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Superior transport properties in organic materials can be
reached with planar and highly conjugated chains that are
also orderly packed with a stromg-s interchain interaction
in the charge-transport direction. An elegant example is the
regioregular poly(3-alkylthiophene) (RR PATyyhere both
the requirements of chain planarity and good packing are
accomplished as the heathil regiochemistryallows maxi-
mizing of chain planarity and conjugation length, while th
lipophilic interactions of the alkyl chains cause the formation
of a spontaneously ordered solution processed film with
lamellar structure comprising two-dimensional highly con-
jugated sheets where field-effect mobilitieg#t) as high
as 10! cn?/V-s can be reached.
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Solution processed LangmuiSchder and cast thin films of regioregular poly(2,5-dioctyloxy-1,4-
phenylenealt-2,5-thienylene) are investigated as transistor active layers. The study of their field-effect
properties evidences that no transistor behavior can be seen with a cast film channel material. This was
not surprising considering the twisted conformation of the polymer backbone predicted by various
theoretical studies. Strikingly, the Langmuischder (LS) thin films exhibit a field-effect mobility of 5
x 107 cn?/V-s, the highest attained so far with an alkoxy-substituted conjugated polymer. Extensive
optical, morphological, and structural thin-film characterization supports the attribution of the effect to
the longer conjugation length achieved in the Langm@ichider deposited film, likely due to an improved
backbone planarity. This study shows that a technologically appealing deposition procedure, such as the
LS one, can be exploited to significantly improve the inherently poor field-effect properties of twisted
conjugated backbones. This achievement could promote the exploitation for electronic, and possibly
sensing, applications of the wealth of opportunities offered by the alkoxy substitution on the phenylene
units for convenient tailoring of the phenylenthienylene backbone with molecules of chemical and
biological interest.

Introduction The deposition procedure adopted generally influences the
molecular packing as well as the film morphology and
thickness uniformity. Soluble molecules can be deposited
by casting techniques, such as drop casting, spin-coating, or
via layer-by-layer assembly techniques such as the Lang-
muir—Blodgett (LB; vertical transfer) and LangmuiShder

(LS; horizontal transfer) protocofsSolution casting methods
are appealing for large-scale processing; nevertheless, they
e Present the disadvantage of preventing strict thickness
control. Conversely, LB and LS techniques allow obtaining
a polymer films with good thickness control and offer the
possibility to easily produce multilayer structured fil/fs.

The LB and LS techniques, usually restricted to amphiphilic
molecules, have been employed to obtain thin films of
conjugated polymers for electrical and optical devices such
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as LEDs, thin-film resistors, and memory devi€éJhe first OCsH17
LB field-effect transistor, based on a regiorandom PAT, AR

reported by Paloheimo et &l.exhibited mobilities in the s .
107710 cn?/V-s range. Device performance improved CgHy70

with RR PAT LS films, with the best mobilities reaching
102 cn?/V-s? This figure is, however, 1 order of magnitude
lower than that achieved with the solution cast RR PAT
films.2 Recently, RR alkoxyalkyl-substituted polythiophene
LB films have been also employed as active layers in thin-
film-transistor (TFT) devices, demonstrating conductivity
anisotropy, with the highest field-effect mobilities being in Figure 1. Schematic diagram of a bottom-gate TFT device composed of
he low 105 cm2/V+s ranae® LB blends of nonamphiohilic hlghly'con(chtlng sﬂlcon_substrate (n-doped, 0-0X2/cm) coated by 3OQ
the ‘ ge. phip nm thick SiG thermal oxide Ci = 10 nF cn?). Gold source (S) and drain
RR PAT and acrylamide polymers have also been proposed(D) contacts were defined, by thermal evaporation through a shadow mask,
for TET application§.1 directly on the POPT films. The channel length,is 200um, and the

. . width, W, is 4 mm. The gate (G) gold pad was deposited directly on the
) In the present .StUdy the _COhJuQatlon' structural, and conducting silicon. The POPT chemical structure is reported on the right.
field-effect properties of a regioregular alkoxyphenylene

thienylene copolymer, namely poly(2,5-dioctyloxy-1,4- "
phenylenealt-2,5-thienylene), are investigated. This conju- Z 601
. . - S
gated system was first synthesized, via Pd-catalyzed cross- — 50l
coupling reaction of 2,5-bis(tributylstannyl)thiophene with % sl
1,4-dibromo-2,5-bis(octyloxybenzene) or the correspond- %
ing triflate, by Z. Bao and co-workef8,who also investi- a sor
gated its reversible thermochromic propertiesSubse- 8 20r
quently, a more convenient synthetic methodology, based & 10}
on Pd-catalyzed cross-coupling reaction of the bis-organo- a ol

magnesium reagent derived from 1,4-dibromo-2,5-bis(octyl- 0107 20 30 40 50 60 70 80
oxy)benzene with 2,5-dibromothiophene, which avoids the Area per repeat unit (A%)
use of organotln_ derivatives, Was app(_)ln’féﬂl‘he resultlng_ Figure 2. Langmuir curve IT vs A) of POPT (spreading solution of 1.91
polymer, deposited as LS thin film, gives a very sensitive mg of POPT in 10 mL of chloroform). The insets show the normalized

i iati 5 _ reflectance spectra of the floating layer at the-awater interface at applied
aﬂd p(larforrr;:ng r|e5|st|ve Ni,_()sensoﬁ. |—r|]ere., t:le alkoxy 4 surface pressures of 0.8 (a), 5 (b), 10 (¢), and 30 mN/m (d). In the inset (a)
_p eny en?t ieny gne copolymer, synt eS|Ze_ a_s reporte_ the standard UVvis absorption spectrum of the chloroform POPT solution
in ref 14, is deposited as drop-cast and LS thin films. Their is reported as well.
performances, as organic TFT (OTFT) active layers, are
compared. It is shown that LS films exhibit a higher The presence of the two alkoxy groups renders the copolymer
performance level, and in-depth spectroscopic investigation highly soluble in various organic solvents besides conferring
allows correlation of this effect to the occurrence of an LS also an amphiphilic character, although very weak. The
deposition-induced longer conjugation length of the copoly- polydispersity index Niw/My) of 1.67 was indicative of a

mer chains. As a result, the LS OTFTs exhibit the highest narrow distribution of chain lengths.

field-effect mobility attained so far with an alkoxy-substituted
conjugated polymer.

Results

The chemical structure of regioregular poly(2,5-dioctyloxy-
1,4-phenylenailt-2,5-thienylene) (henceforth POPT), is shown
in Figure 1, along with the thin-film-transistor device scheme.

(6) Paddeu, S.; Ram, M. K.; Nicolini, G. Phys. Chem. B997, 101,
4759.
(7) Takimoto, K.; Kuroda, R.; Shido, S.; Yasuda, S.; Matsuda, H.; Eguchi,
K.; Nakagiri, T.J. Vacuum Sci. Technol., 8997, 15, 1429.
(8) Paloheimo, J.; Kuivalainen, P.; Stubb, H.; Vuorimaa, E.; Yli-Lahti,
P. Appl. Phys. Lett199Q 56, 1157.
(9) Xu, G.; Bao, Z.; Groves, J. TLangmuir200Q 16, 1834.
(10) Natali, D.; Sampietro, M.; Franco, L.; Bolognesi, A.; Botta, T®in
Solid Films2005 472, 238-241.
(11) Matsui, J.; Yoshida, S.; Mikayama, T.; Aoki, A.; Miyyashita, T.
Langmuir2005 21, 5343-5348.
(12) Bao, Z.; Chan, W.; Yu, LChem. Mater1993 5, 2—3.
(13) Bao, Z.; Chan, W. K.; Yu, LJ. Am. Chem. S0d.995 117, 12426~
12435.
(14) Babudri, F.; Colangiuli, D.; Farinola, G. M.; Naso, Eur. J. Org.
Chem.2002 2785.
(15) Naso, F.; Babudri, F.; Colangliuli, D.; Farinola, G. M.; Quaranta, F.;
Rella, R.; Tafuro, R.; Valli, LJ. Am. Chem. So@003 125 9055.

POPT thin films were deposited, either by drop casting
or by 10-50 LS horizontal transfers. The casting procedure
was carried out by depositing a drop of a POPT chloroform
solution on the substrate and leaving the deposit in an N
inert atmosphere until the solvent slowly evaporated. This
procedure is known to allow regioregular polymers to form
fairly ordered films!? For the LS transfer to the substrate,
the POPT molecules are spread as a chloroform solution at
the water-air interface and, after the CHCévaporation,
they are laterally compressed until a uniform layer is formed.
A typical Langmuir curve-pressure II) vs area A)—
reported in Figure 2 shows a very steep area reduction as
the surface pressure is changed by a few millinewtons per
meter. This effect, already reported for other nonamphiphilic
polymerst®is indicative of the polymer’s capability to self-
organize. As the surface pressure is increased even further,
the floating molecules form a densely packed layer and the
limiting area per repeat unit\j, extracted from the experi-
mental curve, is as low as 182AThe insets of Figure 2

(16) Rella, R.; Siciliano, P.; Quaranta, F.; Primo, T.; Valli, L.; Schenetti,
L.; Mucci, A.; larossi, D.Sens. Actuator200Q 68, 203—209.
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A (nm ) ) .
) ) ( ) ) .- i presents a quite flat maximum centered at about 486 nm with
Figure 3. UV—vis spectra of a cast film (solid line) and a 10 horizontal

transfer LS (dashed line) POPT film. a fwhm of almost 190 nm. This band is t?lue.-sh.ifteq and
much broader than the LS film one, this being indicative of

show the reflectance spectra of the floating layer at the air a longer and less dispersed average conjugation length in
water interface at different applied surface pressures. Thethe LS deposit. The U¥vis bands of both the LS film and
abscissa valueaR) are the difference in reflectivity between the cast film exhibit a shoulder at approximately 536 nm,
the signal coming from the floating layer and the baseline attributed to the vibronic fine structuté.
from the water subphase. The structure of the LS POPT films were analyzed by

In the inset (Figure 2a) the UWis absorption spectrum  means of 0—20 X-ray difractometry (XRD), and the
of a chloroform POPT solution is reported for the purpose spectrum, reported in Figure 4, shows a broad band falling
of comparison. The peak of the POPT floating film at the at about 4.5 diffraction angle, corresponding to interlayer
water—air interface is significantly red shifted, falling at 512  spacing of ca. 20 A. Very small but sharp peaks can be
nm, with respect to that of the polymer in solution (469 nm). observed in the LS film spectrum at 23.2nd 26.8
Comparing the spectra shown in the insets, it is also apparenincidence, corresponding to diffraction planes separated by
that the floating layer bathochromic shift is persistent and 3.8 and 3.3 A, respectively. The features of such a spectrum
does not depend on the applied surface pressure. As theare very similar to those reported for a POPT film deposited
compression process was completed, the film was depositechy casting from chloroform® Such cast POPT films have
through the horizontal transfer of several subsequent layers.been reported to hold a lamellar-type structure with the
A linear dependence of the LS POPT film adsorption peak backbone planes spaced by-2Z2 A8 The sharpness of
intensity on the number of transferred layers was reported, the main XRD peak, assigned to the (100) Bragg diffraction,
proving that the LS films are built up in a multilayer is gradually lost as the POPT cast film is heated to 160
structure!® The LS film with a 50-layer deposit was about and the lamellar spacing becomes eventually highhis
280 nm thick, while the average thickness of the cast oneis correlated with the thermochromic reversible properties
was about 250 nm. reported for this POPT polymé#3 The XRD spectrum of

A highly conductive silicon wafer covered by thermal the LS film shown in Figure 4 resembles the features of an
silicon dioxide (Si/SiQ) was used as POPT film substrate heated cast film mainly because of the broad nature of the
for all the measurements other than for the-tWs and IR main reflection. This could be ascribed to the fact that no
characterization, where glass slides and intrinsic infrared precaution was taken to avoid thermal stress on the samples.
transparent Si were employed, respectively. OTFT devicesOn the basis of such results and in analogy to the structure
were also fabricated on a Si/SiGubstrate covered by a of the RR PAT films?°a molecular packing involving edge-
POPT film. Bare Si@surface is hydrophilic mainly due to  on POPT backbones, i.e., with the conjugated lamellae
the presence of polar OH groups (dangling bonds). Exposureoriented normal or nearly normal to the substrate, could be
to 1,1,1,3,3,3-hexamethyldisilazane (HMDS) vapors for a proposed for the POPT LS films, although the film holds a
night is known to alkyl functionalize the SjOsurface, fairly low degree of overall order. The lamellar spacing of
improving its hydrophobicity? An extensive description of 20 A is consistent also with the length of interfaced octyloxy
all the experimental procedures adopted in this study is givenchainst® and the peaks at higher diffraction angles correspond

in the Supporting Information. to the z-staking distances between the aromatic ritgs.

The evaluation of the POPT molecules—z* optical An extensive investigation of polarized infrared transmis-
transition was performed by measuring the s absorp-  sjon spectra of the cast and LS POPT films was carried out
tion spectra of the copolymer cast and LS thin films. The and compared to the standard transmission Fourier transform
relevant spectra are reported in Figure 3. Ther* peak infrared spectra of POPT in the apolar G€blution and in

of the POPT LS film is centered at 500 nm, exhibiting @ a KBr pellet. In Figure 5 the spectra of the cast and LS films,

full width at half-maximum (fwhm) of about 140 nm. The  along with those of the POPT solution and KBr pellet, in
position of such a peak endured a certain variability, and
the spectrum reported here exhibits the strongest bathochroi8) Dufresne, G.; Bouchard, J.; Belletete, M.; Dorocher, G.; Leclerc, M.
i i . i ilm Macromolecule00Q 33, 8252-8257.
mic shift observed. The absorption band of the cast fil (19) Tashiro. K. Kobayashi. M. Kawa, T.. Yosgino, Rolymer1997
38, 2867-2879.
(17) Chen, Y.-C.; Tsai, C. C.; Lee, Y.-D. Polym. Sci., Part A: Polym. (20) McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.; Lowe, R.
Chem.2004 42, 1789-1807. D.; Jayaraman, MJ. Am. Chem. S0d.993 115 4910-4911.
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tively.92324A table of all the IR peaks positions is reported
in the Supporting Information.

Tapping-mode scanning force microscopy (SFM) images
of the cast and LS POPT films are reported in Figure 7. The
SFM images reveal the expected different surface morphol-
ogy of the cast films compared to the LS one. In particular,
the root-mean-square roughness, on a scale of abauin30
falls in the range of 5670 nm for the cast films while it
goes down to 3640 nm for the LS ones. Also, on a smaller
scale (2-5 um) differences are evident in the morphology
of the two films, with the LS film showing a much more
regular and granular-type structure.

The organic semiconductor TFT structure is the typical
bottom-gate, top-contact one, as sketched in Figure 1.

_ _ o _ Thermal evaporation of the gold top source and drain contacts
Figure 5. Unpolarized transmission spectra in the 68700 cn1? range L
of CHCIl; POPT solution and POPT KBr pellets along with polarized was performed throth a shadow mask after thin-film
infrared transmission spectra of cast and LS POPT films. deposition. This is a very convenient and easy thin-film-
transistor fabrication procedure as no lithographic patterning
is required. However, it has the disadvantage that a leakage
current can add to the source-drain currdgd flowing in
the channel region. The POPT OTFTs were operated in the
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i_//f\\,ﬁ common source mode, and botas and V, biases were
= KBr imposed negative with respect to the grounded source as this
§ class of materials were expected to be p-type semiconductors,
= Ls in analogy to the behavior of thiophenphenylene oligo-

ccl) mers? The currentvoltage (¢s—Vag characteristics of

2700 2800 2900 3000 3100 OTFTs relevant to both cast and LS deposited POPT thin
Wavenumber cm™) films were measured in the-Q.00 V range, and the results

Figure 6. Polarized infrared spectra in the 2768200 cnt? range of cast are reported in Figure 8_‘ Lower op_er_atlng V_Oltaggs' dO\_Nn to
film and LS film along with unpolarized spectra of POPT KBr pellet and —5 V, were used on devices comprising a Sgate dielectric
CHCl; POPT solution. as thin as 25 nri®2” From the curves reported in Figure 8,

it is immediately recognized that the cast film behaves like
the 650-1700 cnTt range are reported. Here the absorption a resistor, as no current modulation can be observed when
bands at about 780 crhare attributed to the 2,5-disubstituted the gate bias is ranged between 0 a0 V. The behavior
thiophene ring &H out-of-plane bending vibratioft;?? of the LS film appears remarkably different as the OTFT
while the bands at about 840 cirare attributed to the 1,4-  current-voltage characteristics exhibit a clear field effect,
disubstituted benzene ring&23The absorption at about 1215 and fairly goodlss—Vas characteristics could be measured.
and 1270 cm' can be attributed to €0 stretching-type ~ The best value ofurer extracted, using standard OTFT
vibrations and to the conjugated backbone stretching, theequations and assuming ideal behadfag 5 x 10~* cn?/
latter in analogy with bands falling at the same position in Vs, although routinely achieved values are in the range (2
a poly(octylthiophene® The band falling at ca.1380 crh 4) x 10~* cn?/V-s. A quite high off-currentl¢s at Vg = 0
having a shoulder at higher wavenumbers (ca. 1411%gm V) is measured, similar to what was observed in other
is attributed to the CHand CH deformation bending  alkoxy-substituted conjugated polyméfsThis is probably
vibrations, although attribution to thienyl group intracycle related to the low oxidation potential and highly stable p-type
C—C stretching can be given as well. The two peaks at 1468 conductive state of alkoxy-substituted conjugated sys#éms.
and 1490 cm! are assigned to symmetric and asymmetric This figure of merit improved with OTFT with ultrathin
thiophene ring stretching, while those falling at ca. 1535 and active layers! It is important to note the critical dependence
1603 cmt are relevant to the same vibration modes for the
phenylene ring. In Figure 6 the spectra of the cast and LS (24) §3h38_n214£- A Wu, X.; Rieke, R. DJ. Am. Chem. Soc995 117,
films in the 2706-3200 cnt! range are reported along with (25) Hong, X. M.; Katz, H. E.; Lovinger, A. J.; Wang, B.-C.; Raghavachari,
the spectra of the POPT CQolution and KBr pellet. The K. Chem. Mater2001, 13, 4686-4691. _
four main structures present in all the spectra are attributed(2®) If:c;\?i?lzé I?.;A.DJ??EZ%I?ELKF‘) ;;T.';Pﬁfé?il?fzéb;ﬁsr,sgzé'é.Katz’ H. E;
to CH, and CH symmetric (ca. 2850 and 2870 cfj and (27) Torsi, L.; Lovinger, A. J.; Crone, B.; Someya, T.; Dodabalapur, A.;

asymmetric (ca. 2930 and 2955 cthnstretching, respec- Katz, H. E.; Gelperin, AJ. Phys. Chem. B002 106, 12.563.
y ( h] 9 P (28) Dimitrakopoulos, C. D.; Malenfant, P. R. Adv. Mater. 2002 14,
99

(21) Furukawa, Y.; Akimoto, M.; Harada, Synth. Met1987, 18, 151— (29) Tanese, M. C.; Torsi, L.; Cioffi, N.; Zotti, L. A.; Colangiuli, D.;
156. Farinola, G. M.; Babudri, F.; Naso, F.; Giangregorio, M. M.; Sabbatici,
(22) Latonen, R.-M.; Kvarnstrom, C.; Ivaska, A. Electroanal. Chem. L.; Zambonin, P. GSens. Actuators, B004 100 (1-2), 17.
2001, 512, 36—48. (30) Sheina, E. E.; Khersonsky, S. M.; Jones, E. G.; McCullough, R. D.
(23) Reynolds, J. R.; Riuz, J. P.; Child, A. D.; Nayak, K.; Marynick, D. S. Chem. Mater2005 17, 3317.

Macromolecules 991, 24, 678-687. (31) Tanese, M. C.; et al. Unpublished results.
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Figure 7. Scanning force microscopy of drop cast and LS films.

-25 -60 -100v
-20 -50} oy
< -15} ié, -40r eov
5 8 -30¢ 70V

g -10¢ -

— -20 oy
5 0] o
-30V

0 0 ———
0 0 20 -40 -60 -80 -100

\) ds(V)
Figure 8. Current-voltage characteristics of cast and LS POPT OTFTs.

on the HMDS SiQ treatment observed, as much worse a very low energy barrier (about 1.3 kcal/mol) for the

transistor characteristics, with mobilities falling to{38) x molecule to flip to an unstable planar or°9flted chain
10 ¢ cn?/V-s, were measured when the POPT LS active layer conformation'® Such a low barrier to conformational changes
was deposited on the hydrophilic substi@tdll the char- is said to account for the previously reported POPT reversible

acteristics were measured in air, and no particular care wasthermochromic properti¢d*Phenylene-thienylene systems
taken to handle the samples when transferred to the differentare quite interesting also because sublimed 1,4-bis[2-(5-
laboratories. phenylthienyl)]benzene thin films and solution-processed
thiophene-phenylene oligomers functionalized with terminal
Discussion n-hexyl groups have been proven to hold field-effect proper-

_ _ i ties comparable to those of high-performing thiophene
Theoretical models have predicted phenyletigenylene oligomers or polymer& Moreover, the phenylene units

systems to have a backbone structural conformation critically 410w for easy substitutich and organometallic synthetic
dependent on the side groups attached to the phenylene unit§yethodologies have been already appointed to obtain tailored

A nonsubstituted system, namely 1,4-bis(2-thienyl)benzene, ;i gated polymers bearing ad hoc chosen side groups, such
is predicted to exhibit a phenylenthienylene torsional angle ¢ simple alkoxy chains and/or glucose molecules bonded
(@) of 24.3.22 The effect of an alkyl side chain is through the alkoxy linkag# 3536

detrimental, as the 1,4-bis(2-thienyl)-2,5-dimethylbenzene  a) this calls for a systematic investigation of the solid

backbone is much more twisted, with becoming as high  g¢4te structural and field-effect properties of phenyiene

as 63. A lower twisting angle can be recovered with a hienylene systems, also comparing different thin-film depo-
phenylene-thiophene system bearing an alkoxy chain on the gjtion techniques. LB and LS transfer procedures seem

phenyl ring; in 1,4-bis(2-thienyl)-2,5-dimethoxybenzeRe o ricylarly promising because they both involve a stage
is lowered to 40, most probably because of the stabilizing yhere the polymer molecules interact with the highly polar
sulfur—oxygen interactiof**2 A similar scenario is also  ater surface. In this respect very detailed studies assess the
predicted in the work by Pan and co-workers, although & mqjecuylar arrangement at the wateiir interface for truly

much less twisted structureb(= 9°) is assigned to the  gmphiphilic regioregular polymers bearing alkyl and poly-
alkoxyphenylenethiophene systerff.An alkoxyphenylene ether chains displayed in opposite directi&hid? while much
thiophene model compound is calculated to hold an absolute

energy minimum for a twisting angle of 140while a local (34) Child, A. D.; Sankaran, B.; Larmat, F.; Reynolds, JMRcromolecules
minimum (energetically very close to the absolute one) is 1993 28, 6571-6578. _ _

g 18 Thi . . . (35) For a review, see: Babudri, F.; Farinola, G. M.; NasoJ.AMater.
reached ford ~ 42°.1° This model, being in agreement with Chem.2004 14, 11.

the elicited study by Reynolds and co-worké&talso predicts (36) Babudri, F.; Colangiuli, D.; Di Lorenzo, P. A.; Farinola, G. M.; Hassan
Omar, O.; Naso, FChem. Commur2003 130.
(37) Reitzel, N.; Greve, D. R.; Kjaer, K.; Howes, P. B.; Jayaraman, M.;

(32) Silva, R. A.; Serein-Spirau, F.; Bouachrine, M.; Lere-Porte, J.-P.; Savoy, S.; McCullough, R. D.; McDeitt, J. T.; Bjornholm, J.. Am.
Moreau, J. EJ. Mater. Chem2004 14, 3043-3050. Chem. Soc200Q 122, 5788-5800.

(33) Pan, J.-F.; Chua, S.-J.; Huang, @hem. Phys. LetR002 363 18— (38) Sagisaka, S.; Ando, M.; lyoda, T.; Shimidzu,Thin Solid Films1993
24, 230, 65—-69.
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less is known, also in this respect, about alkoxy-substituted deposited from chloroform at the aiwater interface? It
polymers in which polar and nonpolar sites are not fully cannot be ruled out, however, that the very small measured
spatially separated. limiting area can be also the result of a partial three-

The evaluation of the POPT molecules floating at the dimensional organization of the POPT molecules at the
water—air interface shows that they hold a strongly red- water—air interface under barrier compression. A molecular
shiftedz—x* transition as the reflectance spectra are peaked stacking can, in fact, occur. Further work is in progress to
at 512 nm, i.e., at more than 40 nm longer wavelength with investigate experimentally and theoretically the POPT self-
respect to the same transition for the molecules in a organization at the airwater interface as well as at the solid
chloroform solution. This result evidences that a longer surface.

average conjugation length is established when the POPT The POPT LS film U\V-vis absorption peak is 14 nm red-
molecules lie on the water surface. This might be an effect shifted with respect to that of the cast film and its fwhm is
of the dense molecular packing reached as the floating layerso nm narrower, showing that a slightly longer average
is compressed at progressively higher surface pressure, or itonjugation length along with a more uniform conjugation
might be due to the self-organization of the POPT molecules. |ength distribution is achievable, depositing the POPT
The latter hypothesis was put forwdfdpeing strongly  molecules with the LS procedure with respect to the cast
supported by the evidence that the reflectance maximumone. As already pointed out, the bathochromic shift of the
persistently falls at 512 nm independently of the surface | S POPTz—s* peak is not constant, and this can be related
pressure applied, while the normalized optical dengifgem to the molecular conformational instability previously dis-
= (AR)A, whereA is the area per repeat unit taken from the cuyssed. The study of the infrared and Raman peaks attributed
Langmuir curve) steadily increases. This evidence, along with to the symmetric and asymmetric thiophene ring stretching,
the peculiarly steep line shape of the Langmuir curve peing connected to the-bonding system, is known to deliver
previously addressed, suggests that an individual spontaneoug|so information on the system average conjugation length.
organization of the POPT molecules readily occurs as they The ratio of the intensities of such infrared absorption bands
are spread over the water. The barrier compression apparentlx|syn/|asyn) has been recognized by some authors as an
just drags the formed systems in a more densely packedindication, at least for regioregular and regiorandom poly-
structure. thiophene backbones, of improved conjugation length as it
A step further in the phenomenological modeling of the decrease¥: In the present case this figure of merit is slightly
POPT molecular arrangement at the wateir interface can  |ess for the LS films (1.3) than for the cast ones (1.7). For
be made by discussing whether the floating-layer HOMO  the POPT in KBr a value of 1 is reached, and this could be
LUMO band gap reduction is mainly due to the previously interpreted as a planarization effect on the molecule due to
suggested self-organization of the molecules or to an close packing of the polymer chains. It is not clear, however,
improved planarity of the chains induced predominantly by why the same low value is also reached for POPT in the
the interaction of the POPT molecules with the water surface. cCl, environment. A preliminary Raman investigation on

The latter hypothesis is substantiated by the much weakerpoth the LS and cast films confirms such a trend. All this
delocalization effect observed for the POPT molecules that evidence concurs to prove that an extended mean effective
spontaneously arrange in the films cast from chloroform. conjugation length is retained when the POPT floating layer
Indeed, the UV-vis peak for the cast film is 26 nm blue- s transferred to the substrate as an LS film. This effect was

shifted with respect to the molecules at the watsr already reported for LB films of organic molecules compris-
interface. It could be inferred that the interaction of the POPT |ng |Ong-Chain esters, a|th0ugh the Conﬁgura‘[ion was ad-

twisted polymer backbone with the water subphase forcesqressed as an unstable dfie.

the molecules to lie flatter on the polar surface, reaching a The assessment of the alkyl chain arrangement in the
more planar, though energetically unstable, conformation. popr fiims s a critical point. The degree of order of such
A simple electrostatic interaction of the sulfur and oxygen .hains can be investigated by looking at the position of the
atoms of the POPT molecules with the water surface could gy eiching CH vibration. This band is clearly blue-shifted
be considered as a phenomenological model for the system¢, . iha POPT in KBr and in CGlsolution with respect to

By the same token, the long alkyl branches of the side chainsthe same band in the cast film that is peaked at 2922.cm
are likely to be pulled upward or in any case far from the " shift of such a band is indicative of alkyl chain

water surface. The modeling of a densely packed POPT s qer increastmeaning in the present study that the cast
arrangement with the two octyl chains far from the water g, exnhibits a higher degree of side chain order and this

gives at least a 70 Roccupied area per repeat URItThe (ot 6 increases with the film thickness (data not shown).
actual occupied surface that can be derived from the No such conclusion can be drawn for the LS films as the

Langmuir curve (as Iimitingz area ext'rapolated at zero gjicited band falls at 2928 crh independently of the film
pressure) is much lower (182A This evidence could be v ness. The rationale for this evidence can be given

explained considering a molecular packing involving an . nqjdering that in the cast film a self-assembly of the

edge-on POPT backbone, in quree_m_ent with what was ;. mer chains takes place thanks mainly to the interaction
already proposed for PAT systerhA similar arrangement ot yhe sjide chains, which that eventually reach an interdigi-

has been proposed for a poly(heptadecyl 3-thiopheneacetategated configuration. This can have an effect on the backbone

(39) de Boer, B.; van Hutter, P. F.; Ouali, L.; Grayer, V.; Hadziioannou,
G. Macromolecule002 35, 6883-6892. (40) Fukuda, K.; Shiozawa, Thin Solid Films198Q 68, 55—66.
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planarity, and further studies are in progress to clarify this phenylene-thienylene polymer deposited as cast and Lang-
point. muir—Schder thin films. It is demonstrated that the LS
The systematic investigation of the OTFT electrical transferring technique leads to POPT films that, differently
characteristics shows that LS POPT active layers alwaysfrom other regioregular systems, strikingly outperform the
exhibit a sourcedrain current modulation with the gate bias cast one, exhibiting also the best field-effect properties
and thel—V characteristics are fairly good, as can be seen reported so far for an alkoxy-substituted conjugated system.
in Figure 8. The highest field-effect mobility extracted from The effect is ascribed to a molecular more planar conforma-
such curves was & 104 cn?/V-s; this was the best value tion achieved with the LS deposition method. It can be
reported so far for an alkoxy-substituted conjugated sydtem. envisaged that this study could open perspectives to the use
On the other hand, no transistor behavior could be seen withof this technologically appealing deposition technique to
the cast POPT films. Such a striking difference is not to be improve also the organic semiconductor conductivity proper-
ascribed to solid state structural/molecular packing differenceties, controlling the molecule conformational state and
of the POPT LS and cast films, as the XRD spectra are very eventually the conjugation length. Moreover, the regioregular
much the same. Also, the morphological dissimilarities alkoxyphenylenethienylene conjugated copolymers are a
cannot account for the different field-effect properties, class of materials that have been poorly investigated so far,
because in the case of the RR PAT OTFTs a comparabledespite the wealth of opportunities offered by the alkoxy-
level of performance was observed although morphologically phenylene unit, for convenient tailoring by molecules of
different cast or LB films were deposited as active layers. chemical and biological interest. This study can also open
In fact, in this case the LB OTFTs were even less perform- an interesting perspective to the use of properly substituted
ing.? Also, the very small divergence in the LS and cast film phenylene-thienylene semiconductors as selective active
thickness should not account for the field-effect different layers in chemical and possibly biological sensing thin-film
properties which have been demonstrated to be thicknesgransistorg$.27.29.4245
independent in OTFT4. The field effect observed for the
LS film is further and the most striking evidence that a  Acknowledgment. Italian MIUR (Project “Sintesi di mate-
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