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Abstract

We present a non-adiabatic dynamics study concerning the sub picosecond relax-

ation of excited states in dimeric and trimeric thiophene chains. The influence of the

triplet states in the overall process is, for the first time, taken into account by explicitly

including spin-orbit couplings and hence allowing intersystem crossing phenomena. We

observe the fundamental role of the triplet state manifold in driving the full relaxation
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process. In particular we evidence the effect of both, inter-ring rotation and ring-

opening, in the process, as compared to the monomer, where the ring-opening process

appears as the dominant one. In addition, the evolution of the open structures allows

for trans to cis isomerization in the dimer and trimer. The overall relaxation process

slows down with chain elongation. The complex decay mechanism characterized by

the presence of different competing channels, due to the presence of a quasi degenerate

manifold, is explained allowing the rationalization of oligothiophenes photophysics.

Introduction

Due to their remarkable intrinsic properties thiophene derivatives and their oligomers are

promising candidates to be employed in organic materials for technological applications.1,2

They undergo rapid intersystem crossing (ISC)3–5 leading to extremely high triplet quantum

yields.6 This property deviates strongly from the common behavior found in most organic

molecules where the ratio of ISC to internal conversion (IC) and fluorescence is rather small.7

Also, it is important for charge separation and transport in conductive organic materials.

In combination with their efficient light harvesting and structural versatility they have at-

tracted much attention as building blocks for photoactive polymers and molecular aggre-

gates. Examples are solar cells,8–12 light emitting diodes,13,14 photoswitches15 and biological

labels.16–18 In addition, polythiophene bridges are also used to enhance two-photon absorp-

tion cross sections.19–21 As poly(3-hexylthiophene) (P3HT) they form in combination with

phenyl-C61-butyric acid methyl ester (PCBM) the famous P3HT/PCBM solar cell.11,22

A deeper understanding of the initial processes after photoexcitation and the subsequent re-

laxation mechanisms of oligothiophenes is essential to improve the performance of thiophene-

based applications. In our previous works23,24 we were able to explain the relaxation pro-

cesses for the monomer thiophene with the aid of static quantum chemical calculations and

non-adiabatic molecular dynamics simulations: after photoexcitation, fast ring-opening (ap-

prox. 100 fs) leads to a degeneracy of singlet and triplet states. This degeneracy and the
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corresponding flat potential energy surface traps the system in entropically favored open-ring

structures in the singlet as well as in the triplet states (up to 50 ps).25

Figure 1: Structure of 2,2’-bithiophene (TP2) in the trans conformation a) and of
2,2’:5’,2”-terthiophene (TP3) in the eclipsed-anti-anti (eAA) conformation b). All relevant
atoms are labeled, as well as the inter-ring dihedral angles: ΦSCCS (red) in TP2, Φ1

SCCS

(red) and Φ2
SCCS (blue) in TP3, respectively. The nomenclature is explained in more detail

in the Supporting Information (SI†).

The structures of the most stable conformer are shown in Figure 1 for the dimer TP2

(2,2’-bithiophene) and the trimer TP3 (2,2’:5’,2”-terthiophene). For both TP2 and TP3 ex-

perimental results6,26–28 indicate that ultrafast ISC takes place from the first excited singlet

state. Moreover experimental and theoretical studies suggested two ISC channels for both

systems with timescale ranging from 1 ps up to 140 ps.26,27 Based on static quantum chemical

calculations23,29? –32 and dynamics simulations (excluding triplet states)33,34 the relaxation

processes after photo excitation for TP2 and TP3 are mainly ascribed to the torsional mo-

tion around the quite flexible inter-ring bonds,35 whereas ring-opening via CS-bond cleavage

should only play a minor role in the initial relaxation processes of both systems. However, for

the previous dynamics simulations33,34 only short simulation times (300-500 fs) were studied

and important ISC processes were excluded.

This work presents the first non-adiabatic dynamical study of the dimer TP2 and the trimer

TP3 at picosecond timescale explicitly including spin-orbit couplings and triplet states. For

this study we have used the surface hopping including arbitrary couplings (SHARC) soft-
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ware package,36–39 which has already been successfully applied to an important number of

molecular systems.24,40–44

Computational methods

Ab initio level of theory

The electronic states of TP2 and TP3 were computed using the density functional theory

(DFT) and linear response time dependent DFT (LR-TDDFT). All LR-TDDFT calculations

have been performed within the so-called Tamm-Dancoff approximation (TDA).45 The DFT

and TDA calculations were carried out with the ADF program package (version 2017),46,47

using the B3LYP48–50 exchange-correlation functional with the D3 dispersion correction by

Grimme and coworkers.51 Minima (Min), transition states (TS), conical intersections (CoIn)

and singlet-triplet minimum-energy crossings (STC) were optimized with the ORCA code

(version 3.0.3)52 as an external optimizer. All optimized geometries are given in the Sup-

porting Information (SI†). The DFT and TDA calculations were carried out with the the

double zeta polarized basis set (DZP)53 and a Becke54,55 and Zlmfit56 grid of good quality.

For benchmarking purposes, some calculations were performed with the triple zeta polarized

basis set (TZP)53 in combination with the same grid quality. In all optimization calculations

symmetry was not used. Scalar relativistic effects were included with the zeroth-order reg-

ular approximation (ZORA),57–61 and the spin-orbit couplings (SOC) were calculated using

a perturbative method, as developed and implemented by Wang and Ziegler.62

Dynamics

The molecular dynamics of TP2 and TP3 were simulated using the SHARC ab initio dy-

namics package version 2.0.36–39 The necessary energies, gradients, non-adiabatic couplings

and spin-orbit couplings were calculated on-the-fly at the TDA/B3LYP level of theory.

The initial conditions for the dynamics simulations were generated based on a Wigner distri-
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bution computed from harmonic vibrational frequencies in the optimized ground state equi-

librium geometry. The underlying frequency calculations were performed at B3LYP/DZP

level of theory. For TP2 only the trans conformer was studied, since it has been shown to be

the ground state global minimum.23,63 Time-resolved spectroscopic studies on the dimer26,27

used an excitation energy of 4.02 eV to reach the rising edge of the first absorption peak.

Corresponding to these experiments we have centered the spectral window (3.0-4.0 eV) at

the rising edge of the first absorption peak (see the simulated absorption spectrum in the

SI†). 84 starting geometries and velocities were stochastically chosen.

For TP3, among the total number of ten ground state minima,31,64? –66 two nearly isoener-

getic minima exist.23 The eclipsed-anti-anti (eAA) conformer is the global minimum and the

gauche-anti-anti (gAA) conformer is only 0.02 eV (∆G)23 above. Since these conformers can

easily interconvert, as will be shown below, we restrict our initial condition generation to the

eAA conformer. For the dynamics simulations of TP3, 36 starting geometries and velocities

in the energy window 3.0-4.0 eV were stochastically chosen from a Wigner distribution (see

the simulated absorption spectrum in the SI†). For both systems, in accord with the chosen

excitation window, all trajectories started in the S1 state.

The SHARC ab initio surface-hopping algorithm uses a fully diagonal, spin-mixed elec-

tronic basis, resulting from the diagonalization of the Hamiltonian containing spin-orbit

couplings.37,67 The integration of the nuclear motion is done with the Velocity-Verlet algo-

rithm with a maximal time of 1 ps using a time step of 0.5 fs. In each time step, gradients

were computed for all states which are closer than 0.2 eV to the active state; this is required

in order to construct the gradient of the spin-mixed active state. The coefficients of the elec-

tronic wavefunction are propagated on interpolated intermediates with a time step of 0.02 fs

applying a local diabatization technique68 in combination with the WFoverlaps code69 to

compute the wave function overlaps. Decoherence correction was taken into account using

the energy-based method of Granucci and Persico with the parameter α = 0.1 a.u.70

For the statistical analysis of the results stemming from the non-adiabatic dynamics, the
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number of aborted trajectories has to be considered. Some trajectories experienced conver-

gence problems and therefore terminated before reaching 1 ps. Beside the convergence, also

problems arising from the DFT/TDA methodology (e.g. the multi-configurational charac-

ter of the ground state) have to be taken into account since they may lead to unphysical

behavior of the energy and the gradients. In order to find a good compromise between the

simulation time considered and the number of trajectories inspected, we restrict our analysis

to trajectories with at least 400 fs of simulation time, a maximum change in the total energy

of 0.2 eV, a maximum change in the total energy per step of 0.2 eV and a maximal inter-state

hop energy of 1.0 eV.

Results and discussion

Validation of the level of theory

First, it was checked whether the static B3LYP/DZP and B3LYP/TZP results for both

systems are in qualitative agreement with previous CASPT2 results23 and the experimental

data.6,32,71–73 Therefore, the excitation energies of the optimized ground-state minima (trans

for TP2 and eAA for TP3) were benchmarked (see Table 1).

The calculated S1 and S2 excitation energies for TP2 are in between the CASPT2 and

the experimental results. For the first four triplet states the B3LYP energies are in good

agreement with the CASPT2 values. The energetic order and the electronic character of

all tested states are the same as in previous studies.23,29,30,32 Moreover, the B3LYP func-

tional reproduces the CASPT2 excitation energies for the first six states of TP3 quite well.

The character of the states is also the same as in previous studies,23,31,32 except for a slight

difference in the state ordering. Using TDA the third triplet state T3 lies above the S1

independently of the chosen basis set. For both systems the TZP basis set gives better

agreement with experiment than the smaller basis set DZP. In order to save time for the

dynamics simulations we decided to use the small DZP basis set, as it is sufficient to well
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Table 1: Calculated vertical singlet and triplet excitation energies (eV) for the low-lying
excited states at the optimized ground-state minimum of TP2 and TP3 compared to exper-
imental and theoretical data. Oscillator strength values are given in parentheses. Energies
were calculated using B3LYP/DZP and B3LYP/TZP.

TP2
State Char. B3LYP/DZP B3LYP/TZP CASSCFa CASPT2b Exp.
S1 π1 → π∗1 4.50 (0.54) 4.24 (0.48) 6.44 (0.45) 4.51 (0.45) 4.29c

S2 π1 → π∗2 5.07 (0.01) 4.94 (0.00) 5.87 (0.01) 4.85 (0.01) 5.08c

T1 π1 → π∗1 3.01 2.76 2.94 2.86 2.32d

T2 π1 → π∗2 4.00 3.95 3.94 3.82 -
T3 π2 → π∗1 4.28 4.11 5.08 4.41 -
T4 π3 → π∗1 4.32 4.22 4.91 4.48 -
TP3
state Char. B3LYP/DZP B3LYP/TZP CASSCFe CASPT2f Exp.
S1 π1 → π∗1 3.81 (0.52) 3.46 (0.49) 5.84 (0.47) 4.03 (0.55) 3.50 g

S2 π2 → π∗1 4.37 (0.00) 4.10 (0.00) 4.77 (0.00) 4.42 (0.00) -
T1 π1 → π∗1 2.59 2.21 2.51 2.40 1.90d

T2 π1 → π∗2 3.40 3.15 3.34 3.19 2.99d

T3 π1 → π∗3 4.00 3.81 4.05 3.85 -
T4 π3 → π∗1 4.08 4.00 4.81 4.30 -

a CASSCF(12/11)/6-31G* underlying results from reference;23
b CASPT2(12/11)/6-31G*;23 c Gas-phase absorption spectrum at room temperature;71

d Photodetachment photoelectron spectrum in the gas phase;32
e CASSCF(18/15)/6-31G*23 underlying results from reference;23

f CASPT2(18/15)/6-31G*;23 g Absorption spectrum in solution at room temperature.6,72,73

describe the low-lying excited excited states of TP2 and TP3 in the Franck-Condon region.

In contrast to the CASPT2 methodology the excitation energies at the CASSCF level as

well as the state ordering is wrong for TP2 and TP3. Hence, a meaningful description of

TP2 and TP3 is not possible using CASSCF.

Based on static quantum chemical calculations23,29–32 two possible deactivation pathways for

TP2 and also TP3 were discussed: the first pathway is described by the rotation around the

inter-ring bonds. This rotation leads to a near-degeneracy region of triplet states and the S1

state. In combination with the moderate spin-orbit couplings this degeneracy should allow

ISC; subsequent internal conversion steps lead the system in the T1 state. The relaxation

back to the ground state can take place through either phosphorescence or non-radiative

processes like cleavage of a C-S bond. The second pathway is similar to the relaxation mech-
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anism in the thiophene monomer:24 the C-S bond cleavage leads to open-ring structures

where the S0, T1, S1 and T2 states are nearly degenerate and the SOC increases signifi-

cantly. Via these open-ring structures, closed-ring conformers can be formed in the ground

state. In principle for TP2 as well as for TP3 many open-ring structures are possible. As

shown in our previous work23 structures with only one broken C-S bond are energetically

favored. In TP2 the four C-S bonds can be distinguished into two groups: the inner bonds

(1,2 and 1’,2’, see Fig. 1) and the outer bonds (1,5 and 1’,5’). The cleavage of the inner

bonds is energetically favored. The C-S bonds of TP3 can be distinguished analogously in

three groups: for both terminal rings the C-S bonds can be divided into inner and outer

ones. The C-S bonds of the central thiophene ring form the third group, the central bonds.

The cleavage of one of the inner or central bonds leads again, compared to outer bonds, to

more stable structures. In the following the discussion is restricted to open-ring structures

with a single broken inner or central C-S bond.

All critical points of TP2 and TP3 along both relaxation pathways were optimized using the

small basis set DZP. The excitation energies of the six low-lying excited states were deter-

mined and compared with previous CASPT2 calculations.23 These results are collected in the

SI†. For all closed-ring structures the B3LYP/DZP results are in sufficient agreement with

the CASPT2 values with slightly higher deviations for open-ring structures. We are aware of

the inherent problems of the TD-DFT methodology to describe multi-configurational charac-

ter in the ground-state and conical intersection between S1/S0. However, in previous studies

on oligothiophenes23,32–34 the relaxation pathway can be split into two parts. In the first part

describing the path from the Franck-Condon region to the open-ring structures the triplet

states lie energetically close to the S1 state and the spin-orbit coupling is large. We are

very confident that this first part of the relaxtion is fully described by TD-DFT. The second

part is the dynamic of the open-ring structures and the relaxation back to the ground-state.

Here the conical intersection between S1/S0 is very important but not described well using

TD-DFT. This may be biasing the simulation towards the triplet state population. On the
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other hand, the relaxation into triplet states is also present in thiophene where we could

perform the dynamics simulation at the CASSCF level.24 Nevertheless, the overall shape

of the potential energy surfaces along the pathways is qualitatively well reproduced using

the B3LYP/DZP methodology. Therefore, we are convinced that the chosen methodology is

adequate to describe the dynamics of TP2 and TP3.

Excited state dynamics of 2,2’-bithiophene (TP2)

Using our selection criteria, 53 trajectories out of 84 trajectories were taken into account

to analyze the excited state dynamics of TP2. These 53 trajectories were first analyzed

according to the final populated state and the final molecular geometry.A geometry is char-

acterized as open-ring structure if one of the C-S bonds is larger than 2.4 Å. The results are

summarized in Table 2.

Table 2: Distribution (%) of the TP2 B3LYP/DZP trajectories according to the final popu-
lated state as well as the final geometry. All percentages are given with respect to the total
number of analyzed trajectories. The shown numbers are statistically not fully converged.
The maximum statistical error is 13 %.74

final state final geometry Σ
open cis trans

S0 16 12 6 34
S1 4 0 0 4
T1 24 4 10 38
T2 24 0 0 24
Σ 68 16 16 100

After excitation to the S1 state, all analyzed trajectories show non-adiabatic relaxation

within the first picosecond. The final distribution between the singlet and the triplet states

is nearly 2:3. Within the triplet manifold the relative distribution T1:T2 is about 3:2, within

the singlet moiety S0:S1 is 8.5:1. Most final geometries are open-ring structures (68 %), where

one inner bond is broken. Closed-ring conformations (trans or cis) are only found for the

S0 and the T1 state. Note that in the monomer almost no triplet closed-ring structures were

found.24 Although all trajectories have been propagated from an initial trans conformation,
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a one-to-one mixture of trans and cis conformers is observed after relaxation.

The overall change in population of the ground state and the individual excited states for

the first picosecond is shown in Figure 2 for the TP2 dynamics.

Figure 2: Time evolution of the average populations along the TP2 trajectories. The ground
and the five lowest excited states are displayed.

The populations dynamics of TP2 is more complex than for the thiophene monomer24 and

far from exponential behavior. It is characterized by a fast decay of the S1 state population.

In the first 3 to 5 fs there is an ultrafast exchange of some population between S1 and

S2 states, probably attributable to the initial conditions. Nevertheless, during the whole

process the S2 state plays no role. Indeed, after this initial exchange, the S1 state population

stays constant for about 100 fs. Thereafter the first two triplet states, T2 and T1, start to

participate via ISC. The S1 state is mainly depopulated via the T2. Subsequently the T1

state is populated via IC. This cascade S1 →T2 →T1 finally enables the population transfer

back in the ground state S0. The T3 state is nearly not populated. The ratio between S0, S1,

T1 and T2 after 1 ps simulation time is approx. 30 : 10 : 50 :10. Compared to the monomer

dynamics, the relaxation from S1 state is significantly slower in the first 200 fs.

Next we analyze which relaxation pathway leads to the final structures. The two most

relevant internal coordinates, previously introduced, are the rotation around the inter-ring

bond (i.e. the dihedral angle ΦSCCS) and the C-S bond cleavage described as the averaged

C-S distance rCS of both inner C-S bonds. In Figure 3 the time evolution (color coded) of
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the trajectories is shown for the first 200 fs.
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Figure 3: Analysis of the non-adiabatic dynamics of TP2 within the first 200 fs. Time
evolution (see color code) of the trajectories in the subspace spanned by the averaged ’inner’
C-S distance rCS and the dihedral angle ΦSCCS.

Starting from the Wigner distribution (dark blue dots) the dihedral angle ΦSCCS varies

between 130◦ and 160◦ (S0-minimum at 143.0◦) and an averaged inner C-S distance rCS is

found between 1.7 Å and 1.9 Å (S0-minimum value 1.75 Å). Within the first 100 fs a small

part of the trajectories leads to planarization while the majority undergoes ring-opening

reaching an average bond distance of up to 2.6 Å. Thereafter further bond elongation is

accompanied by significant planarization reaching 180◦. The dynamics simulation shows that

both reaction coordinates (ring-opening and planarization) are active on the same time scale.

The energetic barrier for the ring-opening in TP2 is estimated to be 0.2 eV (B3LYP/DZP).

The maximal barrier at CCSD/6-31G* level of theory was found to be 0.4 eV.23 Both values

are higher than for the barrier in the monomer24 found at 0.1 eV. Our dynamics simulations

confirm that due to the excess kinetic energy deposited in the photon absorption process

this barrier can still be overcome, but it explains the slower decay of the S1 population (see
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Fig. 2). The complete temporal evolution up to 1 ps for ΦSCCS and rCS can be found in the

SI†.
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Figure 4: Locations of the geometries where the first surface hops from the S1 state to triplet
states (T2 and T3) occurred depending on rcs and ΦSCCS in TP2 within the first 200 fs. The
hopping geometries are displayed in different colors according to the target state of the
hopping event. Additionally, relevant B3LYP/DZP optimized geometries are represented in
black, including minima (Min) and singlet-to-triplet crossings (STC).

The geometrical deformations observed in the first 200 fs lead to many intersystem cross-

ing events from the S1 state into the triplet states (see Fig. 4). Mostly transitions into the

T2 and T3 state are observed, which is in agreement with previous results.23,34 In principal

these hopping events can be distinguished geometrically and temporally. Hops between the

S1 state and the T3 state only occur for closed-ring and non-planar geometries, hence very

early. They are mainly forward and backward hops with no net populations exchange. This

explains the plateau in the S1 state population observed in Figure 2 in the range from 3

up to 100 fs. Hops to the T2 state are observed around two different rCS values. For the

slightly elongated C-S bonds (2.0-2.2 Å) the SOC values increase and the two states T2 and

S1 cross. This initiates the decay of the S1 state after 100 fs in Figure 2. Further elongation

of rCS (up to 2.5-2.6 Å) leads to a further increase in the SOC and to a near degeneracy

of the T2 and S1 state, giving rise to a second enhancement of hops shown in Figure 4. A

complete analysis of all hopping events for the whole simulation time can be found in the SI†.

The open-ring dynamics lead, as in the case of the thiophene monomer,24 to a dynamical

equilibrium between singlet and triplet states. All states involved, S0, S1, T1 and T2, come
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close in energy accompanied by rather large effective spin-orbit couplings (SI†). Although

the degeneracy is not as complete among all states as in case of the monomer, many back

and forward hops between S1, T1 and T2 establish the dynamical equilibrium. Due to the

chosen methodology, i.e. TDDFT, hops back into the ground state are only possible via the

T1 and T2 state because of a poor description of the open-ring S1/S0 conical intersection.

This might explain why the final population in S0 is lower than in T1, while for the monomer,

calculated at CASSCF level, both states were equally populated.24

The energy profiles of four illustrative trajectories are shown in Figure 5. The individual

states are color coded and the populated state is marked with black diamonds.
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Figure 5: Energy profiles of four representative TP2 trajectories following the ring-opening
mechanism. All trajectories were initiated on the S1 potential energy surface. The time
evolution of the ground and the six lowest excited states are displayed in color, whereas the
running state is indicated with black diamonds. The energies are plotted relative to the
ground state minimum. Initial and final structures are given for the last two trajectories.
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All four trajectories undergo ring-opening with the cleavage of one of the inner C-S bonds

after the first 100 fs. In Figure 5 a) and b) we focus on the first 400 fs. In the open-ring

structure, the system switches mostly between the quasi-degenerate S1 and the T2 state. In

contrast to the monomer case, the ground state S0 and the first triplet state T1 show much

less participation to the process. Two different reaction pathways leading to closed-ring

structures are shown in Figure 5 c) and d). In example c) one C-S bond is broken after

approximately 90 fs. The T1 state is reached via S1 and T2 20 fs later. Although the T1

state and the ground state are nearly degenerate, no hops occur for the next 100 fs and

the ring-closure takes place in the triplet state forming a nearly planar trans conformer. In

contrast, Figure 5 d) reports an example of relaxation to a closed ring trans conformer in

the S0 state, reached from the S1 state via the T2 and the T1 state. Note, that although we

presented trajectories leading to trans products, the open ring structures can rotate almost

freely around the inter-ring bond and hence can easily undergo isomerization into the cis

conformer. This is reflected in the ratio between trans and cis products shown in Table 2.

The amount of closed-ring conformers found for the T1 state explains the experimentally

observed phosphorescence75 which might occur from these stable geometries.

Excited state dynamics of 2,2’:5’,2”-terthiophene (TP3)

For TP3, 34 out of 36 trajectories were taken into account for discussion of the excited state

dynamics. These 34 trajectories were first analyzed according to the final populated state

and the final molecular geometry. Just as for the TP2 analysis a geometry is characterized as

open-ring structure if one of the C-S bonds is larger than 2.4 Å. The results are summarized

in Table 3.

Overall 62% of the trajectories terminate in the singlet manifold from which only 8.8 %

reach the S0 state. The triplet states are significantly less populated compared to the dimer.

The relative distribution of the T1 and the T2 state is 8:5, while the T3 and S2 states play

no role. This is a first hint for an enhanced life time of the S1 state. For all excited states
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Table 3: Distribution (absolute numbers) of the TP3 B3LYP/DZP trajectories according to
the final populated state as well as the final geometry. The shown numbers are statistically
not fully converged. The maximum statistical error is 17 %.74

final geometry
final state inner central vib. onlya e-AAb e-SSb g-AAb g-SAb g-SSb Σ
S0 0 0 0 0 1 1 1 0 3
S1 5 4 4 2 0 1 0 0 16
S2 1 1 0 0 0 0 0 0 2
T1 2 1 0 4 0 0 1 1 9
T2 1 3 0 0 0 0 0 0 4
Σ 9 9 4 6 1 2 2 1 34

a Only vibrational dynamics observed;
b The nomenclature is explained in the SI†.

the open-ring structures are again dominant (53 %). No significant preference towards the

cleavage of the inner or the central C-S bonds is observed. The sum of the closed-ring

structures in the T1 and S0 states amount to 35 %, with an excess of the eAA conformer.

In contrast to the TP2 dynamics, nearly 29 % of the analyzed trajectories stay near the

FC-region in the S1 state, thereof 12 % show only vibrational dynamics.

The time evolution of the populations of the ground state and the individual excited states

are shown in Figure 6 for the TP3.
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Figure 6: Time evolution of the average populations of the participating excited states for
the TP3 trajectories. The ground and the five lowest excited states are displayed.

The relaxation process of the S1 state is significantly slower than in TP2 and again non-

exponential. In the first 400 fs the S1 population stays nearly constant. The time needed for
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geometrical rearrangement is thus four times longer than for the dimer. After this period,

the first two triplet states (T2 and T1) can participate in the dynamics and start the non-

adiabatic decays. A cascade S1 →T2 →T1 enables the population transfer back to the ground

state S0, comparable to the relaxation dynamics in TP2. Again S2 and T3 do not participate.

The ratio between S0, S1, T1 and T2 after 1 ps simulation time is approx. 15 : 50 : 25 : 10.

The geometrical relaxation process is analyzed with the help of four collective variables

associated to ring-opening and the rotation around the inter-ring bonds. The inter-ring

rotation is characterized by the two dihedral angles, Φ1
SCCS and Φ2

SCCS (see Fig. 1 b)). The

ring-opening is characterized by the averaged CS distance of both inner bonds (rinner
CS ) and

of both central bonds (rcentral
CS ). The time evolution of these variables is shown in Figure 7.
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Figure 7: Temporal evolution of the two averaged C-S bonds rCS and both dihedral angles
ΦSCCS of TP3, up to 1 ps.

The bond coordinates show a similar behavior as well as the dihedral angles, with no clear

preferences. In the first 200 fs only a small part of the trajectories undergo ring-opening and

therefore the planarization of TP3 may be considered as the dominant geometrical deforma-

tion. After this first period more trajectories show open-ring structures, still accompanied

by the out-of-plane vibrational motion around the complete planar structure. Overall, the
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bond elongation as well as the inter-ring rotation are less pronounced in the trimer. The

inner C-S bonds open slightly further than the central ones, finally leading to longer time

scales for inner bonds elongation.

The position of the first hopping events from the S1 state into the triplet manifold were also

analyzed. In Figure 8 the position of these hopping events are shown depending on the two

averaged C-S bonds rCS and both dihedral angles ΦSCCS (see Fig. 1 b)).
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Figure 8: Locations of the TP3 geometries where the first surface hops from the S1 state
to triplet states (T2 and T3) occurred depending on both rcs distances (a) and both ΦSCCS

dihedral angles (b) for definition see Fig. 1 b). The hopping geometries are displayed in
different colors according to the target state of the hopping event. Additionally, relevant
B3LYP/DZP optimized geometries are represented in black.

Only intersystem crossing events from the S1 state into the T2 and T3 state are observed.

Near the Franck-Condon region, for averaged rCS values between 1.7-1.9 Å, hops to the T3

state occur. As in the dimer these hops are only intermediate and thus ineffective. Effective

hops to the T2 state are again observed for slightly elongated C-S bonds (1.9-2.2 Å). More

hops into the T2 are observed for central bonds longer than 1.9 Å, than for inner bonds.
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For both ΦSCCS dihedral angles (Fig. 8 b)) no clear trend is observed. T2-hops occur for

dihedral angles in the range 130◦-180◦. Thus also for TP3 bond elongation is the key process.

It enables the intersystem crossing into the triplet states as well as the internal conversion

back to the ground state. The energy profiles of four illustrative trajectories are shown in

Figure 9.
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Figure 9: Energy profiles of four representative TP3 trajectories following the ring-opening
mechanism. All trajectories were initiated on the S1 potential energy surface. The time
evolution of the ground and the six lowest excited states are displayed in color, whereas the
running state is indicated with black diamonds. The energies are plotted relative to the
ground state minimum. Example geometries are given for each trajectory, with the broken
carbon sulfur bond highlighted in yellow.

The trajectory of Figure 9 a) only shows vibrational dynamics in the S1 state and presents

no non-adiabatic phenomenon. The other trajectories (Figure 9 b), c) and d)) are character-

ized by intermediate ring-opening events. They can be distinguished either geometrically or

regarding their time evolution. In b) and c) one of the central C-S bonds is elongated/broken
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after 600 fs. The resulting open-ring structures survive 10 to 100 fs and form closed-ring

structures, respectively, in the T1 state (b) or the ground state S0 (c). In the last example d)

one of the two inner C-S bonds is broken after approximately 100 fs. The resulting open-ring

structure persists for about 700 fs allowing hops between the S1, T1 and T2 state. This is in

good agreement with the observed slight preference for inner bond elongation (compare with

Fig. 7 top). The excited state lifetime is globally longer compared to dimer and monomer.

This is due to (i) a decrease in spin-orbit couplings as the average C-S bond-elongation is

smaller and (ii) an increase in the barrier towards bond elongation. Like the dimer, closed-

ring structures are formed in the T1 state opening the path to phosphorescence.

Conclusions

The relaxation mechanisms of gas-phase irradiated oligothiophene have been unraveled and

critically characterized by means of non-adiabatic surface-hopping dynamics. The TDDFT

level of theory has been employed to calculate the energies, gradients as well as non-adiabatic

and spin-orbit couplings on-the-fly along the trajectories. This level of theory has been care-

fully benchmarked against high level theoretical as well as experimental data, assuring a

qualitatively correct and almost quantitative description of all states involved. In our in-

terpretation we took into account possible limitations of the method in describing the IC

back to the ground state. In partial contrast with previous studies performed without the

explicit inclusion of the spin-orbit coupling elements, the simulation presents a quite complex

scenario in which different competitive pathways are active. Moreover, the influence of the

triplet state manifold appears crucial in driving the process. Indeed, in the case of TP2 more

than 60 % of the trajectories ends in the triplet manifold after 1ps.

The strong influence of the triplet states was also observed for the case of the thiophene

monomer,24 where it was connected to the carbon sulfur bond cleavage, leading to ring-

opening and to a region of singlet triplet quasi-degeneracy and increased spin-orbit cou-

plings. As schematically reported in Figure 10, a similar picture holds also in the case of
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oligothiophene, even though the complexity is strongly increased.
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closed ring

S0

closed ring

opening 

 ring puckering

closing

opened ring

T2

T1

S0

S1

thiophene

Figure 10: Schematic representation of the pathways active in the excited state relaxation
of thiophene monomer compared with bithiophene (TP2) and terthiophene (TP3), as ratio-
nalized from non-adiabatic dynamics.

After excitation to the S1 state, the relaxation process for the majority of the trajectories

is described by ring-opening and inter-ring rotation, leading to an extended region of quasi-

degeneracy between the triplet and singlet potential energy surfaces. Hence, in this region

a complex equilibrium between the different states involved is established, characterized by

frequent back and forwards non-adiabatic events. Eventually the system can further evolve

to the ring closure that can take place either on the S0 or the T1 state. In addition, the

ring-opening and subsequent closure is accompanied by a high flexibility of the intermediate

molecular systems and indeed trans-cis isomerization is observed. The conclusions for the

TP3 are qualitatively similar, even if in this case the ring-opening is less pronounced and

one should speak of a carbon-sulfur bond elongation rather than of bond-cleavage. With

increasing chainlenght the excitation is delocalized over a larger number of bonds, so each

individual bond is weakened less.
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Our results clearly identify the bond cleavage (or elongation) as the key coordinate driving

the relaxation, also via the population of the triplet manifold. This process involves rather

large rearrangements of the molecular geometries all along the 1 ps trajectory, even leading

to a certain amount of trans-cis isomerization. The formation of closed-ring structures in

the T1 state of the dimer and trimer is a prominent difference to the thiophene monomer

and we believe it is the reason why phosphorescence is experimentally observable for longer

thiophene chains. The efficiency of the ISC is reduced for longer thiophene chains as the

driving coordinate, the carbon sulfur bond cleavage, is hindered. Hence, we have provided

a consistent description of the photophysics of oligomeric thiophene, taking into account

the coupling between intersystem crossing and the geometrical reorganization. However, it

has to be underlined that our simulations have been performed in gas phase. The influence

of a viscose environment, such as polymeric matrices, can be quite important since the

geometric reorganization may be hampered. In the near future we plan to tackle this problem

by performing QM/MM non-adiabatic dynamics in thiophene oligomers embedded in rigid

polymeric matrices.
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