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Abstract: This work presents an analy-
sis of the structural, electrochemical,
and optical properties of a family of
triisopropylsilyl end-capped oligothie-
noacenes (TIPS-Tn-TIPS, n=4-8) by
combining cyclic voltammetry, spectro-
scopic techniques, and quantum-chemi-
cal calculations. TIPS-Tr-TIPS com-
pounds form stable radical cations, and
dications are only obtained for the lon-
gest oligomers (n=7 and 8). Oxidation
leads to the quinoidization of the con-
jugated backbone, from which elec-
trons are mainly extracted. The absorp-
tion and fluorescence spectra show par-
tially resolved vibronic structures even

at room temperature, due to the rigid
molecular geometry. Two well-resolved
vibronic progressions are observed at
low temperatures due to the vibronic
coupling, with normal modes showing
wavenumbers of ~1525 and
~480 cm™'. Optical absorption bands
display remarkable bathochromic dis-
persion with the oligomer length, indi-
cative of the extent of m conjugation.
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The optical properties of the oxidized
compounds are characterized by in situ
UV/Vis/NIR  spectroelectrochemistry.
The radical cation species show two in-
tense absorption bands emerging at en-
ergies lower than in the neutral com-
pounds. The formation of the dication
is only detected for the heptamer and
the octamer, and shows a new band at
intermediate energies. Optical data are
interpreted with the help of density
functional theory calculations per-
formed at the B3LYP/6-31G** level,
both for the neutral and the oxidized
compounds.
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Linearly fused m-conjugated compounds constitute an im-
portant class of organic semiconductors due to their applica-
tion in thin-film organic electronic devices, such as organic
field-effect transistors (OFETs)."? Their rigid n-conjugated
skeleton, free from conformational disorder, is a decisive
characteristic leading to unique electronic properties and
densely packed solid-state structures. This packing allows
for high charge-carrier mobilities. Among such fused m-con-
jugated compounds, pentacene is probably the most studied
system. Pentacene has attracted great interest because it
presents some of the highest hole mobilities reported for or-
ganic crystals.”) However, pentacene suffers from the disad-
vantage of being easily oxidized, and is only moderately
stable in air or under illumination. In this context, linearly
fused oligothiophenes, or all-anti oligothienoacenes, emerge
as a promising new class of m-conjugated compounds that
combine the rigid planarity and extended conjugation of
acenes with the chemical stability of oligothiophenes. Oligo-
thienoacenes exhibit larger HOMO-LUMO gaps than their
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respective acene partners, and display a higher environmen-
tal stability.*” Furthermore, they favor face-to-face -
stacked structures in the solid state,”) due to the lower
number of CH—x interactions, thus facilitating the achieve-
ment of high charge-carrier mobilities.”! These characteris-
tics make oligothienoacenes very attractive as stable semi-
conducting materials for their use in OFETs. Indeed, penta-
thienoacene has already been implemented as the active
material in FETs, achieving mobilities as high as
0.045 cm* Vs L1

Only a limited number of linearly fused thiophenes have
been reported to date, including short nonsubstituted oligo-
thienoacenes (up to the pentamer),® the dibenzo-annulat-
ed dithieno[3,2-b:2",3’-d]thiophene trimer,'*'? and the fully
fused polythiophene.'! Recently, new synthetic strategies
have been developed that allow for the synthesis of longer
all-anti oligothienoacenes up to the octamer. Maztger et al.”!
synthesized pentathienoacene and heptathienoacene, both
nonsubstituted and incorporating terminal triisopropylsilyl
(TIPS) groups (Figure 1), through the coupling of two bro-
minated thienothiophenes (two fused rings) or two dithieno-
thiophenes (three fused rings), respectively, through a sul-
fide bridge. Yamaguchi et al.' reported a new synthetic
route to obtain oligothienoacenes end-capped with TIPS
groups with an even number of rings (tetramer, hexamer,
and octamer in Figure 1). The solubilizing TIPS groups en-
hance their purification and solution processability.
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Figure 1. Chemical structures of the triisopropylsilyl end-capped oligo-
thienoacenes (TIPS-Tn-TIPS, TIPS: triisopropylsilyl) under study. The
bond numbering used in the text is given for TIPS-T7-TIPS.
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UV/Vis absorption and fluorescence spectroscopies have
been found to be successful techniques for the investigation
of the conformational disorder in m-conjugated compounds
and, particularly, in oligothiophenes.™ Nonfused oligothio-
phenes present a high conformational disorder in the
ground state due to the internal rotation around the inter-
ring C—C bonds. In passing to the first excited state, they ex-
hibit a reversal of the alternating single/double carbon—
carbon bond pattern (quinoidization) that hinders the free
rotation around the inter-ring bonds and planarizes the mol-
ecule.''”) These geometric changes have a large impact on
the compounds’ optical properties at room temperature,
which show broad absorption bands and partially resolved
vibronic fluorescence bands, as well as large Stokes’ shifts.['’!
The conformational disorder decreases at low temperatures,
leading to absorption and fluorescence bands with well-re-
solved vibronic structures. In contrast to oligothiophenes,
oligothienoacenes are rigid systems with a low degree of
conformational disorder. This fact produces unique optical
properties compared to their nonfused homologues, and
well-resolved absorption and fluorescence bands are ob-
served at room temperature for oligothienoacenes.”>!*

The charged species formed in the oxidation/reduction
processes of a great variety of oligothiophenes have been
monitored and characterized by using UV/Vis/NIR spec-
troelectrochemistry."**"!  Quantum-chemical calculations
have been shown to be very helpful in correctly assigning
the optical absorptions of the charged species, and in cor-
roborating the nature of these species (radical cations, dicat-
ions, and radical cation m-dimers).’*¥! Therefore, the com-
bination of spectroelectrochemistry and quantum-chemical
calculations provides an efficient tool for the investigation
of the charged species involved in the charge transport pro-
cess in m-conjugated oligomers. Although numerous studies
on the optical properties of both neutral and oxidized oligo-
thiophenes have been reported to date, oxidized oligothie-
noacenes have received surprisingly little attention. There-
fore, a comprehensive study of the optical properties of
both neutral and oxidized oligothienoacenes is needed.

In this contribution, we report for the first time on the
physicochemical characterization of a whole series of fully
fused oligothiophenes, ranging in length from the tetramer
to the octamer (Figure 1), by means of a variety of experi-
mental and theoretical tools, with the aim of establishing
precise structure—property relationships. The optical proper-
ties of these triisopropylsilyl end-capped oligothienoacenes
(TIPS-Tn-TIPS, in which n indicates the number of fused
thiophene rings arranged in an all-anfi configuration) are
studied by means of UV/Vis absorption and fluorescence
emission spectroscopies, both in solution at room tempera-
ture and in solid glassy matrices of 2-methyltetrahydrofuran
(2-MeTHF) at 80 K. Well-resolved vibronic progressions are
observed at low temperature, both in passing from the
ground to the first excited singlet state and vice versa. The
oxidized species are studied by means of in situ UV/Vis/
NIR spectroelectrochemistry. The three shortest members of
the family give rise to stable radical cations, whereas the

Chem. Eur. J. 2010, 16, 5481 —5491


www.chemeurj.org

Triisopropylsilyl End-Capped Oligothienoacenes

heptamer and octamer also give rise to stable dications. The
presence of bulky TIPS groups at the terminal a-positions
of the oligothienyl backbone precludes the known tendency
of common oligothiophenes towards the m-dimerization of
the corresponding radical cations. Thus, this investigation
provides a unique opportunity to characterize fully the vari-
ety of doped species along a homologous series of oligothie-
noacenes in the absence of disturbing processes such as m-di-
merization. The experimental results are interpreted with
the help of density functional theory (DFT) and time-depen-
dent DFT (TDDFT) quantum-chemical calculations per-
formed at the B3LYP/6-31G** level. Minimum-energy mo-
lecular structures, as well as one-electron vertical excita-
tions, are computed for both neutral and oxidized mole-
cules.

Results and Discussion

Electrochemical and structural properties: To gain an insight
into the behavior of the TIPS-Tn-TIPS family against oxida-
tion, their electrochemical and structural properties were
studied by cyclic voltammetry and DFT//B3LYP/6-31G**
calculations, respectively. The cyclic voltammograms are
shown in Figure 2 along with the oxidation potentials E.
The values of E_ are determined from the center voltage
between the peak for the oxidation of the sample and the
peak for the reduction of the oxidized sample. Figure 3 dis-
plays the evolution of the first oxidation potentials, as well
as the computed adiabatic ionization potentials with the re-
ciprocal number of thiophene units (1/n).

0.66V: 7

Current density/ Relative Units

054V
094V
0.56 V
w
-04 0 0.4 08 1.2

Potencial /V vs Fc/Fc”

Figure 2. Cyclic voltammograms of TIPS-Ta-TIPS (n=4-8; from top to
bottom). The values of the oxidation potentials E°,,, referred to the Fc/
Fc* couple, are given. Measurement conditions: a) even oligomers (n=4,
6, and 8): Bu/NPF; (0.1m) in o-dichlorobenzene; scan rate S0 mVs~!,
b) odd oligomers (n=5 and 7): Bu,NCIO, (0.1™m) in dichloromethane;
scan rate 100 mVs™.
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Figure 3. Dependence of a) the first oxidation potential, and b) the theo-
retically calculated adiabatic ionization potential (IP) on the reciprocal
number of thiophene units (1/n) for TIPS-Tn-TIPS.

All the TIPS-Tn-TIPS oligothienoacenes show reversible
oxidation waves (see Figure 2) indicative of the significant
stability of the produced cationic species in these rigid
ladder skeletons. Whereas the tetramer, pentamer, and
hexamer present a unique oxidation process, the heptamer
and octamer exhibit a second oxidation wave, showing that
the extension of the m-conjugated backbone up to seven or
more fused thiophene rings allows the formation of the di-
cation. The first oxidation potential decreases as the number
of thiophene rings is increased (see Figure 3a). Deviations
from linearity are clearly due to the slightly different sets of
measurements performed for odd and even oligomers (all
versus Fc/Fct, but in different solvents). The second electro-
chemical potential also decreases in passing from the hepta-
mer (0.94 V) to the octamer (0.82 V). Compared to non-
fused a-oligothiophenes, all-anti oligothienoacenes present
similar oxidation potentials. For instance, the first oxidation
potentials measured for TIPS-T5-TIPS and TIPS-T7-TIPS
are almost identical to those reported for a-terthiophene
and a-quaterthiophene.”™ Hence, the extra sulfur atoms in-
corporated by oligothienoacenes do not appear to be partic-
ularly influential for the oxidation energy.

Figure 3b shows the adiabatic ionization potentials (IPs)
computed for TIPS-Tn-TIPS at the B3LYP/6-31G** level in
o-dichlorobenzene. IPs were calculated as the energy differ-
ence between the minimum-energy optimized structures of
the radical cation and the neutral molecule. The IP value
decreases with oligomer length, due to the extension of the
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m-conjugated backbone, and passes from 5.26 eV for TIPS-
T4-TIPS to 4.92eV for TIPS-T8-TIPS. This decrease of
0.34 eV is comparable to the diminution of 0.30 V measured
for the first oxidation potential. Indeed, the calculated IPs
display an almost perfect linear dependence on the recipro-
cal number of thiophene units (1/n), with the line running
parallel to the straight line fitted to the experimental redox
potentials (see Figure 3a and 3b).

To investigate the effect of oxidation on the molecular
structure of TIPS-Tn-TIPS oligothienoacenes, geometry op-
timizations of neutral, radical cation, and dication species
were performed at the B3LYP/6-31G** level. Table 1 sum-

Table 1. B3LYP/6-31G** optimized bond lengths [A] calculated for
TIPS-T7-TIPS in its neutral, radical cation, and dication states. X-ray
data from ref. [S] are included for the neutral molecule for comparison.

Bond number X-ray Neutral Cation Dication
(@

1 1.375 1.380 1.390 1.408
2 1.417 1.420 1.407 1.391
3 1.385 1.394 1.411 1.430
4 1.420 1.419 1.398 1.378
5 1.389 1.396 1.421 1.445
6 1.412 1.417 1.392 1.373
7 1.387 1.397 1.423 1.446
8 1.416 1.417 1.390 1.371
C=S

9 1.749 1.772 1.762 1.747
10 1.721 1.737 1.740 1.749
11 1.740 1.762 1.761 1.760
12 1.733 1.756 1.757 1.759
13 1.734 1.756 1.755 1.756
14 1.727 1.756 1.757 1.761
15 1.741 1.756 1.757 1.759

marizes the optimized bond lengths computed for TIPS-T7-
TIPS as a representative example, because this compound
forms cation and dication species. At the top of Table 1, the
topology of the highest occupied molecular orbital
(HOMO) of TIPS-T7-TIPS is shown, to help in the interpre-
tation of the structural changes the oligomer undergoes
upon oxidation. The degree of aromatization/quinoidization
of the conjugated backbone can be quantified easily by
using the C—C single/double bond length alternation (BLA)
parameter.””) The BLA parameter is calculated for each
thiophene ring as the difference between the length of the
Cy—C; bond and the average of the two C,—Cy bonds. An ar-
omatic ring is thus characterized by a positive BLA value,
while a quinoid ring shows a negative BLA value. The BLA
values calculated for neutral TIPS-T7-TIPS remain almost
constant along the chain, slightly diminishing from outer to
inner rings (0.033, 0.024, 0.022, 0.021, 0.022, 0.024, 0.033 A).
The outer rings present a higher BLA value (0.033 A) due
to terminal effects. The BLA values are significantly smaller
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than those computed for a-quaterthiophene, a nonfused oli-
gomer with the same number of double C=C bonds, for
which BLA values of 0.033 and 0.050 A are obtained for
inner and outer rings, respectively, at the B3LYP/6-31G**
level. The equalization of the C—C bonds in TIPS-T7-TIPS
has to be attributed to the rigidity and fused nature of the
backbone in oligothienoacenes, and is in good agreement
with experimental X-ray data (see Table 1).! It is also to be
stressed that the C—C bond lengths in the TIPS-Tn-TIPS
series present a small dependence on oligomer size (see
Table S1 in the Supporting Information).

The oxidation process involves the extraction of electrons
from the HOMO, thus weakening the bonding and anti-
bonding interactions localized on C—C double and single
formal bonds, respectively. As a consequence, C=C double
bonds lengthen, and C—C single bonds shorten, and a rever-
sal of the single/double bond pattern (quinoidization) takes
place upon oxidation. For instance, bond number 7 in
Table 1 undergoes a lengthening from 1.397 A in the neutral
state to 1.423 and 1.446 A in the cation and dication states,
respectively. In contrast, bond number 8 (the central bond,
see Figure 1) exhibits a shortening from 1.417 A in the neu-
tral molecule to 1.390 and 1.371 A in the two charged spe-
cies, respectively. The BLA values computed for the cation
(0.017, —0.018, —0.030, —0.033, —0.030, —0.018, 0.017 A)
and the dication (—0.028, —0.060, —0.073, —0.076, —0.073,
—0.060, —0.028 A) clearly illustrate the quinoidization of the
conjugated carbon skeleton. The degree of quinoidization of
the oligomer becomes more accentuated in passing from
outer to inner thiophene rings, and a fully quinoid structure
is found for the dication. C—S bond lengths reach a rapid
saturation in going from outer to inner rings in neutral
TIPS-Tn-TIPS (see Table 1 for TIPS-T7-TIPS). Upon oxida-
tion they remain almost constant, due to the fact that sulfur
atoms hardly participate in the HOMO.

Figure 4 shows the NPA charge distribution calculated for
TIPS-T7-TIPS in neutral, radical cation, and dication states.
The oligothienyl backbone and the triisopropyl groups con-
centrate the electronic density and present negative net
charges. The silicon atoms compensate those charges by ac-

-1.210 +1.912 0.298
-1.336 +1.925 -0.090
-1.406 +1.931 -0.528

Figure 4. B3LYP/6-31G**-NPA c-harges calculated for TIPS-T7-TIPS in
neutral (plain text), radical cation (italics), and dication (bold) states.
TIPS-T7-TIPS has been divided into three parts (dotted lines): 1) half of
oligothienyl backbone, 2) silicon atom, and 3) triisopropyl group.
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cumulating a positive charge of +1.931 due to their high
electropositive character. Upon oxidation, electronic density
is mainly extracted from the oligothienyl backbone, which
reduces its charge from —1.056 in the neutral molecule to

—0.180 in the cation, and to
0.596 in the dication. This im-
plies the extraction of 85%
(neutral —cation) and 74%
(cation—dication) of the elec-
tron density from the oligo-
thienyl backbone. At the same
time, the positive charge borne
by the silicon atoms remains
almost unaffected, and the neg-
ative charge concentrated by
the triisopropyl groups decreas-
es slightly (neutral: —1.406;
cation: —1.336; dication:
—1.210). Therefore, electrons
are mainly taken from the oli-
gothienoacene  skeleton, in
agreement with the larger
changes calculated for the
bonds forming the conjugated
fused skeleton.

Optical properties of neutral
TIPS-Tn-TIPS oligothieno-
acenes: Figure5 displays the
normalized UV/Vis absorption
spectra of TIPS-Tn-TIPS, as
well as the fluorescence spectra
of TIPS-T5-TIPS and TIPS-T8-
TIPS, recorded in MeTHF both
at room and at low tempera-
ture. Table 2 shows the maxi-
mum absorption and fluores-
cence wavelengths of the vari-
ous peaks forming the vibroni-
cally structured absorption and
emission bands recorded at
room temperature. The TIPS-
Tn-TIPS compounds show a
strong electromagnetic absorp-
tion in the near-UV/visible
range, with the longest absorp-
tion maximum around 350-
430 nm, and a second weak
band at higher energies.

At room temperature, well-
resolved vibronic structures are
evident in the UV/Vis absorp-
tion spectra of all the TIPS-Tn-
TIPS oligomers. The appear-
ance of a vibronic structure in
solution is a fairly unique prop-
erty of oligothienoacenes, and

Chem. Eur. J. 2010, 16, 5481 —5491
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is generally not observed for nonfused a-oligothiophenes.“!!
The broad structureless absorption bands commonly ob-
served for a-oligothiophenes are due to inhomogeneous
broadening produced by the conformational disorder result-

TIPS-T8-TIPS
103K

TIPS-T7-TIPS

103 K

TIPS-T6-TIPS

:\J\A/\L

TIPS-T5-TIPS
93 K

TIPS-T4-TIPS

W‘l/
0
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---77K

il I

450 500 550 600
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Figure 5. Normalized UV/Vis absorption spectra of TIPS-Tn-TIPS oligothienoacenes in MeTHF at room tem-
perature (top left) and at low temperature (top right). Normalized fluorescence emission spectra for TIPS-T5-
TIPS (bottom left) and TIPS-T8-TIPS (bottom right) in MeTHF at room and low temperature.
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Table 2. UV/Vis absorption and fluorescence emission maxima observed
for TIPS-Tn-TIPS at room temperature.

Compound

TIPS-T4-TIPS

Amax @bsorption [nm]

350, 337, 319, 305

Amax €mission [nm]

TIPS-TS-TIPS 375, 356, 339, 324, 312 387, 404, 428
TIPS-T6-TIPS 393, 373, 355, 329, 316

TIPS-T7-TIPS 409, 388, 367, 358, 333, 318

TIPS-T8-TIPS 425, 400, 379, 335, 320 440, 463, 500

ing from the internal rotation between thiophene rings.
Upon decreasing the temperature, the degree of conforma-
tional disorder is reduced and the absorption bands display
well-resolved vibronic structures.!’ The reason for the vi-
bronic resolution of the absorption bands in the room-tem-
perature spectra of TIPS-Tn-TIPS oligothienoacenes is the
rigidity of the fully fused thiophene backbone, which drasti-
cally reduces the conformational disorder and, therefore,
the inhomogeneous broadening. The fluorescence emission
spectra recorded at room temperature (see Figure 5) also
show well-resolved vibronic structures.

The partially resolved vibronic structures observed at
room temperature in the UV/Vis absorption spectra of
TIPS-Tn-TIPS undergo a large transformation with temper-
ature. Upon cooling, the vibronic peaks sharpen and
become more intense. The lowest energy optical absorption
clearly shows two different vibronic progressions with differ-
ent energy splittings, for which up to three replicas are seen.
The vibronic progressions correspond to vibrational modes
with energies of v;~180meV (~1525cm™') and v,
~56 meV (~480 cm™). The first two peaks of both progres-
sions have similar intensities. Despite the major changes ob-
served in the spectra, the absorption onset remains un-
changed with respect to the room-temperature spectra. The
higher resolution obtained for the low-temperature spectra
(see Figure 5, top) can be interpreted as due to the loss of
some remaining conformational disorder associated with
low-energy, out-of-plane molecular vibrations. This disorder
seems to persist to some extent even at low temperatures
for the longer oligomers, as the resolution of the spectra di-
minishes with oligomer size (see Figure 5, top right).

The temperature lowering also has a strong effect on the
fluorescence of oligothienoacenes. The fluorescence spectra
recorded in MeTHF at 103K
for TIPS-TS-TIPS and at 77K
for TIPS-T8-TIPS (Figure S,

475 cm™!

Figure 6. Selected B3LYP/6-31G** vibrational eigenvectors calculated for
TIPS-T8-TIPS in its ground state. Theoretical wavenumbers are scaled
down by a factor of 0.96.1

tributed to totally symmetric, collective v(C—C) stretching
modes of the oligothienoacene core, as depicted in Fig-
ure 6a for TIPS-T8-TIPS. The second progression could be
the result of in-plane bending modes of the thiophene rings,
such as that displayed in Figure 6b. These two modes are
calculated at 1416 and 475 cm™!, respectively, for TIPS-T8-
TIPS, in good agreement with the splittings observed in the
fluorescence spectra.

Highly resolved fluorescence spectra have previously
been observed for nonfused oligothiophenes such as bithio-
phene, terthiophene, and quaterthiophene in n-alkanes at
4.2 K, but for these oligomers the v,~480 cm™' progres-
sion was not observed. The observation of two different pro-
gressions has also been reported for oligoethylenedioxythio-
phenes (OEDOTSs) by Wasserberg et al.™®! These oligomers
present partially rigid molecular structures due to the non-
covalent interactions between sulfur and oxygen atoms in
adjacent EDOT units.

To provide insight into the nature of the UV/Vis absorp-
tions experimentally observed for TIPS-Tn-TIPS, the singlet
excited electronic states of all these oligomers were calculat-
ed at the B3LYP/6-31G** level using the TDDFT approach
and the optimized ground-state molecular geometries. Verti-
cal excitation energies and oscillator strengths calculated
both in the gas phase and in THF are listed in Table 3, along
with the description of the electronic transitions in terms of

Table 3. TDDFT//B3LYP/6-31G** vertical one-electron excitations [in nm] calculated for TIPS-Tn-TIPS relat-
ed to the strongest UV/Vis absorptions observed experimentally.

bottom) also exhibit two re-

solved vibronic progressions
with energy splittings (1400
and ~450cm™) smaller than
those observed for the absorp-
tion spectra (=1525 and
~480 cm™'). These progressions
can be assigned on the basis of
the vibrational properties calcu-

Compound Exptl TDDFT (f)® TDDFT (f)l*4! Description!®!
TIPS-T4-TIPS 350 (337,319) 346 (1.12) 354 (1.26) HoL
305 307 (0.07) 306 (0.12) H-1-L
TIPS-T5-TIPS 375 (356,339) 372 (1.32) 382 (1.47) H—-L
324 (312) 316 (0.08) 317 (0.14) H-1-L
TIPS-T6-TIPS 393 (373,355) 395 (1.57) 407 (1.73) HoL
329 (316) 324 (0.08) 325 (0.14) H-1-L
TIPS-T7-TIPS 409 (388,367,358) 416 (1.78) 430 (1.94) HoL
333 (318) 330 (0.06) 332 (0.12) H-1-L
TIPS-T8-TIPS 425 (400, 379) 435 (2.02) 450 (2.18) H—-L
335 (320) 334 (0.09) 336 (0.16) H-2-L

lated for TIPS-Tn-TIPS com-
pounds in their ground state.[*!

The first progression can be at-  respectively.
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[a] Values within parentheses correspond to vibronic peaks. [b] Calculated in gas phase. [c] Calculated in THF.
[d] Oscillator strength (f) values are given in parentheses. [e] HOMO and LUMO are abbreviated as H and L,

Chem. Eur. J. 2010, 16, 5481 —5491


www.chemeurj.org

Triisopropylsilyl End-Capped Oligothienoacenes

the dominant one-electron excitations. Figure 7 depicts the
topologies of selected MOs for TIPS-T7-TIPS as a guide to
the TDDFT description of the excited states and optical ab-
sorptions.

r LUMO (-1.82 eV)

HOMO (-5.07 eV)

HOMO-1 (-5.97 &V)

Figure 7. B3LYP/6-31G** electronic density contours (0.03 ebohr~) and
energies calculated for selected MOs of TIPS-T7-TIPS.

TDDFT calculations predict the existence of a very strong
electronic transition in the near-UV/visible range, followed
by a weaker electronic transition at higher energies
(~320 nm) for all the TIPS-Tn-TIPS oligothienoacenes (see
Table 3). The first transition, computed at 346 nm (f=1.12)
for TIPS-T4-TIPS, 372nm (f=1.32) for TIPS-T5-TIPS,
395 nm (f=1.57) for TIPS-T6-TIPS, 416 nm (f=1.78) for
TIPS-T7-TIPS, and 435 nm (f=2.02) for TIPS-T8-TIPS, cor-
responds to the excitation to the first singlet excited state
(Sy—S,), and shows an increase in intensity as the oligomer
lengthens. The S;—S; electronic transition is mainly de-
scribed by the one-electron excitation from the HOMO to
the lowest unoccupied molecular orbital (LUMO), which
are mainly delocalized on the conjugated carbon skeleton
(see Figure 7). The calculated excitation energies are very
close to the first absorption maxima measured experimental-
ly, with the effect of the solvent on the computed energies
being quite small (Table 3). The plot of the S,—S, excitation
energy versus the reciprocal number of fused thiophene
rings (Figure 8) shows a linear correlation in good agree-
ment with the experimental data. The Sy—S,; transition un-
dergoes a large redshift with the length of the oligomer,
which can be taken as proof of the existence of a remark-
able m conjugation along the fully fused thiophene back-
bone.

TDDFT//B3LYP/6-31G** calculations also predict the ap-
pearance of a second absorption band quite close in energy
to the HOMO —LUMO transition (see Table 3). This elec-
tronic transition is much weaker (f<0.10) and is computed
in the 305-335 nm range in good agreement with the experi-
mental absorption band observed in this region. The transi-
tion corresponds to the S;—S, excitation (S,—S; for TIPS-
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Figure 8. Experimental and theoretical (TDDFT//B3LYP/6-31G**) ener-
gies of the lowest electronic transition S,—S,; of TIPS-Tn-TIPS as a func-
tion of the reciprocal number of thiophene rings (1/n) in the oligomer.

T8-TIPS), and is described by the one-electron promotion
from the HOMO-1 to the LUMO (HOMO-2—LUMO
for TIPS-T8-TIPS). The topology of the HOMO-2 in TIPS-
T8-TIPS is indeed the same as the topology of the
HOMO-1 in the shorter oligomers. The electronic transi-
tion involves some electron transfer from sulfur atoms,
mainly contributing to the HOMO—1, to the carbon skele-
ton, in which the LUMO mostly resides (see Figure 7).
TDDFT calculations therefore allow a quantitative descrip-
tion of the absorption spectra of TIPS-Tn-TIPS. The absorp-
tion bands are assigned to the S;—S,; and Sy—S, (S;—S; for
TIPS-T8-TIPS) electronic excitations, the first one being re-
sponsible for the highly resolved vibronic structure observed
experimentally.

Optical properties of oxidized TIPS-Tn-TIPS oligothieno-
acenes: To investigate the optical properties of oxidized
TIPS-Tn-TIPS, in situ UV/Vis/NIR spectroelectrochemistry
experiments were performed. Figure 9 displays the evolution
of the spectra of TIPS-Tn-TIPS (n=5-8) in o-dichloroben-
zene solution during electrochemical oxidation in tetrabutyl-
ammonium perchlorate (nBu,NClIO,). Table 4 summarizes
the absorption features observed experimentally, together
with those calculated at the B3LYP/6-31G** level for the
oxidized species. Figure 10 schematizes the change the
monoelectronic levels around the HOMO-LUMO gap un-
dergo upon the oxidation process.

Figure 9 displays the spectra of neutral compounds regis-
tered at O s, which were discussed in the previous section. At
short recording times (10 and 50s), two new absorption
bands appear, at 510 and 842 nm for TIPS-TS-TIPS, 544 and
943 nm for TIPS-T6-TIPS, 575 and 1028 nm for TIPS-T7-
TIPS, and 605 and >1100 nm (detection limit of the instru-
ment) for TIPS-T8-TIPS, which correspond to the formation
of the radical cation [TIPS-Tn-TIPS]*. The high-energy
band is accompanied by a vibronic transition on its high-
energy side (470, 498, 523, and 540 nm for n=5-8, respec-
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Figure 9. UV/Vis/NIR spectra recorded in o-dichlorobenzene solution during the electrochemical oxidation of TIPS-Tn-TIPS compounds. The voltage
applied vs. Ag/Ag® was 0.9 V for n=5 and 6, and 1.2 V for n=7 and 8.

tively). The low-energy band in the 850-1100 nm range is isosbestic point around 400—450 nm indicates the intercon-
very broad and has a less defined vibronic structure. The version of two species, consistent with the oxidation of
TIPS-Tn-TIPS into [TIPS-Tn-
TIPS]*. The appearance of two

Table 4. Experimental and calculated absorption wavelengths [in nm] of TIPS-Tn-TIPS (n=5-8) cations and low-energy spectral features as-

dications. . . .
TIPS Ta TIPS * TIPS A TIPS sociated with the formation of
-1n- -1n- . . . .

Compound Exptll®! TDDFT (/)  Description®  Exptll® TDDFT (H)*  Description!! the radllcal cation 1s In agree-
TIPS-T5.TIPS e 768 (046) T ment with the numerous spec-
510 (470) 463 (1'02) SL troelectrochemical!'*=! and

TIPS-T6-TIPS 943 867 (042)  H—S quantum-chemical™ studies
544 (498) 537 (0.46) S—L reported for a great variety of

TIPS-T7-TIPS 1(5)32 53 ziz E??g; IS{_LS 749 (691) 754 (1.82) H-L a-oligothiophenes. The in situ

< . — .

TIPS-TS-TIPS ~ >1100 1031 (0.80)  H—S 830 (769) 763 (2.24) H-L UV/Vis/INIR spectra were re-
605 (540) 569 (1.54) S—L corded at room temperature

[a] Recorded in o-dichlorobenzene. Values within parentheses correspond to vibronic peaks. [b] Calculated in and for. low TIPS-Tn-TIPS con-
chlorobenzene solution. [c] Oscillator strength (f) values are given in parentheses. [d] HOMO, SOMO, and ~ C€ntrations, and, therefore,
LUMO are abbreviated as H, S, and L, respectively. show no indication of the for-
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Figure 10. Schematic representation of the frontier monoelectronic levels
and the dipole-allowed transitions of TIPS-Tn-TIPS in neutral (N), radi-
cal cation (RC), and dication (DC) oxidation states.

mation of cation radical dimers. The formation of dimers is
furthermore hindered by the bulky TIPS groups incorporat-
ed in these oligomers in their terminal positions.

Upon further oxidation, only the longer oligothienoacenes
are able to form dication species, in agreement with the ob-
servations from the cyclic voltammetry study. As Figure 9
highlights, only the radical cations of the heptamer and the
octamer are converted to the [TIPS-T7-TIPS]** and [TIPS-
T8-TIPS]** dications. The dications are characterized by a
new broad absorption in the 750-850 nm range, and the dis-
appearance of the bands of the cation at lower and higher
energies. The wavelengths recorded are similar to those pre-
viously reported for end-capped a-quaterthiophene and -
pentathiophene,™! which bear a number of conjugated C=C
double bonds (8 and 10, respectively), comparable to TIPS-
T7-TIPS (8) and TIPS-T8-TIPS (9).

Vertical electronic transitions for the radical cation and
dication species of TIPS-Tn-TIPS were computed using the
TDDFT approach and the PCM model to introduce solvent
effects (Table 4). TDDFT calculations predict two intense
electronic transitions for radical cations at lower energies
than those computed for the neutral oligomers. For example,
the energies calculated for these two transitions are 1.33 eV
(929 nm, f=0.60) and 2.26 eV (548 nm, f=1.16) for [TIPS-
T7-TIPS]'*, slightly overestimating the experimental values
observed at 1.21eV (1028 nm) and 2.16eV (575 nm).
TDDFT calculations also reproduce the ratio between the
experimental intensities and the steady redshift that both
absorptions undergo with the extension of the chain length.
As sketched in Figure 10, the new emerging transitions are
mainly described by the HOMO —SOMO (singly occupied
molecular orbital) and the SOMO—LUMO one-electron
excitations.

For the dication species, TDDFT calculations indicate the
appearance of one strong electronic transition at intermedi-
ate energies with respect to the two transitions calculated
for the radical cation (see Table 4). The transition results
from the HOMO —LUMO excitation, in which the HOMO
and the LUMO now correspond to the HOMO-1 and
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HOMO of the neutral molecule (see Figure 10). The transi-
tion is calculated at 754 nm for [TIPS-T7-TIPS]**, in good
correlation with the experimental band measured at 749 nm.
TDDFT calculations are therefore shown to be very helpful
in interpreting the evolution upon oxidation of the optical
properties of the fully fused TIPS-Tn-TIPS compounds.

Conclusion

This work presents an analysis of the evolution of the struc-
tural, electrochemical, and optical properties within a com-
plete family of triisopropylsilyl end-capped oligothieno-
acenes (TIPS-Tn-TIPS, n=4-8), which emerge as a poten-
tial class of fully fused m-conjugated compounds for organic
electronics. The analysis is performed by combining cyclic
voltammetry, a selection of spectroscopic tools (optical ab-
sorption, fluorescence emission, and in situ UV/Vis/NIR
spectroelectrochemistry), and quantum-chemical calcula-
tions based on the density functional theory (DFT and
TDDFT) approach.

Cyclic voltammetry reveals reversible redox behavior for
all the TIPS-Tn-TIPS family, indicating the formation of
stable radical cations for all these oligothienoacenes, and
the formation of dications only for the heptamer and the oc-
tamer. Oxidation produces a reversal of the single/double
C—C bond pattern and leads to fully quinoid structures for
the dications. The quinoidization of the molecular structure
is more marked for the inner thiophene rings and decreases
in going to the outer rings. DFT calculations predict that the
electronic density is mainly extracted from the thienyl back-
bone. For TIPS-T7-TIPS, 0.85e¢ and 0.74 ¢ are extracted
from the backbone in the neutral —cation and cation—di-
cation processes, respectively. The charges extracted are in
good agreement with the changes predicted for the bond
lengths upon oxidative doping, which are also localized in
the fused conjugated backbone. The formation of stable
cation and dication species and the delocalization of the
charge on the conjugated chain make TIPS-Tn-TIPS com-
pounds promising as hole-transporting materials for future
applications in organic electronics.

The planarity and rigidity of fully fused TIPS-Tn-TIPS oli-
gothienoacenes drastically affect their optical properties.
Compared to their nonfused a-oligothiophene partners, the
absorption and fluorescence spectra of TIPS-Tn-TIPS show
partially resolved vibronic structures even at room tempera-
ture, due to the absence of conformational disorder. Two
well-resolved vibronic progressions are observed at low tem-
peratures that can be associated with vibronic coupling with
two different normal modes, with energies of v;~180 meV
(~1525cm™) and v,~56 meV (~480cm™). The progres-
sion due to the coupling with the lower frequency mode is
not observed in nonfused oligothiophenes. TDDFT calcula-
tions have allowed a quantitative description of the absorp-
tion spectra, and the assignment of the electronic transitions
responsible for the main observed bands. Both experimental
and theoretical results find a remarkable bathochromic dis-
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persion of the electronic transitions as the chain length in-
creases, which is indicative of the extension of the effective
T-conjugation.

In situ UV/Vis/NIR spectroelectrochemistry in o-dichloro-
benzene of TIPS-Tnr-TIPS provides evidence of the forma-
tion of cation and dication species. Similarly to what is ob-
served for other conjugated oligomers, two absorption bands
emerge at low energies, corresponding to the formation of
the radical cation in the first oxidation steps. The longest
oligomers (heptamer and octamer) form the dication spe-
cies, which is characterized by a unique absorption band at
intermediate energies. The formation of cation radical
dimers is not detected, probably due to the bulky triisopro-
pylsilyl groups, which hinder noncovalent aggregation.
TDDFT calculations taking into account solvent effects
within the PCM model have helped in interpreting and as-
signing the optical data.

Experimental Section

The synthesis and purification of the TIPS-Tn-TIPS oligothienoacenes
are described elsewhere.>'"! UV/Vis/NIR absorption spectra were re-
corded at room temperature by means of an Agilent 8453 instrument
equipped with a diode array for fast recording of all electromagnetic ab-
sorptions in the 190-1100 nm spectral region. Fluorescence emission
spectra were measured using a JASCO FP-750 spectrofluorimeter. No
fluorescent contaminants were detected upon excitation in the wave-
length region of experimental interest. Solutions for emission measure-
ments 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 three days, filtered, distilled from CaH,, and stored under
an inert atmosphere. Sample solutions in MeTHF were prepared in a ni-
trogen-filled glove box at concentrations between 10~° and 10~"m. Low-
temperature spectra were recorded using an Oxford Optistat DN nitro-
gen bath cryostat with the capability to operate in the temperature range
77-500 K.

Electrochemical experiments were performed in o-dichlorobenzene
(TIPS-T4-TIPS, TIPS-T6-TIPS, and TIPS-T8-TIPS) or dichloromethane
(TIPS-T5-TIPS and TIPS-T7-TIPS) at 25°C under nitrogen in three-elec-
trode cells. The supporting electrolyte was tetrabutylammonium hexa-
fluorophosphate (Bu,NPFy) or perchlorate (Bu,NCIO,), respectively. The
counter electrode was platinum and the reference electrode was silver/
0.1m™ silver perchlorate in acetonitrile, but quoted potentials are always
referred to the Fc/Fc™ couple. The working electrode was a platinum
minidisc electrode (0.003 cm?). The voltammetric apparatus (AMEL,
Italy) included a 551 potentiostat modulated by a 568 programmable
function generator and coupled to a 731 digital integrator. UV/Vis/NIR
absorption spectra during the electrochemical study of the compounds
were recorded on a Perkin—Elmer Lambda 5 spectrometer. In situ UV/
Vis/NIR spectroelectrochemistry was performed by controlled potential
electrolysis in an OTTLE cell equipped with a platinum minigrid working
electrode and quartz optical windows.

DFT calculations were carried out by means of the Gaussian 03 pro-
gram.!] All the calculations, including geometry optimizations of the
ground state and electronic excitation energies, were performed with
Becke’s three-parameter B3LYP exchange-functional®* and the 6-
31G** basis set.”!! Oligothienoacenes with an even (odd) number of
rings were optimized within C; (C,) symmetry constraints. Radical cations
were treated as open-shell systems and computed within the spin-unre-
stricted DFT (UDFT) approach, whereas dications were treated as
closed-shell systems and calculated using the spin-restricted DFT ap-
proach.
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Vertical electronic transition energies were computed at the B3LYP/6-
31G** level using the TDDFT approach™>* and the optimized ground-
state molecular geometries. Solvent effects were considered within the
SCREF (self-consistent reaction field) theory using the polarized continu-
um model (PCM) approach to model the interaction with the sol-
vent.>* PCM calculations for the charged species were performed
using the standard parameters implemented for chlorobenzene in Gaussi-
an 03 and the dielectric constant of o-dichlorobenzene (¢=10.12) to sim-
ulate the experimental recording conditions. TDDFT calculations for the
neutral compounds were carried out both in the gas phase and in the
presence of the solvent (THF). The differences found for the vertical ex-
citation energies were smaller than 0.08 eV. Net atomic charges were cal-
culated using the natural population analysis (NPA) included in the natu-
ral bond orbital (NBO) algorithm proposed by Weinhold and co-work-
ers.”*l Molecular orbitals were plotted using Molekel 4.3.1!
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