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ABSTRACT: A novel chemical warfare agent sensor based on
conjugated polymer dots (CPdots) immobilized on the surface
of poly(vinyl alcohol) (PVA)−silica nanofibers was prepared
with a dots-on-fibers (DoF) hybrid nanostructure via simple
electrospinning and subsequent immobilization processes. We
synthesized a polyquinoxaline (PQ)-based CP as a highly
emissive sensing probe and employed PVA−silica as a host
polymer for the elctrospun fibers. It was demonstrated that the CPdots and amine-functionalized electrospun PVA−silica
nanofibers interacted via an electrostatic interaction, which was stable under prolonged mechanical force. Because the CPdots
were located on the surface of the nanofibers, the highly emissive properties of the CPdots could be maintained and even
enhanced, leading to a sensitive turn-off detection protocol for chemical warfare agents. The prepared fluorescent DoF hybrid
was quenched in the presence of a chemical warfare agent simulant, due to the electron transfer between the quinoxaline group in
the polymer and the organophosphorous simulant. The detection time was almost instantaneous, and a very low limit of
detection was observed (∼1.25 × 10−6 M) with selectivity over other organophosphorous compounds. The DoF hybrid
nanomaterial can be developed as a rapid, practical, portable, and stable chemical warfare agent-detecting system and, moreover,
can find further applications in other sensing systems simply by changing the probe dots immobilized on the surface of
nanofibers.
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1. INTRODUCTION

Fluorescent conjugated polymers serving as active components
in organic light-emitting diodes, photoconductors, and sensors
have constituted an attractive research field during recent
decades.1−3 In particular, the fluorescence intensity of
conjugated polymer-based fluorescent sensors can be altered
upon binding to an analyte, because of the electron transfer and
energy transfer between the polymer and a quenching
species.4−6 One of the most interesting classes of conjugated
polymer-comprising units, quinoxaline is a typical electron-
deficient group, due to the strong electronegativity of the two
nitrogen atoms. Many conjugated polymers containing electron
donor−acceptor groups in the main chain have been designed
using quinoxaline or its derivatives as electron-accepting
moieties.7−9

To overcome the need for complicated synthetic works to
introduce water solubility into hydrophobic conjugated
polymers, simple methods of fabricating nanoparticles from
hydrophobic CPs have been widely explored.9−13 The resultant
fluorescent CPdots have many advantages, including ease of
fabrication, high fluorescence, high biocompatibility, and

excellent photostability.14−17 These CPdots have, therefore,
motivated numerous studies for lighting and targeted cellular
imaging purposes, in which almost investigations were focused
on biologically related fields.18−22

Hybrid nanostructures or multiple nanosystems have
attracted a great deal of attention, because of the possible
incorporation of multiple functions into a single unit.23−25

Because more than one type of nanostructure can be
incorporated into a single system, multiple functions can be
potentially attained. These hybrid structures are of great
interest in a variety of applications, because of their potential
usefulness in parallel applications including biomedical and
sensory fields.26,27 Among the various hybrid materials, a great
deal of attention has been focused on the assembly of
functional inorganic and organic hybrid nanostructures, because
the advantages of both organic and inorganic properties can be
effectively combined.28−30
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Considering these conditions, electrospinning can be a
potential preparative candidate for hybrid nanosystems because
it provides an efficient and versatile technique to fabricate
fibrous nanowebs with a large surface area and porous
nanostructure suitable for the adsorption of other materials,
which is useful in sensing applications.31,32 Electrospun
nanofibers have been applied to fluorescent sensors for metal
ions, gas, and pH via the incorporation of recognition probes
on their surface of or within them.33−35 Moreover, the
integration of fluorescent materials into electrospun nanofibers
has been conducted for the fabrication of multicompartment
nanofibers36−38 to be applied in efficient fluorescent sensory
hybrid materials.39,40 Moreover, nanofibers containing various
types of silica materials have been developed for the formation
of organic and inorganic hybrid materials.41,42

Many difficulties in preparing multicompartmental hybrid
nanofibers by electrospinning have been reported, resulting
from the poor dispersion of the additives, leading to needle
clogging and a negative effect on their spinnability.43,44 In this
study, therefore, CPdots were introduced on the surface of the
nanofibers after the spinning process. It has been proved that,
and as can be easily imagined, the fluorescent properties of
multicompartmental nanofibers, in which CPdots are as-
sembled on the surface, are superior to those in which CPdots
are embedded inside the nanofibers, in terms of their quantum
yields.45,46 Because of their high aspect ratios and large specific
surface areas, two-dimensional (2D) fibrous nanoweb materials
afford a high adsorption capacity. Their high adsorption
capacity makes it possible to apply them to facile conjugation
with organic particles on their surfaces.
Herein, we explored the fabrication of organic−inorganic

hybrids, demonstrating a novel DoF conjugated system, where
a number of CPdots are located in a random fashion (but not
superposed) over the surface of the nanofibers. Interestingly
and importantly, the CPdots and nanofibers assembled in
aqueous solution to afford a DoF hybrid system that retained

the emission properties of the pristine CPdots with a much
higher quantum yield.
Moreover, using the DoF hybrid nanomaterials, we

attempted to extend the application fields of CPdots to the
detection of chemical warfare agents, in which polyquinoxaline-
based CPdots were used as the probe molecules and
electrospun nanofibers as the supporting matrix. It is known
that chemical warfare agents, such as Sarin, Soman, and Tabun,
are highly reactive, volatile, and toxic organophosphorous
compounds, whose action arises from the disruption of the
message-transferring process of nerves to organs. The
inhalation of chemical warfare agents can lead to organ failure
and eventual death within minutes.47,48 Thus, extensive
analytical methods for the detection of organophosphorous
nerve agents have been developed using fluorogenic and
chromogenic probes,49−53 including conjugated polymer-based
sensors as sensing elements.9,54 However, most techniques are
based on the use in a solution system, which might hinder the
practical applications.
We envisioned the use of DoF in a fiber-based, fluorescent

sensing protocol for chemical warfare agents. To our
knowledge, there have been no reports on a reliable and stable
fabrication method of DoF with a well-defined nanostructure
and on a stable and practical sensing platform for chemical
warfare agents. It should be emphasized that this approach
encounters fundamental challenges in materials chemistry. The
assembly of CPdots on the surface of nanofibers opens up a
new horizon for achieving three-dimensional (3D) architectures
using zero-dimensional (0D) dots and 2D nanowebs as
building blocks.

2. RESULTS AND DISCUSSION
Synthesis and Characterization. Scheme 1 shows the

synthetic routes for monomer 3 and PQ. Commercially
available 2,1,3-benzothiadiazole (1) was used for the synthesis
of the dibromoquinoxaline monomer 3. 4,7-Dibromo-2,1,3-
benzotiadiazole (2) was synthesized via the bromination of 1. 2

Scheme 1. Synthesis of Monomer and PQ
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was easily reduced to 3,6-dibromobenzene-1,2-diamine in the
presence of sodium borohydride, and its subsequent reaction
with benzil provided 5,8-dibromo-2,3-diphenylquinoxaline (3)
according to previously published methods.55 The polymer PQ
was synthesized via the palladium-catalyzed Suzuki-coupling
reaction. PQ exhibited good solubility in common organic
solvents, including tetrahydrofuran (THF), chloroform, and
toluene. The chemical structure of PQ was confirmed by 1H
NMR, 13C NMR, FT-IR, and element analysis (EA). According
to the EA data, the molecular composition (m:n) of PQ was
found to be 0.82:0.18 as a mole fraction. The number-average
molecular weight (Mn) and weight-average molecular weight
(Mw) were found to be 6920 and 13760, respectively, as
determined with gel permeation chromatography using
polystyrene as the standard and chloroform as the eluent.
Optical Properties. The absorption and fluorescence

emission spectra of PQ in chloroform solution and in the
form of a solid film are shown in Figure 1. The absorption

bands of PQ both in solution and in the form of a solid film
were observed at 377 nm, and were attributed to the π−π*
transition of the conjugated segments. In contrast to its similar
absorption in solution and in the solid state, the emission of PQ
varied depending upon its concentrations and phase.
Interestingly, the fluorescence emission of PQ showed a
dominant short wavelength emission in the range from 400 to
450 nm in dilute solution (1.0 × 10−6 to 1.0 × 10−5 M).
However, the intensity of the longer wavelength emission at
510 nm was enhanced in a more concentrated solution of PQ
and, finally, only the longer wavelength emission was observed
in the film state. The long-wavelength emission was mainly
afforded by the quinoxaline units, whose intensity was
enhanced by the energy transfer from the fluorene units in
the aggregated state.56,57 The concentration dependency of the
emission changes of PQ could be easily observed with the
naked eye under UV illumination, as shown in Figure S1
(Supporting Information). This concentration-dependent or
aggregation-induced emission change was attributed to the
intermolecular exciton migration, which was triggered by
aggregation between the polymer chains, as found in the
conjugated polymers containing both electron donor (fluorene)
and acceptor (quinoxaline) groups in the same backbone.58−62

Preparation of CPdots from PQ. CPdots were fabricated
through a reprecipitation method from PQ. Briefly, a THF
solution of PQ was injected into water under continuous

sonication. After the removal of THF, the solution was filtered
by a syringe filter. The SEM image of the CPdots showed that
they were spherically shaped (Figure 2a) and the average
diameter of the CPdots was determined by dynamic light
scattering (DLS), indicating that the hydrodynamic diameter
was 66.28 ± 1.84 nm (Figure S2, Supporting Information). The
zeta-potential of the CPdots was measured to be −38.6 ± 0.7
mV in a neutral aqueous solution, resulting in their dispersion
remaining clear and stable for 2 weeks without any sign of
aggregation.
As shown in Figure 3, as in the case of the solution of PQ,

the CPdots from PQ in aqueous solution exhibited an
absorption at 380 nm and maximum emission at 501 nm
with an emission tail extending to 600 nm. The relative
quantum yield (QY) of the aqueous CPdot solution was
measured to be 13% using rhodamine B as the standard, while
the absolute QY of the solid CPdots was found to be 12% using
an integrating sphere (Table S1, Supporting Information).

Preparation and Characterization of DoF. Meanwhile,
for the fabrication of the organic−inorganic hybrid nanofibers, a
mixture of PVA and tetraethyl orthosilicate (TEOS) was
prepared, incubated in the presence of acid, and, finally,
electrospun into a nanoweb. Because the nanofibers made from
pure PVA were soluble in water and lost their dimension in
aqueous solution, PVA was cross-linked with TEOS using an
acid-catalyzed sol−gel process to obtain PVA−silica hybrid
nanofibers.63 To confirm the incorporation of silica into PVA
matrix, the FT-IR, TGA, and XPS spectra of the PVA−silica
nanofibers were compared with those of pure PVA. As shown
in Figure S3 (Supporting Information), the PVA nanofibers
showed the characteristic bands of the hydroxyl and aliphatic
hydrocarbon groups at around 3300 and 2900 cm−1,
respectively. The band intensity of the hydroxyl group in the
PVA−silica nanofibers was decreased due to the reduction of
the number of hydroxyl groups, because of their reaction with
TEOS. In this experiment, PVA with a degree of saponification
of 88% was used, resulting in the appearance of the
characteristic band of the carbonyl group at around 1700
cm−1, which can be frequently observed in the incompletely
hydrolyzed (saponified) PVA from poly(vinyl acetate), while
the completely hydrolyzed PVA does not show the character-
istic CO band. The characteristic bands of SiOSi in the
PVA−silica nanofibers are observed between 1000 and 1100
cm−1. The TGA thermograms of the nanofibers indicate that
about 60 wt % of inorganic components was incorporated into
the nanofibers (Figure S4, Supporting Information). The
weight loss in the PVA nanofibers occurred at 350−500 °C
because of the cleavage of the CC bond. The XPS spectra
confirmed the successful synthesis of organic−inorganic hybrid
nanofibers, as shown in Figure S5a and b (Supporting
Information). On the basis of these findings, it can be
concluded that water-insoluble, thermally stable, organic−
inorganic hybrid nanofibers were successfully fabricated by
electrospinning.
Finally, the surface of the PVA−silica nanofibers was

modified to obtain the amine functionality using (3-
aminopropyl)triethoxysilane (APTES) via a simple after-
treatment method.64 XPS analysis of the APTES-treated
PVA−silica nanofibers showed the presence of nitrogen
atoms, which were incorporated by the APTES modification
(Figure S5c, Supporting Information). The SEM images of the
PVA nanofibers and APTES-treated PVA−silica nanofibers can
be seen in parts b and c of Figure 2, respectively. After the

Figure 1. Absorption (dotted) and normalized fluorescence spectra
(solid) of PQ in chloroform solution and in the film. For absorption
spectra, empty circles correspond to the solution (1.0 × 10−5 M) and
empty squares to the film.
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APTES treatment, the surface of the nanofibers was observed
to be rougher and their diameter increased (PVA−silica
nanofibers before APTES treatment, 270 ± 50 nm; after
APTES treatment, 360 ± 90 nm).
A schematic illustration of the synthetic process for the

fluorescent DoF hybrid nanostructure is demonstrated in
Scheme 2. The fabrication process for the DoF structure was
composed of four steps. First, PVA−silica organic−inorganic
hybrid nanofibers were obtained via electrospinning for their
water insolubility and chemical and thermal stability. Second,
the nanofibers were treated with APTES and subjected to
subsequent baking at 100 °C to introduce amine groups on
their surface. Third, the amine-modified PVA−silica nanofibers
were immersed in aqueous CPdot solution. Finally, the DoF
nanostructure was successfully obtained via the electrostatic
interaction between the positively charged nanofibers and
negatively charged CPdots.
The distribution of the CPdots on the surface of the hybrid

nanofibers was observed using SEM (Figure 2d). The CPdots
were successfully attached on the surface of the nanofibers, as
confirmed by the strong fluorescence in the fluorescence
microscopic images (Figure S6, Supporting Information). The
DoF assembly was accomplished by the electrostatic attraction
between the positively charged amine-modified PVA−silica
nanofibers and negatively charged CPdots. The SEM images of
the two kinds of nanofibers, untreated and treated with APTES
followed by the immobilization of the CPdots, were compared
(Figure S7, Supporting Information). The CPdots were
attached only to the amine-functionalized PVA−silica nano-
fibers, while the PVA−silica nanofibers that were not treated
with APTES did not show any assembled CPdots on their
surface. This reveals that the assembly took place via
electrostatic interaction and, therefore, the amine functionality
of the matrix nanofibers was indispensable to immobilize the
CPdots, similar to our previous results.64 The emission
spectrum of the DoF is almost the same as that of the CPdots
with an emission maximum at around 500 nm (Figure 3).
To gain insight into the electrostatic attraction between the

PVA−silica nanofibers and CPdots, the pH of the aqueous
solutions in which the immobilization occurred was manipu-
lated. As shown in Figure S8a (Supporting Information), the
zeta-potential of the CPdots was remarkably influenced by the
pH of the aqueous solution, showing a decrease with increasing
pH. At low pH, the CPdots have less negative charge and,
thereby, should have less electrostatic interaction with the

Figure 2. SEM images of the CPdots from PQ (a), electrospun PVA−
silica nanofibers (b), nanofibers after treatment with APTES (c), and
subsequent incubation with CPdots (d). Inset: High-magnification
SEM images of nanofibers. The number above each histogram
represents the average diameter of nanofibers estimated from more
than 100 nanofibers.

Figure 3. Absorption (dotted) and fluorescence spectra (solid) of
CPdots from PQ (□), PVA−silica nanofibers (■), and DoF (●).
[CPdots] = 8.3 × 10−2 mg/mL. The fabrication method for DoF is
described in the Experimental Section.
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positively charged amine-modified PVA−silica fibers. Parts b
and c of Figure S8 (Supporting Information) show the SEM
images of the DoF structures obtained at low pH values of 3.2
and 5.1, respectively, indicating that the immobilization was not
successfully conducted. However, after immobilization at higher
pH values ranging from 6.8 to 11.8, the CPdots were densely
introduced onto the surface of the nanofibers (Figure S8d−f,
Supporting Information). This indicates that interaction
between the amine-functionalized nanofibers and CPdots was
accomplished electrostatically. The successful modification of
the CPdots on the surface of the nanofibers was confirmed by
investigating the binding stability. It was found that the DoF
was stable enough to withstand continuous centrifugation in an
aqueous medium for up to 60 min by measuring the
fluorescence spectra of the supernatants afterward (Figure 4).
The fluorescence of the supernatants was very weak, indicating
the strong binding of the CPdots to the nanofiber matrix.
The quantum yield (QY) of PQ can be as high as 37%

(relative to rhodamine B) in chloroform solution (Table 1). In
contrast, a lower QY (5−12%, absolute values from integrating
sphere) of PQ was observed in its solid states (film, solid
CPdots, PQ-blended in PMMA nanofibers, and CPdots-
encapsulated within nanofibers) compared to that of its
chloroform solution (37%). Interestingly, the highest absolute
QY value of 48% was observed in the DoF structure prepared
through the simple immobilization of CPdots onto nanofibers
(immobilized hybrid), while only a QY of 20% was observed in
the CPdots encapsulated within nanofibers (encapsulated
hybrid). It has been reported that the chemically bonded
immobilization of luminescent substances on a rigid support
leads to an increase in the emission intensity, QY, and lifetime,
which is attributed to the complete prevention of molecular

movement.65,66 Meanwhile, the CPdots encapsulated within the
PVA−silica nanofibers exhibited a much higher QY (20%), as
compared to those encapsulated within the pure PVA
nanofibers (5%), presumably due to the agglomeration and
possible phase separation in the composite materials.67 The
absolute QY of 48% is a remarkably high value that can be
obtained using CPdots from PQ, as compared with the best
relative QY of conjugated polymer nanoparticles (65%, quinine
sulfate as a reference).30 The nonsuperimposed distribution of
the negative CPdots on the surface of the PVA−silica
nanofibers was mainly due to the electrostatic repulsion
between them, leading to their positioning with a suitable
distance for the good preservation of their original fluorescence
properties.

Detection Test of DCP Using DoF. To further
demonstrate the ability of the developed DoF structure for

Scheme 2. Schematic Illustration for Fabrication of DoF Structure: ① Fabrication of PVA−Silica Nanofibers via Electrospinning
with a Mixed Solution of PVA and TEOS; ② Treatment of the Nanofibers with APTES to Give Amine Functionality; ③
Immersion of the Amine-Functionalized PVA−Silica Nanofibers in CPdot Solution to Immobilize CPdots on the Surface of the
Nanofibers; ④ Formation of Fluorescent DoF Nanohybrid Structure

Figure 4. Fluorescence spectra of DoF and supernatants from DoF-
immersed solutions after various centrifugation times at 14 000 rpm.
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sensing applications, the detection of a chemical warfare agent
simulant was attempted. Because real organophosphorous
compounds are highly toxic, a mimicking compound such as
diethyl chlorophosphate (DCP) is frequently used, which has
similar reactivity but far less toxicity. The fluorescence response
of DoF to trace DCP was determined in the concentration
range 0−1.8 mM in ethanolic solution of DCP. Obvious
fluorescence quenching at 501 nm was observed instanta-
neously upon exposure to DCP, as shown in Figure 5a. It has
been reported that the emission quenching of polyquinoxaline-
containing polymers results from the specific interaction
between the quinoxaline groups and chemical warfare agents
through the nucleophilic attack of quinoxaline on the
electrophilic target (DCP).9 The sensitivity of this system
with various concentrations of DCP was investigated, as shown
in Figure 5b. It was found that the detection limit of DoF
toward DCP was 1.25 × 10−6 M (based on the 3σ/slope, where
σ is the standard deviation of four independent measurements),
which is comparable to those from other techniques.51,52

Moreover, the limit of detection was more enhanced than that
from our previous sensing system, which was composed of a
paper-based sensor protocol.9 It is regarded that this high
sensitivity resulted from the high QY of DoF which, in turn,
made the fluorescence easily noticeable even at lower
concentrations of the quencher, DCP.
The quenching response of the DoF can be explained

through the measurement of the Stern−Volmer constant (KSV)
described in the equation I0/I = 1 + KSV[Q], where I0 and I are
the fluorescence intensities in the absence and presence of

DCP, respectively, and [Q] corresponds to the concentration
of the added quencher, DCP.68 This equation provides a
quantitative correlation between the changes in the fluores-
cence intensity of the DoF, which is dependent on the
concentration of DCP. The presence of DCP quenched the
fluorescence of the DoF with a linear relationship in the
concentration range 0−1.8 mM (correlation coefficient of
0.990). The linear relationship between the concentration of
DCP and I0/I enabled us to obtain the KSV value of DoF from
the slope of the plot (Figure 5b), and it was found to be 3.88 ×
102 M−1. It is presumed that the relatively low KSV compared to
the cases of other conjugated polymers stems from the fact that
this sensing system was based on the solid-state quenching
system, while most other systems were usually carried out in
their solutions.
It is important to rapidly and selectively detect chemical

warfare agent simulants for practical applications in the field. In
order to investigate the selective detection of DCP, a class of
phosphorus compounds, including dimethyl methylphospho-
nate (DMMP), triethylphosphate (TEP), and tributylphos-
phate (TBP), were exposed to the DoF using a similar method
to that adopted for DCP. It appears that the relative
fluorescence intensity of DoF was not influenced by the
addition of DMMP, TEP, or TBP, presumably due to their lack
of reactivity toward the quinoxaline group in the polymer
(Figure 6 and Figure S9, Supporting Information). Table 2
summarizes the KSV values of DoF toward organophosphorous
compounds, in which the DoF had a considerably high
selectivity to DCP. It can be concluded that, with the aid of

Table 1. Quantum Yields of PQ in Various States

aQYs were determined with a calibrated integrating sphere (excitation source 325 nm laser). bRelative to rhodamine B.
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the high specific surface area of the 2D nanofiber webs, a larger
amount of CPdots could be introduced and, therefore, the
resultant 3D DoF became more sensitive to small changes in
external stimuli compared to the bulk materials. We, therefore,
took advantage of the nanosized effects of nanofibers for the
detection of DCP.

3. CONCLUSIONS
We synthesized a quinoxaline-based fluorescent conjugated
polymer and fabricated a novel nanohybrid material with 3D

DoF structure by means of the attractive interaction between
the conjugated polymer nanoparticles and electrospun PVA−
silica nanofibers. Through investigating various techniques, the
DoF was assembled via electrostatic attraction. The large
enhancement of the fluorescence intensity of the DoF was
confirmed by measuring the QY, which encouraged their
possible use as a highly sensitive composite material for sensory
applications. The DoF hybrid nanostructure showed high
selectivity to DCP over other organophosphorous compounds
with respect to its efficient fluorescence quenching. We
anticipate that DoF will be useful for the fluorogenic detection
of chemical warfare agents in a practical, rapid, and convenient
way through stably immobilized CPdots on a suitable matrix
such as fibers and papers.

4. EXPERIMENTAL SECTION
Materials and Reagents. All chemicals were purchased from

commercial suppliers and used as received without further purification.
2,1,3-Benzothiadiazole, 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester, 9,9-dioctyl-2,7-dibromofluorene, tetrakis-
(triphenylphosphine)palladium, DCP, DMMP, TEP, and TBP were
purchased from Sigma-Aldrich. Hydrochloric acid (37%), PVA (Mw
205000 Da, 88% hydrolyzed), and TEOS were purchased from
Samchun Chemicals and used as received. APTES was supplied by
Tokyo Chemical Industry.

Characterization. The NMR spectra were collected from a Bruker
DRX-300 spectrometer with tetramethylsilane as the internal standard
(Korea Basic Science Institute). The IR spectra were recorded on a
Bruker FT-IR spectrometer. Elemental analysis was performed on an
Elemental Analyzer EA 1108 (Fisons Instruments). The UV−vis
absorption spectra were recorded on a PerkinElmer Lambda 35
spectrometer. The photoluminescence spectra were obtained from a
Varian Cary Eclipse fluorescence spectrophotometer equipped with a
xenon flash lamp excitation source. The zeta-potentials and size
distributions were measured using dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern). X-ray photoelectron spectroscopy
(XPS) analysis was carried out on a Thermo Scientific MultiLab 2000.
The fluorescence microscopy images were taken using an Olympus
BX53. Scanning electron microscopy was performed using a JSM-
7000F, JEOL FESEM instrument. The photoluminescence quantum
yields were measured in an integrating sphere (Labsphere Co.)
equipped with a He−Cd laser (CW, 325 nm) as an excitation source, a
monochromator (Acton Research Co.), and a photomultiplier tube
(Hamamatsu Photonics K. K. Co.) used for detection. To avoid the
degradation of the samples by laser excitation, the integrating spheres
were kept in a nitrogen gas environment.

Synthesis of 4,7-Dibromo-2,1,3-benzothiadiazole (2). 2,1,3-
Benzothiadiazole (2.0 g, 14.69 mmol) was suspended in HBr (30
mL, 48% in H2O) in a three-neck flask equipped with a reflux
condenser and a dropping funnel containing a mixture of bromine
(1.93 mL) and HBr (25 mL). After the addition of a few drops of the
mixture, the solution color turned to orange and an orange colored
precipitate appeared. Afterward, the mixture was stirred under reflux
for 6 h, forming a yellow precipitate. After cooling the reaction
mixture, the excess bromine was evaporated under a mild stream of air.
The suspension was isolated by vacuum-filtration and washed with a
large amount of water. The residue was then recrystallized from
boiling methanol to give yellow crystals of 2 (yield 2.87 g, 66%). 1H
NMR (300 MHz, CDCl3): δ = 7.74 (s, 2H) ppm.

Synthesis of 5,8-Dibromo-2,3-diphenylquinoxaline (3). 3,6-
Dibromobenzene-1,2-diamine (0.8 g, 3 mmol), which was obtained
from the reduction of 2 (1.03 g, 3.5 mmol), was dissolved in acetic
acid (30 mL), and then, the mixture was refluxed. Benzil (0.63 g, 3
mmol) was added into the mixture portion-wise. After 18 h, the
reaction mixture was precipitated in ethanol and isolated by filtration.
The precipitates were purified by recrystallization in ethanol. Further
purification was carried out with column chromatography (ethyl
acetate and n-hexane). After drying in a vacuum oven, the resulting

Figure 5. (a) Changes in fluorescence spectra of DoF upon exposure
to DCP and (b) Stern−Volmer plot of DoF in response to DCP. I0
and I correspond to the emission intensity at 501 nm in the absence
and presence of DCP, respectively.

Figure 6. Relative fluorescence intensity (I0/I) of DoF. I0 and I
correspond to the emission intensity at 501 nm in the absence and
presence of organophosphorous compounds (1.8 × 10−3 M),
respectively.

Table 2. Stern−Volmer Constants of DoF in the Presence of
Organophosphorous Compounds

DCP DMMP TBP TEP

KSV (M−1) 388 23 29 44
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yellow solid was collected (yield 0.50 g, 37%). 1H NMR (300 MHz,
CDCl3): δ = 7.73 (s, 2H), 7.66−7.64 (t, 4H), 7.57−7.54 (m, 6H)
ppm. Anal. Calcd (%) for C20H12Br2N2: C, 54.58; H, 2.75; N, 6.36;
Found: C, 54.74; H, 2.73; N, 6.47.
Synthesis of PQ. A round-bottomed flask was charged with 3 (40

mg, 0.041 mmol), 9,9-dioctyl-2,7-dibromofluorene (0.20 g, 0.369
mmol), and 9,9-dioctyl fluorene-2,7-diboronic acid bis(1,3-propandiol)
ester (0.27 g, 0.492 mmol) and then purged with nitrogen gas. The
flask was degassed several times to ensure the complete removal of
oxygen. After degassing, toluene (5 mL), Pd(PPh3)4 (0.024 g, 0.021
mmol), 2 M aqueous potassium carbonate solution (3 mL), and water
(2 mL) were added to the reaction mixture, which was refluxed for 48
h. After cooling, the mixture was poured into excess methanol and the
precipitate was washed with acetone, methanol, and water, affording a
green powder (yield 0.41 g, 58%). 1H NMR (300 MHz, CDCl3): δ =
7.78−7.64 (m), 2.13 (t), 1.27−0.81 ppm (m). 13C NMR (CDCl3): δ =
151.83, 126.17, 119.97, 55.35, 40.38, 31.80, 30.93, 30.05, 29.23, 23.93,
22.61, 14.07 ppm. FT-IR (cm−1): 2852 (sp3 CH), 1610 (CN),
1452 (aryl CC). Anal. Calcd for C56.4H79N0.36: C, 89.2; H, 10.5; N,
0.62; Found: C, 88.5; H, 10.9; N, 0.69.
Preparation of CPdots. The green-emitting CPdots from PQ in

aqueous solution were prepared using the reprecipitation method. PQ
was dissolved in THF to make a 1 mg/mL stock solution. One mL of
the solution was quickly injected into Milli-Q water (12 mL) in a bath
sonicator. The THF was removed by nitrogen stripping. The solution
was filtered with a 0.45 μm syringe cellulose acetate filter (Advantec).
The CPdot dispersion remained clear and stable for 2 weeks without
aggregation.
Preparation of PVA−TEOS Solution.69 TEOS solution was

prepared by dissolving TEOS in ethanol and deionized water with a
molar ratio of 1.11:3:7 (TEOS:ethanol:water). After the dropwise
addition of hydrochloric acid to reach a solution concentration of 0.1
M, the mixture was stirred at 60 °C for more than an hour. Afterward,
aqueous PVA solution (7 wt %) was gradually added to the TEOS
solution, and the mixture was thoroughly mixed with stirring at 60 °C
for 1 h. Then, the mixture was cooled to room temperature and used
for electrospinning.
Electrospinning. A power supply (Chungpa EMT Co., Ltd.; CPS-

40K03, Seoul, Korea) was used to apply voltage to the electrospinning
solution.38 Electrospinning was carried out using a 10 mL syringe and
a 21 gauge stainless steel capillary metal needle with a flat tip at an
applied voltage of 20 kV. The positive electrode (NanoNC;
ESR200R2, Seoul, Korea) of the power supply was attached to a
collector wrapped in aluminum foil. The syringe pump was set to
deliver the polymer solution at a feeding rate of 0.5 mL/h. The
nanofibers were spun at a constant tip-to-collector distance of 10 cm.
All processes were carried out under ambient conditions, and the
thickness of the electrospun sheets was controlled by adjusting the
spinning time.
Amine Modification of PVA−Silica Nanofibers.69 The electro-

spun PVA−silica nanofibers were treated with APTES in toluene
solution (2 wt %) for 1 h, and then baked at 100 °C for 30 min. The
resultant amine-modified PVA−silica nanofibers were washed
successively with toluene, a mixture of toluene and acetone, and
acetone for 10 min each to remove the unreacted APTES.
CPdots-Immobilized PVA−Silica Nanofibers. The amine-

modified PVA−silica nanofibers were immersed in aqueous CPdot
solution for 1 h. Then, the nanofibers were washed with water three
times. The DoF structure was stable even after washing for 1 h and
centrifugation.
Detection of Chemical Warfare Gas Simulants. Chemical

warfare gas detection was carried out with DoF with a size of 5 mm ×
5 mm. The DoF was immersed in different ethanolic organo-
phosphorous solutions (from 6.0 × 10−4 to 1.8 × 10−3 M) for 10 min
and air-dried. The fluorescence spectral changes of the DoF in the
presence of DCP, DMMP, TEP, and TBP were recorded.
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