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The Minnesota family of density functionals has been assessed for the calculation of the molecular structure and electronic properties 
of a Mg(II)-porphyrin, namely Magnesium Octaethylporphyrin (MgOEP). Several global descriptors arising from Conceptual DFT 
have been calculated through a ∆SCF procedure, and by means of the HOMO and LUMO frontier orbitals. On the basis of the 
obtained Conceptual DFT indices, a series of descriptors have been devised in order to verify the fulfillment of the ”Koopmans’ 
theorem in DFT” procedure. It is shown that the density functionals that verify this approximation with a certain degree of accuracy 
are only those denoted as range-separated hybrids (RSH), while the usual GGA-hybrids and the local density functionals fail 
completely.
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INTRODUCTION 

Porphyrins are large macrocyclic compounds with strong 
absorbance and fluorescence characteristics. They have been applied 
in a wide variety of detection approaches due to the sensitivity of 
those characteristics to their immediate environment.1 Porphyrins 
generally act as carrier molecules for divalent cations such as Fe(II) 
in heme, myoglobin and many other heme-containing enzymes like 
cytochrome and catalase, as well as Mg(II) in chlorophylls.2 

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.3-6

Following the pioneering work of Parr and others,3 a 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 the Kohn-Sham theory through 
calculations of the molecular density, the energy of the system, and 
the orbital energies, in particular, those related to the frontier orbitals, 
that is, the HOMO and LUMO.7-12

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. There is a plethora 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 a universal 
density functional must exist, and that all 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 a universal functional), 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, especially if 
diffuse functions must be included in the basis set.7-12 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 energy of the radical anion 
and cation, because spin-open systems are difficult to converge, in 
particular, for large molecules. Indeed, the procedure to reach this 
goal is given by the so-called Koopmans’ theorem,9-12 that states 
that within Hartree-Fock (HF) theory, the ionization potential I 
can be approximated by the negative of the HOMO energy, that is, 
I = -eH . By extension, it is considered that the electron affinity A 
can be approximated by the negative of the LUMO energy, 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 recently13 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.14-17 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.13 By considering range-
separated hybrids (RSH) functionals,18-20 where the repulsive Coulomb 
potential is split into a long-range (LR) and short- range (SR) term, 
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e.g., via r−1 = r−1 erf(γr) + r−1 erfc(γr), with γ the range-separation 
parameter, Kronik et al.13 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.21 have recently 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 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 mole-
cular 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.22

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 a Mg(II)-porphyrin, 
namely magnesium octaethylporphyrin (MgOEP), whose molecular 
structure is shown in Figure 1.

 
THEORETICAL BACKGROUND

Within the conceptual framework of DFT,4,23 the chemical poten-
tial m, which measures the escaping tendency of the electron from 
equilibrium, is defined as: 

	 	 (1) 

where c is the electronegativity. 
The global hardness η can be seen as the resistance to charge 

transfer:

	 	 (2) 

Using a finite difference approximation and Koopmans’ theo-
rem,9-12 the above expressions can be written as: 

	  	 (3)

	  	 (4)

where εH and εL are the energies of the highest occupied and the low-
est unoccupied molecular orbitals, HOMO and LUMO, respectively. 

The electrophilicity index ω has been defined as: 

	 	 (5)

The electrodonating (ω–) and electroaccepting (ω+) powers have 
been defined as:24 

	  	 (6)

	 	 (7)

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:25 

Dw± = w+ – (–w–) = w+ + w– ≈ wK
+ – (–wK

–) = wK
+ + wK

– + DwK
±	 (8)

that is, the electroaccepting power relative to the electrodonating 
power. 

SETTINGS AND COMPUTATIONAL METHODS

All computational studies were performed with the Gaussian 0926 
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.27,28

For the calculation of the molecular structure and properties 
of the studied systems, we have chosen several density functionals 
from the Minnesota density functionals family, which consistently 
provide satisfactory results for several structural and thermodynamic 
properties:22 M11, which is a range-separated hybrid meta-GGA 
density functional,29 M11L, which is a dual-range local meta-GGA 
approximation,30 MN12L, which is a nonseparable local meta-NGA 
density functional,31 MN12SX, which is a range-separated hybrid 
nonseparable meta-NGA density functional,32 N12, which is a nonse-
parable gradient approximation,33 N12SX, which is a range-separated 
hybrid nonseparable gradient approximation,32 SOGGA11, which is a 
GGA density functional34 and SOGGA11X, which is a hybrid GGA 
density functional.35 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 approximation (in which the density 
functional depends on the up/down spin densities and their reduced 
gradient, and also adopts a nonseparable form). All the calculations 
were performed in the presence of toluene as a solvent, by doing 
IEF-PCM computations according to the SMD solvation model.36

Figure 1. Molecular structure of magnesium octaethylporphyrin (MgOEP)



Frau et al.404 Quim. Nova

RESULTS AND DISCUSSION

The molecular structures of MgOEP was pre-optimized by 
starting with the readily available MOL structure, and finding the 
most stable conformer by means of the Avogadro 1.2.0 program37 
through a random sampling with molecular mechanics techniques 
and a consideration of all the torsional angles. The structure of the 
resulting conformer was then reoptimized with the M11, M11L, 
MN12L, MN2SX, N12, N12SX, SOGGA11 and SOGGA11X density 
functionals in connection with the Def2SVP basis set and the SMD 
solvation model, using toluene as a solvent. 

The HOMO and LUMO orbital energies (in eV), global electro-
negativity χ, total hardness η, global electrophilicity ω, electrodonat-
ing power (ω–), electroaccepting power (ω+), and net electrophilic-
ity ∆ω± of the MgOEP molecule calculated with the M11, M11L, 
MN12L, MN12SX, N12, N12SX, SOGGA11, and SOGGA11X 
density functionals and the Def2TZVP basis set using toluene as 
solvent simulated with the SMD parametrization of the IEF-PCM 
model are presented in Table 1, in which results are shown assuming 
the validity of the Koopmans’ theorem. 

The ionization potentials I and electron affinities A (in eV), 
global electronegativity χ, total hardness η, global electrophilicity 
ω, electrodonating power (ω–), electroaccepting power (ω+), and 
net electrophilicity ∆ω± of the MgOEP molecule calculated with 
the M11, M11L, MN12L, MN12SX, N12, N12SX, SOGGA11, and 
SOGGA11X density functionals and the Def2TZVP basis set using 
toluene as as solvent simulated with the SMD parametrization of the 
IEF-PCM model are presented in Table 2, in which results are derived 
from the calculated vertical I and A.

Inspired from previous works on this subject,13,21 and with the 
object of analyzing our results in order to verify the fulfillment of 
the ”Koopmans’ theorem in DFT”, we have designed several descrip-
tors 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 
choosing 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 pa-
rameter 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.13,21 

The first three descriptors are related to the simplest fulfillment 
of the Koopmans’ theorem by relating εH with -I, εL with -A, and 
the behavior of them in the description of the HOMO-LUMO gap: 

	 JI = |eH + Egs(N –1) – Egs(N)|	 (9)

	  JA = |eL + Egs(N) – Egs(N + 1)|	 (10)

	 	 (11)

Next, we consider four other descriptors that analyze how well the 
studied density functionals are useful for the prediction of the elec-
tronegativity χ, the global hardness η and the global electrophilicity 
ω, and for a combination of these Conceptual DFT descriptors, just 

Table 1. HOMO and LUMO orbital energies (in eV), global electronegativity c, total chemical hardness h, global electrophilicity w, electrodonating power 
(w-), electroaccepting power (w+), and net electrophilicity Dw± of magnesium octaethylporphyrin (MgOEP) calculated with the M11, M11L, MN12L, MN12SX, 
N12, N12SX, SOGGA11 and SOGGA11X density functionals and the Def2TZVP basis set using toluene as solvent simulated with the SMD parametrization 
of the IEF-PCM model

Property M11 M11L MN12L MN12SX N12 N12SX SOGGA11 SOGGA11X

HOMO -5.389 -3.254 -2.857 -3.253 -2.807 -3.120 -3.096 -3.983

LUMO -0.267 -2.578 -2.107 -2.125 -2.139 -1.988 -2.473 -1.358

cK 2.828 2.916 2.482 2.689 2.473 2.554 2.784 2.671

hK 5.122 0.676 0.750 1.128 1.668 0.132 0.623 2.625

wK 0.781 6.290 4.106 3.204 4.579 2.882 6.226 1.358

wK
– 3.295 14.080 9.500 7.824 10.436 7.112 13.882 4.216

wK
+ 0.467 11.164 7.018 5.135 7.963 4.557 11.098 1.545

∆ωK
± 3.762 25.244 15.518 12.959 18.399 11.669 24.981 5.761

Table 2. Ionization potentials I and electron affinities (in eV), global electronegativity c, total chemical hardness h, global electrophilicity w, electrodonating 
power (w–), electroaccepting power (w+), and net electrophilicity Dw± of magnesium octaethylporphyrin (MgOEP) calculated with the M11, M11L, MN12L, 
MN12SX, N12, N12SX, SOGGA11 and SOGGA11X density functionals and the Def2TZVP basis set using toluene as solvent simulated with the SMD para-
metrization of the IEF-PCM model

Property M11 M11L MN12L MN12SX N12 N12SX SOGGA11 SOGGA11X

I 3.596 3.254 2.953 3.239 2.836 3.071 3.335 3.306

A 2.142 2.502 1.984 2.171 2.053 2.059 2.289 2.086

c 2.869 2.878 2.468 2.705 2.445 2.565 2.812 2.696

h 1.454 0.752 0.969 1.068 0.783 1.012 1.047 1.220

w 2.830 5.507 3.142 3.426 3.814 3.251 3.778 2.980

w– 7.186 12.500 7.579 8.271 8.898 7.847 9.027 7.384

w+ 4.317 9.622 5.111 5.566 6.454 5.283 6.215 4.688

∆ωK
± 11.503 22.122 12.691 13.837 15.352 13.130 15.242 12.071
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considering the energies of the HOMO and LUMO or the vertical 
I and A: 

	 Jc = |c – cK|	 (12)

	  Jh = |h – hK|	 (13)

	 Jw = |w – wK|	 (14)

	 	 (15)

where D1 stands for the first group of Conceptual DFT descriptors. 
Finally, we designed other four descriptors to verify the good-

ness 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: 

	  	 (16)

	 	 (17)

	 	 (18)

	 	 (19)

where D2 stands for the first group of Conceptual DFT descriptors. 
The results of the calculations of JI, JA, JHL, Jχ, Jη, Jω, JD1, Jω+, 

Jω−, J∆ω± and JD2 for the MgOEP molecule are displayed in Table 3. 
As can be seen from Tables 1 and 2, and the results presented 

in Table 3, the ”Koopmans’ theorem in DFT” holds with great ac-
curacy 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 JHL 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.,21 where the minima have been obtained by choosing 
a parameter that enforces that behavior. It is interesting to see that 
the same density functionals also fulfill the ”Koopmans’ theorem 
in DFT” procedure 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 JHL. For example, if we consider only Jχ, for all the studied 
density functionals, 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 fortuitous 
cancellation of errors. 

The usual GGA (SOGGA11) and hybrid-GGA (SOGGA11X) 
presented greater deviations in the results and were therefore less 
adequate for the fulfillment of the ”Koopmans’ theorem in DFT” 
procedure, and the same conclusion is valid for the local functionals 
M11L, MN12L and N12, as well as for the M11 density functional. 

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 and 2 shows that this is due 
to the fact that this functional describes inadequately the energy of 
the LUMO. 

CONCLUSIONS

From the whole of the results presented in this contribution it has 
been clearly demonstrated that the chemical reactivity of the MgOEP 
molecule can be predicted by using DFT-based reactivity descriptors 
such as the electronegativity, global hardness, global electrophilicity, 
electrodonating and electroaccepting powers, and net electrophilicity. 

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. One 
of the possible explanations for this behavior lies on the fact they 
are screened-exchange hybrid density functionals. The approach 
considered in these density functionals uses a finite amount of HF 
exchange at short-range, but none in the long-range limit, in order 
to cut the computational cost of non-local exchange integrals for 
extended systems. Therefore, 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 porphyrin molecular 
systems of larger sizes.

Table 3. Descriptors JI, JA, JHL, Jχ, Jη, Jω, JD1, Jω+, Jω−, J∆ω± and JD2 for the magnesium octaethylporphyrin (MgOEP) molecule calculated from the results of 
Tables 1 and 2

Descriptor M11 M11L MN12L MN12SX N12 N12SX SOGGA11 SOGGA11X

JI 1.792 0.000 0.096 0.014 0.029 0.050 0.240 0.678

JA 1.875 0.076 0.123 0.046 0.087 0.071 0.184 0.728

JHL 2.594 0.076 0.156 0.048 0.091 0.086 0.302 0.995

Jc 0.041 0.038 0.013 0.016 0.029 0.011 0.028 0.025

Jh 3.668 0.076 0.220 0.060 0.115 0.120 0.424 1.406

Jw 2.050 0.783 0.964 0.221 0.765 0.369 2.448 1.621

JD1 4.202 0.787 0.989 0.230 0.774 0.388 2.485 2.146

Jw– 3.891 1.580 1.921 0.447 1.538 0.736 4.856 3.168

Jw+ 3.849 1.542 1.907 0.431 1.509 0.725 4.883 3.142

JDw± 7.740 3.122 3.828 0.878 3.047 1.461 9.739 6.310

JD2 9.480 3.824 4.688 1.076 3.731 1.789 11.928 7.728
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