
Revisiting the Vibrational and Optical Properties of P3HT: A
Combined Experimental and Theoretical Study
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ABSTRACT: We demonstrate that DFT-based calculations
can provide straightforward means to analyze the effect of
aggregation on the optical properties of regioregular P3HT
oligomers of different lengths (up to 20-mers) and of
bioligomers of 8-mers in two different conformations. Our
conclusions substantially differ from those obtained previously
by applying the exciton model. Indeed, analysis of Huang−
Rhys factors has evidenced that two vibrational modes, a
collective mode and an effective mode, are combined in the
vibronic structure of the absorption spectrum of oligothio-
phene. Computed spectra match perfectly their experimental
counterparts provided we consider that the oligomer and at
least the five lowest excited states of bioligomers behave as
absorbers, and that both oligomer and bioligomer contribute to the emission spectra. Study of the nature of the Franck−
Condon excitation and optimization of the five lowest excited singlet states indicate that high (hot) excited states of the
bioligomer may play an important role in the initiation of charge separation and highlight the importance to take into account
the relaxation processes in the theoretical modeling of emission properties.

■ INTRODUCTION

Polymer morphology and aggregation play a crucial role on the
electronic properties of polymer-based electronic devices. In
particular, a deep understanding of the interplay between the
polymer arrangement and optical properties is required to
improve the performance of transistors, organic light emitting
diodes (OLEDs), and organic solar cells.1,2

Concerning regioregular P3HT (rr-P3HT, Figure 1a),
discussion about the balance between intra- and interchain
transport is still topical. The pioneering works of Kasha3,4

enriched by those of Spano, Friend, and co-workers5−12 have
opened the way to interpret the photophysical properties of
materials in terms of their morphology. Use of the classification
of molecular arrangements into H-aggregates (interchain
interactions) and J-aggregates (intrachain interactions) allows
one to deduce structural information from the shape of their
absorption and emission spectra. Besides the indirect
information gained by absorption and emission spectroscopy,
a rationalization of the structure/property relationship at an
atomistic level remains an important objective. There is quite a
lot of literature devoted to the study of specific properties, in
particular optical properties of polymers of the P3HT family.
Most of these studies were performed using experimental
methods.6,9,13−16 Theoretical methods represent a valuable
tool to discuss how aggregation affects the optical properties of
P3HT species, offering guidelines to engineer materials with

enhanced desired properties. In this framework and despite the
huge knowledge gained by previous studies using basic or more
sophisticated models,6,10,17−24 we have undertaken theoretical
calculations using modern DFT-based methods. The use of
supermolecular approaches based on DFT and TD-DFT
calculations to study the key properties of these materials
remain scarce compared to those using the exciton model.25−30

One way to address if and how aggregation takes place is to
compare the optical properties of the oligomer with those of a
model aggregate, which is here considered to be a bioligomer.
For instance, aggregation could affect the infrared (IR) or
Raman spectra16,31 and the absorption or emission spec-
tra.5,6,8,32 In this latter example, not only the position of the
emission maximum but also the envelope of the signal shaped
by the vibrations or the proximity of new lines must be
scrutinized.
In the first part of this Article, we present a detailed

theoretical characterization of the vibrational (IR and Raman
spectroscopies) and optical properties (absorption and
emission) of oligomers of different chain length. We show
that DFT and TD-DFT methods can be used to predict these
properties reliably and to study the lowest excited states
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(singlet and triplet) of some oligomers and dimers of
oligomers (bioligomers). Once our ab initio protocol is
validated by demonstrating its predictive robustness on the
single chains, we address, in a second part, their aggregation, in
the form of a bioligomer in two different conformations
(Figure 1b), reporting comparison with UV−visible (UV−vis)
and photoluminescence (PL) experiments as well as IR and
Raman ones. We model the rr-P3HT polymer as an oligomer
with n = 8−20 methylthiophene units, abbreviated as nT. Two
conformations of bioligomers with 8T were simulated: (i) an
“inverted” conformation (IC) where the two oligomers are
organized in such a way that their thiophene units are head-to-
tail arranged; this should minimize the interchain steric effect
between the methyl substituents; and (ii) a staggered
conformation (SC) in which the two oligomer chains are
just translated by the length of one thiophene unit. We chose
to simulate the 8T-dimer since it is large enough to mimic
aggregation effects33,34 and, at the same time, small enough to
be handled by quantum chemical methods with practical
computational resources. For both conformations, achieve-
ment of TD-DFT optimizations allows us to determine the
optimal geometries of the lowest excited states. These quite
challenging calculations are particularly useful complements to
discuss the emission properties of such large architectures.
It is worth noting that to be consistent in the discussion of

aggregation effects and due to the constrained choice of
bioligomers of eight units, the comparison was naturally done
with the 8T oligomer. Nevertheless, simulations with 12T offer
an even better match with the experimental spectra, but for
comparison purposes, this would have implied to model a
bioligomer of 12T as well, which is hardly doable at the level of
theory that we employed. Working with 8T and bi-8T was,
therefore, the best compromise to capture the essential features
of P3HT-type systems, but in some instances, the comparison
and comment of our results obtained for 12T are discussed to
show the reliability of DFT-based methods to treat photo-
physical properties of such large systems.

■ METHODS

Computational Details. In our calculations, the hexyl side
chains are modeled by methyl groups. It has been shown that
this substitution does not perturb significantly the electronic
and optical properties of rr-P3HT.18,35

All density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations have been performed with the

ORCA36 and Firefly37 quantum chemical programs. The
B3LYP functional, which contains an empirical correction
designed to include dispersion interactions,38 has been
employed to optimize the ground and excited state minima
and the Hessians necessary to generate the vibrational
absorption spectra (infrared) or the UV−visible absorption
spectra corrected by vibrational effects. A scaling factor, f =
0.97, has been applied to the computed vibrational frequencies,
following the recommendations given for comparison between
B3LYP and experimental IR frequencies.39 Raman frequency
calculations have been performed at the same level of theory.
The calculated Raman activities (Si) were converted to relative
Raman intensities (Ii) using the formula given by Krishnaku-
mar et al.40 Herein, the incident energy was ν0̅ = 12 739 cm−1

and temperature was 298 K. The choice of B3LYP to study
geometrical and vibrational properties was based on previous
successful studies on very similar system.16,26,31,41

The UV−vis absorption spectra of all the species were
obtained by applying TD-DFT using the BHandHLYP
functional42 within the Tamm−Dancoff approximation. This
functional includes a large part of HF exchange, which is
needed to correctly describe long-range charge transfer
processes. This choice of functional is directed by previous
results obtained for polyenes and oligothiophenes.43,44 For
DFT and TD-DFT calculations, the def2-TZVP(-f)45 basis set
was used.
To determine how normal-mode analysis can be related to

specific bond vibrations, we have performed dynamics
simulations using the CP2K program46 in the NVT canonical
ensemble, with 10 000 points separated by 0.5 fs leading to a
trajectory of 5 ns.
The IMDHO model by ORCA_ASA47 is used to compute

vibrationally resolved electronic spectra. This procedure
includes vibrational effects in a pure harmonic approximation
for ground and excited states, without taking into account
Duschinski effects.48 The Huang−Rhys parameters,49 which
are needed for this model and discussed later, are related to the
displacement of the excited state equilibrium geometry relative
to the ground state geometry in dimensionless normal
coordinates. These a-dimensional displacements are calculated
from the normal modes and frequencies of the ground state
and from the gradient of the excited state with respect to the
nuclear coordinates of the ground state equilibrium geometry.
The Huang−Rhys parameters represent the strength of the
coupling between the electronic state and the nuclear degrees

Figure 1. Structures of regioregular head-to-tail P3HT (a) and 8T-bioligomer in two different conformations denoted as inverted (IC) (b, side
view) and staggered (SC) (c, top view and side view).
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of freedom. In the case of bioligomers, the van der Waals
contribution to the total binding energy was calculated by
using two methods: the semiclassical method of Grimme50 and
the nonlocal density dependent dispersion correction (DFT-
NL).51

When absorption or emission occur, important information
can be gained by visualizing the movement of the electrons.
This can be done by two means: (i) by doing the differences of
the excited state density with the corresponding density of the
ground state or (ii) by building a set of molecular orbitals for
the excited state, which are given by the diagonalization of the
first-order density matrix: these natural orbitals can then be
compared with the canonical DFT orbitals of the ground state.
In this study, natural orbitals of excited state density and
density differences with the ground state have been determined
with Firefly.
Experimental Details. A head-to-tail regioregular P3HT

(Plexcore average Mn = 54 000−75 000; >98%) was purchased
from Sigma-Aldrich. Active layer solution was prepared in a
glovebox by dissolving 18 mg of P3HT in 1 mL of
chlorobenzene. The solution was then stirred overnight at 50
°C. Deposition: solutions were filtered using 0.2 mL PTFE
filters to remove any soluble aggregates. Films were deposited
by spin coating at 2000 rpm for 60 s on various substrates in
accordance with characterization: on silicon (Si) for PL and
Raman analyses and on KBr and quartz substrates for infrared
and UV−vis absorption measurements, respectively.
Raman spectroscopy at room temperature was performed

using a HORIBA Jobin Yvon HR800 system and a laser power
of 785 nm laser wavelength equal to 0.5 nW. Infrared
measurements were done by Nicolet 6700 Thermoscientific
equipment with a resolution of 4 cm−1, by recording 16 scans,
and using a DLaTGS detector. For UV−vis spectra, between
200 and 900 nm at 83 K, a Cary 50 (Agilent Technologies)
spectrophotometer with a Linkam FTIR-600 liquid nitrogen
cryostat was used. For the photoluminescence investigations, a
488 nm laser diode (Oxxius, Lannion, France), reflected onto

the sample by a dichroic mirror (Di02-R532, Semrock,
Rochester, NY), was used as the excitation source. The sample
was held in a helium cryostat to perform measurements in the
range 10−83 K. The photoluminescence signal was collected
by a 10× 0.26 NA objective (Plan Apo NIR, Mitutoyo, Japan)
and focused onto the entrance slit of a spectrometer (Andor,
SR193i, Belfast, UK). The laser reflection was cutoff by a long-
pass filter (BLP01-532R, Semrock, Rochester, NY). The
combination of the Newton EMCCD camera (1600 × 200
pix), the 300 l/mm 500 nm blazed grating, and the 10 μm slit
width yields a resolution of 0.5 nm.

■ RESULTS AND DISCUSSION

Oligomer. Geometries. For the nT oligomers studied here
(n = 8−20), the chain length does not modify the geometric
structure of the molecular backbone: the nTs optimized bond
lengths remain constant when increasing the number of
thiophene rings (Table S1). However, we note that, in our
case, nT oligomers maintain a planar structure up to 16T,
which is consistent with results obtained with another
functional (PBW91) on similar cases.52 The longest chain
consisting of 20 units, shown in Figure S1, tends to adopt a
marked curved conformation. Figure 2b collects the important
data for 8T: the intraring C−C bonds d2, d3, and d4 (Figure
2a) range between 1.40 and 1.42 Å with a variation of ±0.02 Å
with respect to the corresponding values in the monomer,
while the C−S bond length d6 increases by 0.023 Å as a result
of the electronic delocalization effect arising from the
lengthening of the chain. Other bond lengths of ground state
structures of comparable species can be found in Table S1
where the geometry of the monomeric species (1T) was
compared to those of the calculated hexyl-1T and to X-ray data
of α−α′-dimethylquaterthiophene (DMQtT).53 The replace-
ment of hexyl lateral chains by methyl groups in the monomer
does not induce significant effects on the bond lengths. 1T
displays the typical aromatic bond alternation, which is

Figure 2. Schematic octamer 8T showing the labels of bonds d1−d6 (a). Bond lengths of 8T in Å in its optimum ground state geometry (b), in its
optimum singlet excited state geometry S1*(c), and in its optimum triplet state geometry (d), plotted versus the ring number.
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damped by conjugation effects when the chain length is
increased.
Data concerning the lowest singlet (S1*) and triplet (T1)

excited states available in Figure 2c,d will be commented at the
end of the section concerning the oligomers.
IR and Raman Spectra. The nT optimized structures have

no symmetry and possess vibrational modes, which are IR and
Raman active. Nevertheless, reminiscence of an inversion
center influences the activities of the IR and Raman vibrations,
i.e., intense vibrations in Raman spectroscopy are weak in IR
spectroscopy and vice versa. One exception to this behavior is
in the peak found at ∼1445 cm−1. The observed and calculated
IR and Raman frequencies for the 8T structure are summarized
in Table 1. Figure S2 shows how the calculated IR and Raman

spectra evolve with the number of thiophene rings. It is
important to note that, while peak intensities of the IR and

Raman spectra depend on n, the wavenumbers are mostly
unaffected by the chain length. Comparison between
experimental and theoretical IR spectra of 8T in the 500−
1500 cm−1 region is available in Figure S3. To complement the
assignment of the important vibrational modes, we have
studied by molecular dynamics the uni- or multimodal nature
of the vibrations involving bonds d1−d6 in Figure 3. Indeed,
the Fourier transformation of a time-dependent interatomic
distance will provide the contribution from each vibrational
mode involved in this displacement. As can be seen in Figure 3,
the C−S and C−CH3 vibrations can easily be represented by
one mode corresponding to the dominant peak (Figure 3a,b).
This is completely different for C−C (intra- and inter- ring
vibrations), which displays several contributions of equal
importance, evidencing that collective modes are involved
(Figure 3c−e). Nevertheless, four regions can be distinguished
in the IR spectra (Figure S3). On the high-energy side, around
3000 cm−1, are found the antisymmetric and symmetric CH3
and the aromatic CH stretching modes. The modest
agreement between experimental and theoretical normal
modes in this region is due to the absence of hexyl chains,
which are modeled by methyl substituents in our simulation.
The following modes, between 1520 and 1440 cm−1, are
assigned to C−C stretching modes.
At ∼1445 cm−1, as already discussed in the effective

conjugation coordinate (ECC) theory,54 is found the collective
skeletal stretching (Я) of the whole chain or at least a large
portion of it. This mode, represented in Figure 4, is dominated
by the inter-ring C−C stretching vibrational mode and is at the
origin of the vibronic structure of the absorption and emission
spectra, as it will be shown later. The stretching C−S mode
appears between 824 and 837 cm−1. The peak at 700 cm−1 is
assigned to the aromatic C−H out-of-plane vibration. The
peak at 1205 cm−1, present in our calculation but of very low
intensity in our experimental spectrum, is found with a higher
intensity in R. K. Singh et al.55 and is assigned to a C−H
aromatic deformation in our case.
In Figure 5, the Raman spectrum in the range 700−1600

cm−1 of a thin film of rr-P3HT is compared with the calculated

Table 1. IR and Raman Band Positions (cm−1) and Their
Assignments for 8T

IR Raman

vibrationsa theory experiment theory experiment

C−H ar str (as and s) 3100−3137 3056
C−H methyl str 2930−3100 2855−2955
intraring CC str
(as)

1508 1510 1518 1510

collective mode
(inter-ring C−C +
intraring CC,
CH3)

1444 1455 1446 1441

CH3 umbrella def 1370 1377
intraring CC +
intraring C−C, CH3
def

1365 1377

C−H ar def 1215 1205 (weak) 1215 1204
C−H methyl rock def 1024 1021 (weak) 976 1087
CS str (as) 824−837 821 856 838
C−H ar out of plane 700 728 830 830
aar for aromatic, str for stretching, rock for rocking, as for
antisymmetric, s for symmetric, def for deformation.

Figure 3. Main frequencies contribution in C−S (a), C−CH3 (b), C−C inter-ring (c), CC (d), and C−C intraring (e) vibrations. dn (n = 1−6)
refers to the caption of Figure 2.
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spectrum of 8T. The Raman spectral pattern is nicely
reproduced, both in terms of peak positions and relative
intensities by our calculations. As said previously, the Raman
spectra are mostly unaffected by the chain length (Figure S2).
However, the strong peak around 1446 cm−1 is slightly
sensitive to the chain length. Its downshift with n can be
associated with the increase of π-conjugation caused by the
lengthening of the chain. This intense peak is mostly related to
the inter-ring C−C vibrational mode and to the −CH3
scissoring mode. The peak around 1370 cm−1 is due to the
coupling of the intraring CC (d2 or d3) and C−C (d4)
stretching modes with typical umbrella motions of the −CH3
group. In the region of lower wavenumbers, in the 800−1300
cm−1 range, we observe peaks of weak intensity corresponding
to aromatic C−H bending mode and C−S stretching mode.
The absence, in our simulation, of the band located around
1080 cm−1 may be due to the fact that we model the hexyl
chain by a methyl group. Indeed, simulation of the Raman
spectra of the 1HT monomer shows bands around 1080 cm−1

corresponding to hexyl methylene and methyl groups bending
vibrations. This was already put forward by Louarn et al.56

Our normal-mode analysis matches the one provided by
Brambilla et al.31 in the sense that analysis based on “group
frequency” is not sufficient and that the collective skeletal
stretching mode, known as Я, and characteristics of
polyconjugated materials contribute essentially to the mode
located at 1445 cm−1.
Absorption Spectra. An interesting point regarding nTs of

different chain length is to evaluate the number of -mers for
which the optical properties converge. Figure 6b shows the
evolution with the chain length of the simulated absorption
spectra (including vibrational effects) of the nTs. Absorption
spectra are dominated by a strong π → π* transition in the
visible region, which is clearly red-shifted with increasing n,
and this bathochromic shift is well reproduced in our
simulation. Experimental studies on similar systems have
established the convergence threshold near 20 thiophene

units.57 The redshift proportional to the reciprocal number of
repeat units given by our TD-DFT calculations (see Figure S4)
has also been observed and predicted for other similar
polythiophene systems.10,15,17,58,59 In our calculations, devia-
tion from linearity appears for n = 20, which is consistent with
previously reported experimental values on very similar
systems60,61 and could be related to the loss of planarity
clearly apparent in 20T. Extrapolation of the calculated
transitions energies to an infinite chain length leads to a
bandgap close to 2.1 eV, which is in perfect agreement with the
usual values found in the literature.17,62−65

Figure 7 shows the electronic density difference created
upon excitation to S1. Following the density motion, this

monoexcitation is accompanied by conversion from an
aromatic toward a quinoidal form. In the rest of the Article,
S1 and S1* refer to the Franck−Condon (vertical absorption)
and the optimized singlet state (relaxed state), respectively.
Figure S5, displaying the frontier orbitals and the natural
transition orbitals for S1 of 8T, leads to the same conclusion.
Moreover, analysis of the NTOs shows that only one
monoelectronic excitation is necessary to describe the
transition leading to the Franck−Condon absorbing excited
state S1, and comparison with frontier orbitals shows that this
transition corresponds to a HOMO → LUMO excitation.
As stated in the introduction, the band shapes of P3HT

absorption spectra have already been the subject of several
theoretical investigations,10,11,25 but to our knowledge, none of
these previous studies goes beyond absorption spectra
simulated by computing vertical excitation energies, and
hence, neglect dynamic effects completely. Here, we report

Figure 4. Representation of the atomic displacements involved in the collective stretching Я mode.

Figure 5. Raman spectrum of rr-P3HT thin film under 785 nm
excitation (in red) and simulated spectrum for 8T (in black).

Figure 6. Impact of the chain length on the absorption properties.
Simulated spectra of nT (n = 8−20) oligothiophenes (vibrations
neglected) (a), and impact of the chain length on the vibrationally
resolved UV−vis (normalized) absorption simulated spectra (b).

Figure 7. Density difference plot for the S1 excited state of 8T. The
blue regions (red) indicate gain (loss) of density upon electronic
transition.
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vibrationally resolved electronic spectra (VRES) simulated by
DFT and TD-DFT methods.
As shown in Figure 8a, the correspondence between the

experimental and the simulated UV−vis absorption spectra

obtained at 83 K is disappointing. Indeed, the shapes of the
two spectra do not match: the experimental spectrum is well
structured with a shoulder at 2.03 eV and two others features
at 2.23 and 2.36 eV, the latter being slightly higher than the
second one. Toward higher energies, one can guess a less
resolved feature at 2.57 eV. Leaving aside the energy shift
related to the arbitrary choice of 8T, our simulation leads to a
spectrum of different profile. Moreover, the full-width at half-
maximum (fwhm) is by far larger in the experimental
spectrum, which may suggest that an isolated chain is not
the best model. Variable temperature effects were also
investigated, but these effects cannot account for such a large
spectral broadening (ca. 1 eV, see Figure S6). However, studies
performed by Brown et al.10,12 on rr-P3HT by using charge
modulation spectroscopy (CMS) exhibit quite a similar result
in terms of fwhm and structure with our simulated 8T
spectrum (a better agreement without appealing a scaling
factor can be viewed in Figure S7 with 12T). Figure 8b shows
that both of them evolve according to the typical Franck−
Condon intensity pattern of the vibrational states of
oligothiophene film:15 the second peak is the most intense
with a vibrational spacing of approximately 0.17 eV. A
traditional analysis, where the absorption spectrum of P3HT
is described with an intrachain and/or interchain excitation
coupled to a single vibrational mode, would say that the
preferred excitation is not the 0−0 but the 0−1 one. However,
identification of the vibrational modes responsible for the
structure is not trivial as several of them appear in this region
(Table 1). To clarify this point, calculation of the Huang−
Rhys factors that describe the geometry deformations are very
helpful to identify the vibrational mode(s) responsible for the
vibronic structure. Figure 9a represents calculated Huang−
Rhys parameters and clearly illustrates that the fine structure of
the absorption band cannot be interpreted by considering one
dominating vibrational mode, but rather by assuming a
combination of several vibrational modes. It should be noted
that in Figure 9a the contributions below 100 cm−1 have no
physical meaning because those a-dimensional displacements
are obtained by vibrational analysis in terms of Cartesian
coordinates, which is not suited for deformation modes such as
hindered rotations. A discussion on this point can be found in
ref 48. Nevertheless, as we intended to model P3HT deposited
on a surface, such modes are probably not present in the real

system, and thus, we decided to eliminate the contributions of
all modes below 100 cm−1. Returning to Figure 9, the most
intense vibrational contribution is located at 1445 cm−1 and
corresponds to the collective vibrational mode Я (Table 1).
The other major contributing, but previously unrecognized,
vibrational mode can be viewed as an effective vibrational
mode, E. It is located around 1370 cm−1 and is composed of a
mix of modes including lateral chain vibrations. The negligible
effect of the vibration at 333 cm−1 on the shape of the
spectrum is shown in Figure S8. According to a classical
Huang−Rhys analysis, our calculations highlight that the
lowest energy peak in Figure 8 corresponds to the 0−0
transition of the Я mode (Я0−0), the second peak is a
superimposition of the E0−0 and Я0−1 modes, the third one a
combination of the E0−1 and Я0−2 modes, and so on. To
reinforce this assignment, we have investigated how the line
shape of the spectrum was affected by removing the Я mode
from the calculation. As shown in Figure 9b, the resulting
spectrum is clearly different, and no longer matches the
experimental one. In particular, the relative intensities are
highly perturbed, leading to a different line shape with the first
peak now being the most intense. Similarly, removing the E
mode induces a major alteration of the line shape (Figure 9c).
These calculations prove that both the Я and E modes are
essential to account for the observed vibronic fine structure
and are needed to reproduce the experimental line shape of rr-
P3HT. This seems in contradiction with the conclusions of
Brown et al.33 who have, based on the consideration of a
unique vibrational mode, suspected the intervention of
interchain interactions due to aggregation, in order to correctly
describe the absorption spectrum. At this stage of the analysis,
we are not able to exclude the participation of interchain
interactions, but these contributions should coincide with the
Я 0−0 feature of the single chain. Study of the bioligomers will
provide some elements to feed this discussion (bioligomer
section).

Emission Spectra. Experimental and theoretical photo-
luminescence spectra of thin films of rr-P3HT and nT
oligomers are shown in Figure 10.
The simulation of the vibrationally resolved electronic

emission spectra of nTs from n = 8 to n = 20 indicate a red
shift of the emission energy with chain length due to the
extension of the π-system. The 0−0 transition is slightly less
intense than the 0−1 one for n = 8−12, but more intense for n
= 16−20. Figure 10 shows the comparison between the
experimental emission spectra typically corrected by n3*E3

Figure 8. Experimental (rr-P3HT-Thin film) and vibrationally
resolved simulated (8T) UV−vis absorption spectra at 83 K (a).
aCharge modulation spectroscopy (CMS) data extracted from ref 10
with g3data 1.5.4. Superimposition of the CMS spectrum and the 8T
spectrum scaled by a factor of 0.94 (b).

Figure 9. Huang−Rhys factors for each vibrational frequency of 8T,
with the inset of vibrationally resolved absorption of 8T (a);
vibrationally resolved absorption spectra of 8T without the collective
Я mode (b) and without the effective E mode (c).
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(where n is the refractive index of the medium, Figure S9, and
E is the emission energy) and the simulated 8T emission. Both
spectra are in good agreement in terms of shape and fwhm, in
spite of a red shift of 0.2 eV that can be attributed in part to the
usual red shift encountered between thin film and single
molecular emission15 and to the accuracy of the theoretical
methods; indeed, these discrepancies fall in the accepted rang
of error for such a method.66 The agreement is even more
striking for the 12T oligomer (Figure S7) even if now the peak
ratio is not conserved. This point should be kept in mind for
the forthcoming discussion on the emission spectra of the bi-
8T (next section).
Experimental and simulated spectra reveal three distinct

vibronic peaks spaced by 0.17−0.18 eV. This energy spacing,
already seen in the absorption spectra, indicates a strong
coupling of the vibrational collective Я and effective E modes
to the electronic structure.
Lowest Excited States. We have been interested in three

excited states: S1 is the Franck−Condon singlet state obtained
after vertical absorption of photon, S1* is the lowest singlet
state obtained by TD-DFT optimization, and T1 is the lowest
triplet state obtained using UDFT optimization. Geometrical
parameters of the two optimized excited states are shown on
graphs displayed on Figure 2c,d.
The relaxation energy calculated by taking the energy

difference between the vertical absorption energy (2 eV) and
the energy of the optimized singlet state S1* (1.84 eV)
amounts to 0.16 eV. This value is consistent with values
reported by Beljonne et al. on the order of 0.1−0.2 eV67 or by
Brown et al. on the order of 0.12−0.13 eV.10 This relaxation
process is accompanied by significant changes in the geometry
of S1*, with respect to the ground state minimum. The single
d2 bonds of the central thiophene rings (cycles 4 and 5) are
shorter in S1*, while their double d3 and d4 bonds are longer
in S1*. Therefore, in the S1* state, the central rings adopt a
quinoidal structure. This tendency is even more pronounced in
the UDFT-optimized T1 states (Figure 2d). Indeed, the bond
length of intraring C−C of the center of the chain (d2)
shortens to 1.345 Å, reflecting that the T1 states adopt a

perfectly planar structure. Spin density distribution displayed
on Figure 11 also supports this observation, showing that most
of the spin density is localized on the central rings. More
surprisingly, when looking at the spin density of T1 for 20T, we
observe that the spin density is mostly located on the central
octamer. On the theoretical side, this result validates the choice
of 8T as a model system and also on the experimental side, this
result suggests that there is no real advantage of using long
chains. For 8T, the S1*−T1 energy gap is found to be 0.97 eV.
This means that the lowest triplet state of 8T is located close to
half the energy of S1* (1.84 eV), which is compulsory to make
this system a good candidate for singlet fission, even though we
know that aggregation affects this property.68,69

Bioligomers or 8T-Dimers. In order to model oligomers
in interaction, we chose to simulate 8T-dimers since they are
large enough to mimic aggregation effects and small enough to
be tractable with reasonable computational resources. The first
difficulty resides in choosing among all possible geometries.
We have studied two cases:

• an inverted conformation (IC) in which the steric
hindrance between methyl substituents should be
minimum (Figure 1a)

• a staggered conformation (SC) in which the two chains
are superimposed and shifted along the long axis by ca.
one thiophene unit (Figure 1b)

These two guess geometries were then fully optimized and
their minima verified by vibration analysis. Similar cases have
been previously studied by Spano23 using a radically different
theoretical approach, i.e., by the means of effective
Hamiltonians and an exciton model, whereas we use a
supermolecular approach.20,70

Ground States. In both cases, it appears that dimerization
has no effect on the geometry of each 8T unit. The IC can be
viewed as two parallel planes, each plane formed by the rings of
a chain, adopting a “C2-like” symmetry with inverted cycles
perfectly superimposed. In a head-to-tail arrangement, the SC
dimer shows a shift of one of the two oligomers by almost one
thiophene ring. In both cases, the optimized separation
distance of 3.5 Å between the two chains agrees with those
currently mentioned in the literature in different conditions
(3.8 Å in one-dimensional nanowires;71 3.9 Å in single
crystal;72 3.5 Å in computational studies of oligo-azome-
thines).73

The energetics of dimer formation of the two conformations,
i.e., the binding energy (EB), has been calculated by a classical
model50 and the pure DFT method.51 The resulting attractive
EB of −57 kcal·mol−1 is due to van der Waals forces associated
with repulsive electronic binding energy of ca. 35 kcal·mol−1. It
is important to note that despite their very different theoretical
foundations, the two different methods give results that differ
only by 2 kcal·mol−1.

Figure 10. Vibrationally resolved photoluminescence spectra
simulated with various chain lengths (a); comparison between
simulated (8T) and experimental corrected spectra at 83 K (b).

Figure 11. Spin density distribution in the optimum geometry of the lowest triplet state T1 of 8T (top) and 20T (bottom).
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Infrared and Raman Spectra. Comparison of the IR
spectra of the three molecules is available on Figure 12a. Three

points should be noted upon dimerization: (i) no effect on the
position of the peaks (no frequencies shifts) is observed; (ii)
the fwhm are all very similar; (iii) the intensities are, of course,
different: between the mono-oligomer and noninteracting
bioligomers a factor of 2 should be expected. This is indeed
what is observed, except for the collective mode Я at 1445
cm−1, one of the two modes responsible for the vibronic
structure of the UV−vis absorption spectrum of 8T. We can
conclude from this part that (i) there is no typical vibrational
signature to differentiate 8T, IC, and SC; (ii) the non-
proportionality for the Я mode implies that a modification of
the shape of the absorption spectra of 8T is predictable upon
dimerization.
Figure 12b displays Raman spectra of the two conformations

and of 8T. In the region between 1350 and 1550 cm−1, which
is usually scrutinized by the experimentalists, the only observed
difference due to dimerization concerns the collective mode Я.
We observe a small shift of 10 cm−1, but neither the shape nor
the fwhm are affected. However, the sensitivity of Raman
spectroscopy is so high that a 10 cm−1 shift may be used to
characterize aggregation phenomena, as suggested by Nelson
et al.16

Molecular Orbitals. In the traditional treatment of
bioligomers and remembering that in the case of the oligomer
the main absorption band was due to the HOMO−LUMO
transition, at least four orbitals should be considered now for
8T-dimer absorption. These four orbitals result from the
combination of the two frontier orbitals of each oligomer.

Molecular orbital interactions and corresponding state
diagrams are shown in Figure 13. Figure 14 gathers the four

molecular orbitals of interest for both IC and SC. HOMO−1
(LUMO) shows a slight bonding character in the region of
maximum overlap between the two oligomers, due to the
constructive superposition of the π systems. For the HOMO
(LUMO+1), a destructive superposition of the π systems gives
an antibonding character and provokes an important
destabilization of these bioligomer orbitals.
It is worth noting that a fifth molecular orbital issued from

an in-phase combination of 8T LUMO+1 pops into the MO
diagram of the bioligomer. In both conformations, this fifth
orbital yields a state, which has a non-negligible oscillator
strength (S3 for IC and S4 for SC), and consequently, we have
considered that it could play a role in the optical properties of
the dimers, especially in the shape of the absorption spectra.
Concerning the energies of the orbitals, which are important

for the calculation of the TD-DFT spectra, Figure 13 shows
that the interaction between the oligomers are quite important
and induce significant splitting between H/H-1 in particular.
The HOMO−1 is stabilized (relative to the mono-oligomer) by
0.06 eV for IC (0.07 eV for SC), whereas the HOMO is
destabilized by 0.24 eV for IC (0.41 eV for SC), yielding a
splitting of 0.3 eV for IC (0.48 eV for SC), which is really large.
For IC, the destabilization energies are 0.08 and 0.19 eV,
whereas they are 0.1 and 0.14 eV for SC. All these significant

Figure 12. Simulated infrared (a) and Raman (b) spectra of 8T
(black), bioligomer IC (blue), and bioligomer SC (green).

Figure 13. MO and state diagrams for IC (left) and SC (right) bioligomers. The green boxes show how the bioligomer MOs (purple horizontal
lines, and purple eigenvalues in eV) are constructed by interaction of two sets of mono-oligomer HOMO/LUMO. Dashed horizontal lines
represent the position of the intruder MO. Dashed purple arrows represent the energy splitting of the MOs (in eV). Arrows numbered 1−5
represent allowed transitions; dashed arrows represent transitions with very low oscillator strength ( f ≈ 0). Thick arrows represent transitions
leading to a charge transfer (CT) state. The blue boxes show the first five excited singlet states S1−S5 and their respective electronic configuration.
S3 (for IC) and S4 (for SC) are the states involving excitation to the fifth intruder MO.

Figure 14. Four bioligomer molecular orbitals (H-1, H, L, L+1)
generated by the interaction of the HOMO−LUMO of two single
chains 8T in IC (left) and SC (right).
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shifts will impact the absorption spectra, and as already
underlined, at least four excited states should be considered for
a proper description of low-energy spectroscopy of the
aggregates.
Absorption Spectra. Figure 15a and Table 2 collect the

results of the TD-DFT calculations of the first five excited
states in the two bioligomer conformations. It appears that the
absorption properties of the two bioligomers are rather
different. The absorption spectrum of SC shows two significant
absorption bands of similar intensity at 2.25 and 2.71 eV,
which frame the mono-oligomer line with one band blue-
shifted by 0.21 eV and the other one red-shifted by 0.26 eV.
The situation is different for IC with the most intense band
coinciding in intensity and in position (2.39 eV) with the
absorption band of 8T and two other weaker bands blue-
shifted relative to that of 8T. For the rest of the discussion, we
have to keep in mind that these relatively small differences
between transition energies and the use of a lamp as an
excitation source, rather than a monochromatic laser, imply
that several excited states can be simultaneously populated.
Then, in the following and especially when the vibrational
effects will broaden these spectra by causing band overlaps, we
must consider contributions from all the lowest transitions. In
terms of electronic nature, the transitions are quite different,
and this can be conveniently illustrated on density difference
plots. The density difference plots for the most absorbing
states of IC and SC are represented on Figure 16. S2 and S5
states of SC show the same density difference as 8T (see
Figure 7): a delocalization of the electronic density on the
same oligomer, leading to the characteristic aromatic-to-
quinoidal transition as already described for 8T in the first
part of this study. On the contrary, the S4 and S5 states of IC
imply an interchain charge transfer, while a transition to S2,
which dominates the absorption spectrum with the largest
oscillator strength, leads to a quinoidal structure without
manifestation of charge transfer (see Figure S10 for the natural
orbitals of state S2 density).
This difference in the nature of the transitions can be

rationalized by examining Figure 13 where the five lowest
transitions (weak and strong oscillator strengths) are
represented. For SC, the most intense transitions GS → S2
and GS → S5 correspond to excitation from H to L and H−1 to

L+1, respectively. The S2 state of IC results from population
transfer between H and L+1, which needs only two natural
orbitals to represent its density (Figure S10) and thus
corresponds to a well-defined monoexcitation. More interest-
ingly, electron density differences shown in Figure 16 (left)
reveal the charge-transfer character of the GS → S4 and GS →
S5 transitions in the inverted conformation. Figure 17 displays

the hole (left) and the particle (right) of the S5(IC) state
highlighting, the charge separation. To strengthen this result,
we scrutinize the evolution of the dipole moment upon
photoexcitation of the IC bioligomer.
The ground state has a dipole moment of (−1.55, 0.014,

−0.123) e·bohr for the (x,y,z) axes, whereas S5 has a dipole

Figure 15. TD-DFT absorption spectra of the 8T-dimers and of 8T (a). Vibrationally resolved absorption spectra of each state for IC (b) and SC
(c) compared with those of 8T.

Table 2. Vertical Transition Energies (eV) Determined by TD-DFTa

absorption

8T-dimer S1 S2 S3 S4 S5

IC 2.07 (0.015) 2.39 (3.892) 2.58 (0.609) 2.72 (1.767) 2.76 (0.219)
SC 2.07 (0.009) 2.25 (3.57) 2.59 (0.005) 2.64 (0.135) 2.71 (3.402)

aOscillator strengths in parentheses. Only low-lying excited-states are reported.

Figure 16. Density difference plots states S2, S4, and S5 of IC (left)
and S2 and S5 of SC (right). The blue (red) regions indicate gain
(loss) of density upon electronic transitions. S2(IC), S2(SC), and
S5(SC) correspond to intrachain aromatic-to-quinoidal transitions.
S4(IC) and S5(IC) correspond to interchain charge transfer
excitations.

Figure 17. Natural orbitals of the S5(IC) density showing the hole
(left) and the particle (right).
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moment of (0.650, 3.420, −0.130) e·bohr for the (x,y,z) axes,
showing a concentration of charges along the long molecular
axis (x) and a clear charge separation along the stacking axis
(y). On the contrary, the dipole moment of the S2 state
(−0.01, −0.03, −0.04) e·bohr for the (x,y,z) axes confirms an
excited state with a through-bond charge movement, in line
with its intrachain aromatic-to-quinoidal character.
Figure 15b,c shows the vibrationally resolved absorption

spectra of 8T-dimers for each state in both conformations, and
how each excited state contributes to the final absorption
spectra. The comparison with spectra displayed on Figure 15a
is not immediate. Because of the superposition of the
vibrationally resolved absorption spectra of each excited
state, the resulting spectra are significantly broadened. Figure
15b,c shows that the 0−0 contribution of the S2 absorbing
state has the same energy as the first peak of the mono-
oligomer, which originates from Я0−0 (the 0−0 transition of
the Я mode). This coincidence thus shows that using the first
peak as a criterion for aggregation is not sufficiently
discriminating. Concerning the more complex final shape of
the absorption spectra of the dimers, it is now obvious that an
analysis of the spectra based on traditional Huang−Rhys
factors is rendered difficult, if not impossible. For example, in
the case of IC (Figure 15b, total), the first peak is the 0−0
contribution of S2, the second one is the sum of 0−1 of S2 and
0−0 of S3 and S4, whereas the third peak can mostly be
attributed to the 0−1 contribution of S4. Based on the poor
correspondence between the SC absorption spectrum and the
experimental spectra obtained on thin film, we focus our
analysis on IC. The arrangement present in SC does not seem
relevant to describe the absorption properties of rr-P3HT.
The experimental absorption spectrum of rr-P3HT thin film

and the simulated spectrum of IC are reported in Figure 18.

One can see that both the position of the maxima or now the
fwhm are in better agreement than with SC. From the analysis
of the absorption spectra of the 8T-dimers, it appears that,
except for the first peak, which corresponds to the 0−0
transition of the S2 state, all other peaks correspond to the
superimposition of all absorbing states, causing the broadening
of the fwhm up to 1 eV. This result is consistent with the
nature of S2, which is an intrachain excitation leading to
density difference (Figure 15) very close to those of the 8T
single chain (Figure 7). From these results, we can argue that
experimental absorption spectra on thin film result from a
combination of several processes: absorption of single chain
giving the correct feature in terms of vibrational structure,
especially in the low energy range, with simultaneous

absorption of dimers responsible for the observed broad
bandwidth.

Emission. The prediction of the emission properties is more
difficult to calculate with high accuracy than the absorption
properties. Indeed, when using the IMDHO model,47 caution
should be taken because several approximations might
influence the quality of the results. The first approximation
consists in assuming that the vibrations of the excited state are
the same as those of the ground state. It is not a severe
approximation here thanks to the rigidity of the system. More
serious is the assumption that absorption occurs at a point of
the potential energy surface (PES) that is still on the harmonic
part of the PES of the relaxed excited state implying that
during this relaxation the transition moments remain the same.
Following Kasha’s rules, the emitting state should be the

lowest one of given spin multiplicity. The absorption study has
shown that this S1 state (and this is true for both 8T-dimers)
displays no oscillator strength, and thus, no emission from this
state should be expected. Nevertheless, fluorescence is
observed. To resolve this paradoxical observation, we
performed TD-DFT optimization of the geometries of the
five lowest excited states, and we calculated the transition
moments on the relaxed geometries. Overall, these moments
do not vary significantly upon relaxation except for the lowest
state. Indeed, at the ground state geometry, the transition
moment was (−0.78, −0.013, −0.47) e·bohr ( f = 0.015) for
S1(IC), whereas at its optimized geometry S1*(IC), it became
(4.69, 0.03, 0.87) e·bohr, now giving a large oscillator strength
f = 1.23. We observed the same behavior for SC where the
oscillator strength of the S1 → GS transition increases from
0.009 to 1.40 during geometry relaxation, thus allowing
spontaneous emission. For both conformations, geometry
optimization is accompanied by relaxation energy of about
0.14 eV. The consideration of the variation of the transition
moment upon relaxation proved necessary to resolve the
apparent discrepancy between the observed fluorescence and
the nonabsorbing Franck−Condon lowest state, S1. Difference
density (with respect to the ground state) of the optimized
state S1* and the corresponding natural orbitals are
represented on Figures 19 and S11. Looking at these orbitals

and density indicates that excitation in the relaxed emitting
state is mostly delocalized on a single chain of the bioligomer
(or: mostly localized on a single chain) and displays only a
weak charge-transfer character. From S1*, return to the ground
state will be accompanied by rearomatization.
Figure 20 shows a comparison of the experimental emission

spectrum with the theoretical spectra obtained for both 8T-
dimers. The maxima and the vibrational spacing match well
with the experimental one; however, the band shapes are quite
different. None of the individual S1*−S5* excited states (see
Figure S12) reproduce the experimental profile. Moreover,
unlike what was observed for the absorption spectra, the two

Figure 18. Experimental (red), theoretical IC (blue), and single chain
8T (black) absorption spectra (a) and focus on the comparison
between theoretical IC and experimental spectra (b). aCharge
modulation spectroscopy (CMS) data extracted from ref 10 with
g3data 1.5.4.

Figure 19. Density difference plots for the optimized lowest excited
singlet state S1* of IC. The red (blue) regions indicate gain (loss) of
density upon electronic transitions.
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theoretical emission spectra are very similar, offering no way to
differentiate these two conformations.
Here, we have to keep in mind that the choice to compare

8T/8T-dimer theoretical results to experimental ones was
arbitrary and based on computational arguments. Examination
of the emission spectra simulated for different nTs (see Figure
10), reveals that for 12T (Figure S7) the shape is less similar to
experiment because of the peak ratio, but the peak positions
and the fwhm are reproduced with an excellent accuracy. One
may say that, neither an oligomer alone nor a bioligomer alone
can perfectly reproduce the emission with a correct shape,
position of peaks, and fwhm. In a further attempt to recover
the observed experimental features of the emission spectra, we
have combined two simulated emissions, one from the
bioligomer (IC or SC) and one from the oligomer, especially
from 12T. The result obtained with a 50:50 contribution for
the oligomer and the bioligomer is shown in Figure 21.

The better agreement obtained when combining mono- and
bioligomer emissions may suggest that in a thin film the
emission is due to the contribution of several types of species:
isolated oligomers (right part of the experimental spectrum)
and bioligomers (left part of the experimental spectrum). This
has been highlighted by Ho et al. for the poly(p-phenyl-
enevinylene) (PPV) polymer.74 Brown et al.10 have already
proposed that the emission spectrum is composed of single
molecule-like emission (intramolecular) as well as aggregate
(intermolecular) emission.
H- or J-Aggregates, or Both? In the excitonic model, if we

follow a rationale based only on the MOs, we should be
tempted to classify IC and SC in the H- and J-aggregate
categories, respectively. For IC, the lowest excited state,
corresponding to the HOMO−LUMO transition, possesses
negligible oscillator strength, and theoretical modeling of
aggregates predict that H-aggregates experience complete
quenching of fluorescence. Only two excited states display
large oscillator strengths. S2(IC) is located at an energy similar

to S1(8T), and both have the same electronic nature: an
aromatic-to-quinoidal transition takes place along each chain of
the dimer, as two independent absorbers or a very weakly
coupled aggregate. However, S4(IC), being blue-shifted with
respect to the 8T absorption, bears the manifestation of the
hypsochromic effect expected in H-aggregates. Furthermore,
study of the natural orbitals of the excited state density reveals
an excitation involving both chains of the dimer and implying
interchain CT characteristics and thus spectral signatures of H-
aggregates.
In the SC, the situation is less simple. Two electronic

transitions display large oscillator strengths leading to S2 and S5
involving intrachain delocalization. The absence of intermo-
lecular charge-transfer interaction is in line with J-aggregates,
where intrachain interactions are known to dominate the
optical features of such arrangements. In this respect, the 8T-
dimers composing the SC can be viewed as noninteracting 8T.
Nevertheless, a drawback undermines this ideal picture: S2
undergoes a bathochromically shifted absorption relative to the
single chain, as in J-aggregates, whereas S5 is displaced in the
hypsochromic direction as in H-aggregates, and if we examine
the state diagram, it is worth noting that the lowest state S1
carries negligible oscillator strength, which is a property of H-
aggregates. This brings us to discuss the emission properties.
Our calculations show that both conformations have the
characteristics of H-aggregates with a nonemissive lowest
excited S1 state (at the ground state geometry), which becomes
emissive after energy relaxation (S1*), and both conformations
display a large Stokes shift consistent with H-aggregates (ca.
0.7 eV). In view of using P3HT as donor in donor−acceptor
materials for OPV, our calculations highlight that promising
states favoring charge separation are high (hot) states S4 and S5
of IC, while the lowest emitting singlet state S1* bears only a
weak charge-transfer character.

■ CONCLUSIONS
In this study, we have tested the robustness of DFT and TD-
DFT approaches in their ability to spot the spectroscopic
signatures of aggregation of relatively large organic chromo-
phores. Through an analysis of the evolution of the vibrational
and optical properties for oligomers of different lengths (n =
8−20 mers), and upon dimerization of two 8T units into two
distinct conformations, we have found that

(i) Vibrational frequencies (IR/Raman Spectra) are in-
dependent of the chain length and are not the best
suited to evidence aggregation phenomena. This state-
ment must be tempered in the case of Raman spectra,
where a shift of 10 cm−1 is observed upon dimerization.
In contrast, vibrational intensities are very sensitive to
both chain length and dimerization, but this parameter is
useless in an experimental framework.

(ii) Calculation of vibrationally resolved absorption and
emission spectra show that the vibronic band structure
must be taken into account if one wants to discuss
aggregation effects. The analysis of Huang−Rhys factors
of the oligomers and the perfect match between the
vibronic progression of the simulated spectra of
oligomers and CMS data are in favor of an intrachain
excitation coupled to two vibrational modes, i.e., a
collective and an effective one. The 0−0 vibronic origin
of the experimental absorption spectra corresponds to
the lowest energetic fine structure feature of the

Figure 20. Comparison of the experimental emission spectra (red)
with the IC S1* emission spectrum (a) and the SC S1* emission
spectrum (b).

Figure 21. Comparison of the experimental emission spectra (red)
with the combined emission spectra of S1(IC) and 12T (a) and the
combined emission spectra of S1(SC) and 12T (b).

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b03814
J. Phys. Chem. A 2018, 122, 6532−6545

6542

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.8b03814/suppl_file/jp8b03814_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.8b03814


monomer (8T). However, the first peak of the vibronic
progression of the aggregated system (bi-8T) simulated
absorption spectra appears at the same energy.
Consequently, differently from Brown et al.’s conclu-
sion,12 we have shown that the 0−0 vibronic origin of
the experimental absorption spectrum is due to intra-
chain exciton, but its presence in an experimental
spectrum does not preclude aggregation.

(iii) It is compulsory to consider at least the five lowest
absorbing states of the bioligomer in order to model
correctly the absorption spectra of a P3HT thin film.
During the absorption process, the generation of charge
transfer states is far from being efficient because only hot
excited states (S4, S5) show CT character.

(iv) Comparisons between simulated absorption/emission
spectra of the oligomers and their experimental counter-
parts support the conclusion that the photophysical
properties of the thin film originate both from single
chains of different lengths and from aggregated
structures.

(v) Very importantly, and this is one of our major results, for
the bioligomer, the relaxation process (S1 → S1*) is
responsible for the generation of an emitting state that
goes against the historical model predicting that H-
aggregates are nonemissive species.
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