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Oligothiophenes and polythiophenes are building blocks of organic-based energy conversion materials.
Therefore the lifetime of the excited states plays a central role. As a first step to understand the factors
influencing the performance, we investigated the deactivation processes from the first excited state S; of
thiophene and small oligothiophenes containing up to four rings using quantum chemical calculations. For
thiophene a low-lying S;/So conical intersection seam is easily accessible and drives the fast internal
conversion. In oligothiophenes barriers inhibit this passage while deactivation pathways via intersystem
crossing channels open. The first one is responsible for the high triplet quantum yields and takes place shortly
after the Franck—Condon region. The second one occurs in the vicinity of a local S; minimum. The calculated
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1 Introduction

In the last few decades polythiophenes and oligothiophenes
have been shown to be some of the most promising candidates of
organic materials for technological applications.'” In particular,
they have been used in solar cells,>* light emitting diodes,>®
photoswitches” and as biological labels.®™*° Gaining detailed
knowledge of the radiative and nonradiative mechanisms and
the factors tuning these processes in the isolated oligomers
should be the first step in improving the performance of
oligothiophene-based devices.

Static absorption measurements and time-resolved spectro-
scopic studies have been reported for thiophene (1T) and
oligothiophenes containing up to seven thiophene rings."™°
In our nomenclature »T is an oligothiophene with n thiophene
units. The monomer 1T was shown to be non-fluorescent and non-
phosphorescent.>” With the aid of static quantum chemical*™*?
and nonadiabatic molecular dynamics calculations**™*° it was
revealed that 1T decays ultrafast primarily via its singlet states
and conical intersections to the ground state without the
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photophysics of longer oligothiophenes and polythiophenes used in optical devices.

involvement of triplet states. In contrast the rates of internal
conversion (IC) of the oligothiophenes are very small and
the relaxation processes are dominated by triplet formation
and fluorescence.'*"*>** 1t was shown that the fluorescence
quantum yields increase while the triplet quantum yields
decrease when extending the chain length of the oligomer.
These trends are mainly attributed to changes in the nonradiative
decay processes, which are dominated by effective intersystem
crossing (ISC) from the singlet to the triplet manifold. Photo-
detachment photoelectron spectroscopy (PD-PES) measurements®>*”
explained this dependence of the triplet quantum yield as a function
of the oligomer size mainly by the growing energy differences
between the singlet S; state and the triplet T, state. It is important
to note that the triplet energies determined by PD-PES are based
on radical anions. The anion equilibrium structure of the oligo-
thiophenes is mostly planar and thus closer to the minimum
structure of the S; states than to the non-planar minimum of the
neutral ground states.”” Therefore the triplet energies and the state
order deduced from PD-PES are also not related to the Franck-
Condon (FC) region but to the structure of the S; minimum. For
bithiophene (2T) it was shown by quantum chemical calculations
that the triplet T, and T; states are below the S; state in the non-
planar Sq minimum geometry but above the S, state in its planar
equilibrium geometry.*® Furthermore femtosecond time-resolved
spectroscopy measurements suggested that for 2T and 3T ultrafast
ISC takes place from a twisted S, state responsible for the highly
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effective triplet generation.”®**** In addition oligothiophenes
are considered to be quite flexible molecules with respect to the
rotation around the inter-ring bonds. Nevertheless the T, and
T; states were regarded until now to play only a minor role in
the efficient ISC pathways of the oligothiophenes.

In this work, we will demonstrate the crucial role of the T;
state for the effective triplet formation and elucidate the details
of the ISC processes and relaxation pathways of bithiophene
(2T), terthiophene (3T) and quaterthiophene (4T). By quantum
chemical calculations of the low-lying excited states and the
spin-orbit coupling between the S; and the triplet states we will
show that efficient and ultrafast ISC occurs along the geometry
relaxation of the S; state leading to the high triplet quantum
yields of the oligothiophenes. In addition we will reveal why the
relaxation pathway of thiophene is dominated by its singlet
states and conical intersections (Colns) and why these Colns
are not active anymore in the oligothiophenes. The current
results in conjunction with previous work offer quite a com-
plete picture of the photophysical properties of the molecules
and may be linked to the application of the oligothiophenes in
optical devices.

2 Computational details

The ground state optimizations of 1T-4T have been carried out
using the B3LYP functional**>* and the 6-311G** basis set.”?
In a theoretical study of 2T it was demonstrated that the
optimized geometries at the B3LYP/6-311G** level of theory
exhibit the best agreement with the experiments and that the
torsional angle between the adjacent thiophene rings is very
sensitive to both the basis set and the method used.**

The electronic states of 1T, 2T and 3T were computed with
the complete active space second-order perturbation theory
method (CASPT2),°® the equation of motion coupled cluster
singles and doubles method (CCSD)*® and the time-dependent
density functional theory method (TDDFT) using the CAM-B3LYP
functional.”” The electronic states of the larger system 4T were
calculated using the CCSD and the TDDFT methods. For the CCSD
calculations the 6-311+G** (1T-3T) and 6-31G* (4T) basis sets®®
were used. The TDDFT calculations were carried out using the
6-311+G** basis set, while for the more demanding CASPT2
method the 6-31G* basis set was used throughout.

The reference wave function and the molecular orbitals for the
CASPT2 calculation were determined using the state-averaged
complete active space self-consistent field method (SA-CASSCF).
For 1T and 3T five singlet and four triplet states were included
in the state-averaging procedure while for 2T six singlet and
four triplet states were incorporated. The CASPT2 calculations
were performed using a shift of 0.3 a.u. For 1T the active space
was composed of eight electrons and seven orbitals (CAS(8/7)).
In addition to the m-orbitals one pair of c-orbitals (c/c*) was
included in the active space. The geometry optimizations of the
excited states of 1T have been carried out at the CASPT2 level of
theory. The Hessian matrix for the optimization of the transi-
tion state of the S; state was calculated numerically.
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The active space of 2T contained one c*-orbital in addition
to the n-space (12 electrons/10 orbitals) in all calculations to
describe the no* singlet state (CAS(12/11)). For the calculation
of the S,/S, conical intersections, the T;/S, intersection and the
Si(ro*) minima either one (CAS(14/12)) or two pairs (CAS(16/14)) of
c-orbitals were included in the active space depending on whether
one or two C-S bond cleavages should be described. For the
calculation of the spin-orbit coupling matrix elements (SOMEs)
along the relaxation path from the FC point to the local S;(nr*)
minimum the CAS(12/11) active space was used. The SOME
computations along the ring-opening path leading to one broken
C-S bond were performed with the CAS(14/12) active space. The
optimizations of the excited states, conical intersections and
the T,/S, intersection of 2T have been carried out using the
CASSCF method.

For the energy calculations of 3T the complete n-valence
active space was used (CAS(18/15)). Like in a previous study of
3T the CASSCF optimizations of the excited states were
performed with a smaller active space, 12 electrons/12 orbitals,
where the three deepest m-orbitals were kept inactive. For the
optimization of the S;/S, conical intersection and the T;/S,
intersection of 3T this active space was extended by one pair of
c-orbitals (c/c*). For the SOME calculations along the relaxa-
tion path from the FC point to the local S;(nn*) minimum
the smaller n-active space (CAS(12/12)) was extended by three
o*-orbitals (CAS(12/15)) to keep the active space stable. For 4T
the optimizations of the excited states have been carried at the
TDDFT/6-31G* level.

The spin-orbit coupling (SOC) strength between selected
singlet (S;) and triplet (Ty) states was computed as

SOCy = \/z |(Tw.

which can be considered as the length of the spin-orbit coupling
vector SOCy.*° Its component (Ty,|Hso|S) corresponds to the
calculated SOME. The SOMEs were calculated by an efficient
method using the Breit-Pauli spin-orbit operator®" implemented
in the Molpro software package.®*®

The CASSCF method has been employed to compute the
transition dipole moments. Energy differences corrected by
the CASPT2 method were used in the oscillator strength formula.
The program package MOLPRO®*® was used for the CASSCF and
CASPT?2 calculations, while the DFT, TDDFT and CCSD calculations
were carried out using the Gaussian 09 software package.®*

F]so’skﬂz U=x,y z

3 Results and discussion

3.1 Vertical excited states of thiophene (1T) and
oligothiophenes (2T-4T)

The optimized structures for the ground state minima of 1T-4T
are shown in Fig. 1. The 1T geometry is planar and has C,,
symmetry, while all others are non-planar. The trans conforma-
tion of 2T exhibits C, symmetry and is characterized by a torsional
angle o of 150.4° between the rings. This conformation has been
shown to be the global minimum of the internal rotational
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Fig. 1 Optimized B3LYP/6-311G** ground state geometries of 1T-4T. For

3T both nearly isoenergetic minima are shown. The point groups of the
structures are given in parentheses.

potential surface.>® For 3T two nearly isoenergetic minima exist
among the total number of ten already reported in previous
theoretical studies.>>®*™®” The global minimum is the twisted
trans-trans-syn conformation with Cy symmetry (« = 153.8°) and
the trans-trans-anti conformation with C, symmetry (« = 154.6°)
is only 0.02 eV (AG) above. Also the transition state between both
conformers lies only 0.05 eV (AG) above the global minimum
(Fig. S13 and Table S10 in the ESIT). The flatness of the torsional
potential is in agreement with the experimental observation that
more than one twisted conformation is present in solution.®®
The all-trans conformation found as a minimum structure with
C, symmetry for 4T is characterized by an o value of 157.1°
between the central rings. Like a previous study®’ our calcula-
tions show that the degree of planarity increases from 2T
(2 = 150°) to 4T (2 = 157°).

At these geometries the low-lying nrn* and the no* singlet
states plus the first four triplet states of 1T-4T were computed.
The excitation energies, the electronic characters and oscillator
strengths are listed in Table 1 together with the corresponding
experimental data. To facilitate the comparison of the electronic
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states of the different systems, the HOMO of all molecules is
denoted n; and the LUMO =n,* orbital (for details, see ESIT).
When possible the calculations were performed on the CASPT2,
CCSD and TDDFT levels of theory for comparison and we found
a good agreement for all molecules studied. A complete list
with the results of all methods used is given in Tables S1-S5 in
the ESI.¥ Our focus is on the bright S; state and its relaxation
paths after optical excitation as this state is discussed to be
crucial for the use of oligothiophenes in organic devices. The
nc* singlet state is responsible for a nonradiative relaxation
via a ring opening path and the triplet states induce the ISC.
The results in Table 1 are discussed from these aspects. In the
FC region the S; state has nn* character and is completely
delocalized for all investigated systems. The excitation energy
of the S, state decreases from 1T to 4T and its corresponding
oscillator strength increases. The calculated vertical excitation
energy of the S; state agrees very well for 1T and 2T with the
experimental values while for 3T and 4T larger deviations are
observed. The use of larger basis sets reduces these deviations
(see Tables S12, S13 and S16, ESIt). But the combination with
the large active spaces required for 3T and 4T (see Section 3.2.4)
cannot be handled within a reasonable computation time. The
state order of the no* singlet state increases systematically from
the S; state in 1T to the S, state in 4T as more and more ©r*
states intrude (see Tables S1-S5 in the ESIf). The no* state is
due to the o* character more localized and does not profit as
much as the nr* states from the elongation of the n-system.
In 1T the T; and T, states have no* character and lie substan-
tially above the S; state. The energy gap to the T, state with nrn*
character is also large (0.83 eV). In 2T more nn* states exist due to
the extension of the system. T, and T; are such additional nn*
states and lie below the S, state with a small S;-T; energy gap of
only 0.10 eV (see Table 1). The T, state has comparable
character to the T, state of 1T and is nearly isoenergetic with
the S, state in agreement with a previous study.*® Also in the larger
oligothiophenes the four lowest triplet states are characterized

Table 1 Calculated vertical singlet and triplet excitation energies (eV) for the low-lying valence excited states plus the no* singlet state of 1T—-4T at their
ground-state minima compared with experimental data. For 3T the excitation energies are shown for both isoenergetic conformers (Cs and C,
symmetry). Oscillator strengths are given in parentheses. The HOMO of all molecules is denoted m; and the LUMO =n;* orbital (for details, see ESI)

1T (Cyy) 2T (C,) 3T (Cs) 3T (Cy) 4T (Cy)
State Char. CASPT2 Exp. State Char. CASPT2 Exp. State Char. CASPT2 CCSD  State CASPT2 CCSD  Exp. State Char. CCSD  Exp.
S1(A41) momy* 5.58 5.26% S4(B) mymy* 4.51 4.29° S4(4") mymy* 4.03 415 S1(B) 4.08 4.14 3.5 $(B) mm,* 4.00 3.28
(0.06) (0.45 (0.55)  (0.79) (0.52)  (0.77) (1.30)
Sy(B,) My * 5.92 5.64% Sy(B) mam,* 4.85 5.08° S,(4")° momy* 4.42 4.97 S,(B) 4.39 4.98 —  Sy(4) mymy* 4.89
(0.11) (0.14) (0.06)  (0.00) (0.08)  (0.00) (0.00)
S3(By) m0,* 6.37 —  Ss5(4) my04* 5.40 —  S¢(4") mo* — 5.46 Se(B) — 5.49 —  S4(B) my04* 5.62
(0.00) (0.00) (0.00) (0.00) (0.00)
Ty(B,) mymi* 3.76 3. 74 Ty(B) mym,* 2.86 2.329 T,(4") mym* 2.40 2.56 Ty(B) 2.42 2.56 1.90% T,(B) mym,* 2.36 1.75¢
T2( 1) T * 4.75 4.50° T,(A) mym,* 3.82 —  TyA) mm* 3.19 3.38 T,(4) 3.17 3.36 2.997 T,(4) mym,* 3.00 2.564
Ts(B,) my0.* 6.11 —  Ts4) mymy* 4.41 —  Ts(4") myms* 3.85 4.07 Ts(B) 3.87 4.08 —  Ts(B) myms* 3.64
Ty(4,) m01* 6.13 —  Ty(B) mymy* 4.48 —  T4(4) mam* 4.30 4.41 T,(A) 4.29 4.39 —  T44) mymy* 4.16

@ Magnetic circular dichroism."* ?

ment photoelectron spectrum in the gas phase.*” ¢

Electron energy loss spectroscopy.®® ¢ Gas-phase absorption spectrum at room temperature.'® ¢ Photodetach-
At the CASPT?2 level of theory the S, state of both the 3T conformers is described by an m,m*

excitation, while with the CCSD method the S, state has m;m,* character and A’ and A symmetry, respectively, (see Tables S3 and S4 in the ESI).

f Absorptlon spectrum in solution at room temperature.”>***® & Absorption spectrum in solution at room temperature.
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by nr* excitations, whereby the T, state becomes more localized
for 3T and 4T and therewith shifts slightly above the S; state.
In 3T the S; state is energetically close to the T; state. At the
CASPT2 level of theory only the inclusion of all m-orbitals in
the active space results in the correct electronic state order
consistent with the CCSD results. The use of a smaller active
space leads to artificial stabilization of the S; state with respect
to the triplet states shifting it below the T; state® (see Table S11
in the ESIt). Also in 4T the S; state is only slightly above the T;
state at the CCSD level of theory.

Of the studied molecules only 1T exhibits large singlet-triplet
energy gaps at the FC point. In combination with the low-lying
no* singlet state S; this gives a first hint why photoexcited 1T
decays primarily via singlet states and no intersystem crossing
occurs.””*™ In contrast thereto, the oligothiophenes 2T-4T
show small singlet-triplet energy gaps, which however increase
with the chain length (0.03 eV for 2T, 0.18 eV (Cs) and 0.21 eV (C,)
for 3T and 0.36 eV for 4T). This is consistent with the experimental
observation of extremely high triplet quantum yields for the
oligothiophenes, which however decrease again with size
(0.99 for 2T, 0.95 for 3T and 0.73 for 4T).>® The details of the
relaxation pathways of the different systems will be discussed
in the next sections.

3.2 Deactivation pathways

For 1T-3T all results are at the CASPT2 level of theory and when
possible confirmed by CCSD calculations. For the larger 4T
system the CCSD and TDDFT methods were used.

3.2.1 Thiophene (1T). For thiophene it was demonstrated by
theory®’** and experiment®’ that after excitation to the S(rn*)
state, it quickly relaxes to the local S; minimum (S;-Min-a,
Fig. 2). This process is described by a time constant of 80 fs.*”
Thereafter the main part of the population overcomes a barrier
to reach the global minimum of the S; state (S;-Min-b). This
relaxation is characterized by a ring-opening via the dissociative
no* character and a time constant of 25 fs leading to C-S bond

energy [eV]
4 s,-Min S;-Min-a TS S;-Min-b Coln
60_1%7:~* — i 1 Te—
S —Ts — |3
5.0 ¢ ---S.T—_“? ....... :5&
2= —_T, —T, ~\\ - Ty
+or =T B e
: T 1 Sl T: =" Ti—
I g‘! 7S
3-0 i '4“' <
2.0F L ﬁ
So, "
ol gs,
0.0F So——"'

»
>

reaction coordinate

Fig. 2 Schematic illustration of the proposed deactivation mechanism of
1T after excitation to the S; state. The deactivation pathway is represented
by red arrows. The S;/Sp Coln is indicated by cyan line. The relevant
optimized geometries are shown as well.
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cleavage. In the vicinity of S;-Min-b, a conical intersection
(CoIn) with the ground state, associated with a small barrier of
0.06 eV,** completes the ultrafast internal conversion.

So far the barrier height for the ring-opening from S;-Min-a
to S;-Min-b was estimated by linear interpolation at the CCSD
level of theory to be 0.26 eV and understood as a consequence
of an avoided crossing.** We were able to locate the transition
state (TS) separating the two S; minima at the CASPT2 level of
theory (Fig. 2, for details, see Fig. S2 and Table S6 in the ESIf).
Therewith the barrier height is reduced to 0.07 eV. We also
found that the Coln is part of a low lying and thus very efficient
seam along the dsccc dihedral angle (see Fig. S3 and S4 in
the ESIY).

Salzmann et al.”" argued that due to vanishing spin-orbit
coupling (SOC) and large S;-triplet energy gaps at the FC point
and at S;-Min-a (see Fig. 2) a notable probability for ISC may
only exist along the ring-opening path. However the ISC has to
compete with the highly effective irreversible ring-opening path
through the CoIn seam. Thus our additional results further
support the interpretation that thiophene after excitation to the
S; state decays mainly via its singlet electronic states, which
is consistent with the observed dynamics and the absence of
fluorescence and phosphorescence.®”

3.2.2 Bithiophene (2T)

Triplet states and intersystem crossing. In 2T the triplet states
T, and T; are below and close to the S, state at the FC point.
Optimization of the S, state leads to the conversion of the non-
planar structure to a planar minimum with C,, symmetry
(S;-Min-a) and lowers its energy below the T, and T; states
(see Table 2). We constructed a simplified reaction path RCg
by linear interpolation between the optimized Sy-Min and
S;-Min-a geometries. The calculated energies along the RCg
reveal the intersection of the S, state with the T, and T; states
(Fig. 3a).

For an effective ISC between singlet and triplet states, the
spin-orbit coupling (SOC) should be reasonably strong and the
states involved should be close in energy. First semiempirical
calculations using the INDO/SCI approach showed for 2T, 3T and
6T that the SOC values decay with decreasing torsion angle .%°

l.41

Table 2 Calculated CASPT2 vertical singlet and triplet excitation energies
(eV) for the low-lying valence excited states of 2T at the ground-state
(So-Min) and S; state (S;-Min-a) minima. In addition the lowest excited
singlet state with mo* character is given (Ss). Oscillator strengths are shown
in parentheses

Se-Min (C,) S;-Min-a (C,p,)

State  Character Sym. CASPT2 Sym.  CASPT2 Exp.
S, T > m* B 4.51 (0.45) B, 3.71 (0.43)  3.43°
S, T, > m* B 4.85 (0.14) A4, 4.22 (0.00) —
Ss T > o* A 5.40 (0.00) Ay 4.74 (0.00) —
T, n, > m* B 2.86 B, 1.99 2.32°
T, T - m* A 3.82 Ag 3.57 —
T, T o m* A 4.41 Ag 411 —

A T, > m* B 4.48 Ba 4.26 —

¢ Maximum of the fluorescence spectrum in dioxane at room temperature.>
b photodetachment photoelectron spectrum in the gas phase.*’
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Fig. 3 Energy profile of the Sy, the S; and the four lowest lying triplet
states (a) and the SOC between the S; and triplet states (b) along the S;
relaxation coordinate of 2T. The energy calculations were performed
at the CASPT2/6-31G* level of theory and confirmed at the CCSD level
(Fig. S9 in the ESIT). The SOCs were calculated using the CASSCF method.
The reaction coordinate was generated by linear interpolation between
the optimized Sp-Min and S;-Min-a geometries.

Since we are interested in the relaxation pathways from the
S, state, we calculated the SOC between the S; and the four
lowest lying triplet states along the reaction coordinate RCg at
the CASSCF level (Fig. 3b).

All SOC values also decrease along this coordinate and vanish
at S;-Min-a. Between S; and T,/T; the SOC is zero for symmetry
reasons, between S; and T,/T, it vanishes, although the coupling
is symmetry allowed. In general, for strong SOC, contributions
from orbitals of heavy atoms have to be involved in the electronic
configuration of the mixing states. The o* orbital is localized on
the S-atom and occurs via small tc* contributions in the S; state
of 2T. This nc* contribution systematically decays along the RCs
as the planarization reduces the o/n mixing. Correspondingly, all
SOCs, also the symmetry allowed ones, decrease and vanish
along this coordinate.

In view of the calculated SOC and the S;-triplet energy gaps,
the highest ISC probability along the relaxation coordinate RCg
exists with the T; state. The intermediate degeneracy of the S;
and the Tj states should compensate for their moderate spin-orbit
interaction and allow a fast ISC. An example for such a scenario
has been shown recently for uracil by Richter et al.”® and has been
discussed for benzene by Worth and co-workers.”"”

This journal is © the Owner Societies 2016

View Article Online

Paper
generoy eVl eSeeie
e p
T:A\?_f_gl-.;n Ts-Min
ol B3 \// -
B N\2isez, Riag 3
2 S;-Min-a T, F
Eoexer
3.0F
T1 .
20F |A F
1.0F
: s,
0.0F \L/5,-Min

»
»

reaction coordinate

Fig. 4 Schematic illustration of the proposed deactivation mechanism of
2T after excitation to the S; state (A: absorption; F: fluorescence; ISC:
intersystem crossing; IC: internal conversion; P: phosphorescence). The
deactivation pathway is represented by red arrows. The relevant optimized
geometries are shown as well.

For the population that reaches S;-Min-a a second ISC path
opens between the S; and the T, states (ISC2, see Fig. 4). Here
both states are close in energy and although the SOC vanishes
at the minimum geometry, the torsional out-of-plane motion
can induce moderate coupling. Such motions have been shown
to be highly active during the S; dynamics of 2T-4T.*>*¢

The possibility of two ISC channels is consistent with
the experimental observations of Paa et al.** using femtosecond
time-resolved spectroscopy. They obtained a biexponential
decay for the transient S; — S, absorption (ESA) bands, with
a fast (t = 1.4 ps) and slow (z = 29.6 ps) component. In addition
the rise of the triplet-triplet absorption (TTA) is characterized by
a fast time constant of 1.4 ps and a slower one of 58 ps. Therefore
the authors proposed an ISC mechanism with two channels: the
fast one starting from a twisted S; state geometry and taking
place during the initial geometry relaxation. The second slower
ISC channel starts from the relaxed S; state and competes with
fluorescence from S;-Min-a. Although the oscillator strength is
reasonable at S;-Min-a (see Table 2), the fluorescence quantum
yield is reported to be small (¢ = 0.014).>® Thus we suggest that
the major part of the S; population decays via the two ISC paths.
The quantum yield ¢ of 2T is increased when the temperature
is lowered from 298 to 77 K.**> Under these conditions the first
ISC path is less populated as the lower temperature enhances the
planarity of the ground state.

Next we discuss the relaxation from T; and T, back to the
ground state. The T; relaxation leads to the planar T; state
minimum where the T; and T, states are close in energy
(AE =0.28 eV, see Table S8 in the ESIT). Therewith the T, state
can also be populated by a fast internal conversion from Tj
(Fig. 4). T, is the only state considered which is described by an
excitation to the m,* orbital (see Table 2). This orbital is character-
ized by an antibonding m-interaction between the thiophene rings
(see Fig. S5 in the ESIY), therefore the T, minimum is a twisted
structure with orthogonal thiophene rings (T,-Min, Fig. 4).
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At this minimum the T, state is degenerate with the T, state®’
(see Table S8 in the ESIf) suggesting the existence of a
T,/T, Coln from where relaxation into the global excited state
minimum T;-Min (Fig. 4) can take place. The calculated vertical
emission energy at this planar minimum is 1.77 eV and corre-
sponds to the maximum of the phosphorescence spectrum
(2.06 eV).** Since the phosphorescence is weak (¢p = 107°),*?
we conclude that by far most of the population return back to the
ground state by a nonradiative process.>> This process will be
discussed in combination with a possible decay via Colns in the
next section.

Conical intersections. A remaining question is why for 2T the
deactivation path is dominated by ISC not by the ring-opening
path via the S;/So Colns which is the major path for 1T.
We therefore optimized the S;/S, Colns and the S;-Min-b
minima for 2T. For 1T only one open-chain structure with a
broken C-S bond is distinguishable. For the ¢rans conformation
of 2T several open-chain structures are possible. First of all four
singly and six doubly opened geometries can be discriminated.
The singly opened structures can be planar or non-planar and
the inner or the outer C-S bond can be broken. The four
optimized Colns are shown in Fig. 5 (CoIn1-4) and are as in
1T in the vicinity of the S;-Min-b minima. In all these structures
the S; state has no* character while the S, state is the closed
shell electronic configuration. The geometries of the CoIns1-4
and the S;-Min-b minima are quite similar to the corresponding
ones of 1T, e.g. the distances of the broken C-S bonds are nearly
identical (1T Coln: 3.41 A). Also the barrier from the S;-Min-b
minima to the Colns is at most 0.1 eV (Table 3) and mainly
associated with a small elongation of the C-S bond (see Fig. S10
in the ESIt). CoInl and Coln3 lie below and CoIn2 and Coln4
above S;-Min-a (see Table 3). The cleavage of an outer C-S
bond leads to steric repulsion between the sulfur atom and the
adjacent thiophene ring (see Fig. 5) resulting in the destabiliza-
tion of CoIn2 and Coln4. The cleavage of the inner C-S bonds

Coln2 (planar)

Coln1 (planar)
\ ¢ o

3.37™

o O

Coln4 (non-planar)

342 ¢

Coln3 (non-planar)

T4/Sq (planar)
[
(&)

Fig. 5 Optimized geometries of the conical intersections (Colns) and the
T1/So intersection of 2T obtained at the CASSCF/6-31G* level of theory.
The distance of the broken C-S bonds are given in Angstrom (A). For the
non-planar geometries the torsional angle between the thiophene rings is

also shown (defined by the S—-C-C-S dihedral angle).
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Table 3 Adiabatic CASPT2 excitation energies (eV) to the S;-Min-b
minima and the optimized Colns. The stabilization energies of the Colns
relative to the S;-Min-a are given. Negative values indicate destabilization.
The barriers between S;-Min-a and S;-Min-b were obtained by linear
interpolation between the optimized geometries and calculated at the
CCSD/6-31G* level of theory

Colnl Coln2 Coln3 Coln4 Coln5
S,-Min-b 3.75 4.13 3.58 4.12 —
Conical intersection 3.85 4.22 3.60 4.20 4.09
Stabilization energy 0.16 —0.21 0.41 —0.19 —0.08
Barrier 0.40 0.87 1.04 0.92 —

leads to a lower steric repulsion and explains the stabilization of
ColIn1 (0.2 eV) and CoIn3 (0.4 eV), whereby CoIn3 is the lowest
intersection due to the orthogonal position of the thiophene rings.

Based on these results we identified the most promising one
of the six doubly opened geometries. The optimized non-planar
structure Coln5 (Fig. 5) shows that when two C-S bonds are
broken the S,/S, degeneracy is achieved already for smaller
elongations of the C-S distance to 2.55 A. Nevertheless CoIn5
lies above S;-Min-a (Table 3) and is further neglected.

From the energetics at least CoInl and CoIn3 could be
reached from S;-Min-a. But the possible barriers in between
have to be considered. This was investigated again by using
simplified reaction paths RCg, constructed by linear interpola-
tion between S;-Min-a, S;-Min-b and the respective Coln. Based
on the good agreement between CASPT2 and CCSD results
obtained for the energy profile along the RCg (see Fig. 3a and
Fig. S9 in the ESIY), we calculated the four continuing ring-
opening paths RCs, using the faster CCSD method. The single-
reference method CCSD has previously been used to study the
deactivation paths of thiophene*? and furan”® and was found to
give energies of good quality even in the vicinity of CoIns. This
is also found for the paths towards CoIn1/CoIn3 (Fig. 6) and
ColIn2/Coln4 (Fig. S11 in ESIY). The positions of the Colns at the
CCSD level are only slightly shifted with respect to the CASSCF
results and thus the CCSD results are sufficiently accurate to
estimate the barriers. The reported values for the barriers in
Table 3 are an upper limit for the real ones. Optimization of the
corresponding transition states would lower these barriers as
shown for 1T (see Section 3.2.1). Nevertheless from the barrier
heights one can see that CoIn1 is associated with the smallest
barrier of 0.4 eV and the lowest Coln (CoIn3) with a barrier of
1.0 eV. This can be understood as the geometrical distortion
necessary to reach the non-planar CoIn3 from the planar S;-Min-a
is significantly larger than from the planar Colnl. This is also
reflected in the larger RCg, values for CoIn3 (Fig. 6b).

In summary, Coln1 is the most favorable intersection of 2T
and should be reachable due to an accumulated relaxation
energy of 0.5 eV from the FC point to S;-Min-a. Thus some of
the excited molecules should decay to the ground state through
this passage. This is, however, in contrast to the measured near-
unity triplet quantum yield of 2T. A possible explanation is that
also along the ring-opening path to Colnl the S; state can
couple to the triplet states. We calculated the four lowest lying
triplet states along this path and, indeed found several intersections
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Fig. 6 Energetic course of the ground, nn* and nc* singlet states along
the reaction path leading to Colnl (a) and Coln3 (b). The energy calcula-
tions were performed at the CCSD/6-31G* level of theory. The reaction
coordinates were generated by linear interpolation between the CASSCF
optimized geometries. The positions of the minima and Colns are indi-
cated by vertical lines. The electronic character and the minimum struc-
tures are shown as well along each path.

between the S; and the triplet states (Fig. 7). In addition near
and after the barrier strong SOC of the S, state with the triplet
states occur (x~20-100 cm™ ", Table S9 in the ESIt) due to the
rising no* character of the S; state.

The results clearly elucidate why the deactivation path of 2T is
dominated by ISC and the relaxation path of 1T by S;/S, Colns.
First of all after excitation to the S; state only for 2T effective ISC
possibilities exist during the initial motion (compare Fig. 2 and 3).
Secondly the barrier to reach a Coln is higher for 2T (0.40 eV) than
for 1T (0.26 eV). And finally even if the barrier to the S,/S, Coln is
overcome, the ISC to several triplet states is probable in 2T and
depopulates the S; state.

The calculations along the ring-opening path RCg, (Fig. 7)
also reveal the existence of a low lying intersection between the
T; and the S, state. The optimized T,/S, intersection is a planar
structure with a broken C-S bond of 3.04 A (Fig. 5) where the T,
state has mo* character and accordingly large SOC values with
the S, state (~100 cm™ ). This intersection found along the ring-
opening path could also be responsible for the overall relaxation
from the triplets back to the ground state. We therefore estimated
the barrier from the endpoint of the triplet cascade, T;-Min, to
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energy [eV]

0 0.5 1 1.5 2
reaction coordinate [A]
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Fig. 7 Adiabatic course of the Sq, the S; and the four lowest lying triplet
states along the reaction path leading to Colnl. The energy calculations
were performed at the CCSD/6-31G* level of theory. The reaction coor-
dinate was generated by linear interpolation between the CASSCF opti-
mized geometries. The positions of the minima and Colns are indicated by
vertical lines. The minimum structures are shown as well along the path.

the T,/S, intersection by linear interpolation at the CASPT2
level of theory (Fig. S12 in the ESIf). The calculated barrier
height of 1.39 eV should account for the long triplet lifetime of
100 ps of 2T.>® The reaction coordinate of this path is mainly
characterized by an elongation of the C-S distance. As the gradient
difference vector at the T,/S, intersection is nearly orthogonal
to this reaction coordinate (Fig. S10, ESIt), the probability for
intersystem crossing is quite high after the system has crossed
the barrier (for details, see ESIT). All in all the T;/S, intersection
completes the deactivation pathway of 2T.

3.2.3 Terthiophene (3T). In 3T for both nearly isoenergetic
ground state minima (Section 3.1) the T, state is now above and
the T; state is slightly below the bright S; state (see Table 4).
Relaxation of the S; state again leads to a planar minimum
(S3-Min-a) with C,, symmetry. The energy profiles are calculated
at the CCSD/6-31G* level along the linear interpolated reaction
coordinate RCg between the isoenergetic ground state minima
and S;-Min-a. As in 2T the S, state intersects with the T; state
(Fig. 8a and Fig. S19a, ESIT) and the SOC between the S; and the
triplet states decrease along the RCg and vanishes at the planar
S;-Min-a (Fig. 8b and Fig. S19b, ESIt). Analogous to 2T this can
be understood by symmetry selection rules and varying moc*
contribution in the S; state. In the planar C,, geometry the
spin-orbit coupling between the S;(B;) and the T,/T3(B,) is again
symmetry forbidden. Overall the no* contribution in the S; state
is smaller for 3T than for 2T resulting in generally lower SOC
values. The intermediate degeneracy of the S; state and the Tj
state should again compensate their moderate spin-orbit inter-
action making T; the most probable candidate for an efficient
ISC along the initial relaxation (ISC1, see Fig. 9). Like in 2T the
T, and the S; state come closer during geometry relaxation to
S;-Min-a.>® At the CCSD/6-31G* level the S,-T, energy gap is
still 0.64 eV (see Table S12 in the ESIT). But the gap reduces
to 0.46 eV using the larger basis set 6-311+G** and approaches
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Table 4 Calculated CASPT2 vertical singlet and triplet excitation energies
(eV) for the low-lying valence excited states of 3T at the ground-state
(So-Min) and the S; state (S;-Min-a) minima. Oscillator strengths are shown
in parentheses

So-Min (Cy) S;-Min-a (Cyy)
State  Character ~Sym. CASPT2 Sym.  CASPT2 Exp.
S, T o A 4.03 (0.55) B, 3.08 (0.68)  2.91°
S, n, > m* A 4.42 (0.06) A" 3.56 (0.00) —
T, T oo m* A 2.40 B, 1.75 1.90°
T, T oo m* A 3.19 Ay 2.87 2.99°
T, T > et A 3.85 B, 3.81 —
T, ny - m* Al 4.30 A, 4.19 —

“ Maximum of the fluorescence spectrum in dioxane at room tempera-
ture.?® ? At S,-Min-a the S, state is described by an double excitation
(m 3 m*). € Photodetachment photoelectron spectrum in the gas phase.”’
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Fig. 8 Energy profile of the So, the S; and the four lowest lying triplet
states (a) and SOC between the S; and triplet states (b) along the S;
relaxation coordinate of 3T. The energy calculations were performed at
the CCSD/6-31G* level of theory and the SOCs were calculated with the
CASSCF method. The reaction coordinate was generated by linear inter-
polation between the optimized So-Min (Cs symmetry) and S;-Min-a (Cy,
symmetry) geometries.

the value of 0.21 eV obtained at the CASPT2/6-31G* level (Table 4).
Analogous to 2T for the second ISC process (ISC2, see Fig. 9) out of
the S;-Min-a some torsional vibrational activity is needed.

Also for 3T both ISC channels are confirmed by experimental
results. Beyond that the experimental observations can now be
understood more deeply. Rentsch and co-workers carried out
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Fig. 9 Schematic illustration of the proposed deactivation mechanism of
3T after optical excitation to the S; state (A: absorption; F: fluorescence;
ISC: intersystem crossing). The deactivation pathway is represented by red
arrows. The relevant optimized geometries are shown as well.

femtosecond time-resolved spectroscopy with dependence on
the excitation wavelength.*®**** They observed a biexponential
decay for the S, state with a fast and slow component occurring
in parallel with the triplet formation. Both processes and the
triplet quantum yield were found to depend on the excitation
energy. At a wavelength of 400 nm (low-energy side of the
So — S; absorption band) the S; decay and the rise of the
TTA are determined by the fluorescence lifetime of the S, state
(165 ps).** With increasing excitation energies an additional
fast channel for triplet formation with a time constant of about
2 ps occurs. The triplet quantum yield reaches a maximum
value at 381 nm and remains constant up to 370 nm. Rentsch
and co-workers suggested that the fast ISC channel is populated
by excitation of non-planar molecules and opens while the
planar S;-Min-a is approached. With the low energy pulse
mainly planar molecules are excited among the ensemble as
the planar conformation has the lowest excitation energy.”* The
fast ISC channel is considered to be responsible for the highly
effective triplet formation and has been quantified by tempera-
ture dependent measurements of the fluorescence quantum
yield by Rossi et al.”” They estimated that more than half of the
T; population of 3T arises from this channel. The details of
the two ISC channels are clearly elucidated by the results of the
present work. Only if non-planar conformations are excited the
fast ISC from the S; state to the T; state can happen. If planar
conformations are excited thermal torsional vibrational activity
can induce the second ISC from the S; to the T, state.

Like in 2T a remaining question is the possible role of S;/S,
Colns as deactivation path. Based on the results of 2T we
focused on the most promising one and optimized a planar
S1/So conical intersection with a singly broken C-S bond. We
also located the corresponding S; minimum (S;-Min-b), which
was found again in the vicinity of the Coln. The barrier between
S;-Min-a and S;-Min-b was estimated by linear interpolation at
the CCSD/6-31G* level of theory (see Fig. S20 in the ESIY). The
optimized CoIn geometry (Fig. 10) is similar to the ones of the
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Coln1 (planar)

T4/S, (planar)

Fig. 10 Optimized geometries of the conical intersection (Coln) and the
T4/So intersection of 3T obtained at the CASSCF/6-31G* level of theory.
The distance of the broken C—S bonds are given in Angstrom (A).

smaller systems, only the C-S distance (3.69 A) is slightly larger
than in 2T (3.42 A) and 1T (3.41 A).

In Table 5 the relevant points of the pathway to the CoIns are
compared for 1T-3T. The adiabatic energy difference in the Colns
stays in the same range while the S; (n*) state is significantly
stabilized at the FC point and at S;-Min-a due to the increased =
system. At the ColIns the S; state has no* character and is thus
more localized and does not profit to the same extent from the
elongation of the m-system. The significant lowering of the nr*
relative to the no* character in the S, state is also reflected by the
increased barrier between S;-Min-a and S;-Min-b from 1T to 3T
inhibiting the passage to the S;/S, Coln for the oligothiophenes.
The higher barrier for 3T relative to 2T is confirmed by the even
smaller rate constant for internal conversion.”® The low barrier
for 1T can be further understood comparing the structures of the
S;-Min-a minima. Only in 1T it is non-planar (Fig. 2) and the C-S
bond is already slightly elongated in comparison to Sy-Min. Thus
in 1T the initial relaxation is directed towards the ring-opening
while the initial relaxation of 2T and 3T is characterized by inter-
ring rotation leading to planar geometries.

From the planar S;-Min-a the ring-opening path is thus
highly unlikely for 3T. Even if the high barrier is overcome,
several intersections of the S, state with the triplet states (see
Fig. 520 in the ESIT) with strong SOC (~20-100 cm ™", Table S15
in the ESIT) exist and would again induce ISC. Another deactiva-
tion possibility out of S;-Min-a is fluorescence. The S; state has a
reasonable oscillator strength and the calculated vertical energy
compares well with the maximum of the fluorescence spectrum
(see Table 4). The higher fluorescence quantum yield of 3T (¢r =
0.054) in comparison to 2T (¢ = 0.024)>° can be explained by the
lower SOC values along the initial relaxation towards S;-Min-a
and the higher barrier for the ring-opening path. Still the major
part of the S; population decays via ISC.

The depopulation pathways of the triplet states proceeds again
via a cascade. Relaxation of the T; state leads to its minimum.

Table 5 Adiabatic excitation energies (eV) of the S; state at the FC point,
S1 minima (S;-Min-a and S;-Min-b) and at the Coln of 1T, 2T (Colnl) and 3T
at the CASPT2/6-31G* level of theory. The barriers between S;-Min-a and
S;-Min-b were obtained by linear interpolation between the optimized
geometries and calculated using the CCSD method. The value for the
barrier of 1T is taken from ref. 17

1T 2T 3T
FC point 5.58 4.51 4.03
S;-Min-a 5.07 4.01 3.27
S;-Min-b 4.00 3.75 4.16
Conical intersection 4.08 3.85 4.32
Barrier 0.26 0.40 0.81
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Like the T, state of 2T the T; state of 3T is described by an
excitation to an antibonding m-orbital (n;*, Table 4) with nodal
planes between the thiophene rings (see Fig. S14 in the ESIf).
Accordingly, the T; minimum is a twisted structure with ortho-
gonal thiophene rings (T;-Min, Fig. 9). At this minimum the first
three triplet states are close in energy (see Table S14 in the ESIT)
and a fast internal conversion from T; to T, or T; can happen.
The T, minimum is planar (T,-Min, Fig. 9) and in contrast to the
non-planar T,-Min of 2T now an energy gap of 0.76 exists
between T, and T; and a barrier of 0.32 eV has to be overcome
to reach the T,/T; conical intersection. The T,/T; conical inter-
section is characterized by one terminal thiophene ring being
orthogonal to two planar thiophene rings (Fig. 9). In T, the
global excited state minimum is reached, which is again planar
(Fig. 9). As no phosphorescence was detected,> a possible relaxa-
tion back to the ground state is again via the T,/S, intersection
with one broken C-S bond (Fig. 10). We estimated again the
barrier between T;-Min and T,/S, by interpolation at the CCSD
level of theory. The high value of 2.17 eV to reach this intersection
could account for the long triplet lifetime of 3T.>°> But after
crossing this barrier, the probability for intersystem crossing is
quite high like in 2T (for details, see ESIT).

3.2.4 Quaterthiophene (4T). For 3T we showed that only
the inclusion of all n-orbitals in the active space of the CASPT2
calculations results in the correct electronic state order of the S;
and the triplet states. This order, especially T; below S, at the
FC point, proved to be crucial to understand and explain the
ISC processes resulting in high triplet quantum yields of 2T
and 3T. For 4T such an active space means 24 electrons in 20
orbitals. In spite of symmetry restrictions, this active space is
too large to be handled within a reasonable computation time.
Due to the good agreement of the CCSD and TDDFT results
with the CASPT2 results for 1T-3T (see Tables S1-S4 in
the ESIT), we studied 4T using the faster CCSD and TDDFT
methods. The choice of these methods allows no calculation of
the SOC and we can only extrapolate from our knowledge of
2T and 3T. The depopulation of the S; state occurs via ISC as
in the smaller oligothiophenes. The initial relaxation leads to
the planar S;-Min-a, the T; state intersects with the S, state (see
Table 6 and Table S16 (ESIt) and Fig. 11) and should allow for
the fast ISC channel (ISC1, Fig. 12). For the second ISC channel
(ISC2) out of S;-Min-a to the T, state torsional vibrational
activity is again necessary to induce SOC between T, and S;.
For symmetry reasons the SOC between the S;(B,) and the
T;3(B,) is allowed at both the twisted Sy-Min and the planar
Si-Min-a geometries, while the SOC between the S;(B,) and the
T,(4,) is allowed only for the twisted So-Min.

Our conclusions are supported by the slow (390 ps) and fast
(36 ps) time constants measured for the decay of the fluores-
cence of 4T.”” For comparison the fast time constant for this
signal is found to be 16 ps for 3T while for the fast ESA decay
and TTA rise it was 2 ps. The 390 ps time constant coincides
well with the recently determined time constant for the TTA rise
of 398 ps of 4T.*° In addition a biexponential triplet formation
was mentioned for 4T.>' We assume that the fast ISC channel
of 4T has not been observed until now as no femtosecond
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Table 6 Calculated CCSD vertical singlet and triplet excitation energies
(eV) for the low-lying valence excited states of 4T at the ground-state
(So-Min) and the S; state (S;-Min-a) minima. Oscillator strengths are shown
in parentheses

So-Min (Cy) S;-Min-a (C,p)
State  Character ~Sym. CCSD Sym. CCSD Exp.
S, n, - m* B 4.00 (1.30) B, 3.30 (1.40)  2.59°
S, T > m* A 4.89 (0.00) A4, 4.40 (0.00) —
T, T, > ©* B 2.36 B, 1.59 1.75%
T, T - T* A 3.00 Ay 2.58 2.56°
T, T, > m* B 3.64 By, 3.44 —
T, T, > m* A 4.16 Ag 4.14 —

“ Maximum of the fluorescence spectrum in dioxane at room tempera-
ture.?®  Photodetachment photoelectron spectrum in the gas phase.*”

So-Min S4-Min-a
4 £
3f , -
s AR iy
o
52 —3
[0 4
g T
T,
1+ T
O ¥ \ % - 4|
0 05 1 15 2

reaction coordinate [A]

Fig. 11 Energy profile of the Sp, the S; and the four lowest lying triplet
states along the S; relaxation coordinate of 4T. The energy calculations
were performed at the TDDFT/6-31G* level of theory. The reaction
coordinate was generated by linear interpolation between the optimized
So-Min (C, symmetry) and S;-Min-a (C,, symmetry) geometries.

time-resolved measurements with dependence on the excita-
tion wavelength were performed similar to 3T. Based on the
presented results we suggest that also in 4T the fast ISC to the
T, state accounts for the high triplet quantum yield of 0.73.>*
Reasons for the decreasing triplet quantum yield from 2T to 4T
are the diminishing SOC values along the initial relaxation
(ISC1) and the increasing S;-T, energy gap at S;-Min-a (ISC2)
(see Table S18 in the ESIt), also shown by photodetachment
photoelectron spectroscopy.*”

The return from the triplets back to the ground state involves
similar steps as in 2T. T; relaxation leads to its minimum where
the outer thiophene rings are twisted versus the two planar inner
rings (Fig. 12) due to the ms*-orbital (Table 6) characterizing
nonbonding and bonding interactions between the thiophene
rings (see Fig. S23 in the ESIT). The moderate T3-T, energy gap of
0.41 eV at T53-Min suggests the possibility of an internal conver-
sion to T,. From there the T, minimum can be reached char-
acterized by an orthogonal arrangement of the thiophene rings
with respect to the central bond (Fig. 12) due to the n,* orbital
(see Fig. S23 in the ESIt). At T,-Min the T, and T, states are
degenerated like in 2T (see Table S17 in ESIY), leading to fast
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Fig. 12 Schematic illustration of the proposed deactivation mechanism of
4T after excitation to the S; state (A: absorption; F: fluorescence; ISC:
intersystem crossing; IC: internal conversion). The deactivation pathway is
represented by red arrows. The relevant optimized geometries are shown
as well.
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internal conversion to T;. In T, the global excited state minimum
is reached, which is again planar (see Fig. 12). As no phosphor-
escence was detected,?® an ISC like in 2T and 3T should lead the
molecule back to the ground state. The smaller T;-S, energy gap
of 1.0 eV (CCSD/6-31G* level) at the T;-Min in comparison to
3T (1.42 eV) and 2T (1.77) could account for the decreasing
triplet lifetime from 2T to 4T.*® Although the fluorescence
from S, is increased compared to 2T and 3T,*® the major part
of the 4T population still relaxes to the ground state via ISC and
triplet states.

4 Conclusions

For thiophene 1T and the oligothiophenes 2T-4T the relaxation
processes from the first excited singlet state were investigated
using quantum chemical calculations. We demonstrated that
1T decays primarily via its singlet states. Due to large singlet-
triplet energy gaps intersystem crossing (ISC) is ineffective,
while internal conversion via a low lying S;/S, conical inter-
section (ColIn) seam is associated with a very small barrier and
thus highly efficient. In contrast the deactivation paths of the
oligothiophenes are dominated by ISC. The S;/S, Colns are
inactive although their energetic position with respect to the
ground state minimum is similar for all systems. However, the
excited S; state is significantly stabilized with increasing chain
length due to its nn* character in the Franck-Condon (FC)
region and at the S; minimum (S;-Min-a). At the S,/S, Colns the
S, state character has changed to no* which is more localized
and does not profit to the same extent from the elongation of
the m-system. Thus in the oligothiophenes the barriers towards
the Colns are increased and inhibit the passage through them.
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Furthermore the extension of the m-system induces more nn*
states and shifts the triplet state T; below and close to the S;
state at the FC point for all investigated oligothiophenes.
During the initial relaxation from the non-planar conformation
to the planar S;-Min-a the T; state intersects with the S; state
opening the first ISC path. Around S;-Min-a thermal torsional
fluctuations can induce the second, less effective ISC channel
with the T, state. In view of the experimental findings and our
results, we conclude that the first ISC channel is responsible for
the high triplet quantum yields. Hereby we can say that the
correlation between the planarization and the ISC is the key
property. The overall diminishing SOC from 2T to 4T and the
increasing S;-T, energy gaps at S;-Min-a should account for the
slightly decreasing triplet and increasing fluorescence quan-
tum yields.>® A quantitative determination of the rate constants
and branching ratios of the two ISC channels would require
dynamical studies but these are clearly beyond the scope of the
present work. The return from the triplets back to the ground
state is made possible by inter-ring torsions and T,/S, intersec-
tions, the latter are characterized by open-ring structures
similar to the S;/S, Colns of 1T. We found two different kinds
of triplet relaxation. For the even-numbered oligothiophenes
we found a T; — T, — T, cascade, while for the odd oligothio-
phene an additional direct T; — T, path exists.

The present results in combination with previous theoretical
and experimental observations offer a quite complete picture of
the photophysics of 1T-4T and allow making predictions for
the longer oligothiophenes. Also for the longer oligothiophenes
and polythiophenes triplet formation has been observed.>*”*°
From our results for 2T-4T we extrapolate that the first ISC path
should be present as well and non-planarity should enhance its
efficiency. Preliminary calculations for 5T-10T show, with the
exception of 6T, an intersection of the S; state with a triplet
state along the planarization to S;-Min-a (see Tables S19 and
S20 in the ESIY). The special behavior of 6T is consistent with
its highest fluorescence quantum yield (¢z) in the row from
2T to 7T.”° Furthermore for polythiophenes in solution and
films it was shown that ¢ decreases due to more efficient
nonradiative decay channels when the non-planarity of the
thiophene backbone is increased by substitution.®® The higher
degree of non-planarity should enhance the SOC and prolong
the interaction time for the ISC. As triplet states are also present
in polythiophene-based solar cells*"*> a deeper understanding
of the relaxation processes and the factors influencing the
efficiency of these processes should be a first step in improving
the performance of the thiophene-based devices.
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