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Abstract: OPEP is a suite of FORTRAN programs targeted at the optimal partitioning of molecular electric properties.
It includes an interactive module for the construction of Cartesian grids of points, on which either the molecular
electrostatic potential or the induction energy is mapped. The generation of distributed multipoles and polarizabilities
is achieved using either the formalism of the normal equations of the least-squares problem, which restates the fitting
procedure in terms of simple matrix operations, or a statistical approach, which provides a pictorial description of the
distributed models of multipoles and polarizabilities, thereby allowing the pinpointing of pathological cases. Molecular
symmetry is accounted for by means of local atomic frames, which are generated in an automated fashion. A Tcl/Tk
graphical user interface wraps the suite of programs, thereby making OPEP a user-friendly package for building models
of distributed multipoles and polarizabilities. OPEP is an open-source suite of programs distributed free of charge under
the GNU general public license (GPL) at http://www .lctn.uhp-nancy.fr/Opep.
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Introduction

One stumbling block of the road towards the easy and routine use
of statistical mechanical simulations to investigate a variety of
chemical systems, including molecular liquids, solutions, and bi-
ological macromolecules, is the difficulty of determining reliable
intermolecular interaction parameters. Whereas, the van der Waals
component of molecular force fields can be shown to be relatively
transferable, which is illustrated by the countless sets of parame-
ters available for atoms in various chemical environments, param-
eterization of both the electrostatic and the induction contributions
usually requires a more careful, case-by-case treatment.
Parameterization of electrostatic forces in terms of atomic
quantities is conceptually straightforward. It relies upon a parti-
tioning of the total charge density into pieces that correspond to the

atoms, and a selection of the leading terms of the classical elec-
trostatic forces between these atomic distributions. Among the
numerous propositions that have flourished in the literature, point
charges fitted to the electrostatic potential have proven to be the
most widely accepted method to obtain electrostatic interaction
parameters. Following the pioneering work of Cox and Williams,"
numerous variants of this method have been suggested in the past
20 years.>? The treatment of induction forces, related to the
electric polarization of the interacting molecules or fragments,
raises much more technical difficulties. On the one hand, the
representation of these forces by means of atomic parameters
inevitably leads to the tricky issue of partitioning an essentially
nonlocal quantity, namely the polarizability density,*” into atomic
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contributions. On the other hand, the many-body nature® of these
forces increases considerably the cost of large-scale, statistical
simulations,”~'® thus encouraging the molecular modeling com-
munity to replace this term with pairwise additive, effective po-
tentials obtained by rescaling the electrostatic component. A num-
ber of explicit parameterization schemes of induction forces''~™"?
follow essentially the method of Applequist,' based on interacting
atomic dipole polarizabilities. Among the noteworthy alternatives,
an interesting approach has been devised by Nakagawa for fitting
distributed polarizabilities and hyperpolarizabilities to the per-
turbed potential of a molecule polarized by a point charge.'>~"”
Similar in spirit, the approach of Alkorta et al. relies upon the
knowledge of the induction energy to derive atomic polarizabili-
ties.'®

The significant decrease of the computer price/performance
ratio witnessed in recent years has not only made accessible the
treatment of increasingly larger chemical systems, but it has also
opened the way to the use of more sophisticated and more accurate
intermolecular interaction models. The most important concepts
have been formulated by Claverie,'® who showed the advantages
of a “piece-wise” parameterization of the physically distinct con-
tributions to the intermolecular forces, and by Stone,?*?! who
developed an elegant and compact formalism to obtain distributed
electrostatic and induction interaction parameters from basis-set
represented, monomer wave functions. Distributed multipoles and
distributed polarizabilities?'~>* allow us, in principle, to compute
highly accurate electrostatic and induction energies. The resulting
models, however, soon become very complicated, involving a
cumbersome plethora of terms. Furthermore, because sufficiently
precise wave functions cannot be obtained for too large a molec-
ular fragment, resorting to the concept of transferability appears to
be difficult to avoid.

Very few procedures for partitioning the molecular volume into
atomic, or somewhat larger, fragments possess transferability
properties. The definition of atoms in molecules,* according to
Bader, based on the topological properties of the molecular charge
densities, is one of them. A straightforward combination of the
partitioning of the physical space into atomic regions with the
formalism of distributed polarizabilities*> and multipoles led to the
approach of topologically partitioned electric properties
(TPEP),%°~2® which, at the price of relatively costly numerical
integrations over atomic basins, provides accurate and transferable
electrostatic models.*®

TPEP models, involving several hundreds to thousands of
independent parameters, can be used for benchmark purposes, but
are obviously impractical in routine molecular simulations. This
shortcoming has naturally raised the question as to whether or not
a compromise between accuracy and tractability could be found
easily. In other words, can the quality of TPEP models be attained,
yet without wasting computational time in tedious, lengthy multi-
pole expansions. The latter corresponds to countless, tiny, nonlocal
components that result in models of distributed polarizability ex-
tremely difficult to handle in a practical fashion. The route that we
have decided to explore consists of increasing moderately the
complexity of the model, guided by our experience gained from far
more sophisticated TPEP models, and determining multipole and
polarizability components by means of a fitting procedure. The

resulting model of optimally partitioned electrostatic properties
(OPEP) appears to be a very promising alternative for obtaining
reliable electrostatic and induction parameters that can be utilized
safely in the statistical simulations of simple liquids and more
complex biological systems.

The underlying concept of OPEP applies in a straightforward
manner when the electrostatic and induction energy data sets on a
grid of points around the molecule are generated by some other
means than the TPEP model. The electrostatic potential can be
generated on a grid of points from the solution of the Poisson
equation with the charge density of a quantum chemically deter-
mine wave function. Besides the ‘“standard” way of proceed-
ing,'3%73* other possible choices involve the fit to the exact
multipolar part of the electrostatic potential®® that satisfies the
Laplace equation and is generated easily for charge densities
expanded in Gaussian basis functions, through an expansion of
overlap multipole moments. High-rank distributed multipole mo-
ment expansions, following the description of Stone>® or using the
Mulliken partitioning according to Sokalski and Poirier’” provide
good approximations of the exact multipolar potential. Direct
generation of induction energy data bases by a finite perturbation
(FP) approach, via quantum chemical calculations in the presence
of point charges, constitutes a straightforward, but also expensive,
approach.®® Special care should be taken to avoid spurious effects
resulting from nonlinearity problems, as well as penetration of
charge densities. Alternatively, approximate, infinitesimal second-
order perturbation can be employed to obtain induction energies
from restricted Hartree-Fock (RHF) wave functions.>® The latter
method allows one to avoid nonlinearity artifacts, but penetration
should be taken into account in the construction of the grid.
Finally, the TPEP scheme constitutes an attractive procedure to
evaluate the linear response part of the approximate multipolar
induction energy“® at the time-dependent Hartree-Fock (TDHF),
the time-dependent second-order Mgller-Plesset*! (TDMP2), or, in
principle, any higher level of quantum chemical theory.

OPEP is nothing else than a detailed description of how to
obtain electrostatic and induction parameters from virtually any of
the aforementioned electrostatic and induction energy data sets.
These interaction parameters, ranging from simple sets of net
atomic charges to more sophisticated models of distributed multi-
poles and polarizabilities, can be directly plugged into a molecular
simulation package. Starting from a molecular geometry and run-
ning quantum chemical calculations, such parameters can be de-
termined easily through various fitting procedures that make use of
local, atomic frames of reference, and, whenever necessary, prop-
erly chosen sets of constraints. In order to assist the user in
carrying out such a series of calculations in a seamless, possibly
error-free fashion, the suite of programs developed and improved
over the years has been wrapped in a Tcl/Tk graphical user
interface (GUI), which allows the user to go through the necessary
steps interactively. This is what the OPEP package is about.

The emphasis of this contribution has been put in a general
overview of all those methods and procedures available in the
OPEP suite of programs. The following section introduces the
working equations, together with the necessary computational
details for the construction of the grids of points on which electric
properties, that is, electrostatic potentials or induction energies,
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will be evaluated, the definition of local atomic frames of refer-
ence, the standard least-squares fitting procedures of distributed
multipoles and polarizabilities, and, finally, the alternative, statis-
tical approach that may be employed to determine the latter quan-
tities, that is, statistical analysis of distributed multipoles**
(SADM) and statistical analysis of distributed polarizabilities*?
(SADP). Illustrative case examples are provided next, before
drawing conclusions and outlining future developments of OPEP.

Methods and Computational Details

mkgrid: Constructing the Grid of Points

Quantum mechanical electric properties are evaluated on a Carte-
sian grid of regularly spaced points in the x-, y-, and z-directions
around the molecule. The number of points, N,,, forming the grid
is determined by two parameters, that is, &, a multiplicative factor
for the van der Waals radius of the participating atoms, and Ar, the
separation between consecutive points. Points found to lie further
than £ times the van der Waals radius** from any nucleus are
discarded. Points inside the so-called van der Waals envelope are
also rejected. On account of the short-range effects of electron
cloud penetration, which generally contaminates the “exact,” mul-
tipolar part of the quantum mechanical electrostatic potential,
thereby preventing its correct representation by models of distrib-
uted multipoles, the van der Waals radii defining the envelope have
been doubled. In the light of a detailed analysis, it has been
concluded that, insofar as the space surrounding the molecule is
sampled adequately and & = 4, modifying the grid step does not
affect the charge distribution significantly.?*** Increasing £ results
in exaggerating the weight of those points lying far from the
nuclei, to such extent that the subtle contributions of the short-
range multipole moments will be concealed almost exclusively by
the leading terms of the multipole expansion, that is, by the
molecular charge and/or dipole. In contrast, comparison of distinct
protocols for mapping the induction energy have emphasized the
necessity to sample regions of the space far enough from the nuclei
to warrant an appropriate reproduction of molecular dipole polar-
izabilities, that is, typically ¢ = 5. Compared to the spatial extent
of the grid, characterized by &, the density of points dictated by Ar
appears to be of lesser importance in this case. It is, therefore, clear
that grids aimed at mapping either the molecular electrostatic
potential or the induction energy necessarily possess distinct geo-
metrical characteristics, namely a high density of points lying close
enough to the nuclei for the former, versus a lesser compactness of
points, the distribution of which extends sufficiently far from the
molecule.

mkgrid offers the possibility to generate Cartesian grids of
points in an interactive fashion. This feature will prove to be
particularly useful when the number of grid points, N, should be
limited, for example, mapping the induction energy by means of an
FP approach, wherein each point k of the grid requires a separate
QM calculation of the energy corresponding to the interaction of
the molecule with a nonpolarizable, polarizing charge located at
r,. Three possible choices are available, for which two of the { &,
Ar, N,} parameters are frozen. By fixing either £ or Ar, and N,,,

mkgrid will explore iteratively the unconstrained parameter to
attain the desired number of points within a tolerance threshold.
Freezing & and Ar simultaneously yields the number of points
corresponding to these values.

grid: Fitting Distributed Multipoles and Polarizabilities

The electrostatic potential created by the molecule at point r, on a
grid of N, points

A

V=2 ZaTolrs — 1) — > 2 Py, f GE) D, (1) Too(r — r)dr
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where ¢,,(r) is an atomic orbital, P, the density matrix, and To(r
—r1,) = (1/[r — 1r]) is the Coulomb interaction function. The
reference, quantum mechanical (QM) potential, V,, can be ap-
proximated by

Ne(a)

Vo= > X TE0i, Vk=1,...,N, )
£=0

a K

where QF, is the €k real spherical harmonic component of a
multipole situated at the point r,,, and T%% = T, (r, — r,) is an
element of the charge-multipole interaction tensor.*> The optimal

series of distributed multipoles is obtained by minimizing the
functional:

FAOLH = > (V= 1)? 3)

The number of distributed multipoles to be determined is given by
N.=X,2N(a) + 1. The solution, Q = (07, ..., Q% ), which
minimizes f({Q%,)}), satisfies the normal equations of the least-
squares problem:

T'TQ =T'V 4)

Here, T is an N, X N, matrix containing the Tt elements. V is
an N,, vector containing the V', elements. Provided that the rank of
T is equal to N, the matrix product T™T can, in principle, be
inverted, so that the optimal, least-squares solution is

Q =(T"T)"'TV 5)

Molecular moments at the origin, r,, can be regenerated subse-
quently by translating the distributed quantities, Q% k,, to r:

Ogy = E Z E W a.e(ro — 1) O (6)
a € K

W go.¢,(T) is a translation function defined by Stone.*’
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In some cases, one may wish to constrain the total sum of
partial charges to a predefined value. Although the total charge can
be reproduced reasonably well by choosing a grid of good quality,
small systematic errors can be avoided by imposing the charge
conservation. Constraining fragment charges may be necessary,
for example, in the piecewise construction of macromolecular
charge density models. The constraints are implemented in grid
employing the method of Lagrange multipliers. Writing a set of N
constraint equations in a matrix form

C'Q=K @)

where C is an N, X N, matrix, the constrained least-squares
problem is given by:

(e OR)-(%) ®

Here, A is the vector containing the Lagrange multipliers for the N
constraints.

In addition to the molecular multipole moments, which can
provide a valuable assessment of the quality of the fitted distrib-
uted components, when compared to the QM expectation values,
grid computes the root-mean square deviation (RMSD) and the
mean relative deviation, 8, between the QM determined and the
recovered electrostatic potentials:

1 - 172
RMSD = | > (V' = V)
N, ;

QY-
-y 3"

N

L

The current version of OPEP allows one to fit distributed multi-
poles to the electrostatic potential up to hexadecapoles, that is,
¢ =4

The induction energy, U, 4 . resulting from the polarization of
the molecule by a nonpolarizable charge, ¢,, located at point r,,
can be expressed by

Ouind,k = ((gtolalﬁk - - aVx (10)

Here, €, « denotes the energy of the molecule interacting with
point charge ¢,. €° is the energy of the isolated molecule, and V',
is the electrostatic potential created by the latter at point r,. The
default value of the polarizing charge adopted in OPEP to map the
induction energy over a discrete set of points is equal to +1.0. This
arbitrary choice is not expected to affect significantly the derived
models of distributed polarizabilities.'>'® In principle, the induc-
tion energy is invariant with respect to the sign of the polarizing
charge, ¢g,. In practice, however, the electron cloud is polarized
somewhat differently with +¢, and —g,—a consequence of the
FP approach. Polarizing charges of the same magnitude, but of
opposite sign, that is, =1.0, are, therefore, anticipated to yield
slightly different results, yet of comparable quality and accuracy.

Clearly, eq. (10) should be applied with particular care to avoid
possible contamination resulting from nonlinear contributions to
the induction energy, which is considered here as a pure linear-
response effect. Of course, the role of this equation is taken over
by any other appropriate expression, if the induction energy data
base is not determined by the EP method. The reference induction
energy, W;,q. can be approximated at any given order of a
distributed polarizability expansion:

Ne(a) Ne(b)

- 1
Ming = — P Z E E E Eqﬂ’é‘ia’éi,ew?"é’&/qk

ab (=0 k {€'=0 «'

Vk=1,...,N, (1)

where a% ;.. are the components of the many-body polarizabil-
ity tensor a“”, corresponding to sites a and b. N (a) and N,.(b)
stand for the orders of the multipole expansion at centers a and b,
respectively. The number of distinct components of the complete
array «, containing all the possible one- and two-center distributed
polarizabilities, is N, = Za=p [2Ny(a) + 1] X [2N (b) + 1].
It should be noted that expression (11) corresponds to the total
induction energy, because the perturbing charge, ¢,, is nonpolar-
izable. In practice, one attempts to keep the number of nonzero
components, N. < N, as low as possible while preserving the
quality of the fit. It can be argued that the sampling of the space
surrounding the molecule could be somewhat enhanced by con-
sidering in eq. (11) doublets, {k, k'}, at which the polarizing
charge is located.'>™'” The latter increases the data base of induc-
tion energy values to N, X (N, — 1)/2.

Considering that the number of components of « to be deter-
mined is markedly smaller than N, the number of points of the
grid, the overdetermined system of linear equations expressed in
(11) can be conveniently restated in the following matrix form:

Ba =U, (12)

Here, U, is the vector that contains the induction energies eval-
vated for various locations of the polarizing charge, g,. B is an
N, X N, matrix constructed using the N, X N, electrostatic
tensor, T. The elements of B are defined by

1
B, = _56113 e (,’]’(K' Vk,s=1,...,N. (13)

where s = {ab; {k; €'k'}. The relationship af? o . = a%%

suggests that the computational effort can be reduced significantly
by considering only the upper part of the matrix B, thereby
lowering the dimensionality of the least-squares problem to, at the
most, N, X N, (N, + 1)/2.

The matrix elements corresponding to charge flow polarizabili-
ties deserve a special attention. An important criterion for charge-
flow polarizabilities relies on the physical property that there
should not be any net charge induced in the molecule of interest.
This pivotal property can be written as
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2 aoo 00 =

b
- E Q0,00 = Q0,00 (14)
b(#a)

Substitution of the latter form of the sum rule in the charge-flow
contribution of the induction energy

— k k
2 qk E E 00a0() (J()Tg() 2 qk E Z TEOOIOO ()()(Tg() Tg()

b a b(#a)

5)

makes it possible to exclude the “diagonal,” agg oo charge-flow
terms from the fitting procedure and write the corresponding
matrix elements as

By, = — Zqﬂ‘oz;(ﬂ:é To6) s ={ab;00:00},a#b (16)

In most circumstances, that through-space charge flows are suffi-
ciently small to be ignored constitutes a reasonable assumption.
This rationalizes the neglect of charge-flow polarizabilities be-
tween atoms that are not bonded chemically, as has been done in
OPEP.

The system of overdetermined linear equations, (11), can be
solved by minimizing the functional

g({a(éﬁ.(';(’}) = E (Ouind,k - Ouind,k)z (17)
k

The optimal solution, in a least-squares sense, satisfies the normal
equations, which can be expressed as

B'Ba = B'U,,, (18)

Assuming that the rank of matrix B is equal to N, the matrix
product B™B can, in principle, be inverted. The optimal, least-
squares solution takes the form

« = (B'™B) 'B"U,, (19)

Depending on the model chosen, singularities in matrix B may be
encountered, thereby preventing the inversion of BTB. Of partic-
ular concern, two-center components, e~ ,., for which a # b
and €, €' > 0, have proven to be a source numerical instabilities.
For this reason, two-center polarizabilities other than charge-flow
polarizabilities are omitted in grid.

Just like for multipole moments, eq. (6) can be generalized to
recover molecular polarizabilities from the fitted distributed com-
ponents:

Qg e = E E E W omt.e(ro —

ab ik €K

l'a)a%,e'K'CW.T,'ac'.e'K'(ro —T1,)

(20)

Finally, grid assesses the quality of the model of distributed
polarizabilities in terms of two quantities, that is, the RMSD
between the QM computed and the regenerated induction energies
on the grid of N, points, together with the corresponding mean
relative deviation, 6:

1 B 1/2
RMSD = |~ > (Uingse — Uing )
N, 4

2D

E ‘ indk ~ md k

md k

The current version of OPEP allows one to fit distributed polariz-
abilities to the induction energy up to quadrupole-quadrupole
polarizabilities, that is, € = €' = 2.

SADM and SADP: A Statistical Approach for Fitting
Distributed Multipoles and Polarizabilities

The SADM and SADP schemes constitute an alternative to the
least-squares fitting procedure for determining distributed multi-
poles and polarizabilities, respectively. In essence, these formal-
isms restate the normal equations of the least-squares problem
[egs. (4, 18)]. The input data are identical to that required for the
least-squares fitting procedure, that is, a grid of N,, points, over
which the electrostatic potential, or the induction energy, has been
mapped, and the definition of a model of distributed multipoles, or
polarizabilities, consisting of N. components. Next, N_ points are
chosen randomly amongst the total N,, points of the grid, and a set
of distributed multipoles, or polarizabilities, which reproduce ex-
actly the electrostatic potential, or the induction energy, for this
subset of N, points is obtained by solving a system of N_ linear
equations. In the case of distributed multipoles, the latter can be
expressed as

Ne(a)

EEETMK, Vk=1,...,N. (22)

a K

For distributed polarizabilities, the system of N linear equa-
tions is written as

Ne(a) Ni(b)

Wing e = E 2 E E Eqknkah(@x

abeKfOK

Vk=1,...,N. (23)

Determination of an individual set of N, components corresponds
to one experiment. The value of these components inherently
depends upon the subset of points taken from the grid. Conse-
quently, the result of a single experiment is physically meaningless
per se. By carrying out this process over a sufficiently large
number, N, = C%‘, , of distinct subsets of NV, points, the probability
distribution of occurence of each distributed multipole, ¥(Q%,.), or
polarizability, El’(a@’ﬁ, ¢'«")» can be constructed. The optimal set of
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distributed multipoles, or polarizabilities, is found by extracting
the maximum value of the ¥(Q%,), or S/’(a@ﬁ’c,,(,), function,
which corresponds to the most probable value of a given compo-
nent.

Furthermore, the probability distribution, $(Q%,), or
g (azﬁ, ¢ «)> constitutes a valuable source of information, not only
about the value of the multipolar component itself, Q%, or
a‘gf’(,e,,{/, but also about the accuracy of its determination. Exam-
ination of the probability distributions allows one to assess in a
very efficient manner the suitability and the reliability of a partic-
ular model, and pinpoint ill-defined components. In the case of
distributed multipoles, pathological models generally correspond
to wide, poorly resolved distributions, characteristic, for instance,
of buried atoms, the contribution to the electrostatic potential of
which is marginal.** For distributed polarizabilities, a pathological
model can be synonymous with redundant components.*®

locfrm: Constructing Local Frames of Reference

Fitting multipole and polarizability parameters to families of atoms
instead of individual atoms opens the possibility of tackling two
important issues, namely (1) the molecular symmetry, which im-
poses exact transformations between tensor properties of symme-
try related atoms, and (2) transferability, which exploits the ap-
proximate equivalence of the tensor properties shared by those
atoms that have similar chemical environments. While the trans-
formation of zeroth-order properties, that is, atomic charge and
charge flow polarizabilities, is trivial, equivalence of higher order
properties cannot be appreciated without transforming them into a
common frame of reference. The most natural choice for such a
common frame of reference for a family of exactly—that is,
symmetry—or approximately—that is, transferability—equiva-
lent atoms is based upon an analysis of the local environment, as
outlined below.

Before detailing the algorithm implemented in OPEP for iden-
tifying the axes of local frames of reference attached to each atom,
their use for fitting distributed multipoles or polarizabilities over
families rather than individual atoms should first be rationalized.
This can be done most conveniently by adopting the formalism of
charge-multipole interaction tensors, 00 o ¢ (Q,), that depend in-
trinsically upon the orientation, ), of the local frame of reference
in which the multipole moments, Q%,, are described.*> Explicit
expressions,*® as well as general recursion formulae,*” are avail-
able to calculate such orientation-dependent interaction tensors.

When fitting multipoles to the electrostatic potential, eq. (2) can
be rewritten as

Na Nela)

=2 E E T4(Q,) 04

a=1

Ny Ne(A) Na(A)

=> > D 0L > T Yk=1,....,N, (24
a€A

€

where N, denotes the number of families of symmetry-related
atoms and N,(A) the number of atoms belonging to family A.

In an analogous fashion, when fitting polarizabilities to the
induction energy, eq. (11) can be explicited using the formalism of
the local frames of reference:

- 1
Uings = =54 2 2 2 2 2 2 T Qe oo T ()
a 4 K o Kk

b

(25)

After applying the restrictions discussed previously, we are left
with two-center charge-flow polarizabilities connecting chemically
bonded atoms, together with one-center multipole-multipole terms,

aa .
Qe erw

Wipg e = ) qk E E Bla, b)ﬂ{)oaof) 00

Ne(a) Ne(a)

2qk 222D DTl Q) e T () (26)

a (=1 «k (=1 k'

where function B(a, b) is 1 for bonded pairs of atoms and 0
otherwise.

Using the equivalence relationship between atoms and the
connectivity matrix of the molecule, one can establish a list of
unique bond families, {AB}, each consisting of several bonds,
{ab}, and separate the summation over bond families. The one-
center multipole polarizability parameters can be handled in a
similar manner as in the case of multipoles. The expression for the
model induction energy then becomes

Oaind,k 2% E 0‘00 00 E oo( 00— og)

{AB} {ab}e{AB}
Ne(a)
—qu 22 Datien 2 QITEAQ,) 27
A 0 kK

The condensed form of the system of equations to be solved can
then be written as

Wiy = 2B Yk=1,...,N, (28)

r

where index r is either r = {AB}, in the case of charge-flow
polarizabilities, or r = {A, €k, €'k’}. The coefficient matrix
elements, BX", can be expressed as

1
B =g S THT - T

a—bEA—B

BHALK} — e‘;(Qﬂ)Té’,‘K, (Qu)qi (29)

1
—54 2
a€A
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Figure 1. XMakemol representation of the ethane molecule, featuring
the frames of reference on the carbon and the hydrogen atoms. The
z-axes for the latter are oriented along the C—H bond, pointing
towards the carbon atom. Orientation of the x-axes follows the 65
symmetry of the molecule.

In the OPEP suite of programs, the local frames of reference,
right-handed, orthonormal sets of reference axes, are computed by
locfrm. This reference frame can be described in terms of four
well-delineated rules:

1. The first reference axis—ux, y, or z—is defined by selecting one,
two, or three neighbors. The direction of the axis is given,
respectively, by the vector pointing towards the neighbor, the
bisector between the two neighbors, or the vector resulting from
the sum of the unit vectors pointing towards the three neigh-
bors.

2. The sign of this axis is defined by an additional entry, as +1 or
—1.

3. An identical syntax is adopted for the definition of the second
axis, which will be orthogonalized to the first one.

4. The third axis is obtained as an ordered cross-product of the two
other axes.

By default, locfrm generates the local frames of reference in an
automated fashion. A list of connectivity is built by comparing the
distance separating two atoms in the molecule with the sum of
their covalent radii. Next, the number of nearest neighbors of a
given atom a is sought by applying the following rules:

1. If the number of first neighbors is 1, that is, atom b, the
molecular graph is explored by searching amongst the neigh-
bors of b for those that form an angle different than 7 with r .
The z-axis is chosen to point towards b, and the x-axis is the
orthogonal projection of the vector pointing towards the imme-
diate neighbor of b.

Figure 2. XMakemol representation of the water molecule, featuring
the frames of reference on the oxygen and the hydrogen atoms. The
z-axes for the latter, that is, zy;, and zy,, are oriented along the O—H
bond, pointing towards the oxygen atom.

Figure 3. XMakemol representation of the methanol molecule, fea-
turing the frames of reference on the carbon, the oxygen, and the
hydrogen atoms. The z-axes for the aliphatic hydrogen atoms are
oriented along the C—H; bonds, pointing towards the carbon atom.
The frames of reference for these atoms reflect the local €, symmetry
of the methyl group.



1004

Angydn et al. « Vol. 24, No. 8 « Journal of Computational Chemistry

Table 1. Models of Distributed Multipoles and Regenerated Molecular Multipole Moments of
Ethane and Water, at the MP2/Sadlej//MP2/6-311++G(2d, 2p) Level of Approximation.

Molecular

Distributed multipoles multipoles MP2/Sadlej
Ethane  Modela  QF, 0.4598 0,0 —-0.6792 —0.6398
it —0.1533  Qy —17.0838 —15.4833
S 0.1149  Q,5, —31.1861 —26.1049

o —0.1937

0% 0.3666

RMSD (103 a.u.) 0.038

Ag (%) 24.741
Model b Q% —0.3651 Q. —0.75590 —0.6398
53 0.1217  Qy —27.3720 —15.4833
S 02383  Q,;,  —23.9359 —26.1049

RMSD (1073 a.u.) 0.089

Ae (%) 39.276
Model ¢ S 0.0881 O, —0.1499 —0.6398
it —0.0294  Q, 5.2184 —15.4833
Q.. 5.7767 —26.1049

RMSD (1073 a.u.) 0.472

Ag (%) 139.152
Water Modela Q%) —0.6000  Q,, —-0.7323 —0.7321
pd 0.3000 O, —0.2318 —0.2305
S 0.0246  Q,,, 2.1727 2.1790

o —0.0877

L —-0.0111

0% —0.0174

0%,. 0.7348

RMSD (1073 a.u.) 0.026

Ae (%) 0.656
Model b Q% —1.1899 Q0 —0.7339 —0.7321
pd 0.5950 Qs —0.0720 —0.2305
S 0.5886 0, 2.1053 2.1790

RMSD (103 a.u) 0.325

Ag (%) 13.064
Model ¢ Q% —0.6724 0O, —0.7474 —0.7321
53 0.3362 O, —0.1885 —0.2305
Qss. 1.1898 2.1790

RMSD (1073 a.u.) 1.308

Ae (%) 54.273

2. If the number of first neighbors is 2, that is, atoms b and c, the

valence angle formed by these two atoms is evaluated. Should
the latter be different than 7r, the z-axis is defined as the bisector
between b and ¢, and the x-axis is assigned to one of the
neighbors. Alternatively, the x-axis is assigned to the first
neighbor of b and ¢, and the z-axis to either b or c.

. If the number of first neighbors is 3, that is, atoms b, ¢, and d,
the three valence angles formed by these atoms are computed.
Should the sum of the angles be equal to 2, the z-axis is
defined by the central atom and atom s = b, ¢, or d, and the
x-axis by the central atom, a, and atom s’ = b, ¢, or d, so that
s’ # s. Alternatively, the z-axis is defined as the sum of the
three vectors connecting the central atom to b, ¢, or d, and the
x-axis is assigned to one of the neighbors.

4. If the number of first neighbors is 4, the sum of the valence

angles formed by the four neighbors and the central atom, a, is
evaluated. Should this sum be equal to 2, the z-axis is defined
as the bisector of two vectors amongst the four, and the x-axis
is assigned to one of the neighbors. Alternatively, the z-axis is
defined as the sum of the three vectors pointing from central
atom a towards three of the four neighbors, and the x-axis is
assigned to the fourth neighbor.

Applications and Discussion

To illustrate the performance of OPEP, distributed multipole and
polarizability analyses of the prototypical ethane, water, and meth-
anol molecules were carried out—see Figures 1-3. Preliminary
investigations on these model systems suggested that the choice of
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a large enough basis set is pivotal to warrant an appropriate
agreement with the experimentally determined molecular moments
and polarizabilities. In this contribution, all calculations were
carried out at the MP2 level of theory, using the basis set devel-
oped by Sadlej.*® The latter is targeted at the description of electric
properties, and has proven to constitute an optimal choice in terms
of accuracy and number of basis functions. The electrostatic po-
tential created in vacuo by ethane and water was computed on a
grid of 892 and 2106 points, respectively, employing the GAUSS-
TANOS suite of programs—here ¢ = 3. Interestingly enough, the
sole information required by OPEP for such calculations is the
geometry of the molecule in an xyz format. Here, the lowest
energy structure for the two molecules was obtained at the MP2/
6-311++G(2d, 2p) level of approximation. Once the grid of
points is constructed, OPEP automatically generates the relevant
input file for GAUSSIANOS, thus simplifying the execution of the
latter. The Tcl/Tk GUI makes the selection of the distributed
multipole components to be fitted particularly easy. Molecular
symmetry, which appears in eq. (24), can be turned on by updating
the list of families of symmetry-related atoms. By default, each
atom of the molecule belongs to a distinct family. As can be seen
in Table 1, models of distributed multipoles consisting of point
charges borne by all atoms, supplemented by atomic dipoles on
heavy atoms only (compare model b), constitute an interesting
compromise between complexity and accuracy.

The strength of the statistical approach, either SADM or SADP,
lies in the possibility of detecting pathological models by a simple
inspection of the normalized distributions, which characterize the
constituent components—for example ¥(Q%,) in the case of a
model of distributed multipoles, Q% .. The conspicuous and chem-
ically counter-intuitive C®"—X®" (X = F or Cl) bond polarity
observed in the simple point charge model of difluorodichlo-
romethane*® corresponds to a poorly resolved probability distri-
bution for the buried carbon atom, as shown in Figure 4—details
of the quantum chemical calculations are given in ref. 42. A closer
examination at ¥(Q,_) brings to light a secondary peak, a shoul-
der in reality, around Q§;, = 0, often symptomatic of an ill-defined
fitted model. This example further illustrates that, under certain
circumstances, models limited to net atomic charges can be math-
ematically consistent while not physically so. Circumventing this
shortcoming by assigning a priori a chemically meaningful point
charge on buried atoms constitutes the philosophy of the well-
behaved electrostatic potential based method for deriving net
atomic charges by means of hyperbolic restraints (RESP).>® This
solution, although tempting on account of its simplicity, allowing
the user to remain in the framework of a monopole description of
the molecular electrostatic potential, may not always be desirable,
especially if an accurate reproduction of the latter is sought. In
particular, for those atoms bearing large local moments of higher
order than Qf,, hoping to attain a precise and faithful representa-
tion of the electrostatic potentials using simple point charges is
illusory. In fact, enforcing Qg to be positive, so that the differ-
ences of electronegativities are respected, increases the RMSD
between the QM calculated and the point charge derived electro-
static potentials from 0.692 X 103 a.u. for the unrestrained fit, to
1.280 X 10~ a.u., when Q§, = 0.5. In sharp contrast, as indicated
in Figure 4, incorporation of atomic dipoles offers a more satis-
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Figure 4. sadm probability distributions of the point charges, Qg,
born by difluorodichloromethane in a model limited to simple net
atomic charges (above), and in a model that also includes atomic
dipoles, Q9,,, (below). The counter-intuitive C>~—X°* (X = F or Cl)
bond polarity in the rudimentary point charge description is inverted
when atomic dipoles are incorporated in the model.

factory solution to the problem, reverting the bond polarities to the
expected C®*—X?®~, while decreasing the RMSD to 0.092 X
1073 au.

Determination of distributed polarizabilities in OPEP relies on
the knowledge of the induction energy mapped on a grid of points
around the molecule of interest. Just like for the electrostatic
potential, this grid can be defined using the mkgrid algorithm,
keeping in mind that the spatial extent of the grid, characterized by
¢, and the density of points, controlled by Ar, should reflect the
necessity to sample regions far enough from the nuclei. Once the
grid of points is built, OPEP offers the possibility to generate a
script appropriate for computing FP induction energies. This script
drives the evaluation of: the interaction energy, €., ., for each
point, k, of the grid, where the polarizing charge is located; the
energy, €°, of the isolated molecule; and the electrostatic potential,
V' created by the latter. This approach, which requires N, distinct
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Table 2. Models of Distributed Polarizabilities and Regenerated Molecular Polarizabilities of
Methanol and Water, at the MP2/Sadlej//MP2/6-311++G(2d, 2p) Level of Approximation.

Molecular
Distributed polarizabilities polarizabilities MP2/Sadlej
Methanol Model a aﬁf,o 13.642 Q010 20.961 19.770
oSS 1e 0.139 @04 23.655 20.250
aSt 1. 21191 aypenns 0.969 0.590
afC 1, 11590 a0, 25960 23.080
a0 7.794
0‘?811( —6.383
P 7.466
atiiins 7.051
adlotio 2.555
alioto. 1.977
a0, —3.032
aiifip, 2.320
RMSD (1072 a.u.) 0.063
A& (%) 8.636
Model b a5 —1.333 @040 21.298 19.770
oS —1174  aypeqe 23.592 20.250
g0 —0.819 @y, 0.487 0.590
oS im 7989 a5, 26423 23.080
a9, 6.705
RMSD (1072 a.u.) 0.067
Ae (%) 7.982
Model ¢ afsoo =3.676 a4 17.292 19.770
aShisy -3075  @peq. 23.635 20.250
G0 6h —2257  @ypeqns 1.385 0.590
aypers 32.091 23.080
RMSD (1072 a.u.) 0.162
Ae (%) 14.363
Water Model a a0 7.561 Qjo.10 9.805 9.751
a1 e —0.056 @ 10073 10.063
a® . TATT @y, 9.483 9.542
a?g,lls 8.532
S50 —-0.997
aSPs1e 1.667
0S5 nae 5.086
a0, —31.659
a0 22e 2.982
a0 o1, 2.817
a(Z)IOS‘ZZS 2.751
ads 2 —9.061
a?z(?v,zzs —1.885
aioho 2215
YT —0.068
o e 0.355
Xps, s 0.475
RMSD (10% a.u.) 0.012
Ae (%) 0.584
Model b aQili, —1.604 @940 9.906 9.751
a0 5945 ;e 10.223 10.063
a1, 3671 s 9.367 9.542
a(l)los‘lls 9.367
RMSD (10~% a.u.) 0.032
Ae (%) 1.501
Model ¢ aQili, —3.256 @040 8.044 9.751
aperre 13305 10.063
Qg 0.000 0.9542
RMSD (1072 a.u.) 0.622
Ae (%) 37311




Software News and Updates 1007

QM calculations of €, , to map the induction energy on a grid
of N, points, is CPU-intensive and costly. Here, the induction
energies were determined employing the FP*® approach for meth-
anol, and from the partitioning of the response charge density®’
(TPEP) in the case of water. The choice of these two approaches
is, however, not restrictive, and alternative methods, among which
that based on second-order perturbation theory,?>>* can be
adopted. Grids of 3905 and 1175 points were used for water and
methanol, respectively—here § = 5.

As can be observed in Table 2, a model of methanol consisting
of charge-flow polarizabilities supplemented by isotropic dipole
polarizabilities on heavy atoms offers a reasonable compromise
between complexity and accuracy. Clearly, a simple model of
water limited to charge-flow polarizabilities not too unexpectedly
cannot reproduce the out-of-plane component of the molecular
dipole polarizability, exaggerating the afy), and the aPiy ;.
contributions. Inclusion of an anisotropic local dipole polarizabil-
ity on the oxygen atom reduces dramatically the RMSD between
the QM calculated and the distributed polarizability derived induc-
tion energies—albeit an isotropic dipole polarizability, which
yields an RMSD of 0.127 X 10~ a.u., constitutes a satisfactory
approximation, considering the symmetry of water.

Conclusions and Perspectives

The OPEP suite of FORTRAN programs, featuring a Tcl/Tk GUI,
constitutes a convenient and userfriendly toolkit for developing
models of distributed multipoles and polarizabilities that can be
subsequently plugged in molecular modeling softwares. Design of
an optimal model, a compromise between accuracy and compact-
ness, is greatly facilitated by the use of two powerful, alternative
fitting procedures, which allow the user to apply judiciously cho-
sen sets of constraints and exploit both symmetry and transferabil-
ity properties of the molecules by means of local atomic frames of
reference. To our knowledge, OPEP is the first free, open-source
code of its kind that offers a wide range of algorithms gathered in
a userfriendly environment. What distinguishes OPEP from other
similar programs lies in its ability to derive distributed polariz-
abilities following a nonempirical scheme, based on a reliable
determination of the quantum chemical induction energy mapped
on a grid of points.

For the most part, this first version of OPEP is self-contained,
and includes all the necessary tools for building models of distrib-
uted multipoles and polarizabilities—that is, from the construction
of a grid of points to the fitting of quantum chemically calculated
electric properties. There is still room, however, for further en-
hancements and inclusion of novel, useful features. On-going
developments of this package essentially focus on the procedures
to generate grids of induction energies, as an alternative to the
costly EP method, already available in OPEP. Upcoming versions
will incorporate the determination of TPEP models and the gen-
eration of the corresponding grids of induction energies. Extension
to the derivation of dispersion interaction models, through the
computation of distributed dynamic polarizabilities, also consti-
tutes another promising feature of OPEP. In addition, in the
context of force field development, the current fitting procedures

will be generalized to multiple molecules and conformations,
thereby allowing transferable, conformationally averaged param-
eters to be derived.
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