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Abstract We tested the ability of Minnesota 2006 exchange-
correlation functionals entailing M06-HF, M06-2X, M06 and
M06-L in solving some challenging problems for density
functional (DF) theory. It was found that these DFs cannot
calculate the energy of a hydrogen atomwell. Also, they show
a smaller energy for stretched H2

+, which becomes much
smaller by decreasing the %Hartree-Fock (HF) exact ex-
change. Unlike the case of H2

+, by increasing the %HF, the
DFs overestimate by more the energy of H2 molecule at infin-
ity. For a coronenemolecule, by enlarging%HF exchange, the
LUMO and HOMO shift to higher and lower energies, respec-
tively, widening the gap.We found that M06-HF andM06-2X
are not suitable for electronic property calculations, and may
not precisely represent the strong bonds in the dimers of
metals. In summary, there is no systematic trend indicating
that one Minnesota DF predicts acceptable distances and en-
ergies for rare gas dimers, and just M06-HF gives acceptable
distances for all dimers. For the F atom and F2 molecule, upon
increasing the %HF, the electron affinity decreases and the
results of M06-HF are much closer to experimental values.
Compared to experimental results, the calculated adiabatic
electron affinities are much more accurate than the vertical
electron affinities.
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Introduction

The Kohn-Sham (KS) density functional theory (DFT)
formulation [1], and its generalization to spin-polarized
ground states [2] make the DFT method one of the
most standard and robust theoretical approaches in
solid-state physics and computational chemistry [3–8].
DFT depends on an unknown approximate exchange–
correlation density functional (DF). Developing a better
approximation is the main desire of several researchers.
Many approximate DFs, which can be categorized as
nonlocal or local, have been presented previously [9].
Three popular kinds of DFs are the local spin density
approximations (LSDA), which are based on electron
densities and spin [10]; generalized gradient approxima-
tions (GGAs) [11], which, besides these parameters, de-
pend on the density gradients; and meta-GGA [12],
which is GGA that involves density of kinetic energy.
The nonlocal DFs include phase approximation, long-
range dispersion corrected DFs, hybrid types of GGAs,
and meta-GGAs, and doubly hybrid DFs [13–15].

The well-known B3LYP functional is a hybrid GGA that is
largely responsible for the popularity of DFT [16–19].
Extensive research, chiefly over the last few years, have fo-
cused on finding better DFs, and the best introduced DF for
one parameter calculation is sometimes not appropriate for
others [20–22]. Therefore, finding a DF that is universally
applicable is of great importance. Truhlar and colleagues have
developed many approximate DFs including M05 series [23],
the Minnesota 06 DFs entailing M06-L [24] (a local Meta-
GGA), and Meta-hybrid-GGA M06 (27% HF) [25], M06-2X
(54% HF) [25], and M06-HF (100% HF) [26]. Also, they
introduced the Minnesota 08 DFs of M08-SO [23], and
M08-HX [23]. Also, M11 DF supports range-separation in
the Minnesota functionals, cutting the number of DFs from
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four in the M06 to two, including M11-L [27] and M11 [28].
The M11-L is a local DF with dual-range exchange, which
may be good and fast for inorganic, organometallics, transi-
tion metals, and non-covalent interactions. M11 is a range-
separated hybrid DF with 100% HF exchange in the long-
range, and 42.8% in the short-range. It may be appropriate
for main group kinetics, and its thermochemistry and perfor-
mance is comparable to that of M06-2X. Another series of
Minnesota DFs is MN, which is based on the nonseparable
functional intended to provide balanced performance for both
solid-state physics and chemistry applications [29]. MN12-L
is a local DF developed to provide a good performance and
accuracy for structural and energetic problems in solid-state
physics and chemistry [30]. MN12-SX is a screened-
exchange DF with 0% Hartree-Fock (HF) exchange in the
long-range and 25% in the short-range [31].

Selection of the functional in DFT is a critical issue for
acceptable prediction of the properties of different systems.
In the ab initio method, the wavefunction may be improved
systematically by choosing higher correlation levels and big-
ger basis sets, getting closer and closer to an exact solution to
the Schrödinger equation, but in DFT, there is no known ap-
proach to improving the DF systematically. Sometimes, com-
paring the results of a DF with those of high-level convention-
al ab initio calculations, or experimental results, is a strategy to
evaluate performance of a DF. Herein, we test the performance
of Minnesota 2006 functionals in solving some problems that
are challenging for DFT methods. These DFs have been used
frequently in the literature and are of great interest [32–35].

Computational details

All calculations were executed in the GAMMES suit of
program [36]. Four Minnesota 06 DFs (M06-HF, M06-2X,
M06 and M06-L) were evaluated by challenging problems
for DFT. In some cases, B3LYP and coupled-cluster
(employing both single and double substitutions from
HF, CCSD (full) [37]) methods were used for the compar-
ison. As mentioned above, B3LYP is a widely used DF
that is usually employed particularly for nanomaterials
[38–44]. Coupled-cluster is a very reliable and commonly
used method for the calculation of the electronic structure
of atoms and molecules when high accuracy is needed
[37]. Depending on the case under study, 6–31 G(d) or
aug-cc-PVQZ are also sometimes used; 6-31G(d) is a
prevalent basis set frequently employed by researchers
[45–50].

The vertical electron affinity (EA) of a molecule is deter-
mined as the total electronic energy difference between the
neutral state and its negative ion, both of which are at their
initial geometries. The adiabatic EA is calculated as the dif-
ference in total electronic energy between the neutral state and

its negative ion, which in both systems are in their most stable
geometries (optimized). The usual expression for calculating
EAwhen an electron is attached is

EA ¼ Einitial −Efinal ¼ −ΔE attachð Þ ð1Þ

Where, for vertical and adiabatic EA, the Efinal is the energy
of single point and optimization energy, respectively. The
binding energy of rare gas atom dimers is calculated as

Ebin ¼ EX−X–2EX ð2Þ
Where EX-X and EX are total electronic energies of a rare gas
dimer and an atom, respectively.

Results and discussion

Total electronic energy of a hydrogen atom

The most well-known, and also the simplest, challenging con-
cern for DFT is the calculation of the total electronic energy of
an H atom. The Schrödinger equation can be solved for an H
atom exactly, giving an exact electronic energy of 0.5000
Hartree. The results of HF, B3LYP and Minnesota 2006 DFs
are shown in Fig. 1. It was found that none of the DFs can
predict the exact energy of this simple one-electron model,
which may have different origins. For example, DFT suffers
from delocalization, localization, multi-referential and spin
contamination errors [51, 52]. The origin of delocalization
and localization errors is deviation from the correct intrinsic
linear behavior of total energy for fractional charges in finite
systems. Functionals whose energy is convex or concave for
fractional charges display an incorrect linearity in the system
limit, because of the delocalization or localization error [51].
Spin contamination occurs when an unrestricted formalism is
used for the orbital-based wave function in which the spatial
parts of α and β spin-orbitals differ [52].

Fig. 1 Deviation of different density functional theory (DFT) methods
from the experimental value of energy of an H atom (0.5000 au). The aug-
cc-PVQZ basis set was used
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For the H atom, we calculated the spin contamination error
as < S2 > − S(S + 1). The calculated exception value < S2 > is
about 0.75 for all DFs, indicating that the spin contamination
is zero (because S =½). This is due to the fact that the atomic
H system has just one electron, and artificial mixing of differ-
ent electronic spin-states is about zero. Spin contamination is
meaningful for systems with higher electron numbers and spin
multiplicity, such as transition metals [53]. It seems that the
origin of energy error in the H atom is the interaction of elec-
tron density with itself, which is why it is called self-
interaction error. In the HF method, the explanation of the
exchange and Coulomb energies causes complete deletion of
the self-interaction part. So the HF method gives an exact
energy for the hydrogen atom (Fig. 1). By increasing the
%HF exchange in the Minnesota DF series, the total energy
is increased (becomes more positive). The M06 DF gives the
best result among the all the DFs studied, indicating that it
may be an appropriate DF for studying radical systems.

The H2
+ dissociation potential surface

The simplest probe molecule is H2
+, which contains one elec-

tron and two protons. The Schrödinger equation exact solution
gives an energy for the infinitely stretched H2

+ of about −0.5
Hartree. Here, we calculated the potential energy surface for
H2

+ stretching from 0.45 Å to 10 Å by means of CCSD,
Minnesota 2006 and B3LYP DFs. As it can be seen from
H2

+ dissociation curves in Fig. 2, at the exact method
(CCSD), the H2

+ total energy at the large H–H detachment
limit is about −0.5 Hartree, which is equal to the energy of an
H atom. All the DFs show a smaller value, which becomes
much smaller by decreasing the %HF exchange through the
Minnesota DFs. The results of B3LYP andM06 are somewhat
similar, which may be due to their approximately equal %HF
exchange. The underestimation of energy upon dissociation
can be attributed to delocalization error. The stretched H2

+

demonstrates that if one electron is delocalized between two
atoms, the energy will be too low. This reflects the delocali-
zation error, which shows that approximate DFs tend to spread
out the density of electron artificially. Since the transition
states (TS) in chemical reactions are like the stretched H2

+

system (with delocalized electrons), the approximate DFs

predict that the energy barriers too low. Therefore, it seems
that M06-HF DF is more appropriate for TS study compared
to the M06-L, M06, and M06-2X.

The H2 dissociation potential surface

It can be seen from the literature that the origin of several
problems in DFT is related to delocalization errors, but in
several cases this does not work. Perhaps the simplest case
is stretching of the closed-shell H2 molecule. As can be seen
from the H2 dissociation curves in Fig. 3, using the exact
method (CCSD), the H2 total energy at the huge H–H distance
is about −1.0 Hartree, which is equal to the energies of two H
atoms, while all the DFs show a larger value, which becomes
much larger by increasing the %HF exchange. All the DFs
give acceptable results near the equilibrium distance. The re-
sults of B3LYP and M06-L are better than those of the M06-
HF, M06-2X and M06. However, the approximate DFs pre-
dict reliable covalent bonds, but strongly overestimate the
energy upon the dissociation process. This problem can be
ascribed to static correlation error, which ascends in systems
containing degenerate levels [54], as in transition metals and
highly correlated ones.

Our results show that, by increasing the %HF exchange in
Minnesota DFs, the error of static correlation is increased. To
examine the error, assume one-half of the H2 molecule
(closed-shell) at the infinity H–H distance: a hydrogen atom
with half a spin-down and half a spin-up electron. This is an
unusual structure with fractional spins. It is notable that, for
this system, the exact energy should be equal to that of an H
atom with integer spin. However, the degenerate states and
fractional spins cannot be truthfully described by the approx-
imate DFs. For the H atom, the overestimated energy nearly
equals the energy error of the stretched H2. However, any
bond cleavage in chemistry may fail, as seen for H2 in the
M06 series, because of static correlation error, which is related
to the number of electron pairs. In the case of transition metal
dimers, this error may be large due to high degeneracy and the
existence of multiple bonds. Thus, especially M06-HF and
M06-2X cannot correctly predict the bonds for these dimers.
The boron atom, with its 3-fold spatial degeneracy in the p
orbitals, is another example.

Fig. 2 Potential surface curve of
H2

+ molecule calculated at
different levels of theory with the
aug-cc-PVQZ basis set
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The HOMO, LUMO and HOMO-LUMO gap

The molecular orbital (MO) is a worthy concept, and is used
widely to explain chemical behavior. Several molecular be-
havior trends can be described based on MO properties. For
instance, a larger HOMO–LUMO gap (Eg) makes molecules
more stable. Despite their computational efficiency, the accu-
rate prediction of the HOMO, LUMO and Eg poses a great
challenge to KS-DFT methods. Herein, we will test the
Minnesota 2006 DFs for calculating these parameters of the
coronene molecule, for which experimental data are available.
We employed the 6-31G (d) basis set because it is a popular
and commonly used basis set, especially for large system cal-
culations [55–60]. To avoid the effect of structure, we opti-
mized the structure with the B3LYP/6-31G(d) approach. The
values of HOMO, LUMO and Eg are collected in Table 1,
indicating that they depend strongly on the type of DF used.

The HOMO, and LUMO of coronene were plotted against
the %HF of the DFs (Fig. 4). By enlarging%HF exchange, the
LUMO and HOMO go to higher and lower energies, respec-
tively, thereby increasing Eg. The experimental LUMO calcu-
lated by inverse photoelectron spectroscopy (IPES) is approx-
imately −1.90 eV, and the HOMO energy is about −5.52 eV, as
determined using ultraviolet photoelectron spectroscopy
(UPS) [61]. Thus, the experimental value of Eg is about
3.62 eV. Non-hybrid Meta-GGAM06-L predicts an excellent
LUMO energy of −1.94, and an acceptable HOMO energy of
−5.04 eV. The predicted Eg at this level of theory is about
3.10 eV, which is smaller than the experimental value by about
0.52 eV. The M06 Meta-hybrid GGA DF with 27% HF ex-
change predicts a good HOMO energy of −5.69 and a higher
LUMO energy of −1.32 eV in comparison to the experimental

value. The predicted Eg at this level of theory is about 4.37 eV,
which is larger than the experimental value by about 0.75 eV.
As Table 1 shows, by increasing the %HF exchange at M06-
HF and M06-2X DFs, the electronic properties differ signifi-
cantly from those of the experimental study. Different self-
interaction and charge delocalization errors in DFs may be
responsible for these different results [51]. These findings
suggest that, although the Meta-GGA M06-L DF underesti-
mates Eg, its results are better than the others, and M06-HF
and M06-2X, especially, cannot correctly predict the electron-
ic properties.

Atom–atom distance and binding energy in rare gas
dimers

The experimental results indicate that the existence of a pure
dispersion interaction between diatomic rare gases, which
makes them ideal benchmarks for testing computational
methods. We computed the equilibrium atom–atom distances
and binding energies of diatomic rare gas molecules, includ-
ing He, Ne, Ar, and Kr, usingMinnesota 06 DFs with the aug-
cc-PVQZ basis set. Table 2 shows that, for He, all the DFs
underestimate the distances, accompanied by an overestima-
tion in binding energy. The binding energy of hybrid DFs
especially, are significantly more negative than the experimen-
tal value (−0.0217 kcal mol−1). Although, the M06-HF pre-
dicts an acceptable distance of 2.92 Å which is quite close to

Fig. 3 Potential surface curve of
H2 molecule calculated at
different levels of theory with the
aug-cc-PVQZ basis set

Table 1 The HOMO energy (EHOMO), LUMO energy (ELUMO) and
HOMO–LUMO gap (Eg) of coronene at different levels of theory with
the 6–31 G(d) basis set. The units are eV

Functional EHOMO ELUMO Eg

M06-L −5.04 −1.94 3.10

M06 −5.69 −1.32 4.37

M06-2X −6.59 −0.76 5.83

M06-HF −8.05 0.18 8.23 Fig. 4 Calculated HOMO and LUMO energies of the coronene molecule
calculated at different level of theory with the 6-31G(d) basis set
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the experimental value of 3.0 Å, it gives a binding energy of
approximately six times the experimental value.

For Ne, the M06-HF and M06-2X DFs predict better dis-
tances compared to the M06 and M06-L DFs. Of all the DFs,
M06 predicts the most acceptable value of binding energy
(−0.0671 kcal mol−1) in comparison to the experimental value
of −0.0839 kcal mol−1. The other DFs fail strongly to predict
Ne–Ne binding energy. For Ar and Kr dimers, the results of
M06-HF for atom–atom distances are approximately similar
to experimental values. The M06 and M06-L DFs give rea-
sonably good binding energy for Ar and Kr dimers, respec-
tively. Overall, there is no systematic trend indicating that one
DF predicts acceptable distances and energies for all dimers;
however, it seems that M06-HF gives acceptable distances for
all the dimers examined.

Anion problem

In KS-DFT, inspection of the MOs shows that the HOMO of
the anion is usually positive [62]. This error is large because of
the additional electron. For atomic anions, a big positive bar-
rier is predicted in the KS potential (see Fig. 1 in Ref. [63])
resulting in positive HOMO resonances. Thus, EAs calculated
from DFT are significantly different from the experimental
results [62]. Herein, we tested this problem for two simple
cases: the fluorine atom and molecule. The EAs of both F
and F2 (3.40 and 3.01 eV, respectively [63, 64]) are experi-
mental values to which theoretical predictions can be com-
pared. In addition, F− specifically illustrates the above prob-
lem [62], and gives the notion that DFT necessarily fails for
anions. It has been demonstrated that the EAs of F and F2 are
rather insensitive to the basis set after one reaches the aug-cc-
PVDZ basis set [62]. Thus, we used a large enough aug-cc-
PVQZ basis set.

The results are presented in Table 3. Note that equilibrium
bond distances were predicted at each level of theory. The
results indicate that, for the F atom, EA increases by enlarging
the %HF exchange. M06-HF predicts an EA of 3.37 eV,

which is in good agreement with the experimental value
(3.40 eV). However, the other DFs underestimate the EA
somewhat. For the fluorine molecule, the range of vertical
EA is 0.20 to −0.63 eV, showing significant error compared
to the experimental result. However, the results of adiabatic
EA of the F2 molecule are somewhat acceptable. By increas-
ing the %HF, the EA decreases, and the result of M06-HF
(2.90 eV) is very close to the experimental value (3.01 eV)
compared to those of the others.

In order to address the question of positive orbital energies,
the HOMO energies are reported in Table 4. For the F atom and
F2 molecule, the HOMO energy is negative for all methods,
which decreases upon increasing the %HF. For F−, the HOMO
is positive with the pure-no admixture of HF exchange-DF
M06-L. For the hybrid DFs, this orbital energy is negative,
and becomes much more negative by growing the %HF. For
F2

−, the HOMO is positive atM06-2X,M06, andM06-L levels
of theory, and becomes negative at M06-HF with 100% HF
exchange. The results of positive HOMO energy in DFTwould
indicate an unbound electron, which is questionable. This infers
that, in principle, the calculation is not converged. The results
indicate that this may be due to the self-interaction error that the
DF approximations suffer from, and by increasing the %HF,
this error decreases. Self-interaction error gives an exchange-
correlation potential that wrongly decays in the asymptotic re-
gion exponentially, instead of decaying as −1/r. This phenom-
enon overestimates the correlation effects, and provides an up-
per boundary for EAs.

Conclusions

An M06 DF series was tested for some challenging problems
including the energy of an H atom, H2

+ and H2 stretching

Table 2 Calculated equilibrium distances (Rmin, Å) and binding
energies (Ebin, kcal mol−1) for rare gas dimers at different levels of
theory with the aug-cc-PVQZ basis set

Experimental M06-L M06 M06-2X M06-HF

He–He Rmin 3.0 2.87 2.87 2.87 2.92

Ebin −0.0217 −0.0440 −0.1436 −0.1236 −0.1385
Ne–Ne Rmin 3.1 3.01 3.02 3.04 3.17

Ebin −0.0839 −0.23081 −0.0671 −0.20556 −0.1468
Ar–Ar Rmin 3.8 4.07 4.08 4.10 3.84

Ebin −0.2832 −0.37087 −0.2606 −0.2110 −0.0500
Kr–Kr Rmin 4.0 4.47 4.47 4.49 3.95

Ebin −0.3998 −0.3915 −0.3201 −0.2257 −0.2056

Table 3 HOMO energies (eV) calculated at different levels of theory
with the aug-cc-PVQZ basis set

M06-L M06 M06-2X M06-HF

F −11.54 −13.68 −15.92 −19.60
F− 1.54 −0.15 −2.06 −5.19
F2 −9.73 −11.64 −13.96 −17.69
F2

− 3.64 2.83 1.60 −0.91

Table 4 Electron affinities (eV) for the F atom and F2 molecule
calculated at different levels of theory with the aug-cc-PVQZ basis set

Experimental M06-L M06 M06-2X M06-HF

F 3.40 3.09 3.29 3.27 3.37

F2 (vertical) 3.01 0.20 −0.06 −0.37 −0.63
F2 (adiabatic) 3.38 3.38 3.14 2.90
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curves, the electronic properties of coronene, and the EA of F
and the F2 molecule. It was found that all DFs fail to predict
the energy of an H atom because of self-interaction error. The
DFs overestimate and underestimate the energy of stretched
H2

+ and H2 molecules at infinity, respectively, because of
electron delocalization and static correlation errors. It sug-
gested that M06-HF is unsuitable for calculation of HOMO,
LUMO, and Eg of coronene, but is more accurate than the
other DFs in computing equilibrium distances of rare gas di-
mers, TS energy, and EA of the F atom and F2 molecule. The
%HF exchange of these DFs significantly affected the results
obtained here. For electronic properties, M06-L andM06 may
be more appropriate.
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