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Abstract. Color-transition features of polydiacetylene (PDA) have gained attention in
recent years owing to its potential use in a wide range of sensors. This paper investi-
gates electrospinning of PDA and polyvinylpyrolidone (PVP) to develop thermochromic
nanofibrous composites. Polymer mixtures at different mass ratios and concentrations were
electrospun and characterized afterwards. SEM results showed successful electrospinning
of continuous and bead-free nanofibers with different diameters depending on the mass
ratio of PVP to PDA. The obtained fibrous mats were then photo-polymerized under UV
irradiation, which led to generation of a blue color showing the self-assembly of diacetylene
monomers. The colorimetric transition of the fibers was also investigated and a color change
from blue to red occurred by heating the fibers up to 80°C because of the conformational
alterations in the PDA molecules. FTIR and DSC analysis validated these findings as well.
As a result, the fabricated nanofibrous composites are potentially appropriate candidates
for sensing applications.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Recent advances in nanotechnology have led to an
upsurge of interest in the development of sensors
with enhanced sensitivity and specificity [1]. Various
electrospun polymer nanofibers have been developed as
sensors owing to their intrinsically high aspect ratio,
surface functionality, low cost, and simple fabrica-
tion [2,3]. Electrospun nanofibers have been employed
in a wide range of detection systems such as colorimet-
ric, biological, and electrochemical applications [4]. In
particular, interest has grown in colorimetric sensors
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owing to their portability, rapid response, accuracy,
and cost-effectiveness [5].

Conjugated polymers have recently gained atten-
tion in sensor development since they impart easy
signal analysis, color transitions and facile diagnosis [6].
Besides, owing to the electrical conductivity along the
polymer backbone, conjugated polymers can provide a
more sensitive response than small molecules in various
sensing technologies [7]. Polydiacetylene (PDA) is
an interesting conjugated polymer due to its unique
blue-to-red color transition in response to external
stimuli (such as heat, pH, and organic solvents), which
can be easily observed by the naked eye [8]. PDA
can be simply synthesized by polymerizing diacetylene
monomers under ultraviolet or gamma irradiation with-
out the need for chemical initiators or catalysts [9].
Thermochromism is a phenomenon in which a material
switches color in response to a change in tempera-
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ture [10]. The colorimetric transition temperatures
of PDAs correspond with the melting points of the
diacetylene monomers which usually occurs above room
temperature (typically > 40°C) [11]. PDAs in various
forms such as films, powders, coatings, and fibers have
been studied and used for sensing chemical or biological
targets [12,13].

For production of ultrasensitive sensors, electro-
spinning is a promising fabrication technique for a
providing high surface area [14]. Electro spinning
has proven an efficient method to produce polymeric
fibers having a porous structure and good intercon-
nectivity [15]. It can be employed to design self-
assembled nanostructures with adjustable features for
developing multifunctional devices [2]. PDA electro-
spun nanofibers are particularly promising for optical
sensing owing to simple functionalization, facile syn-
thesis, and the adaptability to enable colorimetric or
fluorescence signaling [16,17]. Because of the high
cost and low spinnability of PDA, this conjugated
polymer has been mixed with other polymers to
produce nanofibrous composites [9]. According to
Yapor et al., PDA-containing nanofiber composites
exhibited profounder colorimetric responses than those
of the pristine PDA [5]. Jeon et al. functionalized
diacetylene monomers with trimethyl amine (PCDA-
DMEDA) and mixed them with Poly (Ethylene Oxide)
(PEO) into electrospun fibers for potential diagnosis of
HCI gas [18]. In another study, PDA was combined
with PEO to produce electrospun nanofibers with
optical sensing ability for detection of volatile organic
compounds [16]. Moreover, Ali et al. fabricated PDA-
poly e-caprolactone (PCL) electrospun fiber mats for
colorimetric detection of fake gasoline [19].

In this study, PDA and polyvinylpyrolidone
(PVP) were used for the first time to develop nanofiber
composites via an electrospinning process. PVP is a
synthetic polymer exhibiting proper physiological com-
patibility, low chemical toxicity, transparency, good
solubility in most organic solvents, suitable spinnabil-
ity, antibacterial activity, and the ability to interact
with different materials [20,21]. Electrospun PVP-
based fibers have also been applied in different chemical
and biological sensing [22,23]. The aim of this study
is to evaluate the feasible fabrication of PDA-PVP
nanofibrous composites as potential sensors. The pro-
duced electrospun fibers were characterized afterwards
by SEM, FTIR, and DSC analysis, and the colorimetric
transition behavior was investigated by heating the
produced fibers.

2. Experimental

2.1. Materials
10,12-pentacosadiynoic acid (PCDA, 98%) as PDA
monomer and polyvinylpyrolidone (PVP, MW 360000)

were purchased from Sigma-Aldrich (USA). Ethanol
and other chemicals were of analytical grade and
obtained from Merck (Germany).

2.2. Methods

Mixture solutions of polymers in ethanol were prepared
at two different mass ratios of PVP to PCDA (3:1 and
4:1) and at various polymer concentrations (4, 6, 8,
and 10 wt%). The resulting solutions were then stirred
overnight at room temperature and electrospun via an
electrospinning apparatus (Labscale FElectrospinning
Unit, ESDP30, Iran). The polymer solution was fed
into the horizontally aligned syringe and an aluminium
foil was used for covering the collector. Several pro-
cessing parameters were tested in order to optimize the
electrospinning conditions and the optimal parameters
were chosen as follows: feeding rate of 0.5 mL/h,
applied voltage of 15 kV, and tip-to-collector distance
of 15 cm. The electrospun mats were dried and kept in
the dark overnight before use.

Photopolymerization of PCDA was carried out by
irradiatiing the fibers under UV, light (HPA Philips, 30
W, Poland) for 5 min. After irradiation with UV-light
at 254 nm, the color of the white colored electrospun
fibers turned blue validating the polymerization of
diacetylene monomers. The colorimetric transition of
the fibers was investigated by heating them at different
temperatures (40, 60 and 80°C) for 15 min in an
oven and the reflectance spectra were measured by a
reflectance spectrophotometer (Varian Cary 500, Aus-
tralia). The dimension and morphology of the fibers
were explored using a scanning electron microscope
(SEM, Philips XL30, USA) at a voltage of 25 kV after
sputter coating with gold. The average fiber diameter
was measured for each sample (out of 30 random
fibers) by employing image analysis software (Image
J, National Institute of Health, Bethesda, MD). To
study the chemical structure of the obtained compos-
ites, FTIR analysis was performed at 4004000 cm~!
using a Thermo Nicolet FTIR spectrometer (NEXUS
870, USA). Differential scanning calorimetry (DSC 131
SETARAM, France) was also utilized to evaluate the
thermal transitions of the fibers at a heating rate of
10°C/min in a nitrogen atmosphere.

3. Results and discussion

The SEM images of the electrospun fibers together
with their relative size distribution plots are presented
in Figure 1. The fibrous mats resemble a spider
web comprising of intermingled thin and thick fibers.
Upon elongation of the electrically actuated polymer
jet in the spinning region, the entanglement of polymer
chains hampers them from disintegrating and bead-
free, long, and continuous fibers are formed [24]. The
fiber diameter varied depending on the polymers ratio
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Figure 1. SEM images and fiber diameter distribution plots of electrospun mats at different polymer concentration and

two mass ratios of PVP to PCDA.

and concentration. As can be seen, with decreasing
polymer concentration, the average fiber diameter is
declined owing to lower electrospinning force and re-
sults in a better stretching of fibers. Increasing polymer
concentration inhibits fast changes in the Taylor cone,
leading to formation of thick fibers [8].

Furthermore, the 3:1 mass ratio of PVP to PCDA
promoted more uniform and thinner fibers at all con-
centrations, possibly owing to the suitable viscosity
of PVP aiding fiber stretchability.  Consequently,
electrospun fibers at 3:1 mass ratio and 4% polymer
concentration are selected as the optimum specimen
having the minimum average fiber diameter.

During solvent evaporation and fiber formation
in the electrospinning process, PCDA self-assembly
occurred, since the attractive forces between the DA
monomers were stronger than those between the PVP
polymer and DA monomers [18]. Polymerization of
PCDA was then conducted by irradiating the elec-
trospun webs under 254 nm UV light for 5 min.
A distinctive blue color after UV light irradiation
confirmed successful photopolymerization in the fibers
through conjugation, suggesting that the delocalized -
network and the conformational constraints within the
polymer chain were preserved in the electrospinning
procedure [16]. Besides, by heating the fibers up
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to 80°C, a blue-to-red color transition occurred due
to the twisting of the conjugated backbone of the
PDA. In fact, changes in temperature decrease the
conjugation length and expand the energy band gap
in PDA structures [25]. It was found that changes in
PDA side chain length as well as PVP molecular weight
could influence the thermochromic behavior of PDA-
PVP nanocomposite films. There was a reduction in
color-transition temperature with a shortening of the
PDA alkyl tail and increasing PVP molecular weight
owing to the diminished dispersion interactions in the
nanocomposite [26].

The colorimetric transition of the electrospun
fibers was assessed by a reflectance spectrophotometer.
The obtained results in Figure 2 show a significant
decline in the reflectance of the UV irradiated sample
at 650 nm to 700 nm corresponding to the formation
of a blue color. Moreover, no major morphological
alterations were seen in the SEM images before and
after UV-irradiation (data not shown). To better show
the temperature sensitivity of the produced fibers, they
were heated at three different temperatures and the
resulting reflectance spectra were measured. Upon
heating the fibers, a reflectance switch to a lower
wavelength was observed, resulting in a red color. As
can be seen, by increasing temperature from 25°C
to 80°C, the minimum reflectance wavelength (Amin)
shifts from 700 nm to 550 nm with an abrupt reduction
in the whole reflectance, validating the blue-to-red
color change by an increase in temperature. This
phenomenon (thermochromism) is the main reason for
various applications of PDA as sensors. The obtained
results also revealed that the matrix polymer in the
PVP-PDA fiber composite had no negative effect on
the colorimetric transition of PDA. A literature review
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Figure 2. Reflectance spectra of electrospun fibers:
White: before irradiation, blue: after UV irradiation, and
red: after heating at 40, 60 and 80°C.

showed that the colorimetric transition temperature
of PDA is dependent on the melting point of the
corresponding DA monomer indicating conformational
changes in the macromolecule [11].

To examine any possible changes in the chemical
structure upon UV irradiation and heating, FTIR
spectra of the fibrous membranes were recorded. Fig-
ure 3 illustrates the characteristic functional groups of
the employed polymers. A broad absorption peak at
around 3500 cm™! is associated with the stretching
vibration of O-H groups in PDA. In addition, for-
mation of hydrogen bonds between carboxylic groups
of PDA and carbonyl group of PVP could occur in
the composite [26]. The peak in the range of 3000-
2800 cm~! belongs to the C-H stretching vibration of
methylene groups. The observed peaks in 1675 cm !
and 1281 cm ™! correspond to the C=0 stretching vi-
bration of both polymers and C-N stretching vibration
of PVP, respectively [27]. The peak in 1433 cm~!
is also attributed to CH, bending vibration. As can
be seen, there is no significant differences between
the samples before (white) and after UV irradiation
(blue). However, after heating (red), the intensity of
the peaks declined noticeably which might be due to
the conformational variations in PDA disrupting the
7w overlap and, as a result, changing the electronic
configuration of the polymer [28].

The thermal transitions of the polymerized elec-
trospun fibers were determined by DSC analysis, and
the melting temperature (7,) and the corresponding
enthalpy were calculated for each specimen. According
to Figure 4, the UV-irradiated nanofibers (blue sample)
show an endothermic peak (7},) at 74°C with enthalpy
of 104.72 J/g. After heating (red sample), this peak
shifted slightly to a lower temperature at 70°C, while

blue red
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W
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm_l)
Figure 3. FTIR spectra of samples: White: before

irradiation, blue: after UV irradiation, and red: after
heating.
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Figure 4. DSC plots of PVP-PDA fibers: (a) Blue and
(b) red.

the enthalpy increased to 146.3 J/g. It is worth
mentioning that the melting temperature appears at
around 70°C, which is similar to the color transition
temperature from blue to red upon heating. The
optical properties of PDA depend on the structural
alignment of the polymer chains. With increasing
temperature, C-C bond rotation is expedited and the
planarity of the polymer confirmation is disrupted,
resulting in color change [8].

4. Conclusions

Polydiacetylene (PDA) is an attractive conjugated ma-
terial due to its unique thermochromism in response to
external stimuli. Mixtures of PDA and PVP solutions
were employed to develop nanofiber composites via a
simple electrospinning process. The smooth and bead-
free electrospun fibers were obtained and then photo-
polymerized using UV-light irritation. SEM images
showed that the size and uniformity of the fibers were
dependent on polymer concentration as well as their
ratio in the mixture. The colorimetric transition was
evaluated by a reflectance spectrophotometer and a
color change from blue to red was observed upon
heating, with a pronounced color switch above 60°C.
The FTIR and DSC analysis showed that the color
transition of the electrospun fibers was due to the
conformational changes in PDA macromolecules, im-
plying that addition of Polyvinylpyrolidone (PVP) in
the mixture did not influence the optical properties of
PDA. Therefore, the fabricated mats could be used as
thermochromic sensors.
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