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ABSTRACT: Theoretical modeling of the photophysical
properties of materials (both low-weighted and polymeric)
for energy harvesting represents an attractive area of
fundamental and applied research. In this area meaningful
results can be obtained only in the presence of realistic models
keeping intact the atomistic complexity which, in this system,
is usually very high. Herein we propose a model study, carried
out on a typical building block for energy harvesting materials,
4,7-dithien-2-yl-2,1,3-benzothiadiazole (DTB), with the pre-
cise aim to theoretically reproduce the charge-transfer S0−S1
UV−vis signal in different solvents and also to provide some
hints for interpreting the large Stokes-shift observed in its
fluorescence spectra. Results show that the DTB spectral
(absorption) features are the result of an intimate interplay between chromophore thermal fluctuations and environmental
dynamical (electrostatic) perturbation. Deep inspection of the results also confirms the possibility of modulating the
chromophore low-energy photophysics acting on the thermal, electrical, and chemical properties of the molecular surrounding
environment.

1. INTRODUCTION

Materials for energy harvesting and transformation represent a
crucial aspect in the development of sustainable technologies.
In particular, conjugated low-medium sized molecules and
polymers attracted a great deal of attention in the last few years
as components of photovoltaic devices, such as organic,1

polymer,2,3 hybrid,4 and dye-sensitized solar cells5 and
luminescent solar concentrators.6 Theoretical−computational
modeling of physicochemical properties of these materials is
extremely important not only for an obvious intellectual
advancement, but also for providing the investigators with
efficient tools for designing and optimizing the efficiencies of
energy harvesting devices. For this reason, an extensive
theoretical−computational investigation is currently active in
several outstanding research groups.7−12

In this paper we address a theoretical−computational study
on the electronic properties of 4,7-dithien-2-yl-2,1,3-benzothia-
diazole (DTB, Figure 1), widely used as a building block for
metal-free dyes for dye-sensitized solar cells and as a monomer
unit in a large range of alternating donor−acceptor low band
gap polymers.3 DTB is a conjugated molecule belonging to the
class of organic materials composed by a donor−acceptor−

donor (D-A-D) framework13−19 with an electron-poor
benzothiadiazole central core connected to two electron-rich
thiophene rings, which has also been demonstrated to be an
effective component of dye blends for efficient luminescent
solar concentrators.20
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Figure 1. Schematic view of DTB.
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These latter devices utilize organic dyes with high photo-
luminescence quantum yields that redshift the incoming light
and couple it to a waveguide; solar cells, sealed to the
waveguide, collect from a large area the light that has been
concentrated and converted to the narrow band emission of the
dye and transform it in electric energy. Such a particular
modulation between adsorbed and emitted wavelength (e.g.,
Stokes shift) and the strong environmental coupling is a feature
rather common to many organic materials, including DTB,
which are supposed to undergo intramolecular charge transfer
(ICT) upon excitation. A deep comprehension of excited-state
ICT, although very important for fundamental and application
purposes,21 is not a simple and straightforward task22−24 and is
even more complicated in the actual operating conditions such
as solution or amorphous media. As a matter of fact in these
conditions several conformational states of the chromophore
are present and in continuous interaction with a very complex
atomic−molecular environment (solution, amorphous solids, or
polymeric matrices). In this respect, standard theoretical−
computational tools, very efficiently utilized for deriving still
useful information in the gas phase,25−27 in crystal-state
conditions,28,29 or when the environmental perturbation can
be safely reduced to an average effect,30−35 in complex
problems like the present one require substantial improve-
ments.36−41 In a recent paper, we modeled the photophysics of
solvated oligothiophenes,42 by implementing a new theoretical/
computational procedure, based on molecular dynamics (MD)
simulations and quantum-chemical and perturbed matrix
method (PMM)43−47 calculations. Hereafter this approach is
termed as PMM-MD. The peculiarity of PMM-MD for the
modeling of absorption spectra of flexible species in solution
relies on its ability to include in the calculation all of the
significant conformational states of the chromophore in
interaction with a multitude of configurations of the perturbing
environment, e.g., the solvent. These aspects, in conjunction
with the vibronic structure produced by the excitation of each
chromophore conformation, would exhaustively contribute to
the reproduction of the spectral line shape.48,49 The same
approach has been adopted in the present study to characterize
in some detail the solvated DTB low-lying (S1) vertical
electronic excited state heavily involved in the above-mentioned
technological applications. In particular, we have undertaken a
systematic experimental analysis of the absorption and emission
spectra of DTB in different solvents of different natures. The
experimental absorption spectra have been compared to the
calculated ones, and the consequent detailed characterization of
DTB vertical excited state and its dependency on the
chromophore and solvent fluctuation has provided us with
important indications also useful for preliminarily explaining
the observed Stokes shift.

2. EXPERIMENTAL AND THEORETICAL DETAILS
2.1. Absorption and Emission Spectra. Absorption

spectra were collected on a Perkin-Elmer Lambda 950
spectrophotometer (spectral bandwidth 1 nm, stepsize 1 nm).
The molar absorption coefficient was measured from two
separately weighted and dissolved stock solutions in a repeated
determination of each sample (six independent measurements).
The dilution was chosen in such a way that the absorbance of
the sample solutions equaled 2.5 at the maximum of the
absorption band. The quartz cells (Hellma 110-QS, 110-50-40)
were sealed with Teflon stops after each filling step.
Fluorescence emission spectra were measured with a Horiba

Fluorolog 3 spectrofluorometer. The setup consists of a 450 W
xenon lamp coupled to a double monochromator for excitation
and a single monochromator for emission iHR320 with
holographic grating (1200 gr/mm for PMT R928, Hamamat-
su). In order to correct for temporal fluctuations of the
stabilized xenon lamp source, the emission signal was divided
by the signal of a reference diode monitoring the lamp output.
All fluorescence spectra presented here are corrected for
emission from the solvent and dark counts from the detector
(blank correction) and for instrument specific contribution
(emission correction) from files provided and updated by the
manufacturer, obtained by calibrated lamps.

2.2. Theoretical Framework. DTB UV−vis absorption
spectra recorderd in solution have been compared to the
spectra calculated utilizing the previously cited PMM-MD
scheme. This method, essentially originating from the
perturbation-theory, is based on the determination of the
quantum states of a predefined portion of a complex atomic-
molecular system, e.g., the solute (hereafter termed as quantum
centre, QC), in interaction with the environment, e.g., the
solvent molecules, similarly to the most popular QM/MM
methods.50−54

The main differences with the other commonly employed
QM/MM approaches might be essentially briefly summarized
as follows: PMM-MD’s main goal is to maintain as much as
possible, at a proper level of description, both the explicit
definition of QC quantum degrees of freedom in interaction
with the environment and an exhaustive and significant
sampling of the semiclassical conformational space of the
overall system; differently from many of the commonly
employed QM/MM methods, PMM-MD is based on a
homogeneous definition of the conformational space of the
overall system; that is, both the solute and the solvent are
simulated according to classical MD making use of the same
Hamiltonian (e.g., an empirical force field). Subsequently, the
configurations accessed by the overall system along MD
simulations are utilized a posteriori to apply the PMM
procedure for the evaluation of the QC ground to excited
quantum (e.g., electronic) states interacting with the rest of the
simulation box acting as a classical perturbation. As a
consequence, the border effects do not affect the statistics of
the whole atomic−molecular system, but their effects and the
associated systematic errors, are limited to the Born−
Oppenheimer perturbed electronic eigenstates of the QC (see
subparagraph below).
So far, the PMM-MD approach has been usually applied for

characterizing the perturbed quantum states of rigid or
semirigid molecules in solution.43 Its extension to very flexible
species, very recently implemented,42 has been utilized in this
study. In the next three paragraphs, additional details
concerning the methodologies utilized are briefly outlined.

2.3. Perturbed Matrix Method. The determination of the
perturbed quantum properties of a rigid QC interacting with a
classical perturbation along the MD simulation is achieved at a
given instant of time t by constructing a perturbed (electronic)
Born−Oppenheimer Hamiltonian operator H̃[rn,x(t)] ex-
pressed on the basis set provided by the unperturbed
calculations (see below).
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where rn are the coordinates of the rigid QC, x(t) is the atomic
coordinates of the perturbing environment at a generic MD
frame, H̃0(rn) is the unperturbed (gas-phase) electronic
Hamiltonian calculated for the selected QC geometry, qT is
the QC total charge, V[rcom, x(t)] and E are the electrostatic
potential and electrostatic field exerted by perturbing molecules
present in the simulation box at their instantaneous x(t)
configuration and acting at the QC center of mass (rcom), Δζ is
scalar term which approximates the perturbation due to all
higher-order terms to simple short-range potential,43 and I ̃ is
the identity matrix.
The terms Z̃1[E(rcom,x(t))] and Z̃2[Θ̃(rcom,x(t))] are the

perturbed Hamiltonian matrices whose generic l,l′ elements are
explicitly defined as

μ̃ = − ·⟨Φ | |̂Φ ⟩′ ′Z E[ ]l l l l1 ,
0 0

(2)

and

̃ = Θ̃ ̃′ ′Z Tr Q[ ]
1
2

[ ]l l l l2 , , (3)

where Θk,k′ = (∂Ek)/(∂rk′)r=rcom is the electric field gradient
evaluated at QC center of mass and Q̃l,l′ is the unperturbed l,l′
transition quadrupole matrix.
In the case of dipolar approximation, i.e., first order, eq 1 can

be rewritten as
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with the term 3, approximated in this case as a scalar term,
merged together with Δζ into the same scalar term, i.e., Δζ′.
Both the transition dipole and transition quadrupole in 2 and 3
are derived by using the Φl

0 (l = ground, first excited, second
excited, ..., Mth excited) unperturbed electronic Hamiltonian
eigenfunctions evaluated only once in correspondence of the

QC fixed geometry with standard quantum-chemical calcu-
lations.
Diagonalization of the perturbed electronic Hamiltonian (eqs

1 or 4) at each MD frame produces a trajectory of perturbed
eigenvalues and QC eigenvectors (ci) according to the
procedure pictorially described in Scheme 1.
The set of perturbed eigenvectors can be used to evaluate, at

each configuration of the perturbing environment, the
perturbed excitation energies (i.e., the difference between the
ith eigenvalue and the lowest eigenvalue of operator 1 or 4) and
whatever perturbed observable. In this study we have mainly
focused our attention on the perturbed electric dipoles μi for
the ith perturbed electronic state and the perturbed transition
dipoles, μi,j evaluated according to eq 5

μ = * Λ̃ + * Λ̃ + * Λ̃i kc c c c c ci j i x j i y j i z j,
T 0 T 0 T 0

(5)

where

μΛ̃ = ⟨Φ | ̂ |Φ ⟩ =′ ′ p x y z[ ] , ,p l l l p l
0

,
0 0

(6)

is the unperturbed (gas-phase) electric dipole matrix.
The perturbed transition dipoles have been utilized (in

particular the μ0−1) to calculate the S0−S1 absorption intensity
according to the usual relations of time dependent perturbation
theory and following the computational procedure recently
reported in the literature.45

The unperturbed M-dimensional basis has been also utilized
for roughly estimating the distribution of the perturbed charge
on the solvated DTB both in the ground state and after
electronic (vertical) excitations. This has been accomplished by
defining the pseudodiagonal unperturbed charge operator
[G̃p

0]l,l with t = 1, 2, ..., L where L is the number of predefined
chemical groups forming the molecule of interest (in this case
the two thiophene rings and the benzothiadiazole central core,
i.e. L = 3) and l refers to the lth (vertical) electronic state of the
QC. Hence we indicate with [G̃1

0]l,l, [G̃2
0]l,l, and [G̃3

0]l,l the total
unperturbed charge present on the first and second thiophene
rings and the central core, respectively, when DBT is in the lth
electronic state. These elements can be easily estimated by
using the unperturbed ground and excited point charges of the

Scheme 1. Schematic Flow Chart for PMM Application in the Case of QC Rigid Geometry (Represented As a Blue Rectangle)
in Interaction with Perturbing Solvent Molecules (Represented As Red Circles)
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molecule of interest (see below). Utilizing the perturbed
Hamiltonian eigenvectors we can then evaluate the perturbed
charge (G̃p

Pert) for each of the tth chemical groups by applying
the familiar relation 7

̃ = * ̃G c G cp
T

p
Pert 0

(7)

All of the above considerations and relations are strictly valid
only when the QC does not undergo conformational
transitions, i.e., for a rigid covalent framework. It follows that
for flexible QCs, i.e., solvated molecules exploring several
conformational states (perceived as the results of semiclassical
vibrations) we need to derive a set of unperturbed electronic
Hamiltonian states (Φl′

0−j) for each of the jth sampled
conformation. Consequently the PMM scheme modifies
according to Scheme 2.
The only additional problem, in this second case with respect

to the rigid QC case, derives from the difficulty associated to
the definition of the QC conformational transitions which
becomes a relatively complicated task in the presence of more
than one or two QC internal coordinates (e.g., the
Ramachandran plots for the peptides). This has been
overcome42 as described in the next paragraphs.
2.4. Molecular Dynamics Simulations. For the semi-

classical simulations of solvated DTB, an all-atoms model has
been adapted from the Gromos forcefield.55 In particular, atomic
point charges have been calculated using standard electrostatic
fitting procedures as implemented in QM packages (see the
next subsection). With the same methodology torsion angles,
related to the thiophene-benzothiadiazole mutual rotations,
have been also evaluated with QM calculations at the same level
of theory. DTB molecule has been put at the center of a
dodecahedric box filled with the solvent. Five different solvents
available in the Gromacs library (and used as such) have been
simulated with the specific aim of covering a wide repertoire of

polarity: water, methanol (MEOH), chloroform (CHCl3),
dimethyl sulfoxide (DMSO), acetonitrile (ACN). We wish to
remark that DTB solubility in water and MEOH is very low and
the use of these solvents is only due to the interest in exploring
the effect of large electric field amplitude and fluctuation on the
spectral behavior of DTB.
The box was filled with molecules at experimental density

corresponding to 300 K and 1.0 bar:

(a) 1042 all-atoms water molecules, SPC model, at the
density of 1.0 g/cm3

(b) 1036 CHCl3 molecules, at the density of 1.483 g/cm3

(c) 900 MEOH molecules at the density of 0.7918 g/cm3

(d) 800 DMSO molecules at the density of 1.1 g/cm3

(e) 1000 ACN molecules at the density of 0.786 g/cm3

For all of the simulations we employed the same standard
protocol: an initial energy minimization of both solute and
solvent has been carried out, then the system was gradually
heated from 50 to 300 K using short (200 ps) MD simulations.
The trajectories were propagated up to 40 ns in NVT ensemble
at 300 K (using Berendsen algorithm56 with the τ equal to the
time-step used for the integration algorithm), using LINCS
algorithm to constrain all bond lengths,57 long-range electro-
statics were computed by Particle Mesh Ewald method58 with
34 wave vectors in each dimension and a fourth order cubic
interpolation. Gromacs package59 was used for all simulations.
At the end of each simulation the DTB was recentered in the
middle of the box before using the trajectories for further
calculations.
Additional details of the force field can be found in the

Supporting Information.
2.5. Essential Dynamics Analysis. Essential dynamics

analysis (ED) was utilized in this study for two purposes. First,
for carrying out a cluster-analysis devoted to extract the most
probable DTB-(Solvent)n clusters sampled along the simu-

Scheme 2. Schematic Flow Chart for PMM Application in the Case of QC Nonrigid Geometry (Represented As a Blue
Rectangle, Structure A, or Triangle, Structure B, in Different MD-Frames) in Interaction with Perturbing Solvent Molecules
(Represented As Red Circles)
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lations (see subparagraph 3.2) and, second, for extracting the
conformations sampled by solvated DTB (which turned out to
be properly defined as the QC, see subparagraph 3.3). Without
entering into the details of ED,60 we just summarize the
principal feature of the method: using the equilibrated MD
trajectory, the all-atoms covariance matrix was constructed and
diagonalized. Such a transformation produces a set of
orthogonal eigenvectors which represent the new collective
coordinates. Eigenvectors corresponding to the largest
eigenvalues (usually the first two in the spectrum) define the
essential space (essential plane) in which the largest conforma-
tional fluctuations take place.
2.6. Unperturbed Quantum Chemical Calculations. As

briefly mentioned in the previous subparagraph, DTB molecule
was selected as QC (see the Results sections) hence
unperturbed calculations were carried out on this molecule in
isolated state for obtaining the unperturbed basis set to be
utilized in eq 4 and Scheme 2 for obtaining the electronic
spectrum. Let us suppose that from the previous MD
simulations and subsequent ED analysis we have collected M
conformations of DTB. Hence, on each of these M
conformations we have carried out the following protocol of
quantum-chemical calculations to be used in PMM-MD
calculations:
(i) A geometrical relaxation of the internal nonclassical

degrees of freedom was carried out using B3LYP hybrid
functional,61,62 in conjunction to the 6-311G** basis set. Note
that we define as nonclassical degrees of freedom all of the
internal parameters kept constrained with the Shake algorithm
in the MD simulations (essentially bond stretching and
bending). It follows that the geometry relaxation was carried
out in internal coordinates mode by keeping the torsion angles
frozen.
(ii) These locally minimized structures were then used to

obtain ground and first six excited states (ΦGround
0−M , Φ1st‑excited

0−M ,
Φ2nd‑excited

0−M , ...) utilizing time dependent-density functional
theory (TD-DFT)63−66 calculations with the same functionals
and basis set adopted in the previous point for the
minimization.
The choice of this level of theory, although in some cases

affected by well documented limitations for treating charge-
transfer excited states67,68 and in the presence of other more

efficient computational schemes,69 does represent a good
compromise between availability, costs, and performance. Of
course our study is not devoted to the search for the best
functional able to provide the best description of ICT states,
but might provide other investigators with a theoretical−
computational protocol adaptable to whatever level of theory
for unperturbed calculations. In any case the proposed
procedure would allow us to take into account the effect of
conformational transitions, i.e., semiclassical vibrations, on the
spectral shape. In the present study we disregard additional
quantum effects such as the vibronic ones. Based on our
previous work on flexible species in solution,42 the inclusion of
quantum effects (e.g., vibronic structure) although of great
fundamental importance, are expected to be practically
irrelevant for a reasonable reproduction of the essential spectral
features of solvated DTB in thermal conditions (see below).
The same level of theory was also adopted for calculating

ground and excited vertical unperturbed electronic states of
DTB-(Solvent)n clusters (see section 3.2) extracted from ED
analysis and for evaluating DTB ground state point charges to
be utilized in the MD simulation as well as the excited states
point charges to be used for the pseudodiagonal charge
operator (eq 7).70 For the ground state calculations (con-
strained geometry minimizations) we used the Gamess US71

package. For determination of the excited states, TD-DFT
calculations were performed using the Dalton72 program.

3. RESULTS
3.1. Experimental Spectra. In Figure 2 we report the

experimental absorption (inset a) and emission (inset b)
spectra of DTB in different solvents.
Results show that the position of the absorption maximum

(λMAX) is essentially insensitive to the change of the solvent, on
the other hand the relative intensity in cyclohexane, toluene
and DMSO is significantly higher than chloroform and
acetonitrile.
Change of the solvent seems to more heavily affect the

emission signals (Figure 2b) characterized by a sharp Stokes
shifts.
The above findings have been computationally addressed in

the second part of this study utilizing a series of solvents taken
from the Gromacs library. Some of them are in common with

Figure 2. Experimental absorption (inset a) and emission (inset b) spectra of DTB in different solvents (CHex = cyclohexane, Tol = Toluene, DCM
= dichloro-methane, CHCl3 = chloroform, DMSO = dimethyl-sulfoxide, ACN = acetonitrile).
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Figure 3. DTB(Solvent)n cluster most significant structures extracted from MD simulations and ED analysis (upper panels) and DTB structure
without solvent molecules. S0−S1 transition wavelengths and oscillator strengths in parentheses (dimensionless number) are also reported.

Figure 4. Projection of the trajectories of DTB in different solvents onto the corresponding essential plane.
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the ones used in the experimental spectra, namely DMSO,
ACN and CHCL3 and some other selected in order to extend
the variety of solvent polarity and physicochemical features, i.e.
water and methanol. As already remarked in the introduction,
we have focused our attention (and efforts) on the absorption
spectra and on the characterization of vertical low-energy
excited states (basically the first one, S1). The explicit modeling
of the fluorescence signal has not been studied in this work
although the results of the obtained theoretical absorptions
have provided us with some interesting hint for deriving
qualitative explanations of the observed Stokes shift depend-
ence on the solvent physicochemical features.

3.2. Selection of the Quantum Center. A crucial aspect
of this work, and actually important for whatever study based
on a QM/MM scheme, is the predefinition of the QC (see
PMM-MD procedure at paragraph 2). There is not any recipe
for this purpose and usually the selection is based on a
combination of intuition-based arguments followed by
sensitivity analysis. In this study a slightly more rigorous
procedure has been utilized in order to evaluate whether a
single DTB molecule can be realistically selected as QC in
electrostatic semiclassical interaction with the solvent mole-
cules. At this purpose, we have compared the DTB low-energy
first vertical excited state in the presence and in the absence of
the first solvation shell carrying out TD-DFT calculations on a

Figure 5. Schematic view of the representative conformations of the selected basins onto the essential plane.
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representative DTB-(Solvent)n clusters extracted from MD
simulation utilizing ED analysis. Details have been reported in
the Supporting Information (section S1). Three different
solvents were utilized, namely, water, DMSO, and CHCl3.
The results, schematically reported in the Figure 3, clearly
indicate that the energy and, most importantly, the oscillator
strength are scarcely affected by the presence of the closer
solvent molecules strongly suggesting that the first excited state
can be safely considered as rather localized on the DTB moiety.
As a consequence, the use of DTB molecule as the QC
perturbed by (i.e., in semiclassical electrostatic interaction with)
the solvent molecules can significantly describe the essential
physics of the vertical-excitation process as reported in the next
paragraphs.
3.3. Extraction of the Relevant Conformations of DTB

from MD Simulation. The first, preliminary steps of our study
are (i) to evaluate the actual flexibility of DTB and (ii) to
extract a significant ensemble of DTB conformations sampled
during the simulation. Also for this purpose we utilized ED
analysis. For each system we have projected the DTB trajectory
onto corresponding plane defined by the first two eigenvectors
of DTB covariance matrix. Note that for all systems the first
two eigenvectors accounted for more than 85% of the whole
internal motions and are constituted by the concerted torsional
and low-frequency out of plane motions of the three rings.
Further details can be found in the Supporting Information.

The projections are shown in Figure 4 for all solvents.
Each of the black points, present on the planes depicted in

Figure 4, corresponds to a specific DTB conformation sampled
along the trajectory. As a consequence, according to the
procedure outlined in section 2, a huge number of structures
should be taken into account for subsequent QM calculations
making the problem as computationally intractable. Hence a
simplification is necessary. The number of conformations has
been reduced by dividing each of the above planes by a number
of finite-dimension basins (rectangles) and extracting the
conformation at the center of each basin. Careful inspection
of the trajectories and the necessity of using the same structures
for all the solvents lead us to characterize 21 basins and, hence
21 representative conformations (RC) indicated with red
points on the Figure 4. It is important to remark that, within a
single basin, different structures show a root-mean-square
deviation well below 1.0 Å.
The schematic pictures of all RCs and their relative

probabilities (expressed as molar ratios) along the MD
simulations, are reported in Figure 5 and 6, respectively.
Geometrical details (Cartesian coordinates) of all of the RCs
can be found in the Supporting Information.
According to the previous results DTB is rather flexible with

a conformational repertoire very sensitive to the nature of the
solvent. This feature should also characterize DTB in
amorphous solid matrices where DTB usually works. It is
important to note that the fully planar species, intuitively
perceptible as the actual DTB structures, are not representative
of solvated DTB in any of the investigated solvents at 300 K.
3.4. Quantum-Chemical Calculations in Vacuo. The 21

RCs were then used to perform quantum-chemical calculations
in the gas-phase for obtaining the complete set of orthonormal
unperturbed functions to be used in PMM-MD procedure
(Scheme 2). As already stated, in correspondence of each RC of
the different 21 basins, the unperturbed set of ground and six
excited states wave functions Φl′

0−M were obtained in vacuo
(superscript ‘0’) with l′ = 0, 1, 2, ..., 6 (note: 0 stands for ground

electronic state) and M = 1, 2, ..., 21 indicates the basin (RC)
index.
The results of such calculations, in terms of transition

wavelengths and dipoles and ground and excited states
perturbed dipoles expectation values, are summarized in
Table 1. For the sake of brevity we report only the unperturbed
values related to the ground and first three excited states.
In the same table we have also reported, for each structure,

the unperturbed transition angle, i.e., the angle formed by the
ground state and the excited state dipoles, as schematically
shown in Figure 7 which is a direct measure of the charge flow
and rearrangement occurring on the chromophore upon
excitation.
First of all it is important to note that in the low-energy

domain we observe an intense transition (large transition
dipole) corresponding to the S0−S1 transition in all the
geometries. At higher energies we have also revealed two “dark”
transitions (low transition dipole) namely S0−S2 and S0−S3.
This finding obviously implies that DTB internal motions are
never accompanied by S1−S2 and S1−S3 state crossing. This
latter feature is also maintained in the presence of the solvents
(see below). Table 1 also shows that DTB conformational
transitions are accompanied by large variations of ground and
excited states electric dipoles and excitation wavelengths. In all
the cases, the norm of the excited states electric dipoles (|μi|
with i = 1−3) are systematically found as larger than |μo| and
the transition angles very different from zero. These findings
originate from an ICT occurring, upon DTB excitation, from
the lateral thiophene groups to the central moiety (as emerged
from population analysis, see below) not involving a large
amount of charge transfer but, rather, accompanied by a
significant charge redistribution on DTB molecules.

3.5. Determination of DTB Perturbed Electronic
States in Solution and Calculation of the S0−S1
Absorption Spectrum. The unperturbed basis set (Φl′

0−M)
was then used for the application of PMM-MD (as indicated in
Scheme 2, eq 4). At each step of the MD we have evaluated a
21-dimensional array formed by the root mean square deviation
(RMSD) of the instantaneous DTB configuration with respect
to all the RCs. Hence, assuming that at the given frame the
minimum value of RMSD is found in correspondence of the ξ
basin, we construct the perturbed Hamiltonian reported in eq 4
using the unperturbed basis set Φl′

0−ξ (l′ = 0, 1, 2, ..., 6) deduced
from the geometry of the ξth RC using TD-DFT calculations.

Figure 6. Probability (molar ratio) of each basin evaluated along the
MD simulations. Numbers refer to structures in Figure 5.
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Diagonalization of such perturbed Hamiltonian produces the
instantaneous perturbed Hamiltonian eigenstate Φl′

ξ (l′ = 0, 1,
2, ..., 6) representative of the basin. This procedure is repeated
at each frame of the simulation. The concatenation of the
perturbed eigenstates and eigenvectors (automatically weighted
for the corresponding thermodynamic stability essentially
reflecting the Figure 6) has been used for calculating whatever
properties: excitation energies and transition dipoles.
The previous perturbed properties have been adopted for

evaluating the DTB S0−S1 absorption spectrum in the low-
energy range (λ not below 400 nm), reported in Figure 8. Note
that perturbed λMAX for S0−S2 and S0−S3, always found to lie
more than 100 nm below S0−S1 transition and characterized by
very low intensity, has been disregarded by our analysis.
From the comparison between calculated and experimental

absorption spectra we preliminarily deduce the following:

(1) All of the calculated λMAX are systematically red-shifted of
about 40 kJ/mol with respect to the experimental ones.
Analysis of the gas-phase calculations (Table 1) leads us to
conclude that this discrepancy is due to the already remarked
systematic deficiencies of the level of theory utilized for the
unperturbed calculations.
(2) The same limitations also produce a slight overestimation

of the λMAX absolute intensities with respect to the experimental
ones. However, relative intensities are very well reproduced
perfectly matching the experimental trend DMSO > CHCl3 >
ACN.
(3) The spectrum in water is red-shifted and the λMAX

intensity is significantly lower than the value obtained in the
other solvents.
(4) The shape of the calculated spectra, as produced by DTB

semiclassical vibrations (conformational transitions) and
solvent fluctuations are in very good agreement with the

Table 1. TD-DFT (B3LYP/6-311G**) Norm of the Unperturbed Dipole Moment (Debye) for the Ground (μ0) First Excited
(μ1), Second Excited (μ2), and Third Excited RCs Electronic States; Norm of the Unperturbed Transition Dipoles (μ0−1,
Debye); and Wavelengths (nm) for the Transitions from the Ground to the ith State (i = 1−3); and the Transition Angle (θ0−1)
between the Ground and ith State (Degree, see Figure 7)

RC |μ0| λ0−1 |μ01| |μ1| λ0−2 |μ02| |μ2| λ0−3 |μ03| |μ3| |θ01| |θ02| |θ03|

1 2.3 558.9 5.4 4.6 397.0 0.34 3.5 394.1 0.56 3.6 41.3 38.5 38.6
2 0.8 505.8 4.2 4.7 406.5 0.36 5.0 372.4 0.22 12.0 11.6 13.8 65.8
3 1.6 497.7 3.7 6.3 413.8 0.71 4.4 388.7 0.61 9.4 50.7 27.8 53.6
4 1.9 537.1 4.8 4.8 427.0 0.52 6.1 393.2 0.40 4.8 20.8 67.9 26.9
5 1.9 537.2 4.9 4.8 398.3 0.40 3.9 391.2 0.44 4.3 28.9 55.2 36.7
6 1.5 538.7 4.5 4.7 406.1 0.10 6.0 388.3 0.32 5.4 40.8 84.0 65.7
7 1.5 520.7 4.6 3.8 420.8 0.50 2.4 409.2 0.34 5.2 46.2 47.4 61.9
8 1.8 524.3 4.5 4.0 417.5 0.52 4.1 400.4 0.24 4.1 44.8 50.9 69.5
9 1.8 572.9 5.2 6.1 448.1 0.28 2.0 406.5 0.61 5.4 18.6 11.7 31.5
10 1.8 570.9 5.1 5.1 438.1 0.24 3.0 406.5 0.61 5.4 16.6 10.7 31.4
11 1.1 523.6 4.5 4.8 403.0 0.43 5.1 364.1 0.32 13. 24.3 38.6 84.2
12 1.0 528.8 4.9 4.5 388.7 0.44 4.5 369.8 0.40 12. 29.7 35.0 90.9
13 3.0 517.1 4.5 6.1 399.1 0.44 7.2 376.2 0.50 15. 25.4 19.9 41.1
14 3.3 535.6 4.7 6.8 392.4 0.29 6.7 379.2 0.35 8.2 15.1 15.8 40.0
15 3.6 576.2 5.2 6.9 395.7 0.41 6.8 382.4 0.34 11. 15.3 12.5 59.8
16 3.3 517.1 4.3 7.0 402.6 0.70 7.1 372.8 0.29 13. 18.7 22.8 58.9
17 2.1 548.2 4.9 5.7 392.4 0.55 5.8 379.2 0.26 11. 10.1 10.4 55.7
18 1.5 576.2 4.8 4.9 399.1 0.59 4.9 376.2 0.50 12. 39.0 39.6 61.7
19 2.5 505.2 4.3 6.2 399.1 0.44 6.5 375.8 0.30 13. 10.6 10.6 62.1
20 1.7 548.2 4.9 5.4 402.6 0.67 6.2 382.4 0.27 12. 12.2 33.7 69.6
21 1.8 523.6 4.9 5.5 389.1 0.52 8.1 379.2 0.42 11. 12.0 35.0 50.5

Figure 7. Definition of the transition angle θ0‑i formed between the
unperturbed ground state electric dipole (blue arrow) and the
unperturbed electric dipole of the ith (vertical) excited state. Note
that the representation of the dipole is schematic and is not related to
the actual results.

Figure 8. Calculated absorption S0−S1 spectral signal of DTB in
different solvents.
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experimental ones, which are produced both by semiclassical
and quantum vibrations. Note that the latter have been
disregarded by our analysis hence indicating that in this case
they do play a less relevant role.42

In order to rationalize the above results the S0 and S1
perturbed electric dipoles and the S0−S1 perturbed transition
dipoles (eqs 5 and 6) are reported in Figure 9 with the

corresponding unperturbed values (Table 1). Results show that
the ground and first excited state perturbed electric dipole
undergoes appreciable deviations from the unperturbed values
only in water. This behavior is at the basis of the observed λMAX
features in the calculated spectra: basically insensitive to the
change of the solvents and with a sharp red-shift present only in
water.
In the case of the perturbed transition dipoles we note a

systematic decrease in water and a slight but significant increase
in DMSO as also visualized in the Figure 10.

Also this finding is at the basis of the observed trend of the
calculated (and in some cases also revealed in the experimental)
spectral intensities, i.e., DMSO > CHCL3 > MEOH > ACN >
water.
In order to explain the previous findings we have analyzed

the DTB S1 perturbed state in the different solvents. On the
purpose we have extracted, in all the solvents and at each frame
of the simulation, the instantaneous components of the S1
perturbed state eigenvector in the unperturbed basis set
(Φl′

0−M). Hence we have evaluated the squared ith component
of the perturbed eigenvector which indicates the instantaneous
probability of finding the perturbed S1 state as coincident with
the unperturbed i-th state.
The results have been reported in Figure 11 where, for the

sake of clarity we have only considered the cases in which the
spectral intensity is lower (water) and higher (DMSO).

For the same reason, in the same Figure, we have only
collected the c2 values significantly different from zero which
turned out to be the second (black points, corresponding to the
projection onto the first unperturbed excited state characterized
by a high transition moment) and, rather surprisingly, the
fourth one (red points, corresponding to the projection onto
the third unperturbed excited state characterized by an almost
zero transition moment). It follows that the perturbed S1 state
of DTB is essentially coincident with the unperturbed S1 state,
but it also displays a not negligible character of the third
unperturbed (dark) excited state.
It is also worth to note that the red points, and hence the

amount of the character of the “dark” state in the perturbed S1
state is systematically higher in water than in DMSO.
It follows the value of perturbed S0−S1 transition dipole in

water is systematically lower, hence explaining the significant
intensity decrease observed in water.
Obviously the main reason for the differential mixing of the

states is the peculiar intensity, the orientation and the
fluctuation of the electric field produced by each solvent.
A further important information has been obtained by

analyzing in detail the charge-transfer in the S1 state. This has
been accomplished by evaluating, at each step of the simulation,
the DTB perturbed charge (for the ground and first excited
state) located on the three DTB rings using eq 7.

Figure 9. Average values per basin of the perturbed expectation values
of ground (inset a) and first excited state (inset b) electric dipoles and
average value of the 0−1 transition dipole (inset c). Error bars are
standard errors. Black circles refer to the unperturbed values (see
Table 1). All values are in Debye.

Figure 10. Distribution of the DTB perturbed |μ0−1| in the different
solvents.

Figure 11. Second (black) and third (red) squared component of the
DTB S1 perturbed eigenvector for the simulation in DMSO (a) and
water (b).
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The results, depicted in Figure 12, indicate that, in the
ground state (Figure 12a), the three DTB rings do not show
any net charge and the observed fluctuations are essentially to
be ascribed to the conformational transitions of DTB and to the
solvent fluctuation. On the other hand (Figure 12b), when
DTB is excited from S0 to S1 state, a charge of approximately
0.25 au is simultaneously transferred from each of the lateral
rings to the central one.
According to the previous result, the nature of the ICT state

turns out to be rather insensitive both to the conformational
transitions and to the change of the solvent. As a matter of fact,
as previously observed, in spite of the frequent conformational
fluctuations undergone by DTB, the nature and the extent of
the charge transfer in the vertical S1 state is maintained
essentially constant and is, within the thermal fluctuations, the
same in all investigated solvents.
In this respect we can safely expect that the same charge

distribution is essentially maintained upon the geometrical
relaxation of the S1 state, preceding the photon emission, and
hence it might qualitatively explain the strong dependency of
the fluorescence λMAX on the nature of the solvent.
Obviously more quantitative investigations are required, and

presently in progress, to better rationalize the solvent
dependency of the observed Stokes shift.

4. DISCUSSION AND CONCLUDING REMARKS

The main features of the first (vertical) electronic excited state
of solvated DTB, at room temperature, has been carried out by
comparing measured and calculated spectra of DTB. The
results have produced a series of observations which might be
summarized as follows:
(i) Environmental effects, i.e., the change of the solvent,

induce relevant alterations in the DTB conformational
repertoire.

(ii) The S1 vertical state is characterized by a sharp charge
transfer, from the thiophene moieties to the central one,
approximately amounting to 0.25 au from each ring.
(iii) The charge-transfer character of the S1 vertical state is

scarcely affected by DTB conformational transitions. This leads
us to the obvious supposition that the same feature is
maintained in the relaxed S1 state, i.e., the state responsible
of the emission spectra and photophysical DTB behavior.
(iv) The line shape and the intensity of the absorption S0−S1

spectrum of DTB is influenced by the conformations sampled
by the cromophore and also by the intensity and the
orientation of the perturbation raising from the huge number
of solvent configurations. The use of explicit solvent
perturbation, and hence the use of PMM-MD reveals essential,
in this case, for reproducing the subtle but significant
differences in the spectral intensities.
In our opinion this study provides an alternative theoretical−

computational viewpoint, amendable both in the quality of the
calculations and in the level of the approximations, for reaching
a valid setup able to quantitatively design and optimize organic
dyes in interaction with the actual working environment.73−75
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