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ABSTRACT

The vibronic  absorption spectrum of  Toluidine  blue O (TBO) dye in  an  aqueous solution  was
calculated using the time-dependent  density  functional  theory (TD-DFT). The calculations  were
performed using all hybrid functionals supported by Gaussian16 software and 6-31++G(d,p) basis
set with IEFPCM and SMD solvent models. The IEFPCM gave underestimated values of  λmax in
comparison  with  the  experiment,  what  is  a  manifestation  of  the  TD-DFT  "cyanine  failure".
However, the SMD made it possible to obtain good agreement between calculated and experimental
spectra. The best fit was achieved using the X3LYP functional. The dipole moments and atomic
charges of the ground and excited states of the TBO molecule were calculated.  Photoexcitation
leads  to  an increase in  the dipole  moment of  the dye molecule.  An insignificant  photoinduced
electron transfer was found in the central ring of the chromophore of the TBO molecule. Vibronic
transitions play a significant role in the absorption spectrum of the dye.
.
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INTRODUCTION

Toluidine blue O (3-amino-7-(dimethylamino)-2-methylphenothiazin-5-ium, TBO, Fig. 1) is
a thiazine dye discovered by William Henry Perkin in 1856.

Fig. 1. The Toluidine blue O molecule

TBO is  widely  used  in  photodynamic  therapy  of  bacterial  infections  [1-8],  for  staining
tissues and cells [9-11], as well as in biosensors (together with nanostructures) [12-16], solar cells
[17] and semiconductor nanocomposites [18]. The therapy of Alzheimer's disease with TBO based
on its inhibition of Tau protein aggregation is promising [19]. Using optical methods, it was found
that the TBO molecule is able to effectively bind to DNA [20-26], RNA [26-28], proteins [19,29-
34], silver nanoparticles [6,35,36], silica [15] and cadmium sulfide [37], natural organic matter [38],
cyclodextrins [39-41], surfactant micelles [40-42], chitosan [43], heparin [44], nanotubes [2], fatty
acids  [45]  ,  polysaccharides  [9,46-48]  and  other  polymers  [18,49,50].  Numerous  experimental
optical studies of TBO itself have been carried out - aggregation [21,51-54], reduction [36,42,55-
57], photodegradation [58-60], metachromasia [61-63], polymerization [16,64] and photophysical



properties of TBO in solutions [51, 52, 54, 65, 66], thin films [67–70], in the solid amorphous phase
[53], and on a gold electrode [64]. However, theoretical studies of the optical properties of TBO
have not yet been carried out. In particular, the absorption spectrum of the dye was not calculated.

METHODS

In an excited state, not only the electronic energy of the molecule changes, but also the
vibrational energy, i.e. the molecule undergoes an electronic-vibrational (vibronic) transition (Fig.
2). When a photon is absorbed by a molecule of a solute in the ground state (GS), according to the
Franck-Condon principle, a redistribution of the electron density occurs in it at constant positions of
the nuclei, i.e. the molecule of the solute passes into an excited nonequilibrium (Franck-Condon)
state FC (vertical  transition).  In this case,  a similar process (polarization with immobile nuclei)
occurs  in  the  nearest  solvation  shell.  After  that,  the  "solute-solvent"  system  relaxes  to  the
equilibrium excited (EX) state by means of the displacement of the nuclei (Fig. 2). 

Fig. 2. The energetic diagram of vibronic transition

In our work, we used the methodology of Baiardi et al. for calculating vibrationally resolved
electronic spectra of one-photon absorption by the method of TD-DFT, which is described in detail
in Ref. [71]. Therefore, here we will only briefly list its main features. The vibronic spectra were
calculated using the adiabatic Hessian model, in which the potential energy surfaces (PESs) of the
ground and excited states were calculated near their  respective equilibrium nuclear coordinates.
Both  PESs  -  for  ground  and  excited  states  (see  Fig.  2)  -  were  described  in  the  harmonic
approximation. The intensity of the vibronic transition in the stationary density functional theory is
described as
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vibrational  levels  of  the  ground  state  and  n vibrational  levels  of  the  excited  state,  ρm is  the
Boltzmann population of vibrational levels of the ground state, μmn is the transition dipole moment,
δ is the Dirac function. The double summation in Eq. (1) is performed over the vibrational states on
each electronic state. An analytical expression for μmn is unknown. Therefore, in practice, the Taylor
series is used in the vicinity of the equilibrium geometry of one of the electronic states:
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where Q are mass-weighted normal coordinates. The first-order term in Eq. (2) corresponds to the
Franck-Condon approximation [72], and the second-order term corresponds to the Herzberg-Teller



approximation  [73].  To  calculate  the  vibronic  spectra,  we  used  the  general  Franck-Condon-
Herzberg-Teller method [74]. To switch from summation over  m and  n states in Eq. (1) to time

dependence, the definition of the Dirac function is used: δ=
1
2π

∫
−∞

+∞

e iωt dt. Ultimately, the absorption

spectrum in the time-dependent theory is calculated as the Fourier transform of the trace of the
exponential operator
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 is the total Boltzmann population of vibrational levels of

the ground state,  ωad=
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ℏ ,  Ead is the difference between the energies of the ground vibrational

states of the ground and excited states, χ(t) is the vibrational wave function. The temperature T=298
K was taken. In the numerical  integration of Eq. (3), 218 steps were used and the time interval
Δt=218×10-17 =2.62×10-12 s. To broaden the bands of vibronic transitions, we used Gaussians with a
full width at half maximum HWHM=600 cm-1 (the broadening was chosen so that the calculated
spectra corresponded best to the experimental one). 

Water is the most difficult medium for implicit accounting due to its specific interactions
with  solute  molecules.  Therefore,  for  a  more  objective  picture,  we  used  PCM  (Polarizable
Continuum Model with External Integration Formalism - IEF) with its original parameters [75], as
well as with atomic radii and non-electrostatic terms of SMD (Solvation Model based on solute
electron Density) [76]. IEFPCM calculates  the energy in a solution by making the electrostatic
potential of the solute self-consistent with the reaction field of the solvent (state-specific approach).

The  initial  spatial  structure  of  the  TBO  cation  was  taken  from  the  database
http://www.chemspider.com (ChemSpider  ID  11239098).  All  other  calculations  were performed
using the  Gaussian16 software  package [77].  The calculation  results  were  visualized  using  the
GaussView software [78].

RESULTS AND DISCUSSION

It is known that the results of TD-DFT calculations of the excited electronic states of organic
molecules  are  largely  determined  by  the  functional  used  [79-82].  Therefore,  to  calculate  the
vibronic  absorption  spectrum  of  TBO  in  an  aqueous  solution,  we  used  all  hybrid  functionals
supported by Gaussian16. Singlet HOMO→LUMO transitions in the visible region of the spectrum
were analyzed. We used the 6-31++G(d,p) basis set as well as IEFPCM and SMD solvent models
(Fig. 3; Table S1 in the Supplementary Material).  In Table S1, the large difference between the
values  of  λvert and  λvibron stands  out.  This  indicates  the  importance  of  considering  the  vibronic
coupling when calculating the absorption spectra.  Although direct comparison of  λvert and  λexp is
widespread in the literature, it is more correct to compare λvibron and λexp [82]. Table S1 and Fig. 3
show that  all  functionals  with  IEFPCM solvent  model  give  an  underestimated  λvibron values  in
comparison with the experimental value λmax≈630 nm=1.97 eV [9,54,66]. This is a manifestation of
the so-called "cyanine failure", which consists in a systematic underestimation of the wavelength by
all  hybrid functionals  with the PCM solvent  model.  [83-85].  The best  result  with the IEFPSM
solvent model was shown by the O3LYP functional (625 nm=1.98 eV). However, SMD solvent
model  shows  a  good  agreement  with  experimental  value  λmax in  combination  with  X3LYP
functional (λvibron=632 nm=1.96 eV, see Table S1 and Fig. 4). X3LYP [86] is an improved version of
very popular B3LYP functional. Therefore, further analysis of vibronic transitions and electronic
states of TBO will be carried out at X3LYP/6-31++G(d,p)/SMD theory level.



Fig. 3. Calculated values of λvibron (eV) for various functionals with IEFPCM (top) and 
SMD (bottom) solvent models



Fig. 4. Calculated absorption spectra of TBO molecule (solid lines,
X3LYP/6-31++G(d,p)/IEFPCM (top) and X3LYP/6-31++G(d,p)/SMD (bottom) theory levels).
Vertical lines are dipole strength of vibronic transitions. Dotted lines: experimental absorption

spectrum of TBO (5 μM, 298 K) in aqueous solution from Ref. [51], permission from Elsevier®,
order number 5023050596891)

Note  that  the  solvent  model  affects  the  position  of  the  absorption  maximum  and  vibronic
transitions; however, on the whole, the band shape remains practically unchanged (see Fig. 4).

The calculated vibronic absorption spectrum of TBO (see Fig. 4) in its shape good coincides
with the experimental one. It has a pronounced asymmetry (the long-wavelength slope is steeper than
the short-wavelength one), but does not have a shoulder, like the spectra of some other thiazine dyes
(methylene  blue,  thionine,  azure B, and azure C [87,88]).  The thiazine  dye Azure A also has  a
spectrum form similar to TBO [87] and differs from it in the absence of a methyl group in the ortho
position. As can be seen from Fig. 4, the asymmetry of the absorption spectrum of the dye is due to
vibronic transitions,  mainly #7,  #8 and #9. The approximation of the spectrum of a diluted dye
solution  to  a  symmetric  (Gaussian)  curve  led  to  a  significant  shift  in  the  calculated  absorption
maximum of the monomer (610 nm) with respect to the experimental one (630 nm) [52]. At the same
time, such a fit, performed using an arbitrary curve, gave a maximum of the latter at 628 nm [51].

The  other  (beside  HOMO→LUMO)  electronic  transitions  of  the  TBO  molecule  in  the
visible range have low oscillator strength f (Table 1).



Table 1. The three lowest electronic transitions of TBO

Transition
λvert f Involved transitions

(nm) eV
S0→S1 529 2.35 0.8631 HOMO→LUMO
S0→S2 473 2.62 0.0115 (HOMO-1)→LUMO
S0→S3 360 3.44 0.0014 (HOMO-4)→LUMO

The TBO molecule contains 456 molecular orbitals, of which 71 are occupied and 385 are
unoccupied. Thus, MO #71 is the highest occupied (HOMO) and MO #72 is the lowest unoccupied
(LUMO). The orbitals  involved in the studied electronic transitions are shown in Fig.  5.  Their
configurations are π- and π*-type, respectively. The differential electron correlation is large (Fig. 5
shows the typical odd/even alternance of cyanines). Comparing HOMO and LUMO, it can be seen
that the redistribution of the electron density upon photoexcitation mainly occurs in the central ring
of the chromophore.

Fig. 5. The TBO molecular orbitals between which the investigated electronic transition occur:
HOMO (left) and LUMO (right). Positive lobes are colored red and negative lobes are colored blue

The most intense vibronic transition (except 00→00) is 00→61 (Table 2, see Fig. 4). The total
number  of  normal  vibrational  modes  of  the  TBO  molecule  is  99.  The  Duschinsky  matrix
(transformation matrix of the normal modes from the ground to excited state) is close to diagonal
(Fig. S1 in Supplementary Material). It means a close similarity of the normal modes of the ground
and excited states of the TBO molecule.  The sum of Franck-Condon factors  was 99.88%. The
contribution of the Herzberg-Teller effect (see Eq. (2)) turned out to be negligible.

Table 2. Vibronic absorption transitions in the TBO molecule

# Transition
λ

Δν
(cm-1)

I
(cm-1/

(molecule·cm-2))

p
(atomic
units)

Definition of vibrations
(nm) eV

1 00→00 639 1.94 0 102800 11.9 -

2 00→61 634 1.96 124 23120 2.66
Flexural vibrations of a chromophore in

its plane
3 00→62 629 1.97 249 2495 0.285 see above

4 00→231 621 2.00 438 2777 0.314
Compression-stretching of the central

ring of the chromophore along the short
axis of the latter

5 00→241 621 2.00 463 8754 0.987
Bending vibrations of the side rings of
the chromophore in antiphase to each

other
6 00→251 619 2.00 498 10020 1.13 Compression-stretching of the central

ring of the chromophore along the short
axis of the latter

7 00→371 608 2.04 784 4196 0.464

8 00→541 595 2.08 1168 3316 0.358 Pendulum vibrations of chromophore
hydrogen atoms9 00→601 590 2.10 1288 2557 0.274

λ is the wavelength, Δν is the relative frequency, I is the line intensity, and p is the dipole strength



The transition dipole moment M is directed along the x-axis of the chromophore (Table 3)
which coincides with the experimental data on the measurement of the dichroism of the dye in a
stretched  PVA film  [70].  A  value  of  M=3.34  a.u.  was  obtained  in  Ref.  [51]  on  the  basis  of
spectrophotometric data. The calculated values of the dipole moment μ of the TBO molecule in the
excited  state  turn  out  to  be  larger  than  in  the  ground  state:  μEX>μFC>μGS.  This  indicates  the
predominance of the  π→π* transition type [89]. This also means a stronger interaction with the
solvent of the TBO molecule in the excited state compared to the ground state, and is consistent
with its slight positive solvatochromism (in methanol  λmax=629 nm [7], and in water  λmax=630 nm
[9,54,66]).  Note  that  the  authors  of  Ref.  [48]  also  assert  the  π→π*  type  of  TBO  electronic
transition.

Table 3. Calculated dipole moments (D) and  transition electric dipole moments (atomic units) of
TBO molecule

The coordinate axes are directed along the principal axes of inertia of the molecule

Dipole moment
Ground

state
Franck-Condon

state
Equilibrium excited

state
μx 0.0983 -1.35 -1.83
μy -3.61 -4.15 -4.42
μz 0.0182 0.0230 0.0301
μ 3.61 4.37 4.78

Ground to Franck-Condon state transition electric dipole moments
Mx -5.11
My 0.504
Mz -0.0007
M 2 26.4

From the analysis of the data in Table S1 (see Supplementary Material), it follows that upon
TBO photoexcitation, the dipole moment μ directed across the chromophore from N10 to S5 atoms
increases in absolute value. This is due to the electron density transfer of an along the  y-axis. Its
detailed description can be carried out using the Merz-Kollmann atomic charges analysis (Table S2
and Figs. S2-S4). In the ground state, the positive charge of the TBO molecule is concentrated on
the C11 and C14 atoms, and the negative charge on the N7 and N10 atoms. Upon excitation, the
negative charge of the latter increases in absolute value, taking the electron density mainly from the
C4 and C14 atoms. However, in general, the photoinduced charge transfer in the TBO molecule
turns out to be insignificant. The photoinduced redistribution of the electron density, respectively, is
also small (Figs. 6 and S5).



Fig. 6. The electron density difference between Franck-Condon and ground states of TBO molecule.
Areas of positive values are colored red and areas of negative values are colored blue

CONCLUSIONS

In this work, we calculated the vibronic absorption spectrum of the thiazine dye Toluidine
blue  O in an aqueous solution  using TD-DFT,  all  hybrid functionals  supported by Gaussian16
software,  6-31++G(d,p)  basis  set,  and two solvent  models  (IEFPCM and SMD).  The IEFPCM
solvent model showed overestimated transition energies for all used functionals, demonstrating the
well-known "cyanine failure". At the same time, the SMD model in combination with the X3LYP
functional gave excellent agreement with the experiment. The electronic properties of the ground
and excited states of the dye were also investigated: the dipole moments and atomic charges were
calculated;  the distribution  maps of the electron density  were built.  Photoexcitation  leads to  an
increase in the dipole moment of the dye molecule. In accordance with our results, the absorption
peak of the Toluidine blue O solution in the visible region of the spectrum is due to the electronic
transition of π→π* type.
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