc sc lc sc lc

[Eu–OH2]2+ �22.75 �21.18 �22.12 �22.55 �0.79 �0.60 �44.87 �43.73
[La–OH2]3+ �25.77 �24.48 �60.01 �57.83 �1.47 �1.21 �85.78 �82.31
[Eu–OH2]3+ N.C. �26.34 N.C �67.35 N.C �1.11 N.C. �93.69
[Gd–OH2]3+ �30.10 �27.88 �67.82 �67.54 �1.55 �1.06 �97.91 �95.42
[Lu–OH2]3+ �34.89 �32.50 �74.54 �75.22 �0.92 �0.92 �109.43 �107.72
[Ac–OH2]3+ �27.35 �26.74 �49.60 �47.85 �1.40 �1.18 �76.95 �74.58
[Am–OH2]3+ N.C �28.71 N.C. �59.46 N.C �1.17 N.C. �88.17
[Cm–OH2]3+ �29.52 �29.70 �63.28 �60.49 �2.36 �1.14 �92.80 �90.19
[Lr–OH2]3+ �26.72 �34.64 �78.69 �67.88 �1.68 �0.98 �105.41 �102.52
[Th–OH2]4+ �27.40 �26.23 �118.78 �110.51 �2.40 �2.00 �146.18 �136.75
[Th–OH2]4+a �23.06 �115.09 �2.58 �145.47

a CRENBL large core pseudopotential.

Table 4
Polarization energy of unpaired electrons (Polé) of the open shell cations in kcal/mol
and their percentage contribution (%) to the polarization energy of the cation.

dM-Ow (Å) Eu(II) Gd(III) Cm(III)

Polé % Polé % Polé %

1.8 �1.647 16.5 �2.442 29.0 �7.104 40.8
1.9 �0.975 15.9 �1.516 29.1 �4.414 41.2
2.0 �0.593 15.4 �0.962 28.8 �2.810 41.5
2.1 �0.369 14.7 �0.621 28.2 �1.826 41.6
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La < Eu < Gd < Lu; An(III): Ac < Am < Cm < Lr. The trend is the same
one that is followed by the frozen energy component and was to be
expected.

Lastly, the charge transfer term is seen to be a non-negligible
contribution, accounting for about 15% of the total interaction en-
ergy. It is of course, clearly dependent on the optimized bond
length. Indeed, regardless of the charge, the relative percentage
of total charge transfer in the system is a function of the optimized
bond length: for shorter bond lengths,%CT increases.

A table summarizing these values can be found in Supporting
Information. Also, if considering only the trivalent cations, the li-
gand–metal charge transfer (CTB->A) also follows the same trend.
The mixing of orbitals at shorter bond lengths is probably en-
hanced and would allow for partial electron transfer between the
ligand and the vacant orbitals in the metal.

However it must be kept in mind that this study was carried out
with a large core pseudopotential which does not feature explicit f-
orbitals or electrons. Therefore, in order to support all the results,
the small core pseudopotential EDA was much called for at this
point.
2.2 �0.233 13.7 �0.407 27.2 �1.208 41.3
2.3 �0.150 12.6 �0.270 25.9 �0.810 40.6
2.4 �0.098 11.4 �0.182 24.5 �0.551 39.6
2.5 �0.065 10.2 �0.123 22.8 �0.378 38.1
2.6 �0.043 8.9 �0.084 21.1 �0.262 36.3
2.7 �0.029 7.7 �0.057 19.0 �0.182 34.1
2.8 �0.020 6.7 �0.039 17.0 �0.128 31.9
2.9 �0.014 5.9 �0.027 15.2 �0.089 29.2
3.0 �0.014 7.2 �0.018 12.9 �0.063 26.7
3.1 �0.007 4.5 �0.012 10.8 �0.044 23.9
3.2 �0.005 3.9 �0.008 9.0 �0.031 21.4
3.3 �0.003 2.9 �0.006 8.2 �0.021 18.3
3.4 �0.002 2.3 �0.004 6.8 �0.015 16.1
3.5 �0.002 2.8 �0.003 6.1 �0.010 13.3
3.6 �0.001 1.7 �0.002 4.9 �0.007 11.3
3.7 �0.001 2.0 �0.001 2.9 �0.005 9.6
3.8 �0.001 2.3 �0.001 3.4 �0.003 7.0
3.2. Small core decomposition

The results of the small core energy decomposition analysis are
summarized in Table 3. Besides investigating the importance of the
charge transfer term from the ligand (fragment A) to the metal
(fragment B) with a higher number of valence electrons, the contri-
bution of the unpaired electrons to the polarization energy term of
the cation was also addressed. This contribution, as mentioned ear-
lier is the most interesting to us as a pure polarization energy curve
is required for the development of polarizable force fields for lan-
thanides and actinides. This study will therefore focus on evaluat-
ing the accuracy of the large core pseudopotential polarization
curve as compared with the more physically relevant and precise
small core curve, namely in the case of the open shell systems
(see Table 4). All three cations in the table have the same outer-
most electron shell configuration, namely a half filled f-orbital. De-
spite being open shell, those systems are mono reference and extra
stable. On the other hand, the nf6 configurations of Eu(III) and
Am(III) generate several configurations for the ground state. As a
result, the wavefunction could not be converged based on the
mono determinant approximation used in the MCSCF approach
of HONDO.
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Figure 1. Polarization energy of the [Lu–OH2]3+ dimer systems as calculated with both a small and large core pseudopotential as a function of the Lu–Ow distance. As in the
general case, a good agreement is observed between small and large core pseudopotentials.
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Figure 2. Polarization energy of the [Lr–OH2]3+ dimer systems as calculated with both a small and large core pseudopotential as a function of the Lr–OH2 distance. Differences
are observed at short range between small and large core pseudopotentials.
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The contribution of the polarization energy of the unpaired
electrons is clearly non negligible, as it accounts for more than
10% of the cations’ polarization energy, around the different opti-
mized bond lengths i.e. from 2.0 to 2.5 Å. Concerning the closed
shell cations (see Figures 1 and 2), both the small and large core
pseudopotentials yields the same polarization energy curves ex-
cept for Lawrencium which is given as Figure 2. The difference in
the polarization energy as calculated with the small or large core
pseudopotential sums up to 8.2 kcal/mol out of the small core
polarization energy of �63.8 kcal/mol. Furthermore, when analyz-
ing the values relative to Lr(III) in Table 3, it seems that the behav-
ior of the Lr(III) ion is very different compared to that of the all the
reported cations. Indeed, the Lawrencium cation features a com-
pletely filled 5f shell and is the heaviest of all the studied cations.
This might give rise to a physical and/or chemical behavior that is
both unexpected and very different than that which was known of
the lighter lanthanides and actinides.
Overall, we noticed a good agreement between small and large
core EDA results. Nevertheless, one exception should be raised: the
Th(IV) mono aqua complex. In this particular case, there is a
10 kcal/mol discrepancy between the two types of pseudopoten-
tials used. However, in our previous work on Th(IV) [21], we used
the large core CRENBL [32] which gave results more in line with
Dolg’s small core energy values. Therefore, one could be cautious
about the use of large core pseudopotentials for + IV heavy metal
cations that probably embody too few basis functions in order to
be used with a triple zeta + difuse functions basis set for water.
4. Conclusion

Nonetheless, the behavior of all the different contributions to
the interaction energy is quite similar when computed either with
the small or large core pseudopotential in general. We are thus
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comforted in the fact that scalar relativistic large core pseudopo-
tentials can be used to estimate the polarization contribution that
is required for force field development. Nevertheless, our results
show that, in certain cases, it could be important to explicitly treat
the open-shell polarization contribution, namely in the case of the
open-shell cations for a more accurate and physically relevant
polarization energy curve. Such findings are consistent with the al-
ready discussed potential deficiencies of large core pseudopoten-
tials for f elements pointed out in the Literature (see discussion
on Refs. [33–35] and references therein) that concern the lack of
static and dynamic core polarization. In the context of our work,
i.e. the computation of total interactions energies aimed to design
new force fields for f-elements, such limitations can be accepted as
differences are minimal despite the fact that potential error com-
pensation could occur (one should keep in mind that more impor-
tant deviations between small and large core could affect the
quality of the computation of other types of properties).

The obvious next step will be to perform these calculations at a
correlated level, which would require a thorough study of CASSCF
active spaces or density functionals so as to determine the one
which is more adapted to the study of heavy metals. Two peculiar
comportments were noticed for the Lawrencium and Thorium
cations.

To conclude, this work also opens the possibility to extend the
ab initio parameterization of polarizable force fields for lantha-
nides and actinides beyond closed-shell complexes [18,21] which
will enable the tackling of open-shell ones (Marjolin et al., in prep-
aration). Future work going beyond the inclusion of non-dynamical
correlation at the MCSCF level will be necessary to explicitly in-
clude the ‘dynamical’ dispersion effects within EDA computations
(CASPT2, MRCI etc. . .). As we observed strong charge transfer con-
tributions, additional complexities will be encountered while com-
puting the PES of several of these mono aqua complexes. Indeed,
state crossings corresponding to the ionization of the water mole-
cule do exist and will require a special attention within future EDA
procedures.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.cplett.2013.
01.066.
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