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We present an investigation into the transferability of pseudopotentials (PPs) with a nonlinear core
correction (NLCC) using the Goedecker, Teter, and Hutter (GTH) protocol across a range of pure GGA,
meta-GGA and hybrid functionals, and their impact on thermochemical and non-thermochemical
properties. The GTH-NLCC PP for the PBE density functional demonstrates remarkable transferability to
the PBEO and wB97X-V exchange—correlation functionals, and relative to no NLCC, improves agreement
significantly for thermochemical benchmarks compared to all-electron calculations. On the other hand,
the B97M-rV meta-GGA functional performs poorly with the PBE-derived GTH-NLCC PP, which is
mitigated by reoptimizing the NLCC parameters for this specific functional. The findings reveal that
atomization energies exhibit the greatest improvements from use of the NLCC, which thus provides an
important correction needed for covalent interactions relevant to applications involving chemical

reactivity. Finally we test the NLCC-GTH PPs when combined with medium-size TZV2P molecularly
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that they lead to consistently good results when compared to all-electron calculations for atomization
DOI: 10.1039/d35c03709f energies, ionization potentials, barrier heights, and non-covalent interactions, but lead to somewhat
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Introduction

Pseudopotentials are mathematical representations of the
interactions between explicitly treated valence electrons and
effective cores that replace atomic nuclei and inner shell elec-
trons, allowing for a substantial reduction in computational
resources required to model large chemical and materials
systems, while also accounting for relativistic effects in some
cases." The Goedecker, Teter, and Hutter (GTH) formalism and

optimization protocol has produced separable, norm-
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conserving, Gaussian-type dual-space pseudopotentials (PPs)**
that are widely used in ab initio molecular dynamics (AIMD)
simulations with a mixed Gaussian-planewave (GPW) strategy.*
The GTH PP construction and optimization is generally per-
formed utilizing the neutral atomic state as a reference with
spherical symmetry. To make an effective PP, it is essential to
divide the space into two regions: muffin-tin spheres centered
on the atom in a molecule or solid, and the interstitial region
that encompasses the rest of the charge density.” Knowing the
scattering properties on the surface of the muffin-tin spheres
then allows for exact solutions of the Schrodinger equation in
the interstitial region.® By satisfying the norm conservation
condition in GTH PPs,” the logarithmic derivative function
associated with the energy accurately represents the scattering
properties of a muffin-tin sphere that contains the charge
distribution of the reference configuration. Screening effects
give rise to an approximately invariant muffin-tin sphere,
wherein the total electronic charge distribution remains largely
unaffected by changes in the outer chemical environment.® The
construction of the traditional GTH*> and Hartwigsen-Goe-
decker-Hutter (HGH)® PPs followed this approach, resulting in
PPs that exhibit excellent transferability for non-spin-polarized
systems.

However, in a self-consistent field calculation, the charge
distribution undergoes changes when a free atom is inserted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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into a molecule or solid, and the potential within the muffin-tin
region will generally differ from the potential within a muffin-
tin sphere of the same radius around the reference atom. As
a result, the scattering properties undergo modifications, and
the PP constructed based on the isolated atom might not
accurately reproduce the altered scattering properties due to the
new chemical environment. In spin-polarized calculations, the
concept of an invariant muffin-tin sphere is also not applicable
since the spin polarization deviates across different chemical
environments, despite the similarity in the total charge within
the invariant muffin-tin sphere. In other words, the typical
assumption for PPs that assume a linear relationship between
the charge distribution and potential leads to inaccuracies
because the electron—-electron interactions in the core region are
highly localized such that they exhibit a nonlinear relationship
between the electron density and the associated potential.
One approach to address this is by incorporating nonlinear
core corrections (NLCC)® into the PP optimization. For the
NLCC schemes, the spin and charge densities within the
muffin-tin sphere are not solely determined by the valence
electrons, but instead encompass the combined contributions
of the valence charge and the core charge. The NLCC method
allows for a more realistic treatment of the core electron
behavior by taking into account the strong electron-electron
interactions and the asymmetric charge density distribution
near the atomic nucleus. In accordance with the principles
underlying the GTH PPs, Willand et al. in 2013 put forward
a NLCC method in which the core charge density is represented
by a single Gaussian function,' which captures the essential
characteristics of the core charge. The amplitude and width of
this Gaussian core charge distribution were subsequently opti-
mized through a rigorous fitting procedure similar to the
regular GTH PP optimization*™ but including not just ground
state but also excited states and ionized electronic configura-
tions. By employing this methodology, the NLCC-PP achieves
a high level of precision in describing the atomization energies
in molecular systems compared to all-electron calculations and
reliability for high-pressure phases of crystalline solids.
Together with an adequate treatment of dispersion, such as the
empirical Grimme D2 (ref. 15) and D3 (ref. 16) schemes, the
inclusion of NLCC corrections allows for a comprehensive
description of weakly bound intermolecular interactions,
achieving an average error of approximately 0.5 kecal mol .
Recently, we presented a study on the optimization and
transferability of small and large core GTH PPs for Density
Functional Theory (DFT) functionals applied to molecular
systems and condensed phase simulations for electrocatalysis.*®
We also have recently conducted a systematic exploration of the
extent of PP inconsistency errors (PPIEs)" that arise from the
transfer of a different PP relative to the chosen level of DFT
when evaluating energy differences. To address these errors, we
have developed and implemented empirical atom- and density
functional approximation specific PP corrections.”” But in
neither case have we considered the role of NLCC PPs and their
influence on the accuracy possible with different DFT func-
tionals outside the original parameterization of the PBE func-
tional* and when combined with less complete basis sets such

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as the molecularly optimized (MOLOPT) basis sets used in
AIMD application studies in CP2K."®

In this work, we directly use the 2013 NLCC HGH-PP
developed for the PBE functional,’ and investigate its trans-
ferability and accuracy across various DFT functionals
including the hybrid GGA PBEO0," the semi-empirical hybrid
wB97M-1V,** and the meta-GGA B97M-rV,**? as measured on
performance for thermochemical properties, barrier heights,
isomerization energies, and non-covalent interactions. In
addition, we also combine the GTH-NLCC method with the
medium-sized TZVP MOLOPT basis sets that are used to
enhance the computational efficiency in CP2K>* and compare
them to the more complete def2-TZVPPD basis set results.
Although the NLCC GTH-PP results are more transferable and
yield excellent results for the hybrid functionals regardless of
basis set, the BO7M-1V functional exhibits a large PPIE. Hence
we undertook a reoptimization process to enhance the accu-
racy of the NLCC parameters for this meta-GGA functional
which brings it into line with the other DFT/basis set
combinations. As we show below, the use of the NLCC
correction improves overall accuracy over the full range of
DFT functionals and basis sets considered here, minimizing
errors across all data sets but especially for thermochemical
properties that are most relevant for applications involving
chemical reactivity.

Computational details
GTH PPs and optimization algorithm of NLCC parameters

The norm-conserving, dual-space, and explicitly separable GTH
pseudopotential VPP contains local and nonlocal parts,>** where
the local term is expressed as

7z ; 4 b\ 22
VEP(r) = —Terf <\/§rpp> + Z cr (@) exp [

loc

()]

and erf represents the error function, Z;,, is the ionic charge of

the atom, % controls the range of the Gaussian ionic charge

distribution, and the C¥P are the coefficients to be optimized.
The nonlocal part is expressed as

L im\ 70 [/ im]|,/
VI (') = S50l (o) @
Im
where hfj denotes a scattering matrix element and (rpi™) is
Gaussian-type projector given as

2

oy = rrenl S (] @
where [ denotes the angular momentum quantum number of
subshells, N} denotes a normalization constant and Y™ is
a Laplace spherical harmonic.” Therefore, parameters ry,. and C;
in the local term, and %; and r; in the nonlocal part need to be
fitted in the GTH PP optimization.

The nonlinear core correction is given by
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in which the core charge is described by a single Gaussian
function, which is efficient for numerical integration, and is

then incorporated into the generalized Kohn-Sham total energy
equation:
1
Eys = Z<1//,H - EVZ + Vulpl + Vielp + pc] + Vpp} \//i>

— Eulpl + Eelp+ ] - Jdrpm Vielo + 2] (5)

p(r) =

Ccore

where E,., Vy. are the exchange-correlation energy and potential,
respectively, and Vg is the Hartree potential. The amplitude
(Ceore) and width (7ore) of the function are optimized based on the
usual procedure of modulating initial step size, weight for
configurations in different regions such as core, valence and
virtual states, and target accuracy for Kohn-Sham eigenvalues,
with reference to the all-electron results with the consideration of
scalar relativistic effects.”> However, contrary to the optimization
procedure of a traditional GTH PP, which is fitted to a single
atomic configuration considered as a symmetric sphere, the
optimized NLCC PPs are parameterized not only with the ground
state, but also with excited states and ionized electronic config-
urations. Several atomic properties were chosen in the fitting
procedure with respect to the all-electron (AE) calculations: (1)
atomic eigenvalues of the occupied and first few unoccupied
valence orbitals, (2) charge within the inert region (r,) of the
pseudo atom matching the charge in the same region for all the
orbitals; this criterion illustrates that the PP is norm conserving
for all the configurations used in the optimization, (3) total
energy difference, and (4) spin polarization energy of all-electron
calculation is reproduced. This is incorporated into the objective
penalty function expressed in eqn (7)

DA () 6)
n,l

where p denotes different atomic properties described above, w
is the weight of each property, and n and [ are principal and
angular momentum quantum numbers, respectively.

Meta-GGA functionals stand out for their ability to enhance
the precision of GGAs by incorporating local kinetic energy
density considerations. This distinctive feature empowers meta-
GGAs to provide a more refined treatment of diverse chemical
bonds, including covalent, metallic, and weak bonds, in
contrast to the capabilities of LDAs and GGAs.**?*¢

ERC90p, 1] = d’tf [p(r), Vp(r), 1(r)] 7)

where the kinetic energy density is expressed as the summation
over all occupied Kohn-Sham orbitals:

oce

) = 3 3 Vo ®

However, in the CP2K code," an assumption is made that
the kinetic energy density stemming from core orbitals is
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excluded from consideration, with only valence orbitals taken
into account. Consequently, during meta-GGA calculations, the
employed variables encompass the core charge augmented
density and density gradient, accompanied by the kinetic
energy density derived solely from valence orbitals. To address
this limitation, we reoptimized the NLCC parameters for the
meta-GGA B97M-1V functional.

Computational and theoretical details. The ATOM module
implemented in CP2K package'® was used to optimize the new
NLCC GTH PPs at the level of B97M-rV. The NLCC terms opti-
mized on top of Hartwigsen-Goedecker-Hutter (HGH) pseu-
dopotential served as an initial guess.'® In the calculations for
different applications of the new PPs, the energy cutoff was set
as 1200 Ry with a box size of 20 A x 20 A x 20 A. During the Self-
Consistent-Field (SCF) calculation, a strategy of orbital trans-
form (OT)*"** is utilized to accelerate the convergence, of which
the threshold is set to be 10~° hartree. The reference results are
obtained from all-electron calculations with Gaussian-type def2-
TZVPPD basis sets.”**

In order to examine the NLCC correction for different
chemical properties, we chose a number of benchmark data
sets. We follow the convention outlined by Mardirossian and
Head-Gordon®® to organize datasets into categories: (1) ther-
mochemistry (TC), (2) barrier heights (BH), (3) isomerization
energies (I), and (4) non-covalent interactions (NC), ranging
from most difficult to easier in regards demands on the PP
accuracy. Note however we are not using their MGDB84 dataset
here. For the TC category we used the whole series of G2
datasets®*~* that evaluates the covalent bond formation energy,
as well as the TAE140nonMR and TAE140MR?* for easy and
difficult atomization energies, respectively. For the BH category
we used HTBH38,*” NHTBH38,* and WCPT27 (ref. 39) datasets
representing hydrogen transfer barrier heights, non-hydrogen
transfer barrier heights, and barrier heights of water-catalysed
proton-transfer reactions, respectively. For the I category we
used ID (isomerization energies “difficult”) and ISOMERIZA-
TION20 (ref. 36) for isomerization energies; G21EA**** and
G21IP**** for adiabatic electron affinities and ionization
potentials of atoms and small molecules, respectively. For the
NC category we used the NCED (non-covalent “easy” dimers)
and S66 (ref. 42 and 43) describing binding energies between
organic molecules and biomolecules, and a NCD (non-covalent
“difficult”) CT20 (ref. 44) dataset for binding energies of charge-
transfer complexes.

Results

The current standard in condensed phase simulations for codes
such as CP2K is to use GTH PPs that are combined with
compact MOLOPT basis sets, such as Table 1 and Fig. 1(a)-(c)
shows the resulting errors made on atomization energies with
GTH-PP/MOLOPT relative to def2-TZVPPD all-electron calcula-
tions, which is the most representative combination of PPs and
basis sets used in AIMD applications where chemical trans-
formations are critical. The standard PBE PP and its trans-
ferability to the two hybrid functionals for the GTH/MOLOPT
combination is overall superior to the larger basis set for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Errors in atomization energies predicted by GTH PPs compared to def2-TZVPPD all-electron calculations with or without NLCC
corrections and using MOLOPT or def2-TZVPPD basis sets. Mean Absolute Deviations (MADS, in kcal mol™?) of the different DFT functionals and
basis set combinations analyzed over the G2 series**=** and the TAE140 datasets*® divided into 124 "easy” molecules without multi-configura-

tional character and 16 multi-reference atomization energies

PP GTH GTH GTH-NLCC GTH-NLCC

Basis set Dataset MOLOPT def2-TZVPPD MOLOPT def2-TZVPPD

PBE G2 10.13 15.55 6.06 1.90
TAE140nonMR 10.20 12.25 3.36 1.32
TAE140MR 12.61 9.92 2.61 1.70

PBEO G2 6.68 11.05 1.80 5.68
TAE140nonMR 7.69 8.81 2.34 3.53
TAE140MR 10.65 6.96 3.11 2.76

wB97X-V G2 4.98 9.66 4.03 3.99
TAE140nonMR 4.05 4.16 4.48 2.60
TAE140MR 8.25 4.35 4.26 4.82

a30 b 30 c 30

Left/Right: MOLOPT/def2-TZVPPD
Light/Dark: wo NLCC/ NLCC
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Fig. 1 Nonlinear core corrections and basis set effects on atomization energies for the G2 and TAE140 datasets. We decomposed the total
TAE140 dataset into 124 TAE140nonMR and 16 TAE140MR subsets. All the GTH pseudopotentials applied here are at PBE level. (a—c) Violin
diagrams of the energy error compared with all-electron def2-TZVPPD results for density functionals of PBE, PBEO and wB97X-V applied to G2,
TAE140nonMR and TAE140MR data set, respectively. (d—f) Distribution of the all-electron results predicted for different functionals for G2,

TAE140nonMR and TAE140MR datasets, respectively.

molecules without multi-reference character, but mostly mean
absolute deviations (MADs) are surprisingly large, i.e. 5-10% in
the mean absolute percentage error (MAPE) normalized by the
corresponding average value of each dataset, assessed by the
energy scales shown Fig. 1(d)—(f).

To assess the errors incurred for the GTH-NLCC parameters
optimized for PBE,' Table 1 and Fig. 1(a)—(c) shows a significant
reduction in the MADs and MAPE regardless of basis set relative
to the all-electron calculations. This correction effectively

© 2023 The Author(s). Published by the Royal Society of Chemistry

addresses the issue of underestimating the covalent interac-
tions arising from the original GTH/MOLOPT parameterization.
For the PBE functional, the GTH-NLCC combined with more
complete basis set def2-TZVPPD yields the best results, with the
MAD generally less than 2 keal mol ™" and MAPE less than 1.2%.
Such consistency with the all-electron calculation has been
corroborated in the study conducted by Willand et al.*® where
they use the standard G2-1 dataset containing only 54 mole-
cules. However the results using GTH-NLCC/MOLOPT, the basis
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set relied upon in condensed phase AIMD simulation work, is
an impressive reduction in overall error as well.

Often PPs developed for one DFT functional, typically PBE,
are transferred for use with other DFT functionals. Table 1 and
Fig. 1(a)~(c) show that the underestimation error incurred by
PBE can be alleviated by utilizing higher hierarchical density
functionals, such as hybrid PBEO and wB97X-V functionals that
incorporate a fraction of non-local exact exchange typically
derived from Hartree-Fock theory, better describing both
localized electron-electron interactions such as covalent
bonding and delocalized interactions such as dispersion forces
and van der Waals interactions.*™*® And yet the hybrid func-
tionals also benefit from the NLCC PPs transferred from PBE.
Notably, the combination of GTH-NLCC and MOLOPT basis
sets exhibits a remarkable capacity to faithfully reproduce all-
electron outcomes, when compared to the larger basis sets
used in electronic structure codes. This underscores the
extensive utility of MOLOPT basis in practical computations, as
it adeptly strikes a fine balance between precision and compu-
tational efficiency.

Table 2 and Fig. 2 depict the errors in atomization energies
predicted by various combinations of PPs and basis sets when
evaluated across the G2, TAE140nonMR, and TAE140MR data-
sets for the semi-empirical meta-GGA B97M-rV functional.

View Article Online
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Although the GTH-NLCC PP for PBE was highly transferable to
the two hybrid functionals, one of which is also a semi-
empirical functional developed by the same data-driven proce-
dure,* we find the transferability is quite poor for B97M-1V
meta-GGA functional,”** yielding large MAD errors (>rbin
50 kcal mol ') regardless of the completeness of the basis sets
when compared to all-electron calculations (Table 2). Notably
two clear trends emerge, demonstrating first that the original
GTH/MOLOPT approach significantly underestimates the
atomically covalent interaction, whereas the existing NLCC
correction (GTH-NLCC-2013) exhibits an adverse and now
substantial overestimation of the interaction. By comparing the
MADs predicted by the original GTH/MOLOPT approach (Table
S21), it is also apparent that under the existing NLCC correction
the lighter elements exhibit significantly larger MADs compared
to their heavier counterparts. This disparity is likely attributed
to the greater sensitivity to the core region for lighter elements,
while conversely the stronger screening effect® exhibited by
heavier elements helps maintain the invariance of the charge
density in the core region, resulting in lower MAD values.
Nonetheless, we found it imperative in this case to reparame-
terize the NLCC PPs specifically for the B97M-rV functional.
After reoptimization of the NLCC parameters at the level of
B97M-1V for only the lighter main-group elements (B, C, N, O,

Table 2 Errors in atomization energies predicted by GTH PPs compared to def2-TZVPPD all-electron calculations with or without NLCC
corrections and using MOLOPT or def2-TZVPPD basis sets for the meta-GGA B97M-rV functional. Mean Absolute Deviations (MADS,
in kcal mol ™) of the different DFT functionals and basis set combinations analyzed over the G2 series®*-%5 and the TAE140 datasets®* divided into
the 124 "easy” molecules without multi-configurational character and 16 multi-reference atomization energies

PP GTH GTH GTH-NLCC GTH-NLCC GTH-NLCC-OPT GTH-NLCC-OPT
Basis set MOLOPT def2-TZVPPD MOLOPT def2-TZVPPD MOLOPT def2-TZVPPD
Dataset
G2 25.42 29.96 68.76 61.39 6.63 5.95
TAE140nonMR 19.38 20.36 55.23 51.93 5.62 4.16
TAE140MR 11.87 9.07 38.71 42.43 6.25 5.24
a b c
G2 TAE140nonMR TAE140MR
= GTH/MOLOPT
= GTH/def2-TZVPPD
= GTH-NLCC-2013/MOLOPT
c = GTH-NLCC-2013/def2-TZVPPD e c
o == GTH-NLCC-OPT/def2-TZVPPD o o
+J — - - o+ +J
= GTH-NLCC-OPT/MOLOPT = 5
Q Q Q
= = =
- -+ -
2 "L 2D
0o @] (@]
-100 =50 0 50 100 150 200 -50 0 50 100 150 -50 0 50 100

Energy Error (kcal/mol)

Energy Error (kcal/mol)

Energy Error (kcal/mol)

Fig. 2 Energy error distribution of atomization energies for the (a) G2, (b) TAE140nonMR and (c) TAE140MR datasets predicted by B97M-rV
functional. The reference is all-electron calculation with def2-TZVPPD basis sets.
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and F), leaving the original GTH parameters in place for the
heavier atoms, we get more consistent results with a MAD less
than 6 kcal mol " using either the MOLOPT or more complete
basis sets (Table 2 and Fig. 2).

Additionally, we investigated the transferability and errors
for the standard and NLCC PPs and basis set combinations for
other thermochemical properties including electron affinities
(EA) and ionization potentials (IP) derived from the G21EA and
G21IP datasets*"** as shown in Fig. 3. As detailed in Fig. S1 and
S2,T ionization involves a larger energy scale than that found for
electron affinity energies, as it is harder to remove an electron
from the highest occupied molecular orbital (HOMO) than to
attach an electron into the lowest unoccupied molecular orbital
(LUMO) because the former is much deeper than the latter
relative to the vacuum level. Overall we find that IPs are fairly
insensitive to both PPs and basis set completeness for the pure
GGA and hybrid DFT functionals, whereas the B97M-rV meta
GGA benefits from NLCC optimization, after which it yields
comparable results to the other DFT functionals and regardless
of basis set. These figures also highlight a significant trend in
which the EA is far more sensitive to the completeness of the
basis set, and that the NLCC has a more minor corrective effect
on the errors due to overbinding.

Table 3 provides an assessment of PP/basis set combinations
for other non-reactive properties including binding energies of
non-covalent interactions in organic molecules and biomole-
cules (S66),*>** binding energies of charge-transfer complexes

a 25
s GTH/MOLOPT
=20 GTH-NLCC-2013/MOLOPT
(o] B GTH/def2-TZVPPD
£ s mmm GTH-NLCC-2013/def2-TZVPPD
©
o
x 35 PBE
)
< 6.23
> 5 4,76
1.04 1.59 1.49
5 0.74 2.8 i 074
EA IP
c 25
= GTH/MOLOPT

—~20 GTH-NLCC-2013/MOLOPT
= mmm GTH/def2-TZVPPD
= = GTH-NLCC-2013/def2-TZVPPD
% 15 mm GTH-NLCC-OPT/MOLOPT
@] = GTH-NLCC-OPT/def2-TZVPPD
< B97M-rv s
a 10 : 8.4
<C
= 5 3.95

2.582.7

B s
IP

.57

7.12
5.746.02 5.97
5 L] [
EA
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(CT20),** isomerization energies (ISOMERIZATION20),*
hydrogen transfer barrier heights (HTBH38),*” non-hydrogen
transfer barrier heights (NHTBH38),*® and barrier heights for
water-catalyzed proton-transfer reactions (WCPT27).* In Table
3 we consider the accuracy and transferability of the PBE PP to
the other functionals. Clearly, the NLCC effect is negligible for
these non-thermochemical properties as the chemical envi-
ronment is not dramatically changed before and after the
reaction and the spin polarized state is less involved compared
to the atomization process. Similar to the other properties
examined previously, the GTH-NLCC pseudopotential at the
PBE level exhibits poor transferability to the B97M-rvV func-
tional, resulting in significantly worse results compared to the
GTH/MOLOPT approach without correction. However, with
utilization of optimized NLCC parameters for the B97M-rV
functional, substantial improvements can be achieved for
non-thermal properties as well.

Discussion and conclusion

Pseudopotentials are widely employed in theoretical chemistry
to provide a smooth potential profile within a specified core
region, that permits removal of a specified set of core electrons
from explicit consideration, thereby reducing the computa-
tional overhead and often enabling efficient inclusion of rela-
tivistic effects. However, their utilization can introduce non-
negligible deviations, particularly in spin-polarized systems,
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Fig. 3 Sensitivity of electron affinity (EA) and ionization potential (IP) to basis size and NLCC effect at the levels of (a) PBE, (b) PBEO, (c) BO7M-rV
and (d) wB97X-V. In the subplot (c) from B97M-rV method, the additional bars are corresponding to the results predicted by optimized NLCC
parameters for lighter elements (B, C, N, O, and F) and original GTH for heavier elements (Al Si, P, S, and Cl).
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Table 3 Errors in non-thermal chemistry properties predicted by GTH PPs compared to def2-TZVPPD all-electron calculations with or without
NLCC corrections and using TZV2P MOLOPT or def2-TZVPPD basis sets. MAD results (kcal mol™?) predicted by PBE, PBEO and wB97M-rV

functionals for S66, CT20, ISOMERIZATION20, HTBH38, NHTBH38, and WCPT27
Functional PP/basis S66 CT20 ISOMER20 HTBH38 NHTBH38 WCPT27
PBE GTH/MOLOPT 0.12 0.11 0.63 1.13 2.00 0.43
GTH/def2-TZVPPD 0.06 0.04 0.99 0.95 1.00 0.90
GTH-NLCC/MOLOPT 0.14 0.10 1.57 0.38 1.84 0.49
GTH-NLCC/def2-TZVPPD 0.08 0.05 0.72 0.61 0.88 1.15
PBEO GTH/MOLOPT 0.22 0.12 0.74 0.83 1.67 0.44
GTH/def2-TZVPPD 0.07 0.07 0.78 0.71 1.03 1.04
GTH-NLCC/MOLOPT 0.23 0.12 0.68 0.37 1.87 0.45
GTH-NLCC/def2-TZVPPD 0.12 0.08 0.78 0.76 1.47 1.31
wB97M-1V GTH/MOLOPT 0.25 0.11 0.89 0.52 1.41 0.62
GTH/def2-TZVPPD 0.10 0.09 0.38 0.51 0.58 1.03
GTH-NLCC/MOLOPT 0.24 0.11 0.93 0.23 1.63 0.57
GTH-NLCC/def2-TZVPPD 0.11 0.08 0.37 0.51 1.03 1.28
B97M-1rvV GTH/MOLOPT 0.10 0.14 1.56 1.36 2.19 0.50
GTH/def2-TZVPPD 0.22 0.09 1.46 1.20 1.53 0.80
GTH-NLCC-2013/MOLOPT 0.30 0.21 5.74 3.96 2.40 2.05
GTH-NLCC-2013/def2-TZVPPD 0.24 0.17 4.67 4.00 2.06 2.70
B97M-1rV GTH-NLCC-OPT/MOLOPT 0.27 0.16 0.61 0.79 2.58 0.62
GTH-NLCC-OPT/def2-TZVPPD 0.23 0.11 0.42 0.67 0.75 0.57

as spin polarization exhibits distinct variations in response to
different chemical environments, despite the apparent simi-
larity in charge density within the invariant muffin-tin sphere.
To overcome this challenge, the NLCC strategy developed for
HGH pseudopotentials reported by Willand et al.*® introduced
a single Gaussian function as the core charge density, thereby
attaining chemical accuracy when compared to all-electron
calculations for the standard G2-1 dataset for the PBE func-
tional as well as for semiempirical models corrected by Grimme
dispersion terms.

In this work we tested the transferability and accuracy of the
original NLCC parameters to the GTH pseudopotential devel-
oped for the PBE GGA functional® and associated with the
TZV2P MOLOPT basis set,* to hybrid DFT functionals including
PBEO (ref. 19) and the range-separated hybrid, meta-GGA wB9X-
V,% as well as the B97M-rV meta-GGA functional. Our investi-
gation of transferability and accuracy encompassed a wide
range of both thermochemistry and non-thermochemistry
datasets, and our findings indicate that the NLCC correction
has the largest impact on atomization energies, effectively
rectifying the original GTH/MOLOPT method and resulting in
an error reduction of less than 1% when compared to all-
electron calculations. Importantly, the energy-consistent Stutt-
gart-Dresden relativistic PPs>»* have also been specifically
tailored to faithfully reproduce quantities such as atomic exci-
tation and ionization energies, and showcased remarkable
congruence between PPs and all-electron outcomes pertaining
to dissociation energies across an array of atoms, ions, and
dimers®™ a principle that is in alignment with the NLCC
concept. However, we have previously addressed PP trans-
ferability errors, and in that work by Rossomme and co-workers
we conducted a comprehensive comparison involving the
Stuttgart-Dresden effective core potentials.”” Notably, Table S8
within that paper unveiled a significant insight: the

10940 | Chem. Sci, 2023, 14, 10934-10943

performance of the Stuttgart-Dresden PP, even in conjunction
with the def2-QZVPPD basis set, is comparable to the GTH
results without element-specific “atomic” corrections."”

For all properties investigated, the existing NLCC parameters
optimized at the level of PBE have good transferability to PBEO
and wB97M-rV while maintaining satisfactory accuracy using
the TZV2P MOLOPT basis sets, although electron affinities were
found to be more sensitive to the completeness of basis sets
than the NLCC correction. In contrast, the GTH-NLCC PP for
PBE shows poor transferability to the meta-GGA B97M-1V
functional, with significant deviations of over 50 kcal mol ' in
atomization energies when compared to all-electron calcula-
tions, thus requiring a reoptimization of the NLCC parameters
specifically for this DFT functional. We note that similar PPIEs
were found for the SCAN functional as described by Rossomme
and co-workers," indicating that meta-GGA functionals may be
unusually sensitive to PP replacement of core electrons. Fortu-
nately, our optimization of the GTH-NLCC PP for B97M-1V
overcame the drastic errors using the standard GTH/MOLOPT,
in which optimization was only necessary for lighter second-
row elements while heavier elements did not require any
changes, which may be insightful for improving other meta-
GGA functionals. We note that the errors in the PPs for the
meta-GGA may arise from the assumption made regarding the
kinetic energy density, which neglects the contribution of the
core charge and focuses solely on the valence density (which is
also an assumption in the CP2K program). This highlights the
need, and opportunity, for developing an NLCC correction for
the kinetic energy density since meta-GGAs may offer better
DFT accuracy at an affordable cost.

In addition to transferability, the GTH-NLCC PPs combined
with the MOLOPT basis sets performed overall as well as the
complete basis set calculations for PBE and hybrid functionals,
and comparably for B97M-1V after optimization of its non-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transferable GTH-NLCC PP. Thus our conclusion is that the
GTH-NLCC PP/MOLOPT combination can be reliably employed
in large-scale systems, effectively reducing computational costs
while maintaining good accuracy. In summary, we believe these
findings contribute to a better understanding of the sources of
error in calculations using PPs and provide a protocol for
enhancing the reliability of other DFT functionals when
combined with chosen PPs and basis sets.
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