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ABSTRACT: Exposure to organophosphate (OP) pesticides is highly hazardous to human health and well-being. It has been linked
to over 250,000 annual deaths connected to various chronic diseases, including cancer, Parkinson’s, Alzheimer’s, depression, etc. In
the absence of any solid-state sensing system suitable for integration into a clothing system, an equipment-free on-site detection
system for OP insecticides is essential for mitigating the severe health risks from OP exposure. This work demonstrates the synthesis,
fabrication, and naked-eye and quantitative detection of OP insecticides with a polydiacetylene (PDA) ester containing the
nanocomposite fiber sensor. Ester of PDA (PDA−HBA) was synthesized via facile green chemical synthesis and incorporated into a
cellulosic nanocomposite fibrous assembly via the electrospinning technique. The solid-state soft sensor exhibited a blue-to-pink/red
color transition within seconds of exposure to OP pesticide diisopropylfluorophosphate (DFP), and the color change was visible to
the naked eye. Nanocomposite fibers containing 10% PCDA−HBA were found to be the optimum composition for DFP detection.
The limit of DFP detection was 63 ppm. Scanning electron microscopy, energy-dispersive X-ray spectroscopy, wide-angle X-ray
diffraction (XRD), small-angle XRD, nuclear magnetic resonance, and Fourier-transform infrared spectroscopy were employed for
characterization. This research is a landmark study in the development of a highly sensitive and selective OP sensing system.

Pesticides have been widely used throughout the world to
protect crops from insects and increase agricultural output.1

Organophosphates (OP) are the most widely used insecticides
today. They are used in agriculture, homes, gardens, and
veterinary practices. Exposures to pesticides occur in the
agricultural workplace during production, transportation,
preparation (mixing and loading), and application (spray-
ing).2,3 Diseases including cancer, leukemia, diabetes, Parkin-
son’s, depression, autism, asthma, and differential DNA
methylation have been linked to pesticide exposure.4,5 Most
affected individuals were exposed to insecticides, with OPs
being the most impactful class of pesticides.6 Therefore,
pesticide detection, especially of OPs, can play an important
role in mitigating the negative consequences of pesticide
contamination.
Conventional chromatographic techniques, including high-

performance liquid chromatography (HPLC), gas chromatog-
raphy, and mass spectrometry (MS), have traditionally been
used for pesticide detections. Although these techniques offer

robust trace analysis with excellent sensitivity and high
reproducibility, many drawbacks include sophisticated equip-
ment, experienced operators, and tedious and time-consuming
sample preparation. Moreover, they are not available in many
parts of the world and are not suitable for on-site and real-time
applications. Therefore, developing alternative strategies for
simple, quick, sensitive, selective, accurate, less expensive, and
user-friendly techniques would be highly beneficial in detecting
harmful pesticides.7−9 Among the alternatives, optical sensors
are a facile, rapid, and low-cost approach for the sensitive
detection of OP pesticides. Generally, an optical sensor
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contains a recognition unit to interact with the target pesticide
and a transducer component for signaling the binding event.7

The current well-established optical probes are categorized
into four broad categories based on signal output formats, such
as colorimetric (CL), fluorescence (FL), surface-enhanced
Raman spectroscopy, and chemiluminescence sensor. The
output signal could be CL, fluorometric, or a combination.
CL detection has been attractive due to its ease of use, quick

response, equipment-free detection, and cost-effectiveness. The
color change caused by a chemical interaction can be visualized
by the unaided eye, therefore omitting the necessity to use any
instrument.7 This detection technique has been a preferred
method for a “yes/no” answer or semiquantitative result. The
direct visualization of the response signal (output) eliminates
the requirement of any additional transduction element,
making them highly interesting for developing smart devices
for point-of-care applications.10 Therefore, the key challenge
for fabricating a CL sensing platform is transforming the
response behavior into a visual color change. Several
techniques have been employed for developing a CL sensing
platform, including functional polymers, metal nanoparticles,
artificial enzymes called nanozymes, etc.
Recently, a very interesting functional polymer called

polydiacetylene (PDA), a π-conjugated polymer extensively
studied for various sensing applications, has been explored for
OP pesticide sensing.11 PDAs are usually prepared via 1,4
addition photopolymerization of self-assembled diacetylene
(DA) monomers such as 10,12-pentacosadiynoic acid
(PCDA). Due to the amphiphilic nature, DAs in liquid
medium form intermolecular packing via hydrophobic−
hydrophobic interactions of adjacent tails. The self-assembled
monomers are photopolymerized by UV light or γ-ray
irradiation without using any chemical initiators or catalysts,
resulting in a highly ordered conjugated backbone. After
photopolymerization, PDAs exhibit a blue color with a
maximum absorption (λmax) at 640 nm. They are especially
attractive because they exhibit a blue-to-red color transition,
visible to the naked eye when subjected to external stimuli.12

The red phase shows an absorption peak (λmax) at around 540
nm. Many research groups around the globe have been
investigating the color-transition properties of PDAs. However,
the researchers are not yet in a common opinion of the sensing
mechanism.13 The external stimuli disrupt the polymer chain
conformation of PDA, altering the electronic states of the
conjugated backbone. These changes broaden the energy gap,
leading to a corresponding color transformation.14

To achieve better sensitivity and selectivity, PDAs have been
functionalized with a wide range of functional groups for the
detection of an array of analytes, such as metal ions,15

surfactants,13 enzymes,16 amino acids,17 gas molecules,18

viruses,19 bacteria,19 etc. Inspired by the antidotes of OP,

functionalized PDAs have recently been explored to detect
OPs in liquid medium.12,20 However, a solid-state sensing
system for OP pesticide diisopropylfluorophosphate (DFP) in
bulk, micro-, or nanostructure is scarce in the literature.
Therefore, this research is focused on developing a solid-state
nanocomposite fiber (NCF)-membrane-based DFP sensing
system. The sensing platform could be promising due to the
nanoscale size, lightweight, porous structure, high surface area-
to-volume ratio, and high target specificity in monitoring DFP
with greater precision and lower detection limits.21

In this study, an NCF-membrane-based PDA ester-
incorporated pesticide sensor for the detection of OP pesticide
DFP was developed. PDA ester was synthesized following
green chemistry. Cellulose acetate (CA) was chosen as the
matrix polymer for fiber development since it can be easily
hydrolyzed to regenerated cellulose (RC), having a large
number of exposed hydroxyl (OH−) groups on the fiber
structure that enhance the sensitivity of detection. The
electrospinning technique was employed for fabricating NCF
membranes since it fabricates fibers with high specific surface
area and high porosity that facilitate superior sensitivity to thin
film structures.22 OP pesticide DFP was employed as a model
pesticide stimulus.23 The sensitivity, selectivity, and limit of
detection (LOD) of the nanocomposite sensors were studied
by using membranes having various PDA ester loading.
Characterization techniques such as scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), wide-angle X-ray diffraction (XRD), small-angle XRD
(SAXS), nuclear magnetic resonance (NMR), Fourier-trans-
form infrared spectroscopy (FT-IR), and UV−vis spectroscopy
were used to study the sensing mechanism further.

■ MATERIALS AND METHODS
Materials. PCDA (98%) was purchased from GFS

Organics (Columbus, OH, USA). CA with 39% acetyl content
and Mn of 30 kDa, determined by gel permeation
chromatography, was purchased from Sigma-Aldrich (St.
Louis, MO, USA). 2,4-Dihydroxybenzaldehyde (98%), 4-
(dimethylamino) pyridine (DMAP, ≥99%), N,N′-dicyclohex-
ylcarbodiimide (DCC, 99%), and sodium hydroxide (≥97%)
were also purchased from Sigma-Aldrich. Certified ACS grade
acetone (≥99.9%), acetonitrile (≥99.9%), ethyl acetate
(99.5%), hexane (95%), hydrochloric acid (HCl) (38.8%),
deionized (DI) water (HPLC grade), and methylene chloride
(99.8%) were purchased from Fisher Chemical (Fair Lawn, NJ,
USA).
Methods. Synthesis of Aldehyde-Functionalized PCDA

Ester (PCDA−HBA). The synthesis of PCDA−HBA was carried
out based on our previously reported method.24 The synthetic
scheme is depicted in Figure 1. In summary, PCDA (4 mmol),
2,4-dihydroxybenzaldehyde (4 mmol), and DMAP (1 mmol)

Figure 1. Synthetic scheme for the functionalization of PCDA into PCDA−HBA.
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were combined in a light-protected round-bottom flask. The
mixture was dissolved in 100 mL of dichloromethane and
sparged with argon. A 15 mL solution containing 2 mmol of
DCC was slowly added to the solution by syringe and
continued stirring on a hot plate stirrer for 24 h at room
temperature. Dicyclohexylurea, the reaction byproduct, was
filtered off by gravity filtration. The solvent was removed under
a vacuum on a rotary evaporator (BUCHI Rotavapor, Model
R-200, BUCHI Co., New Castle, DE, USA) and yielded a tan
solid. The residue was purified by column chromatography
with 10:1 hexane: ethyl acetate, and the desired DA monomer
PCDA−HBA was obtained as a white solid. At room
temperature, the structure was confirmed with NMR
(HNMR) (Varian MR 400, Varian, Palo Alto, CA). The
materials, protected from light and air, were stored in a freezer.

Fabrication of the NCFs. Preparation of the electrospinning
solution. The electrospinning solution was prepared in two
steps by incorporating the sensing polymer PCDA−HBA and
matrix polymer CA in acetone. First, a 15% (w/v) solution of
CA was prepared by dissolving CA in acetone. Then, the
required amount of PCDA−HBA (5, 10, 15, and 20 w/w %)
based on the weight of CA was added to the CA solution
(Table 1). The resulting mixture was kept under constant

stirring overnight in a light-protected container with a Burrell
wrist-action shaker, model 75 (Burrell Scientific LLC,
Pittsburgh, PA, USA), at room temperature to obtain a
homogeneous CA−PCDA−HBA solution ready for electro-
spinning.

Electrospinning. A freshly prepared CA−PCDA−HBA
solution was loaded into a 10 mL plastic syringe attached to
a stainless-steel needle having an inner diameter of 0.8 mm.
The solution was then continuously fed at a fixed rate of 1 mL
h−1 by a syringe pump (Harvard Apparatus, Holliston, MA,
USA). A DC power supply instrument applied a fixed electric
potential of 15 kV between the needle tip and the collector
(Gamma High Voltage Research, FL, USA). The collector was
placed 10 cm apart from the needle tip. The electrospinning
process was continued for two (2) h under ambient conditions
to obtain a thick colorless fiber membrane.

Deacetylation of CA−HBA into RC−HBA. The deacetyla-
tion was conducted to remove acetyl groups from CA−PCDA
NCF membranes following previously reported methods.25

Deacetylation solution comprising 4:1 NaOH/EtOH was
made using 0.1 M NaOH in DI water. CA−PCDA NCF
membranes sandwiched between glass fiber mesh were soaked
in a glass bowl in a deacetylation solution. A magnetic stirring
bar placed on the mesh was kept rotating at 150 rpm for 30 h
at room temperature on a hot plate. The membranes were then
thoroughly rinsed with DI water to complete neutralization, as
confirmed by pH paper. They were then air-dried overnight,
followed by vacuum drying at 60 °C for 24 h to obtain
regenerated cellulosic RC−PCDA NCF membranes. The RC−

PCDA NCF membranes were then stored in a dark place away
from light. The change in the chemical structure of the
nanocomposites was evaluated with FT-IR.

Photopolymerization of the RC−HBA NCF Membranes.
The RC−HBA NCF membranes were photopolymerized with
254 nm UV-light (Spectroline, Longlife filter, New York, USA)
irradiation for 1 min on both sides of the membranes. During
UV irradiation, the colorless fibers turned blue within 30 s,
turning into deep blue RC−PDA composites in 1 min.

Characterization of NCF Membranes. NMR spectroscopy,
a Varian MR-400 M spectrometer, and a narrow bore 9.4 T/
400 MHz magnet equipped with a one NMR pulse-field
gradient probe were used to analyze the chemical composition
of the PCDA−HBA crystals. Solid-state nanocomposite
membranes (blue and red) were soaked in methyl alcohol
D4 solvent in Oakton sample bottles to leach out the PCDA−
HBA from the HBA-10 nanocomposite membranes. The
samples were then sonicated for 5 min. The solvent was then
transferred to NMR tubes for characterization. Chemical shifts
were reported in ppm from the solvent resonance following the
internal standard. Multiplicity is indicated as follows: s
(singlet), d (doublet), t (triplet), and m (multiplet).

Scanning Electron Microscopy. A field emission scanning
electron microscope (FEI Quanta 250 FE-SEM) was employed
to study the size and surface morphology of the nano-
composite membranes. The membranes were kept under a
vacuum overnight to evaporate any residual solvent or
moisture. They were then sputter-coated with a 5 nm layer
of iridium to improve the conductivity of the samples for
improved imaging. Image J software (National Institute of
Health, USA) was used to calculate the diameter and
distribution of the fibers. The average and distribution of the
diameters were determined by measuring 50 representative
fibers from the SEM images.

Energy-Dispersive X-Ray Spectroscopy. EDS analyses were
conducted with a JEOL JSM-IT200 (Peabody, MA, USA)
SEM−EDS on the untreated (control) and DFP-treated
nanocomposite membranes to compare the morphology and
elemental and chemical analyses of the sample surfaces before
and after the CL transition. The SEM images were taken at an
acceleration voltage of 20 kV and a magnification level of 5.0
K.

Wide-angle XRD. Wide-angle XRD measurements were
recorded on a Rigaku Ultima IV X-ray diffractometer (XRD)
(Tokyo, Japan) in the range 2θ = 10−60° with a step size (2θ)
of 0.02. Data were collected with Cu Kalpha�radiation
LAMBDA = 1.54178 nm with a graphite monochromator. The
blue and red phases of the nanocomposite membranes were
compared using XRD analysis.

Small-Angle XRD. Small-angle X-ray scattering (SAXS)
analysis of the NCF membranes was carried out with a Xenocs
Xeuss 2.0 small angle X-ray scattering instrument (Grenoble,
France) with a Cu Kα source (λ = 1.54 Å). The sample
chamber was kept under a vacuum at room temperature.
Detection of X-rays was made with a Pilatus 1 M detector. The
sample-to-detector distance was calibrated with silver behenate
powder to be 1980 mm. The scattering pattern from the red
sample was acquired with the line-eraser mode.

FT-IR Spectroscopy. An Agilent Cary 630 FT-IR spec-
trometer was purchased from Agilent Technologies, Inc.
(Danbury, CT, USA), equipped with a DATR accessory was
used to study the development of RC from CA. Before FT-IR
analysis, all NCF membranes were dried overnight at room

Table 1. Electrospinning Design of CA−PCDA−HBA
Composite Fibers

CA
(w/v) %

PCDA−HBA
(% CA)

voltage
(kV)

distance
(cm)

injection
speed

(mL h−1) fiber ID

15 5 15 10 1 HBA-5
15 10 15 10 1 HBA-10
15 15 15 10 1 HBA-15
15 20 15 10 1 HBA-20
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temperature in an Isotemp (model 282A) programmable
vacuum oven (Fisher Scientific, MA). In order to run the
experiments, air was used as a background before taking the IR
of the samples. Samples were scanned 32 times at 4 cm−1

resolution with an interval of 1 cm−1 over wavenumbers of
750−4000 cm−1.

UV−Visible Spectroscopy. The CL properties of the
composites were measured with a UV−vis spectrophotometer
(Nicolet Evolution 300 UV−vis, Thermo Scientific, Waltham,
MA, USA) at room temperature. The solvent was removed
from the composites by drying them overnight at 40 °C in a
vacuum oven (Fisher Scientific, Maltham, MA, USA). The
absorption spectra of the nanofiber (NF) composites were
collected in the range of 400−800 cm−1 wavelength before and
after the treatment with DFP. From the intensity value of the
spectra before and after the color change, the CL response (%
CR) value was calculated using eq 1 as below
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where the PBbefore and PBafter are the respective percent blue
(PB) of the composites before and after the color change,
respectively. The PB values were calculated by following eq 2
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where Ablue and Ared are the absorbances at 640 and 560 nm,
respectively.

Test of Sensitivity to OP Pesticide, DFP. RC−PDA NCF
membranes encapsulated with a varied amount of function-
alized PDA esters (PDA−HBAs) were exposed to DFP
solution in acetone at concentrations ranging from 10 to 600
mmol in a fume hood. 2 mL of diluted DFP solution were
poured onto each type of nanocomposite and observed for 2 h
for color transition.

Test of Selectivity. The selectivity of the developed
detection system was examined by using some carefully
selected potential interferents such as acetone, acetonitrile,
water, and HCl to eliminate any possible false alarms of the
detection.12,20 This test was planned to examine whether any
solvent or byproduct induced the color change or if it was
highly selective to DFP only. Acetone, acetonitrile, and DI
water were used as purchased, and HCl was diluted to 0.6 M in
DI water. 2.0 mL of the above chemicals were poured onto the
HBA-10 NCF membranes and observed for color transition for
an hour. Photographs were captured after the samples were air-
dried.

■ RESULTS AND DISCUSSION
Synthesis of Aldehyde-Functionalized PCDA Ester

(PCDA−HBA). Dihydroxy benzaldehyde was conjugated with
an pentacosadiynoic acid terminus, as depicted in Figure 1, to
functionalize the PCDA macromolecule into PCDA ester
(PCDA−HBA), following our previously reported synthetic
method.24 The HNMR spectra of PCDA, 2,4-dihydroxyben-
zaldehyde, and PCDA−HBA, as recorded on a 400 MHz
instrument using DMSO-d6 as the solvent, are presented in
Figures S1−S3. The peaks are assigned as follows: 1H NMR
(400 MHz, DMSO-d6): δ 0.85 (t, 3H), 1.23−1.63 (m, 32H),
2.26 (t, 4H), 2.51 (t, 2H), 6.68−6.75 (m, 2H), 7.68 (s, 1H),
10.21 (s, 1H). The peak at 0.85 ppm represents the methyl

(−CH3) group; multiple peaks between 1.23 and 1.63 ppm
represent the methylene group (−CH2−) of the hydrocarbon
chain; peaks at 2.26 and 2.51 ppm represent the methylene
group adjacent to the alkyne (−C�) group; peaks between 6
and 8 ppm in spectrum B belong to the protons attached to the
aromatic ring, and the peak at 10.21 ppm represents the
aldehyde group. Comparing and calculating the spectra A, B,
and C, the spectrum C confirms the presence of the aldehyde
functionalized PCDA ester, PCDA−HBA.24 The spectra of
PCDA and PCDA−HBA are consistent with the previously
published literature.20

Fabrication of NCF Membranes Containing PCDA
Ester. The fabrication of NCF using the electrospinning
technique is critical and requires precise control over the
chemical composition and processing parameters. Factors
including the polymer molecular weight, solution concen-
tration, solution viscosity, conductivity, solvent surface tension,
vapor pressure, solubility have been influential in the
fabrication and morphology of NCF.11 Electrospinning of
PCDA ester alone is highly challenging due to its low viscosity
in solution. Therefore, a high-viscosity supporting polymer
matrix was used to facilitate electrospinning. CA was chosen as
a matrix polymer for electrospinning due to its excellent
mechanical and chemical properties, biodegradability, non-
toxicity, and low cost.26−28 Acetone, a low surface tension
(22.7 mN/m) solvent, was used due to its compatible
solubility parameters (9.8 J/cm3) with CA.29

Among the critical electrospinning parameters, injection
rate, tip-to-collector distance, and applied voltage were kept
constant based on the results of several preliminary experi-
ments designed with varied injection rates ranging from 1 to 3
mL h−1, tip-to-collector distance ranging from 5 to 20 cm, and
applied voltage ranging from 10 to 25 kV at concentrations
ranging from 12 to 17% (w/v). Based on these experiments,
this study found a combination of a 1 mL h-1 injection rate, a
10 cm tip-to-collector distance, and a 15 kV applied voltage
optimal for electrospinning. A 15% CA concentration, optimal
for forming defect-free continuous fibers, was kept fixed, and
the required amount of PCDA−HBA was added to the weight
of CA. The effects of the amount loading of PCDA−HBA were
studied in this research. The addition of an increased amount
of PCDA−HBA in the CA solution (Table 1) resulted in a
reduction in the viscosity of the solution compared to the pure
CA solution. The variation in viscosity, along with other
processing parameters, resulted in the formation of fibers with
varying diameters and morphologies.
Figure 2 exhibits the SEM images of the NCFs as spun

(CA−HBA) and after deacetylation/hydrolysis (RC−HBA).
The CA−HBA fiber composites, irrespective of the PDA−
HBA loading, are defect-free and fluffy, showing less interfiber
adhesion due to the presence of a charged acetate group on the
fiber surface.30 The average diameter of the fiber composites
(CA−HBA) was calculated as 1.67 ± 1.1, 0.82 ± 0.47, 0.92 ±
0.44, and 0.95 ± 0.70 μm, respectively, for HBA-5, HBA-10,
HBA-15, and HBA-20. However, other researchers reported
that fibers became flatter after deacetylation/hydrolysis (RC−
HBA). Interfiber adhesion increased significantly due to the
increase in hydroxyl groups on the fiber surface owing to the
chemical treatment.
Regeneration of CA−HBA Nanocomposite Mem-

branes into RC−HBA Membranes. The regeneration of
cellulose nanocomposites (RC−HBA) from the as-spun CA
nanocomposites (CA−HBA) was done via a hydrolysis
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treatment. FT-IR was conducted to compare the PCDA−HBA
crystal with RC−HBA NCF membranes to determine whether
the matrix polymer and the hydrolysis treatment affected the
conjugated macromolecules that might hinder the sensing
properties of the RC−HBA NCFs.
Spectrum A of Figure 3 represents the PCDA−HBA crystal,

where the following resonance features were interpreted for

characterization: IR νmax (cm−1): 2914 (aldehydic H−C�C
stretch), 2843 (aldehydic H−C−H stretch), 1747 (ester, C�
O stretch), 1460 (aldehydic C−H stretch bending), and 1155
(C−O stretch). The spectrum agrees with the predicted
structure of PCDA−HBA, and the resonance features are
similar to those previously reported for PCDA−HBA.31 The
two peaks for C−H bonds between 2800 and 2950 and the
carbonyl (C�O) peak around 1750 suggest that an aldehyde
group has been added to the PCDA structure. The
characteristic vibration band adjacent to the carbonyl bond
around 1600 cm−1 shows the stretching motion of a benzene
ring in the structure. The vibration of the C(sp2)−H bond near
3000 cm−1 also indicates the presence of a benzene ring in the
structure.
Spectrum B represents the PCDA−HBA-encapsulated RC

NCFs RC−HBA. The resonance features observed were as
follows: νmax (cm−1): 3350 (O−H), 2921 (aldehydic H−C�C
stretch), 2854 (aldehydic H−C−H stretch), 1740 (ester, C�
O stretch), 1430 (aldehydic C−H stretch bending), and 1020
(C−O stretch). Similar IR spectra between the PCDA−HBA
crystal and RC−HBA demonstrate that PCDA−HBA retains
its functional groups in the matrix polymer structures despite
the deacetylation process. In the RC−HBA structure, the
carbonyl (C�O) peak shifted toward a lower wavenumber,
which indicates that the CO group has decreased as a result of
hydrolysis. Following hydrolysis, the broad absorption peak at
3350 cm−1 indicates a large amount of hydroxyl groups were
formed as a result of the successful deacetylation process,
indicating that CA−HBA was successfully converted into the
RC−HBA structure without altering its chemical structure.30

Sensing of an OP Pesticide, DFP. In this study,
dihydroxy benzaldehyde was conjugated with the DA
monomers to synthesize the ester PCDA−HBA (Figure 1),
which was then encapsulated in a CA matrix polymer using the
electrospinning technique. The as-spun NCF membranes were
then hydrolyzed to obtain colorless RC−based PCDA
composites. The resulting solid-state RC-based PCDA−
HBAs were then polymerized to PDA−HBAs with 254 nm
UV light irradiation. The UV irradiation resulted in an obvious
color change from colorless to blue in the PDA composites,
which indicated the formation of the π-conjugated backbone of
the PDA structure. The blue color was visible within seconds
in ambient conditions. The resulting modified polymer
responds to the existence of OP toxins in its surrounding
environment. Upon exposure to the OP pesticide DFP, the
nanocomposites immediately transformed from blue to pink/
red, which was clearly visible to the naked eyes (Figure 4).
Effect of PDA−HBA Loading on DFP Sensing. The

effect of PDA−HBA loading in the NCFs and the
concentration of DFP needed for color transition was
investigated thoroughly. The color transition from blue to
pink/red was observed as soon as the DFP solution touched
the fiber surface, regardless of the amount of PDA−HBA
loaded in the NCFs. Although all the composites effectively
detected DFP, the PDA−HBA-10 composite, which contains
10% PDA−HBA in its structure, exhibited the most successful
results among the four fiber categories studied in this study
(Table 1). The most prominent color transition was also
observed in PDA−HBA-10 composites, confirming that this
composition is optimal for developing RC-based PDA sensors
for detecting DFP. Furthermore, the finer fibers developed
with HBA-10 may have contributed to the increased sensitivity

Figure 2. SEM images of the fiber composites before (CA−HBA) and
after (RC−HBA) hydrolysis treatment.

Figure 3. FT-IR spectra of the PCDA−HBA crystal (A) and RC NCF
HBA-10 (B).
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due to their higher surface area compared with the other
composites (Figure 4).31

Test of Sensitivity. The effect of the DFP concentration
on sensing was also studied in detail with all four types of
nanocomposites, including HBA-5, HBA-10, HBA-15, and
HBA-20. All of the composites were highly sensitive at DFP
concentration above 0.2 M. Below this concentration, the
composites began to show differentiate in their responses.
HBA-5, with a low PDA ester concentration, exhibited a poor
response in the low DFP concentration range. However, HBA-
10 composites exhibited the best results, showing an
immediate color change to pink/red at DFP concentrations
of 0.01 M (100 ppm) and over. As shown in Figure 4, the
significant blue-to-pink/red color transition was visible to the
naked eyes. As the dermal lethal dose (LD50) of DFP is 117
ppm for a test rabbit,32 the CL response of our first solid-state
NCF sensor demonstrated high sensitivity with a prompt
response.
To quantify the sensitivity, the samples were evaluated with

a UV−vis spectrophotometer. Figure 5A shows the represen-

tative spectra of the NCFs in the blue state, and spectra in 5B
shows the fibers in the pink/red form after color transition
upon exposure to DFP. All the composites in the blue state
exhibited peaks around 640 nm. However, due to the
interaction of the composites with DFP upon exposure, the
peak at 640 nm gradually diminished or decreased in intensity.
A new peak developed around 560 nm, indicating the red state
of the sensing polymer, PDA ester.12,20 Therefore, the CL

changes of the PDA ester in solid-state nanocomposites from
blue to pink and red are highly promising for OP sensing
applications.
An index of the color change, CL response % CR, was

calculated from the spectra using eqs 1 and 2, following the
established protocol in the literature. The calibration curve is
presented in Figure 6. It is evident from the figure that all of

the composites started the color transition at the lowest
concentration (1 mmol) experimented with. The CL response
increased with the increase of DFP concentration and made a
plateau at around 0.2 M. However, the change in CR value
below 0.1 M DFP was found to be very little. Similar to visual
detection, HBA-10 exhibited the best %CR value. The LOD,
the minimum concentration of DFP required to demonstrate a
detectable response, was calculated from this calibration curve
following the published literature.33 The CL response was
linear from 0.01 to 0.1 M and was used to calculate the LOD.
The linear regression curve (Figure S4) of % CR values of
HBA-10 can be expressed as Y = 152.7*X + 14.2, and the
calculated LOD was found to be 63 ppm.
Test of Selectivity. The selective detection of the target

pesticide is a prime concern for developing pesticide sensors.
The selectivity of the developed detection system was
examined using some carefully selected potential interferents
such as acetone, acetonitrile, water, and HCl to eliminate any

Figure 4. CL responses of the NCF sensors at various concentrations of OP pesticide DFP.

Figure 5. UV−visible spectrophotometer reading of the blue RC−
PDA−HBA NCF membranes before color transformation (A) and
after color transition (B) upon exposure to 0.6 M DFP in acetone.

Figure 6. CL response of the composites upon exposure to DFP at
various concentrations.
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possible false alarms of the detection system.12,20 This test was
planned to examine whether the color change was induced by
any solvent used to dissolve or dilute the pesticide or if the
color change was induced selectively by DFP only. Acetone,
acetonitrile, and water were selected for being commonly used
solvents for dissolving or diluting DFP to rule out the
possibility of a false positive signal during DFP detection due
to the solvents. HCl is a byproduct of the aqueous
decomposition of DFP. Therefore, HCl was used to rule out
the possibility of color change due to the byproducts of the
aqueous decomposition of DFP. Moreover, they mimic the
acidic environments found in polluted aqueous sources, where
the byproducts of air and water pollution persist.
Figure 7 presents photographs of the PDA−HBA

composites before and after exposure to some confounding
test chemicals. It is observed from Figure 7 that the blue to
red/pink color transition occurred only in the presence of
DFP. No visible color change was observed due to the
presence of any other chemical species, i.e., acetone,
acetonitrile, water, or HCl. Therefore, we inferred that the
color transition of PDA−HBA containing NCFs is highly
selective to the DFP only; neither the solvents nor the
byproducts can induce a color transition. The quantitative
response produced by these confounding chemicals, calculated
as % blue, is presented in Figure S5.
Mechanism of Color Change during OP Detection.

PDAs make up a class of π-conjugated polymers with optical
transitioning properties. The DA monomers undergo a 1,4
addition photopolymerization upon irradiation with ultraviolet
light, X-rays, or γ-radiation. The irradiation gives a PDA with
an alternating ene-yne backbone, and the monomer-to-
polymer conversion is accompanied by a visible color change
from colorless to blue. The most widely reported mechanism
of the topochemical polymerization of the DAs is known as the
“turnstile” mechanism. According to this mechanism, when the
monomers are exposed to radiation, they pivot approximately 1
Å around the centroid of the DA at 30° to bring carbon atoms
C1 and C4 together to create a new bond.34 The monomer-to-
polymer transition of DAs is accompanied by a color change
from colorless to blue due to the formation of a conjugated
ene-yne chromophore.
Herein, we explored the color transition mechanism from

blue to red upon exposure to an external stimulus. We
employed characterization techniques to gain a better
mechanistic understanding of the morphological, structural,
and spectral changes of the PDA−HBA composites upon

exposure to DFP. The surface compositions and morphological
integrity of the PDA−HBA containing NCF membranes
before and after the color change were investigated with
SEM coupled with EDS using HBA-10 as a model. The
morphologies presented in Figure S6 show that the composites
retained their randomly packed continuous morphology
irrespective of the color, meaning no morphological change
occurred due to the color change.
The elemental composition obtained from EDS is presented

in Table 2 and Figure 8. The elemental composition of the

NCFs was changed after the DFP treatment. The blue
composites contained their organic elements, i.e., C and O
only. However, the elemental composition of the red
composites exhibited the presence of phosphorus (P) elements
along with C and O, providing evidence of the OP (DFP)
treatment of the composites. The sulfur element might be from
the impurities of the reagents, and the sodium could be the
residual elements from the hydrolysis treatment.32 It is evident
from Table 2 that the carbon content decreased from 72.81%
to 62.73% in the red composites. The introduction of a
characteristic P element at 1.25% in the red state indicates the
presence of a P element on the surface of PDA-containing
composites.35 These observations suggest that the color change
was influenced by the presence of P from DFP found on the
membrane surface.
The HNMR of the PCDA−HBA crystal and HBA-10

composites (before and after DFP exposure) was conducted
to study if the DFP was structurally integrated into the
composites to bring out color transformation. The spectra are
presented in Figures S1−S3. The peak assignment can be done
as follows: 1H NMR (400 MHz, DMSO-d6): δ 0.85 (t, 3H),
1.23−1.63 (m, 32H), 2.26 (t, 4H), 2.51 (t, 2H), 6.68−6.75
(m, 2H), 7.68 (s, 1H), and 10.21 (s, 1H). The peak at 0.85
ppm represents the methyl (−CH3) group; the multiple peaks
between 1.23 and 1.63 ppm represent the methylene group (−
CH2−) of the hydrocarbon chain; the peaks at 2.26 and 2.51

Figure 7. Test of selectivity: response of the nanocomposite membranes to some common confounding chemicals alongside DFP.

Table 2. Elemental Analysis of the NCFs Before and After
Treatment with DFPa

elements, %

NCF membranes C O P

before DFP treatment 72.81 ± 2.96 26.82 ± 3.11 ----
after DFP treatment 62.73 ± 2.88 25.83 ± 3.84 1.25 ± 0.23

aNote. “----“ indicates “not present”.
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ppm relate to the methylene group adjacent to the alkyne
(-C≡) group; the peaks between 6 and 8 ppm belong to the
protons attached to the aromatic ring, and the peak at 10.21
ppm belongs to the aldehyde group added to the PCDA main
chain. The spectra are consistent with those in the previously
published literature.20

Comparing the spectra of the PCDA−HBA crystal (Figure
S1), the blue NCF membranes before the color change (Figure
S2), and red NCF membranes after the color change (Figure
S3), we determined that the PDA−HBA retains its structural
integrity even after the color change, meaning there is no proof
of a structural change in the composites.
The XRD measurements were performed to investigate

structural or crystallinity changes associated with the chromatic
transition in NCF membranes. The X-ray diffractograms of
HBA-10 in blue and red phases are presented in Figure 9. The

results indicate that the PDA containing RC NCF membranes
in the blue phase exhibits an amorphous nature, having very
low crystallinity. The broad diffraction peaks between 16.86
and 20.76° are characteristic of PDA macromolecules. These
peaks align with previously reported patterns in the
literature.26,36 The characteristic PDA peaks were shifted to
20.32 and 22.34° in the red phase, indicating a shift toward a
more crystalline structure due to the color transformation.26,36

This structural reorganization suggests an increase in the order
of the material, possibly due to enhanced packing of PDA
chains or changes in the alignment of the polymer backbone
and side chains. Such shifts have been previously attributed to
the distortion of the conjugated PDA backbone caused by
external stimuli, leading to the modification of the side chain

crystallinities.26,36,37 This phenomenon provides a structural
explanation for the observed chromatic transition from blue to
red and demonstrates that the optical response is linked to
nanoscale structural rearrangements.
These findings are further corroborated by small angle XRD

(SAXS) analysis, as presented in Figure 10. The SAXS results

revealed similar trends, where the blue fibers did not show any
crystallinity. In contrast, the appearance of the circles around
the probe in red fibers indicates a change in crystallinity after
the color transformation.
The FT-IR spectra of the blue and red phase HBA-10

nanocomposites were compared and are presented in Figure
11. The diagnostic region of the spectra demonstrates that the
composites retain their structural characteristics even after

Figure 8. Elemental distribution of the NCF membranes before and after treatment with DFP.

Figure 9. XRD spectra of PDA containing NCF membrane before
color change (blue) and after color change (red) due to the exposure
to DFP.

Figure 10. SAXS patterns of HBA −10 NCF membranes before and
after color change.

Figure 11. FT-IR spectra of the HBA-10 nanocomposite membranes
in blue and red color (A) and the fingerprint regions of the spectra
(B).
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color transformation, suggesting no significant change in the
polymer backbone. However, the increase of intensity and a
shift to a higher wavenumber of the band at 1683 (cm−1) of
the red phase HBA-10 nanocomposite indicate the develop-
ment of hydrogen bonding. Moreover, the broadening of the
bending band on the fingerprint region at 1036 (cm−1) and
increased intensity of the bending band at 1173 (cm−1) are
also an indication of the development of hydrogen bonding on
the PDA macromolecular chain.26,38 Therefore, the FT-IR
results, along with XRD and SAX observations, suggest a
change in PDA conformation associated with color trans-
formation from blue to red/pink. The change in conformation
might have resulted in a change in the electronic properties of
the PDA macromolecule, resulting in a color transition. The
proposed mechanism is depicted in Figure 12.
The mechanism underlying the chromatic transformation of

PDAs remains a topic of ongoing discussion among researchers
across disciplines.39 When PDA composites are exposed to
external stimuli, structural strain is induced within the
structure, leading to distortions within the conjugated polymer
backbone. This distortion results in a distinct chromic shift
from blue (absorption maximum of ∼640 nm) to red
(absorption maximum of ∼500 nm), corresponding to changes
in chain conformations and molecular ordering.40 Crystallo-
graphic studies suggested that rotations around the C−C
bonds within a PDA assembly due to external strain cause
chain conformations.41

The C−C rotations break the planarity of the conjugated
backbone, which disrupts the delocalization of the π orbitals.
As a result, the highest occupied molecular orbital−lowest
unoccupied molecular orbital energy gap is widened to allow
the PDA to absorb light at higher energy.14,42 The chromatic
shift of PDA from blue to red correlates with a planar structure
adopting a nonplanar conformation with rotated or distorted
side chains.43 Modifying the PCDA carboxylic acid headgroup
with other strong groups, such as an amine or aromatic ring,
reduces the strain on the conjugated backbone and enhances
hydrogen-bonding interactions.42,44 Therefore, the observa-
tions in FTIR, XRD, and SAX of the PDA−HBA nano-
composite membranes in this study reflected distinctive
conformational changes from the blue to red phase during

the chromatic transitions, as suggested by fellow researchers in
the field.

■ CONCLUSIONS
PDA functionalized PCDA ester, PCDA−HBA, was synthe-
sized using a novel green chemistry approach for CL sensing of
OP pesticide DFP. Different amounts of PCDA−HBA
containing NCFs were successfully fabricated via the electro-
spinning technique using CA as a matrix polymer. HBA-10
composites, containing 10% (w/w) PCDA−HBA, were the
finest fibers spun, having a 0.82 ± 0.47 μm average fiber
diameter. The composites were then chemically hydrolyzed to
convert CA composites to RC composites. The generation of a
large number of hydroxyl groups on the NF composites made
the fibers suitable for DFP sensing. Moreover, the functional
groups introduced in the PCDA macromolecule remained
unaffected after the hydrolysis process. The RC-based PDA
ester containing nanocomposites selectively detected OP
pesticide DFP within seconds of exposure to the pesticide,
which was visible to the naked eye. The LOD was 63 ppm. The
selectivity test involving other confounding chemical species,
including acetone, acetonitrile, water, and HCl, revealed that
the DFP detection of the nanocomposites was not affected by
the presence of any solvent or byproducts. Although no
morphological change in the fibers occurred due to the color
change, the presence of P atoms was identified on the fibers.
No evidence of any new chemical bond formation after the
color transformation was identified. However, a decrease in
crystallite order and arrangement in the polymer chain, due to
the development of hydrogen bonding, was suggested to be the
mechanism of the color change. This research study opens a
new window toward developing a solid-state nanocomposite-
based OP pesticide sensing platform and contributes to
protecting human health and saving lives.
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The Supporting Information is available free of charge at
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Figure 12. Schematic representation of the NCF sensor development and color transformation of the sensor from blue to red upon exposure to OP
pesticide, DFP.
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Additional HNMR spectra of sensing polymer PCDA−
HBA crystal, composite fibers before DFP exposure,
composite fibers after DFP exposure, and DFP in
MeOD; calibration curve for calculating LOD; CL
response of the composite fiber membranes upon
exposure to confounding chemicals; and SEM−EDS
images of the composite fibers before and after DFP
treatment (PDF)
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