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Abstract

The excited states of conjugated polymers play
a central role in their applications in organic
solar photovoltaics. The delocalized excited
states of conjugated polymers are short-lived
(τ < 40 fs) but are imperative in the pho-
tovoltaic properties of these materials. Pho-
toexcitation of poly(3-hexylthiophene) (P3HT)
induces an excited-state absorption band but
the transitions that are involved are not well
understood. In this work, calculations have
been performed on P3HT analogues using non-
linear response time-dependent density func-
tional theory to show that an increase in the
oligomer length correlates with the dominance
of the S1 → S3 transition. Furthermore, the
predicted transition energy shows an excellent
agreement with experiment. The calculations
also yielded results on intramolecular charge
transfer in P3HT due to the S1 → S3 transi-
tion, providing insight into the mechanism of
exciton dissociation to form charge carriers.
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Organic solar cells are photovoltaic devices
consisting of electron donor and acceptor semi-
conducting materials with domain sizes of sev-
eral nanometers.1,2 Photoexcitation of either
the donor or acceptor materials leads to the
generation of molecular excitons, which subse-
quently migrate to the donor-acceptor hetero-
junction to undergo dissociation to form the
hole and electron on the donor and acceptor, re-
spectively.3,4 Owing to strong Coulombic forces
between the hole and electron, these species can
still interact across the heterojunction. For or-
ganic solar cells that exhibit a significant ef-
ficiency, including those composed of a conju-
gated polymer (donor) and fullerene (acceptor),
however, an effective charge separation at the
heterojunction has been attributed to rapid dif-
fusion of charges.5,6 In 2012, a study by Bakulin
et al. suggested that delocalized states of the
exciton play a role in the effective formation
of separated charges.7 More recently, Gélinas
et al. used a combination of ultrafast tran-
sient absorption spectroscopy and modeling to
show that long-range charge separation requires
rapid motion of the hole and electron away from
the heterojunction through delocalized states
of the exciton.8 Using the excited-state absorp-
tion (ESA) band of blends of a number of con-
jugated polymers and fullerene, it was shown
that electron-hole separation occurs with a time
constant of <40 fs.8 Although the ESA band
of conjugated polymers is often used to reveal
insight into the dynamics of excitons and sep-
arated charges, the physical nature of the ab-
sorption band, particularly the transitions that
are involved, is insufficiently understood.

Polythiophenes are some of the most widely
studied conjugated polymers in organic so-
lar cells.9 Poly(3-hexylthiophene) (P3HT), as
shown in Figure 1, is one of the most studied
conjugated polymers.10,11 Phenyl-C61-butyric
acid methyl ester (PCBM) is typically used
alongside P3HT as an electron acceptor in
a bulk-heterojunction organic photovoltaic de-
vice.12 Regioregular P3HT can aggregate due
to face-to-face π–π stacking, resulting in crys-
tallization and formation of nanofibers, which
have long-range order.13,14 The use of P3HT
nanostructures in organic photovoltaics has led

to an improved power conversion efficiency
because of efficient exciton and hole trans-
port.15–19

*
* *

*

Figure 1: (Top) Chemical structure of regioreg-
ular P3HT. (Bottom) Two views of the opti-
mized structure of the 3MT heptamer in the
S1 state, showing a C−C−C−S dihedral angle
(red asterisks on P3HT structure) of 0◦.

The photophysical and photochemical prop-
erties of P3HT have been studied with fem-
tosecond laser spectroscopy to reveal exci-
ton lifetime,20 torsional relaxation,21 exci-
ton hopping,22,23 self localization,24,25 charge
transfer,26,27 charge generation,3,28,29 and exci-
ton dissociation of P3HT.30,31 Excited-state
polythiophenes in solution exhibit a near-
infrared (NIR) absorption band centered at
1100 nm.20,32 This induced absorption band, or
an ESA band,30,33 has been used to understand
the relaxation dynamics of P3HT and charge
transfer reaction with PCBM.27,28 The NIR
ESA band of P3HT films or aggregates has
two components, that is, an exciton band at
1200 nm, which is a major component at early
time, and a hole-polaron band at 1000 nm which
is present several nanoseconds after charge sep-
aration.20,27,34 Although there is vast literature
on the ESA band of P3HT, a detailed under-
standing of the physical nature of this induced
absorption band is still unavailable.
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Recently, Ling et al. reported a computa-
tional study on the ESA of a different set of
oligomers, namely, oligofluorenes, offering in-
sight into the transitions that are involved.35

These authors performed nonlinear-response
time-dependent density functional theory
(TD-DFT) calculations using the Coulomb-
attenuated Becke 3-Parameter (Exchange),
Lee, Yang, and Parr (CAM-B3LYP) functional
on oligofluorenes ranging from the dimer to
heptamer, showing that the NIR ESA band is
due to a dominant S1 → S5 transition. The
CAM-B3LYP functional has been employed
in other recent computational studies of con-
jugated oligomers, showing high-level perfor-
mance in predicting the physical and chem-
ical properties of these systems.36–42 In this
study, the electronic properties of the S1 ex-
cited state of oligothiophenes are investigated
using nonlinear-response TD-DFT. The com-
putational methods used are shown in the Sup-
porting Information (SI). The 3-hexylthiophene
(3HT) oligomers are approximated using 3-
methylthiophenes (3MT), as shown in Figure 1.
We have performed calculations to show that
substitution of the hexyl side-chains of olig-
othiophenes with methyl groups has negligible
influences on its electronic structure, as shown
in Figure S1 in SI. In addition, we have also
shown that the use of the CAM-B3LYP func-
tional is crucial in obtaining the ESA spectrum
that agrees with experiment, as shown in Figure
S2.

The optimized structure of the heptamer in
the S1 state is shown in Figure 1, highlighting
the planar arrangement with a C−C−C−S (red
asterisks) dihedral angle of 0◦. The optimized
structure in the S0 state is given in Figure S3
of SI, showing that the ground-state geometry
is nonplanar with an average dihedral angle of
∼30◦. The structures of other oligomers are
also shown in Figure S3, which agree with those
by Bhatta et al. on 3HT oligomers.43 In addi-
tion, Figure S4 shows that the length of the
alkyl side-chains plays a negligible role in the
optimized structure in the S1 state. In a verti-
cal excitation, an electronic transition occurs
from the S0 to the S *

1 state, which exhibits
the greatest Franck-Condon overlap with S0.

The subsequent relaxation from S *
1 to S1 in-

duces planarization of the oligomers, which has
been observed spectroscopically as a spectral
shift in both ultrafast transient absorption and
photoluminescence studies.21,25 The torsional
motions occur rapidly (∼100 fs), lowering the
excited-state energy and increasing the effec-
tive conjugation length of the oligomers, which
is evident in the changes of the C−C and C−−C
bond lengths in the S0 and S1 states. In the ex-
cited state, the shortening of the C−C and cor-
responding lengthening of the C−−C bonds are
characteristics of the aromatic-to-quinoid like
transitions, indicating the presence of the exci-
ton.44 Interestingly, while the trimer displays a
complete inversion to the quinoidal type geom-
etry in the S1 state, this distortion remains lim-
ited to the central region for larger oligomers,
with a spatial extent of about three thiophene
units. For the heptamer, however, the terminal
thiophene rings in the S1 state exhibit similar
bond lengths to those in the S0 state, suggest-
ing that it can support localization of the exci-
ton.45,46

Figure 2 shows the oscillator strengths of the
ESA peaks of 3MT oligomers as a function of
excitation energy. The ESA spectrum of the
trimer has two contributions, that is, the S1 →
S2 and S1 → S3 transitions with similar os-
cillator strengths. In contrast, the ESA spec-
tra of the tetramer and pentamer have three
different contributions, arising from the former
transitions and S1 → S5 transition. For the
hexamer and heptamer, only the S1 → S2 and
S1 → S3 transitions are the contributing tran-
sitions. The S1 → S3 transition, however, has
a substantially higher oscillator strength than
the S1 → S2 transition. Figure 2 also shows the
significant increase in the oscillator strength of
the S1 → S3 transition as the oligomer length-
ens, with it being the dominant transition for
the heptamer. The effect of solvent on the ESA
spectrum was also investigated and Figure S5
in SI shows the insignificant difference between
the calculated ESA spectrum in tetrahydrofu-
ran and vacuum.

The S1 → S3 ESA peak position of the hep-
tamer is close to the experimental value of
P3HT, which is indicated by the dashed line
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Figure 2: Calculated ESA peaks for 3MT
oligomers. The excitation energies correspond
to the transitions from the S1 state to a higher-
lying Sn excited state, where n ranges from 2
to 5. The vertical dashed line indicates the ex-
perimental ESA peak position of P3HT.30

in Figure 2. Furthermore, the S1 → S3 energy
gap of 3MT oligomers shows a red shift with
oligomer length, as shown in SI (Figure S6), ex-
hibiting a 1/n dependence, where n is the num-
ber of repeating units. This dependence has
been observed for oligothiophenes47–49 and sug-
gests that only a minor decrease in the S1 → S3

energy gap is expected for any oligomers longer
than the heptamer. Therefore, the heptamer
system is sufficiently large to yield quantita-
tive results for comparison with experiment. In
this case, the experimental ESA peak position
of P3HT chains is 1.17 eV and the predicted
value for the heptamer (1.22 eV) differs by only
<0.1 eV, showing a good agreement.30,32 This
result is similar to a previous study by Ling
et al., in which the predicted and experimental
ESA peaks of polyfluorenes differ by <0.2 eV.35

In order to demonstrate the agreement, Fig-
ure 3 shows the experimentally measured ESA
spectrum of P3HT30 and the calculated spec-
trum of the heptamer. The calculated spec-
trum was broadened using a Gaussian function
with a best-fit full width at half maximum of
0.36 eV. The difference between the two spec-
tral peaks in Figure 3 is 0.07 eV. In the inset of
Figure 3, the calculated spectrum is shifted by
this minor energy difference, showing an excel-
lent agreement to the experimental spectrum.30
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Figure 3: ESA spectra of P3HT from exper-
iment (red),30 and as calculated for the 3MT
heptamer (black). The inset shows an excel-
lent agreement between the spectra when the
calculated spectrum is shifted by −0.07 eV.

The reproduction the ESA spectrum of P3HT
using such a simplified system and relatively
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nonresource intensive computational method is
initially surprising, given that the accurate cal-
culation of the ground-state absorption spec-
trum of conjugated polymers can be challeng-
ing.39,50 In solution, thermal and solvent ef-
fects cause the polymer to adopt a random-
coil geometry with a wide distribution of inter-
monomer angles and dihedrals. Consequently,
the ground-state chromophores are highly dis-
ordered, and thus defining a chromophore pre-
cisely is a complex task.51–53 Furthermore, the
absorption spectrum is not solely due to any
single chromophore but is composed of an en-
semble of chromophores with a variety of envi-
ronments and geometries. Choosing a represen-
tative selection of chromophores is a challenge,
even before considering a suitable method and
the associated computational costs. To ad-
dress these obstacles, simulation of the optical
properties of conjugated polymers is often per-
formed using classical methods to obtain the
polymer geometry and simplified quantum me-
chanical methods with the ability to scale to
systems with hundreds or thousands of chro-
mophores.49,54,55 In contrast with the ground-
state S0 geometry, the excited S1 state of P3HT
is more ordered and well defined. As shown
in Figure S3 and S4 in SI, the S1 state adopts
a planar geometry, regardless of the side-chain
substituents. While the vertical S0 → S *

1 exci-
tation involves ∼20 thiophene units of a highly
disordered chain, the exciton localizes to 5–10
monomeric units, driving the planarization of
the chromophore site. Similar to the ground-
state absorption, the ESA is also due to an en-
semble of chromophores but in this case each
individual chromophore can be sufficiently de-
scribed as a planar oligothiophene of 5 to 10
monomeric units.

The excellent agreement between the mea-
sured ESA spectrum of P3HT and that of the
3MT heptamer calculated using TD-DFT with
the CAM-B3LYP functional is consistent with
a previous study.35 Ling et al. showed that TD-
DFT calculations using CAM-B3LYP produce
ESA spectra that exhibit agreement with exper-
iment,35 demonstrating the importance of ac-
counting for the long-range contributions to the
electronic exchange interactions. In addition to

excited-state properties, CAM-B3LYP includes
charge-transfer contributions to electronic ex-
citations. The application of CAM-B3LYP on
predicting the charge-transfer properties of the
excited states of a 3MT oligomer is discussed
below. Additional results and further discus-
sion on the choice of functional may be found
in SI.

To reveal insight into the charge transfer char-
acter of the S1 → S3 transition, we turn to the
electron density change involved in this tran-
sition. The electron density difference, ∆ρ(r),
between the excited state and ground state can
be evaluated as

∆ρ(r) = ρexcited(r)− ρground(r) (1)

where ρexcited(r) and ρground(r) are the electron
densities of the excited and ground states at
position r. There is, however, no direct method
to calculate the electron density changes of the
S1 → S3 transition. Therefore, eq 2 is used to
relate the electron density changes of the S1 →
S3 transition to those of the S0 → S1 and S0 →
S3 transitions.

∆ρS1→S3(r) = ∆ρS0→S3(r)−∆ρS0→S1(r) (2)

This approach provides an indirect route to ob-
taining the electron density change between the
S1 and S3 states. On the basis of eq 1, an in-
crease in electron density corresponds to more
“electron” character, while a decrease in elec-
tron density corresponds to more “hole” char-
acter.

Figure 4 shows the electron density differ-
ence calculated for the S1 → S3 transition of
the heptamer. The increase in electron den-
sity is concentrated in the middle region of the
oligomer, with the corresponding decrease oc-
curring along the oligomer’s ends, as indicated
by the black arrows in Figure 4. The middle re-
gion of the 3MT heptamer undergoes a “switch”
in the electron and hole positions in compari-
son with both the S0 → S1 and S0 → S3 tran-
sitions (SI, Figure S7). An increase in electron
density occurs at the central sulfur atom for
both the S0 → S1 and S0 → S3 transitions. For
the S1 → S3 transition, however, the same sul-
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fur atom shows an electron density decrease,
indicating charge movement, or intramolecu-
lar charge transfer, along the backbone of the
oligomer. This “switch” has also been observed
by Denis et al. for the S1 → Sn transition com-
pared with the S0 → S1 transition for fluo-
rene homopolymers and fluorene-based copoly-
mers.56 The electron density difference for the
S1 → S3 transition of other oligomers exhibits
a similar behavior and is shown in Figure S8 in
SI. The intramolecular charge transfer charac-
ters were also investigated using a natural tran-
sition orbital analysis and the results are shown
in SI (Figure S9).

Figure 4: Electron density difference of the
3MT heptamer for the S1 → S3 transition,
where the violet and turquoise regions repre-
sent the increase and decrease, respectively, in
electron density. The arrows serve to highlight
the movement of charge. The isosurface value
used to visualize the electron density difference

is 0.0005 Å
−3

The intramolecular charge transfer process is
a primary indicator of the capacity for an exci-
ton to dissociate into free charge carriers. Ex-
perimentally, we have used transient absorption
spectroscopy to demonstrate charge carrier gen-
eration in P3HT chains through targeted pho-
toexcitation of the ESA band.30 We have used
a femtosecond pump-push-probe technique to
isolate the relaxation processes and products of
the higher-lying Sn state. The computational
work presented here offers new insight, confirm-
ing that charge carrier generation occurs on iso-
lated polymer chains through an intramolecu-
lar charge-transfer intermediate. In the experi-
ment, the visible pump-pulse vertically excites
P3HT from the ground-state to form the S *

1

singlet exciton. The high-energy exciton then
undergoes relaxation within ∼100 fs to the S1

state. The NIR push-pulse is tuned to match

the ESA band, further exciting the S1 exciton to
a high-energy state, Sn. From the results in this
study (Figure 2), we can now assign the previ-
ously unknown Sn state to S3. From the S3 state
the exciton rapidly relaxes back to S1, but in the
experiment ∼11% of the S3 exciton population
directly returns to the ground-state rather than
back through S1. This phenomenon was at-
tributed to dissociation of the exciton into elec-
tron and hole-polaron charge carriers. We have
now shown that such dissociation on isolated
chains is possible due to the charge transfer na-
ture of the S3 state, where the movement of
electrons occurs predominantly from the outer
regions to the center of the chromophore. Be-
cause the separated electrons and holes are still
spatially restricted to a single P3HT chain,
geminate recombination occurs rapidly, result-
ing in a direct return to the S0 ground-state.

In short, we have used nonlinear response TD-
DFT to gain insight into the ESA band of P3HT
in the NIR region. Computational studies us-
ing the CAM-B3LYP functional have been con-
ducted on the 3MT oligomers ranging from the
trimer to heptamer to show that the ESA band
corresponds to the S1 → S3 transition. The os-
cillator strength of this transition increases as a
function of oligomer length and it becomes the
dominant transition of the 3MT heptamer. The
predicted energy of the S1 → S3 transition ex-
hibits an excellent agreement with experiment.
The results also reveal the charge transfer char-
acter of the S1 → S3 transition, which is consis-
tent with experimental results on exciton disso-
ciation because of optical pumping of the singlet
exciton.

Acknowledgement This research was un-
dertaken with the assistance of resources pro-
vided at the Phoenix High Performance Com-
puting service at the University of Adelaide.
We acknowledge the assistance of Mr. Rohan J.
Hudson in the DFT calculations and Dr. David
M. Huang for his comments and suggestions for
this manuscript.

6



Supporting Information Avail-

able

(1) Computational methods, (2) influence of
side-chain substituents, functional, and solva-
tion on computed excited state transitions,
(3) geometry of 3HT and 3MT trimers, 3MT
tetramer to heptamer optimized in S0 and S1

states, (4) calculated S1 → S3 transition en-
ergies with 3MT oligomer length, (5) electron
density difference of 3MT heptamer for S0 →
S1 and S0 → S3 transitions, and S1 → S3 tran-
sitions for 3MT trimer to hexamer, (6) natu-
ral transition orbitals of the S0 → S1 and S0

→ S3 transitions of the 3MT heptamer, (7)
input commands to compute excited state ab-
sorptions using Dalton2016 software, (8) Carte-
sian coordinates for all molecular structures.
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Computational Methods

Computational calculations were performed for a set of regioregular 3MT oligomers from the trimer
up to heptamer using the Gaussian 09 and Dalton2016 packages.1,2 In all calculations, the hexyl side
chains were replaced by methyl groups. The molecular structures of the ground-state geometries
were optimized with the CAM-B3LYP exchange-correlation functional with the 6-31(d,p) basis set
using the Gaussian 09 package. Ground-state geometries were optimized without imposing any
symmetry constraints. All other calculations involving the excited states were based on the time-
dependent DFT/CAM-B3LYP method with the same basis set using both the Gaussian 09 package
and Dalton2016 packages.1,2 The excitation energies (absorption) were obtained using the linear
response approach and optimization was performed using Gaussian 09 to obtain the optically active
lowest excited S1 state geometry. Calculations were also performed using the B3LYP functional
to study the effects of functional on the calculation results.

The optimized geometry of the S1 state was used to calculate the first-order transition moments
between S1 and higher lying excited states (keyword DOUBLE RESIDUE), which are based on
the quadratic response function calculations (keyword QUADRA) using the Dalton2016 package.
For the first-order transition moments calculations, each component of the one-photon transition
matrix element was calculated within a limited number of the excited states. The lowest 5 excited
states (keyword ROOT) were taken into account for all oligomers. The input parameters used
to perform the calculations using the Dalton2016 package are available below. The calculated
excitation energies and transition dipoles were used to calculate the oscillator strength for the
electronic transitions from the S1 to higher lying excited states Sn where n ranges from 2 to 5. All
calculations were conducted in vacuum to reduce computational time.

The calculations on the effect of solvent were performed using the polarized continuum model,
as implemented in Gaussian 09 and Dalton2016 packages. The characteristics of the electronic
transition was investigated using natural transition orbitals (NTOs).3 The electron density differ-
ence between the ground and excited state was calculated using Multiwfn, which is a program for
wavefunction analysis.4 The electron density difference between the lowest-lying excited state, S1,
and higher lying excited state, Sn, was calculated using the cubman utilities within the Gaussian
09 package.1 The visualization of the NTOs and electron density difference was undertaken using
the Avogadro software package and GaussView, respectively.5,6

Effect of Side-Chain on the ESA Band

First, we present the results of replacing the hexyl side chains of 3HT oligomers with methyl groups.
According to previous studies, the alkyl side-chains have negligible influence on the electronic
structure and optical properties of conjugated polymers.7 To demonstrate this is also valid for
P3HT, calculations were performed for the 3HT and 3MT trimers, with hexyl and methyl side
chains, respectively, to study the effect of side chain on the excited-state absorption band. The
excited-state absorption peaks of the 3HT and 3MT trimers are presented in Figure S1, which
show that there is significant overlap in the energies for the S1 → S2 and S1 → S3 transitions
for both oligomers. Furthermore, there is also an overlap for the S1 → S5 transition but the
calculated band for 3HT is insufficiently intense to appear in Figure S1. In contrast, for the S1 →
S4 transition the energies for 3HT and 3MT differ by 0.2 eV. This discrepancy is expected to have
an insignificant effect because this transition has a low oscillator strength. Overall, there is a less
than 1% difference in oscillator strength and the energy of the electronic states involved in the
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excited-state absorption band between using the methyl group and the hexyl side-chains. As a
result of this minor difference, the hexyl side-chains of the thiophene oligomers are replaced with
methyl groups in this study, which is expected to maintain the accuracy of the results.
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Figure S1: Computed excited state absorption (ESA) peaks of 3-hexylthiophene (3HT) trimer
compared to 3-methylthiophene (3MT) trimer using CAM-B3LYP.

Effect of Functional on the ESA Band

Next, selecting a functional that best describes the expected behaviors of a system is an important
factor in formulating density functional theory calculations. The B3LYP functional has been
widely used in previous DFT studies of the properties of oligothiophene derivatives.8,9 While no
DFT studies on the excited-state absorption spectra of oligothiophenes have been reported, there is
only one report that demonstrates the use of time-dependent density functional theory to calculate
the excited-state absorption spectra of fluorene oligomers.10 The study conducted by Ling et al.
shows that the use of CAM-B3LYP functional provides an excellent agreement with experiment.10

In addition to calculations of the excited states, the CAM-B3LYP functional has been shown to
perform well for describing ground-state properties of conjugated polymer systems.11

In order to study the effects of the different functionals, calculations have been performed us-
ing the B3LYP and CAM-B3LYP functionals. Figure S2 shows that the excited-state absorption
peaks of the 3MT trimer and pentamer with B3LYP (blue) and CAM-B3LYP (red) functionals as
a function of energy (∆E). First, CAM-B3LYP predicts that the S1 → S3 is the major transition,
whereas the calculation results using B3LYP show that S1 → S2 is the main transition. Second,
although the energy of the S1 → S2 transition for the 3MT trimer calculated using B3LYP is close
to the experimentally measured excited-state absorption peak position, the energy of the same
transition for the pentamer shows a substantial red-shift, deviating from the experimentally mea-
sured value. It is likely that the S1 → S2 transition will undergo further red-shift in energy as the
oligomer length increases. It is expected that the excited-state absorption peaks predicted using
the B3LYP functional will deviate more than 65% from the experimental value at an oligomer
length of 7 units, which is the expected chromophore length as shown by several studies.12–14 In
contrast, the excited-state absorption (S1 → S3) predicted by CAM-B3LYP approaches the experi-
mentally measured value as shown in Figure S2 and is discussed below. As a consequence, we argue
that the B3LYP functional is incapable of predicting the excited-state absorption spectrum of the
3MT oligomers accurately. The results show that the use of the CAM-B3LYP functional is crucial
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in obtaining the excited-state absorption spectrum that agrees with experiment. CAM-B3LYP
combines the hybrid functional B3LYP and a long-range correction in electronic exchange interac-
tions.15 It is a range-separated hybrid functional with 19% Hartree-Fock exchange at short range
but with 65% HF exchange at long range.15 CAM-B3LYP has been used to study the nonlinear
optical properties of small molecular systems and its accuracy rivals those of much more resource-
intensive methods including coupled cluster theory.16 Alternate long-range corrected functionals
such as the more-recently developed ωB97X-D are likely also suitable for this application.17,18

While the Dalton2016 software package used to compute the excited-state absorptions does not
natively implement ωB97X, we do not expect the results to differ dramatically from those produced
by CAM-B3LYP.
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Figure S2: Calculated excitation energy of the S1 → Sn transitions for 3MT trimer and pentamer
using B3LYP (checkered blue) and CAM-B3LYP (solid red) functionals. The vertical dashed line
indicates the experimental ESA energy of P3HT.19
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Molecular Structures

Figure S3: Optimized geometries of 3MT oligomers at S0 and S1 states from side (left) and top
(right) views. Sulphur, carbon or hydrogen atoms are represented by yellow, grey or white spheres,
respectively.
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As the hexyl side-chains of the thiophene oligomers are replaced with methyl groups, calcula-
tions to study the effect of side-chains on the dihedral angles in the S0 and S1 states were performed
on both the 3HT and 3MT trimers. The results show that the C−C−C−S dihedral angle of the
3HT trimer is 45.2◦ in the S0 state, while the 3MT trimer dihedral is 31.6◦, as shown in Figure S4.
Although the dihedral angles of the two species are different in the S0 state, the S1 state of both
species planarize to a dihedral angle of 0◦ (Figure S4). The difference in the dihedral angles in the
S0 state is expected to have a negligible effect on the calculated excited-state absorption bands
of the thiophene oligomers. This is because the relevant excited-state absorption bands that are
observed experimentally originate from the S1 state, not the S *

1 state produced as a result of a
vertical transition. As we have already noted, the rapid relaxation of S *

1 to S1, on the order of
∼100 fs, is primarily through the planarization of the chromophore.20–22

Figure S4: Optimized geometries of 3HT and 3MT trimer at S0 and S1 states from side (left) and
top (right) views. Sulphur, carbon or hydrogen atoms are represented by yellow, grey or white
spheres, respectively.
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Effect of Solvation on the ESA Band

In order to calculate the excited-state absorption spectrum of the thiophene oligomers, we ad-
dress the effect of solvent in the calculation results. The relevant experimental measurements
were conducted in organic solvents including tetrahydrofuran (THF),19 xylene,23 chloroform and
chlorobenzene.21,24,25 In this case, we choose THF and the 3MT trimer as a representative model
system for investigations on the effect of solvent in the excited-state absorption peaks of 3MT
oligomers. Figure S5 shows the predicted excited-state absorption peaks of the 3MT trimer in
THF in comparison to vacuum. First, the calculated excited-state absorption peaks of the 3MT
trimer in vacuum and THF both show a major component due to the S1 → S3 transition. Second,
the energy of the S1 → S3 transition for the 3MT trimer calculated in THF and in vacuum shows an
insignificant difference of 0.1 eV. Furthermore, the energy differences for the S1 → S2 and S1 → S5

transitions for the 3MT trimer calculated in THF and in vacuum follow a similar trend, indicating
that the inclusion of THF in the calculations increases the energy for all of the peaks by at most
0.1 eV, corresponding to change of less than 6%. These results agree with the study conducted
by Denis et al., which shows that the calculated excited-state absorption energy of the fluorene
pentamer in solvent and in vacuum only differ by 0.07 eV, corresponding to a change of less than
5%.26 These authors concluded that the effect of solvent is minor and inclusion of solvent leads
to similar results as those from calculations performed in vacuum. Furthermore, a previous study
on conjugated polymers by Salzner showed that the effect of solvent appears to diminish as the
system size increases.27 This phenomenon suggests that the inclusion of solvent has a minor effect
on the results as the oligomer length increases. As a consequence, all the calculations performed
in this study were on 3MT oligomers in vacuum, which is identical to the approach taken by Ling
et al. for the calculations on the excited-state absorption spectrum of fluorene oligomers.10
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Figure S5: ESA peaks of 3MT trimer calculated in tetrahydrofuran (THF) (checkered blue) and
vacuum (solid red). The vertical dashed line indicates the experimental ESA energy of P3HT.19
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Oligomer Length Dependence
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Figure S6: Calculated excitation energy of the S1 → S3 transition for 3MT oligomers of length
n = 3 to 7 obtained from the relaxed S1 molecular geometry (blue data points). The solid curve
shows the 1/n dependence of the excitation energy. The horizontal dashed line indicates the
experimental ESA energy of P3HT.19

Electron Density Differences

Figure S7: The electron density difference of 3MT heptamer at the S1 geometry for the (a) S0 →
S1 and (b) S0 → S3 transition, where the violet or turquoise colours represent the increase or
decrease in electron density difference, respectively. The difference between the S0 → S3 and S0 →
S1 transitions gives the electron density difference for the S1 → S3 transition.
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(a) Trimer

(b) Tetramer

(c) Pentamer

(d) Hexamer

Figure S8: The electron density difference of 3MT (a) trimer, (b) tetramer, (c) pentamer and (d)
hexamer for the S1 → S3 transition, where the violet or turquoise colours represent the increase or
decrease in electron density difference, respectively.
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Natural Transition Orbitals

The nature of the S1 → S3 transition is explored using natural transition orbitals (NTOs) and
changes in electron density. In the NTO analysis, each transition is represented using a pair of
orbitals, involving a transition to an excited “electron,” leaving behind the empty “hole” (unoc-
cupied).3 In this case, the properties of the S1 → S3 transition is inferred by examining the S0 →
S1 and S0 → S3 transitions. Figure S9a shows the NTOs for the S0 → S1 transition of the 3MT
heptamer with a weighting of 92%. The S0 → S1 transition has a negligible charge transfer char-
acter, as indicated by the similar orbital distribution between the “electron” and “hole.” On the
other hand, the NTOs for the S0 → S3 transition of the 3MT heptamer cannot be represented by
a single particle-hole transition. Two contributions with weightings of 58% (Figure S9b) and 40%
(Figure S9c) must be considered. It is evident that the S0 → S3 transition has a charge transfer
character due to two complementary transfers of charge, i.e., from one side to the central part of
the heptamer (Figure S9b) and from the central part to one side of the heptamer (Figure S9c).
Although these two NTO contributions of the S0 → S3 transition partially cancel out each other,
this transition still maintain a charge-transfer character. Given that the S0 → S1 transition has
no charge-transfer character while the S0 → S3 transition has one, it follows that the S1 → S3

transition has a charge-transfer character.

Figure S9: The electron–hole pairs of the natural transition orbital analysis for the S0 → S1 and
S0 → S3 transitions of the heptamer at the S1 geometry. The percentage value indicates the
associated weighting of each pair of NTOs.
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Dalton Parameters

Input commands used to perform the excited state absorption calculations using the Dalton2016
package.

**GENERAL

.RUN RESPONSE

.PARALLEL

.DIRECT

**WAVE FUNCTION

.DFT

CAMB3LYP

**RESPONSE

*QUADRA

.PRINT LEVEL

10

.DIPLEN

.DOUBLE RESIDUE

.ROOTS

5

*END OF

Structure Coordinates

Table S1: Cartesian coordinates of S0 and S1 states of 3HT trimer.

3HT trimer S0 3HT trimer S1

Atom x y z Atom x y z
C 2.257 404 5.887 185 0.761 306 C −1.857 438 6.216 627 0.038 660
C 1.201 598 5.668 843 −0.064 154 C −0.634 154 5.924 272 0.582 214
C 0.874 456 4.284 737 −0.232 629 C −0.320 525 4.551 846 0.631 265
C 1.712 235 3.470 947 0.491 535 C −1.361 881 3.753 572 0.092 986
S 2.889 132 4.408 419 1.378 593 S −2.695 594 4.793 908 −0.450 069
H 2.705 064 6.830 123 1.041 107 H −2.312 149 7.187 756 −0.095 580
H 0.662 088 6.464 721 −0.564 745 H 0.040 048 6.688 968 0.951 679
C 1.762 390 2.016 546 0.606 601 C −1.502 090 2.372 252 −0.058 690
C 2.876 164 1.227 369 0.683 862 C −2.621 821 1.696 639 −0.629 766
S 0.331 665 1.041 007 0.764 687 S −0.295 144 1.181 139 0.428 886
C 2.611 276 −0.166 213 0.845 582 C −2.533 468 0.330 286 −0.694 400
H 3.880 204 1.629 540 0.607 308 H −3.486 839 2.238 052 −0.994 764
C 1.263 976 −0.427 041 0.897 156 C −1.294 609 −0.165 538 −0.160 780
C −0.254 095 3.837 517 −1.121 445 C 0.998 354 4.060 857 1.154 610
H −0.109 910 2.794 948 −1.418 690 H 0.878 441 3.120 088 1.700 943
H −0.226 445 4.430 038 −2.043 252 H 1.368 239 4.786 972 1.886 758
C 3.716 393 −1.187 895 0.865 404 C −3.655 160 −0.518 721 −1.224 323
H 4.439 668 −0.918 519 1.644 519 H −4.262 820 0.098 358 −1.893 739
H 3.319 310 −2.168 101 1.137 846 H −3.265 827 −1.335 934 −1.839 447
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C 0.535 264 −1.687 635 1.030 348 C −0.763 517 −1.453 141 −0.055 841
C −0.549 077 −2.100 883 0.307 706 C 0.484 475 −1.801 204 0.499 337
S 0.907 261 −2.851 697 2.274 583 S −1.568 199 −2.926 007 −0.617 988
C −1.084 926 −3.361 329 0.722 779 C 0.770 269 −3.177 757 0.474 609
H −0.949 192 −1.526 866 −0.520 621 H 1.159 245 −1.064 507 0.919 448
C −0.387 325 −3.877 836 1.773 098 C −0.246 950 −3.906 669 −0.097 519
H −0.555 002 −4.819 169 2.278 105 H −0.289 554 −4.978 305 −0.236 643
C −2.276 400 −4.015 548 0.079 343 C 2.049 588 −3.781 251 0.986 804
H −2.119 569 −4.069 445 −1.004 877 H 2.250 949 −3.398 794 1.994 340
H −2.357 087 −5.048 356 0.433 648 H 1.926 772 −4.864 879 1.082 512
C −3.592 896 −3.279 836 0.355 178 C 3.256 684 −3.483 625 0.089 208
H −3.507 367 −2.240 539 0.014 758 H 3.372 708 −2.397 800 −0.012 912
H −3.757 295 −3.235 200 1.438 616 H 3.056 340 −3.867 324 −0.918 491
C −4.792 708 −3.938 541 −0.320 179 C 4.553 275 −4.088 129 0.620 803
H −4.618 648 −3.984 261 −1.403 337 H 4.743 625 −3.705 418 1.632 172
H −4.873 538 −4.979 579 0.019 330 H 4.431 336 −5.174 392 0.724 185
C −6.109 978 −3.215 700 −0.050 325 C 5.762 056 −3.797 630 −0.265 219
H −6.029 013 −2.174 267 −0.389 055 H 5.884 226 −2.711 222 −0.368 363
H −6.284 237 −3.170 090 1.032 892 H 5.571 099 −4.179 274 −1.276 988
C −7.311 970 −3.871 975 −0.725 744 C 7.061 072 −4.401 787 0.263 181
H −7.392 010 −4.912 407 −0.387 104 H 6.938 083 −5.487 091 0.365 935
H −7.137 026 −3.917 211 −1.807 842 H 7.250 910 −4.020 363 1.274 147
C −8.623 579 −3.143 036 −0.450 518 C 8.263 286 −4.106 195 −0.628 287
H −8.582 127 −2.109 322 −0.808 506 H 8.428 489 −3.028 042 −0.721 692
H −9.466 787 −3.633 042 −0.945 167 H 9.178 984 −4.549 806 −0.227 683
H −8.838 970 −3.111 752 0.622 360 H 8.113 192 −4.505 103 −1.636 639
C −1.637 170 3.995 552 −0.476 535 C 2.067 237 3.880 223 0.063 435
H −1.778 489 5.041 106 −0.176 480 H 2.214 019 4.837 952 −0.450 043
H −1.676 658 3.405 056 0.446 974 H 1.699 533 3.176 647 −0.692 156
C −2.772 464 3.570 828 −1.403 862 C 3.397 814 3.382 602 0.621 415
H −2.723 599 4.159 537 −2.329 374 H 3.752 122 4.079 531 1.392 342
H −2.625 024 2.524 009 −1.700 582 H 3.240 205 2.421 494 1.128 618
C −4.155 395 3.728 355 −0.776 838 C 4.476 073 3.219 187 −0.446 944
H −4.302 718 4.775 309 −0.480 191 H 4.634 818 4.180 624 −0.953 072
H −4.203 748 3.140 458 0.149 348 H 4.120 249 2.524 310 −1.219 123
C −5.293 145 3.303 107 −1.702 236 C 5.807 421 2.716 555 0.106 922
H −5.243 731 3.890 452 −2.627 521 H 6.161 420 3.410 528 0.879 354
H −5.145 253 2.257 052 −1.997 977 H 5.647 997 1.755 590 0.611 594
C −6.671 131 3.464 550 −1.067 823 C 6.879 267 2.557 773 −0.967 031
H −6.857 681 4.507 350 −0.791 778 H 7.081 162 3.511 165 −1.465 739
H −7.466 526 3.153 602 −1.750 784 H 7.821 061 2.197 345 −0.544 077
H −6.758 687 2.862 129 −0.157 959 H 6.564 258 1.844 280 −1.735 227
C 4.448 524 −1.300 631 −0.478 049 C −4.560 259 −1.089 093 −0.121 973
H 4.846 759 −0.319 289 −0.762 771 H −4.983 981 −0.255 133 0.449 955
H 3.726 652 −1.576 596 −1.256 193 H −3.958 811 −1.673 668 0.583 239
C 5.584 421 −2.319 709 −0.446 362 C −5.683 530 −1.960 030 −0.677 518
H 5.183 755 −3.301 023 −0.160 172 H −5.248 274 −2.793 384 −1.244 727
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H 6.298 850 −2.041 391 0.339 573 H −6.273 588 −1.376 959 −1.396 787
C 6.320 807 −2.443 660 −1.777 873 C −6.607 377 −2.513 352 0.404 520
H 6.721 509 −1.462 201 −2.064 263 H −7.042 809 −1.679 999 0.971 628
H 5.606 095 −2.721 179 −2.563 971 H −6.016 238 −3.094 900 1.124 309
C 7.458 029 −3.462 308 −1.749 923 C −7.731 020 −3.388 214 −0.146 695
H 8.171 434 −3.184 548 −0.964 128 H −8.320 973 −2.806 474 −0.865 776
H 7.056 940 −4.442 486 −1.463 668 H −7.294 982 −4.220 092 −0.713 611
C 8.188 042 −3.579 202 −3.084 402 C −8.648 731 −3.937 178 0.941 336
H 8.626 321 −2.620 174 −3.378 696 H −9.122 668 −3.125 772 1.502 954
H 8.996 433 −4.314 062 −3.036 881 H −9.443 504 −4.559 007 0.520 121
H 7.504 005 −3.887 345 −3.881 633 H −8.089 586 −4.549 742 1.655 855

Table S2: Cartesian coordinates of S0 and S1 states of 3MT trimer.

3MT trimer S0 3MT trimer S1

Atom x y z Atom x y z
C 5.356 120 0.021 230 0.377 172 C −5.359 231 −0.001 803 0.000 012
C 4.904 542 1.258 798 0.046 819 C −4.871 705 1.280 439 0.000 005
C 3.491 840 1.320 619 −0.171 062 C −3.468 586 1.377 734 −0.000 002
C 2.893 589 0.094 585 0.003 223 C −2.850 580 0.101 276 −0.000 001
S 4.068 157 −1.119 533 0.447 261 S −4.091 386 −1.167 719 0.000 009
H 6.370 601 −0.289 278 0.582 125 H −6.391 406 −0.321 663 0.000 018
H 5.551 728 2.122 087 −0.055 111 H −5.517 247 2.151 417 0.000 005
C 1.499 276 −0.306 169 −0.128 311 C −1.508 358 −0.276 185 −0.000 005
C 1.016 282 −1.534 607 −0.490 343 C −1.004 458 −1.612 842 −0.000 006
S 0.178 690 0.758 864 0.255 516 S −0.154 892 0.857 839 −0.000 006
C −0.404 102 −1.642 768 −0.486 911 C 0.359 434 −1.737 199 −0.000 008
H 1.662 351 −2.354 734 −0.782 589 H −1.667 360 −2.469 997 −0.000 007
C −1.007 539 −0.465 198 −0.112 607 C 1.028 920 −0.467 391 −0.000 006
C 2.797 855 2.595 622 −0.557 852 C −2.747 880 2.691 326 −0.000 009
H 1.983 829 2.419 310 −1.264 015 H −2.108 836 2.812 837 0.880 912
H 2.371 380 3.103 932 0.313 196 H −2.108 835 2.812 828 −0.880 931
H 3.505 912 3.285 504 −1.021 770 H −3.467 300 3.512 370 −0.000 014
C −1.110 060 −2.908 259 −0.882 376 C 1.057 893 −3.062 978 −0.000 014
H −1.369 112 −3.514 529 −0.008 320 H 1.694 214 −3.185 886 −0.881 407
H −2.035 486 −2.704 839 −1.424 849 H 1.694 216 −3.185 894 0.881 377
H −0.467 173 −3.516 813 −1.521 715 H 0.326 458 −3.872 698 −0.000 017
C −2.417 515 −0.113 205 −0.005 238 C 2.384 004 −0.134 323 −0.000 003
C −2.986 449 1.115 338 −0.207 489 C 2.931 446 1.163 576 −0.000 004
S −3.630 668 −1.257 536 0.507 363 S 3.703 745 −1.314 360 0.000 008
C −4.394 407 1.156 730 0.034 874 C 4.337 418 1.201 178 0.000 003
H −2.417 088 1.976 788 −0.538 278 H 2.314 882 2.054 833 −0.000 012
C −4.870 425 −0.059 010 0.423 883 C 4.888 835 −0.058 664 0.000 010
C −5.232 181 2.389 734 −0.135 610 C 5.143 520 2.467 332 0.000 004
H −5.179 057 2.763 676 −1.162 432 H 4.917 172 3.075 449 0.880 584
H −6.279 596 2.190 659 0.098 185 H 6.214 060 2.255 449 −0.000 004
H −4.885 763 3.194 759 0.519 349 H 4.917 159 3.075 458 −0.880 566
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H −5.892 353 −0.325 880 0.654 948 H 5.939 306 −0.315 510 0.000 016

Table S3: Cartesian coordinates of S0 and S1 states of 3MT tetramer.

3MT tetramer S0 3MT tetramer S1

Atom x y z Atom x y z
C −7.247 213 −0.470 533 −0.625 704 C −7.305 297 −0.363 563 −0.000 014
C −6.933 807 0.840 913 −0.462 288 C −6.918 471 0.945 433 −0.000 008
C −5.553 322 1.073 871 −0.167 863 C −5.515 870 1.141 353 −0.000 001
C −4.837 468 −0.099 253 −0.112 914 C −4.816 694 −0.073 436 −0.000 001
S −5.862 206 −1.476 027 −0.437 204 S −5.950 059 −1.425 563 −0.000 011
H −8.211 318 −0.906 923 −0.844 046 H −8.308 689 −0.764 466 −0.000 021
H −7.660 638 1.641 406 −0.535 957 H −7.623 171 1.768 971 −0.000 009
C −3.427 770 −0.335 864 0.166 289 C −3.430 063 −0.347 330 0.000 004
C −2.867 526 −1.441 701 0.746 850 C −2.823 853 −1.620 753 0.000 003
S −2.181 313 0.783 087 −0.301 489 S −2.186 209 0.891 394 0.000 009
C −1.447 679 −1.409 467 0.846 361 C −1.446 982 −1.637 200 0.000 006
H −3.459 398 −2.267 652 1.124 647 H −3.410 803 −2.532 198 0.000 001
C −0.922 372 −0.248 065 0.327 296 C −0.886 534 −0.318 276 0.000 009
C −5.006 993 2.454 322 0.061 445 C −4.897 975 2.507 654 0.000 007
H −4.234 249 2.464 663 0.832 869 H −4.270 489 2.676 095 0.881 136
H −4.565 628 2.870 688 −0.850 039 H −4.270 483 2.676 102 −0.881 117
H −5.806 414 3.129 910 0.372 874 H −5.677 627 3.271 537 0.000 007
C −0.665 995 −2.525 819 1.477 822 C −0.645 961 −2.903 228 0.000 006
H −0.220 754 −3.183 343 0.724 155 H −0.001 646 −2.977 902 −0.881 369
H 0.145 854 −2.150 576 2.104 912 H −0.001 646 −2.977 903 0.881 381
H −1.319 095 −3.139 740 2.100 981 H −1.311 370 −3.768 130 0.000 005
C 0.453 148 0.219 451 0.253 177 C 0.426 746 0.120 102 0.000 008
C 0.889 129 1.516 466 0.194 497 C 0.866 877 1.473 625 0.000 006
S 1.810 033 −0.865 157 0.141 411 S 1.841 574 −0.938 582 0.000 006
C 2.298 046 1.667 839 0.054 989 C 2.233 452 1.655 194 0.000 004
H 0.216 108 2.364 557 0.250 808 H 0.169 417 2.302 763 0.000 007
C 2.943 029 0.454 448 0.005 883 C 2.950 642 0.432 610 0.000 003
C 4.358 880 0.136 043 −0.124 728 C 4.340 813 0.167 931 −0.000 001
C 4.910 935 −0.966 271 −0.719 736 C 4.953 970 −1.082 756 0.000 003
S 5.612 092 1.130 549 0.571 659 S 5.581 250 1.418 770 −0.000 013
C 6.336 267 −1.027 085 −0.634 832 C 6.368 443 −1.043 295 −0.000 003
H 4.315 658 −1.718 691 −1.225 078 H 4.392 126 −2.009 817 0.000 012
C 6.842 840 0.046 235 0.034 258 C 6.842 654 0.241 273 −0.000 012
C 2.951 634 3.017 834 −0.026 567 C 2.863 666 3.016 488 0.000 002
H 3.298 137 3.357 561 0.954 858 H 3.492 678 3.170 887 0.881 411
H 3.815 314 3.011 049 −0.694 277 H 3.492 673 3.170 889 −0.881 410
H 2.241 392 3.760 502 −0.395 951 H 2.092 263 3.788 158 0.000 005
C 7.158 643 −2.133 914 −1.226 335 C 7.238 761 −2.266 002 0.000 000
H 8.223 376 −1.973 943 −1.047 091 H 8.296 841 −1.998 388 −0.000 002
H 6.884 117 −3.101 540 −0.795 791 H 7.045 156 −2.885 606 0.880 504
H 7.003 818 −2.205 909 −2.307 004 H 7.045 153 −2.885 611 −0.880 501
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H 7.881 596 0.272 054 0.231 669 H 7.874 796 0.563 354 −0.000 018

Table S4: Cartesian coordinates of S0 and S1 states of 3MT pentamer.

3MT pentamer S0 3MT pentamer S1

Atom x y z Atom x y z
C 9.263 004 0.152 276 0.310 431 C −9.266 626 0.049 491 −0.000 012
C 8.825 717 1.046 185 −0.613 979 C −8.784 928 1.323 146 0.000 021
C 7.409 555 1.025 008 −0.814 632 C −7.365 889 1.409 398 0.000 031
C 6.793 623 0.089 462 −0.016 273 C −6.767 520 0.152 393 0.000 005
S 7.957 376 −0.745 696 0.983 560 S −7.992 891 −1.108 459 −0.000 033
H 10.276 508 −0.033 745 0.635 742 H −10.296 547 −0.277 215 −0.000 026
H 9.485 331 1.709 830 −1.160 705 H −9.423 624 2.198 661 0.000 039
C 5.389 541 −0.280 173 0.096 959 C −5.391 790 −0.227 709 0.000 004
C 4.875 855 −1.493 922 0.466 943 C −4.881 977 −1.527 724 0.000 001
S 4.096 945 0.855 935 −0.159 148 S −4.069 343 0.917 393 0.000 001
C 3.455 974 −1.540 428 0.556 318 C −3.498 206 −1.638 176 −0.000 003
H 5.500 110 −2.355 669 0.674 062 H −5.527 516 −2.398 769 0.000 003
C 2.881 115 −0.328 668 0.247 139 C −2.857 191 −0.370 534 −0.000 005
C 1.484 692 0.074 905 0.206 179 C −1.508 340 −0.023 055 −0.000 009
C 0.982 104 1.341 965 0.341 413 C −0.975 250 1.293 279 −0.000 015
S 0.188 463 −1.043 357 −0.109 893 S −0.179 144 −1.180 930 −0.000 005
C −0.429 015 1.445 642 0.191 714 C 0.395 182 1.387 024 −0.000 016
H 1.608 075 2.202 280 0.549 600 H −1.615 389 2.167 785 −0.000 019
C −1.009 773 0.224 301 −0.064 684 C 1.034 106 0.108 771 −0.000 010
C −2.401 722 −0.137 249 −0.280 499 C 2.382 131 −0.244 142 −0.000 006
C −2.882 819 −1.210 963 −0.981 832 C 2.910 579 −1.551 773 0.000 004
S −3.724 099 0.750 461 0.420 534 S 3.717 586 0.905 874 −0.000 011
C −4.301 081 −1.334 151 −0.987 484 C 4.297 868 −1.635 691 0.000 008
H −2.237 241 −1.899 688 −1.515 131 H 2.276 636 −2.430 584 0.000 008
C −4.906 654 −0.326 688 −0.273 134 C 4.917 547 −0.376 020 0.000 001
C −6.316 724 −0.040 170 −0.044 736 C 6.298 654 −0.009 491 0.000 003
C −6.896 906 1.185 412 0.144 228 C 6.820 997 1.272 269 −0.000 015
S −7.514 231 −1.299 524 0.110 856 S 7.614 753 −1.172 893 0.000 030
C −8.300 930 1.135 502 0.406 133 C 8.239 778 1.330 796 −0.000 007
H −6.338 840 2.113 102 0.083 743 H 6.198 451 2.159 876 −0.000 034
C −8.762 666 −0.146 231 0.412 833 C 8.797 377 0.083 613 0.000 018
C 6.728 595 1.928 483 −1.802 839 C −6.647 197 2.726 354 0.000 069
H 5.910 277 1.423 886 −2.321 052 H −6.009 209 2.845 993 0.881 370
H 6.310 754 2.816 619 −1.317 447 H −6.009 226 2.846 053 −0.881 236
H 7.442 567 2.274 101 −2.553 210 H −7.366 765 3.546 976 0.000 103
C 2.722 243 −2.791 766 0.946 044 C −2.791 561 −2.959 693 −0.000 005
H 1.889 449 −2.582 010 1.621 044 H −2.154 329 −3.081 864 −0.881 341
H 2.313 762 −3.309 721 0.072 247 H −2.154 328 −3.081 867 0.881 329
H 3.398 804 −3.485 255 1.449 133 H −3.517 816 −3.774 231 −0.000 006
C −1.148 550 2.758 981 0.308 969 C 1.119 618 2.699 310 −0.000 024
H −1.945 523 2.853 842 −0.431 736 H 1.758 011 2.809 735 0.881 501
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H −1.602 812 2.884 303 1.297 137 H 1.758 008 2.809 726 −0.881 552
H −0.450 697 3.585 896 0.163 793 H 0.404 582 3.523 520 −0.000 026
C −5.004 815 −2.436 195 −1.726 699 C 5.017 609 −2.952 733 0.000 020
H −5.253 345 −3.270 913 −1.063 347 H 5.655 511 −3.065 478 −0.881 334
H −5.936 007 −2.090 893 −2.180 361 H 5.655 500 −3.065 469 0.881 382
H −4.365 151 −2.829 426 −2.519 434 H 4.299 651 −3.774 396 0.000 019
C −9.149 362 2.352 577 0.629 965 C 9.021 503 2.611 701 −0.000 026
H −10.191 851 2.080 391 0.804 618 H 10.095 777 2.418 977 0.000 016
H −8.798 589 2.923 359 1.494 949 H 8.785 160 3.216 459 −0.880 501
H −9.113 958 3.022 232 −0.234 513 H 8.785 102 3.216 520 0.880 391
H −9.778 897 −0.482 172 0.565 452 H 9.848 143 −0.170 974 0.000 029

Table S5: Cartesian coordinates of S0 and S1 states of 3MT hexamer.

3MT hexamer S0 3MT hexamer S1

Atom x y z Atom x y z
C 11.217 629 0.132 386 0.007 333 C 11.220 428 0.180 360 −0.000 129
C 10.750 522 0.685 485 −1.141 933 C 10.780 143 −1.106 363 −0.000 062
C 9.327 999 0.621 034 −1.278 523 C 9.361 151 −1.235 008 −0.000 007
C 8.738 169 0.003 130 −0.200 571 C 8.728 543 −0.001 060 −0.000 035
S 9.934 004 −0.480 649 0.977 193 S 9.909 934 1.296 236 −0.000 131
H 12.241 533 0.046 798 0.341 865 H 12.239 129 0.540 461 −0.000 177
H 11.392 481 1.126 841 −1.895 288 H 11.444 788 −1.962 243 −0.000 048
C 7.337 690 −0.289 507 0.072 013 C 7.332 645 0.338 531 −0.000 001
C 6.832 663 −1.320 346 0.817 733 C 6.782 951 1.612 100 0.000 028
S 6.042 528 0.734 497 −0.476 154 S 6.053 112 −0.849 264 −0.000 007
C 5.417 138 −1.312 479 0.967 611 C 5.386 309 1.670 181 0.000 047
H 7.460 195 −2.086 690 1.258 289 H 7.394 245 2.507 457 0.000 039
C 4.837 120 −0.245 808 0.319 170 C 4.800 128 0.389 701 0.000 030
C 3.442 171 0.148 403 0.204 884 C 3.452 484 −0.009 647 0.000 037
C 2.950 799 1.402 500 −0.044 832 C 2.966 641 −1.333 670 0.000 019
S 2.129 876 −0.990 871 0.303 520 S 2.093 562 1.103 755 0.000 063
C 1.535 402 1.477 483 −0.166 447 C 1.595 637 −1.474 956 0.000 022
H 3.587 996 2.274 425 −0.139 643 H 3.633 949 −2.187 892 0.000 003
C 0.939 190 0.247 087 −0.005 212 C 0.917 382 −0.219 239 0.000 044
C −0.461 767 −0.139 432 −0.045 688 C −0.437 955 0.089 333 0.000 047
C −0.973 346 −1.380 527 −0.319 226 C −1.007 923 1.387 086 0.000 069
S −1.755 338 0.960 593 0.337 786 S −1.737 601 −1.102 478 0.000 023
C −2.389 379 −1.478 614 −0.223 167 C −2.386 044 1.436 549 0.000 065
H −0.350 484 −2.225 068 −0.591 439 H −0.396 107 2.281 525 0.000 085
C −2.965 035 −0.280 179 0.132 945 C −2.980 983 0.148 671 0.000 039
C −4.359 646 0.076 046 0.341 287 C −4.331 111 −0.245 674 0.000 022
C −4.850 100 1.090 009 1.120 500 C −4.823 447 −1.554 582 −0.000 002
S −5.670 758 −0.729 377 −0.473 004 S −5.687 968 0.871 036 0.000 022
C −6.264 516 1.246 193 1.078 443 C −6.218 112 −1.670 855 −0.000 021
H −4.213 162 1.725 633 1.725 301 H −4.171 855 −2.420 547 −0.000 007
C −6.858 296 0.326 836 0.245 772 C −6.858 601 −0.432 196 −0.000 013
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C −8.260 440 0.118 047 −0.091 072 C −8.255 915 −0.091 875 −0.000 032
C −8.769 540 −0.362 653 −1.267 379 C −8.804 333 1.173 291 −0.000 082
S −9.550 235 0.390 173 1.052 087 S −9.540 958 −1.284 914 0.000 018
C −10.190 836 −0.511 861 −1.274 169 C −10.227 082 1.200 364 −0.000 081
H −8.146 224 −0.593 948 −2.124 005 H −8.202 637 2.075 263 −0.000 124
C −10.737 882 −0.136 778 −0.084 050 C −10.754 441 −0.057 990 −0.000 029
C 8.614 870 1.165 259 −2.483 426 C 8.684 260 −2.574 520 0.000 072
H 7.767 758 0.540 038 −2.773 459 H 8.050 611 −2.713 609 0.881 469
H 8.230 759 2.174 816 −2.303 806 H 8.050 631 −2.713 724 −0.881 322
H 9.298 717 1.224 424 −3.332 663 H 9.429 171 −3.372 126 0.000 132
C 4.692 626 −2.369 372 1.751 282 C 4.636 157 2.968 147 0.000 084
H 3.891 618 −1.946 346 2.361 736 H 3.995 348 3.069 251 −0.881 297
H 4.242 681 −3.121 882 1.095 607 H 3.995 357 3.069 206 0.881 477
H 5.385 832 −2.888 650 2.415 755 H 5.334 761 3.806 476 0.000 102
C 0.826 025 2.773 254 −0.438 088 C 0.916 993 −2.811 178 0.000 005
H 0.018 882 2.650 980 −1.163 941 H 0.282 640 −2.944 676 0.881 459
H 0.387 000 3.192 577 0.472 938 H 0.282 634 −2.944 651 −0.881 448
H 1.526 295 3.511 958 −0.832 549 H 1.660 046 −3.610 273 −0.000 009
C −3.120 343 −2.763 432 −0.489 715 C −3.146 231 2.729 403 0.000 085
H −3.935 509 −2.922 214 0.219 749 H −3.787 224 2.822 063 −0.881 479
H −3.552 681 −2.781 214 −1.495 358 H −3.787 246 2.822 023 0.881 637
H −2.435 933 −3.610 582 −0.414 053 H −2.454 109 3.572 892 0.000 114
C −6.974 529 2.307 616 1.869 359 C −6.904 044 −3.006 318 −0.000 049
H −7.836 406 2.706 678 1.331 026 H −7.538 856 −3.136 173 0.881 244
H −7.336 343 1.921 498 2.827 816 H −7.538 887 −3.136 120 −0.881 328
H −6.295 872 3.134 958 2.086 924 H −6.165 514 −3.809 597 −0.000 086
C −10.970 121 −1.007 224 −2.456 781 C −11.035 953 2.464 210 −0.000 134
H −12.040 040 −1.032 010 −2.242 218 H −12.105 839 2.248 317 −0.000 126
H −10.813 923 −0.365 249 −3.328 828 H −10.812 898 3.074 176 0.880 260
H −10.657 656 −2.016 994 −2.739 234 H −10.812 896 3.074 104 −0.880 577
H −11.784 135 −0.125 971 0.188 321 H −11.798 588 −0.338 297 −0.000 020

Table S6: Cartesian coordinates of S0 and S1 states of 3MT heptamer.

3MT heptamer S0 3MT heptamer S1

Atom x y z Atom x y z
C 13.167 413 0.179 501 0.200 316 C 13.175 721 −0.066 361 0.020 624
C 12.731 557 0.507 179 −1.043 672 C 12.697 023 −1.338 130 0.006 056
C 11.313 211 0.412 157 −1.203 427 C 11.272 782 −1.421 973 −0.002 928
C 10.694 292 0.002 684 −0.045 344 C 10.681 127 −0.171 592 0.005 291
S 11.857 978 −0.248 328 1.233 016 S 11.899 141 1.088 186 0.024 522
H 14.181 925 0.162 179 0.571 876 H 14.204 688 0.263 138 0.029 392
H 13.393 607 0.803 836 −1.848 738 H 13.334 394 −2.214 428 0.001 269
C 9.286 958 −0.240 144 0.239 894 C 9.290 500 0.212 730 0.000 702
C 8.761 794 −1.108 734 1.158 418 C 8.780 439 1.496 149 −0.002 160
S 8.006 759 0.648 027 −0.534 024 S 7.979 067 −0.936 886 0.000 924
C 7.342 669 −1.080 893 1.264 751 C 7.378 378 1.590 386 −0.004 146
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H 9.376 942 −1.770 089 1.757 880 H 9.414 366 2.375 547 −0.003 324
C 6.780 234 −0.165 397 0.404 380 C 6.764 990 0.333 315 −0.002 828
C 5.388 968 0.190 678 0.176 984 C 5.395 598 −0.033 592 −0.004 114
C 4.904 648 1.368 473 −0.327 867 C 4.874 905 −1.333 321 −0.003 750
S 4.074 546 −0.914 083 0.462 483 S 4.076 385 1.118 838 −0.005 450
C 3.493 227 1.410 379 −0.500 160 C 3.492 264 −1.432 081 −0.004 359
H 5.544 239 2.208 221 −0.574 911 H 5.513 629 −2.209 210 −0.003 063
C 2.892 728 0.232 459 −0.116 066 C 2.859 578 −0.161 701 −0.005 217
C 1.493 757 −0.162 322 −0.117 126 C 1.509 405 0.191 326 −0.005 642
C 0.990 201 −1.436 067 −0.147 210 C 0.981 505 1.504 520 −0.006 652
S 0.189 634 0.985 073 −0.003 219 S 0.177 818 −0.960 478 −0.004 462
C −0.427 701 −1.521 169 −0.074 700 C −0.392 019 1.601 488 −0.006 361
H 1.620 298 −2.314 828 −0.224 422 H 1.622 545 2.378 421 −0.007 569
C −1.014 281 −0.278 459 0.013 173 C −1.031 515 0.328 587 −0.005 033
C −2.413 443 0.104 522 0.104 635 C −2.383 597 −0.019 270 −0.003 949
C −2.923 026 1.278 034 0.595 011 C −2.917 393 −1.323 486 −0.002 430
S −3.707 682 −0.898 155 −0.487 608 S −3.711 407 1.136 932 −0.003 925
C −4.337 050 1.401 854 0.502 384 C −4.302 377 −1.404 596 −0.001 182
H −2.300 392 2.054 623 1.024 549 H −2.286 325 −2.204 450 −0.002 179
C −4.914 162 0.292 653 −0.073 334 C −4.920 483 −0.139 633 −0.001 725
C −6.307 540 −0.010 244 −0.358 757 C −6.291 155 0.227 277 −0.000 695
C −6.792 769 −0.875 667 −1.303 113 C −6.813 174 1.514 709 −0.001 207
S −7.626 338 0.662 098 0.557 756 S −7.612 837 −0.924 469 0.001 634
C −8.208 697 −1.022 607 −1.308 933 C −8.217 767 1.594 024 0.000 263
H −6.151 064 −1.408 669 −1.995 629 H −6.186 653 2.399 078 −0.002 580
C −8.809 558 −0.248 197 −0.344 311 C −8.819 085 0.342 823 0.001 968
C −10.215 388 −0.083 575 0.001 235 C −10.211 787 −0.039 216 0.003 942
C −10.739 947 0.205 551 1.232 232 C −10.723 937 −1.316 137 0.006 293
S −11.488 753 −0.155 695 −1.189 564 S −11.525 951 1.118 756 0.003 568
C −12.160 109 0.364 862 1.242 255 C −12.147 251 −1.382 174 0.007 825
H −10.128 926 0.289 923 2.124 077 H −10.098 354 −2.201 786 0.006 992
C −12.690 693 0.191 792 −0.000 659 C −12.707 360 −0.139 171 0.006 591
C 10.632 962 0.720 245 −2.506 838 C 10.555 302 −2.740 474 −0.019 929
H 9.800 214 0.041 511 −2.703 314 H 9.919 756 −2.872 250 0.861 175
H 10.235 274 1.740 313 −2.523 951 H 9.916 039 −2.847 582 −0.901 584
H 11.342 004 0.634 229 −3.332 760 H 11.275 468 −3.560 364 −0.032 752
C 6.597 654 −1.968 758 2.220 089 C 6.666 142 2.910 212 −0.007 853
H 5.779 937 −1.439 557 2.714 580 H 6.029 209 3.027 522 −0.889 932
H 6.166 420 −2.837 515 1.712 213 H 6.028 279 3.031 945 0.872 965
H 7.272 933 −2.344 019 2.991 376 H 7.388 493 3.728 138 −0.009 506
C 2.792 080 2.623 774 −1.040 503 C 2.775 849 −2.748 578 −0.004 157
H 2.005 831 2.357 268 −1.750 479 H 2.137 794 −2.864 470 0.877 242
H 2.327 701 3.211 486 −0.242 041 H 2.137 943 −2.864 814 −0.885 616
H 3.503 505 3.274 287 −1.552 665 H 3.495 709 −3.568 656 −0.003 924
C −1.148 483 −2.838 696 −0.096 991 C −1.111 033 2.916 959 −0.007 297
H −1.954 816 −2.874 300 0.639 319 H −1.749 428 3.029 159 −0.888 607
H −1.590 826 −3.041 548 −1.077 634 H −1.748 517 3.030 906 0.874 449
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H −0.454 565 −3.652 185 0.122 606 H −0.392 772 3.738 338 −0.008 480
C −5.064 451 2.621 375 0.991 949 C −5.027 818 −2.718 037 0.000 616
H −5.864 909 2.918 469 0.310 686 H −5.665 290 −2.827 439 0.882 804
H −5.515 630 2.455 120 1.975 518 H −5.666 838 −2.829 008 −0.880 255
H −4.373 066 3.460 711 1.088 040 H −4.313 602 −3.542 931 0.000 732
C −8.913 013 −1.931 482 −2.275 469 C −8.936 864 2.912 178 0.000 013
H −9.784 552 −2.408 347 −1.822 751 H −9.575 398 3.026 280 −0.880 829
H −9.259 155 −1.388 003 −3.160 579 H −9.574 046 3.027 345 0.881 692
H −8.235 721 −2.716 005 −2.619 259 H −8.218 623 3.733 698 −0.001 044
C −12.954 852 0.669 945 2.477 786 C −12.920 559 −2.668 000 0.010 520
H −14.020 757 0.741 150 2.253 833 H −13.996 043 −2.481 917 0.011 304
H −12.818 769 −0.107 011 3.235 955 H −12.681 607 −3.272 938 −0.869 203
H −12.638 590 1.616 791 2.925 543 H −12.679 863 −3.270 290 0.891 584
H −13.732 528 0.234 738 −0.286 428 H −13.758 407 0.113 977 0.007 319
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