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Introduction

A recent trend in designing materials for optoelectronic ap-
plications focuses on multi-thiophene molecules character-

ized by the overall number of thiophene units, by the nature
of the substituents on them, inter-ring connectivity, molecu-
lar symmetry and shape. Swivel-cruciform,[1] star-[2] and X-
shaped,[3] and dendrimeric oligothiophenes[4,5] have been
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prepared in the last few years and, in some cases, prelimina-
ry practical applications of these compounds as sensitive
materials for OFETs and photovoltaic devices have been
described.
The world record of regioregularly assembled thiophene

units belongs to BJuerle and co-workers who very recently
published a molecule consisting of 90 thiophene rings,[4]

breaking AdvinculaKs previous score which was “only”
30.[5a,b]

The synthetic effort required to synthesize such complex
molecular architectures is understandably high, due to the
considerable number of steps necessary to progressively in-
crease the molecular size starting from small units, even
though the experimental methodologies employed are often
reported as high-yield procedures. Apart from the aesthetic
appeal exerted by these large and constitutionally ordered
molecules, the question is whether the game is worth the
candle in terms of synthetic feasibility and properties. To
answer this question it would be important to compare the
basic properties of these sophisticated molecules with those
exhibited by the linear a-oligothiophenes chosen as refer-
ence substrates. This is, however, a difficult task, since only
selected parameters are reported in literature for the differ-
ent classes of compounds, which prevents a complete and re-
liable comparison between all of them.
The situation is further complicated by the fact that some

key parameters are often evaluated not only under different
experimental conditions (solvent, concentration, reference
electrode), but also by unstandardized procedures. For ex-
ample, in optical absorption experiments sometimes the
maximum and sometimes the onset of the curve are report-
ed; in electrochemical measurements either the formal po-
tentials (E0’), or the peak potentials (Ep), or the onset poten-
tials (Ep*) are indiscriminately used for both oxidation and
reduction. Some normalization is possible, instead, for spec-
troscopic data, in spite of several difficulties. Thus, we have
been able to collect from the literature the optical band-
gaps calculated from the lmax, Eg(l) (Figure 1a, b), and from
the lonset values, Eg*(l) (Figure 1c), for a-linear (Tn)

[6] and
for some classes of branched oligothiophenes (Scheme 1) as
a function of the reciprocal of the overall number of thio-
phene units (n) or of the number of thiophene units in the
longest a-conjugated chain present in the molecule (na).
Both n and na are reported for each compound in Scheme 1,
together with the number of the synthetic steps required for
its preparation and the overall yield (%) starting from com-
mercially available “inexpensive” compounds (less than 12
USD per gram).
It is evident that the molecules reported in Scheme 1 are

only selected examples of the much more ample and contin-
uously growing family of the multi-thiophene molecular as-
semblies.[7] In any case, the data reported in Figure 1a–c give
several interesting indications. Figure 1a shows that the
Eg(l) values calculated from lmax for all of the multi-thio-
phene molecules reported in Scheme 1 are much higher
than those found for linear a-oligothiophenes consisting of
the same number of heterocyclic units. This is expected if

considering that all the rings are conjugatively interconnect-
ed in linear a-oligothiophenes, while shorter a-conjugated
sequences are present in all the other systems. It is also
worth noting that the Eg(l) values progressively decrease as
n increases up to the critical value of 8–9. This trend flattens
for higher n values, and, in AdvinculaKs series, dendrimers
with 15 and 30 thiophene units display very similar Eg(l)
values (2.9 and 2.95 eV), and the same observation works
for BJuerleKs G2,a-4-mer (n=9), G4,a-8-mer (n=45) and

Figure 1. Optical band-gaps for the compounds reported in Scheme 1: a)
Eg(l) calculated from lmax and plotted as a function of the reciprocal of
the overall number of thiophene units n ; b) Eg(l) calculated from lmax
and plotted as a function of the reciprocal of the number of thiophene
units in the longest a-conjugated chain, na ; c) Eg*(l) calculated from
lonset and plotted as a function of 1/na. Different colors refer to different
families of literature compounds in Scheme 1; the empty green diamond
corresponds to AdvinculaKs 14 T-2. Yellow circles refer to the TXn com-
pounds described in this paper (Scheme 2).
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G4,a-16-mer (n=90) for which
very similar Eg(l) values were
found (3.34, 3.22 and 3.21 eV,
respectively).
The data reported in Fig-

ure 1b demonstrate the strong
relationship existing between
the Eg(l) values calculated
from the lmax and na. The fol-
lowing “rule” can be deduced:
even big dendritic molecules
having many a-conjugated
branches with different lengths
display an optical gap close to
that exhibited by the unsubsti-
tuted a-oligothiophene Tn with
n corresponding to the longest
a-conjugated branch of the
dendrimer. Large multi-thio-
phene molecules display, how-
ever, energy gaps generally
higher than expected due to
some distortion from coplanari-
ty of the main a-conjugated
chain produced by branching.
This behavior is evident in the
highest terms of BJuerleKs
series and striking in Advincu-
laKs 14T-2 (na =6, n=14, empty
green diamond), where the in-
terannular torsion about the
central bond, as recognized in
the paper,[5b] halves the expect-
ed gap value of the T6 to that
of the T3.
It is understandable, howev-

er, that the electronic spectra of
very large molecular assemblies
would be better described by
lonset than by lmax, since absorp-
tion curves undergo massive
broadening as the molecules
become larger and larger. Plot-
ting the energy gap values cal-
culated from lonset, Eg*(l)
against 1/na gives a striking
demonstration of the close rela-
tionship between these parame-
ters. There is a remarkable
crowding of data along the line
representing the properties of
the Tn. It is interesting to note
that the energy gap values sub-
stantially flatten when five a-
conjugated thiophene units are
present (na �5), independently
of the total number of thio-

Scheme 1. Classification of linear and branched oligothiophenes. The acronyms defined by the authors are
used when available. Specific colors group substrates of the same class and refer to the colors in Figure 1a–c.
Overall preparation yields [%] and the numbers of the synthetic steps are reported for each compound.
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phene units constituting the molecule (n) and of the inter-
ring connectivity. It is worthwhile noticing that the only re-
markable exception in this context, that is, T14-2, can be
again completely normalized by plotting it as a function of
na =3 instead of na =6.
The conclusion we draw from these observations is that

the synthetic engagement required to prepare molecules
consisting of a very large number of thiophene rings is not
always accompanied by the acquisition of extraordinary con-
jugation properties, even though other very interesting phys-
ical features are acquired, like high chemical stability and
solubility in non-polar organic solvents.
In this context we considered an alternative, very simple

design of all-thiophene assemblies, which is a compromise
between size and properties, exemplified by the three
“spider-like” oligo-thiophenes T95, T146 and T197, character-
ized by a thiophene, a 2,2’-bithiophene and a 2,2’,5’,2’’-ter-
thiophene unit (the spider body) fully substituted with 5-
(2,2’-bithiophen)yl pendants (the spider legs) (Scheme 2). In
the abbreviations TXn, T means thiophene, X denotes the
total number of thiophene units constituting the molecule
and subscript n the longest chain displaying exclusively a

junctions.

Structural design was based on the following considera-
tions:

a) All the compounds were tailored to have structural pa-
rameters (n and na) centered in the critical area dis-
cussed before, with a unique a-conjugated main chain
consisting of five, six and seven thiophene units, respec-
tively, and all the pendants belonging to much shorter a-
bithiophene moieties.

b) The TXn appeared easily accessible through a single re-
action (a Stille coupling reaction), mostly involving com-
mercially available, inexpensive starting materials. Thus,
the synthetic burden was much lower than that generally
required to prepare any of the oligothiophenes reported
in Scheme 1.

c) The electrochemical oxidative multiplication of these
substrates could generate very large all-thiophene
branched macromolecules. Simple dimerization would
afford materials consisting of a number of thiophene
units much larger than the critical value where the elec-
tronic conjugation properties tend to flatten.

d) Good regioselectivity could be expected in the electro-
chemical oxidative coupling, since, out of the many a po-
sitions of the terminal thiophene units, the two positions
belonging to the main conjugated system (indicated as a

in Scheme 2) should be preferred. Therefore we consid-
ered the capping of a’ positions in principle unnecessary,
a process which limits accessibility and multiplies the
synthetic steps.

e) The high symmetry of T95 (C2v), T146 (C2h) and T197
(C2v) makes the a positions of all the systems homotopic,
thus a very high constitutional order could be expected
in the electrooxidative coupling process.

Results and Discussion

Synthesis of TXn : Compound T95 was already known in lit-
erature.[8] It had been obtained by reaction of bis[5-(2,2’-bi-
thiophene)yl)]acetylene with sulphur at 210 8C (57% yield).
It was prepared by Stille reaction of commercially available
tetrabromothiophene (1)[9] with 5-tributylstannyl-2,2’-bithio-
phene (2),[10] in the presence of [Pd ACHTUNGTRENNUNG(PPh3)4] (10% mol), in
refluxing toluene (18 h, 70% yield). Column chromatogra-
phy gave the product in a pure state. T146 was analogously
synthesized starting from hexabromo-2,2’-bithiophene (65%
yield).[11] Much more laborious was the preparation of T197.
We found it very difficult to attain the substitution of all the
bromine atoms of octabromo-a-terthiophene[12] with bithien-
yl units. Purification required several chromatographic sepa-
rations and only a small amount of pure T197 was obtained,
narrowing the scope of the investigation on this compound.
Complex T95 and T146 can be considered amongst the

most accessible all-thiophene oligomers and could be pre-
pared, if necessary, on a kiloscale level.
Solubility in organic non-polar solvents was found re-

markable and in agreement with the data reported in the lit-
erature for capped and uncapped oligothiophene dendrim-
ers.
We did not succeed in growing crystals of TXn suitable for

XRD analysis, which would have given important informa-
tion on inter-ring torsion and hence on the electronic distri-
bution, in particular on the most extended conjugated se-
quence. We resorted to DFT calculations to fill this gap.

Scheme 2. Molecular structures of TXn.
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Theoretical analysis on T95 and T146 : To gain insight into
the structural, electronic and optical properties of the inves-
tigated oligomers, we performed density functional theory
(DFT) and time-dependent DFT (TDDFT) calculations on
T95 and T146, these species allowing us to investigate the
effect of increased conjugation and branching. The geometry
was optimized without any symmetry constraints using the
B3LYP functional[13] and a 6-31G* basis set.[14] On the opti-
mized geometries we calculated the vertical absorption spec-
trum by TDDFT employing both the B3LYP and the PBE0
exchange-correlation functional,[15,16] with the same 6-31G*
basis set used for geometry optimization. All the calcula-
tions have been performed with the Gaussian03 program
package.[17] The optimized geometry of T95 is reported in
Figure 2a along with selected geometrical parameters. A

schematic representation of the frontier molecular orbitals
at the B3LYP/6-31G* level together with selected isodensity
plots of such orbitals are reported in Figure 2b.
The optimized T95 structure shows an almost planar ar-

rangement of the a-pentathiophene chain with two “spider
legs” lying orthogonal to the “body”. The increased conjuga-
tion and charge delocalization across the a framework is re-
flected by the slightly shorter C–C distances interconnecting
different thiophene units with respect to the sequences in-
cluding a-b connections (1.446 vs 1.451–1475 S).
For T146, we calculated two almost isoenergetic conform-

ers, corresponding to a planar and a twisted situation with

respect to the central C�C bond (Figure 3). The twisted con-
former, characterized by a twisting dihedral angle of 107.78,
is the more stable structure, being 0.5 kcalmol�1 lower than

the planar conformer (twisting dihedral angle of 176.68).
The small energy difference between the two conformers
suggests that a high degree of conformational fluxionality
effectively exists.
Inspection of the calculated electronic structure of T95

shows that the HOMO, found at �4.84 eV, is a combination
of thiophene p bonding orbitals extending across the whole
a-conjugated body. At lower energy (�5.52/�5.55 eV), the
HOMO�1/HOMO�2 are a degenerate couple of p-bonding
orbitals confined within two spider legs, whereas the
HOMO�3 (�5.61 eV), almost degenerate with the
HOMO�1/HOMO�2 couple, again extends on the a frame-
work only. The HOMO and HOMO�1/HOMO�2 have
therefore a similar character although a different localiza-
tion; the HOMO destabilization of ca. 0.7 eV compared to
the HOMO�1/HOMO�2 couple is possibly due to the in-
creased electrostatic repulsion arising from the proximity of
five sulphur lone pairs in the former. The LUMO, calculated
at �2.02 eV, is a combination of p* orbitals extending over
the a framework, followed at higher energy (�1.33/
�1.32 eV) by a degenerate couple of p* orbitals belonging
to the b branches. Almost degenerate with the LUMO+1/
LUMO+2 couple, the LUMO+3 is, instead, localized on
the a framework. Interestingly, the HOMO–HOMO�1 and
LUMO–LUMO+1 splittings are comparable (ca. 0.7 eV).
For the more stable T146 twisted conformer we calculated

a similar electronic structure as for T95, with an isolated
HOMO lying at �4.92 eV and a LUMO at �1.95 eV. Nota-
bly, the planar T146 conformer shows a more positive
HOMO energy than its twisted counterpart (�4.74 vs.
�4.92 eV), while the LUMO energy is less sensitive to the
twisting angle (�1.95 vs �2.08 eV).

Spectroscopic properties of TXn : The UV absorption data of
TXn are reported in Figure 4 and summarized in Table 1.
The spectra of T95, T146 and T197 display multiple absorp-

tion peaks at similar energetic positions, but with different

Figure 2. a) Optimized geometrical structure of T95. b) Schematic repre-
sentation of the frontier molecular orbitals of T95, along with isodensity
plots of selected orbitals.

Figure 3. Optimized planar and twisted structures of T146.
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relative intensities: contrary to T146 and T197, T95 shows a
well defined vibronic structure (i.e., 307, 345 and 419 nm).
In particular, the first absorption peaks (Table 1 and Fig-

ure 1a–c, yellow symbols) are in agreement with the obser-
vations on which the structural design of spider-like oligo-
thiophenes was based: a) T95, T146 and T197 show a p-con-
jugation efficiency equivalent to (when considering Eg(l)
values, Figure 1b) or even slightly higher than (when consid-
ering Eg*, Figure 1c) linear oligothiophenes having the same
number of a-linked thiophene units (i.e., T5, T6 and T7). b)
The energy gap values progressively decrease as n increases
up to the critical value of 8–9, then the trend flattens for
higher n values (Figure 1c); c) the energy gap values flatten
when five a-conjugated thiophene units are present, inde-
pendently on the whole number of thiophene units consti-
tuting the molecule (Figure 1b and c). Indeed, the three TXn

display nearly identical Eg(l) and very similar Eg*(l) values,
independently on the length of the main a-conjugated se-
quence (na =5, 6, 7) and on the overall number of thiophene
units constituting the molecule (n=9, 14, 19), which is more
than doubled on passing from T95 to T197. This is explained
by considering that an increased number of a–a linkages is
associated to some distortion from coplanarity, as suggested
by the theoretical calculations
performed on T146.
On the other hand, the band

occurring at about 345 nm
could be assigned to absorp-
tions involving the spider legs,
as suggested by the extinction
coefficient values e (24500 for
T95, 52500 for T146 and 68700
for T197, Table 1) which are lin-

early dependent on the number of bithienyl pendants pres-
ent in the molecule (2, 4 and 6). The extinction coefficient is
known to be dependent upon the number of the thiophene
units also in linear a-oligothiohenes (12500 for T2, 26600
for T4 and 59700 for T8).

[18]

For T95 the lowest 25 TDDFT excitation energies were
calculated to provide a detailed assignment of the absorp-
tion spectrum. The lowest calculated singlet excited state of
T95 is a single, very intense, HOMO ! LUMO excitation
which is found at 480 (464) nm (Eg(l), calcd: 2.58 (2.67)
eV) using the B3LYP (PBE0) functional. A slightly better
agreement with the experimental absorption maximum is
computed with the PBE0 functional compared to B3LYP,
the former providing a value about 0.3 eV red-shifted com-

pared with the low-energy ex-
perimental absorption maxi-
mum (Eg(l)=2.96 eV). This
red-shift is probably due to the
extended conjugation of the or-
bitals involved in this transition,
which is not properly captured
by DFT-TDDFT but partially
corrected by the increased
amount of Hartree-Fock ex-
change present in the PBE0

functional. Notice, that the HOMO–LUMO gap calculated
on the basis of the Kohn-Sham orbital energy differences
amounts to 2.82 (3.12) eV with the B3LYP (PBE0) function-
al, so that the slight blue-shift of the lowest absorption band
calculated with PBE0 is directly related to the increased
HOMO–LUMO gap. The results are reported in Table 2 for
the most relevant transitions, together with the experimental
absorption data for a direct comparison.
Given the nature of the HOMO and the LUMO discussed

above, the lowest energy transition is readily assigned to a
p–p* excitation within the body framework. The band ex-
perimentally found at 345 nm appears to be related to two
transitions of different character, calculated at 364 and
322 nm, involving both the body and legs framework
(Table 2). The band experimentally found at 307 nm is final-
ly calculated to be due to two almost overlapping transitions
calculated at 309 and 308 nm; the most intense transition at
308 nm takes place within the legs framework. The calculat-
ed vertical transitions are in fair agreement with the experi-
ments; in particular the involvement in the lowest absorp-
tion band of the a-conjugated backbone is consistent with
the experimental observation that this band is less affected

Figure 4. UV/Vis spectra of TXn in 10
�5

m CH2Cl2 solution. Color code:
blue=T95, green=T146, red=T197.

Table 1. UV/Vis absorption data (lmax, lonset, e) and corresponding energy gap values for TXn in 10
�5

m CH2Cl2
solution. Parenthesized extinction coefficients refer to shoulder-like signals.

First absorption peak Second absorption peak
TXn lmax [nm] Eg(l) [eV] e [mol�1dm3cm�1] lonset [nm] Eg*(l) [eV] lmax [nm] e [mol�1dm3cm�1]

T95 419 2.96 18700 500 2.48 345 24500
T146 420 2.96 ACHTUNGTRENNUNG(21300) 515 2.41 341 52500
T197 421 2.95 ACHTUNGTRENNUNG(22700) 523 2.37 338 68700

Table 2. Energy, oscillator strength and composition in terms of molecular orbital excitation of the most rele-
vant vertical transitions calculated with B3LYP (PBE0 data for the lowest transition in parenthesis) for T95,
compared to experimental data.

Transition lmax [nm] Eg(l) [eV] Osc. strength Character

S1 480 (464) 2.58 (2.67) 1.39 (1.44) HOMO ! LUMO
S7 364 3.41 0.19 HOMO�3/HOMO ! LUMO/LUMO+3
S11 322 3.85 0.24 HOMO�2/HOMO�1 ! LUMO+1/LUMO+2/LUMO+3
S16 309 4.01 0.23 HOMO�3 ! LUMO+3
S17 308 4.02 0.62 HOMO�2/HOMO�1 ! LUMO+1/LUMO+2

www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 459 – 471464

F. Sannicol1 et al.

www.chemeurj.org


by increasing the number of spider legs than the higher
energy second feature. On the other hand, the fact that the
second absorption peak takes place within the spider legs is
consistent with the experimental increased intensity of this
feature with increasing the number of legs.
TDDFT calculations performed on the two T146 conform-

ers revealed a pattern of vertical excitations similar to that
calculated for T95. In particular, we calculated the lowest ex-
cited state to correspond to an intense HOMO–LUMO
transition in both cases, but while for the twisted conformer
this transition is calculated at 2.55 (2.62) eV with B3LYP
(PBE0), similar to the lowest transition in T95, for the
planar conformer a red-shift of the lowest excitation ener-
gies is calculated, which brings its value to 2.39 eV at the
B3LYP level of theory. This result is consistent with the in-
creased conjugation of the planar conformer. While both re-
sults are red-shifted compared with the experiment, the fact
that for the most stable twisted conformation we calculate a
lowest transition at essentially the same energy as that of
T95, suggests that the twisted conformer dominates the ab-
sorption spectrum.
Figure 5 shows that solution PL emission of T146 is red-

shifted with respect to that of T95 (emission maximum at
about 569 and 524 nm, respectively). This behavior can be
explained, if we assume that the lowest excited state geome-
try corresponds to a planarized structure (see below). This
structural rearrangement would induce a stabilization in
emission energy due to a more delocalized electronic excita-
tion. In addition it is also possible that energy transfer from
branches with shorter conjugation length to branches with
more extended conjugation takes place, as observed in den-
drimer-like molecules.[19] Indeed the energetic position of
the PL spectra in Figure 5 can be correlated to the increas-
ing degree of molecular branching in T95 and T146. It is
likely that both effects (planarized excited state geometry
and intramolecular energy transfer) contribute to observed
spectral behavior.
The increased conjugation of the emitting excited states

in T146 is supported also by our theoretical investigation,
which shows a 0.19 eV red-shift of the lowest excitation
energy at the B3LYP level in going from T95 to the planar

T146 conformer, as opposed to the more stable twisted T146
conformer, for which we calculate a negligible red-shift of
the lowest excitation energy compared with T95. The calcu-
lated excited state stabilization for the planar T146 confor-
mer nicely compares with the 0.15 eV red-shift experimen-
tally observed in emission.
A broad, unstructured and red-shifted emission spectrum

like the one of T95 and T146 could possibly be due to the
formation of excimers in solution.[20] However, the presence
of excimers can be ruled out because PL measurements at
10�6m concentration provide the same structureless emis-
sion, peak position and FWHM of solutions with 10�5m con-
centration. Moreover, we mention that PL decays are best
fitted with a monoexponential function and PL lifetime is
the same for both concentrations, which excludes the pres-
ence of molecular aggregates.

Electrochemical characterization of TXn : The electrochemi-
cal activity of T95, T146 and T197 was studied by cyclic vol-
tammetry (CV) in 2.3T10�4m CH2Cl2 solution, with TBAP
0.1m as supporting electrolyte, on glassy carbon (GC) elec-
trode (Figure 6).

As shown by the reversibility parameters [(Ep�Ep/2) and
(Ep,f�Ep,b) Table 3], the first oxidation peaks are electro-
chemically reversible (mass-transfer controlled reaction with
no activation barrier) in the case of T95 and T197, while
T146 tends to partially lose its electrochemical reversibility
(i.e., the reaction tends to be kinetically controlled by the
electron transfer step), with concomitant shift of the oxida-
tion potential to higher values. This feature points[5,20] to
T146 being more hindered than its lower and higher counter-
parts in the structural rearrangement required for the first
electron extraction (and the concurrent inclusion of either
the counter anion or/and solvent molecules), maybe on ac-
count of specific conformations pivoted by molecular sym-
metry, as suggested by calculations which account for a pre-
ferred twisted structure of T146.

Figure 5. Normalized photoluminescence spectra of T95 (blue) and T146
(green) in CH2Cl2.

Figure 6. CV patterns of TXn 0.00023m in CH2Cl2 + TBAP 0.1m. Color
code: blue=T95, green=T146, red=T197. The CV pattern of ferrocene
(grey) is also reported for comparison.
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From the difference between the anodic and cathodic
peak potentials it is possible to calculate electrochemical
HOMO–LUMO energy gaps EgEC

[5,21,22] to be compared
with the spectroscopic ones, Eg(l) (Table 1 and Figure 1a–c).
To achieve a more complete comparison, “onset” energy
gaps, Eg*EC, can be measured also in the electrochemical
case (from the difference between the onsets of the first oxi-
dation and reduction peaks) and compared with the absorp-
tion ones, Eg*(l).
It is worthwhile noticing that, although the onset criterion

should be regarded as by far less meaningful and more
“practical” with respect to the peak-maximum criterion, in
this case it appears to lead to better convergence between
the two approaches. On the other hand, concerning the al-
ternative criterion based on peak maxima and resulting in a
small but significant difference between EgEC and Eg(l), one
must consider that a) the most appropriate comparison with
spectroscopic data should require formal potentials E0’ ac-
counting for electrochemically reversible electron transfer
processes; unfortunately, in this case, the cathodic process is
electrochemically irreversible; b) in any case, the involved
energy levels can be different in the two approaches since,
in the electrochemical case, electrons are subtracted or
added to the molecule leading to net charged species (re-
quiring, amongst other things, to take into proper account
the possible formation of ionic couples with counter ions
from the supporting electrolyte, an effect promoting the
electron transfer).
In any case, electrochemical energy gaps of TXn fully

comply, like the spectroscopic ones, with the normalization
criteria outlined in the Introduction, based on Eg(l) versus
1/na plots.
The diffusion coefficients,

calculated[23] either from con-
volutive analysis of the oxida-
tion peak (D) or from the slope
of the current vs. the square
root of the potential scan rate
straight line (D’), are in good
agreement comparing the two
methods and show a regular de-

crease (as expected) with the
increasing bulkiness of the com-
pounds.

Electrosynthesis of [TXn]m from
TXn and electrochemical char-
acterization of conducting
films : Repeated cycling around
the first oxidation peak resulted
in the formation of conducting
films ACHTUNGTRENNUNG[TXn]m. In particular,
ACHTUNGTRENNUNG[T95]m and ACHTUNGTRENNUNG[T146]m show good
mechanical properties and are
very stable even in the neutral
state and after one-month ex-
posure to air. The former is de-

posited with higher efficiency, resulting in a thicker film
(confirmed by EQCM). After the electrodeposition cycles,
ACHTUNGTRENNUNG[T95]m and ACHTUNGTRENNUNG[T146]m were characterized in a monomer-free
solution (Figure 7 and Table 4). According to MALDI-TOF
spectra, ACHTUNGTRENNUNG[T95]m is consisting of dimers (m=2) and minor
amounts of tetramers (m=4), while ACHTUNGTRENNUNG[T146]m chiefly by
dimers.
Both conducting films ACHTUNGTRENNUNG[T95]m and ACHTUNGTRENNUNG[T146]m show the phe-

nomenon of charge trapping (Figure 8). In fact, the sharp re-
duction peak associated with the first electron uptake and
the concurrent inclusion of the charge-balancing (C4H9)4N

+

counter-ion (and possibly also of solvent molecules), pres-
ents its oxidative counterpart (associated with the release of
the same charge, being characteristically of the same area)

Table 3. Voltammetric characterization of TXn.
[a]

TXn Ep,A [V] Ep,C [V] EgEC [eV] Ep,A* [V] Ep,C* [V] Eg*EC [eV]

T95 1.065 �1.652 2.72 0.95 �1.37 2.32
T146 1.129 �1.608 2.74 1.00 �1.44 2.44
T197 1.099 �1.728 2.83 0.98 [b] [b]

TXn ACHTUNGTRENNUNG(Ep�Ep/2)A [V] (Ep,f�Ep,b) [V] 105TD [cm2s�1] 105TD’ [cm2 s�1]

T95 0.058 0.076 4.39 4.43
T146 0.085 0.110 3.06
T197 0.060 0.056 2.19 2.30

[a] First oxidation and reduction peak potentials (Ep,A and Ep,C, respectively, vs the Me10Fc
+ jMe10Fc redox

couple). Onset potentials of first oxidation and reduction peaks, Ep,A* and Ep,C*; reversibility parameters for
the first oxidation peak (half-peak width, Ep�Ep/2, and distance between forward and backward peak,
Ep,f�Ep,b); band gap energies (EgEC); onset band gap energies (Eg*EC); diffusion coefficients calculated by con-
volutive analysis (D) and from peak currents (D’). [b] Difficult to obtain.

Figure 7. Oxidative CV patterns of ACHTUNGTRENNUNG[TXn]m after 24 cycles in a monomer
free solution. Color code: blue= ACHTUNGTRENNUNG[T95]m, green= ACHTUNGTRENNUNG[T146]m, red= ACHTUNGTRENNUNG[T197]m.
The CV pattern of ferrocene (grey) is also reported for comparison.

Table 4. Voltammetric characterization of the electrosynthesized conducting films ACHTUNGTRENNUNG[TXn]m.
[a]

Films Ep,A [V] Ep,C [V] EgEC [eV] Ep,A* [V] Ep,C* [V] Eg* EC [eV] EA,trap [V] DEtrap [eV]

ACHTUNGTRENNUNG[T95]m 1.16 �1.374 2.54 0.78 �1.25 2.03 0.416 1.79
ACHTUNGTRENNUNG[T146]m 1.09 �1.378 2.47 0.84 �1.32 2.16 0.590 1.97

[a] First oxidation and reduction potentials (EA and EC, respectively, vs the Me10Fc
+ jMe10Fc redox couple);

energy band gaps (EgEC); oxidation potential corresponding to the recovery of the trapped charge EA,trap and
charge-trapping energy (DEtrap).
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only at very positive potentials, just before the first “regu-
lar” oxidation peak, corresponding to the radical cation for-
mation.
The large charge-trapping potential difference (no less

than 1.8–2.0 V, see DEtrap in Table 4), related to a significant
free energy change, could be associated to a significant
structural reorganization step with conjugative redistribution
of the negative charge. It is probable that the delocalization
of the injected charge on the wide p-system network, having
many freedom degrees (particularly in the secondary
branches) together with the concurrent inclusion of counter
cations (and possibly solvent molecules), prompts a transi-
tion to a more favourable and stabilized structure, involving
significant intra- and/or supramolecular reorganization. Ac-
cordingly, a more positive potential is required to release
the charge since an extra energy contribution is required to
recover the original structure. In particular, while the injec-
tion of the negative charge occurs at the same potential for
the two materials, the potential required to release the
charge in the case of ACHTUNGTRENNUNG[T146]m is significantly more positive.
This could be connected to its larger and more branched
structure, resulting in more complex reorganization require-
ments to accommodate the incoming charge and the corre-
sponding counter-ion.
In situ conductivity experiments were performed only for

ACHTUNGTRENNUNG[T95]m, because ACHTUNGTRENNUNG[T146]m failed to bridge the two-band elec-
trode[24] or underwent dissolution during analysis.
Conductivities of ACHTUNGTRENNUNG[T95]m are quite satisfactory, showing a

linear dependency on the potential, ranging from 0.1 Scm�1

at 0.85 V (Me10Fc) to the promising value of 6.5 Scm
�1 at

1.25 V (Me10Fc).

Spectroscopic properties of [TXn]m : The UV absorption data
of ACHTUNGTRENNUNG[TXn]m are reported in Figure 9a and summarized in
Table 4. The UV/Vis absorption spectra of ACHTUNGTRENNUNG[T95]m and
ACHTUNGTRENNUNG[T146]m films shift to significantly longer wavelengths with
respect to the corresponding TXn, thus confirming that cou-
pling has indeed occurred resulting in a more extended p-
conjugated system (Table 5 and Figure 9). This conjugation

improvement is significantly higher than the expected one
considering oligomers in solution (Figure 1b and c); this
points to a solid-state effect, possibly connected with p-
stack interactions between adjacent molecules at short inter-
chain distances in the conducting film.[25] Experiments
reveal that ACHTUNGTRENNUNG[T95]m has the onset of the optical absorption at
the longest wavelength (i.e., it has the more extended conju-
gation), while ACHTUNGTRENNUNG[T197]m has the shortest conjugation. These
findings can be interpreted considering that ACHTUNGTRENNUNG[T95]m has the
highest a–a constitutional order (see below) and then a
higher conjugation degree. The regular increase of the a’/a
position ratio in the ACHTUNGTRENNUNG[TXn]m series (from 1 to 3) necessarily
results in a decrease of the a–a coupling regioselectivity, im-
plying shorter a-conjugated chains in the films. Consistently
with absorption, the photoluminescence spectra of ACHTUNGTRENNUNG[T95]m

Figure 8. Complete CV patterns of ACHTUNGTRENNUNG[TXn]m in the monomer free solution.
Color code: blue= ACHTUNGTRENNUNG[T95]m, green= ACHTUNGTRENNUNG[T146]m.

Figure 9. a) UV/Vis spectra of ACHTUNGTRENNUNG[TXn]m on ITO. b) Photoluminescence
spectra of ACHTUNGTRENNUNG[T95]m and ACHTUNGTRENNUNG[T146]m on ITO. Color code: blue= ACHTUNGTRENNUNG[T95]m, green=

ACHTUNGTRENNUNG[T146]m, red= ACHTUNGTRENNUNG[T197]m.

Table 5. UV characterization of the electrosynthesized conducting films
ACHTUNGTRENNUNG[TXn]m.

Films lmax [nm] Eg(l) [eV] lonset [nm] Eg*(l) [eV]

ACHTUNGTRENNUNG[T95]m 502 2.47 630 1.97
ACHTUNGTRENNUNG[T146]m 456 2.72 610 2.03
ACHTUNGTRENNUNG[T197]m 424 2.93 575 2.16
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and ACHTUNGTRENNUNG[T146]m (Figure 9b) are at lower energy with respect to
the ones of the corresponding monomers, confirming the
longer effective p conjugation in the films. The maximum
emission wavelengths of ACHTUNGTRENNUNG[T95]m and ACHTUNGTRENNUNG[T146]m are located at
about 630 and 610 nm, respectively, again suggesting a more
extended conjugation in ACHTUNGTRENNUNG[T95]m with respect to ACHTUNGTRENNUNG[T146]m.

Investigation of the regiochemistry of the electrochemical
oxidative coupling of T95 : The polymerization of monomers,
where heterotopic thiophene moieties with free a positions
are present, opens the question which rings are involved in
the oxidative coupling process. To answer this questions we
resorted to labelled monomer T95[Dn] (n=0, 1, 2) in which
both a positions of the branches are labelled with deuterium
(Scheme 3). By computing the isotopic abundance in the

electrooxidation products and in the starting monomer at
different times it was possible to evaluate the relative kinet-
ic parameters for the coupling reaction between two a posi-
tions (Scheme 2) of the fully 2,5-conjugated system (a–a
coupling), between two a’ positions of thiophene rings be-
longing to the branches (a’–a’ coupling), and for the mixed
coupling a–a’ coupling).
Labelled T95[Dn] was prepared according to the reaction

sequence reported in Scheme 3, taking advantage of the
higher reactivity of the bromine atoms in position a of tetra-
bromothiophene.[3]

Laser-desorption-ionization (LDI) mass spectrometric
analysis gave the isotopic distribution in the starting T95[Dn]
monomer shown in Table 6. The regioselectivity of the label-
ling was proven by the nearly total absence in the 1H NMR
spectrum of a signal (dd) at d 7.17 ppm, due to the a’ hydro-
gens of T95.
Electrooxidative coupling of T95[Dn] , carried out under

the experimental conditions described before for T95, af-
forded the expected mixture of dimer D[Dx] and tetramer,
where D[Dx] (x=0–4) refers to the unlabelled, mono-, bis-,
tris- and tetradeuterated dimer. The analysis of the peak
abundance in the LDI spectrum of dimer D[Dx] , obtained
after an about 2% conversion, revealed the isotopic distri-
bution reported in Table 6.
The 8.5% abundance of unlabelled dimer D[D0] is not

compatible with the very modest presence of unlabelled
T95[D0] in the starting material (2%).
This hints that some deuterium is lost during the electro-

oxidation. To check this hypothesis, a sample of monomer

T95[Dn] was recovered after that the oxidation was driven
to 64% conversion. The isotopic abundance in recovered
T95[Dn] (Table 6) confirmed that significant H–D exchange
occurred during the oxidative process.
To explain such D–H exchange phenomenon in the mono-

mer, we suggest a mechanism in which the radical cation re-
sulting from electrooxidation can either react with another
radical cation to ultimately give the dimer D[Dx] , or ex-
change deuterium with protium by hydrogen abstraction
from an undefined species present in solution.
To obtain an estimate of the regiochemistry of the dimeri-

zation, that is, of the relative velocity of the aa, aa’ and a’a’
dimerization reactions, one needs to interpret the deuterium
distribution in the dimer by means of a kinetic scheme (see
below).

T95½Dn� ! T95
Cþ½Dn� kox ð1aÞ

T95
Cþ½Dn� ! T95½Dn�1� kdd ðn ¼ 2, 1Þ ð1bÞ

T95
Cþ½Dn� þ T95

Cþ½Dn0 � ! D½Dp� kaaðp ¼ nþmÞ ð1cÞ

T95
Cþ½Dn� þ T95

Cþ½Dn0 � ! D½Dp� kaa0 ð1dÞ

T95
Cþ½Dn� þ T95

Cþ½Dn0 � ! D½Dp� ka0a0 ð1eÞ

To obtain the five rate constants from experimental data, we
followed a best-fit procedure consisting in: 1) integrating
the rate laws (1) under mass balance constraint, 2) finding
the 2% conversion point, 3) computing the deuterium distri-
bution in the dimer at 2% conversion and comparing it with
the experimental one. Using this way, the kinetic constants
which best fit to the experimental data within a given kinetic
model are obtained. The relative magnitude of the best-fit
kinetic constants are reported in Table 7 and the calculated
deuterium distribution in the dimer is pictured in Figure 10,
either in the absence or in the presence of the deuterium ex-
change reaction.[1b]

Scheme 3. Synthesis of labelled T95[Dn] .

Table 6. Deuterium distribution [%] in the monomer T95[Dn] and in the
dimer D[Dx] resulting from its electrooxidation at different conversion
levels.

T95[Dn] conv=0% T95[D0]
2

T95[D1]
10

T95[D2]
88

T95[Dn] conv=64% T95[D0]
17

T95[D1]
16

T95[D2]
67

D[Dx] conv=2% D[D0]
8.5

D[D1]
9.5

D[D2]
17

D[D3]
22

D[D4]
43

Table 7. Relative magnitude of the best-fit kinetic constants of the kinet-
ic model (1) with and without the radical cation dedeuteration step (1b).

Dedeuteration reaction (1b)
Present Absent

kdd/kox 27 –
kaa/kox 41 0.57
kaa’/kox 0.033 0.12
ka’a’/kox 0 0

www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 459 – 471468

F. Sannicol1 et al.

www.chemeurj.org


As it can be seen in Figure 10, the introduction of the
deuterium loss in the kinetic model greatly improves the
quality of the fit for all dimer deuteration levels. The small
differences between the experimental and best-fit distribu-
tion are not much larger than the experimental error.
Hence, this simple kinetic analysis indicates that deuterium
loss from the monomer is able to explain the observed deut-
eration levels in the dimer. The dimerization turns out to be
a very regioselective reaction. The aa coupling is more than
1000 times faster then the aa’ coupling and the a’a’ dimeri-
zation is practically absent. It is also interesting that the de-
deuteration kinetic constant is of the same order of magni-
tude as kaa.

Conclusion

T95, T146 and T197 open a class of all-thiophene-based mate-
rials tailored to couple good performances, and synthetic ac-
cessibility. They have been designed on the basis of a careful
investigation of the optical properties–structure relation-
ships in molecules described in recent literature. T95 and
T146 have been prepared on a multi-gram scale in good
yields starting from inexpensive, commercially available ma-
terials. They feature first oxidation CV peaks of reversible
or quasi-reversible character, affording fast and reproducible
formation of conducting ACHTUNGTRENNUNG[TXn]m films. The films, mainly con-
sisting of dimers, are highly stable and show a significant in-
crease in p delocalization together with an impressive
charge-trapping ability, probably connected with molecular
and supramolecular reorganization related to the many free-
dom degrees of the branched structure. ACHTUNGTRENNUNG[T95]m, which has
been demonstrated to possess a high a–a constitutional
order, displays the smallest optical gap, indicating that the
formation of films from larger members involves distortion

or lower constitutional order. Photoluminescence spectros-
copy reveals that larger sized TXn are red-shifted with re-
spect to smaller ones and that ACHTUNGTRENNUNG[T95]m has the lower emission
energy. This result is interpreted in terms of a trade-off be-
tween the length of a-linked chains and conjugation inter-
ruptive distortions. DFT-TDDFT calculations allowed us to
gain insight into the structural, electronic and optical prop-
erties of the investigated systems, providing a detailed as-
signment of the absorption spectrum of T95 and of T146. At
variance with T95, for which the ground state is clearly
planar, for T146 we found two almost isoenergetic minima
corresponding to a planar and a twisted structure. The calcu-
lated absorption spectrum of the more stable T146 twisted
conformer is consistent with the experimental trend of ab-
sorption, while the red-shift of the lowest transition calculat-
ed for T146 planar conformer is suggestive of a planar geom-
etry for the emitting excited state.
Spider-like oligothiophenes are promising materials for

applications as active layers in multifunctional organic devi-
ces,[20] where fine tuning between charge transport ability, in-
termolecular interactions and light emission efficiency is
crucial.

Experimental Section

Organic synthesis : NMR spectra were obtained on Bruker AV 400 and
Bruker AC 300 spectrometers. Chemical shifts were recorded in ppm and
the coupling constants were reported in Hz. Mass spectra were recorded
on Bruker Daltonics high resolution FT-ICR (Fourier Transform Ion Cy-
clotron Resonance) model APEXTM II (4.7 Tesla Magnex cryomagnet
supplied with ESI source) and Thermofiningan LCQ Advance (ESI and
APCI sources). MALDI spectra were recorded on a Bruker Microflex
LT spectrometer. DSC curves were recorded on a Mettler DSC 823. THF
was freshly distilled from sodium/benzophenone. All reagents were com-
mercially available and were used as received. The normal work-up in-
cluded extraction, drying over Na2 SO4 and evaporation of volatile mate-
rials in vacuo. Purifications by column chromatography were performed
using Merck silica gel 60 (230-–400 mesh for flash chromatography and
70–230 mesh for gravimetric chromatography). NMR and MS spectra are
given in the Supporting Information.

Bis ACHTUNGTRENNUNG[3’’,4’’-(5,2’-bithiophen-2-yl)]-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-pentathiophene
(T95): 5-Tributylstannyl-2,2’-bithiophene (2.5 g, 5.49 mmol) and [Pd-
ACHTUNGTRENNUNG(PPh3)4] (101 mg, 0.0874 mmol) were added under nitrogen atmosphere
to a stirred solution of tetrabromothiophene (350 mg, 0.876 mmol) in tol-
uene (10 mL). The mixture was heated under reflux for 18 h and filtered
on silica gel to remove the catalyst residue. Toluene was evaporated
under reduced pressure and the residue was triturated with hexane (3T
15 mL) to remove organotin in excess and tin side products. Purification
by flash chromatography (silica gel, hexane/chloroform 7:3) yielded T95
(585 mg, 90%) as a yellow-orange solid. M.p. (DSC) 215 8C; 1H NMR
(300 MHz, CDCl3): d=7.17 (m, 2H), 7.11 (dd, 2H, J1=4.7, J2=1.2 Hz),
7.09 (dd, 2H, J1=3.6, J2=1.1 Hz), 7.06 (d, 2H, J=3.7 Hz), 7.02 (br s,
4H), 6.97 (d, 2H, J=3.6 Hz), 6.96 (d, 2H, J=3.6 Hz), 6.86 ppm (d, 2H, J
= 3.7 Hz); 13C NMR (300 MHz, CDCl3): d=139.41, 138.36, 137.33, 136.9,
134.08, 133.9, 133.48, 132, 130.35, 127.84, 127.74, 127.18, 124.71, 124.33,
124.03, 123.81, 123.62 ppm; MS (EI): m/z : 740 (100) [M]+ ; HRMS: m/z
calcd for C36S9H20

+ : 739.90515; found: 739.90558.

Tetrakis[3’’,4’’,3’’’,4’’’-(5,2’-bithiophen-2-yl)]-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-
hexathiophene (T146): 5-Tributylstannyl-2,2’-bithiophene (2.87 g,
6.312 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (182 mg, 0.157 mmol) were added under ni-
trogen atmosphere to a stirred solution of hexabromo-2,2’-bithiophene
(0.5 g, 0.789 mmol) in xylene (25 mL). The mixture was heated under

Figure 10. Comparison of the experimental deuterium distribution in
dimer and the best-fit distribution. *: best-fit to the kinetic model includ-
ing the monomer dedeuteration step;[1b] *: best-fit to the kinetic model
without monomer dedeuteration.
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reflux for 18 h and filtered on silica gel to remove the catalyst residue.
Toluene was evaporated under reduced pressure and the residue was dis-
solved in chloroform and loaded absorbed on silica gel onto a second
short silica gel column packed with hexane. Purification by flash chroma-
tography (silica gel, hexane/chloroform 7:3) yielded T146 (590 mg, 65%)
as a yellow-orange solid. 1H NMR (400 MHz, CDCl3): d = 7.21 (m, 4H),
7.17 (m, 4H), 7.13 (d, 2H, J=3.6 Hz), 7.09 (d, 2H, J=3.5 Hz), 7.05 (d,
2H, J=3.5 Hz), 7.02 (d, 4H, J=2.9 Hz), 6.98 (m, 6H), 6.93 (d, 2H, J=

3.7 Hz), 6.91 (d, 2H, J=3.6 Hz), 6.62 ppm (d, 2H, J=3.7 Hz); 13C NMR
(400 MHz, CDCl3): d = 140.11, 139.34, 138.95, 137.77, 137.71, 137.50,
137.25, 136.32, 134.56, 134.45, 134.18, 131.30, 130.57, 129.78, 129.62,
128.25, 128.17, 128.13, 127.70, 125.14, 124.77, 124.63, 124.46, 124.28,
124.10, 123.91 ppm; MS (MALDI): m/z : calcd for C56H30S14: 1150.85;
found: 1150.90.

Octabromo-a-terthiophene : Bromine (3.3 mL, 64 mmol) was dropped
into a solution of 2,2’:5’,2’’-terthiophene (370 mg, 1.5 mmol) in carbon di-
sulfide (18 mL). The reaction mixture was heated under reflux under stir-
ring for 26 h. A saturated solution of Na2S2O5 (310 mL) was added to the
reaction mixture to eliminate the bromine excess. The precipitate was
collected, washed with water and methanol and dried to give a first crop
of the bromo derivative (200 mg). The filtrate was treated with a 5%
NaHCO3 solution. The organic layer was separated, dried and the solvent
evaporated under reduced pressure to give a solid (330 mg) which was
combined with the first amount and recrystallized from xylene. (438 mg,
0.725 mmol, 48.6%). M.p. (DSC) 273 8C; 13C NMR could not be recorded
due the insolubility of the compound in organic solvents.

Hexakis[3’’,4’’,3’’’,4’’’,3’’’’,4’’’’-(2,5’-bithiopen-2-yl)]-
2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’-heptathiophene (T197): 5-Tri-n-bu-
tylstannyl-2,2’-bithiophene (1.03 g, 2.3 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (52 mg,
0.045 mmol) were added under nitrogen atmosphere to a stirred suspen-
sion of octabromoterthiophene (200 mg, 0.23 mmol) in xylene (20 mL).
The mixture was heated under reflux for 26 h and filtered on silica gel
employing toluene to remove the catalyst residue. The solvent was
evaporated under reduced pressure and the residue was filtered on silica
gel using first hexane and then chloroform. The last fractions were com-
bined, evaporated to dryness and purified by chromatography (silica gel,
hexane/chloroform 6:4) to give T197 (15 mg, 0.01 mmol, 4.2%) as a
brown solid. 1H NMR (400 MHz, CS2): d=6.85 (m, 8H), 6.76 (m, 4H),
6.66 (m, 20H), 6.57 (dd, 4H, J1=7.6, J2=3.7 Hz), 6.30 ppm (dd, 4H, J1=
22.9, J2=3.7 Hz);

13C NMR (400 MHz, CS2): d =140.0, 139.6, 139.3, 139.0,
137.5, 137.4, 137.1, 136.2, 134.5, 134.2, 134.1, 134.0, 133.9, 133.8, 130.9,
130.5, 130.1, 129.8, 129.6, 128.9, 128.1, 128.0, 127.7, 125.1, 124.8, 124.7,
124.3, 124.2, 124.09, 124.06, 123.9, 123.8, 123.7 ppm; MS (MALDI): m/z :
calcd for C76H40S19: 1559.78; found: 1559.90.

5-Tribustannyl-2,2’-bithiophene-5’-[D]: A 1.6m solution of BuLi in
hexane (1.3 mL, 2.09 mmol) was added dropwise at �78 8C, under nitro-
gen atmosphere, to a stirred solution of 2,2’-bithiophene-5,5’-[D2]
(388 mg, 2.31 mmol) and TMEDA (0.44 mL, 29 mmol) in THF
(7.76 mL). The reaction mixture was stirred for 3 h at the same tempera-
ture, then tributylstannyl chloride (0.7 mL, 2.62 mmol) was added drop-
wise, keeping the temperature at �78 8C. The temperature was then al-
lowed to reach room temperature and the mixture was stirred overnight.
The solution was evaporated under reduced pressure to yield a brownish
oil which was dissolved with CH2Cl2. The solution was cooled to �40 8C
and decomposed by slowly adding a saturated solution of NH4Cl (2 mL).
The organic phase was washed with water, dried over Na2SO4 and finally
evaporated under reduced pressure. The residue was distilled under
vacuum (3T10�3 Torr) to give 5-tributylstannyl-2,2’-bithiophene-5’-[D]
(93 mg, 88%) with b.p. 170 8C; 1H NMR (300 MHz, CDCl3): d =7.3 (d,
1H, J=3.3 Hz), 7.19 (d, 1H, J=3.6 Hz), 7.08 (d, 1H, J=3.3 Hz), 7.02 (d,
1H, J=3.6 Hz), 1.6 (m, 2H), 1.35 (m, 4H), 0.93 (t, 3H, J=8.3 Hz); MS
(ESI): m/z : 456.3.

3’’,4’’-Dibromo-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-pentathiophene : 5-Tributylstannyl-
2,2’-bithiophene-5’-[D] (1.139 g, 2.5 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.144 g,
0.125 mmol) were added under nitrogen atmosphere to a stirred solution
of tetrabromothiophene (0.5 g, 1.25 mmol) in toluene. The reaction mix-
ture was refluxed for 18 h and filtered through a short silica gel column
to remove the catalyst residue. After elution with toluene an orange frac-

tion was collected and evaporated under reduced pressure. Purification
by flash chromatography (silica gel, hexane) yielded the didromo deriva-
tive as a yellow-orange solid (0.030 mg, 0.053 mmol). 1H NMR
(300 MHz; CDCl3): d = 6.9–7.38 (m, 10H); MS (APCI): m/z : 570.4
(100) [M+].

Bis ACHTUNGTRENNUNG[3’’,4’’-(5,2’-bithiophen-2-yl-5’-[D])]-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-pentathio-
phene {T95[D2]}: 5-Tributylstannyl-2,2’-bithiophene-[D] (47.8 mg,
0.103 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (4 mg, 0.0035 mmol) were added to a stirred
solution of 3’’,4’’-dibromo-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’-pentathiophene (20 mg,
0.035 mmol) in toluene (10 mL) under nitrogen atmosphere. The mixture
was heated under reflux for 18 h and silica gel-filtered through a short
column using toluene to remove the catalyst. The residue was again puri-
fied by chromatography on a silica gel column with hexane/chloroform
7:3 to yield T95[D2] (9 mg, 0.012 mmol, 34%) as a yellow-orange solid.
1H NMR (300 MHz; CDCl3): d =7.18 (brd, 2H, J=5.1 Hz), 7.10 (d, 2H,
J=3.6 Hz), 7.07 (brd, 2H, J=3.6 Hz), 7.06 (d, 2H, J=3.7 Hz), 7.02 (br s,
4H), 6.96 (m, 4H), 6.86 ppm (d, 2H, J=3.7 Hz); HRMS (EI): m/z : calcd
for C36S9D2H18

+ : 741.91748; found 741.91681.

Electrochemistry : The cyclovoltammetric (CV) characterization of the
starting oligomers and of the electrosynthesized polymers was carried out
using an Autolab PGSTAT 30 potentiostat/galvanostat (EcoChemie, The
Netherlands) run by a PC with GPES software, with the ohmic drop
being corrected by means of the positive feedback technique[26] at scan
rates ranging 0.02–10 Vs�1, in methylene chloride (Merck, HPLC grade),
with 0.1m tetrabutylammonium perchlorate TBAP (FLUKA, electro-
chemical grade) as supporting electrolyte, using a glassy carbon GC
(Amel, surface 0.071 cm2) as the working electrode, a platinum counter
electrode, and an aqueous saturated calomel electrode (SCE) as the oper-
ating reference electrode. The data have been subsequently referred to
the Me10Fc

+ jMe10Fc (decamethylferricinium jdecamethylferrocene) ref-
erence redox couple, currently proposed as an improved alternative[27] to
ferrocene, proposed by IUPAC,[28] and whose formal redox potential in
our operative solvent is �0.052 and �0.547 V against our aqueous SCE
reference and against ferrocene, respectively. The cell was thermostated
at 298 K and the solutions were carefully deareated by nitrogen bubbling
before the scans. The optimised polishing procedure for the working GC
electrode consisted of surface treatment with diamond powder (Aldrich,
diameter 1 mm) on a wet cloth (DP-Nap, Struers). The chemical and elec-
trochemical reversibility of each well-defined CV peak were checked by
means of classical tests[29] including analyses of: a) half-peak width
(Ep�Ep/2); b) Ep vs logv characteristics ; c) the distance between the
anodic and cathodic peak potential (Ep,a�Ep,c) ; d) Ip vs v

1/2 characteristics,
and e) the “stationary” step-like waves obtained by means of convolutive
analysis of the original CV characteristics,[30] for the evaluation of the dif-
fusion coefficients, which were also calculated, for reversible systems,
from the slope of the current vs. the square root of the potential scan
rate (from 0.02 to 2 Vs�1).

The polymers were electrosynthesized on GC, cycling the potential (24
cycles) at 0.2 Vs�1 scan rate, in the oxidation region 0.55–1.30 V
(Me10Fc).

Electrochemical Quartz Crystal Microbalance (EQCM) analyses were
performed using the EQCM 5710 (Institute of Physical Chemistry of the
Polish Academy of Science) connected with the Autolab PGSTAT 30 and
run by the EQCM 5710-S2 software, equipped with gold-coated AT-cut
quartz crystal resonators (5 MHz).

In situ conductivities of the polymers were determined using the proce-
dure suggested in the literature,[31] using a two-band platinum electrode,
embedded in glass and two potentiostats (Autolab PGSTAT 30, EcoChe-
mie, The Netherlands; AMEL 2049); poly(3-methylthiophene)
(60 Scm�1[10]) was used as the conductivity standard.

Spectroscopy : For spectroscopic measurements T95, T146 and T197 were
dispersed in a dichloromethane solution at 10�5m concentration, while
ACHTUNGTRENNUNG[T95]m, ACHTUNGTRENNUNG[T146]m and ACHTUNGTRENNUNG[T197]m thin films were electrochemically deposited
on ITO (Indium–Tin Oxide) coated glass (Sigma-Aldrich; surface resis-
tivity: 8–12 W per sq). UV-visible absorption spectra were recorded with
a JASCO V-550 spectrophotometer. Photoluminescence was excited
using a Ti:sapphire (Spectra Physics) femtosecond laser (pulse duration
of 100 fs and repetition rate of 80 MHz), pumped at 532 nm by a solid
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state 10 W CW laser. The fundamental emission of the Ti/sapphire laser
is coupled into a b-barium borate (BBO) crystal for second harmonic
generation before exciting sample photoluminescence at a wavelength of
400 nm. PL spectra were then measured using a Chromex monochroma-
tor with spectral resolution of 2 meV.

LDI spectrometry : Laser desorption-ionization (LDI) mass spectra were
obtained by an ULTRAFLEX II (Bruker Daltonics, Bremen, Germany)
instrument. 1 mL of oligothiophenes solution (5 mgmL�1 in CHCl3) was
deposited on the MALDI plate. After sample drying, the LDI spectra
were acquired with ion source 1 (IS1) set to 25 kV, ion source 2 (IS2) set
to 21.65 kV, lens voltage set to 10.5 kV and with a delay extraction of 0
sec. The laser (N2, 337 nm) energy employed was 81.2 mJ (70% of its
maximum value). Dithranol was used as the matrix for the MALDI spec-
tra.
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