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Abstract In this work, the dual-descriptor is studied in
matrix form f® (r, r’) and both coordinates condensed to
atoms, resulting in atomic and diatomic (or where applica-
ble, bond) condensed single values. This double partitioning
method of the dual-descriptor matrix is proposed within
the Hirshfeld-I atoms-in-molecule framework although it
is easily extended to other atoms-in-molecules methods.
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Diagonalizing the resulting atomic and bond dual-descriptor
matrices gives eigenvalues and eigenvectors describing the
reactivity of atoms and bonds. The dual-descriptor function
is the diagonal element of the underlying matrix. The extra
information contained in the atom and bond resolution is
highlighted and the effect of choosing either the fragment
of molecular response or response of molecular fragment
approach is quantified.
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Introduction

One of the essential tasks in chemistry is the analysis of
chemical observations and their classification to ultimately
be able to rationalize them in a model that even allows
predicting the outcome of future experiments. This quite
ambitious task has been met to admirable extent by intro-
ducing such classifications as acids and bases, hard and soft
substances, and many more. Over time, a vast toolbox of
concepts and quantities was introduced with many of these
developed either before the advent of quantum mechanics
or without relying on the latter theory. This has resulted in
a sort of gap between much of chemical theory and quan-
tum mechanics although clearly quantum mechanics can
give rise to much more and deeper insight in the underlying
mechanisms of chemical reactivity. Fortunately, some emi-
nent scientists have, over the years, picked up the challenge
of closing this gap. One of the leading persons in this, is
Robert G. Parr who is among the founding fathers of what is
now known as chemical density functional theory (often still
referred to as conceptual density functional theory, cDFT)
[1-3], and who was able to link many existing theories to
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the energy of a chemical system and its derivatives with
respect to its basic variables, including the number of elec-
trons and the external potential. This Taylor expansion of
the energy has already given rise to numerous new reactivity
descriptors or has allowed previously known key quantities
like electronegativity to be identified with some of these
derivatives.

In this work, we are interested in the dual-descriptor
introduced by Morell et al. [4, 5] as the difference between
the Fukui function for the addition of an electron minus that
for the removal of an electron, or alternatively as the func-
tional derivative of the hardness which in itself is the second
derivative of the energy with respect to the number of elec-
trons. As such, the dual-descriptor is a mixed third-order
derivative of the energy [6]:
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In Eq. 1, f@(r) is the dual-descriptor evaluated at a point
r, E is the energy, N the number of electrons and v(r) the

external potential. Provided that the system has no degen-
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density function of the molecule. In case of degenerate
states, the density to be used derives from degenerate pertur-
bation theory [7-9]. Provided non-degenerate states, some
trivial manipulations reveal that the dual-descriptor is actu-
ally the N-derivative of the Fukui function f(r) [10-12]:
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The Fukui function indicates regions in a molecule that
exhibit higher reactivity with respect to reactions that
involve a change in the number of electrons in the molecule.
The Fukui function is not only of interest by itself but is also
an important function for generating many other chemical
reactivity concepts in cDFT [1, 2]. Equation 2 shows that
the Fukui function is an r-dependent function that describes
the change in the electron density at the point r upon a
change in the number of electrons in the molecule, under
the constraint that the external potential remains unaltered.
The electron density has slope discontinuities at the inte-
ger number of electrons and consequently, the left-side and
right-side derivatives are different. Hence, one needs to
consider two Fukui functions. The Fukui function for an
increase in the number of electrons will be denoted f+(r)
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and for a decrease as f~ (r). This way, one can express the
dual-descriptor also as:

af (r)
@) () —
f (r)—( N )U(r) 3

The main interest in the dual-descriptor stems from the
fact that it allows one to predict the nature of molecular
reactivity, i.e., electrophilic or nucleophilic with, provided
a graphical representation, also the regioselectivity [4, 5].
In practice, the working equation for the dual-descriptor
corresponds to:

fPm=fr@-rf @ 4)

This is often approximated in a frozen molecular orbital
approximation as [4]:

F@ @) = prumo ® — promo (r) 5)

where prumo(r) and pgomo(r) are the densities of
the frontier lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) of
the molecule, respectively. This invokes a Koopmans-type
approximation which may be quite an approximation. A
different approach still relies on finite differences but con-
siders the entire electron density and so includes electronic
relaxation (but not geometric as we require constant external
potential).

FA @) = prg+1 (¥) = 205, (0) + prg—1 (r) (©6)

where pn,+1(r), pn,(r), and py,_1(r) are the densities
in the molecule with Ng + 1, No, and Ny — 1 electrons,
respectively.

In the present work, we examine in more detail the dual-
descriptor by considering three main issues from a matrix
formulation of this descriptor.

First, we consider the expression of the dual-descriptor
in matrix form:

[P, )= @, r)—f (1)
= ONg+1(0, F)=2pny (0, ) 4 prg—1 (6, ) (7)

where py,+1(r, '), pn, (r, '), and py,—i(r, r’) are the first
order reduced density matrices in the molecule with No + 1,
Ny, and No—1 electrons, respectively. We then express these
in terms of an orthonormal basis, here the molecular orbitals
of the system with Ny electrons. Bultinck et al. [13, 14] and
later on Alcoba et al. [15-17] extended the Fukui function
to a Fukui matrix in the following way:

Far) = (%) . @®)

This Fukui matrix f(r,r’) has previously been shown to
lead to rich new insights into the properties of the Fukui
function and allows rationalizing the quality of a frozen
molecular orbital or Koopmans approximation to it [13, 14].
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The Fukui function corresponds to the diagonal of the Fukui
matrix in the same way as the density function corresponds
to the diagonal of the first-order reduced density matrix. As
in what follows, we will often refer to idempotent density
matrices, we will mostly use spin-specific density matrices
and Fukui matrices, defined as

foer) = (—ap Ua(N”)> i ©)

where o denotes the spin function ¢ € {«, §}. The matrix
extension can straightforwardly also be introduced for the
dual-descriptor as has been previously done by Alcoba
et al. in both spin-free as well as spin-polarized versions
[15-17]. However, the analysis presented here goes more
into detail by application to a larger molecular set and anal-
ysis of the diagonal form of the dual-descriptor matrix.
This will reveal in a way beyond graphical comparison
whether the Koopmans approximation is a good approxi-
mation. Moreover, this analysis is performed over the entire
molecule whereas the work of Zielinski et al. [ 18] concludes
the lack of correlation between the Koopmans and finite dif-
ference based dual-descriptors on atom-condensed values.
Although their work is clearly interesting, our work pro-
vides more insight by being able to perform the analysis
prior to condensation. We also examine the spectrum of the
matrix eigenvalues to see whether some interesting features
may be found. In case of the Fukui matrix, we found that for
idempotent density matrices (as is the case for spin-specific
density matrices from single Slater determinant methods
and Kohn—Sham DFT with the approximate density matri-
ces) the Fukui matrix spectrum was especially interesting as
it showed why the frontier molecular orbital theory (FMOT)
works well at these levels but also why regions with nega-
tive Fukui functions are always possible and -indeed- likely
[13, 14]. When idempotency is lost, these special matrix
properties are lost to some extent. So, as the Fukui matrix
is also not idempotent, we also expect the dual-descriptor
matrix to have less special properties but it is of interest to
see to what extent they still hold approximately.

The second goal is to atom condense the dual-descriptor
matrix in both single-atom and diatomic (or where chemi-
cally applicable, bond) terms. This is reminiscent of recent
work by the present authors for the Fukui matrix where an
atom and bond condensation is carried out over both the r
and 1’ coordinate [19]. Doing this for the dual-descriptor
matrix makes it different from the work of Zielinski et al.
[18] or e.g., Glossman-Mitnik [20] or Cao et al. [21] who
all atom condense the dual-descriptor function and therefore
cannot distinguish bond terms.

Third, we examine the effect of the actual position of the
atom condensing operator w4 (r). As has been described in
detail by Bultinck et al. [22], for atoms in molecules (AIM)

methods that yield such operators with an N dependence,
the order of differentiation and condensation is important
as for such methods one cannot assume % = 0. When
introducing AIM-condensed Fukui functions for the first
time, Yang and Mortier [23] used the commutability of
parameter differentiation (finite-difference here) and inte-
gration over the AIM inherent in Mulliken’s use of Hilbert
space, making the condensation operators N-independent.
The present authors have examined the effect of using first
differentiation and then condensation (the so-called frag-
ment of the molecular response or FMR method) versus that
of first condensation and then differentiation (the response
of the molecular fragment or RMF method) for the Fukui
matrix to find that the effect is significant. Zielinski et al.
[18] mentioned the possible effect on dual-descriptor values
but restricted themselves to one single-method RMF (note
that they mention FMR but from the text one can derive
this is an error), among others because of the lack of soft-
ware required for the FMR method. The essential issue is
therefore whether one uses:

2 _
IE’A)/IF,AB(r’ 1) = f;MF,AB(r’ 1) — Srmr ap (T, ') (10)

or

Finras® ) = fr ap@® 1) = fryp ap® ) (D)

However, mathematically, one could even derive more alter-
natives if one starts from the second derivative expression
of the density and inserts the partitioning of the unity
> 4wa(r) = 1 in different places. The ones in Egs. 10
and 11 are the most straightforward and if these already
show significant differences, the use and reliability of atom
condensation becomes questionable. Expressing the matri-
ces again in an orthonormal basis allows diagonalization
and therefore gives insight into the shape of the underlying
functions (the A B dual-descriptor orbitals) along with their
eigenvalues, shedding more light on the reactivity.

In what follows, the focus lies on the implementation and
proof of the properties of the above matrices and atom and
bond condensation. To that end, the relevant quantities are
computed for a test set of ethylene derivatives and resulting
(mathematical) properties discussed. As such, the chemical
significance is not the main topic of the present work and is
therefore not expanded upon to keep the focus of the work
on the three goals described.

Computational methods

In order to illustrate the newly introduced dual-descriptor
functions, matrices and their atom and bond counterparts,
B3LYP/6-31G* calculations were performed on the set of
ethylene derivatives shown in Fig. 1, recently used by
Gonzalez-Suarez et al. [24] and Bultinck et al. [25] to derive
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Fig. 1 Ethylene derivatives
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atom- and bond-condensed Fukui functions and matrices
using the Hirshfeld-I AIM method (i.e., molecules 1-18
from Gonzalez-Suarez et al. [24]). The original idea of this
set of molecules was to examine the influence of the addi-
tion of certain electron-donating and electron-withdrawing
groups on the 1-2 bond-condensed Fukui function. Geom-
etry optimizations were carried out using the Cartesian
6-31G* basis set and all information required for the calcula-
tion of the Fukui matrices and hence dual-descriptor matri-
ces was extracted from the formatted checkpoint file from
Gaussian-03 [26]. Hirshfeld-I weight functions were com-
puted using atomic densities obtained at the same level of
theory. All required algebraic manipulations were described
previously by Bultinck et al. [13] with straightforward

@ Springer

extensions for the calculation of the dual-descriptor. For all
molecules and molecular ions, it is assumed that the num-
ber of « spin electrons is always larger than or equal to
the number of B spin electrons. In the following, we dis-
tinguish both « and B spin-blocks of the dual-descriptor
matrices. The weight functions wy (r) are expressed in
the basis of the molecular orbitals. Visualizations are done
using GaussView5 [27].

Results and discussion

For all molecules, first both the electron-addition and
electron-removal Fukui matrices have been computed using
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the expressions presented previously and yielding the data
reported by Ofia et al. [19]. These matrices are then used
to compute the dual-descriptor matrices according to Eq. 7.
Before proceeding to the properties of the dual-descriptor
matrix, it is worth reiterating some properties [13, 14] of
the Fukui matrices as these will impact on the former. First
of all, the present level of theory, which corresponds to
Kohn-Sham DFT, results in idempotent spin-specific den-
sity matrices, meaning that the occupation numbers of the
spin orbitals are exactly zero or one. Admittedly, DFT does
not produce a density matrix so we use the common approx-
imation of using a density matrix based on the Kohn-Sham
orbitals in the same way as the (legitimate) calculation of
density matrices at the Hartree-Fock level of theory. The
special properties of differences of idempotent matrices
include the fact that eigenvalues can only be zero or one
or must appear in pairs +x and —x. It has previously been
shown that at both the Hartree-Fock and Kohn-Sham DFT
level, the Fukui matrix has one eigenvalue exactly equal to
one with all other eigenvectors being paired with an eigen-
value of +x and —x. The (necessary) presence of negative
eigenvalues immediately explains why negative Fukui func-
tions may exist and probably may be found in virtually any
molecule. One simply needs to identify a region where the
eigenvectors with negative eigenvalues outweigh the ones
with positive eigenvalues and there a negative Fukui func-
tion will be found. The second important remark is that with
the eigenvalue equal to 1, an eigenvector appears that has a
coefficient very close to 1 for the relevant frontier molecu-
lar orbital. Hence, for f¥(r, r’) expressed in the molecular
orbital basis, one has a coefficient equal to 1 for the LUMO
in the eigenvector with eigenvalue 1. This explains why
FMOT works so well but the Fukui matrix revealed why
negative Fukui functions are nothing exceptional or pecu-
liar and why FMOT is not the complete story. At correlated
level, the unity eigenvalue disappears but there remains one
chief large eigenvalue compared to a large set of smaller
(positive and negative) eigenvalues.

These special properties of the Fukui matrices have an
impact on the dual-descriptor matrix. First of all, by the
presence of eigenvalues +x and —x (x # 0, 1), the Fukui
matrices are not idempotent. This immediately entails that
we should expect a more complicated structure of the eigen-
system. Obviously, the trace of the matrix in an orthonormal
basis equals zero throughout but the presence of many
non-zero eigenvalues indicates that using a Koopmans type
approximation might be a rather poor choice. To shed more
light on this, we first discern two spin-specific different
dual-descriptors and the total dual-descriptor as:

fEO ) = fEOw ) - fO ) (12)
fEP @)y = fHP )y — fP(r,v) (13)
@@, )= f@Onmr) + 3P, r) (14)

The trace of f2®)(r,r') obviously equals 1 and of
f@P)(r, r') equals -1 as we always consider molecules and
ions where the o electrons are in the majority. The total
dual-descriptor matrix f @ (r, ") therefore has trace zero,
as expected. Taking as an example ethyene and % (r, '),
we find that the most positive eigenvalue equals one to
within 10~%. This is, however, not a universal feature as it
is rather exceptional among the molecular set considered.
In most molecules, the largest eigenvalue is slightly larger
than 1. The most negative eigenvalue for ethylene has a value
equal to —0.03879. In total there are 14 positive eigenval-
ues and 8 negative eigenvalues (eigenvalues between 10~
and —10~* excluded), leading to the fact that the dual-
descriptor can have any sign. For fZ#) (r r') we find a
trace of exactly minus 1 with the most negative eigenvalue
equal to —1.00479 as one of the 8 negative eigenvalues.
For the total dual-descriptor matrix, so the sum of the «
and B parts, we find that -as expected- the trace equals
zero but the sign of the largest eigenvalue in magnitude
changes depending on the molecule. In only some of the
cases we find something that suggests approximate validity
of a Koopmans approximation, i.e. we find eigenvectors that
contain sufficiently large coefficients for specifically the
HOMO and the LUMO. Given the ease by which the dual-
descriptor matrix can be computed according to Eq. 7 and
subsequently diagonalized, we see little reason to still use a
FMOT approximation. Moreover, Eq. 7 remains valid at cor-
related levels of theory where no orbital energy diagram can
be obtained as easily as at the Hartree-Fock and formally
the Kohn-Sham DFT level. Once the eigenvectors of the
dual-descriptor matrix have been computed, another advan-
tage is that the most important eigenvector(s) (those with
the largest eigenvalues in magnitude) can be transformed
to a basis that allows them to be visualized using com-
mon programs thereby allowing a very simple graphical and
chemically interesting representation. Such visualizations
will be shown below for the atom and bond dual-descriptor
matrices.

Fig. 2 Labels of the CoH4 molecule

@ Springer
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The second goal of the present paper is to demonstrate
the possibility to obtain atomic and diatomic (or where
applicable, bond) dual-descriptor matrices by introducing a
weight function in both the r and r’ coordinate. We first
use the FMR approach using the weight functions from the
Hirshfeld-I method for the molecule with Ny electrons. This
entails that, based on earlier matrix partitioning studies for
electron density [28] and the Fukui function [19], we use the
following working expression:

1 /
fl(vzzl)/lR,AB(r’ r/)=§(wA (r; No)wp(r'; No)
+wa(r'; No)wg(r; No) fP (e, x)  (15)
@) n 1 _ .
frmr.ap, 1) = E(wA(r’ No)wp(xr'; No)

+wa(r'; No)wg(r; No))[png+1(r, 1)

where we explicitly indicated the N dependence of the
weight function as it occurs in the Hirshfeld-I AIM method
[29] (the same applies to Bader’s QTAIM method [30, 31]).
Note that the weight functions can also be expressed in the
same orthonormal basis as the density matrices, such that
f I%),, & 45T, ') can be expressed in the same orthonormal
basis 6f, in this case, the molecular orbitals. Equation 16
gives the result for the total dual-descriptor but the differ-
ent spin parts are obtained in analogous way. Note, however,
that the weights are always derived using Hirshfeld-I and

reflect the total density and hence are the same for comput-

. 2 2, 2,
1ng fIgA)/IR,AB (r,r’) or fIS‘A/;xI)?,AB (r,r’) and flgltflz,AB (r, ).

The matrices may be diagonalized to investigate their spec-
trum. Taking ethylene as an example (see Fig. 2 for atom
numbering), Tables 1 and 2 present the data obtained for
ethylene. Results for the other 17 compounds gathered in
Fig. 1 are reported as Supporting Information.

—2pNy (r, ¥) + pry—1(r, )]

(16)

These tables clearly show that for every combination of
two atoms, one has both negative and positive eigenvalues.

Table 1 Eigenvalues and traces of f ;21‘;‘1)? 45 (@ r’) dual matrices within the FMR framework for Co,Hy, calculated in the 6-31G* basis set on the
B3LYP level of theory using weights from the neutral molecule

Eigenvalues
m 1 2 3 4 5 33 34 35 36 37 38 F%‘f;kAB
CiCy —0.007 —0.004 —0.003 —0.003 0.000 0.001 0.003 0.006 0.014 0.018 0.312 0.338
CiC, —0.262 —0.006 —0.006 —0.005 —0.004 0.003 0.006 0.007 0.008 0.008 0.349 0.095
CiHz —0.037 —0.003 —0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.003 0.046 0.009
CiHy —0.013 —-0.012 —0.001 —0.001 0.000 0.001 0.001 0.001 0.002 0.006 0.066 0.048
CiHs —0.013 —-0.012 —-0.001 —0.001 0.000 0.001 0.001 0.001 0.002 0.006 0.066 0.048
CiHg —0.037 —0.003 —0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.003 0.046 0.009
CCy —0.007 —0.004 —0.003 —0.003 0.000 0.001 0.003 0.006 0.014 0.018 0.312 0.338
CoH3 —0.013 —0.012 —-0.001 —0.001 0.000 0.001 0.001 0.001 0.002 0.006 0.066 0.048
CoHy —0.037 —0.003 —0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.003 0.046 0.009
CHs —0.037 —0.003 —0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.003 0.046 0.009
CyHg —0.013 —0.012 —-0.001 —0.001 0.000 0.001 0.001 0.001 0.002 0.006 0.066 0.048
H3H3 —0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005 —0.005
H3Hy —0.004 —0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.007 0.002
H3Hs —0.005 —0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.006 0.002
H3Hg —0.002 —0.002 —0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.009 0.007
H4Hy —0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005 —0.005
H4Hs —0.002 —0.002 —0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.009 0.007
H4He¢ —0.005 —0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.006 0.002
HsHs —0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005 —0.005
HsHpg —0.004 —0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.007 0.002
HgHe¢ —0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005 —0.005
2 AB F(Igﬁ;,AB 1.000

Eigenvalues are ordered from the lowest value to the highest
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Table 2 Eigenvalues and traces of the f 7 M R (@, r’) dual matrices for CoHy, calculated in the 6-31G* basis set on the B3LYP level of theory
using weights from the neutral molecule

Eigenvalues

m 1 2 3 4 5 33 34 35 36 37 38 Fekag
CiCi —0334 —0018 —0.006 —0.004  0.000 0.001 0.001 0.001 0.003 0003 0007 —0347
CiCs —0413 —0.008 —0.003 —0.002 —0.002 0.002 0002 0003 0.005 0009 0255 —0.154
C Hj —0.032 —0.002 —0.001 —0.001  0.000 0.000 0.000 0.000 0.001 0.002 0027 —0.005
CiHy —0.047 —0.006 —0.004 —0.001  0.000 0.000 0.001 0001 0.002 0007 0012 —0.036
CiHs —0.047 —0.006 —0.004 —0.001  0.000 0.000 0.001 0001 0.002 0007 0012 —0.036
CiHs —0.032 —0.002 —0.001 —0.001  0.000 0.000 0.000 0.000 0.001 0.002 0027 —0.005
C2Cs —0334 —0018 —0.006 —0.004  0.000 0.001 0.001 0.001 0.003 0003 0007 —0347
CoHs —0.047 —0.006 —0.004 —0.001  0.000 0.000 0.001 0001 0002 0007 0012 —0.036
CoHy —0.032 —0.002 —0.001 —0.001  0.000 0.000 0.000 0.000 0.001 0.002 0027 —0.005
C2Hs —0.032 —0.002 —0.001 —0.001  0.000 0.000 0.000 0.000 0.001 0.002 0027 —0.005
C2He —0.047 —0.006 —0.004 —0.001  0.000 0.000 0.001 0001 0.002 0007 0012 —0.036
H3H; —0.003 —0.002 0000  0.000  0.000 0.000 0.000 0.000 0.000 0000 0008  0.004
H3H, —0.002 —0.001 0000  0.000  0.000 0.000 0.000 0.000 0.000 0001 0003  0.000
H3Hs —0.002 —0.001 —0.001  0.000  0.000 0.000 0.000 0.000 0.001 0001 0003  0.000
H3Hg —0.006 —0.004 —0.001  0.000  0.000 0.000 0.000 0.000 0.001 0.001 0006 —0.003
HyH, —0.003 —0.002 0000  0.000  0.000 0.000 0.000 0.000 0.000 0000 0008  0.004
HyHs —0.006 —0.004 —0.001  0.000  0.000 0.000 0.000 0.000 0.001 0.001 0006 —0.003
HyHe —0.002 —0.001 —0.001  0.000  0.000 0.000 0.000 0.000 0.001 0001 0003  0.000
HsHs —0.003 —0.002 0000  0.000  0.000 0.000 0.000 0.000 0.000 0000 0008  0.004
HsHg —0.002 —0.001 0000  0.000  0.000 0.000 0.000 0.000 0.000 0001 0003  0.000
HeHe —0.003 —0.002 0000  0.000  0.000 0.000 0.000 0.000 0.000 0000 0008  0.004

F30 ~1.000

AB* FMR,AB

Eigenvalues are ordered from the lowest value to the highest

Note that many of them are not shown as they are quasi zero
and hence of little interest. From these data AB condensed
dual-descriptor values may be computed by simply taking
the trace:

2 2

%1)1/113 AB = / IE’A)/IR Ap(@.T)dr a7
and analogously for spin-specific parts. As required, the sum of
the traces F? r M;? ap Of the o spin dual-descriptor matrlces

corresponds to 1 or to —1 for the sum of the traces FY e M R AB
of the B spin dual-descriptor matrices. Do note that obvi-
ously for each combination A B the eigenvectors differ from
other combinations as they stem from different matrices so
it is of no use to make a sum over the individual eigenval-
ues in these tables. For the trace, this is of no importance
as this is independent of the orthonormal basis used. As the
tables also show, the traces can have both signs. The total
dual matrix, the sum of the o and § parts, has trace zero

and may well attach larger values in magnitude to certain
combinations AB compared to its constituent parts. When
reporting data in tabular form we take into account that for
both the condensed dual function and dual-descriptor matri-
(2) _ :
ces values we have Fi-y o 1 p = Fj/p p 4. The numerical

Table 3 Atom condensed dual functions F%)W R.A using w4 (r) from
the neutral molecule

Atom F(ﬁ;w R.A
C —0.023
C —0.023
Hj 0.012
Hy 0.012
Hs 0.012
He 0.012
Y aFohra 0.000

@ Springer
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Fig. 3 The lowest and highest
eigenvalues with their
eigenvectors for the @ and 8 AB
condensed dual-descriptor
matrices for AB = C{C3 in
molecules 1 (top row) and 15
(bottom row) of the set of

a
- g 98

B

ethylene derivatives within the -0.131 0.174 -0.206 0.128
FMR framework using wx (r)
from the neutral molecule, all
plotted for a 0.04 isovalue
2 2 F) ¥
O)(p, 1) 9
fi \r,r
—-0.083 0.108 -0.115 0.071

data in the tables consistently report the data for (2 —
SA B)F%)w r.ap Where the symbol §4 p means the Kronecker
delta. A sin’gle atom condensed dual-descriptor value is also
available by simple addition:

2 (2)
Fevra = ZFFMR,AB (18)
B

resulting in the data in Table 3 for ethylene for the total dual-
descriptor.

The single-atom condensed values in Table 3 are com-
puted using the FMR approach and hence are not directly
comparable to the data based on differences of atomic
charges. As the dual-descriptor matrices are expressed in an
orthonormal basis that is directly linked to basis functions,
the eigenvectors can be easily visualized using any common
orbital plotting tool. This can be done for either the total

(a) (b)

Fig. 4 a The HOMO of C,Hy4 at the B3LYP/6-31G* level of theory,
b the eigenvector with eigenvalue close to —1 of the total dual matrix
and ¢ and d the eigenvectors of the f, ;ZM'S 1;’ A (T, 1) dual matrix with

the highest absolute eigenvalues of respectively the AB = C;C; and

@ Springer

dual-descriptor matrices or atom and bond condensed ones.
For instance, Fig. 3 shows the eigenvectors for the lowest
and highest eigenvalues for the & and § spin dual-descriptor
matrices for molecules 1 and 2 of the test set.

The individual eigenvectors can be compared to the fron-
tier molecular orbitals, as has been done in Figs. 4 and
5. Such figures may, however, be deceptive, as they seem
to indicate that FMOT is quite good. Still, one lacks all
other eigenvalues and eigenvectors, entailing the risk that
one may be led to make wrong assumptions about the
nature of the dual-descriptor. This is reminiscent of the
long-lasting discussion on the possibility of negative Fukui
functions, closed ultimately with the proof that the Fukui
matrix has negative eigenvalues. Again, given the ease with
which one can compute the dual-descriptor matrix, we opt to
always proceed that way, especially since exactly the same
manipulations can be done at the correlated level of theory.

© (d)

9

CC, atomic pairs, all plotted for a 0.04 isovalue. The eigenvalues
corresponding to the dual orbitals are —0.334 and —0.206 within the
FMR framework
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(a) (b) (©) €)
. y
I

Fig. 5 a The LUMO of C,Hy at the B3LYP/6-31G* level of the-

ory, b eigenvector with the highest eigenvalue close to 1 of the total

dual matrix and ¢ and d the eigenvectors of the ;2,{4“,)?_ A (T, r’) dual

matrix with the highest eigenvalues of respectively the AB = C;C;

Still, the plots may be informative when one is interested in
where specifically a reaction will occur.

A third issue discussed in the present paper concerns the
impact of going from the FMR to the RMF scenario. In
case of the RMF scenario, one needs to also deal with the
dependence of the weight w4 (r) on the number of elec-
trons: % # 0. This makes the expressions slightly
more complicated but, at least for Fukui functions, it is a

more commonly used approach, as then the Fukui function

Table 4 B3LYP/6-31G* Bond dual functions F7), ,; between the
indicated atoms and the atom condensed dual function on atom 1
within the FMR framework for each molecule using w4 (r) from the
neutral molecule

System F(Fzz)we, 12 ng)WR,B F(I-gI)VIR,l
1 —0.059 0.011 —0.023
2 —0.006 0.021 0.051
3 0.006 0.031 0.081
4 —0.030 0.031 0.026
5 0.010 0.026 0.091
6 —0.011 0.028 0.061
7 —0.036 0.032 0.010
8 —0.028 0.019 0.028
9 —0.019 0.015 0.028
10 0.014 0.017 0.087
11 0.004 0.028 0.071
12 0.002 0.005 0.018
13 —0.025 0.002 —0.016
14 —0.042 0.008 —0.117
15 —0.036 0.005 —0.068
16 —0.016 —0.001 —0.029
17 —0.016 0.040 —0.007
18 —0.019 0.030 —0.036

and C;C; atomic pairs, all plotted for a 0.04 isovalue. The eigenvalues
corresponding to the dual orbitals are 0.312 and 0.174 within the FMR
framework

corresponds to a simple difference in atomic charges. In
Tables 4 and 5, we compare bond condensed (between
atoms 1 and 2 plus between atoms 2 and 3) and the atom
condensed dual-descriptor on atom 1 for the entire set of
molecules. As the tables show, the difference between the
FMR and RMF results is not so large that it would likely
reverse conclusions on the reactivity of the atoms and bonds
in the molecules. A sign reversal only occurs for the bond
between atoms 1 and 2 in molecule 9.

Table 5 B3LYP/6-31G* Bond dual functions Fg}w r ap between the
indicated atoms and the atom condensed dual function on atom 1
within the RMF framework for each molecule

System Fg/)wp,]z F%)w F.23 Fsezl)\/lF,l
1 —0.061 0.014 —0.040
2 —0.004 0.041 0.085
3 0.016 0.060 0.139
4 —0.058 0.022 0.148
5 0.025 0.059 0.145
6 —0.007 0.054 0.112
7 —0.028 0.033 —0.001
8 —0.006 0.031 —0.002
9 0.017 0.022 0.080
10 0.040 0.034 0.113
11 0.030 0.057 0.179
12 0.005 0.014 0.021
13 —-0.016 0.013 —0.124
14 —0.039 0.033 —-0.262
15 —0.026 -0.020 —0.211
16 —0.007 0.005 —0.156
17 —0.009 0.069 —0.086
18 —0.040 0.053 —0.069
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Conclusions

In this work, a new partitioning of the dual-descriptor
matrix has been proposed within the Hirshfeld-I frame-
work. Starting from the molecular Fukui matrices and using
a symmetrized product of weight functions for the atoms
in a molecule, one- and two-atom dual-descriptor matrices
have been obtained, giving rise to atom and bond condensed
matrices, respectively. The resulting matrices in terms of the
molecular orbitals are diagonalized, allowing much more
insight in the nature of the dual-descriptor while still allow-
ing the calculation of the usual position space and atom
condensed dual-descriptors. As part of this extra insight, the
eigenvectors can be easily plotted and inspected to evalu-
ate the reactivity of a molecule. Moreover, once the Fukui
matrices are available, the dual-descriptor matrix can be
computed very easily without having to rely on a fron-
tier molecular orbital approach. This eliminates the risk
of undesirable (and undetected) approximations and allows
the straightforward calculation of dual-descriptors at the
correlated level of theory.

Acknowledgments D.R.A. and O.B.O. acknowledge the Consejo
Nacional de Investigaciones Ciientificas y Técnicas (Argentina) for
research grant 2013-1401PCB. D.R.A. and P.B. acknowledge the Min-
isterio de Ciencia, Tecnologia e Innovacién Productiva (Argentina)
and the FWO Vlaanderen (Belgium) for collaborative research grant
VS.0001.14N. D.R.A. acknowledges the Universidad de Buenos Aires
(Argentina) and the Consejo Nacional de Investigaciones Cientificas
y Técnicas (Argentina) for research Grant PIP 11220130100377CO.
A.T. and L.L. acknowledge the Universidad del Pais Vasco (Spain)
for research Grant No. EHU16/10. O.B.O. acknowledges the Con-
sejo Nacional de Investigaciones Cientificas y Técnicas (Argentina)
for research Grant No. 11220130100311CO. P.B. acknowledges the
support from the Research Foundation Flanders (FWO Vlaanderen).
The computational resources and services used in this work were pro-
vided by the Universidad de Buenos Aires and the Universidad del Pais
Vasco and the Stevin Supercomputer Infrastructure, provided by the
VSC (Flemish Supercomputer Center), funded by Ghent University,
the Hercules Foundation and the Flemish Government - department
EWIL. PB. is a member of the QCMM alliance Ghent-Brussels.

Supporting information Results corresponding to the compounds
included in Fig. 1, except those of the ethylene molecule, which are
reported in the text.

References

1. Parr R, Yang W (1989) Density-Functional Theory of Atoms and
Molecules. Oxford Science Publications, Oxford

2. Geerlings P, Proft FD, Langenacker W (2003)
103:1793-1874

3. Chermette H (1999) J Comput Chem 20:129-154

4. Morell C, Grand A, Toro-Labbe A (2005) J Phys Chem A
109:205-212

Chem Rev

@ Springer

10.
11.
12.
13.
14.
15.
16.

17.

19.

20.
21.

22.

23.
24.

25.

26.

217.

28.

29.

30.
31.

. Cardenas C, Ayers PW, Cedillo A (2011)

. Morell C, Grand A, Toro-Labbe A (2006) Chem Phys Lett

425:342-346

. Geerlings P, De Proft F (2008) Phys Chem Chem Phys 10:3028-

3042
J Chem Phys
134:174103

. Bultinck P, Cardenas C, Fuentealba P, Johnson P, Ayers PW

(2013) J Chem Theory Comput 9:4779-4788

. Bultinck P, Cardenas C, Fuentealba P, Johnson P, Ayers PW

(2014) J Chem Theory Comput 10:202-210

Yang W, Parr RG, Pucci R (1984) J Chem Phys 81:2862-2863
Parr RG, Yang W (1984) J Am Chem Soc 106:4049-4050

Ayers P, Levy M (2000) Theor Chem Acc 103:353-360
Bultinck P, Clarisse D, Ayers PW, Carb6-Dorca R. (2011) Phys
Chem Chem Phys 13:6110-6115

Bultinck P, Van Neck D, Acke G, Ayers PW (2012) Phys Chem
Chem Phys 14:2408-2416

Alcoba DR, Lain L, Torre A, Ona OB, Tiznado W (2012) Chem
Phys Lett 549:103-107

Alcoba DR, Tiznado W, Ona OB, Torre A, Lain L (2012) Chem
Phys Lett 533:114-117

Alcoba DR, Lain L, Torre A, Ona OB, Chamorro E (2013) Phys
Chem Chem Phys 15:9594-9604

. Zielinski F, Tognetti V, Joubert L (2012) Chem Phys Lett 527:

67-72

Ofia OB, De Clercq O, Alcoba DR, Torre A, Lain L, Van Neck D,
Bultinck P (2016) ChemPhysChem 17:2881-2889
Glossman-Mitnik D (2013) Procedia Comput Sci 18:816-825
Cao J, Ren Q, Chen F, Lu T (2015) Science China-Chemistry
58:1845-1852

Bultinck P, Fias S, Van Alsenoy C, Ayers PW, Carb6é-Dorca R
(2007) J Chem Phys 127:034102

Yang W, Mortier WJ (1986) J Am Chem Soc 108:5708-5711
Gonzalez-Suarez M, Aizman A, Soto-Delgado J, Contreras R
(2012) J Org Chem 77:90-95

Bultinck P, Van Damme S, Cedillo A (2013) J Comput Chem
34:2421-2429

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin K. N., Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci
B, Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H,
Hada M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida
M, Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li
X, Knox JE, Hratchian HP, Cross JB, Bakken V, Adamo C,
Jaramillo J, Gomperts R, Stratmann RE, Yazyev O, Austin AJ,
Cammi R, Pomelli C, Ochterski JW, Ayala PY, Morokuma K,
Voth GA, Salvador P, Dannenberg JJ, Zakrzewski VG, Dapprich
S, Daniels AD, Strain MC, Farkas O, Malick DK, Rabuck AD,
Raghavachari K, Foresman JB, Ortiz JV, Cui Q, Baboul AG,
Clifford S, Cioslowski J, Stefanov BB, Liu G, Liashenko A,
Piskorz P, Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham
MA, Peng CY, Nanayakkara A, Challacombe M, Gill PMW,
Johnson B, Chen W, Wong MW, Gonzalez C, Pople JA (2004)
Gaussian 03, Revision E.01. Gaussian, Inc, Wallingford
Dennington R, Keith T, Millam J (2009) GaussView Version 5,
Semichem Inc. Shawnee Mission KS

Vanfleteren D, Van Neck D, Bultinck P, Ayers PW, Waroquier M
(2010) J Chem Phys 132:164111

Bultinck P, Van Alsenoy C, Ayers PW, Carbdé-Dorca R (2007) J
Chem Phys 126:144111

Bader RFW (1991) Chem Rev 91:893-928

Bader RFW (1990) Atoms in Molecules, A Quantum Theory.
Oxford Science Publications, Oxford



	Analysis of molecular and (di)atomic dual-descriptor functions and matrices
	Abstract
	Introduction
	Computational methods
	Results and discussion
	Conclusions
	Acknowledgments
	Supporting information
	References


