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Abstract

Quasirelativistic energy-consistent 5f-in-core pseudopotentials
modelling trivalent actinides, corresponding to a near-integral 5{" oc-
cupation (n=0-14 for Ac—Lr), have been generated. Energy-optimized
(6s5p4d), (7sbp5d), and (8s7p6d) primitive valence basis sets con-
tracted to polarized double to quadruple zeta quality as well as 2flg
correlation functions have been derived. Corresponding smaller basis
sets (4s4p3d), (5sbpdd), and (6s6p5d) suitable for calculations on ac-
tinide(III) ions in crystalline solids form subsets of these basis sets de-
signed for calculations on neutral molecules. Results of Hartree—Fock
test calculations for actinide(III) monohydrates and actinide trifluo-
rides show a satisfactory agreement with corresponding calculations
using 5f-in-valence pseudopotentials. Even in the beginning of the ac-
tinide series, where the 5f shell is relatively diffuse, only quite accept-
able small deviations occur as long as the 5f-shell does not participate

significantly in covalent bonding.

Keywords: Actinides - Pseudopotentials - Valence basis sets - Actinide(III)

monohydrates - Actinide trifluorides

1 Introduction

All actinide elements are radioactive and some of them, namely uranium and
plutonium, have crucial importance as nuclear power sources, e.g. for the
production of electricity as well as the development of nuclear weapons [1].
In addition actinides can be potentially applied in radiotherapy. In all cases
the radioactive nuclear waste management risks must be addressed sooner

or later [2]. Consequently a detailed understanding of actinide properties is



highly desireable. However, actinide chemistry is still a considerable chal-
lenge for both experimental and theoretical work. From the experimental
point of view the limited availability of most actinide elements and their
severe radioactivity are the main obstacles. For quantum chemical first-
principles studies of systems containing actinide elements the main challenge
arises from the significant contributions of relativity as well as electron cor-
relation [3-6].

Among the approaches developed in relativistic quantum chemistry the
method of ab initio pseudopotentials (PPs) is one of the most successful
ones. The explicit calculations are restricted to the chemically relevant va-
lence electron system and relativistic effects are only implicitly accounted
for by a proper adjustment of free parameters in the valence model Hamil-
tonian. Whereas the first aspect leads to a reduction of the computational
effort, the second allows the inclusion of scalar-relativistic contributions in
a nonrelativistic framework. For f-elements several energy-consistent PPs
with different core definitions, i.e. 4f-in-core [7, 8] as well as 4f-in-valence
PPs [9, 10] for lanthanides and 5f-in-valence PPs [11, 12] for actinides, were
published and have been successfully applied by many researchers [6]. How-
ever, due to the well-known occasional stronger involvement of actinide 5f
orbitals in chemical bonding the development of 5f-in-core actinide PPs was
not attempted so far to our knowledge.

An additional complexity for quantum mechanical calculations arises from
the possible presence of several open shells with different main and angular
quantum numbers, i.e. in the neutral actinides and their ions often 5f as
well as 6d, 7s, and possibly 7p orbitals may be partially occupied in the
ground state or low-lying excited states. A 29*¥1L; term arising from a 5"
subshell may lead to a spin S as large as 7/2 and an angular momentum L
as large as 12 resulting in a great number of low-lying LS states. Due to

the coupling between the 5" subshell to other partially occupied 6d, 7s, or



7p shells even more extreme values of S and L may result [13]. Therefore
calculations on molecules containing actinide atoms/ions using the available
bf-in-valence PPs [11] or an all-electron (AE) approach are often computa-
tionally very demanding or even not feasible. In the case of the lanthanides
similar difficulties could be efficiently handled by attributing the open but
rather core-like 4f shell to the PP core [7, 8]. Instead of a large number
of individual electronic states which give rise to almost identical spectro-
scopic parameters (e.g. geometries, vibrational frequencies) one deals with
an average of states belonging to a so-called superconfiguration [14, 15]. Us-
ing this approximation even calculations on large metal-organic complexes
of medical interest (X-ray radiation therapy, photodynamic therapy, mag-
netic resonance imaging), e.g. lanthanide(III) texaphyrins, became possible
[15, 16]. In analogy to these 4f-in-core lanthanide PPs we thus decided to
generate corresponding 5f-in-core actinide PPs and to explore their range of
applicability. The 1s-5f shells are included in the PP core, while only the
6s, 6p, 6d, and 7s orbitals of the actinide elements are considered as valence
orbitals.

From a chemical point of view actinide elements — in particular late ac-
tinides (Am-Lr) and actinium — are usually trivalent [1] corresponding to the
presence of 5" (n=0-14 for Ac-Lr) subconfigurations. Some early actinides
can reach higher valencies up to seven, since in the beginning of the actinide
series the 5f shell is considerable diffuse and can easily participate in chemical
bonding. Nevertheless we restrict our present study to 5f-in-core PPs cor-
responding to trivalent (5" occupation) actinide atoms (n=0-14 for Ac-Lr)
and the various valence basis sets for use in molecular calculations. PPs cor-
responding to other valencies, e.g. divalency (5f**1, n=5-13 for Pu—No) and
tetravalency (5", n=1-9 for Th-Cf), have also been generated together
with corresponding valence basis sets, but have not been thoroughly tested

in molecular applications so far. Results of Hartree—Fock (HF') calculations



using the generated PPs for actinide(III) monohydrates An3*—H,0O and ac-
tinide trifluorides AnF3 (An=Ac-Lr) are compared mainly to corresponding
calculations using 5Hf-in-valence PPs, since only very little experimental data
as well as AE results from other authors are available.

In preliminary studies of actinide(IIT) motexafin complexes (An—Motex>T,
An=Ac, Cm, Lr) at the level of gradient corrected hybrid density functional
theory (DFT/B3LYP) the 5f-in-core approach already performed encourag-
ingly well [17]. A similar statement holds for yet unpublished studies of the
hydration behaviour of trivalent actinide ions [18]. Moreover, unpublished
CCSD(T) results of Cao for the vibrational frequencies of UF3 obtained with
the 5f-in-core approach are within the experimental error bars. Despite the
widespread common knowledge that the actinide 5f shell is chemically active
and cannot be attributed to the core, we found ample quantitative evidence
that such an approximation can be made without too large loss of accuracy
for many cases, thus making a considerable part of computational actinide
chemistry significantly more easy. We expect that the rather crude approxi-
mation proposed here will at least work well for the heavier actinides where
the 5f shell is sufficiently core-like, both from a geometric and an energetic

point of view [5].

2 Method

The method of relativistic energy-consistent ab initio pseudopotentials is
described in detail elsewhere [7, 9, 11] and will be outlined here only briefly.
The valence-only model Hamiltonian for a system with n valence electrons

and N nuclei with charges @) is given as
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Here i and j are electron indices, I and J are nuclear indices. Vj (r;) denotes

a semilocal effective core potential (ECP) for nucleus I

Vi(ri) = —% + Z Z AlIkexp (_alIkT?i) le . (2)
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P! is the projection operator onto the Hilbert subspace of nucleus I with

angular momentum [

=3 firm) (i 3)

my

The free parameters Al, and a}, were adjusted by a least-squares fit to
the total valence energies of a multitude of low-lying electronic states of the
neutral atom and its cations. The reference data needed for the construction
of the pseudopotentials were taken from relativistic AE calculations using the
so-called Wood-Boring (WB) scalar-relativistic HF approach. Both AE WB
as well as PP calculations were performed with an atomic finite-difference
HF scheme [19] in order to avoid basis set effects in the determination of
the PP parameters. The 5f-in-core PPs for actinides are 11 valence electron
PPs corresponding to a trivalent situation (5{" subconfiguration with n=0-14
for Ac—Lr), i.e. the 1s—5f shells are included in the PP core, while all other
shells with main quantum number larger than five are treated explicitly. The
s-, p-, and d-PPs which are composed of two Gaussians each (k=2 in (2),
i.e. 8 parameters) were adjusted to the total valence energies of 14 reference
configurations. In order to allow for some participation of the 5f orbitals
in chemical bonding the f-parts of the PPs are designed to describe partial
occupations of the 5f shell, i.e. the 5f occupation numbers ¢ modelled with
the PPs might be n < ¢ < n 4 1 for trivalent actinide atoms in molecules.
In slight variation to earlier work [7, 8] the f-PPs consist of two types of

potentials V; and Vy which are linear combined as follows
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Here n is the number of electrons in the 5f orbitals. V; and V, model 5f
shells which can and respectively cannot accomodate an additional electron.
V is the exact potential for Ac (5f°, n = 0), whereas Vy is exact for Lr (54,
n = 14). V; was adjusted to the four reference configurations An'o+ 5f7+1
5f6f!, 5f7f!, and 5f"8f', whereas V, was adjusted to the three reference
configurations An'®* 5f6f', 5f*7f', and 5{"8f'. Thus, the f-PPs allow for
a decreasing participation of the 5f orbitals in chemical bonding along the
actinide series, i.e. the 5f shell can completely, partially, and not at all
contribute to chemical bonding for Ac, Th-No, and Lr, respectively. The
errors in the total valence energies of finite-difference HF calculations are
smaller than 0.1 and 0.15€V for s-, p-, d-PPs and {-PPs, respectively.

The Gaussian type orbital (GTO) valence basis sets for the actinide 5f-
in-core PPs were generated in a similar manner as those for the lanthanide
4f-in-core PPs [20]. In order to compare the basis set effects three different
sets of primitive Gaussian functions (4s4p3d), (5sbp4d), and (6s6p5d) were
derived. First, these three sets of exponents for use in crystal calculations
were HF energy-optimized [21] for the 6s26p56d! valence subconfiguration of
doubly-charged actinide cations. To avoid linear dependency in solid state
calculations which are usually caused by overlap between too diffuse func-
tions of the densely packed atoms all exponents, which became smaller than
0.15, were fixed to this value and the remaining exponents were reoptimized.
Furthermore all optimizations were carried out with the requirement that the
ratio of exponents in the same angular symmetry must be at least 1.5 because
in particular steep Gaussians tend to a coalescence resulting in a linearly de-
pendent basis [22]. The basis set errors in the valence energies are smaller
than 0.26, 0.13, and 0.12eV for (4s4p3d), (5s5pdd), and (6s6p5d), respec-

tively. Secondly, the valence basis sets were augmented by adding two s, one



p, and one d low-exponent Gaussian functions yielding (6s5p4d), (7s6p5d),
and (8s7p6d) primitive sets for use in molecular calculations. The added ex-
ponents were HF energy-optimized [21] for the 6d!7s® valence subconfigura-
tion of the neutral atoms. The differences in the valence energies are at most
0.17, 0.09, and 0.08eV for (6s5p4d), (7s6p5d), and (8s7p6d), respectively.
Thirdly, the basis sets were contracted using different segmented contrac-
tion schemes to yield basis sets of approximately valence double, triple, and
quadruple zeta quality for the s and p symmetries. In case of d symmetry
at least a triple zeta contraction was necessary and additional sets with less
tight d contraction are also offered (VDZ: [4s3p3d], VTZ: [5s4p3d], [5sdp4dd],
and VQZ: [6s5p4d], [6s5p5d]). The errors of all contracted basis sets are
below 0.2eV and those of VT7Z as well as VQZ contractions of (7s6p5d) and
(8s7p6d) are at most 0.1eV. Fourthly, sets of 2flg correlation/polarization
functions were energy-optimized in configuration interaction (CI) calcula-
tions [23] for the 6d'7s? configuration of Ac and Lr. The 2flg exponents for
the actinides Th-No were interpolated. The parameters of PPs and basis
sets are compiled in the electronic supplementary matrial of this publication.
They are also available from the authors and will be incorporated, e.g., into
the MOLPRO [23] basis set library [24].

The test calculations for An®t—H,0 (An=Ac-Lr) were carried out with
MOLPRO [23] using the newly developed 5f-in-core LPPs (large-core PP
with 11 valence electrons and 78-92 core electrons for Ac-Lr) as well
as Hf-in-valence SPPs [11] (small-core PP with 60 core electrons and 29-
43 valence electrons for Ac-Lr). For H and O Dunning’s (4slp) and
(9s4pld) cc-pVDZ (correlation-consistent polarized VDZ) basis sets [25] were
used. In order to study basis set effects we also applied (6s3p)/[4s3p] and
(11s6p3d)/[5s4p3d] aug-cc-pVTZ (augmented correlation-consistent polar-
ized VTZ) as well as (7sdp3d)/[5s4p3d] and (13s7p4d3f)/[6s5p4d3f] aug-cc-
pVQZ basis sets [25, 26] for H and O, respectively. The LPP calculations



were carried out choosing (8s7p6d2f) valence basis sets for An which were
augmented by one g function in the case of aug-cc-pVQZ basis sets for H
and O. The SPP calculations were performed using generalized contracted
(14s13p10d8f)/[6s6p5d4f] basis sets [12] which were augmented by (6g)/[3g]
diffuse functions in the case of aug-cc-pVQZ basis sets for H and O. The
geometry optimization of An3T-H,O (An=Ac-Lr) was realized in Cy, sym-
metry using HF and state-averaged multiconfiguration self-consistent field
(MCSCF) for LPP and SPP, respectively. The state-averaging was necessary
to avoid symmetry-breaking at the orbital level, since the program MOLPRO
[23] is limited to the Ds;, point group and subgroups. The actinide-water
binding energy was obtained by Epong = E(An*T)+ E(H,0)— E(An*™-H,0),
where the actinide ion was assumed to be in the same 5" configuration as in
the complex.

The results for AnF3 (An=Ac-Lr) were also determined by LPP/HF
and SPP/state-averaged MCSCF calculations [23]. For F Dunning’s aug-
cc-pVQZ basis set [25] was applied and for An segmented contracted
(7s6pbd2flg)/ [5sdp3d2flg] and (14s13p10d8f6g)/[10s9p5d4f3g] [27] valence
basis sets were used for LPP and SPP calculations, respectively. The ge-
ometries were optimized imposing Cs, symmetry and the actinide-fluorine
binding energy was calculated by Eppng = [E(An)+3 x E(F) — E(AnF3)]/3,
where the actinide atom was assumed to be in the lowest state of the 5"
6d! 7s? configuration. Since the actual symmetry used in the calculations
with MOLPRO [23] is C,, state-averaging was applied to avoid symmetry
breaking.

3 Results and discussion

The results for some properties (namely the bond length R, and the binding
energy Epong) of An*T-Hy0 (An=Ac-Lr) as well as of AnF3 (An=Ac-Lr)



will be presented here in order to demonstrate the transferability of both the
5f-in-core PPs and the corresponding basis sets to a molecular environment.

Moreover, Mulliken orbital populations of these compounds will be discussed.

3.1 Actinide(1IT) monohydrates

The HF calculations for An**~H,0O (An=Ac-Lr) using LPPs will be com-
pared to those using SPPs as well as to AE Dirac-Hartree-Fock (DHF) cal-
culations [28]. AE data are only available for five actinide(III) monohydrates
An3t-H,0 (An=Ac, Am, Cm, Es, Lr) which were calculated using Dun-
ning’s (4slp) and (9s4pld) cc-pVDZ basis set [25] for H and O, respectively.
For An (30s25p19d13f2g) basis sets were used which were reduced by one d
function in the case of Am and augmented by one p function for Es and Lr.
The results of LPP and SPP HF as well as AE DHF [28] calculations for
actinide-oxygen distances R. as well as for actinide-water binding energies
Eyong of An*™—H,0 (An=Ac-Lr) are listed in Table 1.

3.1.1 Actinide—oxygen distance

The actinide-oxygen distances R, for An3>*-H,0 (An=Ac-Lr) from LPP and
SPP HF calculations using aug-cc-pV'TZ basis sets for H and O as well as
the five AE DHF distances [28] which were calculated using cc-pVDZ basis
sets for H and O are shown in Fig. 1. As one can see the distances calculated
using LPPs/SPPs decrease continuously with increasing nuclear charge from
2.46 A for Ac*T-H,0 to 2.19A for Lr**-H,0. This decrease by 0.27 A is
related to the actinide contraction and it is equal to the value found by AE
DHF calculations.

The LPP HF results are in good agreement with both SPP HF and AE
DHF [28] reference data, i.e. the actinide-oxygen distances determined using
LPPs are at most 0.03 A (1%) longer than the corresponding SPP HF and AE
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DHF values. The mean absolute error (m.a.e.) and the mean relative error
(m.r.e.) relating to the SPP data amount to 0.01 A and 0.6%, respectively.
As it was expected the errors in the beginning of the actinide series are
slightly larger than those of the heavier homologues. This is due to the fact
that the 5f shell becomes more compact with increasing nuclear charge and
the approximation of including the 5f orbitals in the PP core holds better in
the second half of the row.

A comparison between the actinide-oxygen distances obtained by using
different basis set sizes shows that these distances are only slightly affected by
the change of basis sets, i.e. the actinide—oxygen distances become at most
0.01 and 0.02 A shorter when extending cc-pVDZ to aug-cc-pVTZ and aug-
cc-pVQZ basis sets, respectively. This confirms former investigations of the
basis set superposition error (BSSE) for lanthanide(III) monohydrates which
show that the maximal change in lanthanide—oxygen distances amounts to
0.01 A extending cc-pVDZ to cc-pVTZ basis sets [28]. The largest differences
between LPP and SPP/AE results are 0.03/0.04 A for all basis set sizes.

3.1.2 Actinide—water binding energy

The actinide-water binding energies Eyonq for An*™—H,0O (An=Ac-Lr) from
LPP and SPP HF calculations using aug-cc-pV'TZ basis sets for H and O as
well as the five AE DHF binding energies [28] which were calculated using
cc-pVDZ basis sets for H and O are shown in Fig. 2. As can be seen the
binding energy increases by 1.14 and 1.19eV along the actinide series for
LPP and SPP calculations, respectively. This is according to the decreasing
actinide—oxygen distance which goes along with an increasing orbital overlap.

The binding energies calculated by using LPPs are in reasonable agree-
ment with SPP reference data, i.e. the m.a.e. amounts to 0.08eV and the
corresponding m.r.e. is 2%. The largest deviation (0.13eV (4%)) occurs for
Th. This can be explained by the fact that the difference between the 5Hf
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occupation assumed for the LPP core and the 5f orbital population obtained
by using the SPP is maximal for Th (0.08 electrons, cf. Table 2).

As one can see from Fig. 2 there is a significant systematic disagreement
between LPP HF and AE DHF [28] binding energies: m.a.e. and m.r.e.
amount to 0.43eV and 10%, respectively. This is due to the different basis
sets applied for H and O, i.e. aug-cc-pVTZ and cc-pVDZ basis sets for H and
O were used in LPP HF and AE DHF calculations, respectively. The compar-
ison between LPP binding energies determined by using the same cc-pVDZ
basis sets as applied for AE calculations shows much smaller deviations, i.e.
m.a.e. and m.r.e. are 0.17eV and 4%. The reason why these errors are still
twice as large as those compared to SPP reference data is most likely the
BSSE, which is typically smaller for PP than for AE calculations. At the AE
DHF level a lower bound of 0.2eV for the BSSE in lanthanide-water bind-
ing energies of lanthanide(III) monohydrates can be extracted from the fact
that the cc-pVDZ binding energies are higher than the cc-pV'TZ values by
up to this amount [28]. Unfortunately, corresponding values have not been
determined for the actinide(III) monohydrates and estimates of the whole
BSSE based on the counter-poise prescription of Boys and Bernardi have not
been derived for lanthanides and actinides. However, from the comparison
of atomic total AE DHF energies derived at the finite-difference and basis
set level (cf. Table 1 in [28]) one may expect that the metal atom BSSE
contribution for the actinide systems is significantly larger (up to a factor
of 2) than for the lanthanide systems. Consequently actinide-water binding
energies obtained by AE DHF calculations [28] are most likely stronger over-
estimated than those of PP calculations and deviations between AE DHF
and LPP HF values are larger than those between SPP and LPP results.

A comparison between the actinide-water binding energies obtained by
using different basis sets for H and O shows that these energies are strongly
affected by BSSE, i.e. in agreement with the AE DHF results of Mochizuki
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and Tatewaki [28] the actinide-water binding energies decrease by an average
of 0.26 eV (6%) by augmenting cc-pVDZ to aug-cc-pVTZ basis sets. Further
increasing to aug-cc-pVQZ basis sets gives only by an average of 0.04eV (1%)
lower binding energies so aug-cc-pV'T7Z basis sets seem to be large enough to
describe the water ligand.

The differences between LPP and SPP binding energies are nearly the
same using cc-pVDZ and aug-cc-pV'TZ basis sets, i.e. the m.a.e. amount to
0.08 eV for both basis sets and the maximal errors are 0.14 and 0.13eV for
cc-pVDZ and aug-cc-pVTZ basis sets, respectively. However, the deviations
using aug-cc-pVQZ basis sets are slightly larger (m.a.e.: 0.17eV; maximal
error: 0.22eV) what is probably due to the greater number of g functions
used in the SPP calculations (SPP: (6g)/[3g]; LPP: (1g)).

3.1.3 Mulliken orbital populations

Table 2 shows the Mulliken orbital populations obtained by LPP and SPP
HF calculations, respectively. It can be seen that the bonding between the
trivalent metal ion An®* and water is of the coordinate type where electro-
static attraction is the dominant factor stabilizing the system with dative
contributions helping to a certain extent. The lone pairs of water act as
electron donors and the valence s, p, and d orbitals of An behave as electron
acceptors [28]. The valence s and p shells get slightly more occupied with
increasing nuclear charge, e.g. the 7s/7p occupation increases from 0.03/0.01
for Ac3—H,0 to 0.10/0.04 for Lr**—H,O in the case of the SPP calculations.
The valence 6d occupation, however, stays relatively constant, i.e. an average
of 0.11 and 0.14 electrons occupation for 6d of all An**-H,0 are observed for
LPP and SPP calculations, respectively. The increasing valence s, p and the
constant valence d occupations can be attributed to increasing relativistic
effects along the actinide series. The direct relativistic effects are dominat-

ing for s and p shells resulting in a stabilization and contraction of 7s/7p,
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whereas for d shells the indirect relativistic effects are larger and lead to a
destabilization and expansion of 6d. As one can see from SPP calculations
the 5" occupation of the trivalent ion An3* remains almost equal (maximal
+0.03 electrons) by binding a water molecule except for Th (0.92 instead of
1.00 electron). Thus, the 5f orbitals do not participate significantly in chemi-
cal bonding of An**~H,0 and the 5f-in-core approximation yields reasonable
results for these complexes. Just for Th the 5f population calculated using
the SPP reveals a significant difference to the 5f occupation assumed for the

LPP core wherefore the largest deviations occur for this element.

3.2 Actinide trifluorides

The HF calculations for AnFs (An=Ac-Lr) using LPPs will be compared to
corresponding SPP calculations. The comparison is reasonable for the second
half, but critical for the first half of the actinide series. This is due to mixing
of f and s orbitals of AnF3 (An=Th-Pu) in the case of the SPP calculations
whereby the orbitals used for state-averaged MCSCF calculations are not
pure f. Hence, all results will be compared separately for the first (Ac-Am)
and second (Cm-Lr) half of the actinide row. The results of both LPP and
SPP calculations for actinide—fluorine bond lengths R, and angles /F—An-F
as well as for actinide-fluorine binding energies Fj,,q of AnF3 (An=Ac-Lr)
are listed in Table 3.

3.2.1 Actinide trifluorides structures

The actinide—fluorine bond length decreases by 0.17 and 0.16 A along the
actinide series for LPP and SPP HF calculations, respectively. Thus, the
actinide contraction is by about 0.1 A smaller compared to those of An®t—
H,0 (0.27 A, cf. Sect. 3.1.1). The reason for this minor actinide contraction

is that the An—F bond is more 'rigid’ than the An—O coordination interaction
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in the water complexes [15, 29]. This can be seen from the bond energies
which are up to 1.96eV larger in the case of AnF3 (cf. Tables 1, 3).

A comparison of actinide-fluorine bond lengths R, and angles /F—An—
F of AnF3 (An=Ac-Lr) obtained using LPPs and SPPs demonstrates that
the newly developed LPPs yield quite accurate results for the whole actinide
series. The m.a.e. for the first (second) half of the actinide row amount
to 0.04 (0.01)A and 5 (3)° for bond lengths and angles, respectively. The
corresponding m.r.e. are 2 (0.7)% and 5 (3)%. The largest errors in bond
lengths occur for Th and Pa (0.07 A) because here the deviations between the
assumed integral 5f occupation for the LPP core and the 5f population ob-
tained using the SPP becomes maximal (Th 0.40 electrons, Pa 0.48 electrons,
cf. Table 4).

3.2.2 Actinide—fluorine bond energy

In contrast to the An3t—H,O complexation energy the actinide—fluorine bind-
ing energy of AnF3 decreases (by 0.48eV) with increasing nuclear charge.
This is most likely due to the decreasing actinide—fluorine bond length which
is accompanied by an increasing repulsion between the fluorine atoms.

The differences in the actinide-fluorine binding energy between LPP and
SPP calculations for the first half of the actinide series are obviously larger
than for the second one, i.e. the m.a.e. and m.r.e. for the first (second) half
are 0.13 (0.05) eV and 3 (1)%, respectively. However, this is most likely due
to a mixing of valence f orbitals with mainly valence s and d orbitals in the
SPP state-averaged MCSCF calculations especially of the elements Ac—Pa
(cf. below). Once again, the largest errors are found for Th (0.41eV, 7%)
and Pa (0.26 eV, 5%) because they show the maximal discrepancies between
the assumed LPP and the calculated SPP 5f population.

At this point one might ask how to calculate a binding energy with respect

to the atoms in their experimentally observed ground states, e.g. at the cor-
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related level. We propose to follow the strategy proposed for the lanthanide
PPs almost two decades ago [7] and to calculate the binding energy with re-
spect to the actinide atom in its lowest valence substate corresponding to the
5f" subconfiguration, i.e. 5{*6d!'7s%. The energy difference to the experimen-
tally observed ground state, possibly belonging to a different configuration,
can then be determined, e.g. at the AE DHF level [30], and corrected by
electron correlation contributions to the energy difference (between the low-
est levels) taken from experiment [13]. If desired, correlation contributions
can of course also be obtained by 5f-in-valence PP or AE calculations thus

eliminating any empirical corrections.

3.2.3 Mulliken orbital populations

Mulliken orbital populations obtained by LPP and SPP HF calculations are
listed in Table 4. As one can see the bonding of AnFj is of polar covalent na-
ture. The three binding electron pairs are dragged more close to the fluorines
end of the bonds, resulting in charge separations of up to 0.87 electrons per
bond and a total atomic charge of up to 2.61 units on the actinide. Whereas
the s, p, and f occupation numbers on the actinides are nearly integral, those
of the d shells are not and point to some covalent contributions. The f orbital
occupations determined using SPPs show that there is nearly no 5f orbital
participation in the bonding of AnFj3 except for Ac, Th, and Pa, i.e. the
5f populations differ at most by 0.07, 0.23, 0.40, and 0.48 electrons from the
assumed 5f occupations for the LPP core for U-Lr, Ac, Th, and Pa, respec-
tively. At the AE WB level a low-lying 5f"~'6d! configuration is found for
Th3* and Pa3t at only 0.50 and 1.62 eV, respectively, above the 5" config-
uration and explains the observed significant reduction of the 5f occupation
number by configurational mixing in ThF3 and PaF3. This configurational
mixing is also reflected by the higher d population compared to the other

AnF3. For all other actinide ions An3* such configuration is at least 2.72
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eV higher and no significant configurational mixing is observed. Since the
results for bond length, bond angle, and binding energy of AcF3 are in good
agreement for LPP and SPP calculations (cf. Table 3), the f-part of the LPP
is concluded to describe sufficiently the 5f participation in chemical bonding
of these systems. This assumption is supported by the f orbital population
obtained by using LPPs which is the largest of the actinide series amounting
to 0.13 electrons. Thus, the LPP f occupation including the assumed inte-
gral 5f occupation attributed to the PP core and the SPP f occupation of
AcFj differ only by 0.10 electrons. The LPPs are consequently a reasonable
approximation for AnF3 except for ThF3 and PaFs.

4 Conclusion

Quasirelativistic energy-consistent 5f-in-core pseudopotentials corresponding
to trivalent actinides (5f" subconfiguration with n=0-14 for Ac-Lr) have
been derived. Energy-optimized (6s5p4d), (7s6p5d), and (8s7p6d) GTO va-
lence basis sets for use in molecular calculations as well as corresponding
segmented contracted valence basis sets of VDZ, VTZ, and VQZ quality
have been generated. Furthermore 2f1g polarization functions have been CI
optimized. The deviations between energies obtained by numerical quasirela-
tivistic AE HF calculations and corresponding values obtained by use of our
pseudopotentials and basis sets are less than 0.2eV. The differences using
VTZ and VQZ contractions of (7s6p5d) and (8s7p6d) are at most 0.1eV.
Results of HF test calculations on An*"—H,0 and AnF3 (An=Ac-Lr) us-
ing the newly developed 5f-in-core pseudopotentials show reasonable agree-
ment with corresponding 5f-in-valence pseudopotential calculations even in
the beginning of the actinide series, i.e. the m.a.e. (m.r.e.) for bond lengths
amount to 0.01 A (0.6%) and 0.03 A (1%) and those for binding energies are
0.08eV (2%) and 0.09eV (2%) for An**-H,0 and AnF3, respectively. In
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the case of An®*™-H,O the largest deviations occur for Th and in the case
of AnF3 for Th and Pa, since here the assumption of a near-integral 5f oc-
cupation is too crude. Besides these three cases the An 5" occupations in
An?*t-H,0 and AnF; deviate by at most 0.03 and 0.07, respectively, from
the integral occupation number in An3*. Thus, in these systems the 5f or-
bitals do not participate significantly in chemical bonding and the 5f-in-core
approximation yields quite accurate results at low computational cost.
Finally, we want to emphasize again that the derived 5f-in-core PPs will
only lead to reasonable results for those cases where the An 5f occupation
number is close to integral. We recommend to explicitly test this condition,
e.g. in single-point HF calculations with an explicit treatment of the 5f shell.
In addition, for those cases where the 5f occupation number deviates not
too much from an integral value, the 5f-in-core PPs might still be a useful
computational tool, e.g. for preoptimizing structures of larger systems prior

to more rigorous studies including the 5f shell explicitly.
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Table 1: Actinide-oxygen distances R, (in A) and binding energies Eyonq (in eV) for An**-H,0 (An=Ac Lr)
from LPP/HF, SPP/HF, and AE/DHF [28] calculations using cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ
basis sets for H and O*

R, Ebond

LPP SPP AE LPP SPP AE
An VDZ VTZ VQZ VDZ VTZ VQZ VDZ VTZ VQZ VDZ VTZ VQZ
Ac 2.46 2.46 2.45 247 246 245 2.45 3.55 3.29 3.25 3.55 3.27 333 3.62
Th 2.44 243 2.42 242 241 2.39 3.65 3.39 3.35 3.79 3.52 3.57
Pa 2.41 241 2.40 239 238 2.38 3.74 348 3.44 3.87 3.60 3.65
U 239 238 238 236 236 2.35 3.83 3.57 3.53 3.94 3.68 3.73
Np 237 236 2.35 235 234 2.33 3.92 3.66 3.62 4.02 3.76 3.81
Pu 235 234 233 232 232 231 4.00 3.75 3.70 411 3.85 3.90
Am2.33 232 231 231 230 229 229 4.08 382 3.79 418 392 396 4.30
Cm2.31 230 2.30 230 229 228 2.27 416 391 3.87 422 396 4.01 4.37
Bk 229 228 2.28 228 227 2.26 424 398 3.94 431 4.05 4.10
Cf 227 227 2.26 226 225 224 432 4.06 4.02 440 4.15 4.20
Es 2.26 225 2.25 224 224 223 2.23 439 4.13 4.10 4.46 422 427 4.59
Fm2.24 224 2.23 223 222 221 446 420 4.17 455 431 4.36
Md 222 222 222 222 221 220 454 429 4.25 459 436 4.41
No 2.21 220 2.20 222 220 2.20 461 4.36 4.32 463 440 4.44
Lr 2.19 219 2.19 220 219 219 218 4.69 4.43 4.40 4.70 446 451 4.85

*Basis sets: VDZ, VTZ: LPP (8s7p6d2f); SPP (14s13p10d8f)/[6s6p5d4f]; VQZ: LPP (8s7p6d2flg); SPP

(14s13p10d8f6g) /[6s6p5d4f3g]; AE: An (30s25p19d13f2g); H, O cc-pVDZ



Table 2: Mulliken 6s, 6p, 6d, and 5f orbital populations and atomic charges
(Q) on An in An*"-H,0 (An=Ac-Lr) from LPP and SPP HF calculations*

s p d f Q
An LPP SPP LPP SPP LPP SPP LPP* SPP LPP SPP
Ac 2.02 2.03 5.99 6.01 0.09 0.08 0.03  0.02 2.87 2.87
Th 2.02 2.03 5.98 6.01 0.11 0.20 0.03 0.92 285 2.84
Pa 2.02 2.03 5.99 6.01 0.12 0.11 0.03 2.01 2.85 2.84
U 2.03 204 6.00 6.01 0.11 0.11 0.02  3.02 2.85 2.82
Np 2.03 2.04 6.00 6.02 0.11 0.12 0.02 4.02 2.85 2.80
Pu 2.03 2.05 6.00 6.02 0.11 0.13 0.02  5.03 2.84 2.77
Am2.03 2.06 6.00 6.03 0.11 0.14 0.02  6.03 2.84 2.75
Cm2.03 2.06 6.00 6.03 0.12 0.14 0.02 7.03 2.84 2.74
Bk 2.03 2.07 6.00 6.03 0.12 0.14 0.02 8.03 284 2.73
Cf 2.03 2.07 6.00 6.04 0.12 0.15 0.02 9.03 284 2.71
Es 2.03 2.08 6.00 6.04 0.11 0.15 0.02 10.03 2.84 2.70
Fm2.03 2.08 6.00 6.04 0.12 0.15 0.02 11.03 2.83 2.69
Md2.03 2.09 6.00 6.04 0.12 0.15 0.02 12.03 2.83 2.69
No 2.04 2.09 6.00 6.04 0.12 0.14 0.02 13.02 2.82 2.70
Lr 2.04 2.10 6.00 6.04 0.12 0.14 0.02 14.02 2.82  2.69

*A 6526p86d!7s? ground state valence subconfiguration is considered for An. Basis sets:
LPP (8s7p6d2f); SPP (14s13p10d8f)/[6s6p5d4f]; H, O aug-cc-pVTZ
%014 electrons in the 5f shell are attributed to the LPP core for Ac—Lr, respectively
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Table 3: Actinide-fluorine bond lengths R, (in A) and angles /F-An-F (in
deg) as well as binding energies Eppng (in €V) for AnFy (An=Ac-Lr) from
LPP and SPP HF calculations®

R, /F-An-F Ebond
An LPP SPP LPP SPP LPP SPP
Ac 2.21 2.21 116 116 5.21 5.19
Th 2.19 2.12 115 102 5.08 5.49
Pa 2.18 2.11 115 114 5.00 5.25
U 2.17 2.12 115 108 4.94 5.05
Np 2.15 2.12 116 111 4.90 4.95
Pu 2.14 2.11 116 112 4.86 4.86
Am 213 2.10 117 113 4.84 4.77
Cm 211 2.10 117 115 4.82 4.72
Bk 2.10 2.08 118 115 4.80 4.72
Ct 2.09 2.08 118 115 4.79 4.80
Es 2.08 2.06 119 115 4.78 4.80
Fm  2.07 2.05 119 114 4.76 4.79
Md  2.06 2.04 119 116 4.76 4.82
No 2.05 2.04 120 116 4.75 4.80
Lr 2.04 2.03 120 117 4.73 4.77

*Basis sets: LPP (7s6p5d2flg)/[5s4p3d2flg]; SPP (14s13p10d8f6g)/[10s9p5d4f3g]; F
aug-cc-pVQZ
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Table 4: Mulliken 6s, 6p, 6d, and 5f orbital populations and atomic charges

(Q) on An in AnF3 (An=Ac-Lr) from LPP and SPP HF calculations*

s p d f Q
An LPP SPP LPP SPP LPP SPP LPP* SPP LPP SPP
Ac 2.00 2.03 6.00 6.03 0.31 0.39 0.13 0.23 2.56  2.29
Th 2.00 2.10 5.99 6.07 0.33 0.85 0.10  0.60 2.57 237
Pa 2.00 2.23 5.98 6.02 0.35 0.76 0.09 1.52 2.58  2.46
U 2.00 1.96 5.98 5.98 0.36  0.48 0.08  3.02 2.58 2.56
Np 2.00 1.97 5.97 5.97 0.36 0.48 0.07  4.05 2.59 2.53
Pu 2.00 1.98 5.97 5.97 0.37 0.47 0.07  5.07 2.59 2.52
Am2.00 1.99 597 5.97 0.37 0.49 0.06 6.07 2.60 2.49
Cm2.00 2.00 597 5.97 0.37 0.47 0.06 7.07 2.60 2.50
Bk 2.00 2.00 597 5.97 0.37 0.48 0.06  8.07 2.60 2.48
Cf 2.00 2.01 597 5.99 0.36 0.46 0.05 9.07 2.61 247
Es 2.01 2.01 597 5.99 0.36  0.48 0.05 10.07 2.61 2.44
Fm2.01 2.01 597 6.01 0.36  0.50 0.05 11.06 2.61 2.41
Md2.01 2.02 5.97 6.01 0.35 0.48 0.05 12.06 2.61 2.44
No 2.01 2.03 5.98 6.01 0.35 0.46 0.05 13.05 2.61 2.45
Lr 2.01 2.03 5.98 6.00 0.34 0.44 0.06 14.04 2.61 2.49

*A 6526p86d!7s? ground state valence subconfiguration is considered for An. Basis sets:
LPP (7s6pbd2flg)/[5sdp3d2flg]; SPP (14s13p10d8f6g)/[10s9p5d4f3g]; F aug-cc-pVQZ
%014 electrons in the 5f shell are attributed to the LPP core for Ac—Lr, respectively
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Figure 1: Actinide-oxygen distances R, (in A) for An**-H,0 (An=Ac Lr)
from LPP/HF, SPP/HF, and AE/DHF [28] calculations. Basis sets: LPP
(8s7p6d2f); SPP (14s13p10d8f)/[6s6p5d4f]; AE (30s25p19d13f2g); H, O aug-
cc-pVTZ for LPP and SPP and cc-pVDZ for AE calculations
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Figure 2: Actinide-water binding energies Eponqg (in eV) for An3t-H,O
(An=Ac-Lr) from LPP/HF, SPP/HF, and AE/DHF [28] calculations. Basis
sets: LPP (8s7p6d2f); SPP (14s13p10d8t) /[6s6p5ddf]; AE (30s25p19d13£2g);
H, O aug-cc-pVTZ for LPP and SPP and cc-pVDZ for AE calculations
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