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1. Introduction

The electron-vibration coupling in a family of silyl end-capped oligothienoacenes is inves-
tigated on the basis of a joint experimental and theoretical study using UV-vis absorption
and emission spectroscopies and density functional theory calculations. Well-resolved vib-
ronic progressions are found in the low-temperature absorption and emission profiles of
these silyl-functionalized organic molecules. As the size of the oligomer lengthens a bath-
ochromic shift is observed in the near-UV-vis range, indicative of the extension of the
effective m-conjugation. The absorption and emission bands are practically mirror-sym-
metric. The combination of two normal modes with frequencies of ~1500 cm™' and
~500 cm~! determines the main vibronic progression in absorption and emission for all
the series, although for larger oligomers (n=6, 7, and 8) the presence of low-frequency
normal modes (~100cm™!) is also evident. The spacing of the vibrational features is
slightly larger in absorption than in emission; this agrees with the predicted shifting of
the C—C stretching modes of the inner-most ring toward the high-frequency region as a
result of the reversal of the single-double C—C pattern in the electronic excited-state.
Our calculations indicate that the contributions of the end-capping groups to the total
relaxation energy of the So — S; and S; — S transitions are almost negligible. This result
suggest that the vibronic structure and to a large extent the spectral profiles of the silyl
end-capped oligothienoacenes are mainly determined by their respective oligothienyl core.

© 2010 Elsevier B.V. All rights reserved.

the many different molecular materials for organic elec-
tronic applications, oligothienoacenes (linearly fused thio-

Currently, m-conjugated oligomers, such as oligoacenes
and oligothiophenes are among the most widely studied
molecular materials involved in the development of the
next generation of optoelectronic devices such as organic
solar cells and organic field-effect transistors [1-4]. Among
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phenes) are of particular interest because they combine
the rigid planarity and extended conjugation of acenes with
the chemical stability of oligothiophenes [5,6]. Unfortu-
nately, the structural rigidity of these materials limits its
solubility in common organic solvents, which in turn, re-
stricts their use in the development of solution-processed
organic semiconductors. To overcome this problem, oli-
gothienoacenes are frequently functionalized with solubi-
lizing trimethylsilyl (TMS) and triisopropylsilyl (TIPS)
substituents, which aid in purification and solution process-
ability [5-8]. However, despite the important role of the si-
lyl groups in the solubility properties of molecular materials
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for organic electronic applications, only a few studies up to
date have investigated the electronic and optical properties
and electron transfer characteristics of silyl-functionalized
m-conjugated oligomers [9-11]. On the other hand, even
though qualitative interpretations of the well-resolved
absorption and emission spectra of oligoacenes can be
found in the literature [12,13], to the best of our knowledge,
a detailed analysis of the vibronic features in silyl end-
capped oligothienoacenes has not yet been conducted.

In our previous studies, we analyzed the structural,
electrochemical, and optical properties of a series of triiso-
propylsilyl end-capped oligothienoacenes to gain insight
into the fundamental structure-property relationships
with the addition of each fused-thiophene ring. We found
that the selective enhancement of a very limited number
of Raman scatterings is related to strong vibronic coupling
between selected skeletal v(C=C) stretching modes in the
1600-1300cm™' range and their respective frontier
molecular orbitals [11]. Amplified spontaneous emission
was observed in the pentathienoacene derivative doped
into polystyrene films indicating that this material is a
good candidate for active laser materials [14]. Cyclic vol-
tammetry also reveals the formation of stable radical cat-
ions for all these oligothienoacenes, and the formation of
dications only for the heptamer and the octamer [15].
The absorption and fluorescence spectra show partially re-
solved vibronic structures even at room temperature due
to the absence of conformational disorder, at low temper-
ature, the absorption spectra of all the series and the emis-
sion spectra recorded only for selected systems (i.e., for the
pentamer and octamer) show two different vibrational
progressions with an energy splitting, corresponding to
vibrational modes with energies of v; ~1530cm™! and
V5 ~490 cm~! [15]. In this contribution, we focus on the
analysis of the vibronic structure and optical properties
of a series of silyl end-capped oligothienoacenes (TIPS-
Tn-TIPS, where n indicates the number of fused-thiophene
rings) ranging in length from the tetramer to octamer by
using experimental spectroscopic data and quantum-
chemical calculations (see Fig. 1). UV-vis absorption and
fluorescence emission spectroscopy measurements are
used to investigate the spectral profiles of all the series
in the ground and first singlet excited-state at low (78 K)
and room temperature.

We also employed density functional theory (DFT) and
time-dependent DFT (TD-DFT) quantum-mechanical cal-
culations to provide a detailed understanding of the elec-
tronic and vibrational interactions and their impact on
the characteristics of the absorption and emission profiles
of silyl end-capped oligothienoacenes. When compared
against the non-silyl-functionalized oligothienoacenes,
the DFT-calculated energies of the frontier molecular orbi-
tals of the silyl-functionalized oligothienoacenes point to
an effective silicon-induced hyperconjugation effect. Our
calculations also reveal that the end-capping silyl groups
have an almost negligible contribution to the total struc-
tural (intramolecular) reorganization energy upon elec-
tronic excitation. This finding suggests that although
functionalization with TMS or TIPS groups may affect the
overall charge carrier characteristics (mainly due to signif-
icant changes in the solid state packing induced by the
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Fig. 1. Chemical structures of the series of end-capped oligothienoacenes
investigated in this study (TIPS-Tn-TIPS; where TIPS stands for triisopro-
pylsilyl and n indicates the number of fused-thiophene rings).

presence of bulky end-capping silyl groups), to a large ex-
tent the vibronic coupling properties in silyl end-capped
oligothienoacenes are mainly determined by their oligot-
hienyl molecular backbone. Finally, the theoretically esti-
mated vibrational frequencies and vibronic coupling
constants of the silyl end-capped molecules are used to
simulate their experimental absorption and emission spec-
tral profiles.

2. Methodology
2.1. Experimental

UV-vis-NIR absorption spectra were recorded with a
diode array Agilent 8453 instrument allowing for fast
recording of all electromagnetic absorptions in the 190-
1100 nm spectral region. Fluorescence emission spectra
were measured using a FL920P spectrometer from
Edinburgh Instruments. No fluorescent contaminants were
detected upon excitation in the wavelength region of exper-
imental interest. Solutions for emission measurements
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were prepared with an absorbance in the visible spectral
region between 0.1 and 0.2. 2-Methyltetrahydrofuran
(MeTHF) was pre-dried over KOH for 3 days, filtered,
distilled from CaH,, and stored under inert atmosphere.
Low-temperature spectra were recorded using an
OptistatDN liquid nitrogen optical spectoscopy cryostat
from Oxford Instruments.

2.2. Computational and theoretical methodology

Fig. 2 represents the potential energy surfaces (PES) for
the electronic states So and S; corresponding to the
ground- and excited-state of the molecule, respectively.
The intramolecular reorganization energy Areorg during an
electronic transition consists of two terms related to the
geometry relaxation energies upon going from the
ground-state geometry to the excited-state geometry and
vice versa,

s 1 2
Areorg = ;'Sel) + )'1('51) (1)

Here )fll) and Aﬁl) represent the relaxation of a given

molecule as it undergoes So — S; and S; — Sp electronic
transitions; )gf is related to the relaxation of a molecular
excited-state to its excited-state potential energy mini-
mum while 2 is related to the relaxation of the molecule
to its ground-state potential energy minimum after emis-
sion. These two energy terms can be computed directly
from the adiabatic potential energy surfaces, as schemati-
cally indicated in Fig. 2 and described in detail, e.g., in Refs.

[16,17].
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Fig. 2. Sketch of the potential energy surfaces for the molecular ground-
state Sp and excited-state S;, showing the vertical transitions (dashed
lines), the normal mode displacement AQ, and the relaxation energies 4!

) rel
and 4.

The contribution of each vibrational mode to A, was
obtained by expanding the respective potential energy sur-
faces into a power series of the normal coordinates. In the
harmonic approximation, the relaxation energy i is de-
fined as [18,19]:

et =Y _di= Y hoS; (2)
o ki o i
/Li—iAQi, Si*h_w,‘ 3)

Here, the summations run over the vibrational modes;
AQ; represents the displacement along the normal mode
(NM) i between the equilibrium positions of the two elec-
tronic states of interest; k; and w; are the corresponding
force constants and vibrational frequencies; S; denotes
the Huang-Rhys factor (dimensionless electron-vibration
coupling constant).

The Huang-Rhys factors S; related to the So—S; transi-
tions (and vice versa) were computed using a modified ver-
sion of the DUSHIN program developed by Reimers [19].
The shapes of the emission and absorption spectra were
simulated in the framework of the Born-Oppenheimer
and Franck-Condon approximations according to the pro-
cedure described in detail elsewhere [17]. In these calcula-
tions, the B3LYP frequencies of both the ground- and
excited-state have been scaled, according to the literature,
with the same empirical factor of 0.9613 [20]. Note that for
the simulation of the emission spectra the cubic frequency
dependence was not taken into account; for specific details
of this effect on m-conjugated molecular systems, see Ref.
[21]. The convolution of the resulting spectra was carried
out with Gaussian functions of uniform width (opwum =
0.03 eV). The onset of the simulated spectra was chosen
to match the maximum of the first peak of the simulated
spectrum with the maximum of the (0-0) absorption
(emission) line found experimentally.

For the sake of computational convenience and effi-
ciency, in all the quantum-chemical calculations the bulky
triisopropylsilyl substituents shown in Fig. 1 were replaced
by trimethylsilyl groups. First, the optimized equilibrium
structure and vibrational normal modes of the S, state
were obtained using DFT; for the S; state both the geome-
try optimization and vibrational normal modes calcula-
tions were obtained from TD-DFT [22,23]. Geometry
determination at the TD-DFT level was recently shown to
reproduce very well the vibronic structures in the absorp-
tion spectra of many large organic molecules [24,25]. In all
cases, we employed the B3LYP exchange-correlation func-
tional [26,27] and the 6-31G(d,p) [28-30] basis set, as
implemented in the TURBOMOLE package [31].

3. Results and discussion
3.1. Experimental spectra

Fig. 3 displays the normalized UV-vis absorption and
fluorescence spectra of TIPS-Tn-TIPS recorded at low
(78 K) and room temperature. Table 1 shows the wave-
lengths of the absorption and fluorescence emission max-
ima recorded at both temperatures.
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Fig. 3. Normalized UV-vis absorption (solid lines) and fluorescence emission (dashed lines) spectra of TIPS-Tn-TIPS oligothienoacenes in MeTHF recorded at

78 K (left) and at room temperature (right).

At room temperature, the normalized absorption and
fluorescence emission spectra of all the TIPS-Tn-TIPS oligo-
mers show a broad spectrum with partially resolved vib-
ronic structures in good agreement with our previous
data [14,15]. The appearance of vibrational fine structure
in the absorption spectra in solution is a fairly unique
property of oligothienoacenes, which is generally not ob-
served in non-fused o-oligothiophenes [33]. This, in princi-
ple, is attributed to the rigidity of the fully-fused thiophene
backbone, which drastically reduces the conformational
disorder. In our previous work [15], the single excited elec-
tronic states of all these oligomers were calculated at the

Table 1

UV-vis absorption and fluorescence emission maxima (Zmax in nm)
observed for TIPS-Tn-TIPS at room temperature and low temperature
(values given between parentheses), molar absorption coefficient (log &)
and fluorescence quantum yield (¢g).

Compound Absorption Emission

Al 10g & A QF
TIPS-T4-TIPS 350" (357-351)> 4.52¢ 363" (358-364) 0.08¢

(
TIPS-T5-TIPS 375" (381-374)> 4.56° 387" (382-389)° 0.14¢
TIPS-T6-TIPS 393" (400-393)° 4.68¢ 408" (403-410)° 0.32¢
(
(

TIPS-T7-TIPS  409° (417-409)°> 4.86° 424" (420-428)° 0.41¢
TIPS-T8-TIPS 425" (431-423)° 4.76% 440" (436-444)° 0.39¢

From Ref. [15].

From this work; ¢ in o-dichlorobenzene.
In o-dichlorobenzene, from Ref. [5].

In THF, from Ref. [32].

f In CH,Cl,, from Ref. [6].

TD-DFT level. In good agreement with the experimental
data, the existence of one strong electronic transition in
the near-UV-vis range which undergoes a large bathochro-
mic shift as the oligomer lengthens is predicted. This tran-
sition implies the excitation to the first excited-state S;,
which is shown to increase in intensity with the oligomer
length. This agrees with the slight increase in the molar
absorption coefficient. The fluorescence spectrum recorded
at room temperature is also structured; a quite small shift
is observed between the corresponding first peaks in UV-
vis absorption and photoluminescence spectrum, which
becomes smaller as the number of thiophene rings in-
creases. As the m-conjugation is extended, the fluorescence
quantum yield increases and the emission maximum shifts
to longer wavelengths (i.e., from 363 nm and ¢f=0.08 in
TIPS-T4-TIPS to 440 nm and @f=0.39 in TIPS- T8-TIPS,
see Table 1).

In agreement with our previous data [15], the vibronic
peaks in the UV-vis and fluorescence spectra of TIPS-Tn-
TIPS sharpen and become stronger upon cooling (see
Fig. 3). The lowest-energy optical absorption clearly shows
two different vibronic progressions with different energy
splitting, for which up to three replicas are seen. The vib-
ronic progression corresponds to the vibrational modes
having frequencies of v; ~ 1530 cm™' and v, ~ 490 cm™".
Two well-resolved vibronic progressions are also observed
in the fluorescence spectrum at low temperature (v; ~
1400 cm™! and v, ~ 450 cm™!); while, a moderate energy-
splitting is observed. In comparison to the UV-vis
absorption spectrum, the energy-splitting is smaller. The
changes accompanying cooling can be interpreted as a
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Fig. 4. DFT/B3LYP/6-31G(d,p) energy levels around the HOMO-LUMO gap region and molecular orbital topologies of the HOMO and LUMO of tetra(penta,
hexa, hepta, and octa)thienoacene and TMS-T4(5, 6, 7, and 8)-TMS. The italicized energy values correspond to those of the TMS-Tn-TMS oligomers.

consequence of a reduction in the inhomogeneous broad-
ening induced by the considerable variation of local envi-
ronments (i.e., the spectra of the individual molecules at
low-temperature solids are much similar than in solution
because of the loss of some conformational disorder)
[34-36]. The resolution of the vibrational structure at
low temperature is less pronounced for the longer oligo-
mers (i.e., hexamer, heptamer and octamer) due to the fact
that the coupling with low-frequency vibrations ca.
100 cm~! becomes more significant, as discussed in more
detail in Section 3.4.

Finally, we discuss the experimentally observed red-
shift signatures of the UV-vis absorption peaks of the silyl
end-capped oligothienoacenes as compared against their
non-silyl-functionalized counterparts. This analysis was
carried out by looking at the DFT-calculated energies
(and topologies) of the molecular orbitals involved in the
So — S electronic transition of both sets of molecules.
For a complete list of the UV-vis absorption peaks in
unsubstituted oligothienoacenes see Table S1.

Silicon substituents are known to induce an effective
hyperconjugation when coupled with carbon atoms [37].
In the case of organic semiconductors, this effect has been
demonstrated both experimentally and theoretically for
various silicon—containing m-conjugated organic systems
[38,39], for which, the m -orbital of the argmatic system
mixes effectively with the exocyclic Si-C ¢ -orbital to af-
ford a low-lying lowest unoccupied molecular orbital
(LUMO) and a relatively small band gap. In principle, a sim-
ilar stabilizing effect is also expected for the case of the
highest occupied molecular orbital (HOMO) in m-conju-
gated systems [40,41]. However, as recently observed by
Lu et al. [40], the introduction of thiophene rings into the
molecular core of silicon-containing organic semiconduct-
ing materials leads to an energetic destabilization of the
HOMOs and stabilization of the LUMOs.

When compared against their non-silyl-functionalized
counterparts, the silyl end-capped oligothienoacenes (ex-
cept for the LUMO of TMS-T8-TMS) show the above-
mentioned stabilization [destabilization] of the LUMO
[HOMOY] energy levels, as a result of an effective silicon-in-

duced hyperconjugation effect (see Fig. 4). The energy dif-
ference between the LUMOs in the 8-ring systems is
approximately 1 meV, which is too small to change the
overall (observed) LUMO-stabilization trend of the TMS-
Tn-TMS oligomers. This effective silicon-induced hyper-
conjugation contributes then to the systematic reduction
of the calculated HOMO-LUMO gaps and to the observed
red-shift of the UV-vis absorption peaks in silicon-contain-

Table 2
Selected bond lengths (A) in the ground-state and excited-state of TMS-Tn-
TMS molecules (n =4 and 8) as determined by DFT/TD-DFT calculations.

TMS

™S

Bonds TMS-T4-TMS TMS-T8-TMS
So S1 A(S1-So)  So S1 A(S1-So)

C-C

1 1.379 1.405 0.026 1.379 1.390 0.011
2 1.421 1.394 -0.027 1.421 1.408 -0.013
3 1.394 1.430 0.036 1.395 1411 0.016
4 1.421 1.382 —0.039 1.419 1.398 —0.021
5 1.396 1.444 0.048 1.397 1.422 0.025
6 1.421 1.382 —0.039 1.418 1.391 -0.027
7 1.394 1.430 0.036 1.397 1.428 0.031
8 1.421 1.394 -0.027 1.417 1.387 —0.030
C-S

1 1.770 1.778 0.008 1.770 1.773 0.003
2! 1.738 1.758 0.020 1.738 1.746 0.008
3 1.761 1.779 0.018 1.762 1.768 0.006
4 1.756 1.771 0.015 1.755 1.764 0.009
5/ 1.756 1.771 0.015 1.756 1.764 0.008
6 1.761 1.779 0.018 1.755 1.766 0.011
7' 1.738 1.758 0.020 1.756 1.767 0.011
8 1.770 1.778 0.008 1.756 1.768 0.012
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BLA values (in A) calculated for thiophene rings of TMS-Tn-TMS molecules in their ground-state (Sy) and excited-state (S;).

. Ring TMS-T4-TMS TMS-T5-TMS TMS-T6-TMS TMS-T7-TMS TMS-T8-TMS
So Sy So Sy So Sy So Sy So Si
1 0.035 —0.024 0.035 —0.012 0.034 —0.004 0.035 0.003 0.034 0.008
2 0.026 —0.053 0.025 —0.043 0.025 —0.033 0.023 —-0.025 0.023 —-0.019
3 0.026 —0.053 0.023 —0.055 0.023 —0.049 0.021 —0.041 0.021 —0.034
4 0.035 —0.024 0.025 —0.043 0.023 —0.049 0.021 —0.046 0.020 —0.042

ing oligothienoacenes versus those measured in their
unsubstituted counterparts. As an example of the silicon-
induced effect, in Fig. S1, we report the UV-vis absorption
and emission profiles of the pentathienoacene and TMS-
T5-TMS molecules.

3.2. Ground- and excited-state structures

We investigate here the ground-state (Sy) and first ex-
cited-state (S;) geometries obtained from DFT and TD-
DFT calculations. The calculated bond lengths changes ob-
served upon excitation for TMS-T4-TMS and TMS-T8-TMS
are summarized in Table 2 (see Table S2 in Supporting
information for the data of the rest of the compounds).
The degree of aromatization/quinoidization of the conju-
gated backbone can be easily quantified by using the
C—C bond-length alternation (BLA) parameter. The BLA
parameter is computed for each thiophene ring as the dif-
ference between the length of the C;—Cy and the average of
the two C,=Cy bonds. An aromatic ring is thus character-
ized by a positive BLA value, while a quinoid-like ring
shows a negative BLA value. Table 3 collects the BLA values
obtained for TMS-Tn-TMS oligomers. In the ground-state,
the thiophene rings display positive BLA values indicating
that their molecular structure is of aromatic-type, in agree-
ment with previous findings [7,15]. The geometry changes
upon excitation from the Sy state into the optimized S;
geometry correspond to an elongation of the C,—C double
bonds and a shortening of the Cg—Cg single bonds, i.e., a
switch in bond-length alternation. These C—C bond length
changes are found to be more pronounced toward the
molecular center (i.e., the BLA values computed for TMS-
T8-TMS change from 0.034/0.023/0.021/0.020 A in the Sy
state to 0.008/—0.019/—0.034/—0.042 A in the S; state,
going from the outer to the center rings). The change in
sign in the BLA values clearly illustrates the quinoidization
of the conjugated carbon skeleton. On the other hand, the
C-—S bond lengths are found to increase on going from Sq
to Sq, with a larger impact on the inner than on the outer
rings. It is interesting to note that the geometrical changes
upon electronic excitation are less pronounced in the long-
er oligomers in comparison with the shorter ones; for in-
stance, the C—C bond length changes upon excitation are
in the range of —0.039/0.048 A in TMS-T4-TMS while they

are in the range of —0.030/0.031A in TMS-T8-TMS
(see Table 2 for TMS-T4-TMS and TMS-T8-TMS values
and Table S2 for the rest of the compounds).

3.3. Reorganization energy

The intramolecular relaxation energies . related to
the S — S; and S; — Sy transitions for the series of silyl
end-capped oligothienoacenes were obtained from poten-
tial energy surfaces calculations and by partitioning the
intramolecular relaxation energy into the contribution of
each normal mode according to Eqgs. (2) and (3). The calcu-
lated values related to the So — S; and S; — Sy transitions
are listed in Table 4. Overall, we found a good agreement
between the potential energy surface calculations and
the normal mode approach. The results also show a
monotonical reduction of the relaxation energies with
the increase of the number of thiophene units in the
oligomeric chain of the TMS-Tn-TMS compounds. This
observation is in good agreement with previous quan-
tum-chemical studies of various aromatic-based chemical
structures [7,16,42,43].

Also, we observed that along the series of end-capped
oligothienoacenes there are only a couple of normal modes
that mainly determine the vibronic progressions in spectra
of these molecules (vibrational modes with energies of
V1 ~1500cm~! and 2, ~ 500 cm™'). The qualitative char-
acteristics of these vibrations are very similar in both elec-
tronic transitions. Thus, one could expect the UV-vis

Table 4

Total relaxation energy A of the Sp - Sy and S; — Sy transitions of TMS-
Tn-TMS obtained from potential energy surfaces (PES) and normal mode
(NM) calculations.

Compound So — S; transition S; — Sp transition

Zrel (PES)[ Zret (NM)/ Arer (PES)/  Arel (NM)/

meV meV meV meV
TMS-T4-TMS 207 215 226 220
TMS-T5-TMS 192 198 210 206
TMS-T6-TMS 180 185 198 195
TMS-T7-TMS 171 175 189 186
TMS-T8-TMS 164 168 181 179
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Table 5
DFT/TD-DFT/B3LYP/6-31G(d,p) estimates of frequencies ), Huang-Rhys
factors S, and relaxation energies /. related to Sop—S; and S; - Sp
transitions of TMS-T5-TMS (only the most-strongly coupled vibrations are
shown).

So — S; transition S; — So transition

o(em™) S Jret (€V) @ (ecm™) S Jrel (€V)
41 0.037  0.000 41 0037  0.000
117 0039  0.001 116 0.041  0.001
138 0122 0.002 137 0124  0.002
240 0.138  0.004 240 0142  0.004
264 0.030  0.001 264 0026  0.001
478 0.142  0.008 470 0433 0.025
499 0.608  0.038 485 0279 0017
1290 0.146 0023 606 0020  0.002
1482 0567  0.104 1229 0145  0.022
1520 0.048  0.009 1578 0628 0123

TMS-T5-TMS

absorption and fluorescence spectra to be near-perfect
mirror images; which, indeed, is the case for the series
of TMS-Tn-TMS oligothienoacenes considered in this
study. However, we note that the spacing of the vibrational
features is slightly larger in absorption than in emission;
this agrees with the slightly larger Huang-Rhys factors
(see Tables 5 and S3) found for the low-frequency modes
(below 600 cm™1) in the Sy — S; transition versus those ob-
served forthe S; — Sy transition. Additionally, the difference
in spacing of the vibronic progression peaks in the spectro-
scopic profiles of these molecular structures is consistent
with the widely accepted view that aromatic-like com-
pounds assume a quinoidal form in the electronic excited-
state. For example, we note that the excited-state properties
of the silyl end-capped oligothienoacenes show the typical
alternation of single and double carbon-carbon bonds and

TMS-T8-TMS

o= 138 cm’

Transition Electron Densities

T3

Fig. 5. (top) Illustrations of the normal modes yielding the largest Huang-Rhys factors and (bottom) electron density change in the So—S; electronic
transition of TMS-T5-TMS and TMS-T8-TMS (left and right, respectively). The low-frequency modes involve mostly the sulfur atoms, whereas the high-

frequency modes involve the carbon atoms.
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Fig. 6. DFT/TD-DFT/B3LYP/6-31G(d,p) Huang-Rhys factors related to the S — S; and S; — Sy transitions of TMS-Tn-TMS as a function of the normal mode

frequency.
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the characteristic shift of the ring C-C stretching mode
toward the high-frequency region of the vibronic spectrum
[44,45]. The change in sign of the BLA values reported in
Table 3 (from positive to negative)is also in good agreement
with the above arguments.

The decomposition of the value of the /.. into contri-
butions of each normal mode for the TMS-Tn-TMS
oligothienoacenes permits an assignment of the contribu-
tions of the low- and high-frequency vibrations to the total
value of the calculated relaxation energies. We found that
for both electronic transitions approximately 70-75% of
the relaxation energy comes from high-frequency vibra-
tions in the range of 1200-1600 cm™'; which include a
particularly dominant vibration characterized by a C-C
stretching of the inner-most rings (see Fig. 5). On the other
hand, the contributions of low-frequency vibrations (be-
low 600 cm ') account for only 25-30% of the total value
of /e and include vibrations that are near 500 cm~' and
characterized by stretches along the short molecular axis
(i.e., via the C-S-C atoms of the thiophene rings). As an
illustrative example of decomposition of the i, into the
normal mode contributions, the DFT/TD-DFT-derived
(Huang-Rhys factors, S) related to the Sp—S; and
S1 = Sp transitions in TMS-T5-TMS are shown in Table 5
(see Supporting information for the corresponding data of
the other molecular structures investigated in this study).

In Fig. 6, we present the calculated vibrational coupling
(Huang-Rhys factors, S) as obtained from DFT/TD-DFT for
the complete series of TMS-Tn-TMS compounds. The dif-
ferent plots of Fig. 6 show consistent vibronic-coupling
interactions with both low- and high-frequency vibra-
tions. Further inspection of the most-strongly coupled
vibrations shows that the main distortions occur within
the molecular backbone (i.e., the fused-thiophene rings)
of the TMS-capped compounds. However, we also note
that the vibronic-coupling interactions of the larger end-
capped oligothienoacenes (TMS-T6-TMS, TMS-T7-TMS,
and TMS-T8-TMS) involve a low-frequency vibration at
around 100 cm™!. This vibration (shown in Fig. 5) involves,
for the case of TMS-T8-TMS, distortions of the silyl-
based groups accompanied by lateral distortions of the
outer-most thiophene rings; whereas for TMS-T5-TMS, this
vibration mainly distorts the atomic positions of the silyl
groups. This normal mode posses a large Huang-Rhys fac-
tor (i.e., 0.411 for the 114 cm~' mode of TMS-TS-TMS, see
Table S3 in Supporting information) and therefore has an
effect in the absorption and emission spectra. As discussed
in Section 3.4, this low-frequency vibration leads to an
effective peak broadening of the absorption and emission
profiles of the larger end-capped oligothienoacenes; in
which, the extended motions of the outer-most rings
distort significantly their respective transition electron
densities (see Fig. 5 and Fig. S2).

Lastly, to investigate the effective contributions of the
silyl groups to the overall intramolecular reorganization
energy /reorg: We fixed the motions of the oligothienoacene
molecular core in the series of TMS-Tn-TMS oligomers, and
computed again their respective /eorg values. We found
that the contributions of TMS groups to the total value of
Jreorg UPON an electronic excitation from the Sy — S; state
and vice versa, is on the order of 1% (Table 6).

Table 6

Individual contributions of the oligothienoacene core and of the TMS
substituents to the total intramolecular reorganization energy (Zreorg) in the
TMS-Tn-TMS oligomers. Energy values are given in meV.

Molecule TMS?, Zreorg Oligothienoacene Total, reorg
core®, Jreorg

TMS-T4-TMS 5 427 432

TMS-T5-TMS 3 395 398

TMS-T6-TMS 1 370 371

TMS-T7-TMS 1 352 353

TMS-T8-TMS 1 337 338

2 The atomic coordinates of the oligothienoacene core were maintained
fixed at the Sy geometry positions during the optimization of the S, state.

b The atomic coordinates of the TMS substituents were constrained at
the So geometry positions during the optimization of the S; state.

3.4. Simulation of the UV-vis absorption and fluorescence

We employed the results of the normal mode analysis
to simulate the shape of the absorption and emission pro-
files of the TMS-Tn-TMS molecular compounds. Only vibra-
tional modes with Huang-Rhys factors larger than 0.05
were used in these simulations since modes with smaller
Huang-Rhys factors essentially do not contribute to the
description of the electronic transitions of these almost-ri-
gid molecular structures. The results of the simulation are
presented in Fig. 7. The vibronic features of the experimen-
tal and theoretical profiles are in good agreement; high-
lighting the reliability of the DFT/TD-DFT-derived
vibronic coupling constants and relaxation energies. How-
ever, the experimental intensity distributions cannot be
perfectly reproduced by the simulated spectra; the calcu-
lated intensities of the (0-1) and (0-2) transitions are
smaller with respect to the (0-0) peak than those observed
experimentally. This underestimation is likely related to
the amount of exact Hartree-Fock exchange in the B3LYP
functional, as shown in previous studies [24,43,46].

Although, our quantum-mechanical calculations pro-
vide access to all of the predicted vibrational modes in-
volved in the absorption and emission processes of the
TMS-capped molecular structures, we have determined
that at least for TMS-T4-TMS and TMS-T5-TMS, there are
two vibrations that are the most relevant; the first one
around 500cm™! and the second one in the region of
1450 cm™~! to 1600 cm~'. However, the situation is differ-
ent for TMS-T6-TMS, TMS-T7-TMS, and TMS-T8-TMS be-
cause, in these molecules, a low-frequency vibration at
around 100 cm™! also becomes important to the absorp-
tion and emission processes. This particular vibration,
which shows a relatively large Huang-Rhys factor (see
Table S3), introduces an effective spectral broadening of
the absorption/emission features of these three com-
pounds, which is in good agreement with previous reports
(see for example, Ref. [44]). In order to account for the
broadening effect of this low-frequency vibration, we have
also simulated the absorption/emission spectroscopic pro-
files of the TMS-Tn-TMS oligomers by introducing a fre-
quency cut-off that only considers strongly coupled
normal modes with frequencies larger than 400 cm™'.
The simulated spectral profiles are reported in Fig. S3. A
simple comparison between the theoretically simulated
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Fig. 7. Normalized UV-vis absorption and fluorescence experimental-spectra of TIPS-Tn-TIPS (solid lines). The dashed lines represent the simulated
(theoretical) spectra convoluted with Gaussian functions. Note that for computational efficiency, in all theoretical simulations we used TMS substituents
instead of TIPS substituents. The onset of the simulated spectra is chosen to correspond to the experimental onset.
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spectra that used both low- and high-frequency normal
modes versus those that only incorporated normal modes
with frequencies larger than 400 cm~! reveals that for
the shorter TMS-Tn-TMS (n=4 and 5) oligomers, their
spectroscopic characteristics are mainly governed by the
high-frequency normal modes (no significant differences
between the two simulations, see Fig. S3). However, the
simulation and comparison of their respective spectra sug-
gest that, the larger TMS-Tn-TMS (n = 6-8) oligomers re-
quire the inclusion of the low-frequency normal modes
to account for the observed differences (see Fig. S3).

It is also important to note that the S — S; and S; — Sp
Huang-Rhys factors of ~100 cm™! normal mode become
larger as the number of thiophene rings increases. For
example, the Huang-Rhys factors related to the absorption
transition of this low-frequency vibration along the series
of TMS-Tn-TMS oligothienoacenes are: 0.067 (142 cm™!),
0.122 (138cm™'), 0.251 (128cm™'), 0.345 (122cm™),
and 0.411 (114cm™'), ongoing from TMS-T4-TMS to
TMS-T8-TMS, respectively. This low-frequency mode
stretches the thiophene molecular backbone as a whole
along the long molecular axis. However, these longitudinal
stretches are only more pronounced in the larger end-
capped oligothienoacenes (n=6-8), in which the many
more internal degrees of freedom, especially those of the
outer-most thiophene rings, still distort their respective
core-extended transition electron densities, as shown in
Figs. 5 and S2.

4. Conclusions

This work presents a detailed joint experimental and
theoretical analysis of the optical and electronic properties
of a family of silyl end-capped oligothienoacenes, which
have emerged as a novel class of solution-processable -
conjugated compounds for organic electronic applications.
The experimental absorption and emission profiles showed
well-resolved vibronic progressions at both low and room
temperature, which is indicative of a minimal conforma-
tional disorder of the TIPS-Tn-TIPS oligomers upon elec-
tronic transitions. Also, the systematic red-shift of the
absorption maxima of the silyl end-capped oligothienoac-
enes with the extension of the m-conjugation is in good
agreement with the systematic reduction of the calculated
HOMO-LUMO gap along the series. When compared to the
unsubstituted oligothienoacenes, the insertion of the silyl
groups is found to destabilize/stabilize the HOMO/LUMO
energies as a consequence of the silicon-induced hyper-
conjugation effect.

First-principles quantum-mechanical calculations have
been used to characterize the experimental absorption and
emission profiles of these novel molecular structures. For
the smaller molecules (tetramer and pentamer), we found
that the vibronic progression of their optical spectra are
mainly determined by the presence of two normal modes
with frequencies of ~1500 cm~! and 500 cm~!. However,
the larger molecules (hexamer, heptamer, and octamer)
are not only characterized by those frequencies but also
by the presence of a low-frequency normal mode at around
100 cm~!. We note that this particular vibration is respon-

sible for the experimentally observed peak broadening of
the vibrational absorption and emission features of these
compounds. Also, our theoretical estimates of the intramo-
lecular reorganization energies upon electronic transition
reveal that the vibronic-coupling interactions in silyl
end-capped oligothienoacenes are only associated with
their respective oligothienyl molecular backbone.

Finally, our results suggest that a possible route to ex-
plore new soluble organic semiconducting materials
should, in principle, include functionalization/modification
of their respective molecular backbones. We hope that our
results will trigger further experimental investigations for
the design of new solution-processable organic semicon-
ducting materials.
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Figure for the normalized (low-temperature) UV-vis
absorption and fluorescence emission spectra of TMS-T5-
TMS and pentathienoacene in MeTHF. Supporting
information also includes a table with selected bond
lengths in the ground-state and excited-state of TMS-Tn-
TMS molecules with n=5-7 as determined by DFT/TD-
DFT/B3LYP calculations; DFT/TD-DFT/B3LYP estimates of
frequencies, Huang-Rhys factors, and relaxation energies
related to So — S; and S; — Sy transitions of TMS-Tn-TMS
(n=4,6,7,and 8); and an illustration of the transition elec-
tron densities of TMS-Tn-TMS (n =4, 6, and 7). Finally, we
have also included a figure that compares the effect of
low- and high-frequency normal modes versus only high-
frequency normal modes in the simulated absorption
and fluorescence spectral profiles of the TMS-Tn-TMS
(n =4-8) oligomers.

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.orgel.2010.
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