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Abstract: In recent years, there has been immense interest
in studying nanoscale aggregate structures derived from
various polydiacetylenes (PDAs). The motivation for this
is not only to understand the fundamental aggregate
structures at different scales, but also to explore their po-
tential for future technological applications. PDAs have
been made sensitive to external stimuli such as light and
chemical entities by incorporating a spectroscopically
active moiety or a receptor unit as the head group of the
PDA molecule. This makes them suitable for applications
such as sensing and actuating. Furthermore, owing to the

delocalization of p-conjugated electrons, PDAs have been
exploited as good candidates for organic nonlinear optical
materials. This Focus Review highlights some of the in-
structive work done by various groups to develop well-de-
fined one-dimensional assembly systems with a highly
structural aspect ratio, which can be directly imaged by
microscopic techniques.
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1. Introduction

Molecules with a one-dimensional (1D) projection show the
most potential as materials for nanodevices. p–p-Conjugated
(semiconducting) polymers are by far the most promising
functional polymers in view of their applications in less-ex-
pensive and flexible electronic devices. For example, poly-
pyrrole nanowires were synthesized by electrodeposition for
pH sensors,[1] polyphenylenevinylene nanowires were syn-
thesized by nanolithography for light-emitting materials,[2]

sharp conical volcano-like polypyrrole nanostructures were
formed for field-emission applications,[3] and so on. Polydi-
ACHTUNGTRENNUNGacetylenes (PDAs), a type of conjugated polymer, attract
considerable attention owing to their quasi-1D electronic
structures, quick and large nonlinearity responses, and very
fast photoconduction properties.[4] PDA nanowires as a type
of conductive material have shown their importance in inter-
connecting molecular devices in molecular electronics sys-
tems.[5,6] Furthermore, PDA systems can also work as chemi-
cal sensors because they undergo a visible color change
(blue!red) in response to a variety of environmental per-
turbations such as temperature, pH, and ligand–receptor in-
teractions.[6]

2. Self-Assembly Process and Mechanism

Diacetylene polymerization occurs only when it is in a
highly ordered state (i.e., topochemical or solid-state poly-
merization).[7–9] It requires an optimal packing of the di-
ACHTUNGTRENNUNGacetylenic units to allow propagation of the linear chain
through the ordered phase. When the system is extremely
well-ordered and the extent of polymerization is high, the
potential for application is enhanced because polymerization
does not alter the morphology. The packing of monomers is
determined by the side groups attached to the diacetylene
units, thus it can be tailored by choosing the appropriate
substituents or head groups. The key structural factors for a
diacetylenic-lipid system include the total chain length, the
position of the diacetylenic unit within the chain, and the
chemical nature of the head group. Interactions between
neighboring molecules via their head groups are especially
important for the propagation of induced 1D ordered nano-
structures. When diacetylene polymerization occurs in the
middle of an alkyl chain, highly organized self-assembled
systems in which the diacetylene groups are aligned as a
band form. Unlike polydiacetylene itself, these materials are
rather tractable, especially if a linear superstructure is re-
quired.

Various 1D ordered nanostructures have been constructed
from the polymerization of diacetylene in the past decade,
such as nanorods, -wires, -planes, helical ribbons, and so on.
The general explanations suggested for the driving force of
the self-assembly and the mechanisms of the aggregation
process are hydrogen bonding, hydrophobic interactions,
and p–p stacking. On the basis of this important point, the
aggregation of PDAs can be classified into these three cate-
gories.
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2.1. Assembly by Hydrogen Bonding

Hydrogen bonds are ideal secondary interactions for con-
structing supramolecular architectures as they are highly se-
lective and directional. In nature, beautiful examples of
these properties are present in DNA and proteins. Hydro-
gen bonds are formed when a donor (D) with an available
acidic hydrogen atom interacts with an acceptor (A) carry-
ing available nonbonding lone-pair electrons.[9] In the past
three decades, hydrogen bonding, as a very useful driving
force for the construction of supramolecular systems, has
been widely used for the design of various molecular aggre-
gates. In many cases, the introduction of strong hydrogen-
bonding moieties, such as amide or urea groups, was shown
to be instrumental in the structuring and stabilization of
these assemblies. To date, a large variety of functional PDA
1D nanostructures has been constructed through multiple
hydrogen bonds.

The structures of bisglucoside bolas with a stiff core have
been widely studied in the field of supramolecular self-as-

sembly owing to the potential introduction of multiple hy-
drogen bonds and hydrophile interaction. The structure of
stiff diacetylene groups with bisglucoside bolas and their
self-assembly behavior have been described by Masuda and
co-workers.[10] The peracetylated derivative 1 (Scheme 1)
formed an organogel from boiling ethyl acetate/n-hexane
mixed solvent upon cooling to room temperature. In con-
trast, 2 produced fibrous assemblies from aqueous solution
on addition of THF by vapor diffusion. TEM revealed the
formation of nanowires with widths of 6–20 nm for 1 and
more than 50 nm for 2. Powder X-ray diffraction studies re-
vealed that fibers derived from 2 displayed a higher molecu-
lar packing order than those from 1. These differences were
ascribed to the formation of stronger, multiple hydrogen
bonds in 2 (Scheme 1). Under UV irradiation, both gels
turned red due to covalent polymerization, which did not
change their morphologies.
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Scheme 1. Molecular structure and proposed molecular packing order in
the self-assembled and polymerized diacetylenes a) 1 from EtOAc/
n-hexane and b) 2 from H2O/THF.
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Cholesteryl moieties have been widely used in various
self-assembly systems owing to the existence of strong inter-
molecular van der Waals interactions. Tamaoki et al. report-
ed a diacetylene dicholesteryl ester 3 with urethane linkages,
which polymerized in the organogel state to form a stable
blue organogel containing PDA nanowires[11] (Figure 1).

This gelator employed two classic secondary interactions:
hydrogen bonds among the urethane moieties and van der
Waals interactions among the cholesteryl moieties. When
the urethane group in 3 was replaced with a trimethylene
group, neither gel formation nor polymerization in the crys-
talline phase occured.[12] It has been interpreted that inter-
molecular hydrogen bonding between urethane groups on
both sides of the diyne groups in 3 stabilizes the gel and
makes the stacking model in the gel state preferable for 1,4-
addition.

As an extended work, Nagasawa et al. synthesized various
diacetylene cholesteryl esters with two urethane linkages[13]

to study the relationship between the properties and chemi-
cal structures of the aggregation state. Most of these com-
pounds formed organogels in cyclohexane, and some com-
pounds gelatinized in hexane, diethyl ether, N,N-dimethyl-
formamide, and ethanol. The gel aggregates formed linear
three-dimensional networks, and the fibers had widths in the
range of 20–50 nm, which did not exhibit any obvious
change after UV irradiation. Hydrogen bonding from the
urethane groups was considered to be the main driving
force of gel formation, which was further stabilized by the
strong van der Waals interactions from the cholesteryl moi-
eties. Furthermore, the lengths and structures of the spacers
affected the gelation and polymerization process.

To exploit the function of the PDA further, we synthe-
sized compounds 4a and 4b to study and compare their ag-
gregation-state and photoelectric properties.[14] As shown in

Figure 2, compound 4a with a hydroxy tail polymerized to
form large-scale orderd nanowires with widths of 50–120 nm
and lengths of several microns; this process is driven by p-

stacking and hydrogen-bonding interactions. However, the
ester derivative 4b could not form nanowires under the
same conditions, thus certifying the crucial effect of hydro-
gen bonding for the formation of nanowires. Significantly,
the nanowires showed excellent field-emission properties;
this presents a new opportunity to exploit conducting poly-
mer nanowires. The work function of the poly-4a nanowires
is around 3.05 eV, which is much smaller than that of graph-
ite (4.34 eV), thus demonstrating that the PDA nanowires
have great potential as a competitive candidate for field
emitters.

2.2. Assembly by Hydrophile–Hydrophobe Interactions

The self-assembly of biologically based amphiphiles into po-
tentially useful nanostructures has been the subject of in-
tense study in recent years. Fibrous assemblies formed from
synthetic amphiphiles have recently provided a wide variety
of well-defined and intriguing nano- and microstructures.[15]

In most cases, these systems consist of a chiral hydrophilic
head group such as phospholipid or amino acid and an achi-
ral lipid moiety that can self-assemble in an aqueous envi-
ronment.

Phospholipids containing diacetylene moieties in their hy-
drocarbon chains have been extensively studied for their
ability to self-assemble into tubule or helical wire structures
from aqueous and aqueous/alcohol solvents.[16] These helical
structures have attracted interest due to potential applica-
tions in controlled-release, electroactive composite, and mul-
tifunctional materials. 1,2-Bis(10,12-tricosadiynoyl)-sn-glyc-
ero-3-phosphocholine (6 ; Figure 3) was shown to form
hollow microtubules with lengths of 50–200 mm and an aver-
age diameter of approximately 0.5 mm.[16a] Svenson and Mes-

Figure 1. Molecular structure and energy-filtering (EF) TEM images of
cyclohexane gel containing 3. A) Unirradiated; B) photoirradiated with
UV light from a high-pressure Hg lamp. (Reprinted with permission
from reference [11]. Copyright 2000 American Chemical Society.)

Figure 2. Molecular structure of 4a and 4b and TEM images of A) poly-
4a nanowire and B) a single poly-4a nanowire. (Reprinted with permis-
sion from reference [14]. Copyright 2005 American Chemical Society.)
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sersmith reported that an equimolar mixture of 5 and 6 in
aqueous solution formed nanotubules with diameters of 50–
60 nm and lengths of up to 100 mm after incubation at ambi-
ent temperature for several hours[17] (Figure 3). Continued
incubation of the nanotubule suspension at ambient temper-
ature caused a gradual transformation of the nanotubules
into a lipid–gel phase consisting of interconnected helical
wires. The transformation rate from nanotubule to helical
wire was dependent on the lipid concentration, and suspen-
sions of higher lipid concentration transformed more rapidly
than less-concentrated solutions. However, the transforma-
tion to helical wires could be completely prevented by stor-
ing the nanotubule suspension at 4 8C. Significantly, poly-
merization under UV irradiation induced the destruction of
the nanotubules and formation of an interconnected lamella,
which indicated a spontaneous nanotubule-to-ribbon trans-
formation triggered by polymerization of 6.

Diacetylenic lipids 7 and 8 with terminal amine units gave
typical amphiphilic structures, which were first polymerized
by UV irradiation to form organic conductive materials and
then metallized to form thin lamellar differentially conduc-
tive arrays.[18,19] The driving force of the assembly was
mainly ascribed to the hydrophobic interaction of the long
lipid tail rather than the hydrogen bonds of the amide unit,
given the highly polar assembly environment of the water/

alcohol solution. Lipid 8 has the same head group as 7, but
the fatty acyl groups are not anchored at both ends; it there-
fore formed helices and tubules[5a] from a chloroform/etha-
nol/water mixture. On the other hand, lipid 7 formed very
uniform flat strips or sheets under similar conditions. The in-
ability of 7 to form helices and tubules was supported by
theoretical models that explained the origin of curvature in
bilayer systems.[20] Under acidic conditions, colored ribbons
and liposomes formed in the presence of metal ions. Fur-
thermore, the polymerized strips were extremely fluorescent
and could be detected by fluorescence spectroscopy.

Various amino acid terminated diacetylenic lipids have
been synthesized to study their aggregation microstructures
(Scheme 2).[21] The observed morphologies for the micro-

structures, which include tubule, helix, ribbon, sheet, braided
fiber, and planar platelet, strongly depended on the chemi-
cal structures of the head groups. Among them, Gln–PDA
formed ribbon-shaped microstructures (Figure 4), and only
planar platelets were obtained for Glu–PDA, Phe–PDA,
Gly–PDA, and Met–PDA, even though their head groups
are chiral. For Gln–PDA, His–PDA, and Ile–PDA, well-de-

Figure 3. Molecular structure of 5 and 6 and TEM images of a 1:1 mix-
ture of 5 and 6 (12.0 mm total lipid concentration) after 24 h at ambient
temperature. A) Low-magnification image showing helical ribbon aggre-
gates emanating in all directions from a dense entangled core. B) High-
magnification image showing the helical nature of the ribbons and their
apparent fusion at junctions. (Reprinted with permission from refer-
ence [17]. Copyright 1999 American Chemical Society.)

Scheme 2. Molecular structures of the amino acid terminated lipids from
9.
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fined helical assemblies were readily obtained. Significantly,
Ser–PDA formed open-ended tubular assemblies. It was
claimed that molecular chirality, electrostatic interactions,
and hydrogen-bonding interactions in the head-group region
determined the formation of microstructures with twisted
features: nonchiral molecules do not form curved structures,
although the presence of chiral groups did not necessarily
result in the formation of helix structures. Furthermore, the
degree of hydration of the different amino acids in aqueous
phase could be another controlling factor, as a large hydro-
philic head group can cause curvature, as observed by Fuhr-
hop and Boettcher.[22] The polymerized lipid microstructures
exhibited a blue-to-red color transition in response to ther-
mal and pH changes, similar to that observed for related bi-
layer vesicles. The microstructures of lipids with hydropho-
bic head groups are more sensitive to pH changes than
those of lipids with hydrophilic head groups.[22,23]

Another simple case, given by Song et al., formed ribbon-
like microstructures with lengths of tens to hundreds of mi-
crons in both polymerized and unpolymerized forms of 10[5b]

(Figure 5). Polymerization of the diacetylenes did not
appear to change the morphology of the material. Tubular
structures were observed as segments of some helical rib-
bons, apparently resulting from higher regional helicity. Ex-
tensive experiments[24,25] and theoretical treatments[26] of the
lipid microstructures have been attempted to explain the
formation of tubular or helical morphologies. Most theories
emphasize the principle of chiral packing. Schnur et al.
postulated that when bilayer chiral amphiphilic lipids aggre-
gate, they first form large strips with sharply separated do-
mains.[24] When the original aggregate is larger than the fa-
vored ribbon width, such aggregates would then break up
along the domain edge to form ribbons that are free to twist
into helices by the chiral-packing effect. Helical ribbons
may further fuse into tubular structures to reduce edge
energy. Significantly, upon increasing the pH, all helical rib-
bons and flat sheets frayed into thin nanofibers accompa-

nied by a sharp blue-to-red chromatic transition. The CD
spectra of poly-10 before and after base treatment shows a
dramatic loss in molar ellipticity, indicating the loss of chiral
microstructures (helical ribbons and tubes) during the trans-
formation.

2.3. Assembly by p–p Stacking

p–p Stacking is another useful way to construct plastic ma-
terials with applications in electronics. Furthermore, func-
tionalization of disk-shaped aromatic molecules with hydro-
carbon chains has been shown to be a useful method to in-
fluence p–p stacking and to create 1D electronic materials.

Fibrous PDA microcrystals have also been prepared suc-
cessfully by Oikawa et al. through the reprecipitation
method[27] (Figure 6), and their applications in nonlinear op-

tical (NLO) devices were explored.[28] A possible scheme for
the formation of fibrous microcrystals was also proposed. In
the first stage, amorphous particles of 11 formed with the
diffusion of the solvent from its droplets dispersed in the
surrounding aqueous medium. Meanwhile, a portion of

Figure 4. TEM images of the microstructures of Glu–PDA and Gln–
PDA. A) Glu–PDA; B) and C) Gln–PDA. The scale bar is 0.6 mm. (Re-
printed with permission from reference [21]. Copyright 2000 American
Chemical Society.)

Figure 5. Molecular structure and TEM images of poly-10
(0.15 mgmL�1). (Reprinted with permission from reference [5b]. Copy-
right 2001 American Chemical Society.)

Figure 6. SEM images of fibrous microcrystals of poly-11 formed in
A) the absence and B) the presence of sodium dodecylsulfate by the
ACHTUNGTRENNUNGreprecipitation method.
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these particles microcrystallized. The microcrystals then
acted as a substrate when the amorphous particles of 11
bound epitaxially on their surface. Through repetition of
this process, 1D fibrous microcrystals of 11 eventually grew.
The diacetylene microcrystals turned into blue PDA micro-
crystals through solid-state polymerization under UV irradi-
ation. In particular, it was found that the electronic absorp-
tion peak positions for the PDA microcrystals were shifted
to the short-wavelength region with decreasing crystal size.

Well-defined Ag-coated poly-11 nanowires were also con-
structed for the improvement of NLO susceptibility by a
simple silver-mirror reaction under aqueous conditions[29]

(Figure 7) The structure of the Ag colloid coating poly-11

was not destroyed by ultrasonication, which indicates that
the binding between silver and poly-11 is not electrostatic
attachment but strong adsorption. On the other hand, coat-
ing with Au through the reduction of tetrachloroauric acid
(HAuCl4) failed. This difference in coating between Ag and
Au was ascribed to the electrostatic interaction between
metal ions and the z potential of the microcrystal surface.

The combination of diacetylene units as polymerizable
monomers with other 1D aggregates were also constructed
to obtain a linear supramolecular architecture.[30] Compound
12b successfully triggered molecular aggregation to lead to
the formation of very transparent gels in cyclohexane and
decahydronaphthalene (decalin) with fibrous networks, al-
though 12a did not act as a gelator. In the 1D gel tissue,

molecules adopted an H-type aggregation mode in which
amide–amide hydrogen bonding and porphyrin p stacking
work efficiently. By using this material as a photopolymeri-
zation template, unimolecularly segregated PDA nanowires
were easily obtained. Furthermore, the thickness of the
fibers was consistent with the molecular width of 12b, which
explains the fact that 12b molecules are arranged in a 1D
structure, the diacetylene units of which are photopolymer-
ized in situ. In addition, each unimolecularly polymerized
PDA fiber was elongated to more than several micrometers
in length without any defect.

3. Conclusions

This review has covered some of the developments in the
field of polydiacetylene nanowires to probe the underlying
mechanism of their formation. They are potentially useful
new materials for a variety of applications, including optical
waveguides, nonlinear optics, and the fabrication of biosen-
sors and novel photoelectric materials. Therefore, greater
emphasis needs to be given to the understanding of the in-
tricate organization of these organic nanowires and their
properties so as to exploit more rational approaches for
their application.
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