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ABSTRACT: 

The Minnesota family of density functionals has been assessed for the calcula-tion of the molecular structure and 

properties of Neohesperidin Dihydrochalcone (NHDC) that can be an interesting sweetener with potential to act as 

inhibitors of the nonenzimatic glycation of amino acids and proteins, both acting as antioxidant and perhaps as 

chelating agents for metallic ions, like Cu, Al and Fe. The chemical reactivity descriptors have been calculated through 

Conceptual DFT. The active sites for nucleophilic and electrophilic attacks have been chosen by relating them to the 

Fukui function indices and the dual descriptor f(2)(r). A comparison between the descriptors calculated through 

vertical energy values and those arising from the ”Koopmans’ theorem in DFT” approximation have been performed 

in order to check for the validity of the last procedure and the accuracy of the studied density functionals.   
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INTRODUCTION 

Neohesperidin dihydrochalcone (NHDC) is an intensive 

sweetener, obtained by alkaline hydrogenation of 

neohesperidin. Citrus fruits are rich sources of 

neohesperidin; the peels of oranges, lemons, and 

grapefruit contain bitter taste of neohesperidin [1]. 

 Neohesperidin Dihydrochalcone have interesting 

antioxidant properties that lead to inhibition of 

hypochlorous acid-induced DNA strand breakage, 

protein degradation, and cell death [1]. Thus, it can be 

useful for the prevention and inhibition of the problems 

associated with protein degradation, like diabetes, 

Alzheimer and Parkinson. 

 Conceptual Density Functional Theory (DFT) or 

Chemical Reactivity Theory (as it is also known) is a 

powerful tool for the prediction, analysis and 

interpretation of the outcome of chemical reactions [2–

5]. 

The knowledge of reactivity on a molecule is an 

essential concept: it is of a crucial interest because it 

allows to understand interactions that are operating  

 

during a reaction mechanism. In particular electrostatic 

interactions have been successfully explained by the use 

of the molecular electrostatic potential [6, 7]. 

On the other hand, with the aim of quantifying 

and understanding covalent interactions, Conceptual 

DFT has allowed to rationalize reaction mechanisms in 

terms of overlapping nucleophilic regions with 

electrophilic regions in order to get a maximum 

stabilization thus leading to final products or 

intermediates. 

Following the pioneering work of Parr and 

others [2], an useful number of concepts have been 

derived from the analysis of the density of any molecular 

system through DFT. These concepts that allows a 

researcher to make qualitative predictions about the 

chemical reactivity of a given system, can also be 

quantified and are collectively known as Conceptual 

DFT Descriptors. 

In order to obtain quantitative values of the 

Conceptual DFT Descriptors, it is necessary to resort to 
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the Kohn-Sham theory trough calculations of the 

molecular density, the energy of the system, and the 

orbital energies, in particular, those related to the frontier 

orbitals, that is, HOMO and LUMO[8–13]. 

The usual way to proceed implies as a first step 

the choice of a model chemistry for the study of the 

molecular system or chemical reaction of interest. A 

model chemistry is a combination of a density functional, 

a basis set, and an implicit solvent model that one 

consider that can be adequate for the problem under 

study. There is a phletora of information in the literature 

about how to choose this model chemistry and one 

generally follows the experience of previous researchers 

and his/her own work. 

Although the foundations of DFT have 

established that an universal density functional must 

exist, and that all of the properties of the system can be 

obtained through calculations with this functional, in 

practice one needs to resort to some of the approximate 

density functionals that have been developed during the 

last thirty years. Due to the fact that these are 

approximate functionals (that is, not an universal 

functionals), many of them are good for predicting some 

properties and others are good for another properties. 

Sometimes, you can find density functionals that are 

excellent for describing the properties of a given 

molecular system with a particular functional group, but 

it is necessary to resort to other density functionals for a 

different functional group that you want to include in the 

molecular system under study. 

When one is dealing with the study of the 

chemical reactivity, that is, a process that involve the 

transference of electrons, it is usual to perform 

calculations not only of the ground state, but also for 

open systems like the radical cation and radical anion. 

These systems are often difficult to converge giving 

trustworthy results, specially if diffuse functions must be 

included in the basis set [8–13]. For this reason, it is 

convenient to have a method that can give all 

information that one needs directly from the results of 

the calculation of the ground state of the molecular 

system under study. In particular, one may want to obtain 

the ionization potential (I) and electron affinity (A) of the 

system avoiding the calculation of the radicals anion and 

cation. Indeed, the link for this s given by the so called 

Koopmans’ theorem [10–13], that states that within 

Hartree-Fock (HF) theory, the I can be approximated by 

minus the energy of the HOMO, that is, I = - EH. By 

extension, it is considered that the A can be 

approximated by minus the energy of the LUMO, that is, 

A = - EL. 

However, the validity of the Koopmans’ theorem 

in DFT is controversial and the problem has been 

identified with the difference between the fundamental 

band gap and the HOMO-LUMO gap, that is called the 

derivative discontinuity. Notwithstanding, it has been 

mentioned recently [14] that an exact physical meaning 

can be assigned to the Kohn-Sham (KS) HOMO using 

”the KS analog of Koopmans’ theorem in Hartree-Fock 

theory”, which states that for the exact theory, the KS 

HOMO is equal to and opposite of the ionization 

potential, EH = -I [15–18]. Due to the mentioned problem 

of the discontinuity, a similar Koopmans’ theorem that 

relates the LUMO energy to the electron affinity does not 

exist. Thus, it has been proposed to circunvect the 

problem, to consider that the I of the N+1 electron 

system (the anion) is the same that the A of N electron 

system [14]. By considering range-separated hybrids 

(RSH) functionals [19–21], where the repulsive Coulomb 

potential is split into a long-range (LR) and short- range 

(SR) term, e.g., via r−1 = r−1 erf(γ r) + r−1 erfc(γr), with 

γ the range-separation parameter, Kronik et al [14] 

showed that with a judicious choice of this last 

parameter, the validity of the Koopmans’ theorem could 

be enforced. 

This γ tuning technique can be used for the 

improvement of the description of the properties 

predicted by these density functionals. This is a 

consequence of the better fullfilment of the Koopmans’ 

theorem that leads to better agreement of the orbital 

energies with the I and A. For example, Lima et al [22] 

have re-cently presented an improved description of the 

optical properties of carotenoids by tuning some long-

range corrected functionals. 

This means that the goodness of a given density 

functional can be estimated can be estimated by checking 

how well it follows the ”Koopmans’ theorem in DFT” 

that makes it behave closer to the exact density 

functional, and this will be crucial for a good calculation 

of the Conceptual DFT descriptors that predict and 

explain the chemical reactivity of molecular systems. 

However, the γ tuning procedure for the RSH density 

functionals is system dependent and that implies that 

different density functionals are going to be used for the 

calculation of the descriptors for the different molecular 

systems. Thus, it will be interesting to study other RSH 

density functionals where the γ parameter is fixed by 

constructions, although other parameters have been fitted 

to reproduce some molecular properties. In particular, we 

are going to consider several density functionals that 

have shown great accuracy across a broad spectrum of 

databases in chemistry and physics [23]. 

 The aim of this work is to conduct a comparative 

study of the performance of the latest Minnesota family 

of density functionals for the description of the chemical 

reactivity of NHDC whose molecular structure is shown 

in Figure 1. 

 

 

 

http://www.siftdesk./


SDRP Journal of Computational Chemistry & Molecular Modelling November 11, 
2016 

 

Daniel Glossman-Mitnik                 43                                                            www. siftdesk. org | volume 1: issue 2 

 
Figure 1: Molecular Structure of Neohesperidin 

Dihydrochalcone 

 

Theoretical Background 

Within the conceptual framework of DFT [3, 24], the 

chemical potential µ, which measures the escaping 

tendency of electron from equilibrium, is defined as: 

 

r
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
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 
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where χ is the electronegativity. 

The global hardness η can be seen as the resistance to 

charge transfer: 
2

2
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Using a finite difference approximation and Koopmans’ 

theorem [10–13], the above expressions can be written 

as: 

( ) ( )
1 1

2 2
L HI  = − +    + =   (3) 

 

( ) ( )L HI  = −   − =    (4) 

where ϵH and ϵL are the energies of the highest occupied 

and the lowest un-occupied molecular orbitals, HOMO 

and LUMO, respectively. However, within the context of 

density functional theory, the above inequalities are 

justified in light of the work of Perdew and Levy [17], 

where they commented on the significance of the highest 

occupied Kohn–Sham eigenvalue, and proved the ion-

ization potential theorems for the exact Kohn–Sham 

density functional theory of a many–electron system. In 

addition the use of the energies of frontier molecular 

orbitals as an approximation to obtain I and A is 

supported by the Janak’s Theorem [25]. In particular, 

The negative of Hartree–Fock and Kohn–Sham HOMO 

orbital has been found to define upper and lower limits, 

respectively, for the experimental values of the first 

ionization potential [26] thus validating the use of 

energies of Kohn–Sham frontier molecular orbital to 

calculate reactivity descriptors coming from Conceptual 

DFT. 

The electrophilicity index ω represents the 

stabilization energy of the systems when it gets saturated 

by electrons coming from the surrounding: 

( )
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The electrodonating (ω−) and electroaccepting (ω+) 

powers have been de-fined as [27]: 
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It follows that a larger ω+ value corresponds to a better 

capability of accepting  charge, whereas a smaller value 

of ω− value of a system makes it a better electron donor. 

In order to compare ω+ with -ω−, the following 

definition of net electrophilicity has been proposed [28]: 

 

( ) ( )K K K K K          + − + − + − + −  = − − = +  − − = + = 
     (8) 

 

that is, the electroaccepting power relative to the 

electrodonating power. 

At a local level, the electronic density is the first 

local reactivity descriptor to be used when electrostatic 

interactions are predominant between molecules; within 

the framework of Conceptual DFT it is defined as 

follows [2]: 

( )
( )

r
r

N

E




 
=  
 

    (9) 

 

But when chemical reactions are governed by 

interactions mainly of covalent nature, in such a case a 

second order LRD called Fukui function [3] is used 

instead of electronic density. Fukui function is defined in 

terms of the derivative of ρ(r) with respect to N; through 

a Maxwell relation, the same descriptor is interpreted as 

the variation of µ with respect to υ(r) [3]: 
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The function f(r) reflects the ability of a molecular site to 

accept or donate electrons. High values of f(r) are related 

to a high reactivity at point r [3]. 

 Since the number of electrons N is a discrete 

variable [29], right and left derivatives of ρ(r) with 

respect to N have emerged. By applying a finite 

difference approximation to Eq (10), two definitions of 

Fukui functions depending on total electronic densities 

are obtained: 

( )
( )

( )r
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where ρN+1(r), ρN (r) and ρN−1(r) are the electronic 

densities at point r for the system with N + 1, N and N − 

1 electrons, respectively. The first one, f+(r), has been 

associated to reactivity for a nucleophilic attack so that it 

measures the intramolecular reactivity at the site r toward 

a nucleophilic reagent. The second one, f−(r), has been 

associated to reactivity for an electrophilic attack so that 

this function measures the intramolecular reactivity at the 

site r toward an electrophilic reagent [24]. 

 Condensation to atoms is achieved through 

integration within the kth–atomic domain Ωk [30, 31]: 

 

( )r dr.
kkf f+ − + −

=      (13) 

fk
+/−Morell et al. [4, 32–37] have proposed a local 

reactivity descriptor (LRD) which is called the dual 

descriptor (DD) f(2)(r) ≡ ∆f(r). Mathematically it is 

defined in terms of the derivative of the Fukui function, 

f(r)[3], with respect to the number of electrons, N. The 

definition of f(2)(r) is shown as indicated by Morell et al. 

[32, 33]: 
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The dual descriptor can also be condensed through an 

appropriate integration within the kth–atomic domain 

Ωk: 
( ) ( ) ( )2 2

r r =
k kf d f     (15) 

When fk
(2) > 0 the process is driven by a nucleophilic 

attack on atom k and then that atom acts an electrophilic 

species; conversely, when f(2) < 0 the process is driven 

by an electrophilic attack over atom k and therefore atom 

k acts as a nucleophilic species. 

 

Settings and Computational Methods 

All computational studies were performed with the 

Gaussian 09 [38] series of programs with density 

functional methods as implemented in the computational 

package. The equilibrium geometries of the molecules 

were determined by means of the gradient technique. The 

force constants and vibrational frequencies were 

determined by computing analytical frequencies on the 

stationary points obtained after the optimization to check 

if there were true minima. The basis set used in this work 

was Def2SVP for geometry optimization and frequencies 

while Def2TZVP was considered for the calculation of 

the electronic properties [39, 40]. 

 For the calculation of the molecular structure and 

properties of the studied system, we have chosen several 

density functionals from the Minnesota density 

functionals family, which consistently provide 

satisfactory results for several structural and 

thermodynamic properties [23]: M11, which is a is a 

range-separated hybrid meta-GGA[41], M11L, which is 

a dual-range local meta-GGA [42], MN12L, which is a 

nonseparable local meta-NGA [43], MN12SX, which is a 

range-separated hybrid nonseparable meta-NGA [44], 

N12, which is a nonseparable gradient approximation 

[45], N12SX, which is a range-separated hybrid 

nonseparable gradient approximation [44], SOGGA11, 

which is a GGA density functional [46] and 

SOGGA11X, which is a hybrid GGA density functional 

[47]. In these functionals, GGA stands for generalized 

gradient approximation (in which the density functional 

depends on the up and down spin densities and their 

reduced gradient) and NGA stands for nonseparable 

gradient approxima-tion (in which the density functional 

depends on the up/down spin densities and their reduced 

gradient, and also adopts a nonseparable form). All the 

calcula-tions were performed in the presence of water as 

a solvent, by doing IEF-PCM computations according to 

the SMD solvation model [48]. 

 

Results and Discussion 

The molecular structure of NHDC were pre-optimized by 

starting with the readily available MOL structure, and 

finding the most stable conformer by means of the of the 

Avogadro 1.2.0 program [49, 50] through a random 

sampling with molecular mechanics techniques and a 

consideration of all the torsional angles. The structures of 

the resulting conformers were then reoptimized with the 

M11, M11L, MN12L, MN2SX, N12, N12SX, 

SOGGA11 and SOGGA11X density functionals in 
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conjunction with the Def2SVP basis set and the SMD 

solvation model, using water as a solvent. 

 As mentioned before,the validity of the 

Koopmans’ theorem within the DFT approximation is 

controversial. However, it has been shown [26] that 

although the KS orbitals may differ in shape and energy 

from the HF orbitals, the combination of them produces 

Conceptual DFT reactivity descriptors that correlate 

quite well with the reactivity descriptors obtained 

through Hartree-Fock calculations. Thus, it is worth to 

calculate the electronegativity χ, the global hardness η 

and the global electrophilicity ω for the studied systems 

using both approximations in order to verify the quality 

of the procedures. Additionally, we will include in the 

calculations, the electrodonating (ω−) and 

electroaccepting (ω+) powers as well as the net 

electrophilicity ∆ω± for further verifications. 

 The HOMO and LUMO orbital energies (in eV), 

ionization potentials I and electron affinities A (in eV), 

and global electronegativity χ, total hardness η, global 

electrophilicity ω, electrodonating power, (ω−), 

electroaccepting power (ω+), and net electrophilicity 

∆ω± of the NHDC molecule calculated with the M11, 

M11L, MN12L, MN12SX, N12, N12SX, SOGGA11, 

and SOGGA11X density functionals and the Def2TZVP 

basis set using water as as solvent simulated with the 

SMD parametrization of the IEF-PCM model are 

presented in Table 1. The upper part of the table shows 

the results derived assuming the validity of Koopmans’ 

theorem in DFT (hence the subscript K) and the lower 

part shows the results derived from the calculated 

vertical I and A. 

 Inspired from previous works on this subject [14, 

22], and with the object of analyzing our results in order 

to verify the fulfillment of the ”Koopmans’ theorem in 

DFT”, we have designed several descriptors that relate 

the results obtained through the HOMO and LUMO 

calculations with those obtained by means of the vertical 

I and A with a ∆SCF procedure. However, it must be 

stressed that it is not our intention to perform a gap-

fitting by minimizing a descriptor by chosing optimal 

range-separation parameter γ, but to check if the density 

functionals considered in this study, in which, some of 

the contain a fixed range-separation parameter γ, obbey 

the ”Koopmans’ theorem in DFT”. As a matter fact, 

there is no range-separation parameter γ in our designed 

descriptors. Moreover, we have considered A as minus 

the energy of the LUMO of the neutral system instead of 

considering A as minus the energy of the HOMO of the 

N+1 electron system, as it was in the mentioned works 

[14, 22]. 

 The first three descriptors are related to the 

simplest fulfillment of the Koop-mans’ theorem by 

relating EH with -I, EL with -A, and the behavior of them 

in the description of the band gap: 

( ) ( )1I H gs gsJ E N E N=  + − −   (16) 

( ) ( )1A L gs gsJ E N E N=  + − +   (17) 

2 2

Gap I AJ J J= +     (18) 

Next, we consider four other descriptors that analyze 

how well the studied density functionals are useful for 

the prediction of the electronegativity χ, the [h]  
 

Table 1: HOMO and LUMO orbital energies (in eV), ionization 

potentials I and electron affinities A (in eV), and global 

electronegativity χ, total hardness η, global electrophilicity ω, 

electroaccepting power (ω+), and net electrophilicity ∆ω± of the 

NHDC molecule calculated with the M11, M11L, MN12L, MN12SX, 

N12, N12SX, SOGGA11 and SOGGA11X density functionals and 

the Def2TZVP basis set using water as as solvent simulated with the 

SMD parametrization of the IEF-PCM model . The upper part of the 

table shows the results derived assuming the validity of Koopmans’ 

theorem and the lower part shows the results derived from the 

calculated vertical I and A. 

 

Property    M11  M11L  MN12L  MN12SX    N12 N12SX  SOGGA11 SOGGA11X 

HOMO -8.678 -5.686 -5.367 -6.088 -5.074 -5.885 -5.397 -6.982 

LUMO 0.833 -1.832 -1.534 -1.381 -1.882 -1.426 -2.293 -0.502 

χK 3.922 3.759 3.450 3.735 3.478 3.656 3.845 3.742 

ηK 9.511 3.853 3.833 4.707 3.192 4.459 3.104 6.480 

ωK 0.809 1.833 1.553 1.482 1.894 1.498 2.382 1.081 

ω
− 

K 

4.173 5.787 5.071 5.125 5.727 5.103 6.880 4.437 

ω
+ 

K 

0.251 2.028 1.620 1.390 2.250 1.448 3.035 0.695 

∆ω
±

 
K 

4.423 7.815 6.691 6.515 7.977 6.551 9.915 5.132 

I 6.221 5.846 5.574 6.037 5.307 5.822 5.594 6.027 

A 1.612 1.618 1.312 1.498 1.484 1.520 1.837 1.485 

χ 3.917 3.732 3.443 3.767 3.396 3.671 3.715 3.756 

η 4.609 4.228 4.263 4.539 3.822 4.301 3.757 4.542 

ω 1.664 1.647 1.390 1.563 1.508 1.567 1.837 1.553 

ω− 5.575 5.425 4.769 5.294 4.953 5.238 5.766 5.269 

ω+ 1.658 1.693 1.326 1.527 1.558 1.567 2.051 1.512 

∆ω± 
7.233 7.118 6.094 6.821 6.511 6.804 7.817 6.781 

 

global hardness η and the global electrophilicity ω, and 

for a combination of these Conceptual DFT descriptors, 

just considering the energies of the HOMO and LUMO 

or the vertical I and A: 

 

KJ  = −      (19) 
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k 

k 

k 

KJ  = −      (20) 

KJ  = −      (21 

2 2 2

1DJ J J J  = + +     (22) 

where D1 stands for the first group of Conceptual DFT 

descriptors. 

 

Finally, we designed other four descriptors to verify the 

goodness of the studied density functionals for the 

prediction of the electroaccepting power ω+, the 

electrodonating power ω−, the net electrophilicity ∆ω± , 

and for a combination of these Conceptual DFT 

descriptors,  just considering the energies of the HOMO 

and LUMO or the vertical I and A: 

KJ


 +

+ += −     (23) 

KJ


 −

− −= −     (24) 

KJ


 

 


=  −     (25) 

2

2 2 2

D
J J J J

  − + 
= + +    (26) 

 

where D2 stands for the first group of Conceptual DFT 

descriptors. 

The results of the calculations of JI , JA, JGap, Jχ, Jη, Jω, 

JD1, Jω+ , Jω− , J∆ω± and JD2 for the NHDC molecule are 

displayed in Table 2. 

As can be seen from Tables 1 and 2, the 

”Koopman’s theorem in DFT” holds with great accuracy 

for the MN12SX and N12SX density functionals, which 

are a range-separated hybrid meta-NGA and a range-

separated hybrid NGA density functionals, respectively. 

Indeed, the values of JI , JA and JGap are not exactly 

zero. However, their values can be favorably compared 

with the results presented for these quantities in the work 

of Lima et al [22], where the minima has been obtained 

by chosing a parameter that enforces that behavior. 

It is interesting to see that the same density 

functionals also fulfill the ”Koop-mans’ theorem in 

DFT” for the other descriptors, namely Jχ, Jη, Jω, and 

JD1, as well as for Jω− , Jω+ , J∆ω± , and JD2. These 

results are very important, because they show that it is 

not enough to rely only in JI , JA and JGap. For example, 

if we consider only Jχ, for all of the density functionals 

considered, the values are very close to zero. As for the 

other descriptors, only the MN12SX and N12SX density 

functionals show this behavior. That means that the 

results for Jχ are due to a fortituous cancellation of 

errors. 
 

Table 2:  Descriptors JI , JA, JGap, Jχ, Jη , Jω , JD1, Jω+ , Jω− , 

J∆ω±   and JD2  for the NHDC molecule calculated from the 

results of Table 1. 
   Atom  M11      M11L MN12L MN12SX  N12  N12SX SOGGA11 SGGA11X 

 

The usual GGA (SOGGA11) and hybrid-GGA 

(SOGGA11X) are not good for the fulfillment of the 

”Koopmans’ theorem in DFT”, and the same conclusion 

is valid for the local functionals M11L, MN12L and 

N12. 

An important fact is that although the range-separated 

hybrid NGA and range-separated hybrid meta-NGA 

density functionals can be useful for the calculation of 

the Conceptual DFT descriptors, it is not the same for the 

range-separated hybrid GGA (M11) density functional. 

An inspection of Tables 1, 2 and 3 shows that this is due 

to the fact that this functional describes inade-quately the 

energy of the LUMO, leading to negative values of A, 

which are in contradiction with the ∆SCF results.  
An important fact is that although the range-

separated hybrid NGA and range-separated hybrid meta-

NGA density functionals can be useful for the calculation 

of the Conceptual DFT descriptors, it is not the same for 

the range-separated hybrid GGA (M11) density 

functional. An inspection of Tables 1, 2 and 3 shows that 

this is due to the fact that this functional describes inade-

quately the energy of the LUMO, leading to negative 

values of A, which are in contradiction with the ∆SCF 

results. The condensed Fukui functions can also be 

employed to determine the re- activity of each atom in 

the molecule.   The corresponding condensed functions 

are given by f += qk (N + 1) − qk (N ) (for nucleophilic 

attack), f −  =qk (N )−qk (N −1) (for electrophilic attack), 

and f 0 = [qk (N + 1) − qk (N − 1)]/2 (for radical attack), 

where qk is the gross charge of atom k in the molecule. 

It is possible to evaluate condensed Fukui 

functions from single-points calculations directly, without 

JI 2.456 0.160  0.208 0.052 0.233 0.063 0.197 0.955 

JA 2.446 0.214  0.222 0.116 0.397 0.095 0.456 0.983 

JGap 3.466 0.267  0.304 0.127 0.461 0.114 0.497 1.371 

Jχ 0.005 0.027  0.007 0.032 0.082 0.016 0.130 0.014 

Jη 4.902 0.374  0.430 0.168 0.630 0.158 0.653 1.938 

Jω 0.856 0.186  0.163 0.082 0.386 0.068 0.545 0.473 

JD1 4.976 0.419  0.460 0.190 0.744 0.173 0.861 1.995 

Jω− 1.402 0.362  0.302 0.169 0.774 0.135 1.113 0.831 

Jω+ 1.407 0.335  0.295 0.137 0.692 0.119 0.984 0.817 

J∆ω± 2.810 0.697  0.597 0.305 1.466 0.254 2.097 1.649 

JD2 3.441 0.854  0.731 0.375 1.796 0.311 2.570 2.019 
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resorting to additional calculations involving the systems 

with N-1 and N+1 electrons: 

2

k ai ai bi ab

a k b a

f c c c S+

 

 
= + 

 
     (27) 

and 

2

k ai ai bi ab

a k b a

f c c c S−

 

 
= + 

 
     (28) 

with cai being the LCAO coefficients and Sab the overlap 

matrix. The condensed Fukui functions are normalized, 

thus  fk =1 and f 0=[fk+f −]/2. 

 The condensed Fukui functions have been 

calculated using the AOMix molecular analysis program 

[51, 52] starting from single-point energy calculations. 
The condensed dual descriptor has been defined as f(2)(r)k 

= f^+_k - f^-_k [32, 33]. 

From the interpretation given to the Fukui 

function, one can note that the sign of the dual descriptor 

is very important to characterize the reactivity of a site 

within a molecule toward a nucleophilic or an 

electrophilic attack. That is, if f(2)(r)k > 0, then the site 

is favored for a nucleophilic attack, whereas if f(2)(r)k < 

0, then the site may be favored for an electrophilic attack 

[32, 33, 53]. 

The condensed dual descriptor f(2)(r) over the 

atoms of the NHDC molecule calculated with the 

calculated with the MN12SX and N12SX density 

functionals and the Def2TZVP basis set using water as as 

solvent simulated with the SMD parametrization of the 

IEF-PCM model are shown in Table 3. 

It can be concluded from the analysis of the 

results on Table 3 that both density functionals 

considered in this study predict that C34, that is, the 

carbonyl carbon atom will be the preferred site for a 

nucleophilic attack. 

 

Conclusions 

From the whole of the results presented in this 

contribution it has been clearly demonstrated that the 

sites of interaction, and hence, the chemical re-activity of 

the NHDC molecule can be predicted by using DFT-

based reactivity descriptors such as the electronegativity, 

global hardness, global electrophilicity, electrodonating 

and electroaccepting powers, net electrophilicityy, as 

well as Fukui function and the condensed dual 

descriptor. These descriptors were used in the 

characterization and successfully description of the 

preferred reactive sites and provide a firm explanation for 

the reactivity of the NHDC molecule. 

The Minnesota family of density functionals 

(M11, M11L, MN12L, MN12SX, N12, N12SX, 

SOGGA11 and SOGGA11X) have been tested for the 

fulfillment of the ”Koopmans’ theorem in DFT” by 

comparison of the HOMO- and LUMO-derived values 

with those obtained through a ∆SCF procedure. It has 

been shown that the range-separated hybrid meta-NGA 

density functional (MN12SX) and the range-separated 

hybrid NGA density functional (N12SX) are the best for 

the accomplishment of this objective. As such, they are a 

good alternative to those density functionals whose 

behavior have been tuned through a gap-fitting procedure 

and a good prospect for their usefulness in the 

description of the chemical reactivity of molecular 

systems of large size. 

 
Table 3: Condensed dual descriptor f(2)(r) over the atoms of the 

NHDC molecule calculated with the MN12SX and N12SX density 

functionals and the Def2TZVP basis set using water as as solvent 

simulated with the SMD parametrization of the IEF-PCM model. The 

actual values have been multiplied by 100 for an easier comparison. H 

atoms are not shown. 

 

Atom  MN12SX  N12SX        Atom MN12SX N12SX 
 

1 O 0.00 0.02 23 C 0.02 -0.01 

2 O 0.01 0.01 24 C -0.03 0.00 

3 O -0.04 0.01 25 C 0.18 0.04 

4 O -0.01 0.01 26 C 0.02 0.02 

5 O 0.75 1.62 27 C 0.00 0.01 

6 O 0.00 0.00 28 C 9.89 11.15 

7 C 0.00 0.00 29 C 1.26 1.41 

8 C 0.00 0.00 30 C -1.09 1.04 

9 C 0.00 0.00 31 C 4.61 5.65 

10 O 0.00 0.00 32 C 4.55 6.72 

11 O 0.56 0.87 33 C 6.29 7.67 

12 O -0.11 1.03 34 C 35.98 34.54 

13 O 17.36 17.24 35 C 1.52 1.12 

14 O -3.20 -5.28 36 C -1.36 -1.27 

15 O -10.91 -11.94 37 C -11.60 -12.45 

16 C 0.04 0.11 38 C -1.68 -1.77 

17 C -0.05 -0.03 39 C -21.10 -21.36 

18 C 0.05 0.04 40 C -15.36 -16.45 

19 C 0.01 0.00 41 C -0.70 -1.07 

20 C -0.02 0.01 42 C -19.80 -20.92 

21 C -0.10 0.15 43 C -0.61 -0.83 

22 C -0.01 0.01    
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