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Abstract Quasirelativistic energy-consistent Sf-in-core
pseudopotentials modeling pentavalent (5f"% occupation
with n = 2-6 for Pa—Am) and hexavalent (5> occupation
with n = 3-6 for U-Am) actinides have been adjusted.
Energy-optimized (6s5p4d) and (7s6p5d) valence basis sets
contracted to polarized double- to quadruple-zeta quality as
well as 2f1g correlation functions have been derived. Corre-
sponding smaller basis sets (4s4p3d) and (5s5p4d) suitable for
calculations on actinide(V) and actinide(VI) ions in crystalline
solids form subsets of these basis sets designed for calculations
on neutral molecules. Calculations using the Hartree—Fock
and the coupled-cluster method with single and double exci-
tation operators and a perturbative estimate of triple
excitations for actinide pentafluorides show satisfactory
agreement with calculations using 5f-in-valence pseudo-
potentials and experimental data, respectively. However, in
the hexavalent case the 5f-in-core approximation seems to
reach its limitations except for hexavalent uranium (SfO),
where results for both uranium hexafluoride and the uranyl ion
deviate only slightly from the 5f-in-valence reference data.
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1 Introduction

The chemical investigation of actinide elements and their
compounds is important, particularly with regard to nuclear
waste management, reprocessing nuclear fuel, and reduc-
tion of radiotoxicity. However, these studies involve
several difficulties for both experimental and theoretical
work. While the toxicity, radioactivity, and scarcity of the
actinides are the main obstacles for the experimentalists
[1], theoreticians face particular challenges in the signi-
ficant contributions of relativity as well as electron
correlation [2-5].

A commonly used approximation to cope with some of
these problems in quantum chemical calculations is the
pseudopotential (PP) approach, in which the explicit cal-
culations are restricted to the chemically relevant valence
electron system and relativistic effects are only implicitly
accounted for by a proper adjustment of free parameters in
the valence model Hamiltonian. For actinides two kinds of
energy-consistent PPs with different core definitions, i.e.
5f-in-valence [6, 7] and 5f-in-core [8, 9] PPs, are available.
The recently published 5f-in-core PPs avoid all difficulties
due to the open 5f shell, and are therefore an efficient
computational tool for those actinide compounds, where
the 5f shell does not significantly contribute to bonding.
Hence, calculations even on large molecules also contain-
ing several actinides become feasible. Furthermore, the 5f-
in-core PPs might be a useful method for preoptimizing
structures and getting an overview over low-lying elec-
tronic configurations prior to more rigorous studies on
individual states including the 5f shell explicitly. Certainly,
only electronic configurations with 5f occupations corre-
sponding to that of the PP core can be considered, e.g.
occupation changes between the 6d, 7s, or 7p shells are
allowed.
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Hartree—Fock (HF) test calculations on actinide di-, tri-,
and tetrafluorides using 5f-in-core PPs show reasonable
agreement with corresponding 5f-in-valence PP calcula-
tions except for PuF,—~CmF, and ThF;/PaF;, i.e. the m.a.e.
(m.r.e.) in bond lengths and energies amount at most to
0.02 A (0.9%) and 0.09 eV (2.5%) [8, 9]. The larger
deviations for PuF,—CmF, and ThF3/PaF; are due to a
configurational mixing of 5f"*' with 5f"6d' and 5f" with
5f"~'6d’, respectively, whereby the assumption of a near-
integral 5f occupation becomes too crude. A preliminary
density functional theory (DFT) study on actinide(III)
motexafin complexes (An—Motex”, An = Ac, Cm, Lr)
demonstrates that the 5f-in-core approach performs
encouragingly well [10]. A similar statement holds for the
hydration behavior of trivalent actinide ions [11] and the
investigation of actinocenes An(CgHg), (An = Th-Pu)
[12]. Furthermore, the trivalent 5f-in-core PP of uranium
has successfully been used to calculate the cohesive energy
of crystalline uranium nitride UN and its electron charge
distribution [13]. Thus, 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 much loss of accuracy for many cases.
However, in the case of the higher, namely the penta- and
hexavalent, oxidation states the successful applications will
noticeably decrease compared to those of the lower (di-,
tri-, and tetravalent) oxidation states, because the higher
oxidation states are only formally realized in molecules.

Since the 5f orbitals are included in the core, one PP for
each oxidation state, or rather, for each corresponding 5f
subconfiguration is needed. Analogous to the recently
published di-, tri-, and tetravalent 5f-in-core PPs, in this
paper we present pentavalent (5% n = 2-6 for Pa—Am)
and hexavalent (5", n = 3-6 for U~Am) 5f-in-core PPs
together with various valence basis sets for use in calcula-
tions of molecules as well as solids. For these oxidation
states no core-polarization potentials (CPPs) are provided,
since the polarizability decreases with increasing charge of
the PP core, and therefore the CPP effect would be even
smaller than for the tetravalent PPs [9], where the bond
lengths and energies of AnF, changed only by about
0.007 A and 0.005 eV, respectively, if CPPs are used.
Results of HF test calculations using the newly developed
penta- and hexavalent PPs for actinide pentafluorides AnFs5
(An = Pa—Am) and hexafluorides AnFg (An = U-Am) are
compared to corresponding calculations using 5f-in-valence
PPs. In cases where experimental or all-electron (AE) data
are available, also coupled-cluster calculations with single
and double excitation operators and a perturbative estimate
of triple excitations [CCSD(T)] are discussed. Furthermore,
the uranyl ion UO%+ isinvestigated at the HF, CCSD(T), and
DFT level using both the 5f-in-core and 5f-in-valence PP.
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2 Method

The method of relativistic energy-consistent ab initio
pseudopotentials is described in detail elsewhere [6, 14, 15]
and will be outlined here only briefly. The valence-only
model Hamiltonian for a system with n valence electrons
and N nuclei with charges Q is given as

1 n n 1 n N N QIQJ
Hv:—EZAH-Zf—FZZVI(H)-&-Z :
i Tij i 7 RIJ

i<j 1<J

(1)

Here i and j are electron indices, I and J are nuclear indices.
Vi(r;) denotes a semilocal effective core potential (ECP) for
nucleus /

Vi) = =24 303 Aenp(~alr?) P @
! [ k

P! is the projection operator onto the Hilbert subspace of
nucleus / with angular momentum [/

Py =" "|Imy)(imy|. (3)

The 5f-in-core PPs corresponding to pentavalent (5"~2
n = 2-6 for Pa~Am) and hexavalent (5f"~>, n = 3-6 for
U-Am) actinide atoms were generated analogous to the
trivalent (5", n = 0-14 for Ac—Lr) [8] and to the divalent
(51, n = 5-13 for Pu-No) as well as tetravalent (5",
n=1-9 for Th-Cf) [9] PPs. The I1s-5f (spherically
averaged) shells are included in the PP core, while all
orbitals with main quantum number larger than five are
treated explicitly, i.e. 13 and 14 valence electrons for the
penta- and hexavalent PPs, respectively. The s-PPs are
composed of three and the p- and d-PPs of two Gaussians,
which were adjusted by a least-squares fit to the total
valence energies of 18 reference states (pentavalent PPs:
An 6d°7s%, 6d*7s', 6d°, 6d°7s*7p', 6d°7s'7p', An" 6d77s!,
6d*7s?, 6d*, 6d*7s'7p', 6d*7p', An*" 6d°, 6d*7s', 6d'7s?,
6d*7p', 6d'7s"7p', An’* 6d%, 6d'7s', 7s%; hexavalent PPs:
An 6d*7s%, 6d*7s'7p', 6d*7s*7p', 6d°7s*7p?, Ant 6d*7s',
6d°, 6d°7s%, 6d*7p", 6d°7s'7p', An*" 6d*, 6d°7s', 64757,
6d>7p', 6d*7s"7p", An** 6d°, 6d*7s', 6d'7s%, 6d*7p"). The
reference data were taken from relativistic AE calculations
using the so-called Wood-Boring (WB) scalar-relativistic
HF approach. A brief description of the computational
details was given in previous publications [14, 16]. Both
AE WB as well as PP calculations were performed with an
atomic finite-difference HF scheme [17]. 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, which are larger than the
integral occupation number implied by the valency, i.e.
5214 (n = 2-6 for Pa—~Am) and 5f" "¢ (n = 3-6 for
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U-Am) with 0 < g < 1 for penta- and hexavalent actinide
atoms, respectively [18]. These f-PPs consist of two types
of potentials V; and V, which are linearly combined as
follows [8]

V= (1 —111—4)V1 +%V2. (4)
Here m is the integral number of electrons in the 5f orbitals
kept in the core, i.e. m = n—2 and m = n—3 for the penta-
and hexavalent case, respectively. V| and V, model 5f
shells, which can and respectively cannot accommodate an
additional electron. Thus, V, is the exact potential for a 5f°
occupation, whereas V, is exact for 5f'*. For pentavalent
PPs the errors in the total valence energies of finite-dif-
ference HF calculations are smaller than 0.06 and 0.30 eV
for s-, p-, d- and f-parts, respectively. For hexavalent PPs
these errors are smaller than 0.03 and 0.76 eV. Since the
errors for f-PPs are quite large, we tried to use two Gaus-
sians for V; and V,. In this way the deviations could be
clearly reduced to at most 0.05 eV for both penta- and
hexavalent PPs. However, these f-PPs yield too strong 5f
orbital participations especially in the case of 5, i.e. for
Pa(V) and U(VI) large-core PP (LPP) 5f occupations are by
0.15 and 0.52 electrons larger than small-core PP (SPP) 5f
occupations, respectively (5f occupations for LPP/SPP:
Pa(V) 0.71/0.56; U(VI) 1.68/1.16). Moreover, the devia-
tions between LPP and SPP bond lengths and energies are
at least twice as large, if two Gaussians instead of one are
used for V; and V, (f-PP with one/two Gaussians: Pa(V)
AR, = 0.013/0.032 A, AR,y = 0.012/0.039 A, AE =
0.052/0.334 eV; U(VI) AR = 0.0004/0.042 A, AE = 0.29/
0.68 eV). Thus, we use only one Gaussian for V; and V,
and accept the greater errors of 0.30 (0.4%) and 0.76 eV
(0.7%) for the total valence energies of Pa'>" and U'*" for
the adjustment of penta- and hexavalent f-PPs, respec-
tively, to avoid a too strong 5f orbital participation.

The Gaussian type orbital (GTO) valence basis sets were
constructed analogous to those for di- and tetravalent PPs
[9]. First, basis sets for use in crystal calculations were
created, i.e. (4s4p3d) and (5s5p4d) basis sets were HF
energy-optimized [19] for the valence subconfiguration
6s%6p°6d' of fourfold- and fivefold-charged actinide cat-
ions in the case of penta- and hexavalent PPs, respectively.
All exponents that 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. The basis set errors in the
valence energies with respect to numerical finite-difference
LPP HF calculations are below 0.09 and 0.02 eV for
(4s4p3d) and (5s5p4d) of pentavalent PPs, respectively.
For hexavalent PPs these errors are smaller than 0.13 and
0.03 eV.

Secondly, the valence basis sets were augmented by
adding a set of 2slpld low-exponent Gaussians yielding
(6s5p4d) and (7s6p5d) primitive sets for use in molecular
calculations. The added exponents were HF energy-opti-
mized [19] for the 6d>7s®> and the 6d*7s> valence
subconfiguration of the neutral actinides for penta- and
hexavalent PPs, respectively. For pentavalent PPs the dif-
ferences in the valence energies with respect to numerical
finite-difference LPP HF calculations are at most 0.10 and
0.02 eV for (6s5p4d) and (7s6p5d), respectively. For
hexavalent PPs these errors are at most 0.15 and 0.05 eV.

Thirdly, the basis sets were contracted using different
segmented contraction schemes to yield basis sets of
approximately valence double-, triple-, and quadruple-zeta
quality (VDZ, VTZ, and VQZ) for the s and p symmetries.
In the case of d symmetry at least a triple-zeta contraction
was necessary and additional sets with a less tight d con-
traction are also offered (VDZ: [4s3p3d], VTZ: [5s4p3d],
[5s4p4d], and VQZ: [6s5p4d]). For pentavalent PPs the
errors in total valence energies of the 6d°7s valence sub-
states with respect to numerical finite-difference LPP HF
calculations for the contracted (6s5p4d) basis sets, the VDZ
as well as the VTZ contracted (7s6p5d) basis sets, and the
VQZ contracted (7s6p5d) basis sets are below 0.17, 0.08,
and 0.03 eV, respectively. For hexavalent PPs these errors
in total valence energies of the 6d*7s* valence substates are
smaller than 0.33, 0.13, and 0.06 eV, respectively.

Fourthly, sets of 2f1g polarization functions were energy-
optimized in configuration interaction (CI) calculations [20]
for the 6d*7s* and 6d*7s? valence subconfiguration of penta-
and hexavalent PPs, respectively. The parameters of PPs and
basis sets are compiled in the electronic supplementary
material of this publication. They are also available from the
authors and will be incorporated, e.g. into the MOLPRO
[20] basis set library [21].

The test calculations for AnFs (An = Pa—Am) and AnFg¢
(An = U-Am) were carried out with the MOLPRO pro-
gram package [20] using penta- and hexavalent 5f-in-core
LPPs (large-core PP with 13 and 14 valence electrons and
78-82 (Pa—Am) and 78-81 (U-Am) core electrons,
respectively) as well as 5f-in-valence SPPs [6] (small-core
PP with 60 core electrons and 31-35 (Pa—Am) valence
electrons). For F Dunning’s aug-cc-pVQZ (augmented
correlation-consistent polarized VQZ) basis set [22, 23]
was applied and for An (7s6p5d2f1g)/[6s5p4d2flg] and
(14s13p10d8f6g)/[6s6pSd4f3g] [7] valence basis sets
were used for LPP HF and SPP state-averaged multicon-
figuration self-consistent field (MCSCF) calculations,
respectively. The state-averaging was necessary to avoid
symmetry-breaking at the orbital level, since the program
MOLPRO is limited to the D,,, point group and subgroups.
The AnFs and AnFg geometries were optimized implying
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C,, and Oy, symmetry, respectively. For PaFs and UFs as
well as for UFs, NpFs, and PuFg also LPP CCSD(T)
calculations were performed, since for these compounds
experimental or AE results are available [24-27]. In the
CCSD(T) calculations the F 1s orbitals were chosen to be
frozen.

For UO3*, HF and CCSD(T) calculations were carried
out with MOLPRO implying D, symmetry using both the
5f-in-core and 5f-in-valence PP. For O Dunning’s
aug-cc-pVQZ basis set [22, 23] was applied and for
An (7s6p5d2fl1g)/[6sSp4d2flg] and (14s13p10d8feg)/
[6s6p5d4f3g] [7] valence basis sets were used for LPP and
SPP, respectively. In the CCSD(T) calculations the O 1s
orbitals were kept frozen. Furthermore, a LPP and SPP
DFT/B3LYP [28-33] calculation were performed with
TURBOMOLE v. 5.7 [34] applying Dg;, symmetry. Since
in TURBOMOLE v. 5.7 exchange—correlation energies are
numerically integrated on element specific grids, and since
no grid for uranium is implemented, the LPP and SPP
calculations were carried out employing the cerium and
tungsten m5 grid, respectively, by calculating the corre-
sponding CeO3" and WO3" molecules and by setting the
Ce and W nuclear charge and mass to 92 and 238.03 u,
respectively. In the case of the SPP DFT calculations
segmented contracted (14s13p10d8f6g)/[10s9p5d4f3g]
[35] valence basis sets were used.

3 Results and discussion

The results for some properties (namely bond length, bond
angle, and binding energy) of AnFs (An = Pa—Am), AnFq
(An = U-Am), and UO%+ will be presented here to demon-
strate the transferability of the 5f-in-core PPs and the
corresponding basis sets to a molecular environment.

The An-F bond energy was calculated by Eygng =
[E(An) + n x E(F)—E(AnF,)]/n (withn = 5, 6 for AnFs,
AnFg), where the actinide atom was assumed to be in the
lowest valence substate, i.e. 5" 26d>7s? and 5f*36d*7s>
for AnF5 and AnFg, respectively. At this point one might
ask how to calculate a binding energy with respect to the
experimentally observed ground states of the actinides. We
suggest to follow the strategy proposed for the lanthanide
PPs almost two decades ago [36]. First, one should cal-
culate the binding energy with respect to the actinide atom
in its lowest valence substate corresponding to the 5f" >
and 5"~ subconfiguration for penta- and hexavalent LPPs,
respectively. Then the energy difference to the experi-
mentally observed ground state can be determined, e.g. at
the AE WB [17] or Dirac-Hartree—Fock [37] level, and this
difference has to be subtracted from the binding energy
calculated with respect to the lowest valence substate
corresponding to 5f"~% and 5f", respectively. In contrast
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to di-, tri-, and tetravalent PPs for penta- and hexavalent
PPs an energy correction using experimental energy dif-
ferences is not possible, since for the 6d>7s? and the 6d*7s>
valence subconfiguration no experimental data are avail-
able [38]. If desired, correlation contributions can be
obtained by 5f-in-valence PP or AE atomic calculations.
Tables summarizing some possible corrections are inclu-
ded in the electronic supplementary material.

The ionic binding energy of UO3" was defined by
AE = E(U°") 4 2 x E(O°7)—E(UO03™).

3.1 Actinide pentafluorides

The LPP HF and CCSD(T) calculations for AnFs
(An = Pa—Am) will be compared to corresponding SPP
state-averaged MCSCF calculations as well as to experi-
mental [25] and computational [24, 39, 40] data from the
literature. The results for bond lengths, angles, as well as
energies and those of a Mulliken population analysis are
listed in Tables 1 and 2, respectively.

3.1.1 Molecular structure

While in 1977 the infrared spectrum of UFs [25] indicated
a C,, symmetry, later computational studies [39] including
relativistic effects (also spin—orbit coupling) showed the
D5, geometry to be 1 kcal mol™"' lower than the Cy, one.
This finding is not contradictory to the experimental result,
since in the photogeneration of UFs5 from UFg one has an
internal energy excess of more than 1 kcal mol™'. We
decided to perform the geometry optimizations imposing

Table 1 An-F bond lengths R, and R.q (in A) and angles /Fyx —
An-F.q (in deg) as well as bond energies Eyong (in €V) for AnFs
(An = Pa—Am) from LPP HF and SPP state-averaged MCSCF
calculations

An Rax Req Z Ehond

LPP SPP* LPP SPP* LPP SPP* LPP SPP

Pa 2034 2.047 2.027 2040 106.8 1056 5556 5.504
2.035 2.061 2.023 2.060 106.4 100.3 7.086

8] 2.028 2.026 2028 2.022 1075 1057 5263 5.386
2.032 2.00 2028 202 1074 101 6.759

Np 2017 2008 2.021 2007 107.7 1039 5.099 5.255

Pu 2002 1.996 2.009 199 107.7 1047 5.003 5.092

Am 1988 1982 1998 1987 107.6 1045 4933 4.962

For PaFs and UFs LPP CCSD(T) and AE DFT [24] as well as
experimental [25] data are given in italics

Basis sets: LPP (7s6p5d2f1g)/[6s5p4d2flg]; SPP (14s13p10d8f6g)/
[6s6p5d4f3g]; F aug-cc-pVQZ

* Given in italics: PaFs: AE DFT/BP86 results using ZORA and
pVTZ basis sets; UFs: experimental values
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Table 2 Mulliken 6s/7s, 6p, 6d, and 5f orbital populations and
atomic charges (Q) on An in AnFs (An = Pa—Am) from LPP HF and
SPP state-averaged MCSCF calculations

An s p d f Q

LPP SPP LPP SPP LPP SPP LPP* SPP LPP SPP

Pa 196 219 584 585 0.66 085 0.56 056 3.96 3.53
U 196 220 583 580 072 0.86 042 1.55 4.05 3.58
Np 196 222 582 579 0.76 092 036 2.60 4.07 3.46
Pu 196 224 582 580 0.80 098 033 3.61 4.07 3.36
Am 196 226 581 582 0.83 1.05 031 4.63 4.07 3.24

A 6526p66d37s2 ground state valence subconfiguration is considered
for An. Basis sets: LPP (7s6p5d2flg)/[6s5p4d2flg]; SPP
(14s13p10d8f6g)/[6s6p5d4f3g]; F aug-cc-pVQZ

4 Zero to four electrons in the 5f shell are attributed to the LPP core
for Pa—Am, respectively

C,4, symmetry, so that the LPP results can also be compared
to experimental values.

Due to the actinide contraction the An—F bond lengths
calculated by using LPP HF and SPP state-averaged
MCSCF decrease continuously with increasing nuclear
charge. The decrease of axial bond lengths R,y is slightly
larger than that of equatorial bond lengths R.q, since the
axial ligand experiences a lower ligand-ligand repulsion
than the equatorial ligands (LPP: AR, = 0.05 A,
AR, = 0.03 A; SPP: AR,, = 0.07 A, AR., = 0.05 A).
The F,x—An-F,, bond angles £ stay almost constant along
the actinide row, i.e. the deviation between angles of dif-
ferent actinides amount at most to 0.9 and 1.8° for LPPs
and SPPs, respectively.

The An-F bond lengths R,x and R.q from LPP HF cal-
culations are in good agreement with the SPP reference
data, i.e. the mean absolute error (m.a.e.) and the mean
relative error (m.r.e.) amount to 0.007 (0.4%) and 0.011 A
(0.5%) for R, and Ry, respectively. The maximum error
for both bond lengths is 0.013 A (0.7%). The deviations
between LPP and SPP bond angles are slightly larger, i.e.
the m.a.e. (m.r.e.) and the maximum error amount to 2.6
(2.5%) and 3.8° (3.7%), respectively. Furthermore, the LPP
HF structure for UF; is comparable to that of a former HF
calculation, where a Cowan—Griffin ECP for U and VDZ
basis sets were used (ECP HF for UFs: R, = 2.00 A,
Req = 2.00 A, £ =100°) [39]. The deviations in bond
lengths and angles are (.03 A (1.4%) and 8° (8.0%),
respectively.

If correlation is included via CCSD(T), the molecular
structures of PaFs and UF5 change only slightly by at most
0.004 A and 0.4°. For PaFs the deviations between LPP
CCSD(T) results and AE DFT/BP86 calculations using the
zero-order regular approximation (ZORA) and pVTZ basis
sets [24] amount to 0.026, 0.037 10\, and 6.1° for Ry, Req,
and Z, respectively. For UF; the differences between LPP

CCSD(T) and experimental [25] results are 0.03, 0.01 A,
and 6° for R, R.q, and Z, respectively. Moreover, the
comparison to the UFs structure calculated by SPP DFT/
PBEO using pVDZ basis sets [40] gives deviations of just
0.018, 0.013 A and 9.1° for R,y, Req, and Z, respectively
(SPP DFT/PBEO for UFs: R, = 2.014 A, R.q = 2.015 A,
/ =98.3°). Thus, the LPP CCSD(T) results are also in
good agreement with corresponding reference data and
confirm the reliability of the newly developed LPPs.

3.1.2 Bond energy

The An-F bond energy of AnFs decreases by 0.62 and
0.54 eV with increasing nuclear charge for LPP HF and
SPP state-averaged MCSCF calculations, respectively.
This is related to the increasing F-F repulsion, which is due
to the decreasing An—-F bond length.

The LPP and SPP An-F bond energies are in good
agreement, i.e. the m.a.e. (m.r.e.) amounts to 0.090 eV
(1.7%) and the maximum error, which occurs for neptu-
nium, is 0.16 eV (3.0%). As expected the inclusion of
electron correlation via CCSD(T) clearly increases the
An-F bond energies by ca. 1.5 eV.

3.1.3 Mulliken orbital populations

The Mulliken orbital populations show that the bonding in
AnFj is basically ionic with significant back-bonding into
the An 6d and 5f (less 7s) orbitals. For LPP and SPP cal-
culations this results in charge separations up to 0.81 and
0.72 electrons per bond and in total atomic charges of up to
4.07 and 3.58 units on the actinide, respectively. The SPP 5f
occupations vary on average by 0.59 electrons and at most
by 0.63 electrons from the assumed LPP 5f"~2 occupations,
which demonstrates that the 5f orbitals participate to some
extent in the An-F bonding. However, the 5f-in-core
approach still yields reasonable results, since the differ-
ences between LPP and SPP 5f occupations amount on
average only to 0.19 electrons and at most to 0.32 electrons,
because the f-part of the LPPs allows for some 5f occupa-
tion in addition to the integral 5f"~% assumption.

3.2 Actinide hexafluorides

The LPP HF and CCSD(T) -calculations for AnFg
(An = U-Am) will be compared to SPP state-averaged
MCSCEF results and experimental [26, 27] as well as
computational [41-43] data from literature. The Mulliken
orbital population analysis will not be discussed in detail,
because it leads to similar conclusions as for AnFs. How-
ever, the 5f orbital populations will be given together with
the other results as well as the available experimental data
in Table 3.
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Table 3 An-F bond lengths R (in 10\), bond energies Eyonq (in €V), and 5f orbital occupations for AnFg (An = U-Am) from LPP HF and SPP

state-averaged MCSCEF calculations

An R Epona 5f Occupation
LPP HF SPP LPP CC Exp.* LPP HF SPP LPP CC LPP® SPP
U 1.976 1.975 1.978 1.996(8) 5.355 5.646 6.931 0.96 1.16
Np 1.983 1.966 1.988 1.981(8) 4.813 5.499 6.360 0.67 2.28
Pu 1.980 1.949 1.989 1.971(10) 4.542 5.439 6.093 0.56 3.46
Am 1.965 1.941 4.479 5.279 0.59 4.52

For UFg, NpFg, and PuFg LPP CCSD(T) and experimental [26] results are given, too
Basis sets: LPP (7s6p5d2f1g)/[6s5p4d2flg]; SPP (14s13p10d8f6g)/[6s6p5d4f3g]; F aug-cc-pVQZ
? For UFg also another experimental value is available: R = 1.999 (3) A [27]

P Zero to three electrons in the 5f shell are attributed to the LPP core for U-Am, respectively

3.2.1 Molecular structure

The An—F bond lengths calculated by using LPPs at the HF
level increase from UFg to NpFg by 0.007 A and decrease
from NpFg to AmFg by 0.018 A. The SPP state-averaged
MCSCEF bond lengths, however, decrease smoothly with
increasing nuclear charge by 0.034 A. While the reason for
the decrease is the well-known actinide contraction, the
increase from UFg to NpFg is possibly due to a shortcoming
of the LPP method, because for the equatorial bond length
of AnFs an analogous, but clearly smaller, increase from
PaFs to UFs by 0.001 A is obtained (cf. Table 1). Since the
U-F bond length is only by ca. 0.02 A smaller than
expected, this LPP shortcoming is still acceptable.

The LPP HF results are in good agreement with the SPP
reference data, i.e. the LPP An-F distances are at most by
0.031 A (1.6%) too long and the m.a.e. (m.r.e.) amount to
0.018 A (0.9%). For UFg, NpFg, and PuFg the comparison
of our LPP HF bond lengths to those of HF calculations
[41], where Cowan—Griffin ECPs for An and pVDZ basis
sets were used, shows also satisfactory results, i.e. the
maximum error amounts to 0.037 A (1.9%) (ECP HF: UFg¢
R = 1.984, NpFs R = 1.972, PuFs R = 1.943 A). More-
over, the obtained U-F bond length is also in good
agreement with that determined by a SPP HF calculation
[43] using an aug-pVDZ basis set for F, i.e. the bond
lengths deviate by 0.009 A (0.5%) (SPP HEF: UF;,
R =1.985 A). Thus, in the case of the An—F bond lengths
the hexavalent 5f-in-core approximation still holds,
although the calculated SPP 5f occupations are about 1.35
electrons larger than the integral LPP occupations and even
the differences between the LPP and SPP 5f occupations
amount to ca. 0.66 electrons.

Analogous to the AnFj5 results the introduction of cor-
relation via CCSD(T) increases the An-F bond lengths
only slightly by at most 0.009 A. The differences between
LPP CCSD(T) and experimental [26] data are at most
0.018 A (0.9%) and the m.a.e. (m.r.e.) amounts to 0.014 A
(0.7%). Compared to DFT data from literature [41-43] the
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LPP CCSD(T) bond lengths deviate at most by 0.036 A
(1.8%) (ECP DFT/B3LYP [41]: UF¢ R = 2.014, NpF¢
R = 2013, PuFs R = 1.985 A; SPP DFI/B3LYP [42]:
UFg R = 2.007, NpFg R = 1.991, PuFg R = 1.977 A; SPP
DFT/PBEO [43]: UFs R = 1.993 A). Therefore, the cor-
related calculations of AnFg (An = U-Pu) confirm the
good performance of the hexavalent 5f-in-core PPs for the
An-F bond lengths.

3.2.2 Bond energy

The An-F bond energies decrease continuously with
increasing nuclear charge by 0.88 and 0.37 eV for LPP and
SPP calculations, respectively. This is due to the increasing
F-F repulsion with decreasing An-F distances as it is the
case for AnFs.

In contrast to the good agreement for the An-F bond
lengths, the LPP HF bond energies of AnFg deviate con-
siderably from the SPP state-averaged MCSCF data, i.e.
the m.a.e. (m.r.e.) and the maximum difference are 0.67
(12.3%) and 0.80 eV (15.2%), respectively. These signifi-
cant discrepancies are in line with the high differences
between LPP and SPP 5f orbital occupations of up to 0.93
electrons. For UFg, however, where these 5f occupations
differ only by 0.20 electrons, the An—F bond energy is still
reasonable, i.e. it deviates by 0.29 eV (5.1%). Thus, the 5f-
in-core approximation seems to reach its limitations for the
hexavalent oxidation state except for uranium, which cor-
responds to 5f°.

Figure 1, which shows the differences between LPP HF
and SPP state-averaged MCSCF 5f occupations for actinide
fluorides in different oxidation states AnF, (n = 2-6) [8,
9], helps to clarify this conclusion. As one can see the 5f
occupations for AnF,, AnF;, and AnF, differ at most by ca.
0.1 electrons except for ThF; (Z = 90) and PaF; (Z = 91).
This explains the good performance of the 5f-in-core PPs
for the di-, tri-, and tetravalent oxidation state. The reason
for the large deviations in the case of Th and Pa is that for
these actinides the trivalent oxidation state is not preferred
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Fig. 1 Differences between LPP HF and SPP state-averaged MCSCF
5f orbital occupations for AnF, (An = Pu—-No) [9], AnF; (An = Ac-—
Lr) [8], AnF; (An = Th-Cf) [9], AnF5 (An = Pa—Am), and AnFg¢
(An = U-Am). Basis sets: LPP (7s6p5d2flg)/[6s5p4d2flg]; SPP
(14s13p10d8f6g)/[6s6p5d4f3g]; F aug-cc-pVQZ

(Th) or even not stable (Pa) in aqueous solution [44]. Thus,
the trivalent subconfiguration 5f" mixes strongly with the
corresponding energetically low-lying tetravalent subcon-
figuration 5f"~'6d" yielding smaller SPP 5f occupations
than assumed for the LPP core [8]. For AnFs the differ-
ences in the 5f occupations are slightly larger and differ by
at most ca. 0.3 electrons. This difference is still acceptable,
because the pentavalent PPs yield reasonable results for
bond lengths and binding energies. For AnFg, however, the
deviations in the 5f occupations are significantly increased
up to ca. 0.9 electrons, which explains the failure of the
hexavalent PPs in the case of the AnF¢ binding energies.
The larger deviations in the 5f occupations of AnFs and
AnFg compared to those of AnF,—AnF, are due to the fact
that the higher the assumed oxidation state, the less pro-
bable it is, since ionization energies increase with
increasing positive charge. Therefore, the reason for the
failure of the hexavalent 5f-in-core PPs is that this formal
oxidation state is not realized in the molecule, e.g. for AnFq
the total atomic charges on the actinide amount at most to
4.10 instead of 6 units. For UFs, however, one can see that
the deviation in the 5f occupation is comparable to those of
AnFs, wherefore the hexavalent PP for uranium yields
reasonable results. Finally, one can conclude that differ-
ences between LPP and SPP 5f occupations higher than 0.5
electrons become too big.

3.3 Uranyl ion

Table 4 shows bond lengths, ionic binding energies, and 5f
orbital populations for UO%+ from LPP HF, CCSD(T), and
DFT/B3LYP calculations in comparison to corresponding
SPP calculations and computational data from literature
[45-49]. As one can see the LPP and SPP U-O bond

Table 4 Bond lengths R (in 10\), ionic binding energies AE (in eV),
and 5f orbital occupations for UO%+ from LPP HF, CCSD(T), and
DFT calculations in comparison to corresponding SPP calculations as
well as computational data from literature

Method Ref. R AE 5f Occupation
LPP HF 1.631 176.05 1.74
SPP HF 1.639 181.21 2.23
AE DHF [45] 1.650

LPP CCSD(T)* 1.668 177.30 1.69
SPP CCSD(T)?* 1.689 183.82 2.17
SPP CCSD" [46] 1.697

quasirel. AE CCSD(T)b [47] 1.683

AE DHF+CCSD(T)" (48] 1.715

LPP DFT/B3LYP 1.642 180.44 2.04
SPP DFT/B3LYP 1.692 185.85 245
SPP DFT/B3LYP [47] 1.698

quasirel. DFT/BPVWN®  [49] 1.716

Basis sets: LPP (7s6p5d2f1g)/[6s5p4d2flg]; SPP (14s13p10d8f6g)/
[6s6p5d4f3g]; SPP DFT(14s13p10d8f6g)/[10s9p5d4f3g]; O aug-cc-
pvQZ

* O 1s orbitals were kept frozen

b U 5s, 5p, and 5d as well as O 1s orbitals were kept frozen

¢ For U 1s-5d and O 1s orbitals the frozen-core approximation was
applied

lengths are in good agreement, i.e. the LPP underestimates
the SPP bond lengths by 0.008 (0.5%), 0.021 (1.3%), and
0.050 A (3.0%) at the HF, CCSD(T), and DFT/B3LYP
level, respectively. In comparison to the computational
data from literature, the LPP bond lengths differ in a range
of 0.015 (0.9%) to 0.074 A (4.3%). However, these devi-
ations are not necessarily due to the different core
definitions, but may also result from the use of different
basis sets, relativistic approaches, or density functionals.
For example, in the case of the largest deviation, which
occurs between the LPP DFT/B3LYP and the quasirela-
tivistic DFT/BPVWN [49] calculation, a 1s-5d instead of a
1s—5f core, pTZ instead of aug-cc-pVQZ basis sets, and the
BPVWNinstead of the B3LYP density functional were
used for the quasirelativistic DFT calculation.

For the ionic binding energies the LPP underestimate the
SPP data by 5.16 (2.8%), 6.52 (3.5%), and 5.41 eV (2.9%)
for HF, CCSD(T), and DFT/B3LYP calculations, respec-
tively. These small deviations as well as those for the U-O
bond lengths can be understood by the comparison of the
LPP and SPP 5f orbital occupations, which are for all
calculations below 0.50 electrons, i.e. the differences
between LPP and SPP 5f occupations are 0.49, 0.48, and
0.41 electrons for HF, CCSD(T), and DFT/B3LYP calcu-
lations, respectively. Thus, in contrast to the hexavalent
LPPs for Np, Pu, and Am, the hexavalent LPP for uranium
(5% yields reasonable results.
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3.4 Range of applications

The 5f-in-core PPs simplify electronic structure calcula-
tions on actinide compounds significantly. However, the
assumption of a fixed near-integral 5f occupancy also bears
the danger of misuse of the approach, e.g. for cases where
another 5f occupancy than modeled by the PP is actually
present, cases where states with different 5f occupancies
mix, or systems where the 5f orbitals strongly contribute
directly to chemical bonding in a MO-LCAQO (molecular
orbitals by linear combination of atomic orbitals) sense.
Thus, we urge the users of the 5f-in-core PPs to verify the
underlying assumption by (single-point) test calculations
using, e.g. 5f-in-valence SPPs [6, 7] or AE methods at the
HF level. It is clear that questions related to individual
electronic states cannot be addressed with the present
approach, which rather provides answers for an average
over a multitude of states characterized by the same 5f
occupancy and the same valence substate, i.e. a super-
configuration in the sense of the concept of Field advocated
for lanthanides more than two decades ago [50].

The range of possible successful applications of the
actinide 5f-in-core PPs is certainly somewhat smaller than
for lanthanide 4f-in-core PPs [14], nevertheless, a quite
significant part of actinide chemistry remains open for
applications of the approach. However, in the case of the
higher, namely the penta- and hexavalent, oxidation states
the successful applications will noticeably decrease com-
pared to those of the lower (di-, tri-, and tetravalent)
oxidation states, because the higher oxidation states are
only formally realized in molecules. But, for example, the
investigation of UO3™ complexes using the hexavalent LPP
should be feasible, since our test calculations for the bare
uranyl ion yield reasonable results.

However, LPP HF test calculations [20] on AnOj
(An = U-Am) and AnO%+ (An = Np—Am) actinyl ions
assuming penta- and hexavalent actinides, respectively, do
not yield linear structures as former scalar-relativistic AE
DFT/PBE [51] and SPP restricted active space self-consis-
tent field (RASSCF) [52] calculations, but bent structures
with O—An-O bond angles between 102.2 and 109.3° (LPP
HF: basis sets: An (7s6p5d2flg)/[6s5p4d2flg], O aug-
cc-pVQZ [22, 23]; symmetry: C,,). Furthermore, the LPP
HF bond lengths are by about 0.029 (1.6%) and 0.112 A
(7.0%) longer than those of the AE DFT/PBE [51] and SPP
RASSCF [52] reference data for AnO3 and AnO%Jr,
respectively. Thus, in the case of these systems the a priori
assumption of penta- and hexavalent actinides and a corre-
sponding near-integral 5f occupancy seems to fail. We note
that for UO3 ™ LPP HF geometry optimizations [34] using C;
symmetry and different starting points always yield the
correct linear structure, which was identified as a true energy
minimum by a numerical vibrational frequency analysis.
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In order to understand the discrepancies between the 5f-
in-valence and 5f-in-core PP results, we performed a SPP
state-averaged MCSCF geometry optimization [20] for
UOj7 distributing one electron in the seven U 5f orbitals
and optimizing the mean energy of the corresponding
seven states (cf. Table 5; basis sets: U (14s13p10d8f6g)/
[6s6p5d4f3g] [7], O aug-cc-pVQZ [22, 23]; symmetry:
C,,). Analogous to the LPP HF result the obtained SPP
MCSCEF structure is bent with a O-U-O bond angle of
152.1° (R, = 1.729 A). If the UOZ structure is optimized
for the individual states, four linear and three nonlinear
structures are obtained (cf. Table 5). From a Mulliken
population analysis of the singly occupied MOs (SOMOs),
which are dominantly of U 5f character, it can be seen that
the seven U 5f orbitals can be divided into two subgroups.
Four of them are pure f orbitals (100% f character) and
three have dominant f contributions, but mix with U d and
O p orbitals (f character about 75-88%). The pure f orbitals
are non-bonding f5 and f;; orbitals and when singly occu-
pied the corresponding optimizations yield linear
structures. The other f orbitals correspond for a linear
structure to f; and f, orbitals, which can mix with U d and
O p orbitals due to their symmetry. If these orbitals are
singly occupied the corresponding optimizations yield bent
structures, which have a 2-3 eV higher energy than the
linear ones with f; or f,, singly occupied. The reason why in
C,, the optimization for the average of the seven states
yields a bent structure, although there are more linear than
nonlinear structures, is most likely that for the 232 state the
energy difference between the linear structure and the bent
equilibrium structure is so high (3.63 eV) that the optimi-
zation of the mean energy E is dominated by this
contribution and dragged to a bent structure. Since the

Table 5 U-O bond lengths R (in A), bond angles Z O-U-O (in deg),
and occupations of the SOMOs, which are dominantly of U 5f
character, for UO3 from SPP state-averaged MCSCF geometry
optimizations for the energies of the individual states arising from a
5f! occupation as well as for the mean energy of these states E

Optimized for R V4 MO Occ. AE AE} car
ECA,) 1.700 180.0 1.00 0.00

EC®D,) 1711 1800  1.00 0.06

E(2A|) 1.725 155.8 0.75 2.26 0.07
ECB)) 1736 1178 088 203 030
ECB,) 1750 1001 0.86 309  3.63

E 1.729 152.1 1.66 0.14

Furthermore, the relative energies AE with respect to the lowest state
%A, (in eV) and the energy difference AEje, (in €V) to a Dy
optimized structure is given

Basis sets: U (14s13p10d8f6g)/[6s6p5d4f3g]; O aug-cc-pVQZ

: AElinf:ar = E(Doch) - E(CZL)
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pentavalent 5f-in-core PP for uranium describes the aver-
age of all 5f! states, a bent UOJ structure is obtained in
qualitative agreement with the 5f-in-valence SPP result.
However, it is obvious from the singly occupied orbital
population analysis (cf. Table 5) that the assumption of a 5f
occupancy of at least one electron is not fulfilled. Thus,
UO3 cannot be treated within the 5f-in-core approximation
using the pentavalent PP for uranium.

However, if the hexavalent PP for uranium is applied to
calculate UOZ by explicitly distributing one electron in the
seven f orbitals and optimizing the mean energy of the
seven states, a similar structure as in the SPP MCSCF
calculation with a bond angle of 160.5° (R, = 1.667 A) is
obtained (basis sets: U (7s6p5d4f1g)/[6s5p4d4flg], O aug-
cc-pVQZ [22, 23]; symmetry: C,,). Here, the uranium
basis set has been slightly increased by using four instead
of two f exponents, which have been optimized in state-
averaged MCSCF calculations [20] for the 5f%6d17s?
valence subconfiguration of the hexavalent LPP of uranium
(exponents: 5.719, 2.062, 0.797, 0.266).

If HF instead of state-averaged MCSCEF calculations are
performed [20] by assuming the single electron to be, e.g.
in a fs orbital, both SPP and LPP yield linear structures
with a bond length difference of 0.058 A (SPP:
R. = 1.700, LPP: R, = 1.642 A). Therefore, reasonable
results are obtained for the UO3 molecule with the LPP
presented here, but the hexa- instead of the pentavalent PP
for uranium has to be used. It should be noted, however,
that the hexavalent PP for uranium is of large-core, but not
really of 5f-in-core type (5f° occupation).

The other actinyl ions AnO3 and AnO3" (An = Np-
Am) are similar to UO3 and the failure of the penta- and
hexavalent LPPs, respectively, should therefore also be due
to the fact that states, where a f;; or f, orbital is occupied,
yield nonlinear structures. In summary the application of
the 5f-in-core approach to these systems cannot be
recommended.

4 Conclusion

Quasirelativistic 5f-in-core PPs and corresponding valence
basis sets have been generated for penta- and hexavalent
actinide atoms. Atomic HF calculations using these PPs
and uncontracted basis sets deviate at most by 0.15 eV
from corresponding numerical PP HF results. The differ-
ences using the VQZ contraction of the (7s6p5d) basis sets
stay below 0.03 and 0.06 eV for penta- and hexavalent PPs,
respectively.

Results of HF and CCSD(T) test calculations on AnFs
(An = Pa—Am) using 5f-in-core LPPs show reasonable
agreement with corresponding SPP state-averaged MCSCF
and AE/experimental data, respectively, i.e. the m.a.e.

(m.r.e.) in bond lengths, angles, and energies amount at
most to 0.037 A (1.8%), 6.1° (6.1%), and 0.090 eV (1.7%),
respectively. Thus, these 5f-in-core PPs should be reliable
tools to investigate compounds including pentavalent
actinides, whose 5f shell does not participate significantly
in bonding.

In the case of the hexavalent PPs the results for the bond
lengths of AnFg (An = U-Am) are satisfactory, i.e. LPP
HF and LPP CCSD(T) bond lengths differ at most by 0.031
(1.6%) and 0.018 A (0.9%) from SPP state-averaged
MCSCEF and experimental data, respectively. However, for
binding energies the deviations between LPP and SPP
results become as large as 0.80 eV (15.2%) indicating that
in the hexavalent case the 5f-in-core approximation reaches
its limitations and that therefore these PPs should only be
used for preoptimizing purposes. This conclusion can also
be drawn comparing the LPP and SPP 5f orbital occupa-
tions, which deviate by up to 0.93 electrons. Only for UFq
this deviation is relatively small (0.20 electrons), wherefore
here the LPP HF binding energy is still reasonable
[0.29 eV (5.1%)]. Thus, the LPP for hexavalent uranium
(5% should yield reasonable results, which is also con-
firmed by the good agreement of LPP and SPP data in the
case of UO%+ (maximum deviations: AR = 0.050 A
(3.0%); AE = 6.52 eV (3.5%); A5f = 0.49 electrons).

Finally, we want to emphasize again that the derived 5f-
in-core PPs will only lead to reliable 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, since it is not always obvious, where the limitations
of the 5f-in-core approach are. For example in the case of
the AnO3 (An = U-Am) and AnO3" (An = Np-Am)
actinyl ions the assumption of a penta- and hexavalent An
with fixed near-integral 5f occupation is invalid yielding
bent instead of linear molecular structures, although for
UO%+ the results are reasonable.
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