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ABSTRACT

Methylene blue [3,7-Bis(di-methylamino) phenothiazin-5-ium chloride] is a phenothiazine dye with applications as a sensitizer for photody-
namic therapy, photoantimicrobials, and dye-sensitized solar cells. Time-dependent density functional theory (TDDFT), based on (semi)local
and global hybrid exchange-correlation functionals, fails to correctly describe its spectral features due to known limitations for describing
optical excitations of 7-conjugated systems. Here, we use TDDFT with a non-empirical optimally tuned range-separated hybrid functional
to explore the optical excitations of gas phase and solvated methylene blue. We compute solvated configurations using molecular dynam-
ics and an iterative procedure to account for explicit solute polarization. We rationalize and validate that by extrapolating the optimized
range separation parameter to an infinite amount of solvating molecules, the optical gap of methylene blue is well described. Moreover, this
method allows us to resolve contributions from solvent-solute intermolecular interactions and dielectric screening. We validate our results by
comparing them to first-principles calculations based on the GW+Bethe-Salpeter equation approach and experiment. Vibronic calculations
using TDDFT and the generating function method account for the spectra’s subbands and bring the computed transition energies to within
0.15 eV of the experimental data. This methodology is expected to perform equivalently well for describing solvated spectra of 7-conjugated
systems.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029727

I. INTRODUCTION important class of 7-conjugated heterocyclic molecules. They cover
an extensive range of light assisted applications as sensitizers for

Phenothiazine dyes, such as methylene blue [MB, 3,7-Bis photodynamic therapy,”” photoantimicrobials,” and dye-sensitized
(di-methylamino) phenothiazin-5-ium chloride], are a technologically solar cells." These applications involve light absorption and
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electronic transitions in the molecule, which are strongly influ-
enced by surrounding molecules and the medium in which these
molecules are solvated.”” It is therefore important to describe the
electronic structure and dynamics of this class of molecules in
realistic environments accurately.”

Density functional theory (DFT) and time-dependent DFT
(TDDFT) have been extensively employed for such studies since
they are, in principle, exact theories while computationally effi-
cient.” "’ Low-lying valence states of organic compounds of inter-
mediate size are usually well described by exchange-correlation
(xc) functionals within the local density approximation (LDA)” and
generalized gradient approximation (GGA, also called semilocal
approximation)'* as well as by their linear combination with non-
local Fock-like exact exchange (EXX), the global hybrids'™'® (see,
for instance, Ref. 17). However, these “standard TDDFT approxi-
mations,” i.e., LDA, GGA, and global hybrid xc-functionals, yield
significant deviations for -7+ valence transitions of some sets of 7-
conjugated systems in comparison to experimental and theoretical
reference data,'>* which is a statement that is also valid for MB*”
and other related compounds.”®*” The failure of standard TDDFT
for intermediate or large m-conjugated systems has been the subject
of an extensive number of studies.'**'*>*%*’

From the perspective of molecular topology, open chain
n-conjugated systems can be categorized as either polyenes or
polymethines.'® Polyenes demonstrate 7z-density alternation in the
bonds, but the structure is based on their o-skeleton (alternating
double and single bonds)."**’ Polymethines, just as cyanine dyes,
show similar alternating n-bonds but with the highest alternat-
ing density in the atomic positions.””’ MB can be regarded as a
carbocyanine related compound. Additionally, MB is expected to
present even higher electron delocalization of the 7-electrons in the
ground state, in comparison to other phenothiazine dyes, due to the
presence of two strongly electron-donating dimethyl-amino groups
located diametrically alongside the molecule.”

For polymethines, the lowest allowed excitation is composed
of a single electronic configuration, well characterized by a single-
particle HOMO-LUMO transition.'>” Yet, standard TDDFT sub-
stantially overestimates the transition energies.'”’"’* These systems
exhibit excited state charge densities that differ significantly from
the ground state densities.'*”” This error was later recast in terms
of the very small magnitude of the exchange-correlation response
kernel integrals.””’* This is a feature that is badly described by lin-
ear response TDDFT since the xc kernel is calculated as the func-
tional derivative of the xc potential at the ground state density (in
principle, an exact linear response formulation if time propagated
but time-independent in the adiabatic approximation).” " Similarly
to the polyene case, pure GGAs perform slightly better than their
corresponding hybrids.”

Besides the errors caused by the approximations described
above (as compared to reference calculation methods), there are also
errors arising from the incorrect and unrealistic description of the
medium (as compared to experimental data).” In fact, electron-hole
interactions can be significantly weakened by the effect of dielectric
screening on the Coulomb potential.”” For instance, the correct pre-
diction of the Sp-S; transition energy in azobenzene derivatives in
comparison to experimental data from calculations with the GW and
Bethe-Salpeter equation (GW + BSE) requires the consideration of
solvent polarization effects (dielectric screening).';‘“ Intermolecular
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interactions also play a role. From the infrared absorption spectrum
of MB in the gas phase in comparison to its hydrated crystalline
state,”” it was proposed that the functional group aside N*(CHj),
is H-bonding to a water molecule. Again, standard TDDFT approx-
imations are ill-equipped for describing such effects since they
can produce electron density delocalization errors and overesti-
mate intermolecular interactions.””*” Finally, these approximations
are not de51gned to appropriately describe the long-range dielectric
screening,”’ * scaling incorrectly at long distances [decaying faster
than —(1/R), where R is the electron-hole distance].** *°

More recently, (semi)local approximations have been com-
bined with EXX using the error function [erf(wr)] in the Coulomb
operator. In these range-separated hybrid (RSH) functionals, a range
separation parameter, w, scales short- and long-range exchange
terms such that (semi)local terms dominate at short range and EXX
at long range [in this particular format, referred as the long-range
corrected (LRC) functional].”* This tempered mix of (semi)local
and EXX takes advantage of the good performance of predomi-
nantly (semi)local hybrid functionals for describing valence transi-
tions'” while ensuring the correct asymptotic of the potential (~1/ /R),
thereby improving preceding approximations in many respects
The range separation parameter can be empirically optimized"”
or tuned from first principles, by choosing w such that the elgenvalue
of the Kohn-Sham frontier orbital located in the solute approaches
the ionization energy.”"”” The optimally tuned (OT) RSH function-
als have been used with great success for the prediction of charge-
transfer excitations for a variety of complex molecular systems,
intermolecular interactions,”” and dielectric screening. ’ In fact,
the introduction of the non-local EXX term at long range in the
RSH seems to be appropriate for introducing the correct field-
counteracting behavior due to the environment. For instance, polar-
izabilities and second hyperpolarizabilities are correctly predicted
using this approach.”’

In this article, we report first principles OT-RSH TDDEFT calcu-
lations for the low-lying excited states of MB in vacuum and water,
aiming to describe the system realistically while gaining insight into
the limitations of state-of-the-art TDDFT. We employed the RSH
functional wPBE (PBE exchange at short range)"’ optimally tuned
for MB optimized in vacuum and solvated by water molecules.
We circumvent problems associated with RSH tuning for solvated
molecules by analyzing the orbital localization involved in the func-
tional tuning. Furthermore, we rationalize and demonstrate that the
spectroscopic features of MB represented in its aqueous medium are
well characterized by the OT-RSH functional. We show that this
is a consequence of the increased short-to-long GGA/EXX inter-
change distance in solution (w™'), leading to higher weights of
semilocal GGA exchange in the description of the MB molecule
while treating the solvent by a balanced mix of semilocal and EXX
at long range. Furthermore, we show that the zero-point vibra-
tional energy shifts the spectrum to lower energies relative to ver-
tical transitions and that vibronic contributions are responsible for a
shoulder at higher energy (in comparison to the maximum absorp-
tion). As reference data, we use a partially self-consistent GW + BSE
approach with the optimally tuned wPBE as the starting point (as
benchmarked in Refs. 61 and 62) in addition to experimental data.
Thus, we present an inexpensive TDDFT methodology to describe
accurately the absorption spectrum of this important organic
dye in an aqueous solution, which can be extended to describe
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excited states of other 7-conjugated systems in a complex chemical
environment.

Il. METHODS

The details of the generation of the molecular configurations,
molecular dynamics, calculation of vibrational spectrum, and cal-
culation of excited states with TDDFT and GW + BSE and the
data obtained are listed in the supplementary material. We also
discuss our strategy for optimally tuning the RSH in explicit sol-
vated systems, basis set convergence, and starting point issues in the
GW + BSE calculations in the supplementary material.

The geometries and vibronic spectrum were obtained from
DFT/B3LYP/def2-SV(P) calculations (theory/xc-approximation/
basis set) followed by molecular dynamics simulations [isothermal-
isobaric (NPT) ensemble with T = 298 K and P = 1 atm]. The
ground and excited state vibrational spectra were computed using
analytical and numerical second derivatives.””*" The structures for
excited state calculations were obtained from MD frames and labeled
according to their MD step after reaching thermal equilibrium and
the number of solvating water molecules (in parenthesis), namely,
MB-01(20), MB-13(20), MB-19(13), MB-27(20), MB-31(23),
MB-38(26), and MB-46(21). These structures were generated with
a solvation cutoff of 3.2 A, where solvation cutoff is the maximum
distance between an MB atom and an atom in the water molecule
selected for the calculations. The structure MB-31 was taken as a
representative structure and progressively solvated with additional
cutoffs of 3.8 A,4.0A,42A,444,454,46A,484,504,52A4,
and 5.4 A, corresponding to 46, 58, 59, 67, 70, 71, 76, 84, 93, and
101 water molecules, respectively. The excited states were calculated
from (i) TDDEFT calculations with the functionals xPBE, + (1 — x)
EXX + PBE,, 0 < x < 1, with the 6-31G(d,p) as basis set, (ii) TDDFT
with the wPBE and 6-31G(d,p) as functional and basis set, and
(iii) eigenvalue self-consistent G,W, + BSE/wPBE/6-311++(2d,2p)
(method/starting point/basis set).

Ill. RESULTS
A. Ground state properties

MB and solvent configurations were obtained using an itera-
tive procedure to account for solute polarization described in detail
in the supplementary material. We employ a protocol to induce the
solvent perturbation on the solute by generating an average solvent
electrostatic potential (ASEP) developed initially by Sanchez and
co-workers.”*° We follow a sequential QM/MM iterative proce-
dure similar to the one proposed by Coutinho et al.””* to generate
converged solvent configurations in equilibrium with induced solute
polarization for fixed solute geometries. In their procedure, solvent
effects are included using point changes whose configurations come
from Metropolis Monte Carlo simulations while solute charges are
computed using the CHELPG algorithm.” An iterative procedure is
used, where at each iteration a new set of solute CHELPG charges
is obtained at distinct sampled solvent configurations. They have
applied their method for the calculation of condensed phase spectra
of several systems with encouraging results.”’””
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Solvated MB displays a strong increase in dipole moment in
the water when compared to vacuum, going from 2.55 D to 4.23 D
as computed by our iterative procedure. A strong charge separation
matches the increase of the dipole moment of the molecule, where
the central nitrogen acquires a strongly negative charge compared to
its vacuum value. CHELPG values increase from —0.60e to —0.91e.
As expected, solute-solvent interactions are affected, resulting in a
larger number of hydrogen bonds between the central nitrogen and
water. These interactions are present in most configurations sam-
pled from molecular dynamics and in the configurations selected for
spectroscopic studies.

B. Excited states of the isolated MB by exploring
global hybrid functionals: Assignment of the failures
and the OT-RSH proposal

As we expect that standard TDDFT cannot describe the optical
gap of MB well, we try to map possible error sources by calculat-
ing the first excited state transitions (So-S; and So-T1), adding EXX
stepwise in the hybrid functional. Figure 1 shows the S; and T exci-
tation energies calculated with TDDFT as a function of EXX/PBE,
admixture for MB-31(0), as well as calculated from the G, W, + BSE
method [AE(Sp-S;) = 2.25 eV and AE(So-T;) = 1.00 eV] and the
experimental maximum absorption of MB in water (1.87 eV).” The
experimental value taken in water does not represent the optical
gap of the molecule in the gas phase, but solvent effects are not
expected to exceed 0.1 eV-0.4 eV (see below). Thus, the optical gap
of the molecule in the gas phase should be around 2.0 eV-2.3 eV,
suggesting that G,W, + BSE can be regarded as the reference data
(also rationalized in Refs. 61 and 62). The So-S; transition energy
approaches the G,W, + BSE and the experimental values as the

28 @0 o
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FIG. 1. Sp-S; and Sy—T; transition energies for MB-31(0) as a function of PBE
exchange and exact Fock exchange admixture in the TDDFT approximation
[Ex = xPBE4 + (1-x)EXX] and in comparison to G,W, + BSE calculations and
the experimental maximum absorption of MB in water.
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GGA portion increases, going from 2.87 eV when Ex = EXX to
2.32 eV when Ey = PBE,. Simultaneously, So-T: increases from the
unrealistic value of ~0.1 eV when E, = EXX to the reasonable value
of ~1.2 eV when E, = PBE,. Yet, either TDDFT or GW + BSE esti-
mates for the So—T; transition are considerably underestimated, in
comparison with reference data (1.75 eV using CASPT2),” due to
triplet instabilities.””

The superior performance of pure GGAs over HF indicates
that charge transfer is not a dominant feature and that the tran-
sition could be of double excitation character (when error can-
cellations occur for GGAs).33 However, the overestimation of the
optical gap resembles the case of the cyanine dyes,'™””’* when the
dynamical correlation is important, as well as the fact that the pure
GGAs outperform their associated hybrids.”” We could calibrate
the global hybrid functional with high portions of GGA and pro-
ceed further to study the influence of the solvent in the optical
gap of MB. However, besides the lack of generality of such pro-
cedure, from previous studies, we learn that the optimally tuned
RSH can describe well intermolecular interactions’”” and dielectric
screening,” differently from global hybrids.”” Furthermore, short-
contact intermolecular interactions with solvent molecules could
lead to an increase in the charge-transfer character of the first excited
state, another feature that is well described by RSH functionals in
contrast to hybrid functionals,”” especially if constructed with large
portions of GGA.

Figure 2 shows the electron-hole pair of the natural transi-
tion orbitals (NTOs) of MB-31(0) for the So-S; transition from
TDDFT/wPBE calculations. The transition is almost entirely repre-
sented by a HOMO-LUMO transition (> 90%) and described by
the electron migration from the whole molecule to the central sul-
fur and nitrogen atoms, an apparent valence excitation with little
intramolecular charge transfer character. The TDDFT/wPBE cal-
culations estimate the So—S; and So-T; transitions at 2.54 eV and

S;(elec.)

FIG. 2. NTO isosurface densities of the most significant electron-hole pair (> 90%)
of S4 for MB-31(0). Carbon atoms are represented in green, nitrogen in blue, sulfur
in yellow, and hydrogen in white.
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1.22 eV, respectively. These transitions are off by ~0.3 eV in com-
parison with G, W, + BSE, slightly worse than the pure PBE and
desired accuracy (within ~0.1 eV).

We anticipate that the inferior performance of the OT-RSH
with respect to the GGA will be attenuated or removed when
inserting solvent effects. The optimal w for the solvated structures
tends to be smaller since the frontier orbitals tend to be more
delocalized.” Thus, the distance where the fraction of EXX is larger
than the PBE exchange increases, such that a larger contribution to
the energy of MB comes from the GGA exchange potential.”’ For
instance, according to the optimal w values, the GGA/EXX inter-
change distance for the isolated molecule is at 1.3 A and for the
fully solvated system at 1.7 A [taken from erf(wopiro) = 1/2, see w
optimization below]. Furthermore, the OT-RSH is indicated for
explicitly solvated systems because GGAs tend to overestimate elec-
tron density delocalization while EXX tends to underestimate it,
such that the OT-RSH temper these limits showing small delocal-
ization errors.”

C. Excited states from TDDFT/wPBE
and the contributions from intermolecular
interactions and dielectric screening

Table I lists the TDDFT/wPBE transition energies of the first
excited states with respective oscillator strengths for singlets of
all configurations (note that triplet transitions are forbidden in
our calculations due to the lack of spin-orbit coupling). Figure 3
illustrates the transitions in comparison with the experimental
data. The excited states with strong oscillator strength (~0.5) are
always localized in MB, topologically similar to the transition of
the isolated molecule, as noted by their electron-hole pair from
the NTOs [see representative NTOs in Fig. 4-left for MB-31(101)].
The singlet transitions with low oscillator strength are of a mixed
charge transfer character, described by the electron donation from
a water molecule nearby the sulfur atom of MB [represented
in Fig. 4-right for MB-31(101)]. For most of the configurations,
this excitation is about 0.1 eV-0.4 eV distant from the excitation
localized in MB, and its oscillator strength is limited to 1072, Inter-
estingly, for the configuration MB-31(23), this excitation is the low-
est one and shows increased oscillator strength, 0.07, and it is much
closer, in energy, to the one located in MB (AE = 0.036 eV). This
indicates that there might be a coupling between S; and S, such
that S; increases in oscillator strength, pulling the absorption band
to lower energies (similar to the coupling reported in Ref. 80).
Note that by taking into consideration the structures generated
with a solvent cutoff of 3.2 A with 20-21 solvent molecules, the
dispersion in the optical gap is about 0.3 eV, which is related to
small molecular distortions and distinct solvent configurations (sim-
ilarly to the configurational variances when collecting the exper-
imental data, but here limited to a small number of sampling
configurations).

After looking at the optical gap dispersion of MB due to dis-
tinct molecular arrangements and a variation of intermolecular
interactions, we look at MB-31 as a representative configuration to
investigate the influence of intermolecular interaction and dielectric
screening in the first excited states. Thus, structures with various
distance cutoffs with respect to solvent molecules were generated
and the optimization parameter was calculated as a function of the
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TABLE |I. First excited states and oscillator strengths (O.S.) for MB structures as calculated by the TDDFT/wPBE method.

Note that wgy is used for all calculations except for MB-31(101),

extrapolated to a completely solvated system.

in which w1

solv

was used instead, which is the optimal w

Molecule Wopt (x1073 aal) S1 (eV) 0.S.s, S, (eV) O.S.s, Ti (eV) Ta(eV)
MB-01(20) 182 1.6316 0.0008 2.3508 0.4767 1.0563 1.6293
MB-13(20) 182 2.3099 0.7991 2.4412 0.0181 0.9131 1.6807
MB-19(13) 191 2.3813 0.8285 2.5467 0.0014 0.9977 1.8134
MB-27(20) 182 2.5791 0.8002 2.6941 0.0056 1.2580 1.9027
MB-38(26) 179 2.2398 0.6958 2.3912 0.0009 0.8197 1.6489
MB-46(21) 179 1.9670 0.0055 2.3705 0.7052 1.0959 1.6642
MB-31(0) 203 2.5432 0.8694 2.7871 0.0063 1.2233 1.9838
MB-31(23) 179 2.1800 0.0701 2.2160 0.6484 0.7460 1.7490
MB-31(101) 150 2.1527 0.7135 2.3240 0.0079 0.8199 1.6509
number of solvent molecules. The optimization parameter could be Using 0, in TDDFT/wPBE calculations, one can account for the

represented by a mono-exponential decay as the number of solvent
molecules (1) increases, described asw(n) = wyexp(-n/d) + %,
where wy is the optimal w of the bare structure, ¢ is a system depen-
dent fitting parameter, and w?, is the optimal w when extrapolat-
ing the optimization to the fully solvated structure (“bulk” water).”
Interestingly, the exponential decay of the parameter w as a function
of the solvation shell number is not only observed for weakly inter-
molecular interacting systems, as demonstrated in Ref. 55 but also

for a system of polar molecules prone to intermolecular interaction.

1.2
MB-31(0) E&
MBs(20/21) Y
1F MB-31(23) K
MB-31(101) [
Exp. H
c 08[ - -
(o]
c - -
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6 —
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O o4}
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0 | 1 E\ 1 | | =5

L = d
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FIG. 3. Excited state spectra for MB-31(0), in green; MB-01(20), MB-13(20),
MB-27(20), and MB-46(21), in red; MB-31(23), in magenta; and MB-31(101), in
blue, as calculated by the TDDFT/wPBE method, and experimental data, in black.

long-range dielectric screening of the media in the description of
the excited states.”' Figure 5 shows a good agreement between the
approximate curve and the ASCF-calculated w(n), which resulted in
an %}, value of 0.150 a5 .

The comparison between the optical gap of MB as calculated
from the G,W, + BSE and TDDFT/wPBE methodologies is illus-
trated in Fig. 6. The So-S: transition of MB-31(23) from the
G,W, + BSE calculation is at 2.05 eV, indicating a decrease in
0.2 eV due to intermolecular interactions and local screening.
TDDFT/wPBE predicts the So-S; transition of MB-31(23) at 0.36 eV
below the transition for the isolated molecule. The OT-RSH is more
influenced by the explicit solvation because the range separating
parameter decays rapidly by including the first coordination shell,
and the lowering of the parameter emulates long-range dielectric
screening.” For instance, @ decays from 0.203 to 0.179 ap by includ-
ing the first coordination shell (88% of wy), reaching 0.150 a(l) when
the parameter is extrapolated to fully solvated structure (74% of wp).

¥y .

S, (elec.)

FIG. 4. NTO isosurface densities of the most significant electron—hole pair (>90%)
of the Sy and S, transitions for MB-31(101) as calculated by the TDDFT/wPBE
method. Carbon atoms are represented in green, nitrogen in blue, sulfur in yellow,
oxygen in red, and hydrogen in white.
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FIG. 5. Optimal w as a function of the number of water solvent molecules
surrounding MB-31 and exponential decay fits.

Moving to the fully solvated structure, one notes an additional shift
to the lower energy of about 0.03 eV, with all results indicating
a modest contribution from long-range dielectric screening in the
first excited singlet state. This is expected since MB is considered
a dye with a small solvatochromic shift.”* Note that the calcula-
tion of MB-31(101) results in a Sy—S; with a deviation of 0.28 eV to
higher energies in comparison to experimental data. Vibronic and
zero point corrections shift this value further down, as described in
Sec. [11 D.

The performance of TDDFT for cyanine dyes has been previ-
ously analyzed as follows:” An electronic transition with a strong
HOMO-LUMO character in the adiabatic approximation is approx-
imately given by the HOMO-LUMO gap (ez—¢n), added by the
Coulomb electron-electron repulsion term and xc kernel integrals.”
For instance, for the two-level model HOMO-LUMO transition in
the Tamm-Dancoff approximation,”’

EPPPT = (&1 — e) + 2[LH|riy |LH] + [LH|f2 + f4LH], (1)

where the second term on the right-hand side of the equation is
a two-electron repulsion integral and the third term is the xc lin-
ear response kernel (fic) integral (L and H refer to the HOMO

MB-31(0) MB-31(23) MB-31(101)

2.6

wWPBE/ 0.3 eV
2.4 [TDDFT

T
2| 0.28 eV
0.18 eV EXp

1.8

FIG. 6. Diagram of the first excited state for MB-31(0) and MB-31(23) as cal-
culated from the G,W, + BSE and TDDFT/wPBE methods, in addition to the
TDDFT/wPBE calculation for MB-31(101), and experimental data.

Energy (eV)
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and LUMO Kohn-Sham orbitals, respectively, and « and f3 are spin
labels). The HOMO-LUMO gap is the dominant positive term, the
electron-electron Coulomb repulsion term is typically small but
positive, and the xc kernel integrals are generally negative.

The HOMO-LUMO gap for MB-31(0) as calculated from
DFT/wPBE is 4.5 eV (similar to the other configurations). Thus, the
last term of the above equation, the xc kernel integrals, should be
sufficiently large (and negative) in order to lower the optical gap in
the direction of the reference data (E?1W+BSE =2.25¢V). The fact that
the TDDFT/wPBE results are generally overestimating those of the
G,W,, + BSE is similar to what has been observed for cyanine dyes,
and has been attributed to too small contributions of the xc response
kernel integrals.”*

D. Vibronic contributions

Another question regarding the absorption spectrum of MB
is related to the shape of the envelope, in particular the cause of
the line broadening and the shoulder between 625 nm and 606 nm
(1.98 eV and 2.04 eV, or 16000 cm™" and 16500 cm™", respec-
tively) (Fig. 7). Within the generating function method,””** the 0-0
transition occurs at

AEgo = AEu4a — Egpy + Epy, (2)

where AE,;, is the adiabatic excitation energy, and the last two
terms are the zero-point vibrational energy (ZPV) in the ground
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FIG. 7. Comparison between the calculated vibronic absorption spectrum in the
gas phase and the experimentally measured spectrumin water.”® Computed spec-
tra have been downshifted by 0.5 eV (4046 cm~") to align the main band of the
broad spectrum with the experimental Aax value. 08 denotes the 0-0 transition.
In the other peak assignments, the mode number according to Table S2 (supple-
mentary material) is given with subscripts indicating its ground state vibrational
quantum number and superscripts indicating its excited state vibrational quantum
number of the transition; all other modes have both zero as initial and final quantum
numbers.
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and excited states, respectively. The 0-0 transition (denoted 0 in
Fig. 7) serves as the reference point for the vibronic structure. Since
the excited state ZPV energy (8.458 eV) is smaller than the ground
state ZVP (8.532 eV), the 0-0 transition (2.351 eV) lies 0.16 eV
below the TDDFT/B3LYP/def2-SVP adiabatic excitation energy of
2.424 eV. When applying a line broadening with a lifetime of 1000
au (red in Fig. 7), the peak maximum is shifted 0.019 eV to the
blue, relative to the 0-0 transition using a lifetime of 100000 au
(blue in Fig. 7). In general, line broadening could be caused by
conformational isomers”* or by vibronic bands.”’ Our vibronic
spectra calculations, including Duschinsky effects, show that both
line broadening and the dominant shoulder are due to the vibronic
effects. Furthermore, the line broadening is mainly caused by three
vibrational modes, mode 11, mode 19, and mode 40, shown in Fig. 8
(Multimedia view)—(Table S2 lists all vibrational transitions in the
supplementary material). By assigning modes 11 and 19 as the main
causes for the broadening, our calculations are partially consistent
with previous calculations of Franck-Condon factors by Dean and
co-workers based on the displaced harmonic oscillator model; how-
ever, mode 40 was not identified by their work.”” In addition, several
peaks with minor intensity (<0.1 in Fig. 7) contribute to broadening
and were not included in previous spectral simulations.”” Regarding
the dominant shoulder above 625 nm (16000 cm™"), our calcula-
tions show that it is mainly due to mode 68 and its combinations
with modes 11 and 13 (Fig. 7).

We also computed the vibronic spectrum using the wPBE
xc-functional [6-31G(d,p) basis set and w =0.2034;, '] but within the
displaced harmonic oscillator approximation because we could not
determine the full Duschinsky matrix from the output. However,
since the Duschinsky matrix for MB is close to unity, the approx-
imation made is small. The wPBE vibronic spectrum compares
well to the TD-B3LYP spectrum (see the supplementary material).

mode 11: 108.03 cm

mode 19:235.31 cm™?

mode 68: 1231.97 cm*!

FIG. 8. Dominant excited state vibrational normal modes and their fre-
quencies calculated by TDDFT/B3LYP/def2-SVP.  Multimedia  views:
https://doi.org/10.1063/5.0029727.1; https://doi.org/10.1063/5.0029727.2; https:/
doi.org/10.1063/5.0029727.3; https://doi.org/10.1063/5.0029727.4
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As expected, the vibrational features are relatively insensitive to
the xc-functional approximation. In addition, we computed the
TD-B3LYP/TDA vibronic spectrum. Vibrational frequencies in the
excited state are very similar in TD-B3LYP and TD-B3LYP/TDA,
but some peak intensities are different in the two spectra due to dif-
ferences in the Duschinsky matrix (see the supplementary material).
This shows that the TDA affects the computation of the vibrational
modes in the excited state.

IV. CONCLUSIONS

We present a strategy to predict the optical gap of MB in water
using an optimally tuned range-separated hybrid functional for fully
solvated structures within TDDFT. The addition of a realistic solvent
environment, dielectric screening effects, and vibronic corrections
are essential for bringing the results close to experiments. Solva-
tion effects, which we take into account explicitly, are responsible
for lowering the optical gap by about 0.2 eV-0.4 eV, resulting in an
overestimation of the experimental data by 0.2 eV-0.3 eV depending
on the structure used. Vibronic effects and zero-point corrections
shift the adiabatic value down in energy by 0.16 eV, as estimated
by TDDFT/B3LYP calculations. The overestimation then decreases
to only ~0.15 eV with respect to experimental data. Vibronic cal-
culations also show that in-plane mode 68, with a large compo-
nent in ring CH bending, and mode 11 are responsible for the
vibronic subband that is very characteristic of MB’s UV spectra in
solution.

The optical gap difference between G,W, + BSE and
TDDFT/wPBE is reduced from 0.3 eV to 0.1 eV by going from
the isolated MB to the solvated structure. The improvement in the
performance of TDDFT/wPBE for the solvated structure occurs
because the semilocal term of the functional takes over at larger
distances, and dielectric screening is emulated by choosing the
range separation parameter appropriately.”’ Since semilocal func-
tionals are reported to treat better 7-conjugated systems (although
due to error cancellations),””*””” we expect that such a strategy
might be generalized, permitting to study these important systems
at relatively low computational cost and with acceptable accuracy.
The combination of the methodologies employed in this study is
going to be relevant for the description of the absorption spectra of
n-conjugated systems, especially in solution or in other chemical
environments.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about molecular
configurations, vibronic spectra calculations and illustrative movies
of the relevant vibrational modes, optimal tuning of the RSH func-
tional and TDDEFT calculations, GW + BSE calculations: start-
ing point dependence and basis set convergence, and tables with
data obtained in the optimal tuning of the RSH functional and
GW + BSE calculations, and the vibronic modes.
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