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a b s t r a c t

A new co-oligomer constituted by both a thiophene sequence bearing a 3,4-dialkyl substitution, imparting
processability, and by end-capping fluorenone moieties, has been synthesised. The molecule, potentially
suitable for close-packing aptness, has been characterized by means of combined optical, thermal, struc-
tural, and morphological analyses, showing that, despite the O–H intermolecular interaction favoured
by fluorenone presence, the large steric hindrance specific to the dialkyl 3,4-disubstitution strongly lim-
its the intermolecular interaction. Hence it makes such substitution pattern unsuitable for field effect
1.05.Lg
3.80.Xz
5.30.Tv

eywords:
ubstituted oligomer

transistor application, as it is confirmed by the electrical performances measured on prototype devices.
© 2008 Elsevier B.V. All rights reserved.
iquid crystal
ET

. Introduction

In the topic of field effect transistors based on organic layers
OFET) huge efforts have been made to address peculiar issues of
hese materials, namely electronic level matching with the elec-
rodes, close packing of conjugated units, e.g. �-stacking, crystal
ize in the films, and proper with respect to the substrate orienta-
ions among the others [1–7].

In spite of the up to date quite interesting results attained
3,4,6,7], clear structure–property relationships are still missing in

any cases. In this contribution, we focus on the role of multi-
-alkyl substitution onto conjugated segments, on the mobility of
FET structures. In particular, it has been recently shown that the
,4-disubstitution with alkyl chains at the thiophene ring, though
onvenient because it imparts processability and can prevent the

-dimerization of cation radical [8], is unfavourable to charge

ransport due to intermolecular steric interactions that prevent an
ffective electronic overlap [8].

∗ Corresponding author. Tel.: +39 0223 699371; fax: +39 0270 636400.
E-mail address: w.porzio@ismac.cnr.it (W. Porzio).
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Moreover the role of fluorenone moiety in FET devices has been
studied [9–11], indicating a remarkable close-packing aptness.

Our aim is to explore the possibility to counter balance the effect
of alkyl 3,4-disubstitution, i.e. processability [12,13] and steric hin-
drance, by end-capping the thiophene sequence with fluorenone
moieties, which are known to be able to induce close packing
thanks to oxygen–hydrogen interactions. The molecular structure
of designed oligomer (hereinafter 1) is sketched in Scheme 1.

The paper shows that, even in presence of fluorenone, it is
not possible to reach an efficient molecular stacking favourable to
charge transport.

2. Synthesis and electrochemical characterisation

Molecule 1, i.e. 5,5′′′ ′′-(2-fluorenon-2-yl)-3′,4′,3′′′′,
4′′′′-tetrahexylsexithiophene, was prepared by dimerisation of 5-(2-
fluorenon-2-yl)-3′,4′-dihexyl-2,2′;5′,2′′-terthiophene (hereinafter
2) obtained by Suzuki coupling [9] of 5-(4,4,5,5-tetramethyl-

1,3,2-dioxoborolane-2yl)-3′,4′-dihexyl-2,2′;5′,2′′-terthiophene
with 2-bromofluorenone. The electrochemical synthesis and the
molecular characterization of 1 are reported in Ref. [14]; here we
underlay the cyclovoltammetry experiments carried out on 1 in
order to derive the highest occupied molecular orbital (HOMO)

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:w.porzio@ismac.cnr.it
dx.doi.org/10.1016/j.synthmet.2008.11.017
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Scheme 1. Chemical structure of 1.
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Fig. 1. Output characteristic curves for 1 spin-cast from

evel that is fundamental to determine its matching with gold
lectrode work-function.

The cyclic voltammogram (CV) of 1 shows two reversible oxi-
ation processes, centered at E0 = 0.22 V and 0.52 V, followed by
further flat oxidative process with capacitive properties starting

rom ca. 0.9 V (see supplementary material). As for sexithiophenes

he first two peaks correspond to an overall two electron oxida-
ion; this suggestion has been confirmed by EQCM analysis relating
harge and dry mass. The related reduction occurred at E0=−1.70 V.
he calculated Eg and HOMO values, using the method described
n Ref. [15], are close to 1.92 eV and 4.94 eV respectively. There-

Fig. 2. AFM height images of OFET device bas
oform solution (left), and extracted parameters (right).

fore no significant injection barriers in our OFET structure which
employ platinum (work function 5.65 eV) source and drain contacts
are expected.

2.1. FET measurements
Attempts to deposit molecule 1 by thermal evaporation were
unsuccessful because decomposition occurred before film growth
could start. Therefore we reverted to deposition from solution.
When spin-coated from tetrachloroethane (TCE), 1 has a mobility
of about (1–5) × 10−6 cm2/(V s) and on/off ratio in the range of a

ed on 1 molecule spin-cast from CHCl3.
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ig. 3. XRD patterns of thin films of molecule 1 obtained in different conditions, the
pectra are limited to significant region.

ew tens. Better results in terms of mobility are obtained by cast-
ng from TCE ((1–7) × 10−5 cm2/(V s)), but with on/off ratio below
en. When spin-coated from chloroform solution, 1 gives an aver-
ge mobility of about 10−5 cm2/(V s) with on/off ratio between 103

nd 105 (Fig. 1); efforts to enhance the mobility by annealing were
nsuccessful leading to a reduction of the mobility by a factor of 2.

To investigate the origin of the relatively poor performance of the
olecule, the morphology of the film was investigated by means of
FM. In Fig. 2 the height images at different magnification levels
n a 3 �m long channel length, in a device prepared by CHCl3 spin
oating, are reported.

The ultimate morphological units (globular-like) do not exceed
0 nm, while the domain coherence length (interlayer spacing) in
lms cast from TCE solution, as derived from XRD profile anal-

sis [16], reaches approximately 25 nm (see below). Therefore,
alancing between incomplete coverage in cast films and more
omogeneous, but less crystalline spin-coated films, it is unlikely
hat morphology, at least in terms of substrate coverage in spin-

ig. 4. Normalized absorption and PL spectra of solution (solid line) and cast-film
dotted line).
Fig. 5. DSC traces of molecule I powders under dry N2.

coated films, is the leading factor in limiting the mobility. In fact,
although the domain size as derived from film XRD patterns are dif-
ferent according to preparation conditions, as shown in Fig. 3, other
thiophene-based oligomers display larger mobility values, in spite
of the reduced domain size [17]. In this view, the optical, thermal,
and structural analyses are carried on attempting to rationalize the
mobility behaviour of molecule 1.

2.2. Optical characterisation

In Fig. 4 the absorption and photoluminescence spectra of both
solutions and cast films are presented. From the absorption edge
(of solid-state) an Eg value near to 2.05 eV is derived in reasonable

agreement with the electrochemically derived one.

No evidence of H-aggregate formation in solid-state [18] is
obtained by optical characterization; this observation suggests that
a real close-packed organization is prevented, i.e. the �-stacking of
conjugated segments is somewhat weaken, as already observed in

Fig. 6. Diffraction pattern of the powder as well as a specular scan of a thin film
sample. The background of the glass substrate of the thin film is drawn by a thin full
line, the intensity scales for the powder and the thin film diffraction pattern are on
the left or right side, respectively.
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Fig. 7. Schematic picture of the orientation and of the molecules r

isubstituted oligomers [8]. Nevertheless, the aggregation reached
s enough to quench almost completely the luminescence, in fact
he photoluminescence quantum yield, measured with integrated
phere, does not exceed 1% for film spin-cast either from CHCl3 or
CE.

.3. Thermal characterisations

Differential scanning calorimetry (DSC) analysis was performed
nto crystalline powders under dry nitrogen in Fig. 5 the result-
ng traces are reported. In the first heating scan an endothermic
eak appears centred at 172 ◦C (�H = 23.1 J/g) attributable to
hase transition from 3D to nematic arrangement, see below the
RD characterisation. No other peaks are detected up to 300 ◦C,

he cooling trace reveals an exothermic peak centred at 125 ◦C
�H = 19.1 J/g) attributable to incomplete crystallisation into 3D
hase. A further heating scan confirms the solid–solid transition
reviously observed, centred at 175 ◦C (�H = 20.9 J/g). It should be
entioned that in several cases molecular crystals show evident

hase transition with large enthalpies while the melting event is
ither hardly observable or undetected; indeed the transition from
ematic to liquid phase implies small energy [19]. The observations

n polarized microscopy in the temperature range 25–300 ◦C is fully
n agreement with DSC findings. Thermogravimetric analysis car-
ied out under dry N2 reveals a substantial stability over 360 ◦C
weight loss < 3%).

.4. XRD characterisation and modelling

The X-ray diffraction pattern of the powder sample is depicted
n Fig. 6. A dominant diffraction peak occurs at q = 0.33 Å−1; in
ddition, an amorphous halo is present at around q = 1.5 Å−1 and
peak is observed at 1.8 Å−1, which will be discussed later. The fact

hat diffraction peaks as well as an amorphous halo are present
eveals the semicrystalline nature of the material in the as-prepared
tate. In the thin film sample, prepared either by spin-coating or
y casting from low-boiling point solvents, the powder peaks are
nobserved, whereas a single peak appears at q = 0.42 Å−1. The shift
f the first strong diffraction peak from q = 0.33 Å−1 observed in
he powder sample to q = 0.42 Å−1 in the thin film reveals that a
olymorph phase is present within the thin film. The preferred
rientation of the ordered state in the thin film was determined
y  -scans at fixed q = 0.42 Å−1, which show a width of 20◦ ± 5◦.
he presence of a finite rocking width at q = 0.42 Å−1 means that
lanes with a repeating distance of 15.0 Å are arranged parallel with
espect to the substrate. The conjugated backbone of the molecule
as a van der Waals length of 42 Å which is quite different from the
bserved interplanar distance of 15.0 Å: this difference shows that
he backbones of the molecules cannot be oriented in a perpen-
icular manner to the surface of the substrate, as it is common for

od-like or �-alkyl substituted molecules [19–21], and �–� hexyl-
ubstituted thiophene-based molecules [22]. On the contrary, the
bserved distance of 15.0 Å suggests that the long molecular axes
re aligned parallel to the substrate. It has to be clarified whether 1
dopts a face-on or an edge-on configuration. The former situation
e to the substrate surface is a side view (a) and in a front view (b).

should reveal the characteristic distance for stacking of aromatic
units, but this would be around 3.5 Å, as it is suggested by the
powder pattern which shows a strong diffraction peak at q = 1.8 Å−1

(d = 3.5 Å), although relatively broad.
As the observed distance is 15.0 Å, the face-on configuration is

ruled out and we conclude that the long molecular axes are aligned
edge-on with respect to the substrate surface, as it is observed for
conjugated oligomers [23] and polymers with analogous hexylic
side-chains, namely poly(3-hexylthiophene) [24,25]. Fig. 7 gives a
schematic drawing of the arrangement of the molecules relative to
the substrate surface. The conjugated backbones of the molecules
are aligned parallel to the substrate surface (Fig. 7a) and the back-
bones pack parallel to each other (Fig. 7b). Spin-coated films used
for prototypes of FET device, gave XRD pattern similar to that
shown in Fig. 5, i.e. only one relatively broad peak, indicating the
nematic arrangement achieved by the molecule. These observa-
tions leads us to conclude that the close-packing potentially induced
by C O residue is hindered by the individual conformations of
the molecular backbones: due to the 3-4-hexyl disubstitution at
the thiophene ring, the flexible side chains suffer from a mutual
steric hindrance and hence fill the open space in a disordered
way.

3. Conclusions

A new conjugated oligomer, thought to impart to a thiophene
sequence with alkyl 3,4-disubstitution a potential close-packed
arrangement thanks to end-capping with fluorenone moieties,
has been extensively studied. XRD analyses shows that the
molecule adopts an edge-on configuration, similar to poly(3-
hexylthiophene)one, and that, notwithstanding the presence of
fluorenone moieties, the potential close packing of conjugated
sequences (�-stacking) is partially hampered by intermolecular
steric interactions due to alkyl 3,4-disubstitution of thiophene rings
[8]. This is in agreement with optical characterizations, indicating
luminescence quenching, i.e. aggregation, but exciton interaction
lacking. These analyses fully account for the performances in OFET
structures, namely the relatively low mobility in the range of few
10−5 cm2/(V s) and an Ion/Ioff ratio of 102. In conclusion, the 3,4-
disubstitution pattern proves to be unfavourable to close packing
arrangement and hence unsuitable for OFET application of organic
molecules.

4. Experimental

Thin films of molecule 1 were prepared by spin-coating of TCE
solution (10 mg/cm3) or chloroform solution at (8 mg/cm3), spun
at 1500 rpm, and by casting from TCE solution (10 mg/cm3). The
thermal treatment was performed at 140 ◦C for 15 min in vacuum
at 10−7 mbar, followed by slow cooling down to 30 ◦C.
Electrochemical experiments were performed at room tem-
perature under nitrogen in three electrode cells. The counter
electrode was platinum; reference electrode was a silver/0.1 M
silver perchlorate in reagent grade (Uvasol, Merck) acetonitrile
with a water content ≤0.01% (0.34 V vs. Standard Calomelan Elec-
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rode); the working electrode was a platinum minidisc electrode
0.003 cm2); the supporting electrolyte was tetrabutylammo-
ium perchlorate and was previously dried under vacuum at
0 ◦C.

The cyclic voltammogram of 2 was performed in 1:1
cetonitrile/CH2Cl2 + 0.1 M Bu4NClO4, as the molecule is scarcely
oluble in acetonitrile alone. Bulk dimer has been produced by
xhaustive electrolysis (1.5 F mol−1) at 0.7 V of 23 mg of 2 in 25 ml
:1 acetonitrile/CH2Cl2 + 0.1 M Bu4NClO4. The resulting green sus-
ension of the radical cation form has been reduced with hydrazine
o a red-orange precipitate which was filtered off, washed with
cetonitrile and dried.

X-ray diffraction was performed with a Philips X’Pert system
quipped with an ATC3 texture cradle serving an Eulerian geometry.

Bragg–Brentano focussing geometry was employed in combi-
ation with a graphite monochromator on the secondary side;
r K� radiation was used. The diffraction pattern of the powder
s well as the specular scan of the thin film samples was per-
ormed by �/2�-scans. The powder was used in the as prepared
tate and prepared on inclined cutted silicon crystals to get low
xperimental background. The mosaicity of the thin films were
etermined by  -scans with  as the tilt angle of the scattering
ector out of the coplanar direction of the primary and the scat-
ered beam. AFM investigations were performed using a NT-MDT
TEGRA apparatus in tapping mode. FET devices have been realized

n bottom contact configuration, with platinum source and drain
ontacts defining channel lengths of 3, 6, and 12 �m, lithographed
nto a 1300 Å thick SiO2 acting as the gate dielectric. SiO2
as functionalized with dimethyldichlorosilane prior to molecule
eposition.

Measurements have been performed at about 10−5 mbar. TFT
arameters have been extracted from the saturation region (gate to
ource voltage −30 V, drain to source voltage −30 V).
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.synthmet.2008.11.017.
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