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Abstract. The Minnesota family of density functionals (M06, MO6L,
MO06-2X and M06-HF) has been used to calculate the UV-Vis spectra
of the thioindigo molecule in solvents of different polarities using
time-dependent density functional theory (TD-DFT) and the polar-
ized continuum model (PCM). The maximum absorbance wavelengths
predicted for each functional were compared with the known experi-
mental results.
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Resumen. Los funcionales de la densidad de la familia Minnesota
(M06, MO6L, M06-2X y M06-HF) han sido considerados para calcular
el espectro UV-Vis, de la molécula tioindigo en solventes de diferentes
polaridades, usando la teoria de funcionales de la densidad dependien-
te del tiempo (TD-DFT) y el modelo del continuo polarizado (PCM).
Las longitudes de onda de maxima absorcion, predicha para cada fun-
cional fueron comparadas con resultados experimentales conocidos.
Palabras clave: Tioindigo, TD-DFT, PCM, UV-Vis, Funcionales de
densidad M06.

Introduction

Natural organic dyes have long been used to color textiles and
polymer substrates. These colored materials greatly influence
our emotions and aesthetic perceptions. Traditionally, organic
dyes have been used to color materials, especially textiles, via
dyeing technology. In more recent times, however, organic col-
orants have become increasingly important in high-technology
fields, such as electronic materials, devices, and reprographics.
These organic materials are called functional dyes [1].

Indigo is a dye with a long history. Its importance has been
retained in part because of the global popularity of blue denim.
Until the commercialization of its chemical synthesis at the
end of the 19th century, indigo was extracted from plants [2].
Thioindigo, in which an N-H group is replaced by S, is one of
the many derivatives synthesized since the commercialization
of indigo.

In density functional theory (DFT) [3], the functionals that
depend on the kinetic energy density are called meta-GGAs
and lead to hybrid meta-GGAs with the inclusion of some
exact exchange. These functionals are the most modern and
have allowed the calculation of binding energies with chemical
precision comparable to that of experimental results. Among
the hybrid meta-GGAs there are functionals that have been de-
veloped by Truhlar ef al at the University of Minnesota, which
are known as M05, M05-2X, M06, M0O6L, M06-2X and M06-
HF [4-6]. For M06-HF, the average deviation is approximately
50 nm for borondipyrromethene dyes [7], and this functional
works well for open-chain cyanine for small molecules [8] and
has been applied to predict a wide range of properties [9-12].
Apart from the local functional MO6L, the other functionals
are hybrid meta-GGAs with different percentages of exact ex-
change that have been developed by adjusting predictions to
the experimental values of some properties. However, as these

functionals are approximations of an unknown energy density
functional, determining the best functional for a given system
and predicting its properties requires calculations to be per-
formed for similar systems and properties and then compared
with the experimental results to verify concordance.

The thioindigo molecule provides an opportunity to study
the predictive performance of a density functional because the
experimental UV-Vis spectra of thioindigo in different solvents
are well known. The aim of this letter is to assess the perfor-
mance of the M06 family of density functionals for the predic-
tion of the maximum absorbance wavelength of thioindigo in
different solvents. This research will allow us to understand
not only which functional is better at describing this particular
property in this particular system but also any behaviors of
the density functionals that may depend on the solvent dipole
moment.

Computational Details

All computations were performed using the Gaussian 09 [15]
series of programs with the density functional methods as
implemented in the computational package. The equilibrium
geometries of the molecule were determined via the gradi-
ent technique. The force constants and vibrational frequencies
were determined by computing the analytical frequencies at the
stationary points obtained after optimization to confirm that
they were true minima. The basis sets used in this work were
6-311G(d,p) and 6-311+G(2d,p) [16] (for further information,
see references 17-19).

To calculate the molecular structure and properties of the
studied system, we chose the hybrid meta-GGA density func-
tionals M06, M0O6L, M06-2X and M06-HF [4-6], which consis-
tently provide satisfactory results for several relevant structural
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and thermodynamic properties. The solvation energies were
computed using the integral equation formalism — polarized
continuum model (IEF-PCM) [20], including the UAKS defini-
tion of radii, with dimethylformamide, ethanol, tetrachloroeth-
ane, chloroform, xylene, toluene, benzene, carbon tetrachloride
and cyclohexane as solvents.

The calculation of the ultraviolet-visible (UV-Vis) spectra
of the studied systems was performed by solving the time-
dependent DFT (TD-DFT) equations according to the method
implemented in Gaussian 09 [15, 21-23]. The equations were
solved for 20 excitations.

The infrared (IR) and UV-Vis spectra were calculated and
visualized using the Swizard program [24, 25]. In all cases,
the displayed spectra provided the calculated frequencies and
absorption wavelengths that allowed us to predict the maximum
absorption wavelength of the studied system.

Results and Discussion

The optimized structure of the thioindigo molecule was calcu-
lated using the four M06 density functionals in nine solvents of
different polarity: dimethylformamide or DMF (g = 37.2), etha-
nol (e = 24.8), tetrachloroethane or TCE (¢ = 8.2), chloroform (¢
=4.7), xylene (¢ = 2.27), toluene (¢ = 2.37), benzene (¢ =2.27),
carbon tetrachloride or CCly (¢ = 2.23), and cyclohexane (g =
2.02). In each case, the true minima were confirmed following
an inspection of the frequencies and the IR spectra obtained
after the frequency calculation.

Based on the optimized ground-state molecular structures,
we calculated the absorption spectra in each case using a pro-
tocol consisting of the following three steps:

1. The vertical excitation at the ground-state equilibrium
is calculated using TD-DFT with the IEF-PCM solva-
tion model, which corresponds to a linear response in
non-equilibrium solvation.

2. The ground-state energy is calculated using the IE-PCM
solvation model to prepare the system for state-specific
non-equilibrium solvation by saving the solvent reac-
tion field from the ground state.

3. The non-equilibrium solvation energy from the ground
state is read, and the first excited-state energy is com-
puted using a state-specific method and a self-consistent
IEF-PCM calculation to compute the energy in the solu-
tion by making the electrostatic potential of the solute
self-consistent with the reaction field.

The results of the calculations are presented in Table 1,
which shows the maximum absorption wavelength (in nm)
for the thioindigo molecule in solvents of decreasing polarity
and for each of the density functionals considered. The experi-
mental values have been taken from the data collected in the
literature [13], also including the strongest oscillator strength.
Additionally, the principal orbital involved in the transition is
displayed.
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The results in Table 1 clearly indicate that for all solvents,
the performance of the M06 functional is impressive. For sol-
vents with high dipole moments, such as ethanol and DMF, the
MO6 functional outperforms the other functionals, including
PBEO [14]. None of the functionals with high HF exchange
content are accurate enough, and each functional underesti-
mates the experimental results.

In comparison with results in [13], M06 and PBEO offer
maximum errors of 11 and 6 nm, respectively, for solvents with
high dipole moments. PBEO and M06 have similar accuracies
for solvents with low dipole moments.

For the system under study, the M06 functional family with
strong Hartree-Fock exchange (M06-2X and M06-HF) over-
estimated the energies; on the other hand, M06-L, which only
includes local exchange, underestimated the energies. MO06,
with 27% exact exchange, overestimated energy slightly for
solvents with low dipole moments, for which the orbital transi-
tion involved in the strongest oscillator strength is H-3 -> L+0.
For solvents with high dipole moments, M06 predicted Amax
with exceptional accuracy for ethanol and DMF, for which the
orbital transition involved in the strongest oscillator strength
is H-2 -> L+0.

Based on the calculated MAE, the best functional for sol-
vated thioindigo is PBEO, followed closely by M06. However,
PBEO has a higher computational cost than M06.

Conclusions

The M06 family of density functionals has been assessed for
its performance in predicting the maximum absorption wave-
length of thioindigo in nine solvents of varying polarity. The
results indicate that the M06 functional can reproduce the ex-
perimental values with impressive accuracy for solvents with
high dipole moments, such as DMF and ethanol, and perform
well for intermediate values of the orbital overlap parameter
[26]. The inclusion of increased HF exchange, such as in the
MO06-2X and M06-HF functionals, leads to inaccurate, under-
estimated values.

Although PBEO is the most accurate functional in terms
of its MSE, we propose M06 for thioindigo solvated with high
dipole moments because it is computationally cheaper.

The orbital transition involved in the strongest oscillator
strength is H-2->L+0. DMF and ethanol have the strongest
oscillator strength (approximately 0.3) and may be useful for
the practical application of quantum chemistry in the design of
functional dyes.

The results of this work indicate that functionals can con-
tribute to the study of the UV-Vis absorbance and possibly
other molecular properties of related thioindigoid molecules.
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Table 1. Maximum absorption wavelength of the thioindigo molecule (in nm) calculated using the M06 density functionals in several solvents
and the strongest oscillator strength and principal orbital involved in the transition.

Solvent Exp. PBEO* MO6 MO6L

Amax Amax Amax (imax Orb-(f)max Amax (fimax Orb-(f)max
DMF 543 548 543 0.3084 H-2 - L+0 598 0.2331 H-1 > L+1
Ethanol 542-543 544 542 0.3067 H-2 - L+0 590 0.3825 H-1 - L+1
TCE 551 545 540 0.2992 H-3 > L+0 589 0.3245 H-1 - L+1
Chloroform 541-550 544 538 0.2916 H-3 - L+0 587 0.2615 H-1 > L+1
Xylene 543-545 542 536 0.2789 H-3 > L+0 584 0.2396 H-0 > L+0
Toluene 542 542 535 0.2771 H-3 > L+0 583 0.2406 H-0 —» L+0
Benzene 543-546 542 535 0.2759 H-3 - L+0 584 0.2382 H-0 - L+0
CCl, 540-541 541 534 0.2753 H-3 > L+0 583 0.2368 H-0 > L+0
Cyclohexane 536-537 540 533 0.2723 H-3 > L+0 583 0.235 H-0 - L+0
DMF 543 548 467 0.5334 H-2 - L+0 394.1 0.6645 H-4,H-2 —» L+0
Ethanol 542-543 544 466 0.5318 H-2 > L+0 393.2 0.6583 H-4,H-2 — L+0
TCE 551 545 466 0.5293 H-2 > L+0 393.3 0.625 H-4,H-2 —» L+0
Chloroform 541-550 544 464 0.5262 H-2 - L+0 392.5 0.5866 H-4,H-2 —» L+0
Xylene 543-545 542 463 0.5221 H-2 - L+0 385.7 0.5118 H-4,H-2 — L+0
Toluene 542 542 463 0.5215 H-2 > L+0 385.6 0.4981 H-4,H-2 - L+0
Benzene 543-546 542 462 0.5214 H-2 - L+0 385.5 0.5009 H-4,H-2 —» L+0
CCl, 540-541 541 462 0.5207 H-2 > L+0 385.5 0.5001 H-4,H-2 — L+0
Cyclohexane 536-537 540 461 0.5196 H-2 > L+0 385.3 0.491 H-4,H-2 —» L+0
*[13].

Table 2. Mean absolute errors (MAE) for each functional.

Functional MAE
PBEO* 0.78
MO06 4.94
MO6L 44.24
M06-2X 78.53
MO06-HF 153.37

*MAE calculated with Ref-13 data.
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