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Molecular self-assembly is rapidly becoming a method to 1009s; (k) Ni(égpp)%d’rzzo%t.z @ 8 Ni(dpep)Ct. 80%: ()

optimize performance in materials and devices by directing the . A .
formation of supramolecular structure. In the area of conjugated N€W regioregular amphiphilic polythiophene copolymers where

(or conducting) organic polymers, self-assembly has been usedP€rfectly alternating hydrophobic and hydrophilic side groups
to build layer by layer polymer heterostructurdsnd polydi- form arigid rod polymer that has a hydrophobic side and a hydro-
acetylene self-assembled monolayers (SAMs)generate poly- phlllc side. Oth_er studies on the formation _and properties of LB
mers with high electrical conductivitiédand to create water-  [Ims of conducting polymers have started with polymers contain-
based polymer chemoselective seréasd polymers that exhibit N9 Many structural defects (or the polymer was not amphiphilic),
highly sensitive, solvent-induced chiral optical effetts. rendering the polymer unable to form highly ordered systems.
The Langmuir-Blodgett technique’ has been successfully Flvg new, amphiphilic, regioregular, allternatlng. gopplymers of
used to prepare thin films of functional molecular surfactaass ~ POlythiophene have been prepared using mOd'Ecﬁtl'SO”s of the
well as nonamphiphilic polymers decorated with alkyl chdins. Methods previously developed by McCullough et’af"** The
Here we present amphiphilic, regioregular polythiophenes that Synthesis of polythiophene$ Sa, 5b, 6, and 10 is shown in
can be processed by the LangmtBlodgett technique into ~ Scheme 1. DimeS can be regiospecifically polymerized in
nanoscale structures. These amphiphilic polythiophenes self-excellent yield by a modlflgd Stille coupling recently developed
assemble inta-stacked conjugated chains that form a very stable for the synthesis of regioregular, water-soluble carboxylate
cell-membrane-like monomolecular layer with a local structure Polymers of polythiopherfé (Scheme 1, top reaction sequence).
that is optimized for high electrical conductivity. These well- Polymer4 bears an oxazoline protecting group as a masked
ordered polymer monolayers can be transferred to solid supports,carooxylate and hence allows for the preparation of regioregular,
forming highly conductive ultrathin films. They can also be @mPhiphilic polythiophenes, such as esté&s and 5b and
micropatterned by chemical means as demonstrated by thecarboxylate6. We have also polymerizétidimer 9 to give
fabrication of an electronic microchip replica. The fabrication 2MPhiphilic10. From the routes shown in Scheme 1, a diverse
of the chip structure, producing a pattern of 2.5 nm thick and &rray of amphiphilic polythiophenes can be prepared which have
1000 nm wide conjugated polymer “wires’, is performed at NOVe!l properties as described below. i .
ambient conditions by purely chemical self-assembly methbds.  Chloroform solutions of regioregular, amphiphilio are readily

The key to the above results lies with the design and synthesis ofSPréad onto the water surface of a Langmuir trough. Isothermic
compression leads to a close-packed monolayer consisting of

* Corresponding authors (e-mail: tb@symbion.ki.ku.dk and rm5g@ oriented polythiophene chains (Figure 1). The pressarea

andrew.cmu.edu). . - -
¥ University of Copenhagen. isotherm for the Langmuir film 010 shown in Figure 1C reveals

*RIS@ National Laboratory. a collapse of-29 AZ_ per polymer repeat unit. This collapse area

® Camegie Mellon University. o agrees with the anticipated structure shown in Figure 1D in which
ga\ ) Decher, G.; Hong, J. D.; Schmit, Dhin Solid Films1992 210-211, efficient z-stacking of adjacent polymers is accomplished by

(2) (a) Ferreira, M.; Cheung, J. H.; Rubner, M.Tin Solid Films1994 displacing the.polymers by one thiophene unit along th.e baCkane,
54913,48354 (82)350h(e51r|1:g, J'AH'é:FOIg' BA. C.;MRqu\)Aner, M. F]inlssc)ng)(jgsFilzgs thereby allowing the alkyl chains on one polymer to fill the void

3 . (C) Fou, A. C.; Rubner, . acromolecule: )y i i i

7115. (d) Ferreira, M.; Rubner, M. Racromolecules 995 28, 7107. Spflce (Flguhre 1’?? between tfhe a”TyI chains gn thde adjacent

(3) (@) Chan, K. C.; Kim, T.; Schoer, J. K.; Crooks, R. 81.Am. Chem. polymer. The collapse areas for po ym@;§a, 5b, an 6 are
Soc.1995 117, 5875. (b) Kim, T.; Crooks, R. M.; Tsen, M.; Sun, . Am. found to be 30, 29, 30, and 29 Arespectively, suggesting that
Chem. Socl995 117, 3963. (c) Kim, T.; Chan, K. C.; Crooks, R. M. Am. all the regioregular, amphiphilic polythiophenes investigated here

Chem. Soc1997, 119, 189. s
(4) (a) McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.; Lowe, R. form monolayer arrangements roughly similar to that represented

D.; Jayaraman MJ. Am. Chem. Sod.993 115, 4910. (b) McCullough, R. for 10. It is important to note that nonamphiphilic poly(3-

D.; Ewbank, P. C.; Loewe, R. 9. Am. Chem. S0d.997 119, 637. H H
(5) Bouman, M. M.; Meijer, E. WAdv. Mater. 1995 7, 385. dodecylthiophene) (R= CioHzs, Figure 1C) does not form a
(6) Langmuir, 1.J. Am. Chem. S0d917, 39, 1848. monolayer, emphasizing the importance of the amphiphilic nature
(7) Blodgett, K. B.J. Am. Chem. S0d.935 57, 1007. of the polymer.
(8) See, e.g.: (a) Bryce, M. R.; Petty, M. Rature (London)1995,374,
771. (b) Garnaes, J.; Larsen, N. B.; Bjgrnholm, T.; Jargensexed/Kjaer, (11) McCullough, R. DAdv. Mater. 1998 10, 1.
K.; Als-Nielsen, J.; Jgrgensen, J. F.; Zasadzinski, Bdence (Washington, (12) McCullough, R. D.; Lowe, R. D.; Jayaraman, M.; Anderson, DJ.L.
D.C.) 1994 264, 1301 and references therein. Org. Chem.1993 58, 904.
(9) (a) Orthmann, E.; Wegner, Gngew. Chem., Int. Ed. Engl986 25, (13) Polymers4, 5a, 5b, 6, and 10 have molecular weightd\,) of 11K
114. (b) Vahlenkamp, T.; Wegner, ®acromol. Chem. Physl994 195 with polydispersity indexes (PDI) of around 2. Preparative fractionation of
1933. (c) Neher, DAdv. Mater.1995 7, 691. (d) Rulkens, R.; Wegner, G.; these polymers can provide PDIs as low as 1.2. The structure and purity of
Enkelmann, V.; Schulze, MBer. Bunsen-Ges. Phys. Chet996 100, 707. all key intermediates were determined ¥y and'3C NMR, and elemental
(10) Kumar, A.; Whitesides, G. MAppl. Phys. Lett1993 63, 2002. (b) analysis. The polymer5, 10, and6 were characterized b{H NMR, GPC,
Kumar, A.; Biebuyck, H. A.; Whitesides, G. M.angmuir 1994 10, 1498. and UV~vis. Details are found in the Supporting Information.
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Figure 1. (A) Model of a segment of polymelO showing the void space

Communications to the Editor

}\/Ionolayer of conducting polymer (2.5 nm)

10 pm
Figure 2. (A) Contact mode AFM image of a polythiophene microchip
structure. The image shows a gold-coated silicon wafer which has been
patterned into hydrophobic and hydrophilic areas by micro contact printing
and subsequently drawn out of a water subphase covered by a monolayer
of amphiphilic polythiophend0 by the LB technique. The amphiphilic
polythiophene only sticks to the hydrophilic areas, resulting in a replication
of the original electronic chip pattern now as 2.5 nm high and 1000 nm
wide polythiophene “wires”. The whole process has been carried out under
ambient conditions. (B) Schematic illustration of the cross section of the
microchip structure along the solid line shown in (A).

served for polythiophene thin filnf€:1” Stability over time of

the films is very good; no bleaching or other signs of degradation

were observed one month after preparation of the films. Attempts

to bleach the films in intense UV light were unsuccessful.
Transfer of monolayers af0O to a substrate which has been

patterned into hydrophilic and hydrophobic areas of nearly equal

between the alkyl chains present on the upper (hydrophobic) side of the heights results in the replication of the pattern. This has been

polymer oriented at the aiwater interface. (B) Side view of the

demonstrated by printing the pattern of a microchip onto a gold-

m-stacked polymer indicating the presence of good electronic contacts coated silicon wafer by microcontact print#ig® using function-

from one polymer to the next. (C) Compression isothefrs(20 °C) of
amphiphilic and nonamphiphilic regioregular polythiophene. (D) Top view
of unit cell obtained from X-ray diffraction from the self-assembled mono-
layer at the ai-water interface. Ther—x stacking distance is 3.84 A,
and the projected area taken up by one repeat unit is 3.847/66 A=

29.4 R. This area is close to the collapse area of the monlayer depicted on

the isotherm (C), indicating full monolayer coverage of the water surface.

The structure of the Langmuir monolayerdd (M, = 12 000,

PDI = 1.3) compressed to 30 mN/m pressure has been elucidate

by diffraction and reflection of synchrotron X-ra§s!>¢ A plot
of the X-ray intensity vs horizontal scattering angle reveals two

narrow peaks and one broad peak. The dominant narrow peak

arise due to ther-stacking of the polythiophenes along the water

surface § = 3.84 A), and the broad peak corresponds to scattering

from the alkyl chains in a disordered state. From detailed
analysid® of the peak positions and widths these results show

that the thiophene part of the polymers scatters from domains in

which roughly 157m-stacked polymers give rise to coherent
scattering. The unit cell dimensidfislepicted in Figure 1D are
inferred from the positions of the observed narrow peaks (cor-
responding to th¢ 02} and{11} reflections), combined with a
polymer repeat unit<a in Figure 1D) that is taken from crys-
tallographic data on oligothiophenes. Further details of the X-ray
experiments will be the subject of a manuscript in prepardfion.
Transfer of monolayers of each of the polymdr$a, 5b, 6,

and 10 to a solid hydrophilic support (glass or silicon) by the
Langmuir-Blodgett technique proceeds with a transfer ratio of
1.0+ 0.1. Magenta-colored LangmuiBlodgett monolayer films
form with an anisotropic orientation of the ordered domains as
seen from a dichroic ratio of about 4 observed in the optical ab-
sorption spectrum of the films. The largest absorption is along
the dipping direction, showing that the transferred films have the
polymer backbones oriented along this direction. Within the

domains the polymers are still highly conjugated as indicated by

the solid statélnax = 544 nm, approaching the highédtax ob-

(14) (a) McCullough, R. D.; Lowe, R. Q1. Chem. Soc., Chem. Commun.
1992 70. (b) Prosa, T. J.; Winokur, M. J.; McCullough, R.NMacromolecules
1996 29, 3654.

(15) (a) Kjaer, K.Physica B1994 198 100. (b) Als-Nielsen, J.; Jacquemain,
D.; Kjaer, K.; Lahav, M.; Leveiller, F.; Leiserowitz, [IPhys. Rep1994 246,
251. (c) Larsen, N. B.; Bjgrnholm, T.; Garnaes, J.; Als-Nielsen, J.; Kjaer, K.
Synth. Met1995 71, 1985.

(16) Reitzel, N., et al. Manuscript in preparation.

S

alized alkanethiold. After transfer of a monolayer to the patterned
silicon wafer, imaging with atomic force microscopy reveals the
same pattern now represented by 2.5 nm high lanes of polythio-
phene (Figure 2). This demonstrates that the “hydrophobic effect”
readily used by nature to structure biomolecules can also be ex-
ploited to structure molecular electronic systems on solid supports.
Preliminary four-probe measurements of the electrical con-
ductivity of a monolayer film ofL0, performed by contacting four

OPt wires to evaporated gold contacts on the film and subsequent

exposure of the sample to iodine vapor, causing a transition to
the highly conductive state, yield values in the range obQ
S/cm. For comparisons-Hoped, 100 nm thick spin cast films
of regioregular poly(3-dodecylthiophene) were measured. Con-
ductivity values between 500 and 750 S/cm were found in
agreement with previous repoffs.

As demonstrated above, ultrathin films of amphiphilic poly-
thiophene can be manipulated and processed on the nano- and
micrometer scales by self-assembly methods, opening new
possibilities for, e.g., fabrication of integrated circuit structures
including nanoscale field effect transistors of polythiophene.
Prototype field effect transistors with high carrier mobilities have
recently been prepared from solution cast thin films of regioregular
poly(3-alkylthiophene}?
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