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A novel long-period fiber grating (LPFG) film methane sensor is designed and applied successfully. The
sensor is constructed by depositing a thin styrene-acrylonitrile (SAN) film containing the new compound
cryptophane-E-(OEt)s onto the cladding surface of the LPFG. This film is sensitive to methane gas.
Methane causes a change in the refractive index of the sensing film, which can be measured by shifting
the resonance wavelength. Experimental results show that the resonant wavelength shifts to the longer
wavelength, with increasing methane concentration at a range of 0.0%-3.5% (v/v). A linear relationship
is obtained within the test range. Detection limit is estimated at 0.2%, and response time is 60 s. No
significant interference is detected from dry air, Oz, CO, CO2, and Hs. This novel methane sensing
material has great application potential due to its advantages.
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Optical fiber gas sensor design has attracted consider-
able attention in recent years due to its high sensitiv-
ity, fast response, and immunity from electromagnetic
influence as well as combustion and explosion!’). The
combination of optical fibers and cryptophane molecules
for methane detection has become a significant advan-
tage in several fields, such as coal-mine explosion-proof
environments!?3/. In recent years, an evanescent wave
CH,4 sensor has been fabricated, in which cryptophane-A
is deposited onto optical fiber. Unfortunately, the CHy4
detection limit for this sensor remains as high as 2% (v/v)
(4. The mode-filtered light sensor based on cryptophane-
A, with the detection limit of 0.06%, has been applied to
determine CH,4 samples; however response time is as long
as 5 minl®. Long-period fiber grating (LPFG) gas sen-
sor for methane detection has been reported in previous
studies. Styrene-acrylonitrile (SAN) film incorporated
with cryptophane-A has been constructed onto the long-
period grating of this sensor. The LPFG sensor has a
detection limit of about 0.2%, a slope of 0.375 (nm% 1),
and response time of 50 s/, Cryptophane-E, which has
a larger cavity of three O(CHz)30 bridges, is a new type
of cryptophanes. This compound prefers to bind with
CHCl3, and is almost insensitive because its cavity is
larger than that of cryptophane-Al7-8l,

A new cryptophane-E-(OEt)g host with smaller inner
windows was synthesized in this letter. A total of 6 larger
ethoxy substituents were used to replace the 6 methoxy
groups of cryptophane-El). A novel LPFG methane sen-
sor based on a thin SAN film that contained a new
cryptophane-E-(OEt)gs host was constructed. Sensing
performance was also evaluated.

The effect of the refractive index of sensing film on res-
onant wavelength shift was analyzed based on the triple-
clad LPFG model™. The LPFG couples the light from
the forward propagating mode of the core to a discrete
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set of co-propagating cladding modes at the wavelengths
governed by the phase matching condition given by

/\res = (nco - ncl(v))Aay = 17 27 37 Tty (1)

where Ayes is the resonant wavelength, A is the grating
period, and neo and ng,) are the effective indices of the
fundamental core mode and the vth cladding mode of
the fiber, respectively. The original resonant wavelength
A and the grating period A in this work are at 1538 nm
and 520 pm, respectively. Typically, the change in the
effective index of sensing film containing cryptophane-
E-(OEt)g is induced by methane in close vicinity to the
surface, whereas the change in the refractive index is
measured as a shift in resonance wavelength. Methane is
selectively encapsulated by cryptophane-E-(OEt)g when
it is introduced to the sensor. This mechanism changes
the refractive index of cladding, resulting in the change
of resonance wavelength. The value of methane concen-
tration is then obtained from the wavelength shift.

In this letter, cryptophane-E-(OEt)g was synthesized
from the starting material, ethyl vanillin (3-ethoxy-4-
hydroxybenzaldehyde), in accordance with the direct
method (Fig. 1). This method is similar to cryptophane-
E synthesis!'!l. The following 'H-NMR (CDCl3) data for
cryptophane-E-(OEt)g were acquired:'H-NMR (CDCls,
0, ppm), 6.91 to 6.87 (s, 12H, Ar), 4.67 (d, 6H, CHa),
4.24 (s, 4H, OCH,CHs), 4.04 (s, 4H, OCH>CHs,), 3.47
(d, 6H, CHe), 2.08 (m, 12H, CH,), and 1.26 (s, 18H,
CH3) Anal.Caled for CG3H720121 C, 74.09; H, 7.11; O,
18.80. Found: C, 74.12; H, 7.03; O, 18.75. A SAN film
that contained cryptophane-E-(OEt)g was deposited on
the long-period grating (around 20-mm length) through
the dip-coating techniquel'’"'2]. The SAN solution that
contained cryptophane-E-(OEt)s was obtained by dis-
solving 1.0 g of SAN in 20-ml solution of tetrahydrofuran
(THF), followed by a mixture comprising 300-mg powder
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of cryptophane-E-(OEt)g. Afterwards, the mixture was
deposited onto the optical fiber grating surface. The
cladding area of the fiber grating was first cleaned us-
ing distilled water, pure ethanol and acetone, and then
placed in a vacuum drying closet at 60° for 20 min. This
process was completed using the dip-coating method,
where the fiber was immersed into the SAN contain-
ing the cryptophane-E-(OEt)g solution at a dipping rate
of about 2 mm/s[ll]. A typical cross-section scanning
electron microscope (SEM) (VEGA II LMU, TESCAN)
image of the LPFG coated with the SAN film containing
cryptophane-E-(OEt)g is shown in Fig. 2. A thickness
of ~500 nm is observed. The radii of the core and the
cladding are 4.15 and 62.5 um, respectively. Therefore,
the radii of the LPFG coated with SAN films, including
cryptophane-E-(OEt)g, is 63.0 pm.

Figure 3 shows the schematic diagram of the ex-
perimental setup. In our experiment, two mass
flow controllers precisely controlled the flow of the
methane and nitrogen carrier gas. The LPFG sen-
sor was placed in the center of the gas chamber, in
which the gases were mixed by the stainless steel
helical tube between the controllers and the cham-
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Fig. 1. Chemical structure of cryptophane-E-(OEt)s.

Fig. 2. SEM micrograph of the cross-section of the fiber
coated with the thin film which contains cryptophane-E-
(OEt)s.
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Fig. 3. Experimental setup for methane detection.

-20

-25

Transmission (dB)

-30

1 1 1
1520 1530 1540 1550 1560
Wavelength (nm)

Fig. 4. Transmission spectra of the sensor before and after
methane exposure.

ber. The ends of the long-period grating optical fiber
were respectively connected to an optical spectrum ana-
lyzer (OSA) (Agilent 86140B) and the superluminescent
diode (SLD) light source, which consisted of a 2-mW SLD
with a central wavelength of ~1550 nm and a bandwidth
of ~40 nm (Dense Light Co., Ltd.).

The prepared LPFG was exposed directly to various
concentrations of methane gas in the gas chamber in or-
der to evaluate the sensing performance of the methane
Sensor.

Figure 4 presents the transmission spectra of the LPFG
sensor when exposed to gas with methane concentrations
of 0.0% and 3.5%. The resonant wavelength shifts from
1542.48 to 1543.60 nm. Meanwhile, Fig. 5 shows the
calibration curve between wavelength shifts (sensor re-
sponse) and the methane concentration. The calibration
curve indicates the relationship between the resonant
wavelength shift and the methane concentration that
ranges from 0.0% to 3.5%. A linear relationship is ob-
tained within this range, with a slope of 0.297 (nm%~!)
and a correlation coefficient (R?) of 0.990. The detection
limit is 0.2%. Given that the LPFG sensor was exposed
to a fixed methane concentration, the change of resonant
wavelength was investigated to verify the reversibility of
the LPFG sensor and measure the sensor response time.
Figure 6 shows the wavelength shifts versus time of the
LPFG sensor when it has been exposed repeatedly to
pure nitrogen and methane concentrations of 0.5% or
3.5%. The shifts stabilized after about 60 s, and another
60 s is required to return to the original state. Hence,
sensor response time is 60 s.
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Fig. 5. Calibration curve between wavelength shifts and
methane concentration.
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Fig. 6. Sensor signals upon repeated exposure to pure nitro-
gen and to fixed methane concentrations of 0.5% or 3.5%,
respectively.

To investigate its selectivity, the LPFG sensor was
exposed respectively to different gases, such as Ny
(99.99%), dry air, Oz (99.99%), CO (99.95%), COs
(99.95%), and Hy (99.99%). These gases do not cause
sensor response obviously; in comparison, CHy has good
responsiveness, indicating that the LPFG sensor has im-
pressive methane discrimination abilities among different
gases.

In conclusion, a LPFG film sensor deposited with thin
SAN film that contains the new compound cryptophane-
E-(OEt)¢ for methane detection is applied successfully.
The LPFG sensor has great sensitivity to methane con-
centrations ranging from 0.2% to 3.5% by volume. A
linear relationship is obtained within this range. A de-
tection limit of about 0.2% is estimated, and a response

time is recorded at 60 s. The gas sensor is almost unre-
sponsive to dry air, Oy, CO, CO2, and Hs, but is highly
sensitive to CHy. The sensor for methane detection is
sensitive, simple in structure, and entails low-cost fabri-
cation, and has excellent performance. The new sensor is
ideal for the detection of methane and can be potentially
used in further practical applications.
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