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Abstract: Newly synthesized sexithiophenes, di- and tetramethylated gt plositions, are shown to be soluble

and processable compounds, giving single crystals suitable for X-ray structure determination. The molecular
packing was characterized in terms of crystal cohesion and shek-C€S and C-H---xr intermolecular
distances. In particular, the dimethylated sexithiophene displayed very compressed molecular packing and a
thin film field effect transistor, fabricated with this material, was characterized by high charge mobility [2

102 cn?/(V s)]. The tetramethylated compound crystallizes at room temperature in two different systems and
with different conformations. The conformational polymorphs, which are easily interconverted at room
temperature, are characterized by different wavelengths of light emission and excitation decay rates.

The study of the electrical and optical properties of conjugated The richness of thiophene chemistry and the chemical stability
organic oligomers and polymers has emerged in the last yearsof thiophene derivatives have made thiophene-based materials

as an important branch of the science of new mateti@lae

one of the most promising families for application in electronics

of the most attractive aspects of organic materials is the easy,and photonics.

fine, and, in the end, low-cost tuning of the properties through
the synthesis of families of variously functionalized compounds.
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Oligothiophenes are recognized as being among the best
candidates for application in large-area thin film field effect
transistors (TFTs}2 Unsubstituted sexithiophene (T6), a p-type
(hole transporting) semiconductor material, may reach charge
mobility values on the order of that of amorphous silicon and
achieve high current on/off ratids!3a.c4vhich are prerequisites
for application in all-plastic, flexible devices. It has been
demonstrated that the high charge mobility of T6 is due to the
great molecular ordering achieved in the solid stafecently,
it has been reported that the photoluminescence properties of
T6 are also dependent on the crystalline structliténfortu-
nately, unsubstituted sexithiophene is scarcely soluble and this
has prompted investigation on shorter homologt€s’ or
sexithiophene analogué%™® which are processable. Process-
ability is indeed a key issue for liquid-phase fabrication of low-
cost devices.
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Functionalization increases the solubility of sexithiophene but a
may subvert the solid-state molecular ordering preferences
required for achieving high charge mobilities. The question of .2 /_j’éf
how to make oligothiophenes soluble and processable through
the introduction of substituents into the conjugated backbone, A A
while maintaining their ability to self-organize in the solid state s1a
with a great structural order is still open. The problem is related
to the more general question of how to design molecules capable
of self-organizing in the desired supramolecular array in the
solid staté and displaying the desired electrical and optical
properties.

In the lack of well-established a priori criteria, the most
straightforward way to obtain information on the supramolecular
organization of oligothiophenes in the solid state is to determine
their single-crystal X-ray structure. The single-crystal represents
the upper limit of achievable purity and molecular organization
of the material. Dissecting the elements governing the crystal
packing gives information about the forces presiding over the
organization of the same molecules in the thin films used for
fabricating the devices. Governing these forces and understand-
ing the relationship between the type of supramolecular
organization and the electrical and optical properties of the film,
are necessary steps to bridge the gap from the design and the
synthesis of molecules to their use in electrical and optical b c
devices. However, oligothiophenes are difficult to crystallize
and despite the great improvements over the past few years,
only a few single-crystal X-ray structures of the longer olig-
othiophenes have been published so #&#b-7

We report here a study on two newly synthesized soluble
and processablg-methyl substituted sexithiophen&sand 2,
which give single crystals suitable for X-ray structure determi-

nation. a
W‘i\gy& f{i@ o é ? w
/ \ / \ / \ / \ / \ / \ Figure 1. (a) Molecular structure and (b) crystal packing=<8-:-S
S S S S S S

intermolecular interactions in black;-€H---sr in white) of sexithiophene
1 1

Table 2 reports the total packing potential energies (ppe), the
! NN N N NN packing coefficients (pc) and the molecular volumégsy) of
S S S S S S 1 and2, together with the corresponding values for the Rw-
2 and high3® temperature forms of unsubstituted sexithiophene
(named hereafteF6LT andT6HT, respectively) for compari-
The packing characteristics bsuggested the utility of testing ~ son.
its electrical properties, and this was done through the fabrication =~ The thiophene rings df, 2T, and2M are fully planar, within
of a thin film field effect transistor. Sexithiophen2 was the accuracy of atomic positions, as commonly found in
characterized by conformational polymorphism. Data on the oligothiophenes and the corresponding bond distances and
photoluminescence properties of the two polymorphs are angles compare well with those reported for oligothiophenes

reported. of known structure237.8 The X-ray structure ofl is built up
on one crystallographically independent molecule, whereas the
Results asymmetric unit o2T and2M contains one-half molecule.
. Single-Crystal X-ray Structure Determinations. Figure Sexithiophend. exists in theall-anti conformation. Only the

1 shows the ORTEP drawing and the molecular packing of first two rings (A and B in Figure la) are coplanar. The
sexithiophenel. Sexithiophene gives rise to conformational ~ molecules ofl stack along the shortest cell axis roughly
polymorphism, resulting in a monoclini@i) and a triclinic parallel to theac plane, and short €H---S and C-H---x
(2T) form. The ORTEP drawings and the molecular packing intermolecular interactions are present between these stacking
of 2M and2T are given in Figures 2 and 3, respectively, while molecules (Figure 1b). The-€H::-S short distances are 2.90
the most relevant structural featureslpPM, and2T are given and 2.92 A, while in the €H-+-x type of interaction, which
in Table 1. The nomenclature used in the drawings is related toinvolves the methyl hydrogens of one molecule and the
molecular symmetry and does not correspond to the IUPAC z-electron cloud of the neighboring thiophene, a contact of 2.59
nomenclature used in the Experimental Section. A'is found.

(6) (a) Desiraju, G. RAngew. Chem.. Int. Ed. Engl995 34, 2311 In both2M and2T the outer rings are in thanti orientation,

2327. (b) DesirajuG. R. The Crystal as a Supramolecular Entityohn whereas the inn?r fings are exacmlgns COpl?‘narl due to the
Wiley & Sons: Chichester, 1997. presence of the inversion center (FigureZ).is characterized
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Table 1. Summary of Relevant Structural Features of
Sexithiophenes 1, 2M, and 2T

1 2M 2Ta
Caa®
conr crystal system monoclinic monoclinic _triclinic
space group P2:/n C2lc P1
asymmetric unit 1 Yp 4P
star contents (molecules)
calculated density (mg/n 1.474 1.417 1.459
mean G-S distance (A) 1.697(6) 1.705(5)  1.699(4)
in outer rings
mean G-S distance (A) 1.730(5) 1.732(3)  1.728(3)
in inner rings
mean C-C inter-ring 1.459(7) 1.460(5) 1.455(4)

distance (A)
S—C—C—Storsion angles (E) 180.0(3) 159.3(2) 162.3(2)
between adjacent rings 155.0(3) 52.2(3) 153.3(1)
154.1(3) 180 180
174.4(3) —52.2(3 —153.3(1}
—163.4(3) —159.3(2y —162.3(2%

a For this compound, affected by rotational disorder involving the
outer rings, only the values relative to the prevailengi orientation
were reported® Due to the presence of the molecular center of
symmetry.© Starting from A-labeled ones in Figures-3.

Table 2. Packing Potential Energies (ppe, kcal mp| Packing
Coefficients (pc) and Molecular Volume¥ o) of 1, 2M, and 2T
and of the HigR® and Low® Temperature Forms of Unsubstituted
Sexithiophene, T6HT and T6LT

compound ppe pc Vinol, A3

Figure 2. Molecular structure and stereoview of the crystal packing 1 —119.7 0.72 422
of the monoclinic form of sexithiopher (2M). 2M —-114.1 0.70 455
272 -127.9 0.73 455

TEHT —120.6 0.73 390

T6LT —116.5 0.74 389

aValues relative to the prevailing conformation with the outer rings
in the anti arrangement.

The polymorphism arises from two completely different
orientations of the methyl-substituted rings, which display a
strongly twistedsynconformation in2M, and a less tilteénti
conformation in2T. To our knowledge, the only other case of
conformationalpolymorphism reported for oligothiophenes is
that of 3,3,4",3"'-tetrakis(methylsulfanyl)-2;21',2":1",2""-qua-
terthiophene (TMSQ), in which the SGigroups are in the same
regiochemical arrangement as the {3jfoups of the four inner
rings of 1.8¢f The polymorphism observed f@ is strictly of
the same type as that of TMS®! It is also remarkable that
the conformation and the geometry of the substituted fragment
of 2M is exactly the same as that of the tetramethyl-substituted
quaterthiophene with the same regiochemistry of substitétion.
This is even more remarkable if one considers that ghe
arrangement between thiophene rings is uncommon in oligo-
thienyls2d.3b.7.8

v The molecular packing 02M (Figure 2) is such that the
Figure 3. Molecular structure and stereoview of the crystal packing molecules stack along the axis and their more coplanar
of the triclinic form of sexithiophen& (2T). moieties roughly face, two at time, the corresponding subunits
of symmetry related molecules. The molecular packin@ bf
(Figure 3) may be labeled as a “sandwich” type, due to its
triclinic unit cell. The molecules approximately face each other
in the ac plane, but with a half molecule shift along tle
direction. In both polymorphs short-€H---S intermolecular
interactions are found.

by statistical disorder involving the terminal thiophene rings,
and arising from a 180rotation around their inter-ring €C
bond (see Experimental Section). The type of rotational disorder,
which leads tasyn conformation, and the extent of statistical
disorder (79% for the prevailingnti conformation) are the same
as that already observed in several oligothiophenes of different
lengths2d:3b.7.8 (8) (a) Hotta, S.; Waragai, K. Mater. Chem1991, 1, 831. (b) Visser,
G. J.; Heeres, J.; Wolters, J.; Vos, Acta Crystallogr., Sect. B968 B24,

(7) () Herrema, J. K.; Wildeman, J.; van Bolhuis, F.; Hadziioannou, G. 467. (c) Chaloner, P. A.; Gunatunga, S. R.; Hitchcock, Rl.Ehem. Soc.,
Synth. Met1993 60, 239. (b) Liao, J. H.; Benz, M.; LeGoff, E.; Kanatzidis,  Perkin Trans. 21997 1197. (d) Barbarella, G.; Zambianchi, M.; Bongini,
G. Adv. Mater.1994 6, 135. (c) Fichou, D.; Bachet, B.; Demanze, F.; Billy,  A.; Antolini, L. Adv. Mater. 1993 1, 834. (e) Barbarella, G.; Zambianchi,
I.; Horowitz, G.; Garnier, FAdv. Mater. 1996 8, 500. (d) Yassar, A; M.; Di Toro, R.; Colonna, M.; Antolini, L.; Bongini, AAdv. Mater. 1996
Garnier, F.; Deloffre, F.; Horowitz, G.; Ricard, |Adv. Mater. 1994 6, 8, 327. (f) Barbarella, G.; Zambianchi, M.; del Fresno | Marimon, M.;
660. Antolini, L.; Bongini, A. Adv. Mater. 1997, 9, 484.
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Figure 4. Source-drain current vs voltagdd vs Vps) characteristics
for different gate voltages of the thin film field effect transistor
fabricated with sexithiophenk The film was vacuum deposited on a

substrate al = 80 °C. The scheme of the device used (“top”-contact
geometry) is also given.

—350

Finally, we observed that crystallization always afforded a
mixture of the yellow (monoclinic) and orange (triclinic) crystals
of 2. 2M was always formed in greater quantities tt2an 2M
and 2T were easily interconverted at room temperature by
changing the solvent, but a detailed study of this phenomenon
was beyond the purposes of this study.

The comparison of packing coefficients and energies for all
the structures considered in Table 2 gives some insight on the
crystal efficiency of these compounds. A more planar conforma-
tion of sexithiophenes is associated with higher crystalline
density, e.g., comparing the pc values &4 and2T (0.70 vs
0.73). The crystal cohesion df is very close to that of the
unsubstituted sexithiophene (boff6LT and T6HT). The
calculated ppe difference between the two polymorph3ef
(4.1 kcal mot?) is smaller than that betwee@M and2T (13.8
kcal mol1), given the different nature of the polymorphism
present. However, both ppe differences are still in the range
found by Gavezzotti et al. for polymorphic organic crystals at
room conditions.

II. Electrical Characteristics of the Thin Film Field Effect
Transistors Fabricated with Sexithiophene 1The quasi planar
conformation and the compressed molecular packing afe
favorable conditions for obtaining highly ordered thin films and
elevated electrical charge carrier mobilities.

Itis well-known that high mobility values in semiconducting
oligomer devices are obtained by careful control of the deposi-
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Figure 5. Continuous wave photoluminescence (PL) and photolumi-
nescence excitation (PLE) spectra of the monocliaM (bottom) and
triclinic (2T, top) forms of sexithiophen@. The insets show the
temporal evolution of the PL peaks at 535 nm (2.32 eV)Jbt and

at 566 nm (2.19 eV) foRT.

length and width, respectivelfo, the oxide capacitanc¥®/,

the gate voltage; and, the treshold voltage. A similar result
was obtained by calculating the mobility in the linear regime,
from the relationshipuiin = (9inL)/(WCoxVsd), Wheregi, is the
transconductance in the linear regime afgthe souce-drain
voltage.

The mobilities of TFTs fabricated with the substrate kept at
room temperature were of the order#@n?/(V s), whereas,
atT = 60 °C, the mobilities were of the order 1®cn?/(V s).

At T > 80°C the films presented extended cracks, with loss of
continuity and showed no transistor effect, probably due to a
crystalline rearrangement and/or to differential thermal stresses.
A detailed study of the TFTs of fabricated with different
geometries will be reported elsewhere.

It is worth noticing that TFTs fabricated with gave much
lower mobility values than those fabricated with probably
due to the presence of both polymorphs in the film.

IIl. Optical Properties of the Conformational Polymorphs
2M and 2T. Different packing modalities bring about profound
differences in the optical properties of compouihd he optical
studies were performed on single crystals2dd and 2T by
continuous wave luminescence (PL), time-resolved lumines-
cence (TR-PL), and photoluminescence excitation (PLE). All
spectra are reported in Figure 5.

Comparison of the PLE spectra shows that the HGMO
LUMO energy gap of2M is higher (and the corresponding
wavelength blue shifted) by about 210 meV with respect to that
of 2T. On the basis of what is known for methylated
quaterthiophene®¥? this difference is attributed to the more
distorted conformation of the molecules constituting the mono-
clinic crystal. In the PL spectra, the wavelength blue shift is

tion procedures (substrate temperature and evaporation rate)f€duced to about 130 meV, pointing out a more similar

to get a high short-range order, with the molecules arrange

parallel to each other, as well as an elevated long-range order

for reducing traps of charges such as the grain bound#ries.
TFTs fabricated by evaporatirfigat a rate of 0.1 nm/s with

a substrate temperature of 8D demonstrated a charge mobility,

u =2 x 1072 cn?/(V s) (Figure 4). This value was calculated

in the usual wayP from the saturation regime by the relation-

ship: usat=(2lps L)/WCox(Vs — Vin)%, Wherelpsis the source

drain current in the saturation regimeandW are the channel

(9) Gavezzotti, A.; Filippini, GJ. Am. Chem. Sod.995 117, 12299.

d molecular conformation &M and2T in the excited state. The

trend is the same as that observed for the single crystals of the
‘conformational polymorphs of TMS&® Owing to the meso-
meric effect of the methylsulfanyl groups, the values of the
emission wavelengths in TMSQ are greater than thosg. of
However, as observed f@&M and 2T, the wavelength of the
light emission of the monoclinic crystal of TMSQ, with a more

(10) (a) Gigli, G.; Rinaldi, R.; Lomascolo, M.; Cingolani, R.; Barbarella,
G.; Zambianchi, M.Appl. Phys. Lett.1998, 72, 1013. (b) Gigli, G;
Lomascolo, M.; Cingolani, R.; Barbarella, G.; Zambianchi, M.; Antolini,
L.; Dellasala, F.; Dicarlo, A.; Lugli, PAppl. Phys. Lett1998 73, 2414.
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distorted molecular conformation, is blue-shifted with respect throughg-methylation, there is a more fundamental aspect of
to that of the triclinic counterpart. the results reported here that in our opinion, deserves some
The inset of Figure 5 shows the temporal evolution of the attention. Indeed, our data indicate that the conformation and
PL peaks at 566 nm (2.19 eV) f@T and at 535 nm (2.32 eV)  the geometry of substituted oligothiophenes are predictable on
for 2M. A quasi monoexponential decay with time constant of the basis of the number gfsubstituents and the regiochemistry
295 ps and a nonexponential decay with a fast component havingof substitution. This follows from examination of the behavior
a time constant of about 120 ps are found for the triclinic crystal of sexithiophene&, which has two head-to-head junctions and
and monoclinic crystals, respectively. The measurements takendisplays conformational polymorphism.
when varying the temperature from= 300 Kto T = 20 K The backbone conformation and the geometry of the frag-
(not reported) show no dependence on temperature of the decaynents made by the four inner methylated ring2M and2T
time of the monoclinic form, whereas in the triclinic form, an are the same as those of TM3¢J,in which thes-methylsul-
increment of the decay time of 380 ps was revealed. This canfanyl (S-CHs) groups have the same substitution pattern as
be explained by considering the statistical disorder present inthe methyl groups i2. The similarity of the behavior d and
the triclinic form, which makes the structure less rigid and TMSQ can hardly be considered fortuitous. It indicates that the
capable of vibrating. As the temperature increases, this structuralgreat flexibility of oligothiophenesthe concept of “flexibility”
feature determines an increment of the scattering processedeing defined by low rotation barriers around the carboarbon
between electronic and vibrational excitations and a consequentbonds and easily deformable bond length and afgtesn be
reduction of PL decay time. governed and that a key to this governability is the regiochem-
istry of substitution. Apparently, the regiochemistry of substitu-
tion is even more important than the nature of the substituents
Our data shows that appropriag-methylation makes  themselves. It is also worth noting that the backbone conforma-
sexithiophene soluble and processable while maintaining its tion and the geometry of the inner methylated fragmergf
good electrical properties. The high charge mobilitys 202 are the same as those of the corresponding tetramethylated
cn¥/(V s) measured with the TFT-fabricated with sexithiophene quaterthiophene with two head-to-head junctidhdp an
1is comparable to that obtained for sexithiophene in thin fitins. astonishing degree of precision. This suggests that four thienyl
However, contrary to unsubstituted sexithiophénie soluble rings bearing3-methyl groups organized according to a given
in organic solvents, is easy to purify by silica gel chromatog- substitution pattern do define a structural motif containing all
raphy up to the grade required for electronic applications, and the “...chemical and geometrical recognition feature&..”
crystallizes from solution at ambient temperature. At the present required for obtaining a given solid-state conformation imposed
state of knowledgé? organic molecular materials with so many by given molecular packing characteristics.
favorable characteristics are scarce, thus studies aimed at Qur assumptions about the predictability of the properties of
optimizing TFT devices based drappear to be worth the effort.  oligothiophenes on the basis of the substitution pattern are
The achievement of a high charge mobility implies that a stressed by the trend observed for the photoluminescence spectra
great molecular ordering is reached in the evaporated thin films of the single crystals c2M and2T, a trend which is the same
of 1.2¢¢ Given the single-crystal characteristics, one of the as that shown by the conformational polymorphs of TMSQ. In
reasons for the good performance of the TFT basetisirould TMSQ, the frequency of light emission of the two polymorphs
be found in the close packing achieved by this oligothiophene depends on their solid-state conformati8has observed in
despite the presence of one head-to-head junction in thegeneral for polycrystalline methylated quaterthiophéfigghe
molecular structure. According to the data reported in Table 2, monoclinic crystals of TMSQ with the more distorted molecular
compoundL is characterized by a packing energy and a packing conformation emit light at a lower wavelength and the light
coefficient near those of T6. Probably, the great polarizability emission decays with a greater rate than in the triclinic crystals,
of the sulfur atom-which makes the geometry of thiophene characterized by a more planar molecular conformaiian.
rings easily deformabfé—allows the small methyl groups df Figure 5 shows that als@M and 2T have different light
to be accommodated in the thin film without dramatically emission wavelengths, with that of the former being smaller
disturbing the self-alignment intermolecular forces which are than that of the latter by an amount comparable to the difference
responsible for the high structural order observed in the thin observed for the conformational polymorphs of TQMS. More-
films of T6.2¢ As a consequence, also in the thin filmslothe over, the decay rate of the light emission2M! is greater than
close proximity of nearly parallel molecular layers should lead that of2T, again as in TQMS. Clearly, the trend of variation of
to easy interchain hopping of electrical charges and allow the photoluminescence properties2 and2T is dictated by
achieving a high charge mobility. More detailed studies of the the conformation of the inner methylated fragment.

Discussion

supramolecular organization dfin thin film will allow this In conclusion, our data shows that the conformation and the
point to be elucidated and will contribute to defining the best supramolecular organization of sexithiophenes in the solid state
conditions for the optimization of TFTs based dn are governed by the number and the substitution pattern of the
Itis worth noting that the only othgf-alkylated sexithiophene  methyl groups attached in tifepositions. ThusB-methylation
whose electrical properties have been studied in detgf,3'- appears to be a way to orient in the desired direction the

dihexylsexithiophenedisplayed a charge mobility below the  electrical and optical properties of thiophene oligomers, which

detection limits, while thex,»-dihexyl regioisomer displayed  are strictly related to the packing of molecules in thin films or

greater charge mobility than unsubstituted sexithiophene, owing single crystals.

to a large increase in molecular organization brought about by

alkyl—alkyl recognition phenomer?&.Since these results were  Experimental Section

reported,ﬁ-functiona!izqtion has no Ionger.be.en considgred a Synthesis of Materials.Sexithiophened and?2 were obtained by

useful means for designing processable sexithiophenes with goodne ¢ross coupling of the appropriate bromothienyls and thienylstannanes

electrical properties. in the presence of Pd(0) catalysts (Stille reacfipraccording to the
Beyond the demonstration that it is possible to obtain modalities already describédl All chemicals were purchased from

processable sexithiophenes with good electrical characteristicsAldrich.
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4" 3"-Dimethyl-2,2:5',2":5",2":5" 2"":5"" 2""-sexithiophene 1. were refined through full-matrix least-squares calculations based on
A. To a solution of 1.5 g (4.19 mmol) of' 8'-dimethyl-2,2:5',2"": F? (SHEXL93) for all unique reflection¥:*>
5",2""-quaterthiopherl§ DMQ) in 30 mL of CHCE/CH;COOH 1:1 viv Compound 1: CyeHisSs; orange yellow, air stable crystals. The one

was added 1.66 g (9.32 mmol) btbromosuccinimide stepwise. The  selected had approximate dimensions 0:28.15. x 0.15 mm. Unit
mixture was refluxed fol h and quenched with water; the organic  cell dimensions were obtained from least-squares fit to the setting angles
phase separated, washed first with a saturated solution of KOH and of 35 automatically centered reflections in the1i7° 6 range. Crystals
then with brine, evaporated, and chromatographed on silica gel usingare monoclinic, space grolg2:/n, with a = 12.203(1),b = 7.552(1),
hexane/methylene chloride 95:5 v/v as the eluent. A total of 1.75 g ¢ = 25.833(3) A3 = 98.34(1}, andV = 2355.5(6) R. ForZ = 4,

(81% vyield) of 5,5'-dibromo-4,3"-dimethyl-2,2:5',2":5",2""-quater- the calculated density is 1.475 mgim total of 5453 reflections were
thiophene (DMQBr) was obtained as an orange solid, mp-22Z>C. collected in the 1.7625.0° 6 range at a power source of 52 kV and
MS (70 eV, El): me 516 (M*). *H NMR (CDCl;, ppm/TMS): 6.96 120 mA. No decay or absorption correction was appligd=(0.595
(Jas = 3.8, 2H), 6.94 (s, 2H), 6.89s = 3.8, 2H), 2.19 (s, 6H)*C mm-1).The intensities were averaged to 4090 unique d&ta=t 0.034),

NMR (CDCls, ppm/TMS): 138.6, 137.5, 135.7, 130.6, 128.3, 127.0, of which 2497 havd = 20(l). All non-hydrogen atoms were refined
123.6, 111.0, 15.0B. AsPh; (110 mg, 0.36 mmol) was added to 46  anisotropically, and H atoms were constrained to ride in calculated
mg (0.04 mmol) of Pgilba in 10 mL of toluene, and the mixture positions on atoms to which they are bonded, with thermal parameters
refluxed for 10 min. Then 1.55 g (3.0 mmol) of DMQBFr dissolved in ~ set 1.2 times the equivalent isotropic parameters of the bonded atoms.
100 mL of toluene was added, and the solution was warmed again to Least-squares refinement of 295 parameters led to ffnahd wR2
reflux. Afterward 2 mL (6.31 mmol) of commercial 2-tributylstan-  values of 0.0629 and 0.1676 for reflections with 20(1), and of 0.1143
nylthiophene was added. The mixture was stirred at reflux for 24 h and 0.2011, respectively, for all reflections. The weighting scheme used
and evaporated, and the residue was chromatographed on silica gethroughout wasv = 1/[0*(F¢?) + (0.090(P)? + 3.2998], whereP =

using hexane/methylene chloride 80:20 v/v. A total of 0.70 g (45% (Fo® + 2F?)/3, and the final goodness-of-fit oR? was 1.032. The
yield) of sexithiophenel was obtained as a brown microcrystalline largest peak and hole differences were 0.441 ar@i542 e &,
powder, mp 163164°C. MS (70 eV, El): mVe 522 (M**). Amax (CHCl) respectively.

=388 nm."H NMR (CDCls, ppm/TMS): 6 7.22 (q,3un = 5.0, 3Jun Compound 2M: CygH»:Ss; yellow green, air stable crystals. The

= 1.0, 2H), 7.18 (¢3Jun = 3.5,%Iun = 1.0, 2H), 7.07 Jas = 3.8, 2H), one selected had approximate dimensions & 3525.x0.20 mm. Unit

7.025 (q,3Jun = 5.0,3%34y = 3.5, 2H), 7.02 (s, 2H), 2.22 (s, 6FAC cell dimensions were derived from least-squares fit to the setting angles

NMR (CDCls, ppm/TMS): 6 137.5, 137.1, 136.4, 136.3, 136.0, 128.2, of 40 automatically centered reflections in the B° 6 range. Crystals

127.9, 126.7, 124.5, 124.4, 124.2, 123.7, 15.0. Calcd. fgHSs: are monoclinic, space groug2/c, with a = 42.629(3),b = 7.778(1),

C, 59.73; H,3.47. Found: C, 59.61; H, 3.48. c=7.867(1) A,p = 98.04(1}, andV = 2582.7(4) R. ForZ = 4, the
4,3",4" 3" -Tetramethyl-2,2':5',2":5" 25" 21151 i calculated density is 1.417 mgimA total of 3345 reflections were

sexithiophene, 2.To a solution of 85 mg (0.082 mmol) of Riba in collected in the 2.6627.0° 6 range at a power source_of 52 kV and
40 mL of toluene was added 202 mg (0.66 mmol) of AsRind the 80 mA. No_ deca_y_ or absorption correction was applied= 0.546
mixture was refluxed for 10 min. Then 2.90 g (8.24 mmol) of 5,5 MM *).The intensities were averaged to 2797 unique data~¢ 0.032),
dibromo-3,3-dimethyl-2,2-bithiophené® dissolved in 30 mL of toluene ~ ©f Which 2117 have = 2o(1). All non-hydrogen atoms were refined
was added, and the solution was warmed again to reflux. Afterward 2nisotropically, and H atoms, located A+ maps, isotropically, with

5.50 mL (17.35 mmol) of commercial 2-tributylstannylthiophene was common temperature factors for those bonded to thienyl rings or to
added. The mixture was refluxed for 45 h, quenchedh\&itN HCI methyl groups. Least-squares refinement of 189 parameters led to final

; . ; : ; Rand wR2 values of 0.0479 and 0.1244 for reflections with2o(1),
d hed with NECI; th I ted, dried with ) . S
Enags\gfsar?d (\;\Caporkaged ?h(:ergr:g;gu:yv?,;:v ?rzstizatr\zicee witrLeh ev)v(lane. and of 0.0695 and 0.1632, respectively, for all reflections. The weighting
’ - ’ 2 2 2
the hexane layer was separated, evaporated, and chromatographed O%chhemsfsidztirgggr}gut V\g&tf :E![U I(FO )J‘ (0.06f1f1:)d§ 4.2011:5:2,3
silica gel using hexane as the eluent. A total of 1.15 g (39% yield) of \{_vherle — (t ° K Cz)d ’haT d'f(‘ef inal goo nessE)o6-3|4 0\315%% : R )
tetramer DM@® was first obtained and then 0.81 g (36% yield) of € largest peak and hole differences were ©.654 & e

hexamer2 was separated as a yellow-orange microcrystalline powder. respectively. )

MS (70 eV, EI): mie 550 (M*). Amax (CHCL) = 370 nm.H NMR Compound 2T: CysH2:Ss; orange yellow, air stable crystals. The
(CDCl;, ppm/TMS): 6 7.22 (q,3Ju = 5.0, 33 = 1.0, 2H), 7.17 (q one selected had approximate dimensions &38.30. x 0.25 mm.

o —'35 oy = 1.0 2H) 702 (quHH’ =50 3\]H|’-| — 35 2H) ' Unit cell dimensions were obtained from least-squares fit to the setting

les of 31 automatically centered reflections in the-4B5 0 range.
7.025 (s, 2H), 7.00 (s, 2H), 2.22 (s, 12HC NMR (CDCk, ppm/ ang ftomatice .
TMS): o 137.4, 137.3, 137.2, 136.6, 136.3, 128.2, 128.1, 127.8, 126.8, CIystals are triclinicP1 space group, witla = 7.195(2),b = 7.680-
126.6, 124.4, 123.6, 15.0. Calcd. fopgBnSs: C, 61.05; H,4.03. (2 ¢ =11438(3) A = 09.47(2) 8 = 91.62(2),y = 107.08(2},
Found: C,61.19; H,4.05. Compour@l gave rise to spontaneous andV = 626.9(3) 8. ForZ = 1, the calculated density is 1.419 mg/

P m?. A total of 3047 reflections were collected in the $36.9 6 range
crystallization of polymorph2M and 2T at room temperature. The .
crystallization always afforded both forms: yellow crystél], mp at a power source of 12 kv and 1100 mA_. No _d_ecay or absorption
145-146°C, and orange-red crystals, mp 156-151°C, which could correction was appliedi(= 0.563 mntl). The intensities were averaged

be separated by hand. The relative amount of both types of crystalsfﬁifggisuor;'rgufc crj:ftiz]z:;];t%?azﬁ)ﬁo%f-r:lvzlﬁ)h :r?i?orrr]gvir?uszga(l:l)- -
depended on the solvent used. p yarog ) y hig

. . atomic thermal parameters and relevant residuafimaps provided

X-ray Crystallographic Studies. Crystals of all compounds were  g\jigence of statistical disorder involving outer thiophene rings. They
grown by slow evaporation of 2-propanol solutions at room temperature. 5osume two opposite orientatioran(i or syr), with respect to the
All X-ray meas_urements were carried out on a rotating-anode Siemensadjacent rings, differing by a rotation of about 280ound the inter-
P4RA-M18X diffractometer at room temperature by the- 26 scan ring C—C bond. Least-squares refinement of site occupancy factors
technique, and using graphite-monochromated Morkdiation ¢ = led to the value of 0.790(3) for atoms at major sitasti{conformation),
0.710 609 A). In all cases, intensity data were corrected for Lorentz ang, obviously, 0.210(3) for the opposite conformation. All non-H atoms
and polarization effects, but not for absorption in view of the low ith full or major occupancy factors were refined anisotropically.
absorption coefficients and f':llmost isotropic crystal dimensions. All Non-H atom at minor sites were refined isotropically with one common
structures were solved by direct methods (SHELX86 program), and temperature factor. Furthermore, bond length constraints were applied
. to atoms with lowest occupancy = 1.70 A, C2A-C3A* = 1.375

(11) Stille, J. K.Angew. Chem., Int. Ed. Engl986 25, 508. A, C3A*—C4A* = 1.415 A). The hydrogen atoms with full or major
19517’2,)535’%%?"6" G.; Zambianchi, M.; Sotgiu, G.; Bongini, Petrahedron occupancy were located inF maps and were refined isotropically,

(13) Van Pham, C.: Burkhardt, A.; Nkansah, A.; Shabana, R.; Cun- with common temperature factprs for_ those bonded to thienyl rings or
nigham, D. D.; Mark, H. B., Jr.; H. Zimmer, HPhosphorus, Sulfur, Silicon to methyl groups. Those at minor sites were added to the model in
Relat. Elem1989 46, 153. calculated positions. Least-squares refinement of 203 parameters led
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to final R and wR2 values of 0.0388 and 0.0916 for reflections with  configuration (shown in Figure 4) the contacts were obtained by an
> 20(l), and of 0.0111 and 0.111 64, respectively, for all reflections. Au evaporation through a stencil. In this cagéwas of the order 8.2
The weighting scheme used throughout was 1/[0%(Fz) + (0.0468)2 mm andL was 0.42 mm. In both cases the oligomer was evaporated
+ 0.2496°], whereP = (F,2 + 2F2)/3, and the final goodness-of-fit through opportune stencils. Whereas in the bottom configuration even
on F? was 1.053. Largest difference peak and hole were 0.328 and the gate contact was on the front of the wafer, in the top configuration
—0.448 e R, respectively. the rear of the wafer acted as the gate contact (after etching the SiO
ORTEP drawings of the structures bf2M, and2T are presented film and an Al film deposition). During the evaporation, the TFT
in Figures 3. Tables of positional and thermal parameters, bond temperature was controlled by heating the substrate on which they were
distances and angles, torsion angles, shortest intermolecular distancesnounted. The evaporation rate was of the order of 0.1 nm/s. The
selected least-squares planes, and a stereoview of the crystal packinglectrical characterizations were performed at room temperature in air,
are provided as Supporting Information. using a 4145B Hewlett-Packard semiconductor parameter analyzer.
Packing potential energy (ppe) calculations were carried out using  Optical Studies.PL measurements were carried out using an argon
a semiempirical approachbased on an atoratom potential energy laser operating at 363 nm, whereas the PLE measurements were
method!’ In the case oRT, characterized by structural disorder, the performed with a 120-W tungsten lamp monochromized by a 0.5-m
calculations were carried out on an ordered model retaining the single monochromator. The signal was detected by a 2-m double
prevailing conformation of the disordered fragment. Packing coefficients monochromator equipped with cooled photon counter. Measurements
(pc) were calculated according to the expressiorr Vmo/ Veel, Where of TR—PL were made by a mode-locked-18apphire laser generating
Z is the number of molecules in the unit cell. light pulses of 2 ps in duration at a repetition rate of 82 MHz. The
Thin Film Transistors. Thin film transistors (TFT) were fabricated ~ luminescence was spectrally dispersed by a 24-cm focal length
by vacuum evaporation (¥ 10°® mbar) on oxidized n-doped silicon ~ monochromator coupled to a streak camera, equipped with a two-
wafers. Two different contact configurations were used (“bottom” and dimensional CCD. The overall time resolution was about 10 ps.
“top”). In the bottom configuration the Au soureelrain and gate . . . .
contacts were delineated by photolithography, with a channel width ~ Supporting Information Available: Tables of positional
(W) of 10 um and a channel lengthL) of 1.2 cm. In the top and thermal parameters, bond distances and angles, torsion
(1) Sheldrick, G. MActa Crystallogr. Sect, /1990,24, 311 angles, shortest intermolecular distances, selected least-squares
(15) Sheldrick: G. M. SHELX)I/_93. P%ogram for the’refi’nemnt of crystal p!anes, for compoundis,IZM, a”?' ZT’ a”q a drawing of the
structures. University of Gingen, Germany, 1993. disorder model foRT. This material is available free of charge

(16) Gavezzotti, AJ. Am. Chem. Sod.983 105, 5220. via the Internet at http://pubs.acs.org.
(17) Persin, A. J.; Kitaigorodsky, A. The Atom-Atom Potential Methpd
Springer-Verlag: Berlin, 1987. JA9916512




