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eMinnesota family of density functionals (M05,M05-2X,M06,M06L,M06-2X, andM06-HF) were evaluated for the calculation
of the UV-Vis spectra of the indigo molecule in solvents of different polarities using time-dependent density functional theory
(TD-DFT) and the polarized continuummodel (PCM).e maximum absorption wavelengths predicted for each functional were
compared with the known experimental results.

1. Introduction

e indigo molecule and its derivatives are of fundamental
importance in electrochemistry because they have potential
applications in the �eld of electrochemical solar cells and dye-
sensitized solar cells. ey can also be used in the electro-
chemical storage of energy, as metal corrosion inhibitors, and
in the area of electrochemical fuel cells.

Density functional theory (DFT) [1], especially since
the work of Kohn and Sham [2], is based entirely on the
exchange and correlation density functional. Because this
functional is not exactly known, it is necessary to use several
approximations. e simplest approximation is called the
local density approximation or LDA [3, 4]. e next step
was to propose several functional forms that were based
not only on density but also on the density gradients to
determine the generalized gradient approximation or GGA.
One example of this type of functionals is the BLYP, which
combines the B [5] exchange functional with the LYP [6, 7]
correlation functional. Subsequently, it was discovered that
one could better describe the density of a system and better
predict its properties using an element of the Hartree-Fock
(HF) or exact exchange. ese new functionals are called
hybrid GGA functionals, two examples of which are the

ubiquitous B3LYP [5] and PBE0 [8–10] functionals. Later, it
was recognized that these improvements could be compared
to the process of climbing a ladder, with each rung leading
to functionals that could be used to predict the experimental
properties more accurately.is path has been called “Jacob’s
Ladder” [11]. e next step was to design functionals that,
in addition to featuring the above-described properties, also
were dependent on the kinetic energy density. ese types of
functionals are calledmeta-GGAs.When they included some
degree of HF exchange, they were used to develop the hybrid
meta-GGAs, the most modern functionals known. Using
hybrid meta-GGAs has made it possible to calculate binding
energies with chemical precision, that is, such that the
predictions made are comparable to the experimental results.
Included in this last family are the functionals developed
at the University of Minnesota by Truhlar et al., known as
M05, M05-2X, M06, M06L, M06-2X, and M06-HF [12–14].
Except for the local functional M06L, these functionals are
hybrid meta-GGAs; they incorporate varying degrees of HF
exchange, which were determined by adjusting their predic-
tions to match the experimental values for several properties.
However, because these functionals are approximations of
the unknown exact energy density functional, the process
of determining which functional should be used for a given
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system and the properties predicted by it requires one to
perform calculations for each system and property and then
compare them with the experimental results.

In computational chemistry and molecular modeling,
research is conducted using what is called a “model chem-
istry.” Amodel chemistry combines a density functional with
a basis set, and when a solvent is included, the parameters for
its simulation must also be considered. e indigo molecule
presents a good opportunity to analyze the performance of a
density functional and the prediction of its properties because
the experimental UV-Vis spectra of indigo in different sol-
vents have been empirically veri�ed.e indigomolecule and
its derivatives are of particular interest in electrochemistry
because they have potential applications in electrochemical
solar cells, dye-sensitized solar cells, electrochemical energy
storage, as metal corrosion inhibitors, as components of fuel
cells, and in arti�cial photosynthesis.

e aim of this study was thus to assess the performance
of the Minnesota family of density functionals in predicting
the maximum absorption wavelengths of indigo in several
different solvents. ese predictions will allow us to better
understand not only which functional best describes this
speci�c property in each particular system but also whether
these density functionals behave differently in each case due
to the different dipolar moments of each of the solvents.

2. Theory and Computational Details

All of the computational studies were performed with the
Gaussian 09 [15] series of programs using the density func-
tional methods implemented in the computational package.
e equilibrium geometries of the molecules were deter-
mined using the gradient technique. e force constants and
vibrational frequencies were determined by computing the
analytical frequencies at the stationary points obtained aer
optimization to verify the presence of true minima.e basis
sets used in this study were 6-311G (d,p) and 6-311+G(2d,p),
which are described elsewhere [16–19].

To calculate the molecular structure and properties of
the systems studied, we chose the hybrid meta-GGA den-
sity functionals M05, M05-2X, M06, M06L, M06-2X, and
M06HF [12–14], which consistently provide satisfactory
results in terms of several structural and thermodynamic
properties. e solvation energies were computed using the
integral equation formalism-polarizable continuum model
(IEF-PCM) [20], including the UAKS model. Dimethyl
sulfoxide, ethanol, tetrachloroethane, chloroform, carbon
tetrachloride, and benzene were used as the solvents.

e ultraviolet (UV-Vis) spectra of the studied systems
were calculated by solving the time-dependent DFT (TD-
DFT) equations using the method implemented in Gaussian
09 [16, 21–23]. e equations were solved for 20 excited
states.e infrared (IR) and ultraviolet (UV-Vis) spectra were
calculated and visualized using the SWizard program [24, 25].
In all cases, the spectra displayed the calculated frequencies
and absorption wavelengths, which allowed us to predict the
maximum absorption wavelength of the studied system.

3. Results and Discussion

e optimized structure of the indigo molecule was calcu-
lated using the six density functionals in each of six solvents
with different polarity values: dimethyl sulfoxide (DMSO;
𝜀𝜀 𝜀 𝜀𝜀𝜀𝜀), ethanol (𝜀𝜀 𝜀 𝜀𝜀𝜀𝜀), tetrachloroethane (TCE; 𝜀𝜀 𝜀
8𝜀𝜀), chloroform (𝜀𝜀 𝜀 𝜀𝜀𝜀), carbon tetrachloride (CCl𝜀; 𝜀𝜀 𝜀
𝜀𝜀𝜀), and benzene (𝜀𝜀 𝜀 𝜀𝜀𝜀). In all cases, the frequencies
and IR spectra obtained con�rmed that these values were
trueminima. Based on the optimized ground-statemolecular
structures, we calculated the absorption spectra in each case
in three steps:

(1) TD-DFT calculations to determine the vertical excita-
tion for the ground state equilibrium geometry using
the IEF-PCM solvation model, which corresponds to
a linear response under nonequilibrium solvation.

(2) Ground state calculations to determine the energy
in the IEF-PCM solvation model and to prepare the
system for state-speci�c non-equilibrium solvation
using the solvent reaction �eld from the ground state.

(3) e computation of the nonequilibrium solvation
energy based on the ground state and the �rst excited
state energy using the state-speci�c method; self-
consistent IEF-PCM calculations to compute the
energy in solution by making the electrostatic poten-
tial of the solute self-consistent with the reaction �eld.

e computation of the nonequilibrium solvation energy
based on the ground state and the �rst excited state energy
using the state-speci�c method; self-consistent IEF-PCM
calculations to compute the energy in solution by making the
electrostatic potential of the solute self-consistent with the
reaction �eld.

e results of the calculations are presented in Table 1,
which shows the maximum wavelength absorption (in nm)
for the indigo molecule in solvents with decreasing polarity
and for each of the density functionals considered. e
experimental values are those reported by Jacquemin et al.
[26]. Also, we are including a table (Table 2) showing the
same results but utilizing absorption energy values (in eV),
because the energies are more intuitive than wavelengths
when comparing energy accuracies.

e results listed in Tables 1 and 2 clearly indicate that for
solvents with high dipolar moment (DMSO and ethanol), the
M05 and M06 functionals predict the maximum absorption
wavelength (or the absorption energy) of the indigomolecule
much more accurately than the other functionals given the
experimental results. In particular, the performance of these
functionals in connection with ethanol is impressive. For a
medium-polarity solvent such as TCE, the M05 and M06
density functionals are also preferable to the others, although
the accuracy is lower. When used with the low-dipole-
moment solvents chloroform, CCl𝜀 and benzene, none of
the functionals accurately predict the maximum absorption
wavelength of indigo; althoughM05,M06, andM06L provide
good approximate values, the �rst two underestimate the
value, and the last one overestimates it. ere is no case in
which the functionals with high HF exchange content are
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T 1: Maximum absorption wavelengths of the indigo molecule (in nm) calculated using the Minnesota density functionals in several
solvents.

Solvent M05 M05-2X M06 M06L M06-2X M06-HF Exp.
DMSO 614 562 610 667 565 518 620 ± 1
Ethanol 606 556 606 662 559 514 608 ± 2
TCE 597 546 593 652 549 503 613 ± 8
Chloroform 585 535 581 637 538 493 605 ± 3
CCl4 565 535 581 637 538 493 605 ± 3
Benzene 565 518 562 617 518 476 595 ± 5

T 2:Maximum absorption energies of the indigomolecule (in eV) calculated using theMinnesota density functionals in several solvents.

Solvent M05 M05-2X M06 M06L M06-2X M06-HF Exp.
DMSO 2.02 2.21 2.03 1.86 2.19 2.39 2.00
Ethanol 2.05 2.30 2.05 1.87 2.22 2.41 2.04
TCE 2.08 2.27 2.09 1.90 2.26 2.47 2.02
Chloroform 2.12 2.32 2.13 1.95 2.31 2.51 2.05
CCl4 2.19 2.32 2.13 1.95 2.31 2.51 2.05
Benzene 2.19 2.39 2.21 2.01 2.39 2.60 2.08

sufficiently accurate; rather, they clearly underestimate the
experimental results.

Usually, when comparing the results of different func-
tionals for the prediction of a given property (being all the
other components of the model chemistry the same, i.e., the
basis set, the model used to simulate the solvent, etc.), it is
considered that the functional form and its parametrization
are important points to be taken into account. However, the
functionals used in this study have all the same functional
form and have been parametrized with the same physical
constants. It is here where our study acquires more relevance
the only difference between the functionals is the inclusion
of exact HF exchange in different percentages. us, the
good results for the local functionals or for the functionals
with lesser amounts of exact HF exchange, can be directly
attributed to the fact that, at least for the systems used in this
study, the inclusion of HF exact exchange is perjudicial for
the prediction of the maximum absorption wavelengths.

4. Conclusions

e Minnesota family of density functionals were assessed
to determine their performance in predicting the maximum
absorption wavelength (or the absorption energies) of the
indigo molecule in solvents with decreasing polarity. e
results indicate that the M05 and M06 functionals provide
relatively better calculations for solvents with high dipole
moment such as DMSO and ethanol. For solvents with
medium dipole moment such as TCE, the same functionals
are better than the others, although they generate less accu-
rate results than when used with the more polar solvents.
Finally, for solvents with low dipole moment such as chlo-
roform, CCl4, and benzene, the functionals M05, M06, and
M06L yielded fairly accurate maximum wavelength values,
with underestimates and overestimates of 20 nm on average.

Clearly, the inclusion of more HF exchange, as in the M05-
2X, M06-2X, andM06-HF functionals, leads to inaccurate or
underestimated values.

e results of this study demonstrate that the perfor-
mance of these functionals not only is related to the system
under study and the basis set considered but also depends on
the solvent inwhich themolecule is immersed.ese �ndings
can helpmake it possible to select themost suitable functional
in studying related indigoid molecules.
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