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ABSTRACT 

We have developed a new set of norm-conserving pseudopotentials and companion Gaussian basis 

sets for the actinide (An) series (Ac - Lr) using the Goedecker, Teter and Hutter (GTH) formalism with 

the Perdew, Burke and Ernzerhof (PBE) exchange-correlation functional of generalized gradient 

approximation (GGA). To test the accuracy and reliability of the newly parameterized An-GTH 

pseudopotentials and basis sets, a variety of benchmarks on actinide-containing molecules are carried 

out and compared to all-electron and available experimental results. The new pseudopotentials include 

both medium- ([Xe]4f14) and large-core ([Xe]4f145d10) options that have successfully reproduced 

structures and energetics, particularly redox processes. The medium-core size set, in particular, 

reproduce all-electron calculations over multiple oxidation states from 0 to VII, whereas the large-core 

set is suitable only for the early series elements and low oxidation states. The underlying reason for 

these transferability issues are discussed in detail. This work fills a critical void in the literature for 

studying the chemistry of 5f-block elements in condensed phase. 
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1. INTRODUCTION 

Since their inclusion in the periodic table of elements by Seaborg, actinides have played a 

paramount role in science and human society.1-2 Besides the applications in energy resource and industry, 

the potential usefulness of actinide-containing compounds has been extended in catalysis3-6, single 

molecular magnetism7-10, photoluminescence material11 and superconductors12-14. Despite an increasing 

attention on actinide chemistry, large-scale condensed phase electronic structure simulations of 

actinide-containing systems are lacking, due in large part to challenges on description of the huge 

number of electrons, especially the 5f-state electrons, as well as strong relativistic and electron 

correlation effects. The use of all-electron calculations with basis sets that consider relativistic effects 

will always be required to predict some actinide properties, e.g., nuclear magnetic resonance.15-20 

However, the use of accurate pseudopotentials, that appropriately replace atomic core electrons and 

account for scalar relativistic effects, has been proven to be an effective treatment to model actinides 

with considerably reduced computational cost.21-23 Computational modeling and simulations of actinide 

systems in the condensed phase are particularly challenging as pseudopotentials and companion basis 

sets have to be constructed to reduce the computational cost and achieve linear scaling for actinides in 

bulk solids, surfaces and solutions with full explicit solvent boxes.24 

Large-scale computational modeling of actinide-containing systems is possible with density 

functional theory (DFT), which requires reliable pseudopotentials and basis sets that can accurately 

model the electronic structure and replicate reactivity to a level of fidelity comparable to quantum 

chemistry wavefunction approaches. Currently, efficient and accurate actinide pseudopotentials and 

basis sets, for ab initio molecular dynamics (AIMD) simulations with actinide-containing systems, are 

completely lacking due to the difficulty of describing the 5f-states. Accurate shape-consistent, energy-

consistent, and norm-conserving pseudopotentials exist for actinides, and they are already commonly 

used in molecular quantum chemistry community, as shown in Table 1.21-23, 25-34 However, applications 

of them are limited in practice when performing large-scale AIMD simulations in condensed phase, due 

to the cubic scaling arising from nonlocal part of these pseudopotentials. This obstacle can be 

circumvented via the introduction of separable form pseudopotentials.35 
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Table 1. Previous published pseudopotentials for actinide elements. 

Name Type Elements Year Core Elec.c Ref. 

LANL2DZ ECP Shape-consistent 

U 1979 78 21 

Th 1981 78 22 

Pu 1987 78 23 

CRENBL ECP Shape-consistent 
Ac-Am 1991 78 25 

Cm-Lr 1991 60 25 

ECP60MHF 

Energy-consistent 

Ac-Lr 1993 60 26 

ECP60MWB Ac-Lr 1994 60 27 

ECP78MWB Ac-U 2008 78 28 

ECP60MDF 
U 2009 60 29 

Ac-Pa 2014 60 30 

T-M PPa Norm-conserving 
U 2006 78 31 

Pu 2013 78 32 

GTH PPb Norm-conserving 
U 2013 78 33 

U 2018 78 34 

a T-M PP = Troullier-Martin pseudopotential. 

b GTH PP = Geodecker, Teter and Hutter pseudopotential. 

c Core Elec. means electron numbers of core region. 

The Godecker, Teter and Hutter (GTH)-type formalism produces separable, Gaussian-type, norm-

conserving pseudopotentials, that are sufficiently flexible in their functional form to allow for 

transferability over many chemically-relevant charge states.36-38 The utilization of GTH 

pseudopotentials with a mixed Gaussian-planewave (GPW) scheme is a highly effective and efficient 

way to perform linear scaling AIMD simulations.39 To date, there are just two published large-core GTH 

pseudopotentials for uranium, but none are available for the rest of the actinide series.33, 34 

In this work, we fill this critical gap by providing a complete set of well-tested pseudopotentials 

and companion basis sets capable of reproducing the redox chemistry of the entire actinide series. 

Recently, we successfully optimized GTH-type pseudopotentials and accompanying basis sets for the 
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lanthanides,40-41 and their accuracy was illustrated by a series of molecular and solid-state electronic 

structure calculations.41 Considering the similarities between lanthanides and actinides, the optimization 

scheme applied for lanthanides could be used to optimize GTH pseudopotentials and basis sets for 

actinides. The transferability of actinide pseudopotentials is dictated by oxidation states and spatial 

correlation between their 5f and 5d orbitals. Given the breadth of actinide oxidation states, we developed 

both large- and medium-core GTH pseudopotentials, for all the actinide elements. Associated Gaussian 

basis sets, using the molecularly optimized (MOLOPT) formalism, were prepared for both sets of 

pseudopotentials.42 The efficacy of our actinide pseudopotentials and basis sets is demonstrated by a 

series of molecular benchmarks compared to both all-electron calculations as well as experimental 

measurements. Our systematically developed actinide pseudopotentials and basis sets will enable large-

scale DFT calculations and AIMD simulations of actinide-containing systems in the condensed phase, 

and can serve as a starting point for pseudopotentials for more accurate methods like hybrid DFT 

functionals or GW approaches. 

The paper is organized as follows. In section 2, the theories of GTH pseudopotentials and basis 

sets and optimization scheme for them are shown. In section 3, transferability tests and molecular 

benchmarks are presented, validating the performance. Finally, conclusions are summarized in section 

4. 

2. THEORETICAL AND COMPUTATIONAL METHODOLOGY 

2.1 GTH pseudopotentials and MOLOPT basis sets 

The norm-conserving, separable, dual-space GTH pseudopotentials consist of a local and a 

nonlocal part. The local part is described by the following equation: 

𝑉
(𝑟) = −




erf(𝑟) + ∑ 𝐶

ସ
 ൫√2𝑟൯

ଶିଶ
 exp [−(𝑟)ଶ]           (Eq. 1) 

where 

 =
ଵ

√ଶ
ುು                                                          (Eq. 2) 

where erf denotes the error function, rloc is the range of the Gaussian charge distribution, and Zion is the 

ionic charge. 

The non-local part is formulated by 
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𝑉
(𝒓, 𝒓ᇱ) = ∑ ∑ < 𝒓|𝑝

 > ℎ
 < 𝑝

|𝒓′ >                             (Eq. 3) 

where h is scattering matrix, and < 𝒓|𝑝
 > is Gaussian-type projectors 

< 𝒓|𝑝
 >= 𝑁

𝑌(𝑟)𝑟ାଶିଶ𝑒𝑥𝑝 ቂ−
ଵ

ଶ
(




)ଶቃ                               (Eq. 4) 

where Ni
l denotes a normalization constant and Ylm denotes a Laplace spherical harmonic. 

GTH pseudopotentials are explicitly separable, with the trade-off that one needs to fit the 

components of a scattering matrix elements hij. The parameters rloc, Ci in local part, and rl and hij in 

nonlocal part, in equations 1-4 are fitted in our optimizations. For the companion basis sets, we adopted 

the molecularly optimized (MOLOPT) Gaussian basis sets as proposed by VandeVondele and Hutter.42 

The s, p, d, f and g states will share the same Gaussian exponents in the current MOLOPT basis set 

scheme for the sake of efficiency.  

The general procedure to optimize the actinide GTH pseudopotentials and corresponding 

MOLOPT basis sets is shown in Figure 1, similar to the procedure we used to optimize lanthanide GTH 

pseudopotentials and basis sets.41 The actinide GTH pseudopotentials were optimized using the ATOM 

code in the CP2K package (version 6.1).24, 43 The GTH pseudopotential parameters, within the PBE44 

formulation, are fitted to reliably describe orbital eigenvalues, charge densities inside rc, and wave 

functions outside rc of the atomic ground states, based on the requirements of norm-conserving 

pseudopotential.45 Despite the great importance of spin-orbital (SO) effects for actinides, our 

pseudopotential is currently parametrized from scalar relativistic (SR) formalism. The reference data 

are from scalar relativistic Douglas-Kroll-Hell (DKH) all-electron wave functions.46-49 For the fitting 

process, we used a weighted average penalty function involving Kohn-Sham eigenvalues, radial 

densities, and location of the radial nodes. Weights, step sizes and convergence values are three main 

factors affecting optimization of GTH pseudopotentials. We have constructed a general scheme to 

optimize GTH pseudopotentials by modulating these three factors. A detailed discussion of the 

optimization process for GTH pseudopotentials is shown in part A of the Supporting Information (SI). 

Typical differences in orbital eigenvalues between pseudo-wavefunctions and all-electron Kohn-

Sham wavefunctions with ~10-5 Hartree for valence orbitals, ~10-4 Hartree for semi-core orbitals and 

~10-3 Hartree for unoccupied orbitals, were met in our optimization as shown in Tables S1 and S2 in 

part A of the SI. Given the large impact of the rloc parameter on the fitting procedure with respect to all 

other parameters, we fitted potentials with different rloc, and then chose the one with the highest degree 
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of transferability, i.e. the ability to reproduce a large number of all-electrons results with minimal error. 

The rloc values for large-core pseudopotentials vary from 0.45 Å to 0.55 Å, and the large-core 

pseudopotentials with different rloc for uranium are presented in part F of the SI. Medium-core GTH 

pseudopotentials were not optimized with different rloc due to multiple local minima in the fitting 

process. It is believed that electronic structure calculations are less affected by the hardness of medium-

core pseudopotentials as the short-ranged integral term in local and non-local parts can be analytically 

calculated with Gaussian basis sets in CP2K software.38 

Given the fact that basis sets with uncontracted f states improves lanthanide transferability, we 

investigated the feasibility of uncontracting f states for optimizing MOLOPT basis sets for actinides.41 

We obtained different Gaussian exponents for s, p, d and f states by using the ATOM code in the CP2K 

package (version 4.1). To optimize a DZ2P quality basis sets, [7s7p7d7f7g]/[3s2p3d2f1g] contraction 

for medium-core GTH pseudopotentials and [7s7p7d7f7g]/[3s2p2d2f1g] contraction for large-core 

GTH pseudopotentials, the contraction coefficients of the s, p, d, f and g states were derived by 

minimizing a linear combination of energies and condition numbers of the overlap matrix for a set of 

actinide training molecules.42 More details on the MOLOPT basis sets optimization procedure appears 

in part A of the SI, Tables S3-S6. 

 

Figure 1. The general procedure to optimize GTH pseudopotentials and MOLOPT basis sets for 

actinides. 
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2.2 Computational methodology 

 The CP2K (version 4.1) code was used for benchmarking calculations.24, 43 The rigorous way to 

test pseudopotential transferability is by reproducing the reaction energies of redox reactions with 

changes in actinide oxidation states at the all-electron level. This process allows us to determine if a 

pseudopotential is able to reproduce the chemistry of distinctly different oxidation states of the pseudo-

atom such that it can be used in a wide range of chemical environments. Considering the complex 

character of actinide oxidation states (Figure 2)50, and in order to determine pseudopotential 

transferability, we compared actinide redox reaction energies using the optimized pseudopotentials with 

those from all-electron calculations using Slater-type basis functions with the quantum chemistry 

software ADF (version 2016.106).51 To cover the most common actinide spins and oxidation states (I, 

II, …, VII), we focused on six prototypical reactions: 

𝐴𝑛ூCl +
1

2
Clଶ → 𝐴𝑛ூூClଶ       (𝑅1) 

𝐴𝑛ூூ𝐶𝑙ଶ +
1

2
Clଶ → 𝐴𝑛ூூூClଷ      (𝑅2) 

𝐴𝑛ூூூ𝐶𝑙ଷ +
1

2
Clଶ → 𝐴𝑛ூClସ      (𝑅3) 

𝐴𝑛ூ𝐶𝑙ସ +
1

2
Clଶ → 𝐴𝑛Clହ       (𝑅4) 

𝐴𝑛𝐶𝑙ହ +
1

2
Clଶ → 𝐴𝑛ூCl       (𝑅5) 

𝐴𝑛ூ𝐶𝑙 +
1

2
Clଶ → 𝐴𝑛ூூCl      (𝑅6) 
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Figure 2. The known highest oxidation states distribution for actinide series. 

For each actinide element, we calculated the redox reactions up to the reactions that involve the 

highest oxidation state of the element as shown in Figure 2, e.g., for uranium the testing redox reactions 

are R1 - R5. An ionic model for AnCln (An = Ac - Lr, n = 1 - 7) is used where chlorine atoms are 

considered as closed-shell anions, and the actinide unit includes all the spin density as an actinide 

cation.41, 52 The electron configurations of actinide ions from Peterson’s work17-18 were chosen, and are 

presented in Table S7 in part B of the SI. The geometry structures of AnCln and Cl2 were optimized by 

using Gaussian (version Gaussian09 D.01) at the PBE level.53 Scalar relativistic effects were taken into 

account by using the ECP60MWB effective core potentials (ECP) for actinides.27 The 

ECP60MWB_SEG basis sets for An elements and cc-pVTZ basis sets for Cl element were used.54-56 

Vibrational frequency analysis was performed to confirm minima structures on the potential energy 

surface. 

To compare reaction energies consistently, we performed PBE single-point calculations, using 

AnCln geometries optimized in Gaussian, with ADF using TZ2P quality all-electron Slater-type basis 

sets for An and Cl.57-58 The scalar relativistic effects were included by zero-order regular approximation 

(ZORA) formalism.59-62 A Fermi-Dirac smearing scheme was adopted. The all-electron reference 

reaction energies of the six redox reactions are depicted in Table S8. To calculate redox energies in 

CP2K, molecules were placed in the center of cubic boxes with cell lengths of 20 Å and non-periodic 
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condition, which allows us to deal with isolated molecules in a periodic code. A density cutoff of 800 

Ry was chosen, based on the testing results with large-core and medium-core pseudopotentials of 

uranium (Tables S9 - S12 in part B of the SI). 

Additional molecular benchmarks to predict molecular structures, bond energies, binding energies, 

ionization potentials, and enthalpies of formation were also performed with CP2K using our optimized 

pseudopotentials and basis sets. As a reference point, we used either published energy-consistent 

pseudopotential calculations, or we compared to results from relativistic all-electron reference 

calculations performed with ADF, as well as to experimental data when available. 

3. RESULTS AND DISCUSSION 

3.1 Pseudopotential transferability and redox reaction energies 

The 15-element actinide series, from Ac to Lr, has ground states with varying 5f orbital occupation 

from empty (Ac, Th) to fully filled (Lr). Generally, the valence electrons occupy 5f, 6d and 7s orbitals. 

As shown in Figure 3a, the 7s orbital is the most diffused and fully filled for all actinide ground state 

atoms. The 6d orbital is occupied with one or two electrons for early actinides (Ac, Th, Pa, U, Np and 

Cm). As is well documented, the actinide 6s and 6p orbitals, extending to valence region (Figure 3a) 

and significantly participating in chemical bonding, thereby should be treated as semi-core orbitals.63-

64 This effect is even more noticeable for the later actinides owing to 5f orbitals contraction (Figure 3b). 

 

Figure 3. (a) Radial densities D(r) = r2R(r)2 for 5s, 5p, 5d, 6s, 6p, 5f, 6d and 7s orbitals of U atom. (b) 

Radial densities r2R(r)2 of 5f orbitals from Ac atom to Lr atom. R(r) is the radial wavefunction.  
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Knowledge of the spatial part and occupation of the orbitals allows us to classify different core 

type pseudopotentials. For uranium, we define small-core (SC), medium-core (MC) and large-core (LC) 

pseudopotentials, as shown in Table 2. The concepts of small-core and large-core pseudopotentials for 

actinides were mainly proposed by Dolg and co-workers.26-30 The large-core pseudopotential scheme is 

straightforward, as only 6s and 6p orbitals are included in the semi-core region. In the small-core 

pseudopotentials, the orbitals with same main quantum number (5s, 5p and 5d) are treated as semi-core 

orbitals due to the spatial overlap between 5f and 5d orbitals (Figure 3a). Krack and Smirnov have 

published two large-core GTH pseudopotentials for uranium.33-34 As a starting point, we tested their 

transferability of large-core pseudopotentials and we found that they can replicate redox reaction 

energies for the lower (I - III) oxidation states only, see Table 3 and discussion below. Clearly 

pseudopotentials for higher oxidation states are still needed. 

Table 2. The electronic configurations of core, semi-core and valence regions for small-core, medium-

core and large-core pseudopotentials for uranium. 

Core type Corea Semi-core Valence 

Small-core [Kr]4d104f14 5s25p65d106s26p6 5f36d17s2 

Medium-core [Xe]4f14 5d106s26p6 5f36d16s2 

Large-core [Xe]4f145d10 6s26p6 5f36d16s2 

               a [Kr] and [Xe] mean the electronic configurations of Ar and Kr atoms. 

Small-core pseudopotentials usually produce more accurate results, and need larger computational 

cost.26-27, 29-30 Excellent agreement with all-electron results is achieved when using small-core 

pseudopotentials, as shown in Table 3. The absolute errors for R1-R6 reactions are < 2.0 kcal/mol, 

confirming that the 5s, 5p and 5d orbitals should be in the semi-core region. However, pseudopotentials 

with too many semi-core wave functions are computationally more expensive. A plausible compromise 

is to include 5d10 into the semi-core region to form medium-core GTH pseudopotentials (Table 2), based 

on the existing large-core GTH pseudopotentials. Including the 5d electrons in the semi-core is a 

practical way to balance chemical accuracy and computational cost, but it requires an increased number 

of planewaves and/or a finer mesh in the real space grid to properly expand the density. Our newly 

optimized medium-core GTH pseudopotentials (abbreviated as AnPP-M) and large-core GTH 
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pseudopotentials (abbreviated as AnPP-L), and accompanying MOLOPT basis sets (abbreviated as 

AnBS-M and AnBS-L) are reported in part F of the SI. 

Table 3. Reaction energies (kcal/mol) with previously existing large-core GTH pseudopotentials and 

energy-consistent pseudopotentials for uranium at the PBE level. Errors with respect to the all-electron 

reaction energies calculated with ADF are in parenthesis. 

PPs R1d R2d R3d R4d R5d 

Krack_PPa -98.8 (-12.8) -86.9 (-4.5) -54.8 (15.7) -23.7 (19.1) -12.9 (22.0) 

Smirnov_PPb -117.5 (-31.6) -100.5 (-18.0) -59.0 (11.5) -20.5 (22.3) -8.0 (26.9) 

ECP78MWBc -93.7 (-7.8) -93.3 (-10.9) -99.1 (-28.6) -62.4 (-19.6) -65.5 (-30.6) 

ECP60MWBc -84.6 (1.3) -83.3 (-0.8) -69.0 (1.6) -41.5 (1.3) -33.2 (1.7) 

 a Krack_PP is large-core GTH pseudopotentials of uranium optimized by Krack. 

 b Smirnov_PP is large-core GTH pseudopotentials of uranium optimized by Smirnov. The calculations for Krack_PP and 

Smornov_PP were performed by using CP2K. 

 c ECP78MWB (large-core) and ECP60MWB (small-core) are energy-consistent pseudopotentials optimized by Dolg and co-

workers. The calculations for these two pseudopotentials were performed by using Gaussian. 

 d Error = (ECP2K – EADF). Reaction energy is outside parenthesis, and error is inside parenthesis hereafter. 

Due to the “plutonium turn” phenomenon in the actinide series,65 we split the actinide series into 

two sets to facilitate discussion of transferability results, since the early actinides (Ac - Cm) can achieve 

high oxidation states (Figure 2), while the later ones (Bk - Lr) prefer the lower oxidation states. The 

redox reaction energies computed with our optimized AnPP-L pseudopotentials, are presented in Tables 

4 (Ac - Cm) and 5 (Bk - Lr). We note that the large-core pseudopotentials do not perform as well for 

the later elements in the series and high oxidation states for the early actinides. 
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Table 4. Reaction energies (kcal/mol) computed with our optimized AnPP-L pseudopotentials for Ac 

to Cm at the PBE level. Errors with respect to all-electron reaction energies are in parenthesis. 

Element R1 R2 R3 R4 R5 R6 

Ac -80.2 (-0.2) -83.7 (0.0) 
   

  

Th -80.7 (10.0) -94.8 (2.9) -91.9 (-1.2) 
  

  

Pa -84.5 (3.5) -84.7 (4.0) -79.9 (8.5) -38.3 (17.7) 
 

  

U -85.4 (0.6) -81.8 (0.6) -60.4 (10.1) -28.5 (14.3) -16.3 (18.6)   

Np -87.1 (-0.8) -79.6 (-3.2) -42.6 (12.7) -5.0 (10.6) -26.5 (13.2) 55.1 (18.2) 

Pu -72.1 (2.7) -65.7 (-1.1) -38.0 (4.0) -3.3 (10.1) -3.7 (9.3) 43.0 (15.6) 

Am -69.4 (0.1) -47.7 (-1.3) -17.9 (2.8) -1.8 (3.9) 0.6 (5.5)   

Cm -66.6 (1.6) -92.3 (-10.0) -6.8 (-0.1) 
 

    

MADa 2.4 2.9 5.6 11.3 11.6 16.9 

a Mean absolute deviation hereafter. MAD = ∑ |𝐸|/N  where Ei is the error for each actinide element, and N is the number 

of actinide elements. 

Table 5. Reaction energies (kcal/mol) computed with our optimized AnPP-L pseudopotentials for Bk 

to Lr at the PBE level. Errors with respect to all-electron reaction energies are in parenthesis. 

Element R1 R2 R3 

Bk -63.2 (5.6) -82.5 (-16.2) -51.6 (-11.5) 

Cf -68.4 (-0.3) -70.1 (-19.3) -32.1 (-8.7) 

Es -70.0 (-2.7) -53.9 (-12.7) 
 

Fm -72.1 (-5.5) -53.0 (-21.2) 
 

Md -70.1 (-3.5) -26.7 (-8.5) 
 

No -66.6 (-2.4) -18.0 (-9.8) 
 

Lr -58.8 (-3.3) -77.6 (-3.0) 
 

MAD 3.4 13.0 10.1 

The AnPP-L pseudopotentials can reproduce redox reaction energies with respect to all-electron 

calculations for the lower oxidation states. As shown in Tables 4 and 5, mean absolute deviation (MAD) 

values < 6 kcal/mol are only observed for reactions R1 - R3 for the early actinides, and R1 for the later 
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elements. The reaction energies of high oxidation states redox reactions (R4 - R6) for early actinides 

are systematically underestimated with comparison to ADF results as shown in Figure S5. This implies 

that, to accurately describe the high oxidation states of actinides, the inclusion of deeper lying states is 

necessary, invoking the use of medium-core or even small-core pseudopotentials. 

The redox reaction energies using our medium-core AnPP-M pseudopotentials are listed in Tables 

6 and 7. The reaction energies of AnPP-M pseudopotentials for uranium in Table 6 are in good 

agreement with small-core energy-consistent pseudopotentials results (Table 3), thus demonstrating that 

both small-core and medium-core pseudopotentials can be highly transferable.29 The error with respect 

to all-electron calculations of the R1-R6 reaction energies calculated with the AnPP-M pseudopotentials 

are acceptable (< 5 kcal/mol), and considerably better than those calculated with the AnPP-L 

pseudopotentials (Figure 4). Notably, the R3 - R6 reaction energies are significantly improved for the 

early actinides with MAD reduced to only ~2 kcal/mol.  

Table 6. Reaction energies (kcal/mol) computed with our optimized AnPP-M pseudopotentials for Ac 

to Cm at the PBE level. Errors with respect to all-electron reaction energies are in parenthesis. 

Element R1 R2 R3 R4 R5 R6 

Ac -78.6 (1.3) -84.7 (-1.0) 
   

  

Th -93.9 (-3.3) -100.8 (-3.1) -93.3 (-2.6) 
  

  

Pa -90.5 (-2.5) -91.3 (-2.6) -88.1 (0.4) -56.6 (-0.7) 
 

  

U -86.9 (-1.0) -85.0 (-2.5) -70.2 (0.3) -42.3 (0.5) -35.3 (-0.4)   

Np -90.7 (-4.4) -81.8 (-5.4) -55.3 (0.1) -19.1 (-3.6) -37.2 (2.5) 36.2 (-0.7) 

Pu -79.1 (-4.2) -69.7 (-5.0) -46.0 (-4.1) -15.3 (-1.9) -16.6 (-3.6) 26.8 (-0.6) 

Am -73.1 (-3.6) -51.1 (-4.7) -21.3 (-0.6) -9.7 (-4.1) -7.2 (-2.3)   

Cm -69.5 (-1.3) -87.3 (-5.1) -8.5 (-1.8)       

MAD 2.7 3.7 1.4 2.1 2.2 0.7 
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Table 7. Reaction energies (kcal/mol) computed with our optimized AnPP-M pseudopotentials for Bk 

to Lr at the PBE level. Errors with respect to all-electron reaction energies are in parenthesis. 

Element R1 R2 R3 

Bk -69.5 (-0.7) -73.6 (-7.3) -43.4 (-3.2) 

Cf -70.3 (-2.3) -57.9 (-7.0) -27.5 (-4.0) 

Es -72.8 (-5.5) -44.8 (-3.6)   

Fm -72.7 (-6.2) -38.0 (-6.1)   

Md -72.0 (-5.5) -22.6 (-4.4)   

No -66.6 (-2.4) -13.7 (-5.5)   

Lr -52.3 (3.2) -74.2 (0.3)   

MAD 3.2 4.9 3.6 

 

 

Figure 4. The mean absolute deviation (MAD) values of reaction energies of redox reactions using 

CP2K with our AnPP-L and AnPP-M pseudopotentials and basis sets with respect to all-electron ADF 

calculations at the PBE level. For (a), the actinide elements are from Ac to Cm; for (b), the actinide 

elements are from Bk to Lr. 

    We compared the redox reaction energies computed with our norm-conserving pseudopotentials 

with those calculated with energy-consistent pseudopotentials, that are widely used by the molecular 

quantum chemistry community. The reaction energies of large-core and small-core energy-consistent 

pseudopotentials are presented in Tables S17 - S19. The large-core energy-consistent pseudopotentials 

overestimate all-electron reaction energy results compared to the results using the AnPP-L 
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pseudopotentials (Table S17). For early actinides (Ac - Cm), small-core energy-consistent 

pseudopotentials yield R1 - R6 reaction energies that are closer to all-electron results than our AnPP-

M pseudopotentials (Table S18), especially for the R1 and R2 reactions. Although optimizing small-

core norm-conserving GTH pseudopotentials would improve transferability results, these would 

become too computationally expensive for the simulation of large-scale actinide-containing systems, 

especially when involving condensed phase. 

A key question remains to be answered: Why are medium-core GTH pseudopotentials needed to 

properly describe the high oxidation states for the early actinides and nearly all oxidation states for the 

late actinides? To answer this question, we plot in Figure 5 the radial densities for the 5s, 5p, 5d and 5f 

orbitals of uranium in different oxidation states. It turns out that with increasing of oxidation states of 

uranium, while the Rmax of the 5s, 5p, and 5d orbitals barely change, the 5f orbital becomes more 

compact for higher oxidation states of uranium, as previously discussed by Dolg et al.29 and us.66 The 

Rmax of the uranium 5f orbital is nearly the same (~0.56 Å) in the 0, I and II oxidation states, however, 

they shrink in ~ 0.01 Å increments starting at the III oxidation state. At the highest oxidation states, the 

radial maximum of the 5f orbital approaches that of the 5d orbital, indicating that these states 

interact/repel each other and hence a polarization of the 5f orbital become more problematic for the 

higher oxidation states. This effect likely explains the observation that early actinides require medium-

core pseudopotentials for high oxidation states redox reactions. 
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Figure 5. Radial densities D(r) = r2R(r)2 for 5s, 5p, 5d, and 5f orbitals of atomic ions U+-U6+. 

Pseudopotential transferability of the later actinides is also affected by the spatial correlation 

between 5f orbital and 5d orbital. To understand this effect, we plot the radii of maximum radial 

densities (Rmax) of 5s, 5p, 5d and 5f orbitals of actinide atom (Figure 6) derived from numerical 

relativistic Dirac-Fock calculations.67 There is a significant separation between the radial maxima of 5d, 

5f and 5s, 5p orbitals, demonstrating the validity of medium-core pseudopotentials for the actinide series. 

As the series progresses, the 5f orbitals become spatially closer to 5d orbitals such that by the end of 

the series Rmax for the two orbitals is only about 0.06 Å apart, indicating increased interaction between 

the two. The spatial correlation between 5f and 5d orbitals in the later actinides, although not as marked 

as the overlap between 4f and 4d orbitals for the later lanthanides, is a likely reason why medium-core 

GTH pseudopotentials are also required for the late actinides.41 
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Figure 6. The Rmax of 5s, 5p, 5d and 5f orbitals for actinide series derived from numerical Dirac-Fock 

calculations.65 For (a), j = l - 
ଵ

ଶ
; for (b), j = l + 

ଵ

ଶ
. 

Overall, the transferability of pseudopotentials for heavy elements is dictated by oxidation states 

and spatial correlation of d and f orbitals. Since lanthanides overwhelmingly favor the III oxidation state 

with some exceptions,68-70 their pseudopotential transferability is mainly affected by the spatial 

correlation of the 4d and 4f orbitals for late lanthanides. Hence, in our previous work we successfully 

adopted large-core pseudopotentials for early lanthanides (La - Gd) and medium-core pseudopotentials 

for late lanthanides (Tb - Lu).41 For actinides, since the early elements favor a variety of oxidation states, 

medium-core pseudopotentials are required to treat reactions involving high oxidation states. The late 

actinides, akin to the late lanthanides, also require medium-core pseudopotentials due to spatial overlap 

between the 5d and 5f orbitals.  

As a related test of the transferability principle, we consider the direct computation of ionization 

potentials for An atoms and ions. The first two ionization potentials (IPs) of actinides were, computed 

as the difference between the ground state energies of Anq+ and An(q+1)+, where q denotes charge. 

Although our procedure is not based on state energies, it is a simple and fast procedure to calculate 

ionization potential by using density functional theory at the PBE level. The computed first and second 

ionization potential of actinide atoms using our AnPP-L and AnPP-M pseudopotentials and basis sets 

are presented in Tables 8 and 9. Consistent with the above analysis, both AnPP-L and AnPP-M can 

reproduce first and second ionization potentials, with MAD values <10 kcal/mol compared to 

experiment and a maximum error of 24 kcal/mol. 



 

19 
 

Table 8. Composite results for the first ionization potentials of actinide atoms (unit in kcal/mol). 

Element AnPP-L AnPP-M Exp.a Error(L)b Error(M)b 

Ac 130.1  121.7  124.1  6.0 (5%) -2.4 (2%) 

Th 133.7  136.6  145.4  -11.7 (8%) -8.8 (6%) 

Pa 138.9  129.4  135.8  3.1 (2%) -6.4 (5%) 

U 140.4  131.0  142.8  -2.4 (2%) -11.8 (8%) 

Np 131.3  121.0  144.5  -13.2 (9%) -23.5 (16%) 

Pu 129.3  125.4  139.0  -9.7 (7%) -13.6 (10%) 

Am 127.2  126.1  137.8  -10.6 (8%) -11.7 (8%) 

Cm 133.8  114.3  138.2  -4.4 (3%) -23.9 (17%) 

Bk 136.0  140.4  142.9  -6.9 (5%) -2.5 (2%) 

Cf 138.9  140.6  144.9  -6.0 (4%) -4.3 (3%) 

Es 140.1  138.4  146.8  -6.7 (5%) -8.4 (6%) 

Fm 144.0  141.7  149.9  -5.9 (4%) -8.2 (5%) 

Md 146.6  145.4  151.7  -5.1 (3%) -6.3 (4%) 

No 149.4  152.3  153.4  -4.0 (3%) -1.1 (1%) 

Lr 101.8  100.1  114.4  -12.6 (11%) -14.3 (13%) 

MAD 7.2 (5%) 9.8 (7%) 

a Experimental values are taken from the NIST database.71 

b Absolute error Error(L) is calculated as Error(L) = IP1AnPP-L - IP1Exp. and Error(M) is calculated as Error(M) = 

IP1AnPP-M - IP1Exp. Relative error is in parenthesis. 
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Table 9. Composite results for the second ionization potentials of actinide atoms (unit in kcal/mol). 

Element AnPP-L AnPP-M Exp.a Error(L)b Error(M)b 

Ac 270.9  273.0  271.1  -0.2 (0%) 1.9 (1%) 

Th 271.7  276.7  279.0  -7.3 (3%) -2.3 (1%) 

Pa 262.9  271.6  268.0  -5.1 (2%) 3.6 (1%) 

U 256.6  267.0  268.0  -11.4 (4%) -1.0 (0%) 

Np 273.4  274.4  267.0  6.4 (2%) 7.4 (3%) 

Pu 275.6  278.1  265.0  10.6 (4%) 13.1 (5%) 

Am 280.1  281.1  269.0  11.1 (4%)  12.1 (4%) 

Cm 289.8  288.4  286.0  3.8 (1%) 2.4 (1%) 

Bk 286.8  284.7  276.0  10.8 (4%) 8.7 (3%) 

Cf 288.2  288.1  278.0  10.2 (4%) 10.1 (4%) 

Es 290.0  291.3  281.0  9.0 (3%) 10.3 (4%) 

Fm 292.9  294.1  285.0  7.9 (3%) 9.1 (3%) 

Md 294.4  296.2  287.0  7.4 (3%) 9.2 (3%) 

No 297.0  296.1  290.0  7.0 (2%) 6.1 (2%) 

Lr 336.4  338.8  328.0  8.4 (3%) 10.8 (3%) 

MAD 7.8 (3%) 7.2 (3%) 

a Experimental values are taken from the NIST database.71 

b Absolute error Error(L) is calculated as Error(L) = IP1AnPP-L - IP1Exp. and Error(M) is calculated as Error(M) = 

IP1AnPP-M - IP1Exp. Relative error is in parenthesis. 

3.2 Molecular benchmarks 

Besides the testing of the atomic properties, a variety of molecular benchmark calculations are 

performed to further validate the accuracy of our actinide GTH pseudopotentials and MOLOPT basis 

sets. 

3.2.1 Molecular structures 

As a first evaluation, the molecular structures (bond lengths and angles) of actinide halides with 
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III, V and VI oxidations states for actinides and actinide monohydrates with III oxidation state for 

actinides (Figure 7), are optimized. The AnX5 molecule has two possible structures, with C4v and D3h 

symmetries. Although ab initio studies with a high level theory showed that the energy of the UCl5 D3h 

structure is energetically favored by 1 kcal/mol,17, 28 we chose the C4v structure for AnX5 in our 

calculations due to the detection of C4v symmetry for UCl5 through infrared spectrum.72 Noting that 

there are limited experimental results for structure parameters for the whole actinide series, we compare 

our results with all-electron calculations. 

 

Figure 7. Molecular structures and geometry parameters of actinide halides with III, V and VI 

oxidations states for actinides and actinide monohydrates with III oxidation state for actinides 

Specific bond lengths and angles of the actinide molecules shown in Figure 7, calculated with the 

AnPP-M and AnPP-L pseudopotentials, as well as all-electron calculation, are presented in Tables S20 

- S28. Mean average deviations (MAD) values across the series for the AnPP-L and AnPP-M 

calculation with respect to all-electron calculations appear in Table 10. Not surprisingly, the AnPP-M 

results are in better agreement with all-electron reference data, as also shown in Figure 8. 

The actinide contraction An, quantified by the An-F bond length difference between AcF3 and 

LrF3, are 0.152 Å and 0.160 Å calculated with AnPP-L and AnPP-M pseudopotentials, respectively. 

These results are in good agreement with previous theoretical results using energy-consistent 

pseudopotentials (0.17 Å and 0.18 Å).73 The actinide contractions of 0.206 Å and 0.190 Å in AnCl3, 

and of 0.194 Å and 0.203 Å in An(H2O)3+, with the AnPP-L and AnPP-M pseudopotentials respectively, 

are considerably larger in comparison to contractions calculated with AnF3. An-F bonds are more rigid 

than the An-Cl and An-O bonding interactions, and as such inducing the difference on actinide 

contraction.73-75 For actinide molecules with higher V and VI oxidation states for actinides, the bond 
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length errors calculated using the AnPP-M pseudopotentials are smaller than those calculated with the 

AnPP-L pseudopotentials, which agrees with our results on the transferability of medium-core 

pseudopotentials for actinides. 

Table 10. Computed MAD values for bond length (Å) of An-X ( X = F, Cl, O) in actinide halides with 

III, V and VI oxidation states for actinides and actinide monohydrate with III oxidation state for 

actinides using CP2K with our AnPP-L and AnPP-M pseudopotentials and basis sets with respect to 

all-electron ADF calculations at the PBE level. 

 

MAD (Å) 

ΔLAnPP-L - AE ΔLAnPP-M - AE 

AnF3 0.042  0.012  

AnF5 0.021  0.008  

AnF6 0.024  0.003  

An-H2O3+ 0.039  0.026  

AnCl3 0.025  0.007  

AnCl5 0.031  0.003  

AnCl6 0.041  0.003  

Figure 8. Comparison of bond lengths of actinide molecules with CP2K using AnPP-M (a) and AnPP-

L (b) and all-electron calculations using ADF program for compounds in Figure 7. 
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3.2.2 Ligand bond and binding energies 

With the optimized geometries as shown in Figure 7, we calculated the bond energies of actinide-

halogen in actinide halides as well as the binding energy between water and actinide ion with III 

oxidation state in actinide monohydrate. The An-X (X = F, Cl) bond energies were computed as: 

𝐸ௗ =
ா()ାா()ିா( )


                                         (Eq. 5) 

in which n =5, 6 for AnCl5, AnF5 and AnCl6, AnF6 and n = 3 for AnF3 and AnCl3. Here E(An) and E(X) 

denote energies of actinide and halogen atoms at PBE level. The binding energies between An3+ and 

H2O in An(H2O)3+ were computed as: 

𝐸ௗ = 𝐸(𝐴𝑛ଷା) + 𝐸(𝐻ଶ𝑂) − 𝐸(𝐴𝑛(𝐻ଶ𝑂)ଷା)                          (Eq. 6) 

The bond energies and binding energies calculated by AnPP-M and AnPP-L pseudopotential at PBE 

level are larger than energy-consistent pseudopotentials calculations at Hartree-Fock level.28, 73 In Table 

11 we compare the MAD values of bond energy and binding energy for AnPP-M and AnPP-L. We 

observe considerably smaller errors with MAD ~2.0 kcal/mol compared to all-electron calculations 

when using the AnPP-M pseudopotentials. Tables S29 - S35, in part D of the SI, show the bond energies 

and binding energies of optimized structures obtained with our AnPP-M and AnPP-L pseudopotentials 

and basis sets with CP2K and all-electrons methods with ADF in detail. 
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Table 11. Computed MAD values of bond energies (kcal/mol) of An-X ( X = F, Cl) in actinide halides 

with III, V and VI oxidation states for actinides and binding energies of between An and H2O in actinide 

monohydrate with III oxidation states for actinides using CP2K with our AnPP-L and AnPP-M 

pseudopotentials and basis sets with respect to all-electron ADF calculations at the PBE level. 

 

MAD 

ΔEAnPP-L - AE ΔEAnPP-M - AE 

AnF3 5.1  2.5  

AnF5 9.8  3.1  

AnF6 10.6  2.9  

An3+-H2O 5.0  2.3  

AnCl3 4.1  2.4  

AnCl5 6.0  1.8  

AnCl6 6.7  1.9  

3.2.3 Molecular thermodynamic properties 

We calculated the formation enthalpies of AnOn (n = 1, 2, 3), AnFn (n = 1, 2, 3, 4, 6), and AnCln 

(n = 3, 4) molecules, and compared to experimental data, which is available for several early actinide 

elements.76-79 The results are presented in Table 12. Our CP2K calculations of formation enthalpies are 

based on periodic conditions with uncharged box and an empirical fit to experiment for U with 

predictive capability for the other elements, following the same approach as done in our previous work41, 

see details in part D of the SI. All computed enthalpies of formation appear in Tables S36 - S45. For 

low oxidation state actinide molecules, the AnPP-M and AnPP-L pseudopotentials have similar 

performance. Except for AnF4 and AnF6 molecules, the formation enthalpies calculated by AnPP-M 

pseudopotentials are closer to experiment than those calculated with the AnPP-L pseudopotentials for 

high oxidation state molecules.  
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Table 12. Computed MAD (kcal/mol) values for enthalpy of formation using CP2K with our AnPP-L 

and AnPP-M pseudopotentials and basis sets with respect to experiment. 

 

Exp. MAD 

ΔHf
AnPP-L – Exp. ΔHf

AnPP-M – Exp. 

AnO -11.5 9.4  9.9  

AnO2 -112.0 18.3  13.5  

AnO3 -162.8 16.6  3.0  

AnF -19.1 14.2  13.9  

AnF2 -137.8 18.7  18.3 

AnF3 -269.1 34.1  34.6  

AnF4 -386.2 16.8 19.1 

AnF6 -467.9 13.2 33.2 

AnCl3 -139.1 20.0 20.4 

AnCl4 -199.9 13.7  10.6  

4. CONCLUSIONS 

We present here large- and medium-core GTH-type pseudopotentials optimized for all actinide 

elements from Ac to Lr, as well as their corresponding MOLOPT basis sets with fully contracted 

coefficients for s, p, d, f and g orbitals. The pseudopotentials and basis sets perform well in a variety of 

atomic and molecular benchmarks. For the early actinides (Ac to Cm), we find that the large-core 

pseudopotentials have reasonable accuracy with low oxidation states, the medium-core 

pseudopotentials are superior for the whole series regardless of oxidation state. Given the high 

efficiency of the GTH pseudopotentials, we anticipate that these datasets will allow calculations and 

simulations of actinide chemistry in condensed phase systems such as bulk solids, surfaces, interfaces, 

and molecular species in solution, especially for those elements where very limited or no available 

information is available. Further development of pseudopotentials and basis sets of actinides with 

relativistic spin-orbit coupling effects included will be useful for highly accurate calculations of 

spectroscopic properties. 
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Supporting Information 

Discussions on optimization of pseudopotentials and basis sets are presented in part A of the SI 

(Tables S1 - S6, Figures S1 - S4). Detailed tables about computational methodology are presented in 

part B of the SI (Tables S7 - S12). Part C of the SI describes transferability results by using different 

types of pseudopotentials and basis sets (Tables S13 - S19, Figure S5). Detailed tables and Figures 

about bond lengths, bond energies, binding energies, and formation of enthalpies of small actinide 

molecules are presented in part D of the SI (Tables S20 - S45, Figure S6). The references of SI are 

presented in part E of the SI. The resulting GTH pseudopotentials and basis sets of actinides are 

presented in part F of the SI. 
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