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a b s t r a c t

Polydiacetylene (PDA), as a unique conjugated polymer, has shown its potential in the application
of chem/bio-sensors and optoelectronics. In this work, we first infiltrated PDA monomer (10, 12-
pentacosadiynoic acid, PCDA) melt into anodized aluminum oxide template, and then illuminated the
infiltrated template with UV light to initiate the polymerization of PCDA. After etching away the alu-
minum oxide templates, we obtained solid poly-PCDA nanofibers. We found that even tightly confined
in template pores with diameter as small as ∼35 nm, PCDA crystals were able to be polymerized through
eywords:
olydiacetylene
emplate fabrication
anofibers
hromatic transition
hemsensors

a solid polymerization mechanism induced by UV light. Poly-PCDA nanofibers, both in the released form
and embedded in the template, showed characteristic blue to red color change in sensing exposure of
organic solvents and temperature increasing, and the red colored fibers possessed strong fluorescence.
Moreover, poly-PCDA nanofibers were highly crystalline, and oriented favorably in some certain direc-
tion due to the confinement of nanopores, as demonstrated by X-ray diffraction texture analysis and

nalys
orientation distribution a

. Introduction

Polydiacetylenes (PDAs), are structurally featured as highly
xtended �-electron conjugation system along the polymer chain,
nd ordered molecular backbone alignment which give rise to
nteresting and applicable chromatic, electrical and optical prop-
rties. Upon irradiation by UV light or �-ray, properly aligned
iacetylene monomers can polymerize to form an ene-yne alter-
ating polymer chain, resulting in organized structures. The
onjugated PDA backbone has two major spectroscopically dis-
inct phases designated as the “blue phase” and the “red phase”
1]. Upon external perturbation, such as temperature change [2–4],
H [5,6] or mechanical stress [7,8], ligand–receptor interaction
9,10], the conjugated poly(ene-yne) backbone can undergo a dras-
ic reversible or irreversible change in the relative intensity of these
wo phases, which is even visible to naked eyes. By making use of
his sharp blue to red color change, PDAs have been extensively

xplored as chemical or biological sensors to monitor species rang-
ng from small organic molecules, bio-macromolecules and even
o virus and bacteria [11–17]. Furthermore, the red-phase PDA also
as a strong fluorescence while the blue one does not, which can

∗ Corresponding author. Tel.: +86 25 8317 2247; fax: +86 25 8317 2292.
E-mail address: yongwang@njut.edu.cn (Y. Wang).
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be used potentially in other fields including cell imaging and infor-
mation storage [18–24]. On the other hand, PDAs have being also
considered as one kind of very important functional optoelectronic
materials, among which third-order nonlinear optical (NLO) prop-
erties of PDAs have been found to be most promising because of
its enhanced NLO susceptibility and a short response time [25,26].
Moreover, very recently, there emerge some investigations using
PDAs as organic field effect transistors due to their high charge
carrier mobility in the chain direction [27,28].

PDAs may exist in the form of bulk single crystals [29–31],
ultrathin films [11,32–34], lipsomes or vesicles [35–37], and com-
posites [38–42] according to chemical nature of side groups in the
monomer, and also the preparation methods. Furthermore, one-
dimensional (1D) PDA nanostructures, mainly nanowires/fibers
and nanotubes, have drawn increasing attention recently in view
of molecular wires applied in optoelectronic nanodevices. Cur-
rently, the fabrication approaches to 1D PDA structures are mostly
based on the self-assembly of monomers with functional side
groups through noncovalent forces such as hydrogen-bonding,
hydrophobic interactions, and �–� stacking [43–48]. Though PDA

monomers are highly molecular designable and a large variety
of functional side groups have been successfully anchored to the
monomer backbones, and under appropriate conditions, some of
them are capable of self-assembling to form 1D superstructures,
this self-assembly-based route still suffers from some intrinsic

dx.doi.org/10.1016/j.snb.2011.01.014
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:yongwang@njut.edu.cn
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rawbacks: (1) apparently, not all monomers with desirable func-
ional side groups have the capability to self-assemble, and in

any cases one cannot produce 1D structures from their starting
onomers with specially designed side groups, for instance, Rus-

el and co-workers synthesized a series of single-chain diacetylene
mine salts, but only one of them having appropriate interactions
etween head groups had the ability to form nanotubes [47]. (2)
ince self-assembly is built on specific intermolecular interactions
hich occurs only in appropriate and well-controlled experimen-

al conditions, structure parameters, e.g. diameter and length of
he resulted 1D objects can only be adjusted in a relatively narrow
indow, which limits the flexibility of their potential applica-

ions. Therefore, since there is rarely supplementary method to
he self-assembly route available, in view of PDAs’ broad poten-
ial applications ranged from chem/biosensors to optoelectronic
evice, it is highly expected to develop a general method to the
abrication of 1D PDA nanostructures without strict requirement
n the chemical structure of the starting monomer; and also
his method will be more favorable if the resulted 1D nanoob-
ects are tunable in regard of structure parameters in a larger
ange.

In recent years template method has been developed to be
simple and versatile route to the fabrication of 1D nanostruc-

ures. The most popular ordered porous templates are anodized
luminum oxides (AAO) and macroporous silicon, which have been
mployed to prepare a huge library of materials ranged from poly-
ers, inorganic or organic small molecules to biological materials

49–56]. Simply, template method can be divided into two steps:
ntroduction of the precursor into the pores of the template, and
onversion of the confined precursor into target material physi-
ally or chemically. The template pores, in most cases, just serve
s inert molds to accommodate the precursors, and their architec-
ure characteristics will be transferred to the target materials with
large degree of faithfulness, which means one can predict in a

ery accurate way that their final products will have close diame-
er, length and morphology to the template pores prior to the start
f the preparation though shrinkage (<10% normally) occurs some-
imes. This predictability is especially convenient and important
o task-specific fabrications. For the fabrication of 1D PDA nanos-
ructures, it is worthwhile to try this template method with the
urpose to develop a general and tunable route since all PDAs
ogether with their monomers are organic, having lower surface
nergy than the inorganic templates, which guarantees the feasi-
ility of wetting the template walls. Unfortunately, most PDAs are
either dissolvable in common solvents nor infusible upon heat-

ng; therefore, we have to start the work by wetting the templates
ith the monomer followed by polymerization with the monomer

onfined in the pores. This further raises a critical question: in the
onfinement of nanoscale pores whether the monomer is poly-
erizable or not since the limited space in the pores and the

nteractions between the pore wall and the monomer molecules
ay influence the stacking of the monomer in the crystal and dis-

urb the appropriate geometry (the distance and the tilt angle are
pproximately 0.5 nm and 45◦, respectively), which will fail the
olid state polymerization [57,58]. Moreover, even if the polymer-
zation inside the pores is possible, there should be another concern
n whether the unique properties, e.g. color change, fluorescence
f the red formed PDAs and their advantageous optoelectronic per-
ormance found in PDA vesicles or ultrathin films will be retained
r not.

In this work, we explored the feasibility of fabrication PDA

anofibers using AAO as template with the purpose to develop
general, simple and tunable method, and also after demonstra-

ion of the attainability of PDA nanofibers through such a template
oute, we investigated the chromatic, fluorescent and crystalline
roperties of the resulted PDA nanofibers.
ors B 155 (2011) 584–591 585

2. Experimental

PDA monomers, 10, 12-pentacosadiynoic acid (PCDA) was pur-
chased from Fluka with a purity higher than 97%. Before use
PCDA was dissolved in chloroform and filtered to remove the
pre-polymerized parts. The obtained colorless solution was then
evaporated to produce PCDA crystal. Templates used here were
home-made anodized aluminum oxide with an average pore
diameter of ∼400 nm and ∼35 nm, respectively, and both have a
thickness of 100 �m [59–63]. In the PCDA wetting step, the tem-
plate was first evenly coated with a thin layer of PCDA crystals,
which was then transferred to an oven heated to 68 ◦C to melt
PCDA (m.p. 62–63 ◦C). The oven was then pumped to apply vac-
uum. The vacuum and temperature were held for about 30–60 min
to give enough time for PCDA melt to infiltrate the template. The
infiltrated sample was then taken out and scratched to remove the
residual PCDA layer on the template surface. A 254 nm-UV bench
lamp (XX-15S, UVP, Inc.) was applied to illuminate the cleaned
sample for the polymerization of PCDA inside the pores [64]. In
order to release poly-PCDA nanofibers from the template, the illu-
minated sample was etched with either 20 wt% of aqueous KOH
at room temperature for 20–30 min, or H3PO4 (85 wt%)/CrO3 (4:1
weight ratio, totally in 9 wt% concentration) aqueous solution at
40 ◦C for one or two days to selectively remove the aluminum
oxide template. The released products were then collected through
centrifugation and washed with deionized water repeatedly. The
morphology of samples were examined by means of both scanning
electron microscopy (SEM, JSM6340F) at an accelerating voltage of
15 keV after sputtering a thin layer of gold, and also transmission
electron microscopy (TEM, JEOL 1010) at an accelerating voltage
of 100 keV. We used Specord 2000 UV–vis spectrometer (Analytik
Jena GmbH) to record the UV–vis spectra, and Fluostar Optima plate
photometer (BMG LAB TECK) to measure the fluorescence strength
of the samples together with deionized water as the control using
544 nm excitation light and 590 nm filter. The scanning confocal
optic microscopy was performed on a home-built device. In addi-
tion, all photographs showed in this work were taken using a Kodak
DX6340 digital camera.

3. Results and discussion

The commercially available compound 10, 12-pentacosadiynoic
acid was chosen as a monomer since its polymerization and the
properties of its polymerized product, poly-PCDA, have been inten-
sively investigated [65–67]. Upon heating the temperatures to 68 ◦C
(slightly higher than the m.p. of PCDA), PCDA melts on the surface
of the template. The PCDA melt infiltrated the pores because the
organic monomer melt has a strong tendency to spread on the pore
walls of AAOs that consist of an inorganic oxide with high surface
energy. It was proved that the wetting of the template proceeded
quite fast on a time scale of a few seconds [68]. SEM investiga-
tions revealed that the pore volume was completely filled with
the monomer, as expected for low molecular weight compounds
[69]. A typical procedure involved the melting of PCDA on tem-
plate pieces at temperature of 68 ◦C in vacuum for 30–60 min to
ensure a homogeneous filling of the pores. When the samples were
cooled below the crystallization temperature of PCDA, the PCDA
melt inside the pores solidified. Fig. 1a and b is photographs of a
whole aluminum chip (diameter 2 cm) with a 100 �m thick of self-
ordered nanoporous alumina film (pore diameter 35 nm) before

and after the wetting with PCDA and the removal of the residual
PCDA from the template surface, respectively. Alumina is trans-
parent to visible light and the period of the pore array of 100 nm is
much smaller than the wavelength range of visible light so that light
scattering is negligible. Therefore, the underlying metallic Al can be
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Fig. 1. Photographs of AAOs (pore diameter 35 nm, pore depth 100 �m) before and after wetting with PCDA and photopolymerization. (a) Non-wetted template; (b) wetted
template; (c and d) PCDA wetted template with a UV light exposure of 10 s (c); 30 s (d); and 5 min (e). (f) e was additionally heated to 120 ◦C for 30 s.

Fig. 2. SEM (a–c) and TEM (d) images of poly-PCDA nanofibers released from AAO templates with a diameter of 400 nm and a pore depth of 100 �m.
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respectively.
On the other hand, before the template removal, the poly-PCDA

nanofibers were embedded in alumina host, and they were densely
packed, well aligned and separated from each other with relatively
L. Tong et al. / Sensors and

een in the case of the non-wetted AAO. After wetting with PCDA,
he wetted template was white and opaque. After the initial infil-
ration step, the PCDA inside the pores could be photopolymerized
rior to the template removal, although there was also the possibil-

ty to remove the template at first and conduct the polymerization
n the released PCDA monomer. After illumination with UV light
�= 254 nm) for 10 s, the whole wetted area of the template had a
light blue color (Fig. 1c). After 30 s, the blue color got more inten-
ive (Fig. 1d), and after 5 min illumination the samples exhibited
dark blue color with some golden spots (Fig. 1e) that remained
nchanged even for longer exposure times. The transition from
olorless to blue is a characteristic color change associated with
he conversion of PCDA monomers into the corresponding poly-

er that is caused by extended �-electron conjugation. This leads
o an absorption maximum at around 640 nm. Therefore, the color
hange directly evidences the occurrence of PCDA polymerization
nside the template pores. The golden color of the sample with
onger UV exposure was previously reported [70], although not as
requently as the blue color. We could photopolymerize PCDA in
arious template structures with pore diameters ranging from 25
o 400 nm and pore depths up to 100 �m.

The samples illuminated with UV light were treated with acids
r bases to release the poly-PCDA nanofibers and to investigate
hem with electron microscopy (SEM and TEM). Fig. 2 shows the
EM images of poly-PCDA nanofibers released from an AAO tem-
late with a pore diameter of 400 nm. After removal of the AAO,
undles of released poly-PCDA nanofibers were obtained (Fig. 2a).
lthough it was difficult to determine the exact length of these
D nanostructures because they were partially bent, their length
ould be roughly estimated to be ∼100 �m corresponding to the
ore depth of the AAO template. Closer SEM investigations revealed
hat the poly-PCDA nanofibers were uniform in diameter and had
relatively smooth surface (Fig. 2b). As obvious from Fig. 2c, poly-
CDA nanofibers had closed, flat ends, indicating their solid nature.
his finding was confirmed by TEM investigations (Fig. 2d).

Fig. 3 shows SEM micrographs of poly-PCDA nanofibers released
rom an AAO template with a pore diameter of 35 nm. Similar to the
anofibers templated from AAO membranes with 400 nm pores,
ber-like nanostructures were also obtained. However, these fibers
ere much thinner, and they had a stronger tendency to condense
ith each other because of capillary force when drying from the

iquid. As a result, bundles of several neighboring nanofibers stick-
ng together other than separate, single nanofibers were present.
he nanofiber bundles had an apparent diameter much larger than
hat of the single nanofiber, ∼35 nm.

Poly-PCDA can undergo a sharp color transition triggered by
arious kinds of external stimuli, including thermal annealing, pH
hange, organic solvent exposure and mechanical stress. We inves-
igated the chromatic transition in poly-PCDA nanofibers by solvent
xposure and thermal annealing, and found that a color change like
n bulk systems also occurred in the nanofiber geometry. The blue to
ed transition happened, for example, when poly-PCDA nanofibers
ame into contact with aqueous KOH solutions or ethanol, inde-
endent of their diameter. Heating above 80 ◦C had the same effect.
ig. 4 shows UV–vis absorption spectra of the poly-PCDA nanofibers
ith a diameter of 400 nm released by H3PO4/CrO3 before and

fter the treatment with 20% KOH aqueous solution. Before the
OH treatment, the blue poly-PCDA nanofibers had a dominant
xcitonic peak �= 656 nm and a vibronic maximum at �= 594 nm
Fig. 4A). After KOH treatment, a blue-shift occurred and the two
eaks appeared at 548 nm and 505 nm, respectively (Fig. 4B), indi-

ating the reduction of the effective delocalization length of the

electrons, which is macroscopically indicated by a color change
rom blue to red. Furthermore, we found that red colored poly-
CDA nanofibers exhibit strong red fluorescence when excited with
44 nm as their bulk counterparts. Therefore, the spectroscopic
Fig. 3. SEM images with different magnifications of poly-PCDA nanofibers released
from AAOs with a pore diameter of 35 nm.

studies on the poly-PCDA nanofibers evidenced that the chromatic
properties and the fluorescence of the poly-PCDA were both well
preserved in the liberated, blue and red poly-PCDA nanofibers,
Fig. 4. UV–vis spectra of poly-PCDA nanofibers (diameter 400 nm). (A) Before, and
(B) after treatment with 20% KOH aqueous solution (inset: photographs of aqueous
poly-PCDA nanofiber suspensions).
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ig. 5. XRD analysis of poly-PCDA. (a) �/2� scans. Blue: bulk phase, red: confined in
round 22.8◦ for poly-PCDA confined in 35 nm and 400 nm pores. (b) scans of pol

scans of bulk poly-PCDA. Blue: 2� = 14.3◦ , red: 2� = 22.8◦ , black: 2� = 25.8◦ .

nert alumina walls, and their both ends could be exposed to outer
nvironment. Therefore, it is highly possible and may be advanta-
eous in some cases to use the poly-PCDA embedded alumina as an
ntegrated device in the applications of sensor and optoelectronic
ystems. However, before any further work could be carried out, it
s necessary to investigate whether the unique properties of poly-
CDA could be also displayable when confined in narrow pores.
s an example, we studied the heat-induced chromatic property of

he 35 nm poly-PCDA nanofibers embedded in their host. As shown
n Fig. 1f, upon heating at 120 ◦C, the original sample in the dark
lue color (Fig. 1e) turned bright orange color within 30 s through-
ut the whole wetted area. Note that this bright orange color was
omewhat different from the red color frequently observed in other
orms of poly-PCDAs, which may be caused by the confinement
ffect and/or different alignment of poly-PCDA molecules in the
anoscale pores, or some kind of interaction between poly-PCDA
nd the template wall. For the PDA embedded AAO templates,
hey can be regarded as a kind of nanocomposite in which the
mbedded PDA nanofibers retain the sensing function while the
AO templates supported on metallic aluminum substrates offer

he strong mechanical stability and easy handling and processibil-
ty. For instance, it can be cut into small pieces applicable for use
ithout disturbing the PDA’s sensing properties since most of the
mbedded PDA nanofibers are not damaged. This is particularly
mportant to conjugated polymer materials like PDA as they are
ypically insoluble and infusible, and poor in mechanical strength.
urthermore, considering the low porosity of the AAO template
pores and black: confined in 35 nm pores. Inset shows the enlarged XRD patterns
A confined in 35 nm pores; (c) scans of poly-PCDA confined in 400 nm pores; (d)

(∼10%) [63], only ∼10% of the surface area of the template is covered
by PDA whereas it still displays a fast response to external stimuli,
which means we can save about 90% of PDA materials compared to
fabricate continuous PDA films.

We performed X-ray diffraction (XRD) measurements in �/2�
geometry on poly-PCDA nanofibers aligned in AAO templates with
pore diameters of 35 and 400 nm, respectively, as well as on the
corresponding bulk material. The first result is that the poly-PCDA
nanofibers are highly crystalline. Moreover, in the confinement of
the pores of the AAOs oriented crystallization took place, which
is obvious from the fact that the ratios of the peak intensities in
the XRD patterns of the aligned nanofibers significantly differ from
those in the bulk pattern. The main peak in the bulk pattern appears
around 22.8◦, and some weak peaks in the 2� range from 5◦ to 27◦.
However, in case of the nanofibers, only three peaks at 2� values
of 14.3◦, 22.8◦ and 25.8◦, respectively, show up. The strongest bulk
peak at 22.8◦ is significantly weaker. On the other hand, the inten-
sities of the two peaks at 14.3◦ and 25.8◦, which are very weak in
the case of the bulk sample, increased.

We further investigated the samples by a texture analysis. To
this end, we measured orientation distributions of the lattice planes
belonging to the peaks detected in the �/2� scans as a function of

the tilt angle between them and the template surface (Fig. 5b–d).
For the peaks at 2� = 14.3◦ and 25.8◦ appearing for poly-PCDA
nanofibers aligned in 35 nm and 400 nm AAOs, the orientation dis-
tributions of the corresponding lattice planes have a full width at
half maximum of less than 5◦, as shown in Table 1. For the peak
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Fig. 6. (a) Fluorescence intensity image of poly-PCDA as obtained by scanning the samp
and the azimuthal angles˚ (c) for the poly-PCDA filled nanopores visible in (a) represent

Table 1
Full width at half maximum of peaks from� scans on poly-PCDA confined in 35 nm
and 400 nm pores.

Full width at half maximum

Poly-PCDA confined in
35 nm pores

Poly-PCDA confined in
400 nm pores

a
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p

2� = 14.3◦ 2.0◦ 4.1◦

2� = 25.8◦ 3.7◦ 1.4◦

t 2� = 22.8◦, the lattice planes in the nanofibers are preferentially
ilted by 45◦ with respect to the template surface. Even though we
ould not index the reflections up to now, these results evidence
hat inside the pores the poly-PCDA crystals are highly oriented.

A different approach to check the crystallinity makes use of a
ewly developed detection scheme of a Scanning Confocal Opti-
al Microscope (SCOM) [71]. This detection scheme was originally
eveloped to determine the three-dimensional orientation of the
mission dipoles of single fluorescent molecules and makes use
f a sophisticated distribution of the overall detected fluorescence
ntensity into three photo-detectors. We adapted this detection
cheme to AAO templates whose pores were filled with red poly-
CDA fibers. The SCOM set-up allows resolving individual fibers
o that the fluorescence of individual fibers but also distributions
f the emission dipoles could be detected. It is obvious that this
pproach will allow to rapidly detect a transition from the blue
on-fluorescent state to the red fluorescent state with a single-fiber
esolution. Moreover, changes of the orientation distribution of the
mission dipoles should be indicative of external stimuli. As shown
n Fig. 6a, which shows the sum of the three detected signals, indi-
idual poly-PCDA infiltrated nanopores can be resolved and show
trong red fluorescence. Furthermore, the three signals were used
o calculate the polar angles � (Fig. 6b) and the azimuthal angles

(Fig. 6c), which are commonly used to describe the orientation
f the emission dipoles, pixel by pixel. Note that corresponding to
he surface area element in polar coordinates the angular distri-
utions are following a uniform distribution for azimuthal angles
nd a sinusoidal distribution for polar angles as long as the orien-
ation of the transition dipoles is random. Fig. 6c reveals a broad
istribution of the ˚ values, which indicates that for orientation
etermination purposes each single pore acts as a single emission
ipole. If, for example, each pore would consists of emission dipoles
ith different orientations, only the magic angle of ˚= 45◦ would

e observable. Therefore, the poly-PCDA confined in the nanopores
s highly oriented, which is consistent with our XRD scans results.

. Conclusion
PCDA was melted and infiltrated into template nanopores of
nodic aluminum oxide. Subsequent UV exposure induced the solid
olymerization of PCDA embedded in template, suggesting that

[

[

le and summing up all three signals. Pseudo-color images of the polar angles � (b)
ing the orientation image.

confinement in nanopores does not perturb the molecular pack-
ing in PCDA crystals. After removal of AAO templates, continuous
poly-PCDA nanofibers with uniform diameter were obtained, as
revealed by scanning and transmission microscopy examinations.
The diameter of the fibers can be tuned simply by utilizing AAO
templates with different pore size. Furthermore, the unique blue to
red transition in sensing the exposure of organic solvents and tem-
perature changing and fluorescent property frequently observed
in other poly-PCDA systems were retained both for the released
poly-PCDA nanofibers and also poly-PCDA arrays confined in the
template pores. In addition, these poly-PCDA nanofibers confined
in AAO nanopores showed different crystallization behavior than
their bulk counterparts, and they are highly oriented in some cer-
tain directions, as demonstrated by X-ray texture analysis and
orientation analysis using scanning confocal optical microscopy.
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