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The generation of nanostructured organic semiconductors is
a critical technology in key areas that include device miniatur-
ization, photovoltaics, photonic bandgap materials, and elec-
tronic circuitry.1-5 Almost any area of high tech materials profits
from the generation of nanostructures. An elegant way to
generate nanostructures in soft materials is the use of heated
atomic force microscope (AFM) cantilever tips, which allow
the reversible or irreversible writing of nanostructures in thin
films.6 Simple ways of generatingorganic semiconductor
nanostructures are rare and often rely on self-assembly processes
such as ribbon or wire formation of substituted PPEs shown by
Müllen and Rabe,7 monolayer self-assembly and electron beam
lithography.8,9 Herein, we describe (a) the synthesis of conju-
gated fluorescent polymers by the thermal and Cu-catalyzed 1,3-
dipolar cycloadditions of terminal diynes with aromatic diazides,
the thermal reaction having been investigated by Szeimies and
Huisgen long ago, and (b) fabrication of nanostructured organic
semiconductors by nanoscale thermal processing of annealed
diazide/dialkyne thin films with a heated AFM cantilever tip.10,11

The copper-catalyzed 1,3-dipolar cycloaddition, the so-called
“Click” reaction, is an excellent tool towards novel materials
as shown by Hawker and others.12 However, the synthesis of
conjugated polymers by 1,3-dipolar cycloadditions has been
conspicuously absent and only one example has been reported.13

Reaction of the diazides1 with the diynes2 in THF in the
presence of copper sulfate and sodium ascorbate furnishes the
polymers3-6 in excellent yields as yellowish or off-white
powders that precipitated out of solution, while the reaction of
7 with 2 generates the polymers8 and 9 in excellent yields
(Scheme 1, Table 1).14-16

The formed poly(arylenetriazolylene)s (PArT) are of moderate
molecular weights (<104 Dalton) due to their relative lack of
solubility in the THF-water mixture employed as reaction
solvent. If the unsubstituted fluorenediazide1 (R1 ) H) is used,
a polymer with a significant fraction of insoluble material is
isolated. However, most of the other PArTs are well soluble in
chloroform or dichloromethane.

According to 1H and 13C NMR spectroscopy, the PArTs
display regular 1,4-substitution around the triazole unit (Sup-
porting Information). The PArTs are nonfluorescent in the solid

state but blue fluorescent in solution. The quantum yield of
emission of the soluble representatives is around 0.4 (quinine
sulfate standard). Their absorption maxima is between 314 and
330 nm and the emission maxima are recorded between 370
and 379 nm, often accompanied by shoulders at 357-359 nm.
The optical properties are practically independent of the
molecular weight of the PArTs, suggesting that the used building
blocks lead to species with localized HOMO and LUMO. A
noteworthy observation is the red shift in emission upon addition
of acid to the PArTs. Figure 1 shows the emission spectrum of
polymer5 upon protonation. It is surprising that the emission
spectrum of5 is narrow and structured but its absorption
spectrum is broad and featureless. We speculate that5 is
conformationally unrestricted in the ground-state; i.e., the arylene
units are twisted with respect to each other. In the excited state,
the relaxed conformation is the planar one, similar to the case
of the poly(p-phenyleneethynylene)s.17 The conformational
fixation into a planarized and well-defined excited state will
lead to the observed vibronic progression, where a 0-1
transition in addition to the 0-0 transition is observed. We
speculate that the excited state of the protonated polymer chain
is not planarized, but twisted due to the interchain repulsion of
the positive charges leading to a broader and unstructured
emission spectrum.

What is the reason for (a) the molecular weight independence
of the optical data and (b) the observed significant red shift
upon protonation? Quantum chemical model calculations (SPAR-
TAN B3LYP 6-31G**//6-31G**) on 1,4-diphenyl-1,2,3-triazole
shed light on both issues: (a) The high band gap and the length
independence of the optical properties are due to a distinct
localization of the FMO on different parts of the molecule; the
HOMO is predominantly located on the former alkyne and the
LUMO is located on the former azide part of the cycloadduct.
(b) Protonation in the 3-position of the triazole gives the most
stable azaallylic imidazolinium type cation, which has a lower
HOMO-LUMO gap and a more delocalized FMO.
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Figure 1. Emission spectra of5 in chloroform and methanol and upon
addition of acids in methanol.

Table 1. Substituent Key and Optical and Analytical Data for
Polymers 3-6, 8, and 9

poly-
mer R1 R2

%
yield

λmax(abs)
[nm]

λmax(em)
[nm] F Mn PDI

3 H dodecyl 92 322 358, 371 N/A insoluble
4 H ethex 80 322 357, 370 0.41 1.9× 103 2.1
5 dodecyl dodecyl 92 329 359, 376 0.38 5.7× 103 2.2
6 dodecyl ethex 87 328 358, 375 0.48 8.7× 103 5.8
8 N/A dodecyl 86 314 379 N/A insoluble
9 N/A ethex 88 314 379 0.48 5.1× 103 5.5
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An exciting aspect of the in situ click chemistry is the
potential for the formation of organic semiconductors in the
solid state; thermal 1,3-dipolar cycloadditions are facile at
enhanced temperatures.10 Our capability for applying highly
local heating from the tip of an AFM cantilever permits the
formation of functional nanopatterns.18 Monomers1, 2, and7
are crystalline. A solution containing didodecyldiazide1 and
bisethexyl-substituted diyne2 (precursors for6) was spin-cast
on a coverslip to give an 80 nm thick film that was preannealed
at 170 °C for 1 h and formed a nontacky micrometer-thick
polymer film. According to DSC, the 1,3-dipolar cycloaddition
proceeds at this temperature. The cantilever tip was brought
into contact with the film with a load force of∼100 nN and
heated. Precision calibration of the cantilever was possible18

and in this case the tip temperature was near 225°C. In one
experiment, the probe rastered over a 1µm square for 60 s,
producing a lithographic mark 6 nm deep. Subsequent experi-
ments showed that the lithographic mark could be as narrow as
160 nm (Figure 2). The lithographic marks were crisp and no
residue or pileup was observed. No physical characteristics were
observed that would be associated with simple polymer defor-
mation, as the material exhibited a sharp, irreversible, and highly
local transition when heated with the tip.

In conclusion, we have demonstrated that conjugated poly-
mers form from azide and alkyne precursors under thermal and
Cu-catalyzed conditions. Using a heated cantilever tip it is
possible to write crisp nanoscale features into mixed diazide-
diyne films after preannealing at 170°C. The absence of
tackiness and ripping makes these materials particularly attrac-
tive as novel organic semiconductors that can be easily thermally
structured. At the moment, we are exploring the use of donor-
substituted alkynes and acceptor-substituted diazides to make
organic semiconductors with lower band gaps.
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Scheme 1. Copper Catalyzed Synthesis of 3-6, 8, and 9 and Resonance Structures of the Protonated Polymers
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