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The partitioning of the overall molecular charge distribution into atom centered monopole charges, while quantum
mechanically ill-defined, is nevertheless a technique which finds applications in several broad classes of chemical
problems. Charges derived from fits to electrostatic potentials have an intuitive appeal since, in principle, these could be
derived from either theoretical or experimental data. It has been noted, however, that such potential derived charges can be
conformationally dependent in ways that do not appear to reflect the changes in the molecular wavefunction. Both the
algorithm used for selecting points at which the molecular electrostatic potential will be fit and the density of points used in
the fit have been suggested to influence the resultant charges. Recently [Stouch TR, Williams DE (1992) J Comp Chem 13:
622–32; Stouch TR, Williams DE (1993) J Comp Chem 14: 858–66] it has been noted that numerical difficulties may make it
impossible to fit all the atomic charges in a molecule. Singular value decomposition (SVD) of the linear least squares
matrices used in fitting atom based monopoles to molecular electrostatic potentials provides a tool for evaluating the
integrity of the calculated charges. Based on the SVD analysis for a selected group of molecules we have noted particularly
that increasing the molecular size reduces the fraction of charges which can be validly assigned. Users of PD derived
charges, especially those who are using those charges for tasks other than reproduction of the MEP, should be aware that
there is a high probability that a significant portion of those charges are statistically unreliable. Therefore, charges in many
biological molecules, such as sugars, prove to be difficult to obtain by potential derived (PD) methods such as CHELP or
CHELPG. Results from the SVD can be used to both assess PD charges and to generate an improved, albeit incomplete, set.
Improved PD fits are presented for a series of simple saccharides.

Keywords: atomic charges, potential derived charges, ESP charges, molecular electrostatic potential, ab initio MO theory,
CHELP, CHELPG

Abbreviations: HF, Hartree-Fock; LLS, linear least squares; MEP, molecular electrostatic potential; PD, potential derived;
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Introduction

Atomic charges are one of the simplest and most widely
used reactive indices. From the beginning of their careers,
students are taught elementary schemes for dividing up the
charge in a molecule. These schemes are compelling in that
they allow us to use a very basic principle — like repels like
— to sort through complex chemistry. The principal drawback
of any charge assignment scheme, from trivial ones based on
relative electronegativity to complex schemes such as Bader’s
charge partitioning [1, 2], is that atomic charge is not a quan-
tum mechanical observation. It is not an experimentally
measurable parameter. Concomitantly, it is difficult to assess
the relative merits of any charge assignment scheme [3, 4].
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One popular method for assigning charges fits an atom
centered monopole potential to the molecular electrostatic
potential (MEP) [5—10]. These schemes are intuitively ap-
pealing, since the MEP is experimentally measurable and
hence charges from quantum chemical calculations can be
compared to charges derived from experimental measure-
ments [11]. Despite their widespread use, there are some
difficulties in assigning charges using these potential derived
(PD) charge schemes. PD charges are notoriously sensitive
to changes in molecular conformation. A small change in
conformation can lead to wild swings in charges. Another
frequently encountered problem with PD charges results in
atoms which are equivalent by symmetry being assigned
substantially different charges. Both problems have been
attributed at various times to low point density and/or
defects in the point selection scheme [10]. Large molecules
pose problems of their own. Stouch and Williams [12, 13]



502 Carey et al.
have noted that for at least some large molecules, the least
squares data used in the fits is highly correlated making it
impossible to fit all the atoms in the molecule. While none of
these difficulties affect the reproduction of the MEP, they do
muddy the chemical interpretation of the charges and prevent
the transfer of charge data from one molecule to another.

We [14] have recently shown that the numerical prob-
lems noted by Stouch and Williams [12, 13] may also occur
in smaller molecules. We have also demonstrated that the
symmetry problem in PD charges assignment schemes, par-
ticularly in the CHELP [5, 6] and CHELPG [10] pro-
grams, is not entirely a function of the point density or point
selection scheme. Further, we show that increasing the den-
sity of points at which the fit is done does not necessarily
alleviate the difficulties.

One might naively assume that when fitting a set of
n atomic charges to the electrostatic potential at N points in
space, as long as N<n all n charges can be determined.
Unfortunately, the linear least squares (LLS) matrix is ill-
conditioned and in fact generally fewer than n charges can
be assigned. In order to assess this ill-conditioning we have
used the singular value decomposition (SVD). The SVD
analysis can be used simply as a diagnostic tool, eg to give
an evaluation of the linear dependencies in any given least
squares matrix, but has the additional advantage that the
decomposition can also be employed to find a new, better
conditioned least squares matrix, and therefore a more
stable solution to the problem. We use the SVD of the LLS
matrix to make an estimate of the number of charges that
can be recovered from the data. A reduced set of charges can
then be fit to the MEP. Various schemes can be used to
select the subset, in this work we have chosen chemically
significant non-hydrogen atoms, up to the maximum num-
ber that the SVD has shown to be assignable. The SVD is
a standard numerical technique and as such we will refrain
from reviewing it here; instead, we refer the interested reader
to our work [14] and the literature cited therein [15—17] for
further information.

Our previous work with the SVD [14] shows that: (1) in
general a numerically significant value of the charge cannot
be obtained for every atom in a molecule; (2) the larger the
molecule, the smaller the fraction of atoms that can be
assigned charges; and (3) that eliminating some atoms from
the fit using information from the SVD can improve the
remaining charge assignments and does not affect the over-
all reproduction of the MEP. Again, we refer the interested
reader to our earlier work.

PD charges are often used in parameter sets for molecular
modeling and molecular dynamics calculations on large
molecules, including sugars. If not all the charges are statist-
ically significant, then PD charges used in parameter sets
may be suspect. In other words, for some atoms, in some
molecules, PD charges are not much more than (expensively
generated) random numbers. Since the problems described
above are most accentuated in large systems, we have
compared standard PD charges to charges derived using
information from the SVD of the appropriate matrices for
several simple sugars in order to assess the transferability of
charge data in these molecules.

Methods

A modified version of CHELP [5, 6], which we will refer to
as CHELP-SVD [14], was used to compute the potential
derived charges. The modified code has a new algorithm for
selecting the points at which the electrostatic potential will
be fit and can make use of information obtained from the
singular value decomposition (SVD) of the linear least
squares matrix to improve the stability of the fit.

Rather than selecting points based on a regular grid, eg
on shells around the van der Waals radius (CHELP) or on
a rectangular grid (CHELPG), the point selection algorithm
has been modified to produce as unbiased a point distribu-
tion as possible. We have followed the selection procedure
of Woods et al. [18] and selected points at random within
a rectangular box enclosing the molecule. This type of
algorithm should ameliorate the unexpected asymmetries in
assigned charges which can arise when a molecule’s princi-
pal symmetry element is not aligned with the grid, resulting
in a different distribution of points around equivalent
atoms. Using a random selection of points, as opposed to
a grid, can also reduce the collinearity of the matrix. Those
points which fall within the van der Waals envelope of the
molecule are discarded, unless otherwise noted. We take the
van der Waals envelope to be the surface formed by the
superposition of spheres centered at the atoms. Atomic radii
were taken from sphere fits to electron density surfaces [19].

The only constraint imposed on the charges was that the
sum of the atomic charges be equal to the total molecular
charge. Molecular wavefunctions were computed using
Spartan [20]. Structures were fully optimized using AM1
[21]. HF/3-21G(*) [22, 23] single point calculations using
these structures were used to generate the electrostatic
potentials.

CHELP and CHELP-SVD charges were obtained for
two monosaccharides, D-glucose and D-fructose; and a
disaccharide, sucrose (see Figure 1).

Results and discussion

In general we find that charges assigned using CHELP-
SVD are more ‘sensible’. That is, symmetrical atoms are
assigned symmetrical charges; atoms that are expected to
bear some charge, do; and bonds are not polarized beyond
that expected from chemical intuition. For molecules of this
size, we typically find that only between 60 and 70% of
the atoms can be assigned numerically valid charges. For
those atoms which cannot be assigned a charge, we set the
charge to be zero. In essence, we subsume those charges into
those of their neighbors. This is not physically implausible,
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Figure 1. Numbering scheme for 1 glucose, 2 fructose, 3 sucrose. Not
all atoms shown. Most hydrogens eliminated for clarity.

as classically all the charge on a charged object is found on
the surface, none on the interior. The fraction of charges
that that can be fit falls off roughly with the surface area to
volume ratio of the molecules.

Glucose

Values for charges assigned by CHELP and CHELP-SVD
for glucose are found in Table 1. Note that only 16 of the
total 24 atoms can be fit. Improvements in the prediction of
the charges in buried atoms can be seen in these results.
CHELP predicts the charges on C2 and C4 to be 0.36 and
0.09 respectively. While the trend is certainly what one
might expect from simple electronegativity arguments (C2
more positive than C4), the nearly neutral character of C4 is
unanticipated. CHELP-SVD charges display the trend (0.64
compared to 0.28) but the delta positive nature of C2 is now
revealed.

Fructose

In Table 2 we compare charges from a 3-21G(*) MEP using
a structure obtained from AM1 to charges from 3-21G(*)
MEP using an HF/3-21G(*) MEP using an HF/3-21G struc-
ture. In neither case can all the atoms be assigned numerically
valid charges, only 17 of 24 are assignable. The results
Table 1. Comparison of CHELP and CHELP-SVD charges for
glucose. Charges are from electrostatic potential calculations
at the HF/3-21G(*) level. Atom numbering scheme given in
Figure. 1. See text for additional details.

Atom CHELP CHELP-SVD

C2 0.36 0.64
C3 0.36 0.35
C4 0.09 0.28
C5 0.29 0.36
C7 0.26 0.28
O6 !0.58 !0.66
O11 !0.73 !0.74
H18 0.44 0.43
O13 !0.78 !0.82
H17 0.51 0.50
O14 !0.81 !0.80
H19 0.48 0.48
O16 !0.81 !0.85
H20 0.50 0.51
O23 !0.79 !0.71
H24 0.48 0.44
rms 1.10 1.46

Table 2. Comparison of CHELP and CHELP-SVD charges for
fructose. Charges are from electrostatic potential calculations
at the HF/3-21G(*) level. Atom numbering scheme given in
Figure 1. See text for additional details.

Atom HF/3-21G(*)//AM1 HF/3-21G(*)//
HF/3-21G(*)

CHELP CHELP-SVD CHELP CHELP-SVD

C1 0.16 0.35 0.20 0.32
O2 !0.71 !0.58 !0.78 !0.76
C3 0.69 0.20 0.90 0.76
C4 0.37 0.40 0.23 0.33
C5 0.13 0.39 0.11 0.26
C6 0.34 0.30 0.47 0.40
H7 0.05 0.01
O8 !0.72 !0.62 !0.81 !0.77
C9 !0.09 0.40 0.12 0.30
H10 0.03 0.06
O11 !0.80 !0.77 !0.81 !0.80
H12 0.13 0.09
O13 !0.72 !0.74 !0.74 !0.77
H14 0.01 0.04
O15 !0.72 !0.71 !0.81 !0.82
H16 0.10 0.04
O17 !0.68 !0.74 !0.73 !0.73
H18 0.14 0.06
H19 0.10 0.05
H20 0.43 0.40 0.47 0.46
H21 0.45 0.46 0.43 0.41
H22 0.45 0.45 0.48 0.47
H23 0.41 0.41 0.45 0.46
H24 0.44 0.41 0.48 0.46
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Table 3. Comparison of CHELP and CHELP-SVD charges for
sucrose. Charges are from electrostatic potential calculations
at the HF/3-21G(*) level. Atom numbering scheme given in
Figure. 1. See text for additional details.

Atom CHELP CHELP-SVD

C1 0.25 0.46
O2 !0.56 !0.50
C3 0.26 0.54
C4 0.19 0.23
C5 0.37 0.18
C6 0.22 0.24
H7 0.09
C8 0.16 0.40
C9 0.28 0.18
H10 0.08
O11 !0.73 !0.54
H12 !0.01
O13 !0.84 !0.73
H14 0.06
C15 0.33 0.28
C16 0.33 0.16
C17 0.28 0.74
O18 !0.65 !0.95
C19 0.13 !0.18
O20 !0.79 !0.26
C21 0.14 0.15
O22 !0.80 !0.54
H23 0.06
O24 !0.71 !0.31
H25 0.02
H26 0.07
H27 0.01
H28 0.47
H29 0.13
H30 0.03
O31 !0.71 !0.80
H32 !0.01
H33 0.43 0.49
H34 0.49 0.46
H35 0.44 0.20
O36 !0.79 !0.28
H37 0.07
O38 !0.72 !0.59
H39 0.11
H40 0.04
H41 0.44 0.20
H42 0.47 0.20
H43 0.44
H44 0.42

do suggest that the charges are sensitive to the changes in
structure, but not overly so. The only major difference
appears to be in the charge assigned to C3, which is
0.20 using the AM1 structure and 0.76 when the 3-21G(*)
structure is used.
Again, as seen in glucose, CHELP charges on carbons
bonded to oxygen tend to be smaller than expected. For
example, C9 is predicted to be slightly negative by CHELP.
CHELP-SVD results seem to be more in line with expecta-
tions. CHELP-SVD assignments show C9 to be somewhat
positively charged.

Sucrose

CHELP and CHELP-SVD charge assignments for sucrose
can be found in Table 3. Charges assigned by CHELP to
hydroxyl hydrogens appear to be anomalously small. For
example, H14 is assigned a charge of only 0.06, while
charges of roughly 0.4 to 0.5 (for example see H44) are to be
expected for hydroxyl hydrogens. The SVD of the LLS
matrix suggests that many fewer charges can fit than
there are atoms, a total of only 27 of 45. Note that for the
larger molecule, almost 10% fewer charges can be validly
assigned.

We have found it best to fit only to the hydroxyl oxygens
in these cases; essentially subsuming the charge on the
hydroxyl hydrogen into the charge on oxygen. This would
be expected to lead to somewhat reduced charges on
the oxygens. For example, O13 drops from a charge of
!0.84 in the CHELP model to !0.73 in the CHELP-
SVD model.

Conclusions

(1) Only a fraction of the total atoms can be assigned
charges using PD methods. This fraction gets smaller as the
molecule gets larger.
(2) Charges fit to appropriately sized subsets appear to be
more ‘sensible’ than those fit to the entire set of atoms.
(3) Users of PD derived charges, especially those who are
using those charges for tasks other than reproduction of the
MEP, should be aware that there is a high probability
that a significant portion of those charges are statistically
unreliable.
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