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Atomic charge and its distribution across molecules provide important insight into
chemical behavior. Though there are many studies on various routes for the
determination of atomic charge, there are few studies that examine the broader
impact of basis set and quantum method used over many types of population
analysis methods across the periodic table. Largely, such a study of population
analysis has focused on main-group species. In this work, atomic charges were
calculated using several population analysis methods including orbital-based
methods (Mulliken, Léwdin, and Natural Population Analysis), volume-based
methods (Atoms-in-Molecules (AIM) and Hirshfeld), and potential derived
charges (CHELP, CHELPG, and Merz-Kollman). The impact of basis set and
quantum mechanical method choices upon population analysis has been
considered. The basis sets utilized include Pople (6-21G**, 6-31G**, 6-311G**)
and Dunning (cc-pVnZ, aug-cc-pVnZ; n = D, T, Q, 5) basis sets for main group
molecules. For the transition metal and heavy element species examined,
relativistic forms of the correlation consistent basis sets were used. This is the
first time the cc-pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets have been examined
with respect to their behavior across all levels of basis sets for atomic charges for
an actinide. The quantum methods chosen include two density functional
(PBEO and B3LYP), Hartree-Fock, and second-order Mgller-Plesset
perturbation theory (MP2) approaches.

KEYWORDS

electrostatic potential (ESP) derived charges, volume-based methods, atomic charge,
population analysis, orbital-based methods

1 Introduction

Atomic charge is important in the rationalization and elucidation of chemical and
structural characteristics of molecules. How this charge is distributed across an atom
influences the bonding between (intermolecular) and within (intramolecular) molecules.
Insight about the electronic density, and thus, the distribution of the charge across an atom,
can be quantified using population analysis approaches.

Population analysis has proven useful for decades to help provide insight about a broad
range of chemistry. To provide a number of examples, in recent work, population analysis
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has been used to elucidate resins that are more effective for cadmium
removal (Zhang et al., 2022) to help understand the dynamics of
methanol’s main reaction channels (Catone et al., 2021) and to
provide insight about the interaction of chloroquine with Cgo (Novir
and Aram, 2020). For a study on endocannabinoid receptors, a
therapeutic target for physiological pain treatment and mood
regulation, population analysis was used to help indicate the
most probable sites to undergo a nucleophilic attack (Rangel-
Galvan et al., 2022). Electrostatic partial charges, obtained from
population analysis, have been used in the parameterization and the
development of force fields, essential to molecular dynamics (MD)
simulations (Bai et al., 2022; da Silva et al., 2022; Kognole et al., 2022;
Uene et al., 2022).

Widely used population analysis schemes include: A) those
based on wavefunction partitioning and orbital based schemes
[Mulliken (MPA) (Mulliken, 1955), Lowdin (LPA) (Lowdin,
1970), and Natural Population Analysis (NPA) (Reed et al,
1985)]; B) volume-based charge assignment methods [Atoms-in-
Molecules (AIM) (Bader, 1990) and Hirshfeld population analysis
(Hirshfeld, 1977)]; and, C) electrostatic potential (ESP) approaches
[CHELP (Chirlian et al., 1987), CHELPG (Breneman and Wiberg,
1990), and Merz-Kollman (MK) population analysis (Singh and
Kollman, 1984; Besler et al., 1990)]. There is a very rich history of
population analysis schemes, far too rich to address here. However, a
brief overview of these methods and illustrations of modifications
that have been made for some of the methods are provided here.

1.1 Wavefunction partitioning and orbital
based schemes

For the population methods that are based on wavefunction
partitioning and are orbital based (Type A), Mulliken population
analysis (Mulliken, 1955) wuses orbital partitioning schemes
accounting for atomic orbital overlap and overlap population.
The Mulliken charge assigned to atom k is calculated using the
difference between the atomic number of atom k (Z;) and the sum
over basis functions centered on atom k plus the overlap
contribution from basis set functions centered at other atoms

(Eq. 1).

Qe = Zi - (Ziek Pij + Ziek i SUP"J') (1)

Errors arise due to the Mulliken method evenly dividing the
overlap population between two atoms without considering atom
type or electronegativity (Though there have been suggested
modifications to the original Mulliken method such as work by
Noell for application to transition metal complexes) (Noell, 1982).
In a number of studies, Mulliken charges have been shown to have
basis set dependence which can yield inconsistent and poor charge
values, depending upon basis set chosen (Mulliken, 1971; Cramer,
2002; Jensen, 2007). For example, in the water molecule, the partial
charge on the oxygen atom varied by 0.5263 e when using a small
basis set (aug-cc-pVDZ) versus using a large basis set (aug-cc-pV5Z)
(Martin and Zipse, 2005). However, when using Atoms-in-
Molecules (AIM), a topological method (described below), the
difference in charge assignment between the small and large basis
sets was only 0.0078 e for oxygen (Martin and Zipse, 2005). Despite
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the possible basis set dependencies, Mulliken charges continue to be
used due to the simplicity of this charge assignment scheme.
Other wavefunction based methods have sought to improve
upon Mulliken based charges including Lowdin population analysis
(LPA) (Lowdin, 1970), and Natural Population Analysis (NPA)
(Reed et al, 1985). LPA wuses the Lowdin symmetrically
orthogonalized atomic orbitals to assign the electron density
maintaining the essential features of Mulliken analysis to reduce
basis set dependencies (Mayer, 2004). NPA addresses the basis set
dependence of Mulliken by utilizing the Natural Bond Order
approach (Foster and Weinhold, 1980; Reed and Weinhold, 1983;
Reed and Weinhold, 1985), a bond analysis technique. NPA is based
on the construction of a set of “natural atomic orbitals” (NAOs) for a
given molecule using an arbitrary atomic orbital basis set. The
“natural population analysis” simply represents the occupancies
(diagonal one-particle density matrix elements) of these NAOs in
the system of interest and enables greater numerical stability and
provides a better description of the electronic distribution in
compounds with high ionic character than the Mulliken approach.

1.2 Volume based charge assignment
methods

(Type B) include Atoms-in-Molecules (AIM) and Hirshfeld
population analysis. These methods assign charge based on the
volumes occupied by each atom. These calculations are more
demanding than Mulliken analysis. For example, the AIM
(Bader, 1990) approach divides molecular charge density into
atomic contributions based on topology. This requires knowledge
of the gradient vector field of the charge densities, and the division of
the three-dimensional space of the molecule into atomic volumes
containing exactly one nucleus, which acts as a local attractor of the
electron density. Hirshfeld population analysis (Hirshfeld, 1977;
Ritchie, 1985; Ritchie and Bachrach, 1987) gives the total density of a
molecule as a sum of well-defined contributions from its constituent
atoms, and thus simply divides the molecular density at each atomic
“point” in the molecule in proportion to their respective
contributions to the molecular density. Hirshfeld charges have
been shown to decrease basis set dependence, however, Hirshfeld
charges have been shown to be smaller in absolute value than
expected for atomic charges. Among the first to note this
difference were Davidson and Chakravorty (1992) and Bultinck
etal. (2007) For example, in work by Bultinck, the Hirshfeld charges
on the atoms in the (LiNH;3)* ion were found to be 0.751 for
Li, —0.203 for N, and 0.151 for H when ROHF/6-311G** was
used, which are smaller than anticipated.

1.3 Electrostatic potential (ESP) approaches

(Type C) rely on the partitioning of electrostatic potentials.
These types of methods result in less basis set dependence compared
to orbital based methods and are less computationally expensive as
compared to topology based methods (Chirlian et al., 1987). The
partitioning is accomplished through fitting points across the
molecular coordinate system to reproduce the electrostatic
potential. Common ESP methods including CHELP (Chirlian
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et al,, 1987), CHELPG (Breneman and Wiberg, 1990), and Merz-
Kollman (MK) (Singh and Kollman, 1984; Besler et al., 1990)
differing in their grid points choice and fitting procedure method
for the potential. CHELP assigns points on spherical shells around
each atom (14 points per shell) at 2.5, 3.5, 4.5, 5.5, and 6.5 A from
each atom excluding points in the van der Waals radii (the radius of
an imaginary hard sphere representing the distance of closest
approach for another atom) for any atom. CHELPG assigns
points on an evenly spaced cubic grid including a much denser
packing of points (1 point per 0.3 A) than CHELP and MK methods,
sampling points between 0 and 2.8 A around each atom, including
the van der Waals radii. MK uses nested Connolly surface
algorithms, assigning one to five points every 1A, including
points by scaling atomic radii to multiples of (1.4, 1.6, 1.8 and
2.0) the van der Waals radii, and discarding all points inside the van
der Waals volume. Weaknesses of charges determined using ESP
methods include that they are not easily transferable between
common (molecular) functional groups in related molecules, they
have often been conformationally dependent, and large charges can
result. The restricted electrostatic potential (RESP) model (Bayly
et al,, 1993) has been developed for molecule charge assignment to
address some of these challenges. Numerous studies have been made
using ESP charge assignment models to calculate charge of a single
molecule, or of several molecules at a specified Hamiltonian and
basis set (Sigfridsson and Ryde, 1998).

1.4 Advances in population analysis
methods: Examples

In considering population analysis schemes, many studies
have been done to extend or more thoroughly understand the
methods. For example, in a critical analysis of Hirshfield
(2007), Bultinck
identified a number of weaknesses with the analysis approach,

population analysis by Bultinck et al.

pointing out the unphysical nature of some of the predictions,
and the methodology selected for computational convenience. As
a result, an extension to the Hirshfeld method was suggested by
Bultinck, utilizing a weighted sums of charge atomic densities in
an iterative procedure until self-consistent charges are
determined. In 2006, Bruhn et al. (2006) used atomic orbital-
based population analyses, examining the way these methods are
affected by rigid rotation of the molecule. They demonstrated
that the Mulliken and pre-orthogonalized Lowdin population
analyses are invariant to a general rotation transformation, while
the standard non-pre-orthogonalized implementation of the
Lowdin formalism may not be invariant to such rotations. In
a different study, Hirshfeld and Mulliken population analysis
methods were examined to determine if the charge assignment
within the methods was consistent with chemical intuition
(i.e., consistent with commonly used chemical concepts such
as electronegativity). The study suggested improvements for the
Hirshfeld method charge partitioning technique such as
increasing the magnitude of the atomic charges (Saha et al,
2009). In 2020, a study was done by Cho et al. (2020) that
examined the use of a broad range of population analysis
methods on the GMTKN55 set of nearly 2,500 main-group
molecules using the PBEO density functional.
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In addition to the numerous studies of population methods,
there have been many reviews of population analysis schemes. These
include works by Wiberg and Rablen, who compared charges
obtained using Mulliken population analysis, Natural Population
Analysis (NPA), Bader’s Atoms-in-Molecules (AIM), CHELPG, and
using atomic polar tensors (GAPT), and applied to hydrocarbons
(Wiberg and Rablen, 1993). The same authors revisited population
analysis schemes 25years later, when they compared charges
obtained using Mulliken, minimal basis set (MBS), NPA, Mertz-
Kollman (MK), CHELPG, Hirshfeld, and charge model 5 (CM5)
methods, applied to hydrogen charges and hydrogen bonding
(Wiberg and Rablen, 2018). Comparison to experimental results
from high-resolution spectroscopic studies of deuterated methanes
and known energies for H--O hydrogen bonds demonstrated that
the Hirshfeld charges were the most reliable as compared to
experiment. Bachrach (1994) gave a lengthy review in 1994 on
commonly used population methods in “Population Analysis and
Electron Densities from Quantum Mechanics.” Heidar-Zadeh et al.
(2018) reviewed population analysis schemes using information
theory, and recently Davidson and Clark (Davidson and Clark,
2022) discussed the historical context that has influenced common
conceptions about chemical bonding and reactivity (such as charge),
as well as relevant technical considerations of population analyses
(primarily from the Schrodinger perspective). For example, the
isolated atom does not appear in the Schrodinger equation of a
molecule, and thus atomic properties (such as atomic populations)
must be obtained from post-processing partitioning of the
wavefunction. Therefore, Davidson and Clark discuss algebraic
considerations of this partitioning, such as orbital and spatial
decomposition schemes of the density matrix.

While there are many studies utilizing population analysis
techniques, useful illustrations are needed to demonstrate the role
of basis set and quantum mechanical method choice on the
assignment of atomic charge across many population analysis
schemes. For example, though Cho et al. (2020) examined a wide
variety of population analysis schemes and a large, diverse set of
molecules, only DFT with the PBEO functional was considered.
Similarly, Wiberg and Rablen considered many classes of population
schemes in their works (Wiberg and Rablen, 1993; Wiberg and
Rablen, 2018) but focused on the performance of these schemes for
hydrogen charges and hydrogen bonding. Another study considered
both the basis set and quantum method dependance of the AIM
method, using HF and DFT with the B3LYP functional, and used
both Dunning and Pople basis sets, but did not consider additional
population methods (Jablonski and Palusiak, 2010). Though these
are only a few examples of the many prior studies, they do illustrate
the typical focused nature of much of the prior studies.

In the present study, the assignment of charge using several
different basis sets, quantum mechanical methods, and molecule
type, as well as the effect of molecular polarity on charges, will be
examined in this work. Although much development has been done
on some of these population analysis methods, such as the iterative
Hirshfeld (Bultinck et al., 2007) and pre-orthogonalized Lowdin
(Bruhn et al, 2006), this work considers population analysis
their their
performance with a variety of basis sets and quantum mechanical

schemes in original  descriptions, examining
methods, as these are the methods that are most commonly used by

the chemistry community. The current work includes main group,
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transition metal, and heavy element species, considering the impact
of basis set choices, cc-pVnZ-DK3 and cc-pwCVnZ-DK3 (Peterson,
2015; Feng and Peterson, 2017), for heavier element species.

2 Computational methods

Atomic charges for HF, LiF, MgO, NaCl, SO,, CO,, H,O, BeCl,,
MgCl,, NH3, BF;, CHy, VO, and LrF have been determined. This set
of molecules represents a variety of bonding, oxidation states, and
structures. Bond electronegativity differences range from 0.45
(C—H) to 3.00 (Li—F) for the main group molecules. Four
different ab initio and density functional approaches have been
used including the B3LYP and PBEO (Adamo and Barone, 1999)
functionals, Hartree-Fock (HF), and second-order Moller—Plesset
perturbation theory (MP2).

For main group molecules, the Dunning correlation consistent
(cc-pVnZ, aug-cc-pVnZ, n = D,T,Q,5) (Dunning, 1989; Kendall
et al., 1992; Prascher et al., 2011) and Pople (6-21G**, 6-31G**, 6-
311G**) (Hehre et al., 1972; Hariharan and Pople, 1973; Dill and
Pople, 1975; Binkley and Pople, 1977; McLean and Chandler, 1980;
Raghavachari et al., 1980; Francl et al., 1982; Gordon et al., 1982)
basis sets were used. The tight-d basis sets, cc-pV (n+d)Z, and aug-
cc-pV (n+d)Z (n = D,T,Q,5) (Dunning et al., 2001), were used for
second-row atoms. Experimental geometries from the NIST
Computational Chemistry Comparison and Benchmark Database
were used for all calculations (Johnson, 2015). The correlation
consistent (cc-pVnZ, aug-cc-pVnZ, n = D,T,Q)5) basis sets
(Balabanov and Peterson, 2005; Balabanov and Peterson, 2006),
were used for vanadium oxide. For the lawrencium fluoride
calculations, cc-pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets were
used for lawrencium, and the cc-pVnZ-DK basis sets were used for
fluorine (n = D,T,Q for each atom) (Peterson, 2015; Feng and
Peterson, 2017). For LrF, wavefunction based and volume-based
population analysis were the focus of the calculations.

Mulliken, Lowdin, NPA, Hirshfeld, AIM, CHELP, CHELPG,
and MK population analysis have been done, using Gaussian 16
(Frisch et al.,, 2016). CHELP initial radii values that were not
predefined in Gaussian were set as the covalent radii for
beryllium and boron (1.06 and 0.83 A, respectively) and ionic
radii for lithium, sodium, magnesium, and vanadium (0.90, 1.16,
0.86, and 0.93 A, respectively) (Teatum et al.,, 1960; Allen et al.,
1987). The atom charges for the center atoms in the polyatomic
molecules investigated are given (e.g., C in CHy, O in H,O) in the
present work. For diatomics, cation charges were considered for
MgO, NaCl, VO and LrF, and the anion charges were considered for
HF and LiF. Orbital-based (Mulliken, Lowdin, NPA) and volume-
based (Hirshfeld and AIM) methods were utilized for LrF.

3 Results and discussion
3.1 Main group molecules
3.1.1 Polar bonds
The atomic charge (q.) determined for each type of molecule

investigated, along with method, basis set, and analysis used are
provided in Figures 1-3. Figure 1 shows the charges for LiF; Figure 2
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provides charges for BeCl,,; Figure 3 gives the charges for BF;.
Charges for the other main group molecules are included in the
tables in the Supporting Material (SI).

To consider the assigned charges for molecules with quite
different bond polarities, Tables 1 and 2 shows the fluorine
charges for the HF and much more polar LiF, molecules. The
difference in electronegativity between hydrogen and fluorine is
1.88, and between lithium and fluorine is 3.00. The maximum charge
difference between the fluorine in HF and in LiF is 0.82 e, as given by
Lowdin population analysis using PBEO/aug-cc-pVQZ. On average
across all methods there is a fluorine charge difference in HF
compared to LiF of 0.34 e. The most consistent (least basis set
dependent) of the methods is the Hirshfeld method which, on
average, results in a fluorine charge difference of 0.37 e between
HF and LiF. The orbital-based methods are basis set dependent and
slightly more so for the polar molecules. The difference between the
charges obtained using the various cc-pVnZ basis sets for LiF with
PBEO is 0.97 e, while for the HF molecule, the maximum difference
between charges obtained using PBEO and the cc-pVnZ sets is 0.91 e.
Similarly, the maximum difference between charges obtained using
HF/cc-pVnZ is 1.03 e for LiF, while it is 0.92 e for HF. Hirshfeld and
electrostatic potential based methods show much less dependence
on basis set as compared to orbital based methods.

3.1.2 Wavefunction population analysis

For population analysis methods, ideally, charge assignment
should be independent of basis set and level of theory. In reality, the
charge can vary significantly with respect to basis set choice for
certain population analysis methods as already noted for HF and
LiF. The wavefunction based population analysis methods, Lowdin
and Mulliken, have the largest basis set sensitivity as indicated by the
large span of assigned charges as shown in Figures 1-3. This basis set
sensitivity of Mulliken and Léwdin analysis methods is consistent
across the molecules investigated, with the largest basis set effect
occurring for the boron charge assigned in BF; using the Lowdin
population analysis method, which varies from —2.86 e when using
HF/aug-cc-pV5Z to 0.33 e using HF/6-211G**. In fact, Lowdin
charges have the largest basis set dependence for the main group
molecules investigated, with a difference in charge as large as 3.19 e
as for BF;. Similar trends in basis set dependence are shown for ab
initio and DFT methods using Mulliken and NPA schemes
(Figure 4). Charges obtained using HF are shown to be
consistently larger than the charges assigned using B3LYP, PBEO,
and MP2 methods.

Interestingly, despite the electronegativity of fluorine, the
Lowdin approach resulted in the assignment of a negative charge
to boron when the correlation consistent basis sets were utilized, and
for the largest of the Pople style basis sets, 6-311G**. And, in fact,
Lowdin charges tend to be unphysical for most of the systems
investigated, resulting in negative charges on the cation or on the less
electronegative atoms in the compound, particularly when using the
correlation consistent basis sets. The charges become larger if diffuse
basis functions are used, particularly when there is overlapping
electron density originating from neighboring atoms. Figures 4A, D
show that the Lowdin method is more dependent on basis set than
on the level of theory used in the assignment of atomic charges.
However, for basis sets of similar size, the Lowdin atomic charges are
similar. For example, using double-{ correlation consistent basis sets
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FIGURE 1

Atomic charge determined for noted basis set, analysis method, and quantum mechanical method: (A) HF, (B) B3LYP, (C) MP2, and (D) PBEO for one
of the diatomic compounds investigated, LiF. Charges for the remaining three diatomic molecules studied are included in the SI.

are consistent with the charges obtained using the Pople basis sets.
Generally, charges predicted with the larger augmented correlation
consistent basis sets show larger deviations from the charges
predicted with the Pople style basis sets. These general impacts of
basis set choices upon the Lowdin charges, as demonstrated in
Figures 4A, D, occur for all molecules investigated. The difference
between Lowdin atomic charge obtained using the augmented and
non-augmented correlation consistent basis sets is often large as
well. For example, the difference between the Lowdin atomic charge
obtained using the augmented and non-augmented cc-pV5Z basis
sets is as large as 0.89 e, as shown for CH, (Supplementary Figure
S1). Six compounds (CH,, NH3, H,O, BeCl,, MgCl,, and HF), have
over a 0.44 e atomic charge difference between the cc-pV5Z and aug-
cc-pV5Z calculations when using the Lowdin population analysis
method.

The Mulliken approach resulted in the second widest span of
atomic charge predictions for the compounds. As shown in
Figure 4B, the Mulliken atomic charge for boron in BF; has a
maximum difference of ~1.80 e for B3LYP/cc-pVDZ and HF/aug-
cc-pVQZ, and displays a large basis set dependence. However,
unlike the Lowdin approach, the Mulliken approach resulted in a
positive charge on the boron, which is to be expected for bonding
with the electronegative fluorine atoms. The largest span of charges
determined by Mulliken population analysis is for CH,, with the
largest difference of 2.50 e occurring for carbon between the MP2/
aug-cc-pVTZ (qc = —1.25 e) and B3LYP/aug-cc-pVDZ (qc = 1.26 €)
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predictions. Similar as for the Lowdin charges, the Mulliken charges
are less basis set dependent when using the smaller Pople style basis
sets as compared to the correlation consistent basis sets. This is likely
due to the smaller changes between sizes of the Pople basis sets as
compared to those of the correlation consistent basis sets with
respect to increasing basis set size. It is also important to note
that while the correlation consistent basis sets are systematically
constructed to converge with increasing basis set quality for
energies, this convergence behavior is not necessarily expected
for charges. The Mulliken charges do not converge, yet still vary
with changes in basis set quality. This non-convergence of Mulliken
charges when using correlation consistent basis sets was noted
previously, as demonstrated by Martin and Zipse for the
Mulliken charge of oxygen on H,O (Martin and Zipse, 2005).

Of the orbital-based population analysis methods, natural
population analysis is the most consistent in the assignment of
atomic charge regardless of the basis set or method used with the
exception of the HF method. To illustrate, Figure 4C shows the
atomic charges for the boron in BF; as determined using NPA. NPA
results in appropriate signs for the atomic charges for all of the
molecules. The NPA population analysis method results in charge
differences of up to 0.39 e for boron in BF; when HF/aug-cc-pVDZ
(qe = 1.70) and B3LYP/6-21G**(q. = 1.31) were used. The largest
atomic charge span between NPA charges was 0.71 e for magnesium
in MgO, comparing MP2/aug-cc-pVQZ (q. = 1.48) and B3LYP/6-
21G** (q. = 0.77). For MgO, MP2 gives a charge on Mg that is closer
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Atomic charge determined for noted basis set, analysis method and quantum mechanical method: (A) HF, (B) B3LYP, (C) MP2, and (D) PBEO for one
of the triatomic compounds investigated, BeCl2. Charges for the remaining four triatomic compounds studied are included in the SI.

HF

[Er—
o w
Qv | v

&
s
L
@q K

Mul

T tre <

-

Hirsh MK  Chel ChelG

B3LYP

T T
NPA AIM

2.5

=N
o u o
PR

=
w
Otk | v

ol ol
U o
L

—1.0 A
—1.5 1
—2.0
._2.5 <
~3.0 1

Charge (a.u.)
|

Mul

21 I+ve - @q X

-

FIGURE 3

NPA  AIM  Hirsh MK  Chel ChelG

Charge (a.u.)

D

Charge (a.u.)

MP2

2.5
2.0
1.51
1.0 4
0.5 A1
0.0 4
—0.5 A
—-1.0 A
—1:55
—2.0 A
—2.54
~3.01

ool | ¥

Zqltre o @dq K

-

T T
Mul NPA

Hirsh MK  Chel ChelG

PBEO

AIM

2.5
2.01
1.54
1.0 A
0.5 A
0.0 A
_0'5 -
—1.0 1
=1.5 1
—2.0 1
f2.5 B
-3.0 1

1 l+ye o @4 K

Otx|

5
=

Mul NPA

AIM  Hirsh MK  Chel ChelG

vy« 4+®*0

o+ X

cc-pvDZ
cc-pVTZ
cc-pvQz
cc-pV5Z2
aug-cc-pvDZ
aug-cc-pVTZ
aug-cc-pvVQZ
aug-cc-pV5Z
6-21G**
6-31G**
6-311G**
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TABLE 1 Comparison of charges obtained for the most polar (LiF) and least polar (HF) diatomic molecules, using different quantum methods, population analysis schemes, and basis sets.

B3LYP

PBEO

HF

Fluorine charge in LiF (AEN = 3.00)

Fluorine charge in HF (AEN = 1.88)

QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG QLPA QMPA QNPA QAIM QCHELP QCHELPG
cc-pVDZ -0.23 —-0.47 -0.81 * -0.57 -0.80 -0.80 -0.81 -0.06 -0.21 -0.52 -0.72 -0.23 -0.41 —-0.40 —-0.41
cc-pVTZ 0.11 —0.44 -0.88 -0.92 -0.57 —-0.81 —-0.81 —-0.81 0.25 -0.32 -0.54 -0.72 -0.22 -0.42 -0.40 —-0.42
cc-pvVQZ 0.49 —0.48 -0.90 -0.92 -0.57 —-0.81 —-0.81 -0.82 0.62 -0.34 -0.55 -0.72 -0.21 —-0.42 —-0.40 -0.42
cc-pV5Z 0.73 -0.64 -0.91 -0.92 -0.57 -0.82 -0.82 -0.82 0.85 -0.37 -0.54 -0.73 -0.21 —-0.42 -0.40 -0.42
aug-cc-pVDZ -0.49 -0.63 -0.93 -0.94 -0.57 —-0.83 —-0.83 -0.83 0.09 -0.25 -0.56 -0.71 -0.21 -0.41 -0.39 —-0.41
aug-cc-pVTZ -0.06 -0.64 -0.91 -0.92 -0.57 —-0.82 —-0.82 -0.82 0.66 -0.33 -0.55 -0.73 -0.21 -0.41 —-0.40 —-0.41
aug-cc-pvVQZ 0.34 -0.60 -0.91 -0.92 -0.57 —-0.82 —-0.82 -0.82 113 -0.43 -0.55 -0.73 -0.21 -0.41 —-0.40 -0.41
aug-cc-pV5Z 0.61 -0.89 -0.91 -0.92 -0.57 -0.82 -0.82 -0.82 1.35 -0.52 -0.54 -0.73 -0.21 -0.41 -0.40 -0.41
6-21G** -0.30 —-0.41 —-0.64 —-0.81 —-0.53 —-0.64 —-0.63 -0.65 —-0.18 -0.32 —-0.48 —-0.65 -0.23 -0.37 -0.36 -0.37
6-31G** -0.30 -0.53 -0.80 * -0.58 -0.76 -0.75 -0.77 -0.25 -0.36 -0.54 -0.70 -0.23 —0.42 —-0.40 —-0.42
6-311G** —-0.18 -0.56 —-0.84 * -0.58 -0.77 -0.77 -0.78 —-0.04 -0.30 -0.53 —-0.69 -0.23 -0.44 -0.42 -0.44
cc-pVDZ -0.25 -0.50 —-0.82 * -0.59 —-0.81 —-0.81 -0.82 -0.06 -0.21 -0.53 -0.73 -0.23 —0.42 —-0.40 -0.42
cc-pVTZ 0.09 -0.46 -0.88 -0.92 -0.58 —-0.81 -0.81 -0.82 0.25 -0.32 -0.54 -0.73 -0.22 -0.42 -0.41 -0.42
cc-pvVQZ 0.48 -0.50 -0.90 -0.92 -0.58 —-0.82 —-0.82 -0.82 0.62 -0.34 -0.55 -0.74 -0.22 —0.42 —-0.40 —-0.42
cc-pV5Z 0.72 -0.65 -0.91 -0.92 —-0.58 —-0.82 —-0.82 -0.83 0.85 -0.37 -0.54 -0.74 -0.21 -0.42 —-0.40 —-0.42
aug-cc-pVDZ -0.50 -0.65 -0.93 -0.94 -0.59 —-0.83 —-0.83 -0.84 0.08 -0.28 -0.56 -0.72 -0.21 —0.41 —-0.40 —-0.41
aug-cc-pVTZ -0.07 -0.66 -0.92 -0.93 —-0.58 -0.82 -0.83 -0.83 0.66 -0.35 -0.55 -0.74 -0.21 —-0.42 -0.40 -0.41
aug-cc-pvVQZ 0.33 -0.63 -0.92 -0.93 -0.58 —-0.82 —-0.83 -0.83 113 -0.43 -0.55 -0.74 -0.21 —0.42 —-0.40 —-0.41
aug-cc-pV5Z 0.61 -0.91 -0.91 -0.92 -0.58 —-0.82 -0.83 -0.83 1.35 -0.54 -0.54 -0.74 -0.21 -0.41 —-0.40 -0.41
6-21G** -0.33 —0.44 -0.67 -0.83 -0.55 -0.66 —-0.66 -0.67 -0.19 -0.34 -0.49 -0.67 -0.23 —-0.38 -0.37 -0.38
6-31G** -0.32 -0.55 -0.82 * -0.59 -0.77 -0.77 -0.78 -0.26 -0.36 -0.55 -0.71 -0.24 —-0.42 —-0.41 -0.42
6-311G** -0.20 -0.58 -0.85 * -0.59 —-0.78 —-0.78 -0.79 —-0.04 -0.30 -0.53 -0.70 -0.23 —0.44 -0.42 -0.44
cc-pVDZ —-0.34 -0.62 -0.89 * —-0.64 —-0.86 —-0.86 -0.87 -0.07 -0.24 -0.55 -0.77 -0.25 —0.45 -0.43 —-0.45
cc-pVTZ 0.02 -0.57 -0.92 * -0.64 —-0.86 —-0.86 -0.86 0.23 -0.35 -0.55 -0.78 -0.24 -0.45 —-0.43 -0.45
cc-pvVQZ 0.42 -0.61 —-0.93 -0.94 -0.63 -0.86 -0.86 -0.86 0.61 -0.37 -0.55 -0.79 -0.24 —0.44 —-0.43 -0.44
cc-pV5Z 0.69 -0.74 -0.94 -0.94 —-0.63 -0.86 —-0.86 -0.86 0.85 -0.39 -0.55 -0.79 -0.24 -0.44 —-0.43 -0.44

(Continued on following page)
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TABLE 1 (Continued) Comparison of charges obtained for the most polar (LiF) and least polar (HF) diatomic molecules, using different quantum methods, population analysis schemes, and basis sets.

Fluorine charge in LiF (AEN = 3.00)

Fluorine charge in HF (AEN = 1.88)

QLPA QMPA QNPA QAIM QCHELPG QLPA QMPA QNPA QAIM QCHELPG
aug-cc-pVDZ —-0.55 -0.71 -0.95 -0.95 —0.64 -0.87 -0.87 -0.87 0.05 -0.32 -0.57 -0.76 -0.23 -0.44 -0.43 -0.44
aug-cc-pVTZ -0.11 -0.77 —-0.94 —-0.94 —-0.63 -0.86 -0.86 -0.86 0.64 -0.37 -0.56 -0.78 -0.23 —0.44 —-0.43 -0.44
aug-cc-pvVQZ 0.30 -0.82 -0.94 -0.94 -0.63 —-0.86 —-0.86 -0.86 112 -0.43 -0.55 -0.79 -0.23 —0.44 -0.43 -0.44
aug-cc-pV5Z 0.60 -1.01 -0.94 -0.94 -0.63 -0.86 -0.86 -0.86 1.35 —-0.52 —-0.55 -0.79 -0.23 —0.44 -0.43 —0.44
6-21G** —-0.46 -0.59 -0.78 * -0.63 -0.75 -0.75 -0.76 -0.21 -0.38 -0.51 -0.89 -0.25 -0.41 —-0.40 —0.41
6-31G** —-0.41 -0.66 -0.88 * -0.65 -0.83 -0.83 -0.84 -0.27 -0.40 -0.57 -0.75 -0.25 -0.45 —0.44 -0.45
6-311G** -0.28 -0.69 -0.91 * —-0.64 —-0.84 —-0.84 -0.85 -0.06 -0.32 -0.54 -0.74 -0.25 —-0.46 —-0.45 —-0.46

*AIM, requires more flexibility in the basis set than permitted by the smallest of the basis sets considered for LiF.
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TABLE 2 Comparison of charges obtained for the most polar (LiF) and least polar (HF) diatomic molecules, using MP2 with different population analysis schemes and basis sets.

MP2

Fluorine charge in LiF (AEN = 3.00)

Fluorine charge in HF (AEN = 1.88)

Qvrra Qmpa Qnpa Qam Qcrere Qcrerrc Qvpa Qmpa Qnpa Qam QcHerp QcrEeLr
ccpVDZ ~025 ~0.50 ~0.86 * ~0.58 —082 | -082 ~0.87 ~0.06 —0.22 ~0.52 ~0.73 ~023 —042  -041 ~0.42
ccpVIZ 0.09 ~047 ~0.92 ~0.92 ~0.58 082 | -0.82 ~0.86 0.25 ~0.32 ~0.53 ~0.74 ~0.22 —042 | -0.40 ~0.42
ccpvQzZ 047 -0.52 ~0.94 ~093 ~0.58 ~083 083 ~0.86 0.62 ~034 ~0.54 ~0.76 ~0.22 042 | —040 —0.42
ccpV5Z 0.72 ~0.67 ~0.95 ~0.93 ~0.58 083 | -0.83 ~0.86 0.85 ~0.34 ~0.53 ~0.76 ~021 —042 | —040 —0.42
aug-ccpVDZ | —0.50 ~0.65 ~0.97 ~0.94 ~0.58 —084 | -0.84 -0.85 0.08 —0.27 ~0.56 ~0.72 —021 —042 | -040 —0.41
augccpVIZ | -0.07 ~0.71 ~0.96 ~0.93 ~0.58 —084 | -0.84 ~0.85 0.66 ~0.34 ~0.55 ~0.75 —021 —042 | -0.40 ~0.41
augccpvQZ | 033 -0.75 ~0.95 ~0.93 ~0.58 —084 | -0.84 ~0.86 113 ~0.39 ~0.55 ~0.76 —021 —042 | -040 ~0.41
aug-ccpVsZ | 061 ~0.93 ~0.95 ~0.93 ~0.58 084 | -0.84 ~0.86 135 ~0.50 ~0.53 ~0.76 ~021 —042 | -040 ~0.41
6-21G* ~0.34 ~0.46 ~0.74 ~0.84 -0.55 —067 | -0.67 ~0.74 -0.19 -0.36 ~0.49 ~0.69 ~0.23 —039 | -038 ~0.39
6-31G* ~0.33 ~0.56 ~0.86 * ~0.59 ~078 | -078 ~0.82 ~0.26 ~0.37 ~0.54 ~0.72 ~0.23 043 | -042 043
6-311G* -0.20 ~0.59 ~0.89 * ~0.59 —079 | -079 -0.83 ~0.04 ~0.30 ~0.52 ~0.70 -0.23 —044 | -042 ~0.44

*AIM, requires more flexibility in the basis set than permitted by the smallest of the basis sets considered for LiF.

e 32 YUoN

0052STT'£202'WaYd4/682¢ 0T


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152500

North et al.

A Atomic Charge of Boron in BF3
-~ B3LYP/cc-pVnZ
-#- PBEO/cc-pVnZ
-0.5 -\~ HF/cc-pVnZ
= —— MP2/cc-pVnZ
© 104 —e— B3LYP/aug-cc-pVnZ
g -%- PBEO/aug-cc-pVnZ
= ++ HF/aug-cc-pvnz
S 151 —— MP2/aug-cc-pVnZ
£
2
2 2.0
—
2.5 1
-3.01— . . :
n=D T Q 5
2.00 A
— 1751
3
£ 150
S
© 1.25 1
2 urf
[®}
S 1.00 4
=
35 0.751 -
=
-5~ B3LYP/cc-pvnZ  —@— B3LYP/aug-cc-pVnZ
0.50 1 % X- PBEO/cc-pvnZ  -#- PBEO/aug-cc-pVnZ
A\~ HF/cc-pvnz £} HF/aug-cc-pvnz
0.25 1 —— MP2/cc-pVnZ —— MP2/aug-cc-pVnZ
n=ID + (l) 5‘>
1.70 4 IS. -5 B3LYP/cc-pvnZ ~ —@— B3LYP/aug-cc-pVnZ
A\\ ~#&- PBEO/cc-pVnZ k- PBEO/aug-cc-pVnZ
1.65 '\.\'\, -\~ HF/cc-pVnz £} HF/aug-cc-pvnz
. '\,\\~\ —6— MP2/cc-pVnZ —4— MP2/aug-cc-pVnZ
3 1,60 N
s
[}
O 1.55 A
©
S
1.50
g
=
1.45
1.40
135 L T T T T
n=D T Q 5
FIGURE 4

10.3389/fchem.2023.1152500

D Atomic Charge of Boron in BF3
Oomm -5~ B3LYP
T=A, -%- PBEO
3 0.2 \. A HF
8 | Bm=mmmmeee —— MP2
[
o 0.0
©
g
(o]
£
T — 4
g 02
:Q
-
—0.4 1
621G+ 6-31G** 6-311G**
E
124 A - B3LYP
114 Sl -%- PBEO
= e - HF
5 1.0 ~ —— MP2
&
©
¥ =
O
=
(7]
X
E
s

6-311G**

1.65
_/_"’-"’.A.\'\.\.\
1.60 A k"'/"' \\.\_\\
Ty

5 1551 A
s -©- B3LYP
& 1501 ~%- PBEO
2 2 HF
- —— MP2
[
=

6-311G**

6-31G**

Atomic charge of boron in BFs determined using a number of different theoretical methods, Dunning style basis sets, and wavefunction-based
population analysis methods: (A) Lowdin, (B) Mulliken, and (C) NPA. (*Note that scales vary from one analysis method to another.) Pople style basis sets are

presented in (D) Lowdin, (E) Mulliken, and (F) NPA.

to the expected Mg charge of 2+. In Figure 4C the variation in atomic
charge is more method dependent than basis set dependent with
distinct differences in charges obtained utilizing MP2, PBEO, and
B3LYP as compared to those using HF. The NPA atomic charge is
higher for cations and lower for anions when utilizing HF as
compared to using MP2 or a DFT approach for all of the
compounds.

3.1.3 Volume based population analysis

The charges assigned with volume-based methods are less
dependent on basis set and quantum method used as compared to

Frontiers in Chemistry

10

the charges obtained using the Lowdin and Mulliken orbital
based methods. The AIM approach results in a higher atomic
charge for all cations, and lower atomic charge for all anions in
comparison to the other population analysis methods (see, for
example, LiF in Figure 1). For the atomic charge of boron
determined using AIM for BF; (Figure 5A) there is a ~0.14 e
difference between what is predicted with the HF and DFT
methods when using the same basis set type; the charges
obtained with MP2 fall in between the charges obtained using
HF and the DFT methods. The largest AIM charge differences
occur for carbon in CO,, with a 0.60 e difference between the

frontiersin.org
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Atomic charge of boron in BFz determined using a number of theoretical methods, Dunning style basis sets, and population analysis methods: (A)
AIM, and (B) Hirshfeld. Pople style basis sets are presented using (C) AIM, and (D) Hirshfeld.

predictions from B3LYP/6-311G** (q¢ = 2.13 e) and HF/aug-cc-
PVQZ (qc = 2.73 e). When using AIM, charge assignment is less
basis set dependent when using the correlation consistent basis
sets versus the Pople style basis sets.

In contrast to the Lowdin and Mulliken population analysis
methods, Hirshfeld is the most consistent overall with charge
assignment having little dependence on the basis set and
theoretical method. The Hirshfeld method results in differences
in the calculated charges of less than or equal to 0.05 e regardless of
the chosen basis set or theoretical method utilized for five of the
molecules investigated, while three main group compounds
investigated have differences in atomic charge greater than
0.12 e. Investigating the small differences in assigned atomic
charge, Hirshfeld charges are shown to depend slightly more on
the choice of theoretical method than on the quality of basis set. In
Figure 5B, for example, the boron charge in BF; using the Hirshfeld
method differs by no more than ~0.15 e between methods. HF
theory assigns larger charges (in absolute value) to boron in BF; than
MP2, B3LYP, and PBEQ, independent of basis set. This same trend
occurs for all of the molecules. In Figure 5 it is shown that basis set
variations are nearly eliminated for all but the smallest basis sets,
though there is a slightly larger difference between the charges
obtained using the Pople basis sets with MP2, as compared to
charges obtained using these sets with HF or DFT.
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3.1.4 Electrostatic potential based population
analysis

Figures 6A-F show the boron charge in BF; for Merz-
Kollman, CHELP, and CHELPG population analysis schemes.
It is important to note that previous work has shown that the
Merz-Kollman and CHELP have a dependence on molecular
orientation, on average 0.04-0.05 ¢, and CHELPG has a minimal
0.001 e dependence upon the rotation of the molecule
(Sigfridsson and Ryde, 1998). The charges of the molecule
vary by the same magnitude, regardless of the quantum
mechanical method, basis set, and molecule examined with
these analysis schemes, with the largest charge span of 0.47 e
for BF;, and an average atomic charge span of 0.39 e considering
all quantum methods and basis sets. The three electrostatic
potential methods result in similar charge assignments. While
electrostatic population analysis methods are less dependent on
quantum method and basis set used than Léwdin and Mulliken
methods, they are slightly more dependent on quantum method
and basis set used than the NPA, Hirshfeld, and AIM population
analysis methods. Using HF the magnitude of the charge is
increased as compared to the charge from B3LYP and PBEO,
with the charges obtained using MP2 often falling between HF
and DFT, as for the AIM charges. Charges assigned when using
the correlation consistent basis sets show even less variation

frontiersin.org
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than the Pople sets when the basis set size is increased (see
Figure 6). It is also shown that the CHELP atomic charge for
carbon in CH, is predicted to be positive for most basis set and

quantum method combinations (see Supplementary Figure S1).

All other ESP methods predict negative values for carbon along

with the most numerically stable population analysis method,

Hirshfeld. Based on these considerations and the afore

mentioned performance of CHELP as compared to CHELPG
(Sigfridsson and Ryde, 1998), CHELP is not recommended for
atomic charge.

Frontiers in Chemistry

3.2 Vanadium oxide (VO)

To consider a transition metal, vanadium oxide (VO) was
investigated. All charges obtained for VO are given in the SI
(Supplementary Tables S13, S14). The Mulliken populations
obtained in this work (Figure 7B) are consistent with prior work
by Miliordos and Mavridis. In their prior extensive study of the
electronic structure of the VO molecule, where both its neutral and
cationic/anionic forms were examined (Miliordos and Mavridis,
2007) using multireference and coupled cluster methods, Mulliken
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Atomic charge of vanadium in VO determined using a number of different theoretical methods, Dunning style basis sets, and wavefunction-based
population analysis methods: (A) Lowdin, (B) Mulliken, and (C) NPA (*Note that scales vary from one analysis method to another.).

population analysis indicated an electron transfer of ~0.5 e from the
V atom to the O atom in neutral VO.

3.2.1 Wavefunction population analysis

For vanadium oxide, the Lowdin population analysis showed
less dependence on the size of the basis set than was observed for
main group molecules. For example, the largest difference between
basis sets for a single quantum method using the Ldwdin population
scheme is for PBEO, where an absolute charge difference of 0.149 e is
observed between the cc-pVTZ and cc-pV5Z basis sets (Figure 7A).
This is in contrast to an example from the main group species, where
for MgO, the difference in Lowdin charge obtained using the cc-
pVDZ and cc-pV5Z basis sets is markedly larger, at ~0.5 e. However,
it should be noted that for several of the calculations, the Lowdin
population analysis predicted a negative charge on the vanadium
atom when non-augmented basis sets were used. This indicates that
the diffuse flexibility in the basis set is important for obtaining
charges that are physically meaningful (positive charges on metal
atoms), at least for VO. In addition, the Léwdin method displayed a
considerable dependence on the quantum method used, with the
largest charge difference of 0.25 e occurring between the HF (0.11 ¢)
and MP2 (0.36 e) determinations with the aug-cc-pVQZ basis set.

The basis set size dependence of the Mulliken population
analysis (Figure 7B) for VO is similar to that of HF and LiF. For
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example, the difference in Mulliken charge obtained for the HF
molecule using the B3LYP functional was 0.16 e (using the cc-
pVDZ and cc-pV5Z basis sets), and for LiF using B3LYP the
difference in charge obtained using the same basis sets was 0.17 e.
For the same method and basis sets the charge difference in VO is
0.15 e. For the augmented correlation consistent basis sets
however, the Mulliken charges vary less with basis set size as
compared to the charges arising from use of the non-augmented
sets for VO, where the opposite was observed for the HF and LiF
molecules. The Mulliken charges obtained using B3LYP and the
aug-cc-pVDZ and aug-cc-pV5Z sets for VO differ by just 0.12 e,
for example, while for the HF molecule using the same basis sets
and quantum method the difference is 0.27 e. Mulliken
population analysis shows slightly less dependence on the
quantum method as compared to the Lowdin method when
applied to VO, with a maximum difference of 0.19 e between
the charges obtained using aug-cc-pVQZ in combination with
the B3LYP (0.48 ¢) and MP2 (0.67 e¢) methods.

As demonstrated for the main group molecules, of the wavefunction
based population schemes, NPA shows much less dependence on basis
set than either the LOwdin or Mulliken schemes (Figure 7C).
Additionally, unlike for the LOwdin or Mulliken schemes, there is
very little (0.02 e or smaller) difference between the augmented and
non-augmented basis sets of the same 7 (for example, the cc-pVDZ and

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152500

North et al. 10.3389/fchem.2023.1152500
A Atomic Charge of Vanadium in VO
1.35; 5 N N
*— 4
1.25
3
© 1.15
[}
2
21054
o
=
< 0.95
0.85 4
0.75
0.60
5 0.55
8
o
5 0.50
£
@]
2] -~ B3LYP/cc-pVnZ
% 0.45 =#- PBEO/cc-pVnZ
2 A\~ HF/cc-pvnZ
T —6— MP2/cc-pVnZ
0.40 —&— B3LYP/aug-cc-pVnZ
~J- PBEO/aug-cc-pVnZ
£} HF/aug-cc-pvnz
0.35 —4— MP2/aug-cc-pVnZ
n=D T Q 5
FIGURE 8
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AIM, and (B) Hirshfeld (*Note that scales vary from one analysis method to another.).

aug-cc-pVDZ basis sets) obtained using the same quantum method. The
B3LYP and MP2 results are shown to be quite consistent, varying by
0.02 e or less, while the NPA charges obtained using PBEO are ~0.12 e
larger. Finally, the HF results are furthest from the two DFT and the
MP?2 results, as was observed for main group molecules, resulting in
charges of ~2.26 e, regardless of basis set used.

3.2.2 Volume based population analysis

As was observed for the main group molecules, the AIM and
Hirshfeld charges show much less basis set and quantum method
dependance than the Mulliken and LOwdin wavefunction based
methods. The overall basis set level or addition of augmented
functions affects the charge very little, usually by ~0.01 e or less for
any particular quantum method. Though the volume-based methods
are in general less dependent on quantum method, from Figure 8 it is
clear that the MP2 method results in charges that are less consistent
with the HF, B3LYP, and PBEQ results. This is in contrast to the
observations in population method trends for the main group species,
where HF charges tended to be the least consistent as compared to the
charges arising from the other three quantum methods (see, for
example, Figure 5). Similar as for main group species, however, is
that the Hirshfeld charges are the most independent of basis set or
quantum method used, varying by ~0.25 e at most (Figure 8B).
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3.2.3 Electrostatic potential based population
analysis

The Merz-Kollman (MK) and CHELPG population analysis
methods when applied to the VO molecule (Figure 9) show
similar dependence on quantum method as the Mulliken and
AIM approaches. The MK and CHELPG methods are less
dependent on quantum method than the Lowdin method, and
more so than either the Hirshfeld or NPA approaches. The largest
span between charges obtained using MK and CHELPG are both
~0.45 e when all basis sets and methods are considered. The
CHELP method on the other hand shows much more dependence
on quantum method, with a maximum charge difference of ~0.70
(Figure 9B). All three ESP approaches show very little basis set
dependence, however, both when the relative size of the basis set
and augmented and non-augmented sets are compared. The
largest basis set difference is between the cc-pVDZ and aug-
cc-pVDZ basis sets when using the MP2 quantum approach (for
all three ESP methods). For example, the cc-pVDZ/MK charge is
1.19 e, and the aug-cc-pVDZ/MK charge is 1.29 e. This difference
is shown in Figures 9A-C. For all basis sets other than the double-
{ set, however, the effect of different basis sets for a given
quantum method is very small, on the order of 0.01-0.02 e for
all three ESP methods.
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3.3 Lawrencium fluoride (LrF)

The lawrencium fluoride molecule was chosen to provide
insight about the behavior of population analysis on an actinide-
containing molecule. All charges obtained for the LrF molecule
are given in Supplementary Tables S15, S16 in the SI. There are
limited studies of LrF, however, Laerdahl et al. (1998) did
calculate the Mulliken population on the Lr atom in LrF
using the Dirac-Hartree-Fock (DHF) method and an author-
generated gaussian basis set, giving a total charge on the metal of
0.86 e. This charge is approximately 0.30 e larger than that found
in this work using HF/cc-pVQZ-DK3 (Figure 10A). The ground
state electronic structure for this molecule is a closed-shell
singlet ('2*) that is well separated (~22,225cm™) from the
first excited state, according to recent work done using the
multireference configuration interaction method with a
Davidson correction (MRCI + Q) (North et al., 2023). For
heavy element species, it is important to include relativistic
effects in both the basis set and Hamiltonian. The cc-
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pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets with n = D,T,Q
(Peterson, 2015; Feng and Peterson, 2017) were contracted for
the third-order Douglas-Kroll-Hess (DKH3) relativistic
Hamiltonian (Reiher and Wolf, 2004). This is one of the first,
if not the first time that these basis sets have been examined with
respect to population analysis methods.

3.3.1 Wavefunction population analysis

The charges on the Lr atom obtained using the Lowdin
method are shown to be more dependent on the size of the
basis set used than for VO. The charges obtained using HF show
the largest basis set dependence for this population scheme. Here,
the charge obtained using HF/cc-pVDZ-DK3 is 0.34 e, while that
obtained using HF/cc-pVQZ-DK3 is 0.03 e. This is still a smaller
observed for

difference, however, than was

diatomics, such as MgO which exhibited a charge difference of

main-group
~0.5 e depending on basis set used, and LiF which showed an even

larger basis set dependence of ~1.25 e. The difference between the
cc-pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets is shown to be
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TABLE 3 Basis set and quantum method dependencies from wavefunction and volume based population analysis methods applied to main group, transition metal
and heavy metal molecules.

Scheme type

Population
method

Main group

Transition metal

Heavy metal

Wavefunction/
orbital based

Wavefunction/
orbital based
Wavefunction/

orbital based

Volume based

Mulliken

Lowdin

NPA

AIM

large basis set sensitivity

largest basis set sensitivity, non-
physical charge assignment

least basis set dependent of the
wavefunction based methods

less dependent on basis set and
method than wavefunction based
methods

similar as for main group

basis set dependence less than
observed for main group

least basis set dependent of the
wavefunction based methods

less dependent on basis set and
method than wavefunction based
methods

similar as for main group

more dependent on basis set when used for LrF
than VO, but less basis set dependent than when
used for main group

least basis set dependent of the wavefunction
based methods

less dependent on basis set and method than
wavefunction based methods

Volume based

Hirshfeld

least dependent on basis set/
quantum method of population
schemes considered

least dependent on basis set/quantum

method of population schemes
considered

least dependent on basis set/quantum method of
population schemes considered

very small for this and all other population methods, amounting
to differences of charge of 0.001-0.01 e for basis sets with the
same cardinal number (such as double-({). As was observed for
VO, the Lowdin method results in negative charges for the Lr
atom when some basis sets are used (cc-pVQZ-DK3 and cc-
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pwCVQZ-DK3). Regarding quantum method dependence, the
Lowdin charges obtained using MP2, B3LYP, and PBEO are all
within 0.01 e of each other at any given basis set level. The HF
method results in Lowdin charges that are ~0.10 e larger than
those obtained using the other three methods.
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TABLE 4 Basis set and quantum method dependencies from electrostatic potential population analysis methods applied to main group and transition metal

molecules.
Scheme type Population Main group Transition metal
method

ESP Chelp not recommended: assigns non-physical charges large dependence of quantum method

ESP ChelpG more dependent on quantum method and basis set than NPA, more dependent on quantum method than NPA and
Hirshfeld, and AIM Hirshfeld

ESP Merz-Kollman more dependent on quantum method and basis set than NPA, more dependent on quantum method than NPA and
Hirshfeld, and AIM Hirshfeld

For LrF, the Mulliken population method shows less basis
set dependence than the Lowdin populations. The largest
difference in Mulliken charges are those obtained using
B3LYP, where the charge difference is still only 0.11 e
(Figure 10B). This is similar as for VO and for main group
diatomics. The Mulliken charges obtained for LrF exhibit
similar quantum method dependence as for Lowdin charges,
with MP2 and DFT results being consistent with each other, and
HF charges larger; in this case, the difference between the
charges obtained using the HF method and the other three
quantum methods is slightly larger (~0.15 e).

Finally, the charges obtained using NPA for LrF (Figure 10C) are
again the least basis set dependent on the wavefunction methods,
with the largest difference being 0.06 e for the charges obtained using
the cc-pVDZ-DK3 and cc-pVQZ-DK3 basis sets and B3LYP. The
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charges determined using NPA show similar quantum method
dependence as for the Lowdin and Mulliken methods, with
MP2 and both DFT methods yielding charges within ~0.01 e of
one another at any given basis set level, and the HF charges being
~0.10 e larger than those obtained with the other three quantum
methods.

3.3.2 Volume based population analysis

The volume-based population methods applied to LrF show
limited basis set dependence, with charges obtained using the AIM
method (Figure 11A) varying by 0.05 e at most, such as those
obtained using the PBEO functional and double-{ and quadruple-{
basis sets. The charges obtained using the Hirshfeld method
(Figure 11B) are even less dependent on the basis set used, with
charges varying by less than 0.01 e for any given quantum method.
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The DFT and MP2 methods result in charges that are within 0.01 e
of one another at any basis set level, with charges obtained using
HF ~0.10 e larger than the other quantum methods.

4 Conclusion

In this work, the effect of basis set and quantum mechanical
method choices on the prediction of atomic charges with eight
different population analysis schemes was investigated. Tables 3, 4
summarize the data and conclusions drawn for each of the
population analysis methods considered herein, for main group
molecules, a transition metal molecule (VO), and heavy metal
molecule (LrF). Wavefunction-based, volume-based, and ESP
methods were utilized. Molecules including main group,
transition metal, and heavy element species were considered.
This is one of the first, if not the first time the cc-pVnZ-DK3
and cc-pwCVnZ-DK3 basis sets for an actinide molecule have been
utilized in population analysis. The largest basis set dependence for
the LrF molecule was observed when the LOwdin population
analysis was used, with the HF method, where the charges varied
by as much as 0.31 e, depending upon basis set chosen.

The effect of molecular polarity in the determination of atomic
charge was evaluated. It was shown that for more polar molecules,
basis set dependence becomes more significant, regardless of
quantum method used, especially for the wavefunction based
population analysis schemes.

Ideally, charge assignment schemes should be independent of
basis set and method approach. The Hirshfeld population analysis
atomic charges are the least sensitive to changes in basis set and
quantum method as compared to those of the other population
analysis methods investigated. However, the Hirshfeld method
underestimates the charge on molecules such as LiF, where
expected charges are ~+1 and ~-1 on the Li and F, respectively
due to ionic bonding. AIM most often predicts charges that are
expected from ionic bonding, followed closely by NPA. The largest
variations in atomic charges occur for the Lowdin population
analysis method. Léwdin and CHELP atomic charges can result
in unphysical charges with the correlation consistent basis sets or
large Pople style basis sets. For the VO molecule, the use of
augmented correlation consistent basis sets was found to be
important for obtaining physically meaningful charges when the
Lowdin method was used.

Orbital-based methods are shown to have a much larger
dependence on basis set than electrostatic potential and volume-
based methods. Utilizing NPA reduces the basis set dependence
compared to other orbital based methods such as Mulliken and
Loéwdin charges. Volume and potential based methods also typically
show a reduction in basis set and quantum method dependency. Out
of the volume-based schemes considered, the Hirshfeld method has
the least dependence on basis set for the molecule set. Quantum
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