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Empirical charge calculation methods

This section shortly describes the main idea of each method implemented in Atomic Charge Calculator III.
Methods here are ordered according to the publication date.

For clarity, we use unifying naming scheme (which may differ from the one used in the original publica-
tion); the symbols used throughout the chapter: q; stands for charge on ith atom, Q is the total molecular
charge, N is the number of atoms in a molecule and Ry ; represents the Euclidean distance between atoms 1
and j.

DelRe

Methods of Del Re [1] starts with the definition of a linear system in the form:
8 =080+ ) vi,d; (1)
j

where j iterates over atoms bonded to i. &9 is an atom parameter, whereas vy ; is a bond parameter.
Solving for &; allow us to derive bond charges:

(2)

where €; j is another bond parameter. Finally, charge for each atom is computed as the sum of all involved
bond charges.

PEOE

Partial equalization of orbital electronegativity [2, 3] is an iterative scheme in which the charges are moved
along the bonds from the more electropositive atom to the more electronegative one. The amount of charge
shifted is proportional to the difference of the electronegativities of the bonding partners. As effective elec-
tronegativity is defined here as a function of charge:

X{ = Ay +Biq™ + Ci(q{)? (3)

its value for each atom must be recomputed as it enters the next iteration.
The main idea of a charge transfer is expressed through the following equation:

[y XX Xt x| (1)°
qai = Z D, +Z Dy ' (2 (4)
k

)

where j are atoms bonded to atom i with higher electronegativity and k are atoms bonded to atom i with
lower electronegativity.

Since the generated charges produce an electrostatic field which further hinders the charge transfer, the
dampening factor (1/2)* was introduced to account for that fact. Usually, six iterations of 3 followed by 4
are necessary for charges to converge.

Finally, total atomic charge q; is the sum of charge transfers across all the iterations:

=) q¥ (5)
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Charge2

Charge2 [4] is an iterative method in which charge increments from neighbor atoms are added to a central
one.

qi = qile) + qi(B) + qily) (6)
qile) = Y XX (7)
j

B (Xx —xn)Pi
qi(B) = % v (8)

v i —xn)Ps
qi(y) = ; EEE— )
(10)

where

Py =P (1+«lq? — qv)) (11)

and j, k and 1 represents atoms one, two or three bonds apart from atom i, a, b, c and P° are atom param-
eters, q° is a formal charge, x1 is an electronegativity of hydrogen, and « is a common parameter.

EEM

Contrary to the partial electronegativity equalization methods like PEOE or MPEOE, full electronegativity
equalization is fundamental to the Mortier’s Electronegativity Equalization Method [5].

According to the Sanderson’s principle, the electronegativity of each atom gets equalized when atoms
bond to form a molecule:

X=X1=...=XN (12)
The electronegativity of an atom in a molecule is expressed as:
Xi:Ai+Biqi+Z% (13)
A7
where
Ai =X} +Axi (14)
Bi=2(n{ + Any) (15)

x° is an electronegativity of an isolated atom, n° is a hardness of an isolated atom. A symbols represent
corrections for the molecular environment.
Finally, charge conservation principle holds:

Q=) a (16)
i
Rewriting 13 for every atom in molecule subject to 12 and 16 yields a system of N + 1 linear equations:
Bi Ry - Rin 1) [a]  [-A
Ry7 By - Ry 1 q2 —A;
Ry Ry, -+ Bno 1 N —AN

1 1 1 0 —X Q
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MPEOE

Modified Partial Equalization of Orbital Electronegativity [6] differs from original PEOE by expressing elec-
tronegativity as a linear function of charge, so that 3 is modified to:

X{X :Ai+Biq°‘ (18)

Other than that, the dampening factor (1/2)* is a now considered as a bond type dependent parameter
fy,y changing 4 to:

ar =y M g le Mg, (19)

j

QEq

Charge Equilibration (QEq) [7] is similar to EEM. However, originally, it was meant as an iterative scheme
as parameter J; ; for hydrogen was defined to be charge-dependent.

Xi =4 Radit ) Jisd (20)
i#

In the original publication values for the Coulomb repulsion term J; ; were obtained using ab-initio calcu-
lations. To simplify the process, several empirical terms were developed to substitute J; ; with some simple
expression.

The system of linear equations is constructed and solved for g similarly to the one in EEM.

ABEEM

Atom-bond Electronegativity Equalization Method [8] extends original EEM to also include bond electroneg-
ativities into the equalization scheme. Electronegativity of atom 1 is expressed as:

Xt = Ai +Bigi + Gy qu ]+kZ 3 -~k > o=t (21)

14 KA Rkl

where A, B and C are atom parameters, k is a common parameter, q;_j denotes the charge on the bond
i—j. Distance to a bond is computed to its center proportional to the covalent radius of the constituent atoms.
Electronegativity of a bond i — j has the following form:

k-1
Xi—j = Aij +Bijqij + Cigiqi + Dijiq5 +k Z +k Z et (22)
k£ Rijk K—1Ai—j Rivj k-t

where A, B, C and D are bond parameters and k is a common parameter.

Solving the system of linear equations provides us with the atomic and bond charges. The bond charges
are then added onto the constituent atoms proportionally to their covalent radii yielding the final atomic
charges.

GDAC

Further modification of MPEOE method is coined Geometry-dependent Atomic Charges [9]. GDAC modi-
fies the dampening term f, ,, to be geometry dependent:

RX‘U

fo,=1—— Y 23
XYy R;/(dw+R;dw ( )

where R}4" stands for the van der Waals radius of atom x.
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MGC

Molecular Graph Charge model (MGC) [10, 11] uses molecular graph representation of the molecule as it is
inspired by electrical circuits and Kirchhoff’s current laws. Therefore, no atomic coordinates are employed.
MGC constructs auxiliary matrix S in the following way:

S=-A+D+1I (24)

where A is a connectivity matrix, D represents diagonal degree matrix and I is a standard identity matrix.
Equalized electronegativities are obtained from those of isolated atoms as a solution to the system of
linear equations.

Sx =x° (25)

Finally, partial atomic charges are computed as a difference between equalized and standard electroneg-
ativities of respective atoms, divided by the average electronegativity xym (geometric average).

g=X"X (26)

SFKEEM

Selfconsistent Functional Kernel Equalized Electronegativity Method [12] develops on EEM’s main idea.
However, it incorporates different hardness matrix. The electronegativity equalization principle in SFKEEM
is expressed as:

Xi =A+2Biqi + ) 24/BiBjsech(oR ;) (27)
i#j
where A, B and o are empirical parameters and sech is a hyperbolic secant function.
KCM
Kirchhoff Charge Model [13] builds a Laplacian matrix L as:
L=B"WB (28)

where B is an incidence matrix and W is a diagonal "“softness” matrix with elements w; ; = 1/(n; +15),
where 1 stands for hardness of an atom.
Atomic charges are derived using the following expression:

q=(L""—I)x° (29)
where L~ is an inverse of L and x° represents a vector of electronegativities of isolated atoms.

DENR

Dynamic electronegativity relaxation [14] is an iterative 2D scheme in which charges are derived using a
Laplacian matrix:

q(n+1) :(I_i_CAt.BO)*] (q(“)—CAtao) (30)

where By = Lno and ap = L. Note that 7o is a diagonal matrix of atomic hardnesses.
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TSEF

Topologically Symmetrical Energy Function [14] has electronegativity equalization principle as its base but
changes off-diagonal term to include bond distance rather than Euclidean distance making TSEF conforma-
tionally independent.

1
1 0.84 - MDPy ; + 0.46

where MDP stands for minimal distance path, i.e., minimal number of bonds between two atoms, K is
parameter and o is a unit conversion factor.

$i,; = o - K(MDPy ;) (31)

SMP/QEq

Self-Consistent Charge Equilibration Method [15] builds upon the idea of the original QEq, electronegativity
of an atom is formalized as a function of charge, thus the whole scheme is a iterative one. The main equation
follows:

Xi(qi) = Ai +2M(qi)ai + ) Jiiq; (32)
i#j
where
A(qi) = Bi + Ciqi + Di(q:)? (33)
and

(34)

1 -1/3
o= ——— 4 R3.
]1»] ((2\/?81)3 1,))
where A, B, C and D are atom parameters.
VEEM
Valence electrons equilibration method [16] calculates atomic charges based on the number of valence elec-

trons of individual atoms and atomic groups.
First, equalized electronegativity is calculated for the whole molecule:

Z XiNve,i
S
Z Nve‘i
i
where x; is an electronegativity of isolated atom 1i; N, ; stands for the number of valence electrons of

atom 1.
Finally, the partial atomic charge of atom 1 is computed as:

Xve (35)

Xve — Xi

ve

qi = Nve‘i (36)

EQeq

Extended charge equilibration method [17] builds upon original QEq scheme, which is modified to take the
following form (the simplest, non-periodic case without different charge centers):

K 1
XiZX?+]?Qi+Equ <R_.+Oi,j> (37)
i#] "
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where
IP; + EA;
K o= 5 (38)
9 = IP; —EA4 (39)

K is a constant; IP and EA stand for ionization potential and electron affinity, respectively, and

IZ)RZ\ ].). 2>R1’] ]
Oij =exp (_1]](21; K e Ri; 0

where Ji ; is a geometric mean of J{ and 9.

EQeq+C

Bond-order-corrected Extended Charge Equilibration Method [18] follows exactly the same procedure as
EQeq, however, after the computation is done, some corrections are added to the original charges, i.e.:

qi=qf+ ) Ti;Bi; (41)
AL

where q{ is original charge from EQeq, and

Ti; = Di—Dj (42)
Bi,j = exp [—(X (Ri,j — T — ‘I”j )] (43)

where D is an atom parameter, « is a common parameter and r stands for covalent radius.

SQE

Split-charge Equilibrium method [19] is based on the electronegativity equalization principle. However,
unlike EEM or QEgq, it does not perform equalization on a level of individual atoms but switches the problem
to a bond domain by defining split-charges, i.e., charges located on the bonds. The final atomic charge as a
sum of the split-charges of the bonds that a particular atom forms. Formally, the atomic charge on atom 1 is
expressed as:

qi = Z Pij (44)
jEBA(1)

where BA(i) is a set of atoms bonded to atom 1, and py ; is a split-charge on the bond i —j.
SQE method written in the form of the system of linear equations is described by Equation 45:

(THTT + diag(k)) qsp = Tx (45)
where g, is a vector of split-charges, T is an incidence matrix describing the molecular topology, diag(«)
is a diagonal matrix with bond hardnesses, x is a vector of atomic electronegativities, and H is a hardness

matrix that describes the interactions between the atoms.
To reconstruct the atomic charges q from the split-charges, the following transformation is made:

q=T"qsp (46)
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SQE+q0

SQE+q0 [20], an extension to SQE, adds formal charges to work as initial seeds for the computation of
partial atomic charges which might help in molecules that contain charged functional groups. This change
is expressed in Equations 47 and 48:

(THTT + diag(x)) qsp = T(x — Hqo +1 * qo) (47)
where qq is a vector of initial formal charges, 11 is a vector of atomic hardnesses (i.e., J;,; terms), and x* is

an element-wise product. Equation 46 is then trivially modified to:

q=T"qsp + qo (48)

SQE+qp

SQE-+qp [21] replaces the formal charges qo with the parameterized ones q;,. To preserve the total charge
of the molecule, these parameterized values must be normalized first:

Qpn = dp — ]17 (1"ap — Q) (49)
(50)

where 17 is a row vector of ones and N is the number of atoms in a molecule. The rest of the procedure
is analogous as in SQE+q0:

(THTT + diag(K)) qsp = T(x — Hq‘pn + 1 * qpn) (51)
a=T"dsp + dpn (52)



Complexity of implemented methods

The following table summarizes computational costs of the implemented methods, both in terms of time and
memory complexity (expressed using O notation). The symbol N denotes the number of atoms, M is the
number of bonds. Methods are grouped according to whether they depend on molecular geometry (3D) or
not (2D).

2D methods (topology-based)

Method Time Memory  Suitable for large systems
DelRe N3 N2 no
PEOE N+M N yes
Charge2 N+M 1 yes
MPEOE N+M N yes
MGC N3 N2 no
DENR N3 N2 no
KCM N3 N2 no
TSEF N3 N2 yes
VEEM N 1 yes
3D methods (geometry-dependent)
Method Time Memory  Suitable for large systems
GDAC N+M N yes
EEM N3 N2 yes*
QEq N3 N2 yes*
SMP/QEq N3 N2 yes*
SFKEEM N3 N2 yes*
EQeq N3 N2 yes*
EQeq+C N3 N2 yes*
ABEEM (N+M)3 (N+M)?> no
SQE M3 M2 no
SQE+q0 M3 M? no
SQE+qp M3 M? no

In addition to asymptotic complexity, practical applicability depends on the availability of complexity-
reduction techniques. Methods marked with * support cutoff and cover schemes, which significantly reduce
computational cost and memory usage for large systems (see the details in the next section). Methods with-
out these techniques (e.g., SQE and related variants) exhibit unfavourable scaling and are therefore not
recommended for large molecules (N > 20000 atoms). This classification is reflected in ACC III, where such
methods are excluded from default selection for large systems. However, when using ChargeFW2 locally,
users may override this behaviour if needed.



Illustrative performance benchmarks

To complement the asymptotic complexity analysis, we provide illustrative benchmark measurements for
selected methods (PEOE, EEM, and SQE+qp). All measurements were performed on a single CPU core
of an AMD Ryzen 7 9700X processor with 64 GB RAM, Fedora 43, using the CLI ChargeFW2 application.
Reported runtimes correspond to wall-clock time.

System Method Atoms Time (s) Memory Unit Note
PEOE 17 < 0.01 7 MB -
Small molecule EEM 17 < 0.01 6 MB -
SQE+qp 17 < 0.01 7 MB -
PEOE 5761 0.02 18 MB -
Protein EEM 5761 14 530 MB -
SQE+qp 5761 71 1055 MB -
PEOE 40738 0.16 97 MB -
Large protein EEM 40738 36.2 98 MB Cutoff used*
SQE+qp 40738 391.7 367 GB **

* For supported methods (see the table), cutoff is automatically used for molecules having more than
20000 atoms.

** This option is not considered suitable for such a molecule by default, and therefore not listed on the
ACC III web site. It has to be selected manually, when using ChargeFW2 locally.

10



Assessment of charges quality

In order to compare two sets of charges, two descriptors are commonly used. The first one is the Pearson’s
correlation coefficient (R); the second one is the root mean square deviation (RMSD). In the following
sections, we denote the charge sets as X = (x1,...,xn)and Y = (y1,...,yn), X and Y represent the arithmetic
means of x; and y; values, respectively.

Pearson’s correlation coefficient (R)

Pearson’s correlation coefficient describes the linear dependence between two sets of values. Its value ranges
from -1 (negative correlation) through 0 (no correlation) to 1 (positive correlation). Sometimes, the value
of squared Pearson’s correlation coefficient (R?) is used.

Z(Xi —%) - (yi—79)
R(X,Y) = =1

> xi—x2 | Y (yi—1)>

i=1 i=1

Root mean square deviation (RMSD)

Root mean square deviation is another measure which can be used to compare two sets of values. When
RMSD is zero, the sets are identical. Otherwise, a smaller value indicates higher similarity.

RMSD(X,Y) =

11



Cutoff and cover approaches

Solving the electronegativity equalization system of linear equations can be troublesome for very large struc-
tures as it requires, in general, O(N3) steps and O(N?) memory. The original AtomicChargeCalculator (ACC)
introduced two divide and conquer complexity reduction algorithms to overcome this issue. Since ACC only
supports EEM, these approaches were called EEM Cutoff and EEM Cover. ACC Ill extended these approaches
to other applicable methods, referencing them simply as cutoff and cover.

Here, we provide the description of these approaches as stated in the ACC publication’s [22] Additional
file 1:

EEM Cutoff

For each atom in the molecule, ACC generates a fragment made up of all atoms within a cutoff
radius R of the original atom. The values of the inter-atomic distances and EEM parameters are
obtained in the same way as when solving the full EEM matrix. The total fragment charge Qr
is a quota of the total molecular charge Q, proportional to the number of atoms in the fragment
(Ng), and irrespective of the nature of these atoms:

Then ACC solves the EEM matrix equation for this fragment, and returns the charge for the atom
used when generating the fragment. The same procedure is applied for all fragments, obtaining
a set of charges for all the atoms in the molecule. Then, each atomic charge q; is corrected by the
addition of:

Q-4
N
so that the sum of all atomic charges equals the total molecular charge Q.

EEM Cover

The EEM Cover approach builds on the principles of EEM Cutoff to split the EEM matrix into
smaller matrices. However, EEM Cover generates fragments only for a subset of atoms in the
molecule. The procedure selects fragment-generating atoms so that: (i) no two such atoms are
connected to each other, and (ii) each atom in the molecule has at least one neighbor (within two
bonds) which was selected. This procedure ensures that each atom in the molecule will eventu-
ally contribute to at least one fragment, and thus the entire volume of the molecule is covered.
ACC solves the EEM matrix equation for each fragment, and returns a list of charge contributions
for all atoms encountered in the calculations. The charge on each atom in the molecule is then
computed as the sum of its charge contributions from all fragments where the atom is present.
Further, each atomic charge q; is corrected by the addition of:

Q-4
N
so that the sum of all atomic charges equals the total molecular charge Q.

12
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Time and space complexity

For a given sphere radius R, these approaches effectively reduce the time and space complexity to O(R®N +
R?NlogN) and O(R*N + Nlog N), respectively. [22]

Accuracy

Employing these approximative schemes may introduce some loss of accuracy when comparing with the
original charges. Their assessment was made for original ACC for EEM [22] or in [23] where author states
that “according to tests, the EEM Cover method produces results that are practically identical to solving the
EEM matrix for the full original system”. Here, we present a simplified' version of the table taken from [23]:

PDBID #of atoms Total charge R RMSD
0 09998 0.0080
11fg 5884 -10 09999  0.0064

8 0.9997  0.0094

0 0.9999 0.0039
35tu 13934 -10  1.0000  0.0034
8 0.9999 0.0045

0 1.0000 0.0033
1tye 21013 -10  1.0000  0.0030
8 0.9999 0.0037

0 1.0000 0.0021
laoc 28708 -10 1.0000  0.0019
8 1.0000  0.0024

Table 1: Comparison of Full EEM vs. EEM Cover method for computing partial atomic charges. Parameters
EX-NPA_6-31Gd_gas [24] were used in the computation.

1Only for R = 12 A, which is used in ACC III.



Notes on the implementation

Following section presents some notes and discusses differences in implementation of the some methods
compared to the description used in original publication.

GDAC

Only a subset of the parameters is used.

QEq

The scheme is not iterative, expression for J; j is taken from [25] as in SMP/QEq:

—-1/3
o 1 3
Jij = ((2\/?81)3 +Rm> (53)

EQeq and EQeq+C

Only the non-periodic case without non-zero charge centers is supported.

SQE, SQE+q0, SQE+qp

The off-diagonal term in the hardness matrix has the form following form taken from [26]:

exf(Ri,j(2w? +2w2)71/2)

L= 54
J s) Ri,j ( )

14



Applications of charges

Partial atomic charges, obtained by empirical charge calculation methods, can be applied for example in the
following fields:

o descriptors for QSAR and QSPR modelling [27, 28, 29, 30, 31, 32, 33, 34, 35]
e pharmacophore design [36, 37, 38]

e virtual screening [39, 40, 41]

e molecular docking [42, 43, 44]

e similarity searches [45, 46, 47|

e conformers generation [48]

e molecular dynamics [7, 49, 50, 51]

e study of mechanisms of chemical actions [52, 44, 53]

15



Overview of parameter sets

The following table summarises the parameter sets available in Atomic Charge Calculator III. The name is
a clickable link to the publication where the parameter set was introduced. The Coverage column indicates
the chemical elements to which each parameter set applies. The symbol * denotes parameter sets with ad-
ditional restrictions on atom environments (typically related to the highest bond order), while ™ indicates
parameter sets with additional restrictions on bond types. For full details, refer to the individual parameter
files available on GitHub.

Name Coverage Notes

ABEEM

Yang 1997 C,H,N, O+ Parameterised to reproduce HF/STO-3G/MPA
charges

Charge2

Abraham 1982 Br,C,CLF H,ILN,O Mulliken-derived electronegativities; empirical po-
larizabilities

Del Re

Del Re 1958 C,ClL,LFEH,N,O" Electronegativity-based, heuristically tuned to
dipole moments

DENR

Rappe 1991 Br,C,Cl, Cs,EH,I K, Derived from experimental atomic IPs and EAs

Li, N, Na, O, P, Rb, S,
Si

EEM

Baekelandt 1991 Al C, H,N,O,P Si* Parameterised to reproduce HF/STO-3G/MPA
charges

Bultinck 2002

(CHELPG) C,FHN,O Parameterised to reproduce B3LYP/6-
31G*/CHELPG charges

Bultinck 2002

(Hirshfeld) C,FHN,O Parameterised to reproduce B3LYP/6-
31G*/Hirshfeld charges

Bultinck 2002

(MK) C,FHN,O Parameterised to reproduce B3LYP/6-31G*/MK
charges

Bultinck 2002

(Mulliken) C,FHN,O Parameterised to reproduce B3LYP/6-31G*/MPA
charges

16
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Name Coverage Notes
Bultinck 2002
(NPA) C,FHN,O Parameterised to reproduce B3LYP/6-31G*/NPA
charges
Bultinck 2004
(AIM) C,FHN,O Parameterised to reproduce B3LYP/6-31G*/AIM
charges
Geidl 2015
(Cheminf_b3lyp_aim) Br,C,CLFH,ILN,O, Parameterised to reproduce B3LYP/6-311G/AIM
P S* charges
Geidl 2015
(Cheminf_b3lyp_mpa) Br,C,CLF H,ILN,O, Parameterised to reproduce B3LYP/6-311G/MPA
P s* charges
Geidl 2015
(Cheminf b3lyp_npa) Br,C,CLF H,ILN,O, Parameterised to reproduce B3LYP/6-311G/NPA
P S* charges
Geidl 2015
(Cheminf_hf_aim) Br,C,CLFH,ILN,O, Parameterised to reproduce HF/6-311G/AIM
P, S* charges
Geidl 2015
(Cheminf_hf mpa) Br,C,CLFH,ILN,O, Parameterised to reproduce HF/6-311G/MPA
P, S* charges
Geidl 2015
(Cheminf hf npa) Br,C,CLFH,IN,O, Parameterised to reproduce HF/6-311G/NPA
P, S* charges
Tonescu 2013
(EX-MPA_6-31Gd_PCM) C,Ca, H,N,O,s* Parameterised to reproduce HF/6-
31G**/MPA /polarisable-continuum-model charges
Tonescu 2013
(EX-MPA_6-31Gd_gas) C,Ca, H,N,O,S* Parameterised to reproduce HF/6-31G**/MPA /gas-
phase charges
Tonescu 2013
(EX-NPA_6-31Gd_PCM) C,Ca, H,N, O, S* Parameterised to reproduce HF/6-
31G**/NPA /polarisable-continuum-model charges
Tonescu 2013
(EX-NPA_6-31Gd_gas) C,Ca,H,N,O,S* Parameterised to reproduce HF/6-31G**/NPA/gas-
phase charges
Ouyang 2009
(124 calibrated set) C,H,N, O Parameterised to reproduce B3LYP/6-31G*/NPA

charges
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Name Coverage Notes
Ouyang 2009
(131 calibrated set) C,FHN,O Parameterised to reproduce B3LYP/6-31G*/NPA
charges
Ouyang 2009
(hybridization- C,H, N, O* Parameterised to reproduce B3LYP/6-31G*/NPA
dependent) charges
Racek 2016
(ccd2016_mpa) Br,C,Cl,F H,N,O,P, Parameterised to reproduce B3LYP/6-311G/MPA
S* charges
Racek 2016
(ccd2016_mpa2) Br,C,Cl,F H,N,O,P, Parameterised to reproduce B3LYP/6-311G*/MPA
S* charges
Racek 2016
(ccd2016_npa) Br,C,Cl,F H,N,O,P, Parameterised to reproduce B3LYP/6-311G/NPA
S* charges
Racek 2016
(ccd2016_npa2) Br,C,Cl,F H,N,O,P, Parameterised to reproduce B3LYP/6-311G*/NPA
S* charges
Svobodova 2007
(cbeg2) C,H,N,O,s* Parameterised to reproduce HF/STO-3G/MPA
charges
Svobodova 2007
(chal2) Br,C,CLE H,I,N,O, Parameterised to reproduce HF/STO-3G/MPA
S* charges
Svobodova 2007
(chm2) Br,C,CL F Fe,H,I,N, Parameterised to reproduce HF/STO-3G/MPA
O,S, Zn* charges
Svobodova 2007
(cmet2) C,Fe,H,N,O,S,Zn* Parameterised to reproduce HF/STO-3G/MPA
charges
EQeq+C
Martin-Noble 2015
(ATMO/H-I) C, H,N,O,Se, Te, V. Bond-order corrections for EQEq, parameterised to

reproduce ATMO/Hirshfeld-I charges

Martin-Noble 2015

(MOF/REPEAT) C, Co, Cu, H, Mg, N, Bond-order corrections for EQEq, parameterised to
Ni, O,Pd,V, Zn reproduce MOF/REPEAT charges

GDAC

Cho 2001 C,H,N,O,S* Parameterised to reproduce B3LYP/6-31G** dipole

moments and MPA charges



https://doi.org/10.1039/b821696g
https://doi.org/10.1039/b821696g
https://doi.org/10.1186/s13321-016-0171-1
https://doi.org/10.1186/s13321-016-0171-1
https://doi.org/10.1186/s13321-016-0171-1
https://doi.org/10.1186/s13321-016-0171-1
https://doi.org/10.3390/i8070572
https://doi.org/10.3390/i8070572
https://doi.org/10.3390/i8070572
https://doi.org/10.3390/i8070572
https://doi.org/10.1021/acs.jctc.5b00037
https://doi.org/10.1021/acs.jctc.5b00037
https://doi.org/10.1021/jp0023213

CONTENTS 19
Name Coverage Notes
KCM
Yakovenko 2008
(initial) C,H,N,O,S* Parameterised to reproduce MMFF94 charges
MPEOE
No 1990
(DP1) C HN,O, S+ Empirically fitted to dipole (and quadrupole) mo-
ments
PEOE
Gasteiger 1980 Br,C,CLF H,ILN,O, Derived directly from IPs and EAs
s*
QEq
Rappe 1991 Br,C,CL Cs,F H,ILK, Derived from experimental atomic IPs and EAs
Li, N, Na, O, P, Rb, S,
Si
SFKEEM
Chaves 2006 C,EH,N,O Parameterised to reproduce B3LYP/6-31G*/MPA
charges
SMP/QEq
Zhang 2009 Ag, Al, Au, Cu, K, Li, Fitted to DFT (SVWN) energy derivatives
Na, Rb
SQE
Schindler 2021
(CCD_gen) Br,C,Cl,FE H,N,O,P, Parameterised to reproduce B3LYP/6-311G/NPA
S charges
Schindler 2021

(DTP_small)

C HN,O, s+

Parameterised to
charges

reproduce

B3LYP/6-311G/NPA

Schindler 2021
(PUB_pept) C,H,N,O,S** Parameterised to reproduce B3LYP/6-31G*/NPA
charges
SQE+q0
Schindler 2021
(CCD_gen) Br,C,Cl,F H,N,O,P, Parameterised to reproduce B3LYP/6-311G/NPA
St charges



https://doi.org/10.1007/BFb0029840
https://doi.org/10.1021/j100374a066
https://doi.org/10.1016/0040-4020(80)80168-2
https://doi.org/10.1021/j100161a070
https://doi.org/10.1021/ci050505e
https://doi.org/10.1021/jp8063273
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w

CONTENTS 20

Name Coverage Notes

Schindler 2021

(DTP_small) C,H N, O, s+ Parameterised to reproduce B3LYP/6-311G/NPA
charges

Schindler 2021

(PUB_pept) C,H N, O, s+ Parameterised to reproduce B3LYP/6-31G*/NPA
charges

SQE+qp

Schindler 2021

(CCD_gen) Br,C,ClL,F H,N,O,P, Parameterised to reproduce B3LYP/6-311G/NPA

St charges

Schindler 2021

(DTP_small) C,H N, O, s+ Parameterised to reproduce B3LYP/6-311G/NPA
charges

Schindler 2021

(PUB_pept) C,H N, O, s+ Parameterised to reproduce B3LYP/6-31G*/NPA
charges

TSEF

Rappe 1991 Br,C,Cl,Cs,EH,I K, Derived from experimental atomic IPs and EAs

Li, N, Na, O, P, Rb, S,
Si



https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1186/s13321-021-00528-w
https://doi.org/10.1021/j100161a070

Bibliography

Giuseppe Del Re. “812. A simple MO-LCAO method for the calculation of charge distributions in
saturated organic molecules”. In: Journal of the Chemical Society (Resumed) (1958), pp. 4031-4040.

Johann Gasteiger and Mario Marsili. “A new model for calculating atomic charges in molecules”. In:
Tetrahedron Letters 19.34 (1978), pp. 3181-3184.

Johann Gasteiger and Mario Marsili. “Iterative partial equalization of orbital electronegativity—a rapid
access to atomic charges”. In: Tetrahedron 36.22 (1980), pp. 3219-3228.

Raymond ] Abraham, Lee Griffiths, and Philip Loftus. “Approaches to charge calculations in molecular
mechanics”. In: Journal of Computational Chemistry 3.3 (1982), pp. 407-416.

Wilfried ] Mortier, Swapan K Ghosh, and S Shankar. “Electronegativity-equalization method for the
calculation of atomic charges in molecules”. In: Journal of the American Chemical Society 108.15 (1986),
pp. 4315-4320.

Kyoung Tai No, ] Andrew Grant, and Harold A Scheraga. “Determination of net atomic charges using
amodified partial equalization of orbital electronegativity method. 1. Application to neutral molecules
as models for polypeptides”. In: Journal of Physical Chemistry 94.11 (1990), pp. 4732-4739.

Anthony K Rappe and William A Goddard III. “Charge equilibration for molecular dynamics simula-
tions”. In: The Journal of Physical Chemistry 95.8 (1991), pp. 3358-3363.

Zhong-Zhi Yang and Chang-Sheng Wang. “Atom- bond electronegativity equalization method. 1. Cal-
culation of the charge distribution in large molecules”. In: The Journal of Physical Chemistry A 101.35
(1997), pp. 6315-6321.

Kwang-Hwi Cho et al. “A fast method for calculating geometry-dependent net atomic charges for
polypeptides”. In: The Journal of Physical Chemistry B 105.17 (2001), pp. 3624-3634.

AA Oliferenko et al. “A new topological model for the calculation of partial atomic charges”. In: Dok-
lady Chemistry. Vol. 375. 4-6. Springer. 2000, pp. 281-284.

Alexander A Oliferenko et al. “Novel point charge models: reliable instruments for molecular electro-
statics”. In: Journal of Physical Organic Chemistry 14.6 (2001), pp. 355-369.

J Chaves et al. “Toward an alternative hardness kernel matrix structure in the Electronegativity Equal-
ization Method (EEM)”. In: Journal of chemical information and modeling 46.4 (2006), pp. 1657-1665.

Olexander Yakovenko et al. “Kirchhoff atomic charges fitted to multipole moments: implementation
for a virtual screening system”. In: Journal of computational chemistry 29.8 (2008), pp. 1332-1343.

DA Shulga et al. “Fast tools for calculation of atomic charges well suited for drug design”. In: SAR and
QSAR in Environmental Research 19.1-2 (2008), pp. 153-165.

Min Zhang and René Fournier. “Self-Consistent Charge Equilibration Method and Its Application to
Aul3Nan (n=1, 10) Clusters”. In: The Journal of Physical Chemistry A 113.13 (2009), pp. 3162-3170.

Ya-xin Wu, Chen-zhong Cao, and Hua Yuan. “Equalized electronegativity based on the valence elec-
trons and its application”. In: Chinese Journal of Chemical Physics 24.1 (2011), p. 31.

Christopher E Wilmer, Ki Chul Kim, and Randall Q Snurr. “An extended charge equilibration method”.
In: The journal of physical chemistry letters 3.17 (2012), pp. 2506-2511.

Geoffrey C Martin-Noble et al. “EQeq+ C: an empirical bond-order-corrected extended charge equili-
bration method”. In: Journal of chemical theory and computation 11.7 (2015), pp. 3364-3374.

Razvan A Nistor et al. “A generalization of the charge equilibration method for nonmetallic materials”.
In: The Journal of chemical physics 125.9 (2006), p. 094108.

Toon Verstraelen et al. “Assessment of atomic charge models for gas-phase computations on polypep-
tides”. In: Journal of chemical theory and computation 8.2 (2012), pp. 661-676.

21



BIBLIOGRAPHY 22

[21]

[22]

[23]

Ondrej Schindler et al. “Optimized SQE atomic charges for peptides accessible via a web application”.
In: Journal of Cheminformatics 13.1 (2021).

Crina-Maria Ionescu et al. “AtomicChargeCalculator: interactive web-based calculation of atomic charges
in large biomolecular complexes and drug-like molecules”. In: Journal of cheminformatics 7.1 (2015),
p- 50.

David Sehnal. “Methods for the Analysis of 3D Structural Fragments in Biomolecules [online]”. Doc-
toral theses, Dissertations. Masaryk University, Faculty of Informatics, Brno, 2015. urL: https://is.
muni.cz/th/riShp/.

Crina-Maria Ionescu et al. “Rapid calculation of accurate atomic charges for proteins via the electroneg-
ativity equalization method”. In: Journal of chemical information and modeling 53.10 (2013), pp. 2548—
2558.

Jaap N Louwen and Eelco TC Vogt. “Semi-empirical atomic charges for use in computational chemistry
of molecular sieves”. In: Journal of Molecular Catalysis A: Chemical 134.1-3 (1998), pp. 63-77.

Toon Verstraelen et al. “ACKS2: Atom-condensed Kohn-Sham DFT approximated to second order”. In:
The Journal of chemical physics 138.7 (2013), p. 074108.

Radka Svobodova Vafekovd et al. “Predicting pKa values of substituted phenols from atomic charges:
comparison of different quantum mechanical methods and charge distribution schemes”. In: Journal
of chemical information and modeling 51.8 (2011), pp. 1795-1806.

Radka Svobodova Vafekova et al. “Predicting pK a values from EEM atomic charges”. In: Journal of
cheminformatics 5.1 (2013), p. 18.

Stanislav Geidl et al. “How does the methodology of 3D structure preparation influence the quality
of p K a prediction?” In: Journal of chemical information and modeling 55.6 (2015), pp. 1088-1097.

Steven L Dixon and Peter C Jurs. “Estimation of pKa for organic oxyacids using calculated atomic
charges”. In: Journal of computational chemistry 14.12 (1993), pp. 1460-1467.

Jinhua Zhang, Thomas Kleinoder, and Johann Gasteiger. “Prediction of pKa values for aliphatic car-
boxylic acids and alcohols with empirical atomic charge descriptors”. In: Journal of chemical information
and modeling 46.6 (2006), pp. 2256-2266.

Kevin C Gross, Paul G Seybold, and Christopher M Hadad. “Comparison of different atomic charge
schemes for predicting pKa variations in substituted anilines and phenols”. In: International journal of
quantum chemistry 90.1 (2002), pp. 445-458.

TARAVAT GHAFOURIAN and JOHN C DEARDEN. “The Use of Atomic Charges and Orbital En-
ergies as Hydrogen-bonding-donor Parameters for QSAR Studies: Comparison of MNDO, AM1 and
PM3 Methods”. In: Journal of pharmacy and pharmacology 52.6 (2000), pp. 603-610.

Arkadiusz Z Dudek, Tomasz Arodz, and Jorge Gélvez. “Computational methods in developing quanti-
tative structure-activity relationships (QSAR): a review”. In: Combinatorial chemistry & high throughput
screening 9.3 (2006), pp. 213-228.

Mati Karelson, Victor S Lobanov, and Alan R Katritzky. “Quantum-chemical descriptors in QSAR/QSPR
studies”. In: Chemical reviews 96.3 (1996), pp. 1027-1044.

Roberto Todeschini and Viviana Consonni. Handbook of molecular descriptors. Vol. 11. John Wiley & Sons,
2008.

Jorge Galvez et al. “Charge indexes. New topological descriptors”. In: Journal of Chemical Information
and Computer Sciences 34.3 (1994), pp. 520-525.

Dietmar Stalke. “Meaningful structural descriptors from charge density”. In: Chemistry—A European
Journal 17.34 (2011), pp. 9264-9278.

Raimund Mannhold, Hugo Kubinyi, and Gerd Folkers. Pharmacophores and pharmacophore searches. Vol. 32.
John Wiley & Sons, 2006.

Preston ] MacDougall and Christopher E Henze. “Fleshing-out Pharmacophores with Volume Render-
ing of the Laplacian of the Charge Density and Hyperwall Visualization Technology”. In: The quantum
theory of atoms in molecules: from solid state to DNA and drug design (2007), pp. 499-514.


https://is.muni.cz/th/ri9hp/
https://is.muni.cz/th/ri9hp/

BIBLIOGRAPHY 23

[41]

[42]

OO Clement and AT Mehl. “HipHop: pharmacophores based on multiple common-feature align-
ments”. In: Pharmacophore perception, development, and use in drug design (2000), pp. 69-84.

Hwangseo Park, Jinuk Lee, and Sangyoub Lee. “Critical assessment of the automated AutoDock as a
new docking tool for virtual screening”. In: Proteins: Structure, Function, and Bioinformatics 65.3 (2006),
pp- 549-554.

Benjamin Nebgen et al. “Transferable dynamic molecular charge assignment using deep neural net-
works”. In: Journal of chemical theory and computation 14.9 (2018), pp. 4687-4698.

Hrvoje Rimac et al. “Warfarin and flavonoids do not share the same binding region in binding to the
ITA subdomain of human serum albumin”. In: Molecules 22.7 (2017), p. 1153.

Simon K Kearsley et al. “Chemical similarity using physiochemical property descriptors”. In: Journal
of Chemical Information and Computer Sciences 36.1 (1996), pp. 118-127.

Nina Nikolova and Joanna Jaworska. “Approaches to measure chemical similarity—a review”. In: QSAR
& Combinatorial Science 22.9-10 (2003), pp- 1006-1026.

John D Holliday et al. “Calculation of intersubstituent similarity using R-group descriptors”. In: Journal
of chemical information and computer sciences 43.2 (2003), pp. 406—411.

Mikko J Vainio and Mark S Johnson. “Generating conformer ensembles using a multiobjective genetic
algorithm”. In: Journal of chemical information and modeling 47.6 (2007), pp. 2462-2474.

Kimberly Chenoweth, Adri CT Van Duin, and William A Goddard. “ReaxFF reactive force field for
molecular dynamics simulations of hydrocarbon oxidation”. In: The Journal of Physical Chemistry A
112.5 (2008), pp. 1040-1053.

Marjan A Nejad and Herbert M Urbassek. “Insulin adsorption on functionalized silica surfaces: an
accelerated molecular dynamics study”. In: Journal of molecular modeling 24.4 (2018), p. 89.

Jong Wha Lee et al. “Structural characterization of small molecular ions by ion mobility mass spec-
trometry in nitrogen drift gas: improving the accuracy of trajectory method calculations”. In: Analyst
143.8 (2018), pp. 1786—-1796.

Crina-Maria Ionescu et al. “Charge profile analysis reveals that activation of pro-apoptotic regulators
Bax and Bak relies on charge transfer mediated allosteric regulation”. In: PLoS computational biology
8.6 (2012).

Simon Wheeler, Ralf Schmid, and Dan ] Sillence. “Lipid—protein interactions in Niemann—pick type
C disease: insights from molecular modeling”. In: International journal of molecular sciences 20.3 (2019),
p.717.



	Empirical charge calculation methods
	Complexity of implemented methods
	Illustrative performance benchmarks
	Assessment of charges quality
	Cutoff and cover approaches
	Notes on the implementation
	Applications of charges
	Overview of parameter sets
	Bibliography

