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Diacetylene (DA) is a well-known series of substances that
undergoes topochemical reactions upon UV-irradiation or thermal
stimuli, leading to the anisotropic formation of polydiacetylene
(PDA) in the crystalline state.1 It is known that strict steric
conditions in the arrangement of monomers are required in such
topochemical reactions of diacetylene, that is, there must be 4.9 Å
of translational distance between the DA units and an inclination
angle of 45° between the DA axes.2 Recently, numerous studies
on the topochemical reactions of DA have been conducted not only
in the crystalline states, but also in the mesophases such as in
micelles,3 Langmuir-Blodgett films,4 and self-assembled mono-
layers.5 Fascination with the features of organogel tissues having
one-dimensional elongated morphology with a length of several
tens of micrometers and unimolecular width has led to several
studies concerning in situ polymerized DA in the organogel system
toward construction of electric nanomaterials.6,7 In the topochemical
polymerization processes of DA in such mesophases, PDA shows
either a blue or a red color, depending on the polymerization
conditions; however, the origin of the color difference has not yet
been well understood. In 1984, Wegner et al. summarized the
relationship between the wavelength of the absorbance and the
effective conjugation length (ECL) in PDAs.8 They found that ECL
is strongly affected by the planarity of the main chain of PDA in
a linear relationship. According to their analyses, PDAs having an
ECL of around 20 mer should show a red color, and those having
an ECL of 30 mer should show a blue color. This information
implies that the molecular modeling calculation of the stable
conformation of PDA is useful in predicting PDA colors.

Recently, we and others have enjoyed low-molecular-weight gel
chemistry using cholesterols and substituted gallic acids9 as the
backbone of gelators.10 With the above-mentioned goal in mind,
we attached the promising gel-forming segments, 3,4,5-trialkoxy-
benzoic acid moieties, to the DA with flexible alkyl chains (Gn, n
) 3-8: Figure 1 left). The photopolymerizable unit with flexible
linkers is expected to be strongly stabilized by intermolecular
hydrogen bondings between two amide linkages that are surrounded
by the gel-forming segments. The amide groups are widely used
to fix DA in a suitable orientation because the distance between
them (about 4.8 Å) is comparable to that of the DA units (about
4.9 Å).

First, we surveyed the stable conformation of 24 mers ofG3

andG4 by molecular modeling calculation (MMFF94). As seen in
Figure 1 right, the radius of the curvature in polyG3 is shorter than
that in polyG4, andG3 may have an ECL shorter thanG4 (also see
Figure S1 in Supporting Information). We assumed that the
difference in the curvature is attributable to the number of carbon
atoms (n) in the alkyl chains inGn; that is, the length of the alkyl

chains and the odd-even effect in the carbon atoms should behave
as key factors causing a strain on the alkyl chains in polyGns.

To prove these assumptions, we conducted the topochemical
reaction ofGns in the gel state. All the compounds (Gns) were
synthesized using a conventional reaction sequence (Scheme S1).
Gns synthesized here showed fine gelating properties at low
concentrations ranging from hydrocarbons to aromatic, alcoholic,
and aprotic polar solvents, such as 1,4-dioxane, butyronitrile, and
DMF (Table S1). Among them, we selected hexane as a solvent to
prepare transparent gels withGn (for G3, Figure S2) for the
subsequent topochemical reaction, since transparency is a very
important factor in avoiding the reflection of light when the gels
are subjected to photochemical reactions. Before the photopolym-
erization ofGn gels, we performed transmission electron micro-
scopic (TEM) analyses of the hexane gels ofGns to obtain direct
images of the one-dimensional gel tissue. As shown in the TEM
image (Figure S3), the elongated one-dimensional assembly reaches
to several tens of micronmeters long, which is attributed to several
10 000 molecular stacks in the fibrous structure. These observations
revealed that the elongated DA assemblies are suitable templates
for the anisotropic topochemical reaction of DA in the gel phase.

With such 1-D arrays of polymerizable units in hand, we
conducted the photopolymerization of DA in the gel phase. In a
typical procedure, the hexane gel (2.5 g dm-3) of G3 in a 5 mm
quartz cell was subjected to photoirradiation with a 100 W high-
pressure mercury lamp at room temperature from a distance of 5
cm. Upon UV irradiation, the color of the gel immediately changed
from transparent to red while retaining its gel state. The time-
dependence of the UV-vis spectral change in this photopolymer-
ization process showed that a new absorption band characteristic
of PDA appears at 520 nm, which gradually increases and is almost
saturated in 3 h (Figure 2a left). Photopolymerization ofG4 in the
gel state under the same conditions proceeded smoothly within 3
h, as it did withG3, but interestingly, the polymerized sample of
G4 showed a blue color with new absorption bands at 550 and 610
nm (Figure 2a right). From the absorbance, we can estimate these
ECL values to be 10 mer forG3 and 25 mer forG4. These results
meet our predictions, based on the results obtained by the molecular

Figure 1. Chemical structure ofGn and the optimized conformation of 24
mers of (upper) polyG3 and (lower) polyG4.
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modeling ofG3 andG4, which showed thatG4 is less affected by
steric distortion thanG3.11

A similar trend is also seen in the cases ofG5-G6 andG7-G8.
As shown in Figure S5, the spectral patterns can be classified into
two categories. The absorption bands of the polyGodds (Godd is Gn

with the oddn number) appear at shorter wavelengths (G3, 520
nm; G5, 526 nm;G7, 530 nm), whereas the absorption bands of
the polyGevens (Geven is Gn with the evenn number) appear at longer
wavelengths (G4, 610 nm;G6, 615 nm;G8, 625 nm). These findings
reveal that the odd-even effect of the alkyl chains between the
DA and the amide moiety significantly governs the planarity of
the polyG3-polyG8. Moreover, it is found that the absorption
maxima for polyGodds and polyGevens gradually shift to a longer
wavelength while increasingn. This observation is fairly understood
as follows: the strain in the PDA obtained fromGn gels is more
relaxed from the intermolecular hydrogen bondings between amide
groups running along the polydiacetylene main chain with an
increase in the number of carbon atoms in the alkyl chains.12 It is
worth emphasizing that the odd-even effect of ECL shown here
in polyGodds and polyGevens can be directly detected by the naked
eye. As clearly seen in Figure 2b, the color of theGodd gels is red
and that ofGeven is blue, as expected. This is a very rare example
in which the odd-even effect of the linkages appears very clearly.

ECL in conductive polymers should strongly affect their photonic
and electric properties. On the basis of several preliminary
experiments, we noticed that the gel fibers with a very thin
morphology can become potential candidates for electric field
emission material. The PDA prepared here has a fibrous morphol-
ogy with a high aspect ratio and is expected to have a certain degree
of conductivity. To begin, we conducted an evaluation of the field
emission properties of the thin film prepared from polyG3 and
polyG4. The ethanol gels (10 g dm-3) were cast on ITO electrodes,
and the gel-modified ITO electrodes were photoirradiated for 3 h
to complete the photopolymerization of DA (Figure 3 inset). The
progress of the photopolymerization could be easily monitored from
the color change. The field emission measurements were performed
with the gel-modified ITO electrodes as emitters in a high-vacuum
chamber (10-7 Torr).13 Figure 3 shows the field emission current

density of the gel fiber-coated ITO electrodes prepared fromG3

andG4. It is noteworthy that the electrode prepared fromG4 has a
turn-on field (35 V/µm) lower than that ofG3 (50 V/µm). One can
reasonably attribute this to the difference of ECL betweenG3 and
G4.

In conclusion, we have demonstrated that molecular modeling
to seek a stable conformation of PDA prepared fromGns in the
gel state is useful in predicting the ECL in PDA where the odd-
even number of alkyl chains (n) is a key factor for determining the
blue and red phases of the PDAs. These findings should prove
useful in the design of PDA-based sensors for organic and
biomolecular objectives as well as conductive materials for nano-
wires and nanodevices.
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Figure 2. (a) Time-dependence (0-180 min) of UV-vis spectral change
on photoirradiation to the hexane gels (2.5 g dm-3) prepared fromG3 (left)
andG4 (right), and photographs of the 3-hour-photoirradiated gels (insets);
(b) photographs of hexane gels ofG3-G8 (2.5 g dm-3) after photoirradiation
for 3 h.

Figure 3. Field emission properties of xerogels prepared fromG3 andG4

on ITO electrodes (inset: photographs of the xerogel-modified ITO
electrodes).
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