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Electrochromatic carbon nanotube/
polydiacetylene nanocomposite ﬁbres
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Chromatic materials such as polydiacetylene change colour in
response to a wide variety of environmental stimuli, including
changes in temperature, pH and chemical or mechanical
stress, and have been extensively explored as sensing
devices1–4. Here, we report the facile synthesis of carbon nanotube/polydiacetylene nanocomposite ﬁbres that rapidly and
reversibly respond to electrical current, with the resulting
colour change being readily observable with the naked eye.
These composite ﬁbres also chromatically respond to a broad
spectrum of other stimulations. For example, they exhibit
rapid and reversible stress-induced chromatism with negligible
elongation. These electrochromatic nanocomposite ﬁbres could
have various applications in sensing.
Conjugated polymers have been investigated for a number of
applications in optoelectronics and sensing5–7 because the extended
p-electron delocalization along their backbones endows them with
useful electronic and optical properties. For instance, polydiacetylene (PDA) typically changes colour from blue to red under
various external stimuli (including interactions with ligands or
changes in temperature, pH, chemical or mechanical stress), and
has been explored as a material for chromatic sensors7. This
colour change is caused by the conformation change of the PDA
as a result of these stimuli. More precisely, the increased motional
freedom of the PDA side chains caused by the stimuli leads to a
more disordered (and less co-planar) polymer structure with a
shorter conjugation length. Signiﬁcant efforts have already been
made to add new sensing functionalities to PDA, but, to the best
of our knowledge, no current-induced colour change has ever
been reported for this material. Although it is difﬁcult to induce
conformation changes of pure PDA under electric ﬁelds8,9,
current-induced chromatic behaviour in PDA could have applications in the non-destructive evaluation and monitoring of structures ranging from aircraft to small electronic facilities10.
A convenient approach to solving the above dilemma is the formation of nanocomposites. If an electric current is passed through
the nanocomposite, the resultant electric ﬁelds might be strong
enough to induce conformational changes of the PDA molecules,
which would lead to a macroscopic colour change. One of the
ideal candidates to meet this requirement is the carbon nanotube
(CNT)11–16. As already extensively explored, nanotubes show
excellent electrical conductivities16. For instance, long nanotube
arrays have been synthesized through chemical vapour deposition17,
and conductivity of individual multiwalled nanotubes can be as
high as 104 S cm21 at room temperature18. These nanotubes
may be spun into macroscopic ﬁbres while maintaining excellent

electrical properties19. It is therefore the objective of this study to
produce a new CNT/PDA composite exhibiting current-induced
chromatic changes.
Pure nanotube ﬁbres were spun from nanotube arrays synthesized
by a chemical vapour deposition process (Supplementary Fig. S1).
Diameters of nanotube ﬁbres can be controlled between 4 and
20 mm, depending on initial ribbon widths during the spinning
process. A ribbon is deﬁned as a bunch of nanotubes pulled out
of the nanotube array at the beginning of the spinning process.
Transmission electron microscopy (TEM, Fig. 1a) and high-resolution
TEM (HR-TEM, Fig. 1b) demonstrate a multiwalled structure for
these nanotubes, with diameter of 10 nm. A representative
Raman spectrum (Fig. 1c) shows a weak peak at 1,345 cm21 for
the D band and a strong peak at 1,577 cm21 for the G band,
similar to other reported multiwalled nanotubes20. Composite
CNT/PDA ﬁbres were then synthesized by directly coating diacetylenic precursors such as CH3(CH2)11C;C C;C(CH2)8COOH
onto nanotubes, followed by topochemical polymerization of
diacetylenic moieties under ultraviolet (UV) light (Supplementary
Fig. S2). Figure 2 shows scanning electron microscopy (SEM)
images of a CNT/PDA ﬁbre with a uniform diameter of 11 mm
along the axial direction. As-synthesized CNT/PDA ﬁbres are
blue and can be readily observed by the naked eye21,22.
CNT/PDA ﬁbres exhibit high conductivities of between 1  102
and 1  103 S cm21 due to the alignment of nanotubes inside
them23. The temperature dependence of conductivities of
CNT/PDA ﬁbres was further investigated by a four-probe approach.
As shown in Fig. 3 (also Supplementary Fig. S4), conductivity
increases with increasing temperature, which indicates the semiconducting behaviour in CNT/PDA ﬁbres. Two conduction models
(the variable range hopping mechanism and the tunnelling conduction mechanism) may be applicable to these composite ﬁbres23.
According to a previously reported method, electron transport in
CNT/PDA ﬁbres is found to be more consistent with the threedimensional hopping mechanism (Supplementary Fig. S5)24.
In other words, electrons could not be conﬁned in a onedimensional channel along the nanotube-aligned direction when a
current passes through the ﬁbre. Instead, electrons possibly hop
from one localized site to another, or from one nanotube to
another. The above behaviour is most likely produced by nanotube
defects in composite ﬁbres25.
Importantly, CNT/PDA composite ﬁbres rapidly change colour
from blue to red in response to an electric current. Figure 4
demonstrates experimental set-ups and chromatic transitions. The
minimum current for chromatic transitions of ﬁbres with a diameter
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Figure 1 | Characterization of the nanotubes used to make the CNT/PDA ﬁbres. a, Transmission electron microscopy image. b, High-resolution transmission
electron microscopy image. c, Typical Raman spectrum showing the D band at 1,345 cm21 and the G band at 1,577 cm21.
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Figure 2 | Nanotubes are highly aligned in ﬁbres. Scanning electron
microscopy images of a composite CNT/PDA ﬁbre with
different magniﬁcations.

of 11 mm is 10 mA at room temperature. In addition, colorimetric
reversibility of CNT/PDA ﬁbres can be controlled by varying the
absolute value of the current. For instance, the blue-to-red transition
is reversible (Fig. 4b) when current is lower than 30 mA. Such a
reversible colour change can continue for cycles (for example, 14
cycles for the ﬁbre in Fig. 4b), which is critical for practical
sensing applications. Colorimetric responses, percentages of blueto-red transitions calculated from UV2vis spectra21, are 0–0.3%
and 10.9–11.4% for blue and red PDA, respectively. Furthermore,
the colour change can respond to current being in ‘ON’ and

50

100

150

200

250

300

Temperature (K)

Figure 3 | Electrical properties of a CNT/PDA ﬁbre. Temperature
dependence of conductivity measured by a four-probe method.

‘OFF’ states with a speed of 2 s; that is, blue ﬁbres became red in
2 s when current is passed through and red ﬁbres also switched
back to blue in 2 s after the removal of the current. At higher
currents, however, the chromatic transition of CNT/PDA ﬁbres
is irreversible.
There are several possible causes of current-induced chromatism
of composite ﬁbres. It is possible that temperature increases and
induces colour changes when current passes through CNT/PDA
ﬁbres. However, the following facts may exclude the possibility of
thermally induced colour changes. First, PDA colour changes from
blue to red start at 56 8C, and the thermochromatism is irreversible;
(Supplementary Fig. S6). In contrast, current-induced chromatism is
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Figure 4 | Chromatic transitions of a composite CNT/PDA ﬁbre in response to an electric current. a, Schematic showing that the colour of the CNT/PDA
ﬁbre changes from blue to red when a current is passed through it in a two-probe experiment. b, Passing a d.c. current of 10 mA through a CNT/PDA ﬁbre
(diameter, 11 mm) causes a blue ﬁbre (top left) to become red after 1 s (top middle). The current is turned off after 3 s (bottom left), and the ﬁbre becomes
blue again after a further 2 s (bottom right). Silver paint was used to hold the CNT/PDA ﬁbres in place and to connect to the external current sources. All
experiments were performed at room temperature.

reversible. Second, no temperature increase has been detected in
CNT/PDA ﬁbres when passed with a current of 30 mA using an
infrared thermometer. Third, to further investigate the electrochromatism, CNT/benzophenone (benzophenone was found to melt at
44 8C) ﬁbres were fabricated by coating ultraﬁne benzophenone
powder on the outer surface of nanotube ﬁbres. Nanotube/
benzophenone ﬁbres before and after having a current of 30 mA
passed through them were compared under optical microscopy. No
melting was observed for benzophenone that touched the ﬁbres, indicating that the composite ﬁbres must be at a temperature lower than
44 8C (Supplementary Fig. S7); signiﬁcantly, thermochromatism
occurs at 56 8C or higher.
The current-induced colour change in CNT/PDA ﬁbres is more
likely to be derived from interactions between nanotubes and polymers and the unique electrical properties enabled by nanotubes.
CNT/PDA ﬁbres exhibit high conductivities with three-dimensional hopping conduction; that is, electrons hop from one nanotube to another inside a ﬁbre24,25. Therefore, electric ﬁelds exist
among neighbouring nanotubes, which might result in polarization
of COOH groups in side chains and conjugated PDA backbones
in neighbouring nanotubes26. The above polarizations decrease
p-electron delocalization of the PDA backbone, which reﬂects
colour changes of ﬁbres similar to other reported stimuli
(Supplementary Fig. S2). In the case of low currents, PDA conformation can return to the original state after removal of current, so
the colour change is reversible. However, higher currents may destroy
the recovery capability of PDA, leading to irreversible chromatism.
Although a chromatic response to mechanical stress has previously been demonstrated in poly(urethane-diacetylene)3, this
was achieved with a large level of elongation, which may limit its
sensing applications. Nanotubes are the strongest material ever discovered17, and nanotube ﬁbres exhibit high mechanical strength23.
High strengths may provide PDA with mechanochromatism at negligible elongation. This hypothesis was conﬁrmed by experiments.
Colour changes in CNT/PDA ﬁbres at high tensile stress were
observed using a UV–vis spectrometer. Absorption maxima of
blue and red PDAs are located at 6002700 nm and 5002600 nm,
respectively. A CNT/PDA ﬁbre with a tensile strength of 0.55 GPa
remained blue at tensile stresses lower than 0.48 GPa and suddenly
became red beyond this point (Supplementary Fig. S8). If the stress
was immediately released on reaching the range 0.4820.51 GPa, the
740

red colour reverted to blue. As the tensile strength of this composite
ﬁbre is 0.55 GPa, we can readily decide the application range of a
composite ﬁbre making use of a colour change achieved under
tensile stress.
CNT/PDA ﬁbres also respond chromatically to a wide variety
of other environmental stimuli such as mechanical abrasion, and
chemical and organic vapour. Composite ﬁbres change colours
from blue to red under mechanical abrasion in seconds
(Supplementary Fig. S10). Similarly, when heated to a temperature
equal to or higher than 56 8C, ﬁbres switch from blue to red in less
than a minute. Composite ﬁbres show different degrees of response
to chemicals (Supplementary Fig. S11). For instance, on exposure
to tetrahydrofuran, N,N-dimethyl formamide, N,N-dimethyl acetamide and 1-methyl-2-pyrrolidinone the ﬁbres completely change
colour. When exposed to styrene, methyl sulphoxide, benzene,
toluene and methylacrylate, the ﬁbres partially change colour
from blue to red. With water, methanol, ethanol and ethylene
glycol, no colour changes have been found. CNT/PDA ﬁbres
also change colour in response to organic vapours, such as
tetrahydrofuran and N,N-dimethyl formamide (Supplementary
Fig. S12). In an atmosphere of tetrahydrofuran at 1 atm and
room temperature, ﬁbres immediately start to switch from blue
to red, but the total transition is completed in 30 min as
vapour diffusion into the ﬁbre takes time. Compared with tetrahydrofuran vapour, the response to N,N-dimethyl formamide
vapour is much slower (for example, two days). It should be
noted that abrasion-, chemical- and vapour-induced chromatism
are not reversible.
In summary, we have synthesized CNT/PDA composite ﬁbres
that reversibly change colour in response to electrical current and
mechanical stress with negligible elongation. CNT/PDA ﬁbres can
potentially be used as sensing components that can collectively
and chromatically respond to the widest environmental stimuli so
far. These CNT/PDA composite ﬁbres are very promising for
applications in many ﬁelds such as sensors, actuators and other
electronic devices.

Methods
Preparation of nanotube ﬁbres has been reported elsewhere15. For the fabrication
of CNT/PDA composite ﬁbres, diacetylenic precursors were ﬁrst dissolved in
tetrahydrofuran with a concentration of 10 mg ml21. Pure nanotube ﬁbres were
dipped into the precursor solution, followed by evaporation of solvent at room
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temperature. Before polymerization, treated ﬁbres were exposed to the open air in a
hood for 24 h. Dry ﬁbres were black, the colour originating from the nanotubes.
Diacetylenic moieties were polymerized at room temperature under UV light with
a wavelength of 254 nm. Polymerization time varied from minutes to hours,
depending on ﬁbre diameters. After polymerization, CNT/PDA ﬁbres became blue.
Nanotubes were characterized by SEM (JEOL 6300FXV operated at 5 kV and
Hitachi FE-SEM S-4800 operated at 1 kV) and TEM (JEOL JEM-2100F and Philips
CM30 operated at 200 kV). SEM samples were coated with a thin layer of
gold/platinum (5 nm) before observation. TEM samples were prepared by
dropcasting nanotube/ethanol solutions onto copper grids in the open air.
Mechanical tests were performed by a Shimadzu Table-Top Universal Testing
Instrument. Nanotube ﬁbres were mounted on paper tabs with a gauge length of
5 mm. Fibre diameter was measured using a laser-diffraction method and further
conﬁrmed by SEM. Raman measurements were performed on a Renishaw
inVia Reﬂex with an excitation wavelength of 514.5 nm and laser power of
20 mW at room temperature. UV–vis measurements were recorded on a
Shimadz UV-3150 spectrometer.
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