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ABSTRACT: In this paper, we report a facile strategy to
fabricate fluorescent porous thin film on the surface of U-bent
poly(methyl methacrylate) optical fiber (U-bent POF) in situ
via “click” polymerization for vapor phase sensing of explosives.
Upon irradiation of evanescent UV light transmitting within the
fiber under ambient condition, a porous film (POSS-thiol cross-
linking film, PTCF) is synthesized on the side surface of the
fiber by a thiol−ene “click” reaction of vinyl-functionalized
polyhedral oligomeric silsesquioxanes (POSS-V8) and alkane
dithiols. When vinyl-functionalized porphyrin, containing four
allyl substituents at the periphery, is added into precursors for the polymerization, fluorescence porphyrin can be covalently
bonded into the cross-linked network of PTCF. This “fastened” way reduces the aggregation-induced fluorescence self-quenching
of porphyrin and enhances the physicochemical stability of the porous film on the surface of U-bent POF. Fluorescent signals of
the PTCF/U-bent POF probe made by this method exhibit high fluorescence quenching toward trace TNT and DNT vapor and
the highest fluorescence quenching efficiency is observed for 1, 6-hexanedimercaptan-based film. In addition, because of the
presence of POSS-V8 with multi cross-linkable groups, PTCF exhibits well-organized pore network and stable dye dispersion,
which not only causes fast and sensitive fluorescence quenching against vapors of nitroaromatic compounds, but also provides a
repeatability of the probing performance.
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■ INTRODUCTION

Rapid and accurate detection of explosives, including 2,4,6-
trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT), has
become increasingly important in the past few years because of
homeland security, environmental protection and industrial
safety control.1−3 Various methods have been developed for
nitro-explosives detection, such as desorption electrospray
ionization mass spectrometry (DESI-MS),4 gas chromatog-
raphy and mass spectrometry (GC-MS),5 surface-enhanced
Raman spectroscopy (SERS),6 and ion mobility spectrometry.7

However, the expensive and complicated manipulation is the
bottleneck for popularization of these technologies. Sensor
system requirements consist of cost-effective, fine and reliable
measurements. Fluorescent materials for development of
sensitive explosive detection have the advantage of both
human visual processing ability and instrumental evalua-
tion.8−12 The solution system containing fluorescent dye is
more suitable to use on monitoring an aquatic environment.13

Dyes based on a fluorescence quenching mechanism can be
conveniently utilized to fabricate optical devices in order to
collect data from a remote location.14,15 Among these devices,
optical fiber sensor offers many advantages, such as lower cost,
greater portability, and the feasibility of creating sensor
networks.

Poly(methyl methacrylate) optical fibers (POF) are usually
chosen to build platforms as their large core, ease of handling
and connections, flexibility, visible wavelength operating range,
high numerical aperture and low cost test equipment.16−18

These characteristics make them attractive for a number of
applications in gratings fabrication,19 optical amplification,18

random fiber laser,20 and chemical or biological sensors.21 On
the other hand, it is already known that monitoring of
evanescent wave (absorption or fluorescence characteristics) in
inorganic silica waveguides is often preferred for measuring
oxygen,22 ammonia,23 pH,24 temperature,25 and explosives
vapor.26−28 Porous structure, which is always prepared by the
mild sol−gel process,29−31 is very critical for fiber-optic
evanescent wave sensor22−24 and other devices32−34 because
of the easy permeation capacity of analytes into the responsive
layer. Sensitive dyes used for the preparation of optical fiber
sensors can be immobilized in the homogeneous porous layer
through adsorption or entrapment.22,23,33 However, in any case,
the nature of organic compounds causes a scarce compatibility
with the inorganic silica matrix, leading to leaching out of the
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sensitive species from the support and aggregation-induced
fluorescence self-quenching of dyes. One effective way to
overcome this problem is to create covalent bonding or
effective interactions between the dyes and the embedding
matrix.8,35 Further, ruggedness of the surface is also an
important requirement for the fiber sensor to be used in this
field. If the approach described above for the preparation of
inorganic silica waveguides is applied to fabrication of a POF
probe, an ineffective interaction between the organic poly-
(methyl methacrylate) and the inorganic component would be
found, resulting in an unstable device with physical
discontinuity between the optical fiber and the sensitive film.
Hybrid organic−inorganic porous materials36−38 is an ideal

choice to improve the compatibility for a POF sensor. In fact,
when the organic part of the hybrids inside the sensor materials
has a polymeric nature, it can play multiple roles: it can
improve the adhesion between the polymer substrate and the
whole sensitive hybrids by the hydrophobic interaction;38−40 its
chemical structure allows the tuning of the kinetic response of
the sensor by controlling the diffusion rate of the vapor analyte
inside the porous matrix and its interaction with the sensitive
dyes; its organic nature can allow better chemical interactions
with the organic indicators dispersed in the hybrid matrix.
In view of the analysis above, in this work, a new strategy is

proposed to achieve these characteristics for a POF probe by
fabrication of hybrid organic−inorganic fluorescent porous thin
film (POSS-thiol cross-linking film, PTCF) modified U-bent
POF in situ via “click” polymerization. The precursors, vinyl-
functionalized polyhedral oligomeric silsesquioxanes (POSS-
V8), allyl-functionalized porphyrin and alkane dithiols, can
rapidly react upon irradiation of evanescent UV light
transmitting within POF under ambient condition. The interest
of this route is to provide a simple method to implement
sensitive porous films on a surface of POF. The fiber probe
obtained in this way may have two characters. One is that
fluorescent molecule with active substituents can be covalently
bonded into the network, and the second is that the pore-size
distribution of thin film can be easily adjusted by using alkane
dithiols with different chain length. Therefore, the work
reported here is concentrated on investigation on the
reproducible fabrication of U-bent POF probe containing
porphyrin as sensitive dye and the vapor phase detection of
explosives by this fiber probe.

■ EXPERIMENTAL SECTION
Materials and Characterization. Vinyl-functionalized polyhedral

oligomeric silsesquioxanes (POSS-V8) (Hybrid Plastics Inc., USA),
1,6-hexanedimercaptan was synthesized according to literature,41 2, 2-
dimethoxy-2-phenyl-acetophenone (DMPA) (99%, Sigma-Aldrich),
allyl bromide (AR, 98%, Energy Chemical, China), benzoin dimethyl
ether, and 4-hydroxybenzaldehyde (AR, 98%, Aladdin Industrial
Corporation, China) were used without further purification.
Anhydrous potassium carbonate (CP, 99.5%, Sinopharm Chemical
Reagent Co., Ltd.) was used as received. Pyrrole, acetone, propionic
acid and tetrahydrofuran (THF) (CP, 98%, Sinopharm Chemical
Reagent Co., Ltd.) were purified by standard method. Other solvents
purchased from Sinopharm Chemical Reagent Co., Ltd. were used
without further purification. Thiol-teminated polyethylene glycol (SH-
PEG-SH, Mn = 600, 1000, and 2000 Da) was synthesized according to
literature.42 Tetrakis(4-carboxyphenyl)porphyrin (TCPP) was synthe-
sized according to literature.43

Transmission electron microscopy (TEM) bright-field images were
taken using a FEI Tecnai G2 F30 microscope operated at 200 kV.
TEM samples were carried out by cutting off sensory section from U-
bent POF probe and dissolved in acetone and then filtrated. The

obtained solid was dispersed in ethanol by ultrasonic. A drop of the
suspension was placed on a holey carbon-coated copper grid. 1H NMR
spectra were recorded at ambient temperature with a Bruker AMX300
spectrometer. Scanning electron microscopy (SEM) images were
taken with FEI Quanta 200F ESEM microscope at low vacuum
conditions. MALDI-TOF mass analysis was performed on a Voyager-
De STR instrument. Fourier transform infrared spectra (FTIR) were
recorded on a Nicolet Nexus 470 IR spectrometer as KBr pellets. The
nitrogen-sorption experiments were performed at 77 K on a
Quannitrogen-sorption experiments. Thermogravimetric analysis
(TGA) was performed on a TA SDT Q600 simultaneous DTA-
TGA at a heating rate of 20 °C min−1. UV−vis absorption and
transmission spectra were recorded by Shimadzu UV2550 spectropho-
tometer. Fluorescence spectra were recorded by Shimadzu RF5301PC
spectrophotometer. A contact angle meter (OCA 30, Dataphysics) was
used to measure the static water contact angles on PTCF (dip-coated
of the suspension onto the surface of the quartz plate). Water droplets
of 0.4 μL volume were utilized and Laplace−Young fitting was applied
on contact angle measurements.

Synthesis of 4-(Allyloxy)benzaldehyde. To the solution of 4-
hydroxybenzaldehyde (16.1 g, 0.13 mol) in acetone (60 mL) was
added K2CO3 (19 g, 0.14 mol) at room temperature under N2. Allyl
bromide (11.9 mL, 0.14 mol) was added at room temperature and the
mixture was stirred for 2 h. The reaction mixture was then heated to
reflux and stirred for another 3 h. After being cooled to room
temperature, the mixture was filtered and washed with acetone, and
then the solvent was evaporated. Purification by flash chromatography
(hexane:ethyl acetate = 5:1, V/V, Rf = 0.46) afforded 4-(allyloxy)-
benzaldehyde (73.4%, 15.7 g) as a colorless oil. 1H NMR (CDCl3, 400
MHz): δ 9.88 (s, 1H), 7.82 (d, 2H), 7.01 (d, 2H), 6.04 (dddd, 1H),
5.43 (dd, 1H), 5.32 (dd, 1H), 4.64−4.58 (m, 2H). Good
correspondence was found in the literature.44

Synthesis of meso-Tetrakis[4-(allyloxy)phenyllporphrin (Al-
lylporphyrin). 4-(Allyloxy)benzaldehyde (10.7 g, 0.066 mol) in
butyric acid (100 mL) was brought to reflux under nitrogen. Pyrrole
(4.4 g, 0.066 mol) was then added and reflux continued for 3 h. The
reaction mixture was allowed to cool to room temperature and kept
overnight in a refrigerator. The solid was filtered, washed with hot
water to remove traces of butyric acid, and dried at 60 °C in a vacuum
oven. Further Purification by column chromatography over silica gel
(dichloromethane, Rf = 0.34) afforded a violet crystal (8.3%, 4.6 g).
FTIR (cm−1): 3441 (br), 3083 (w), 3029 (w), 2919 (w), 2706 (w),
1604 (s), 1511 (vs), 1474 (s), 1350 (m), 1291 (s), 1240 (vs), 1173
(vs), 1108 (w), 1021 (m), 967 (m), 921 (m), 801 (vs), 742 (m). 1H
NMR (CDCl3, 400 MHz): δ.86 (s, 8H), 8.13−8.11 (m, 4H), 8.11−
8.09 (m, 4H), 7.32−7.30 (m, 4H), 7.30−7.28 (m, 4H), 6.30 (dt, 2H),
6.24 (dd, 2H), 5.64 (q, 2H), 5.60 (q, 2H), 5.46 (q, 2H), 5.43 (q, 2H),
4.84 (t, 4H), 4.83 (t, 4H), −2.75 (s, 2H). ESI-MS (M+H) (m/z):
839.4, calcd for C56H47N4O4 (m/z), 838.4, Anal. Calcd for
C56H46N4O4.

Preparation of PTCF/U-bent POF Probe. To fabricate the fiber
probe, we utilized a multimode POF with core diameters of 980 μm
and cladding diameters of 20 μm. The fiber has a core refractive index
of 1.489 and NA value of 0.5. About 3 cm of the jacket was removed
from the central portion of the fiber. This straight portion was bent
slowly until it became U-shaped in a hot water bath (65−70 °C).
Additional care was taken to maintain an optimum temperature and
bending force. U-bent section was then immersed into acetone for 5 s,
followed immersed into isopropanol for 10 s to ensure that a complete
removal of the cladding. When finally washed with deionized water,
the U-bent POF probe was drying in air circulation oven.

The principle of the U-bent fused-silica fiber probe has been
explained by Khijwania,45 and we can consider the results as a similar
analysis for U-bent POF probe. As shown in Figure 1, when a light
beam propagating through a transparent medium of high index of
refraction encounters an interface with a medium of a lower index of
refraction, it undergoes total internal reflection (TIR) for incidence
angles greater than the “critical angle” of θc, which is given by

θ = − n nsin ( / )c
1

2 1 (1)
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where n2 and n1 are the refractive indices of the surrounding (1.407)
and the fiber core (1.489), respectively. Despite the fact that the
incident light beam totally internally reflects at the interface, the
electromagnetic field called the “evanescent wave” still penetrates a
small distance into the liquid medium and propagates parallel to the
surface in the plane of incidence. The evanescent wave is capable of
exciting fluorescent molecules that might be present near the interface.
The evanescent electric field intensity decays exponentially with
perpendicular distance z from the interface. This penetration depth
(d) can be calculated from the incident wavelength (λ) (the free space
wavelength of the light launched into the fiber) and the incidence
angle (θ) (the ray with respect to the normal at the core−clad
interface in the fiber) using

λ
π θ θ

=
−

d
n2 (cos cos )1

2
c

2 1/2
(2)

If all the incident rays are launched at the input end of the straight
fiber, the incidence angle (θ) varies from ∼75° to 90°.45 Because the
experiment is performed only with the probe having uniform core
diameter in entire U-shape region, Khijwania’s method45 can be used
to solve this problem: θ changes from φ1 to φ2 at the outer surface,
and from δ1 to δ2 at the inner surface with respect to the normal to the
interface, where

φ
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whereas,
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with δ2 = 90°. In eqs 2−4, nc is refractive index of cladding, R is the
bending radius, ρ is the fiber core radius, h is the ray’s entrance height.
Therefore, for a certain bending radius, θ becomes a function of h and
ρ, and hence d can be calculated by using meridional ray
approximations at the outer as well as at the inner surface of the
fiber in the U-bent section for different core diameters and different
ray’s entrance height (h). h varies from 0 to 2ρ. Calculated value
correspond to the skewness angle is equal to 90°. The bending radius
used in our study is 5 mm and the incident wavelength (λ) for reaction
is 365 nm. We can calculate φ1 varies from 52.0 to 70.4°, φ2 varies
from 56.7° to 90°, meanwhile δ1 varies from 70.4° to 90° by using eqs
3 and 4. Because of the critical angle of θc in U-bent section is 71°, and
thus the incidence angle (θ) varies from ∼71° to 90° at the outer or
inner surface, otherwise optical propagation would not meet the total
internal reflection (TIR). Ultimately, according to eq 2, the

penetration depth d varies with a minimum value of 120.1 nm, the
minimum thickness value of PTCF.

Utilizing this strategy, a PTCF/U-bent POF probe could be
obtained by “click” polymerization in situ, as shown in Figure 2a. A

stock solution containing POSS-V8 (0.13 g, 0.2 mmol), 1, 6-
hexanedimercaptan (75 uL, 0.5 mmol), allylporphyrin (0.3 mL ×
10−3 M dye/THF solution) and UV photoinitiator DMPA (2 mg) in
0.7 mL THF was prepared and stirred in a dark place until all
compounds were dissolved. A 365 nm laser (max. 35 mW/cm2,
adjustable), as actinic light source, was coupled to POF. The U-bent
POF was placed in contact with the stock solution and UV light
emerging from the fiber core induced polymerization in the U-bent
section. The irradiation time was 10 s. After washing with isopropanol,
the hybrid porous fluorescent layer was generated. Careful operation
was required to ensure no damages caused by the shear force and
complete coating on the uncladding surface, and thus optical loss of
exciting light could be reduced in the U-bent section. Allylporphyrin in
THF solution was further directly dropped to U-bent section as a
contrast experiment.

Sensor Setup and Fluorescence Quenching Test. The setup is
schematically shown in Figure S1 in the Supporting Information. The
optical setup used for experiments consists of a blue LED (405 nm)
and fiber optic spectrometer USB4000 (Ocean Optics, USA). The
PTCF/U-bent POF probe can be temporarily fixed on a PMMA box
(size: 65 mm × 45 mm × 18 mm, approximately 54 mL), with a gas-
circulating system. First, the box without fiber probe was used to be
saturated by TNT and DNT vapor. This method was performed
according to the previous reports.46−48 A sealed oblate (15 mL) beaker
was filled with a small amount of solid explosive, and then set over 24
h to ensure saturation vapor pressure had been reached. Under this
circumstance, concentrations of explosives in the box are 10 ppb for
TNT, 180 ppb for DNT and 3 × 105 ppb for NB, respectively.
Fluorescence quenching test was performed by inserting PTCF/U-
bent POF probe into the PMMA box. Fluorescent emission from the
other end of the fiber was evaluated immediately at room temperature.
The fluorescence recovery experiment was conducted by washing with
isopropanol and then drying in the air. In addition, the effect of
organic volatile solvents (MeOH, CH3CH2OH, toluene, diethyl ether)
to PTCF/U-bent POF probe was also tested. PTCF coated onto a
hydrophobic quartz plate (treated by methyl trichlorosilane) was
prepared by photopolymerization of diluted stock solution (1 mL in
29 mL of THF). The sensing test method of films (with thickness less
than 500 nm) was the same to the previous reports.46−48

■ RESULTS AND DISCUSSION
Allylporphyrin monomer was prepared by “one pot” reaction of
allyloxybenzaldehyde and pyrrole with propionic acid as
solvent. The chemical structure was characterized by using
1H NMR and mass spectra (see Figures S16−S19 in the

Figure 1. Schematic diagram of U-bent POF. (R, the bending radius;
ρ, the fiber core radius; h, the ray’s entrance height; n2, the refractive
indices of the surrounding; n1, the refractive indices of the fiber core; θ,
the incidence angle; φ and δ, the incidence angle at the outer and
inner surface with respect to the normal to the interface, respectively).

Figure 2. (a) Fabrication process and (b) schematic diagram of U-bent
POF probe. A 365 nm laser is used for polymerization and 405 nm
diode laser is selected for excitation of the porphyrin.
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Supporting Information). As shown in Scheme 1, vinyl groups
exist in POSS-V8 and porphyrin displayed similar reactivity

with thiol groups via thiol−ene “click” chemistry. Photoinduced
thiol−ene polymerizations are known to react rapidly to form
highly uniform polymer networks with narrow glass transitions
and easily tailorable mechanical properties.49,50 The step-
growth mechanism of polymerization favors the formation of
multiple low-molecular-weight species prior to gelation,
resulting in high conversions at the gel point and largely
homogeneous, three-dimension cross-linking film, PTCF.
These characteristics present several significant advantages
over classical radical chain-growth polymerizations involving
acrylates and methacrylates that often suffer from low pregel
conversion and form more heterogeneous networks.
Evanescent wave based sensitivity (absorbance or fluores-

cence) of fiber sensor probes can be increased by modifying the
probe geometry including straight, U-bent, tapered tip, and
biconical tapers.51 We chose U-bent POF because of their
sensitivity, compactness, ease in fabrication, and possibly higher
compatibility with instrument configurations.52 U-bent fiber
probe has even been demonstrated to have a 10-fold
improvement in absorbance sensitivity over straight probes.53

Figure 2 illustrated the fabrication process of PTCF/U-bent
POF probe in situ via “click” polymerization induced by 365 nm
light existed in the evanescent wave at the bent region. This
strategy can avoid both of physical damage of POF because of
the solubility and causticity of bulk poly(methyl methacrylate)
resin in organic solvents. On the other hand, the in situ method
has been proved to be able to effectively modify the designed
areas.54 In the probe setup shown in Figure 2b, excitation (405
nm) is irradiated on one end of the fiber and the fluorescent
emitted from the other end is collected using a fiber optic mini-
spectrofluorimeter.
PTCF was characterized when isolated from a solution of

PTCF/U-bent POF probe dissolved in acetone. It is found that
overstoichiometric vinyl monomer could improve the hydro-
phobicity of PTCF (see Figure S2 in the Supporting
Information), which can enhance the compatibility of PTCF
with bulk poly(methyl methacrylate) resin.40,55 FTIR spectros-
copy (Figure 3a) of POSS-V8 and PTCF showed a very intense
band at 1108 cm−1, which is assigned to the Si−O−Si
stretching vibration of POSS.56 The existence of the vinyl

groups is verified by the bands at 1604 cm−1 associated with the
CC stretching vibration, 3068 and 3029 cm−1 attributed to
the C−H stretching vibration of vinyl groups.56 The intensity of
the vinyl bands of PTCF significantly decreases and new alkyl
bands appears at 2900 cm−1, indicating that “click” reaction has
successfully proceeded. This result is confirmed by solid-state
29Si NMR spectroscopy (Figure 3b), in which the shift of the
neighboring silicon nuclei upon polymerization can be seen.
POSS-V8 shows a broad resonance at δ = 78.9 ppm,
corresponded to the T3 (CH2CH−Si(OSi)3) type silicon.

57

PTCF shows two broad resonances at δ = 79.2 and 64.6 ppm,
which can be assigned to T3 (CH2CH−Si(OSi)3) and T3
(alkyl-Si(OSi)3) type silicon signals.57 The integration ratio
between T3 (CH2CH−Si(OSi)3) type silicon signals is
approximately 1:2.3, indicating that the cross-linking degree of
PTCF is ca. 69.7%.
Macroscopic morphologies of PTCF were observed by using

TEM (Figure 3c). The product consists of irregularly shaped
particles with a size of less than 50 nm, which appear to be
formed by the initial cross-linking process between vinyl groups
and thiol groups. Nitrogen adsorption experiment (see Figure
S3 in the Supporting Information) further confirms the forming
of porous structures with nano size. Nanoparticles could further
react with each other, and thus bigger pores appear, as seen in
Figure 3c. Compared with POSS-V8 precursor, PTCF displays
high thermal stability (Figure 3d). In the case of POSS-V8,
approximately 97.8% weight loss is observed at the temperature
above 281.8 °C in N2, which can be attributed to the thermal
decomposition of −Si−O−Si− skeleton of POSS cage.
However, PTCF displays higher thermal stability at the
temperature below 350 °C in N2 and approximately 50.0%
weight residual rate. The phenomenon has been observed on
other POSS-containing cross-linked materials.57,58

Absorptions of allylporphyrin in THF solution (Figure 4)
can be attributed to π−π* electronic transitions: for the
allylporphyrin and PTCF, the Soret band appears at 421 nm,
while assorted Q bands are respectively displayed within 500−
650 nm range, which are all identical with that reported
before.59 The shape of the absorption of PTCF is evidently no
broadened to that of allylporphyrin. This result demonstrates
that each porphyrin unit in PTCF is monodispersed without

Scheme 1. Synthetic Route of Allylporphyrin and
Preparation of PTCF

Figure 3. (a) FTIR spectra of POSS-V8 and PTCF. (b) 29Si solid state
NMR spectroscopy of POSS-V8 and PTCF. (c) TEM image of PTCF.
(d) TG curves of POSS-V8 and PTCF.
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aggregation interactions. In the fluorescence spectra (Figure 4)
in solution, two major bands are both observed for
allylporphyrin (659 and 724 nm) and PTCF (659 and 730
nm). PTCF can emit a bright red fluorescence but no
fluorescence can be seen for allylporphyrin powder at the
same conditions due to the complete fluorescence self-
quenching. PTCF also shows a superior resistance to
photobleaching than allylporphyrin powder (see Figure S4 in
the Supporting Information).
The dip-coating technique works very well for producing thin

films on supports such as silica glass and polished silicon wafers.
However, the coating for optical fibers was proved to be
difficult. A suitable dipping speed and concentration is crucial
to wetting of the fiber surface and a smooth and relatively
homogeneous film.60 In our experiment, after in situ “click”
chemistry, PTCF could fast cover on the side surface of U-bent
POF. The smooth surface (SEM image in Figure 5a) of U-bent
POF becomes porous (Figure 5b). SEM image also indicates
that the thickness of PTCF is greater than 120 nm (Figure 5c),
corresponding to the theoretical calculation results before.
The excited state of porphyrins can be quenched by an

energy transfer to electron deficient explosive compounds upon
collision with them, such as TNT, DNT, and NB.61,62

Fluorescence quenching is observed for the PTCF/U-bent
POF probe upon exposure to TNT vapor. Figure 6a shows the

quenching efficiencies ((I0 − I)/I0) of the PTCF/U-bent POF
probe with respect to time. As shown in Figure 6a and Figure
S5 in the Supporting Information, the fiber probe is found to
have quenching efficiencies of 37.5% at 30 s and 61.6% in 300 s,
respectively. This high quenching efficiency might derive
mainly from high porosity of PTCF. Nanoporous of POSS
and macropores of the bulk PTCF, as shown in Figure 3c and
Figure 5b, c, enables faster diffusion of the explosive molecules.
The fiber probe is found to have quenching efficiencies of
36.1% in 30 s and 65.0% in 300 s for DNT (Figure 6b and
Figure S6 in the Supporting Information), and quenching
efficiencies of 8.8% in 30 s and 21.1% in 300 s for NB (Figures
S7 and S8 in the Supporting Information), respectively.
Directly dropping the solution of allylporphyrin onto the
surface can weaken quenching efficiency of U-bent POF probe
(see Figures S9 and S10 in the Supporting Information).
Fluorescent quenching efficiency of quartz plate coated with
the PTCF is closed to that of the fiber probe, as shown Figure
S11 in the Supporting Information.
Three different dithiol-teminated polyethylene glycols (SH-

PEG-SH, Figure S12 in the Supporting Information) were
synthesized in order to gain macroporous coatings with
different pore diameters (see Figure S13 in the Supporting
Information). Compared with 1,6-hexanedimercaptan with
molecular length of 0.9263 nm (calculated by Chemoffice
3D), the straight SH-PEG-SH has a longer molecular length,
for instance, 5.1062 nm for PEG600 (see Figure S12 in the
Supporting Information). In principle, the size of pores is
related with macromolecular length. However, the fluorescence
quenching test through macroporous films coated onto a quartz
plate showed a slow response behavior (see Figure S13 in the

Figure 4. UV−vis absorbance and fluorescent spectra of allylporphyrin
(in tetrahydrofuran solution) and PTCF.

Figure 5. Scanning electron microscopy image of surface of (a) U-bent
POF probe with directly dropped porphyrin molecule and (b) PTCF/
U-bent POF probe. (c) Microtopography of the cross-section of
PTCF/U-bent POF probe.

Figure 6. Quenching efficiencies ((I0 − I)/I0) of PTCF/U-bent POF
probe with respect to time: (a) TNT and (b) DNT. The inset:
fluorescence intensity curves of fiber probe exposed to (a) TNT and
(b) DNT for 0 s (black curve) and 300 s (red curve), respectively.
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Supporting Information). The flexibility of polymer chains
might result in macromolecular coil, and forming compact layer
to discourage diffusion of TNT vapor.
In Figure 6, quenching efficiency of PTCF/U-bent POF

probe for TNT was approximately equal to the quenching
efficiency for DNT in the first minute. After the second minute,
quenching efficiency for TNT increases a little lower than that
for DNT. Generally speaking, the binding constant of TNT to
electron-rich porphyrin ring is higher than DNT because of its
extra electron-withdrawing nitro group. But, unlike Tetrakis(4-
carboxyphenyl)porphyrin (TCPP), the quenching constant
(Ksv, obtained by Stern−Volmer plot: I0/I = 1 + Ksv[C]) of
allylporphyrin is 85.5 and 77.0 for TNT and DNT, respectively
(Figure S14 and Table S1 in the Supporting Information). In
fact, some porphyrins with electron-rich substituents at the
periphery have a similar value of Ksv for TNT and DNT.61 In
addition, fluorescence quenching efficiency is also affected by
the vapor pressure of explosives. So, similar fluorescence
responses mainly come from the higher volatility of DNT than
TNT.
In Figure 6a, the quenching efficiency ((I0 − I)/I0) of

PTCF/U-bent POF probe for TNT initially shows a linear
behavior, however, under longer exposure it displayed down-
ward curvature. The downward curvature is likely to reflect a
saturation phenomenon: TNT first permeates into nanopores
with strong bonding ability (linear part of the plot), which is
followed by much slower diffusion into bulk macropores with
weak bonding ability. The two kinds of pore structures were
demonstrated before,63 and the permeation capacity is further
analyzed by the modified Stern−Volmer equation, which is
approximately described by eq 663

Δ
= +

I
I f f K t

1 10

a a a (6)

where I0 is the initial fluorescence intensity, ΔI = I0 − I is the
fluorescence intensity difference after exposure to explosive, fa is
the fraction of easy permeation capacity, Ka is the effective
quenching constant and t is the exposure time. The modified
Stern−Volmer plots obtained for PTCF/U-bent POF probe are
shown in Figure 7. The dependence of I0/ΔI on the reciprocal
value of the exposure time is linear with slope equal to the value
of ( faKa)

−1. The value fa
−1 can be obtained by extending the line

to the ordinate. The corresponding results shows a linear
function for diffusing of TNT into PTCF, as shown in Figure

7a, and, thus, the fraction of easy permeation capacity fa was
0.70. Although fa was less than that of molecularly imprinted
CPs reported in literature which were prepared by sophisticated
template-removal procedure,63 PTCF/U-bent POF probe can
be considered to be an excellent candidate for rapid detecting
nitroaromatic vapor even without any complex design. In
Figure 7b, the relationship of I0/ΔI ∼ t−1 showed distinct
nonlinearly for U-bent probe with the dropping method
(fluorescence quenching curve in Figures S9 and S10 in the
Supporting Information). That could arise from the compli-
cated diffusion modes into bulk polymer resin (Figure 7c,
compared to diffusion into PTCF shown in Figure 7d), for
instances, the combined effect caused by diffusion and solubility
processes.
As high binding strength of TNT to porphyrin ring, the

fluorescence recovery is very slow in room condition. Under
this circumstance, the reversibility of the sensing process was
examined with TNT vapor as a representative nitroaromatic
compounds (Figure 8). After exposure to TNT vapor, the fiber

probe was ultrasonic washing by isopropanol, followed air-
dried. The recovered probe shows approximately quenching
efficiency when re-exposed to the TNT vapor. Efficient
quenching and recovery are necessary for practical utilities,
and the result above implys that a good reversibility and a
highly fluorescence stability for the fiber probe against
photobleaching could be achieved. However, for the dropping
method porphyrin molecule could effusion from bulk poly-
(methyl methacrylate) resin by ultrasonic washing with
isopropanol. As seen in Figure 8b, fluorescent intensity of
signal accepted from the fiber tip decayed along with the
increase of cycle number. In addition, PTCF/U-bent POF
probe displays a character that fluorescent signal could never be
changed by the action of other organic volatile solvents, as
shown in Figure S15 in the Supporting Information.
In all cases, as we known, interaction between the individual

vapor molecule and the surface of the sensing element can
affect both of the sensitivity and the reaction time. Sensor
materials with high Ksv and high specific accessible surface areas
are beneficial, which is why fluorescent porous films are
particularly suitable. As shown in Table S2 in the Supporting
Information, compared to conventional optical fiber sensor
systems, PTCF coated onto U-bent POF may offer some
further advantages: the option to finely disperse active species
(dyes, nanoparticles, etc.), accessible precursor materials, facile

Figure 7. Modified Stern−Volmer plots of U-bent POF probe: (a)
PTCF/U-bent POF probe with a linear function and (b) U-bent probe
with the dropping method. Schematic diagram of TNT vapor diffusing
into PMMA resin (c) and PTCF (d).

Figure 8. Fluorescence quenching-recovery cycles test after the fiber
probe exposing to TNT for 300 s, and the ultrasonic washing with
isopropanol as solvent: (a) PTCF/U-bent fiber probe and (b) drop
method.
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preparation process, and high stability in terms of their specific
gas diffusion phenomena within the pores.

■ CONCLUSIONS

In summary, the surface functionalization of poly(methyl
methacrylate) optical fiber with fluorescent porous thin film
is achieved in situ via “click” chemistry. Polyhedral oligomeric
vinylsilsesquioxane (POSS-V8) containing multienes, porphyr-
in with four allyl groups and 1, 6-Hexanedimercaptan
containing two thiol groups are used as precursors of the
thiol−ene “click” reaction for the film. Upon irradiation of
evanescent UV light transmitting within the fiber immersed in
the precursors a cross-linked film is formed on the side surface
of the fiber under ambient condition. In PTCF/U-bent POF
probe made by this method, porphyrin is chemically stable in
POSS-containing film as fluorescence response material.
Aggregation-induced fluorescence self-quenching of porphyrin
is deleted by the “fastened” network. Fluorescent signals of
PTCF/U-bent POF probe exhibit high fluorescence quenching
toward trace TNT (10 ppb, 37.5% for 30 s), DNT (180 ppb,
36.1% for 30s) and NB (3 × 105 ppb, 8.8% for 30 s).
Comparison with the method by directly dropping the solution
of porphyrin on the side surface POF, “click” reaction not only
affords the path to steady disperse dyes, but also constructs a
porous film for more rapid response toward TNT and DNT
vapor. This kind of easily prepared fluorescent porous film is
promising candidates for extensive application of polymer
optical fiber probe.
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