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Abstract: Metal-organic framework (MOF) nanomaterials
are emerging porous coordinative polymers with large
surface area and high porosity. Their application scenarios
highly depend on adsorption/desorption dynamics of
guest molecules in the framework. For representative ZIF-8
with framework flexibility, the study of molecule trans-
portation in the pore channels of ZIF-8 will address the
ambiguity of unclear application scenarios. In this study,
the integration of lab-on-fiber technology and nanotech-
nology are demonstrated for real-time monitoring of
adsorption/desorption dynamics of heterocyclic volatile
compounds (VOCs) with kinetic diameters larger than the
window aperture of ZIF-8. The in-line fiber interferometer
with cascaded long-period gratings is used to monitor the
real-time refractive index change of VOC adsorption/
desorption. The structure-effect relationship between
guest VOCs and framework flexibility is analyzed. It shows
that the adsorption dynamics is highly related to the
molecular geometry and kinetic diameter. The framework

flexibility results in the trapping of guest VOCs toluene,
pyridine, and tetrahydrofuran in the frameworks. The
methanol adsorption/desorption is an effective strategy
for the fast desorption of trapped residual VOCs in the
framework. Finally, we conceptually demonstrated the
real-time monitoring of trace toluene enrichment using
ZIF-8 for indoor air purification. This study paves the way
for the in-depth understanding of framework flexibility for
MOF’s application.

Keywords: metal-organic framework nanomaterials;
optical fiber sensors; real-time monitoring; VOC adsorp-
tion/desorption dynamics.

1 Introduction

Metal-organic frameworks (MOFs) are new emerging
porous coordinative polymers with metal centers and
organic linkers [1, 2]. Those materials have shown their
exceptionally large surface area and high porosity [3].
Those fascinating properties render MOFs promising ma-
terials for chemical sensing, light harvesting, carbon cap-
ture, chemical separations, drug delivery, storage, and
release of gaseous fuels [4–11]. As a subset of metal-organic
frameworks, zeolitic imidazole frameworks (ZIFs) are con-
nected by organic linkers based on imidazole species and
metal centers [12]. In a representative MOF ZIF-8, zinc cat-
ions are coordinated to four 2-methylimidazolate (IM) li-
gands, resulting in a hybridmaterialwith sodalite topology.
Besides the high porosity and large surface area, one of the
most tangible advantages of ZIFs for application is their
high chemical and thermal stability [13]. The pore diameter
of cages is 11.6 Å and, in contrast, the aperture of cages is
only 3.4Å,much smaller than thepore diameter. It hasbeen
reported that the organic linker imidazole is flexible to flip
so that the framework aperture becomes larger [14].
Therefore, such flexible aperture allows relatively large
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guest molecules (>3.4 Å) to enter the ZIF-8 cavity, which is
named frameworkflexibility or gate-openingeffect [13, 15, 16].
This has open new opportunities for ZIF-8 as a potentially
effectivematerialwithdiverse capabilities.Manystudieshave
reported that volatile compound (VOC) molecules with ki-
netic diameters larger than 3.4 Å can penetrate into the ZIF-8
pore. For example, ZIF-8 materials have been applied to
detect the concentration of volatile molecules such as form-
aldehyde, acetone, benzene, and xylene [17–22]. Electro-
chemical sensors constructed with ZIF-8 were demonstrated
to detect trace explosives trinitrotoluene (TNT) in water [23].
In addition, ZIF-8 can be used to load the antitumor drug
fluorouracil for the drug release [24, 25].

Indeed, the gate-open effect contributes to the versa-
tility of ZIF-8 nanomaterials. However, it must be noted
that framework flexibility also creates ambiguity in the
application. For a specific guest molecule, whether ZIF-8 is
used for sensing, adsorption, or loading needs to be clar-
ified. This will depend on the transportation dynamics of
the guest molecule within the pore channel. When the
guest molecule can be rapidly adsorbed and desorbed in
ZIF-8, it is ideal for sensing with fast response, while if the
desorption dynamics is slow, it can be used for adsorp
tion, separation, or loading. Therefore, it is important to
monitor the adsorption/desorption dynamics of guest
molecules in the pore channel. This will help to clarify the
suitable application scenario. To date, most studies focus
on the structure deformation of ZIF-8 through NMR spec-
troscopy, theoretical calculation, terahertz transmission
spectroscopy, adsorption isotherms, and crystallography
[15, 16, 26–28]. Therefore, it is highly urgent and significant
to develop practical, cost-effective, and robust approach
for the real-time monitoring of guest molecule adsorption/
desorption.

In the smart Internet-of-Thing system, fiber-optic
sensing technology has been a hot spot in the field of
optical sensor and its application scenarios is expanding
dramatically. It can be used for the real-time monito
ring of landslides, bridge cracks, oil pipeline leakage,
chemical reaction, et al. [29–37] Moreover, it holds
the advantages of strong anti-electromagnetic interfer
ence, noninvasiveness, high sensitivity, and long-term
stability. In this study, optical fiber device is nano func-
tionalized by surface self assembly of MOF nanomaterials
ZIF-8 and is used for the real-time monitoring of the
adsorption/desorption dynamics of guest VOCs (toluene,
cyclohexane, pyridine, and tetrahydrofuran). Based on
the results of fiber-optic dynamic monitoring, we analyze
the relationship between molecular structure and dy-
namic processes and propose that the use of toluene
enrichment could be used for indoor air purification.

These studies can provide useful guideline for the appli-
cation of metal-organic framework materials in suitable
scenario.

2 Results and discussion

2.1 Self-assembly of ZIF-8 on optical fiber

In general, most MOFs are facilitated as free-standing
nanocrystals. To apply MOFs in different scenarios, it is
essential to synthesize MOF materials on different sub-
strates. Specifically, the in-situ self assembly of ZIF-8 on
optical fibers is a prerequisite for lab-on-fiber technology.
The bond angle of Zn-Imidazole-Zn is about 145°, which is
coincidently close to that of Si–O–Si on fiber [13]. Due to this
fact, ZIF-8 is able to self-assemble on fiber surface. Typically,
a cleaned fiber was immersed in the methanol solution
containing Zn(NO3) and 3-methylimidazole for 30 min,
following by rinsing the fiber with methanol to remove the
residual and drying the fiber with nitrogen flow. To fully
cover the fiber surface, such procedure is required to repeat
for several cycles. SEM was used to monitor the surface
morphology of ZIF-8 after different self assembly cycles.
After one cycle of self assembly, as shown in Figure 1a and b,
the nanoparticles of ZIF-8 on fiber surface were sparse and
the particle size was about 200 nm. As the self assembly
cycles increased, the nanoparticle distribution on the fiber
surfacebecamedense and theparticle gradually grew larger.
After three cycles, the particle size (Figure 1e and f) was
larger than that after two cycles (Figure 1c andd), anda large
number of crystalline seeds were fully distributed on fiber.
After seven cycles of self assembly, the dense and uniformly
ZIF-8 nanoparticles were coated on the fiber surface, as
shown inFigure 1g–k. The thickness of ZIF-8 on thefiberwas
about 500 nm,measured by SEM. It should be noted that for
VOC adsorption, the thicker ZIF-8 will result in a better
adsorption performance, but it also needs to take a longer
timer for the adsorption/desorption of relatively large guest
VOC molecules. We also carried out nine-cycle ZIF-8 self-
assembly on fiber, but it required more than 5 h for tolu
ene adsorption/desorption. Therefore, seven-cycle self-as-
sembly was considered to be optimal.

The in-situ PXRD of self assembled ZIF-8 was per-
formed, but the diffraction signal of a 500 nm-thick ZIF-8
film was too weak to be seen under the background noise
(Figure S1 in Supplementary material). By using the same
protocol, free-standing white ZIF-8 crystals were synthe-
sized and the XRD spectrum of powder ZIF-8 is shown in
Figure 1l. The element analysis by energy dispersive
spectrometer (EDS) was also performed to confirm that
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zeolitic imidazole frameworks (ZIF)-8 was successfully
self-assembled on an optical fiber. As shown in Supple-
mentary material (Figure S2), inorganic metal Zn and
organic N in imidazole linker are clearly and densely
covered on the surface of an optical fiber. The in-situ
surface area analysis of ZIF-8 on an optical fiber was also
carried out. The surface area calculated for the optical
fiber and ZIF-8 as a single unit was 19.3 m2/g. It was
difficult to directly measure the net weight of a 500 nm-
thick ZIF-8 film on a fiber. Instead, an approximate
method was used to estimate the surface area of the ZIF-8
film. Assuming the densities of ZIF-8 and the fiber being
the same, the calculated surface area of ZIF-8 is 1210m2/g,
while assuming the density of ZIF-8 being 2/3 of that of the
fiber, the calculated surface area of ZIF-8 is 1820 m2/g.
These estimated values suggest that the self-assembled
ZIF-8 on a fiber has a large surface area and high porosity
for VOC adsorption. Therefore, it was confirmed that ZIF-8
nanoparticles were successfully self-assembled on the
fiber surface. Such nano-functionalization technology on
fiber was robust and repeatable. The nano coating on fiber
was thoroughly rinsed with different solvents and treated
by nitrogen flow and heat. The surface morphology was

intact, indicating strong bonding between fiber and ZIF-8
nanoparticles.

2.2 Working principle of cascaded long-
period fiber grating devices

In an ideal uniform fiber, different modes are orthogonal
and do not affect each other, and the energy of each mode
remains constant during the transmission. Long-period
fiber grating (LPFG) is a periodic refractive index modu-
lated device [38, 39]. With such, the refractive index is
perturbed, resulting in mode coupling of energy transfer
between the originally orthogonal modes. In a LPFG de-
vice, the mode coupling occurs between the fundamental
mode of the core with isotropic transmission and the
cladding modes of different orders. The energy coupled
from the core into the cladding is lost after short trans-
mission, and a series of attenuation bands centered on the
resonant wavelength are generated. An attenuation band
corresponds to the wavelength at which the core mode is
coupled to a particular claddingmode.When the refractive
index of fiber cladding changes, it will lead to a change in

Figure 1: Scanning electronic images (SEM) images of zeolitic imidazole frameworks (ZIF )-8 on fibers after one cycles (a and b), two cycles
(c and d), three cycles (e and f), and seven cycles (g–k), and X-ray diffraction (XRD) of powder ZIF-8 (l).
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Figure 2: (a) Schematic illustration ofMach–Zehnder interferometer (MZI) with cascaded long-period fiber grating; (b) normalized opticalfield
distribution of LP08 cladding mode and core mode and RI gradient from air, nanosurface to fiber cladding and core; (c) illustration of optical
fiber MZI setup for VOC detection. RI, refractive index; D, diameter; VOC, volatile organic compound; OSA, optical spectrometer analyzer.

Figure 3: The setup of volatile organic compound (VOC) adsorption and desorption in zeolitic imidazole frameworks (ZIF)-8. (a) Adsorption:
Charge VOC; (b) desorption: Open the chamber; (c) adsorption: Charge methanol; (d) desorption: Open the chamber.
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the center wavelength of the attenuation band, which can
be used for physical or chemical sensing [40].

In this work, the configuration of cascaded long-period
fiber grating was designed as a Mach–Zehnder interferom-
eter (MZI). As shown in Figure 2a, the first LPGwas designed
to meet the phase matching condition to excite the LP08
cladding mode (Figure 2b, upper) transmitted in the fiber
cladding and the rest energywas still transmitted in the core
(Figure 2b, lower). When transmitted to the second LPG, the
LP08 cladding mode was coupled back to the core. The
combined cladding mode and core mode resulted in inter-
ference. The refractive index (RI) of the fiber cladding was
different from that of the core layer, so the effective refrac-
tive indices of the core and cladding modes were also
different. This lead to interference in the final output spec-
trum, as shown in Figure 2a. It was worth to note that the
most important advantage of the long-periodfiber grating as
a refractive index sensor was that, the optical field of the
cladding mode (Figure 2b, upper) can interact with the
external environment to sense the change of external
refractive index,which is not possible for the coremode (see
the profile of core mode, Figure 2b, lower).

Figure 2c illustrates the optical setup of cascaded LPFG
with nano functionalized fiber surface for refractive index
sensing.When the sensorwas placed in aVOCatmosphere,
ZIF-8 adsorbed VOCs, causing a change in the refractive
index of the fiber surface, which resulted in a change in the
effective refractive index of the cladding mode LP08.
Meanwhile, the effective refractive index of the core mode
was not affected by the refractive index change of the fiber
surface. Therefore, the phase difference between LP08
mode and coremode changed and the centerwavelength of
interference spectrum at the output drifted. Monitoring the
dynamic change of the central wavelength can reflect the
refractive index change caused by the dynamic trans-
portation of VOCs.

2.3 Real-time monitoring of VOC adsorption
and desorption

To verify the porosity of ZIF-8 on fiber, the adsorption dy-
namics of methanol vapor was firstly monitored by the fiber
MZI device. The setup for VOC adsorption is illustrated in
Figure 3a. As shown in Figure 4, the device interference
spectrum drifted very rapidly, with a wavelength drift of
more than 6 nm in the 1st min and the final wavelength drift
was larger than 9 nm, indicating large RI change resulted
from methanol adsorption in ZIF-8. A flattening of the
interfering spectrum occurred in the 7th min. Such a drastic
spectral shape change was due to the large amount of

methanol molecules adsorbed by ZIF-8, which lead to a
surge in the optical absorption loss of the cladding mode
LP08. Subsequently, the cladding mode coupled back to the
core layer in the second LPG was weak, so that the inter-
ference effect was not obvious. Such dramatic spectral
changes, including the spectral shape and wavelength
changes, all illustrated that the self-assembly of ZIF-8 on the
fiber surface indeed achieved the nanofunctionalization for
VOC adsorption. It should be noted that, for the same fiber
device without nanofunctionalization, the wavelength drift
was less than 0.1 nm under the samemethanol atmosphere.
And when the sealed box was opened (Figure 3b), the
spectrumquickly returned to the initial state, indicating that
methanol was desorbed quickly from ZIF-8 pore channels.
In general, methanol can unimpededly penetrate into the
interior of ZIF-8 pores and quickly desorbed. In this regard,
this ZIF-8 functionalized fiberMZIwas suitable formethanol
sensing with fast response.

Figure 4: (a) the transmission spectra of Mach–Zehnder
interferometer (MZI) during the methanol adsorption; (b) Time-
dependent wavelength shift of MZI.
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Among numerous MOF materials, one of the most
remarkable difference between ZIF-8 and other MOFs was
that the framework has a large cavity (∼11.6 Å) but a small
framework window (∼3.40 Å), as shown in Figure 5a and b
[41]. It was shown that ZIF-8 has a gate-opening effect and
thus can adsorb molecules larger than 3.4 Å. Although
many studies have been reported using ZIF-8 to detect
various VOCs, the in-situmonitoring of VOC transportation,
including the adsorption and desorption dynamics, have
rarely been investigated. In this study, we used the fiber
MZI device (Figure 2c) to monitor the dynamic adsorption
and desorption of four cyclic VOCs with kinetic diameters
of about 6 Å. The three-dimensional configuration of
cyclohexane, toluene, pyridine and tetrahydrofuran (THF)
are shown in Figure 5c and Figures S3 and S5 in Supple-
mentarymaterial. It is obvious that the four cyclic VOCs are
much larger than methanol in dimensions. Cyclohexane is
cataloged as three-dimensional molecule, while the other
three belong to two-dimensional structure.

Likewise, the fiber MZI sensor was placed in a sealed
chamber and filled with VOC tomonitor the interferometric
spectral changes during the adsorption (Figure 3a). After
the wavelength stabilization, the chamber was opened to

monitor the wavelength shift during the VOC desorption
from ZIF-8 framework (Figure 3b). In this process, it was
found that some cyclic VOCs were very difficult to desorb
from the pore channels. Subsequently, we purged the re-
sidual VOC by charging methanol (Figure 3c) into the
framework. Finallywe opened the chamber (Figure 3d) and
monitored the dynamics of VOC desorption.

Cyclohexane is a three-dimensionalmolecule (Figure S3)
with kinetic diameter of 6.0 Å. The molecular length and
width in the horizontal direction (Z-direction) is more than
4 Å, which is larger than the pore size of ZIF-8. Therefore,
based on its three-dimensional structure and molecular size,
it can be presumed that the dynamics of cyclohexane
adsorption in ZIF-8 will take longer time than that of meth-
anol. As shown in Figure 6a, after 40 min of permeation, the
central wavelength change of the interference spectrum
was −2.0 nm, which proved that the permeation of cyclo-
hexane inside the pore channel of ZIF-8 was difficult. And in
the desorption process (Figure 6b), it only took 1 min for the
central wavelength change by +1.4 nm and then remained
stable. The desorption speed was close to that of methanol,
which was not reasonable in terms of molecular size. So we
speculated that such wavelength change of +1.4 nmwas due

Figure 5: Three-dimension crystal structure of zeolitic imidazole frameworks (ZIF )-8 showing relatively large framework cavity (a, orange
sphere) and narrow pore channel (b, orange column); (c) the configuration of volatile organic compounds (VOCs).
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to the surface desorption on ZIF-8. Instead, the wavelength
change of −0.6 nm was the amount caused by the cyclo-
hexane in the pore channel, which was difficult to be des-
orbed. Subsequently, the device was placed in a saturated
methanol atmosphere and the measured spectrum was
shown in Figure 6c. Finally, the sealed chamber was opened
and the methanol was released. From the spectra in Fig-
ures 6d and 7a, it was found that the central wavelength
returned to its initial state, indicating that the residual
cyclohexane in the pore channelwas also released during the
methanol desorption. Based on the analysis of cyclohexane
adsorption/desorption dynamics, it can be concluded that
ZIF-8 was not suitable for either cyclohexane sensing or
adsorption.

Compared with cyclohexane, toluene is a two-dimen-
sional VOC (Figure S2), so it should be relatively easy for
toluene to enter the pore channel of ZIF-8. Figure 8
shows the spectral changes during toluene adsorption and
desorption, and its corresponding central wavelength vari-
ation is shown in Figure 7b. Indeed, the transport of toluene
in the pore channel of ZIF-8 was easier than that of cyclo-
hexane, with a wavelength change of −4.3 nm after 40 min.

By the 105th min, the wavelength change was −7.9 nm, and
the toluene adsorption has not yet reached saturation at this
time. Considering that such a long adsorption might require
amuch longer desorption time, the adsorptionwas stopped.
Then we started to monitor desorption dynamics, as shown
in Figure 8b. From the central wavelength change shown in
Figure 7b, it was found that the wavelength change was
+2.1 nm in the 10th min and no more changed after that.
Such relatively small change in wavelength for desorption
indicated that most of toluene was trapped in the frame-
work. The door-opening effect of the ZIF-8 framework was
only applicable to the adsorption process. Toluene was
trapped in the framework and was difficult to desorb. But
fortunately, toluene desorption was achieved by the
adsorption and desorption process of small molecule
methanol. As shown in Figure 8c, the central wavelength of
the spectrum still changed significantly when charged with
methanol. This illustrated that, despite the large amount of
toluene occupying the pore channel, the framework flexi-
bility was still effective for the penetration of methanol.
Desorption of methanol was also very rapid, with a wave-
length change of +7 nm in the 1st min, indicating that most

Figure 6: The real-time spectral change of fiber Mach–Zehnder interferometer (MZI) in monitoring the adsorption and desorption of
cyclohexane.
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of the methanol and toluene were desorbed from the pore
channel. However, according to such wavelength shift, it
was obvious that there were still some residual toluene in
the pore channel of ZIF-8.We then repeated the adsorption/
desorption of methanol, and finally restored the MZI inter-
ference spectrum to its initial state, which implied the
thorough purge of toluene from ZIF-8 pore channel.

The adsorption and desorption dynamics of pyridine
and THF were also monitored. Both of pyridine and THF
have smaller molecular size than toluene and they are
two-dimensional molecules. The monitored dynamic
changes of the central wavelengths are shown in Figure 7c
and d, and the spectral changes are shown in Figures S6
and S7. In the adsorption process, both wavelength
changes were more than −2 nm within 1 min, and were
more than −8 nm in the 7th min. The time required for
partial desorption was also faster than that for toluene,
which was only 7 min. Similarly, residual THF or pyridine
in the pore channel can be removed by the adsorption and

desorption process of methanol. Therefore, their adsorp-
tion and desorption dynamics were faster than that of
toluene.

The real-time monitoring and analysis revealed that
the unique gate-opening effect of ZIF-8 indeed allowed
VOCs with dynamic diameters larger than the aperture
size to enter the framework. But this effect depended
more on the structure of the guest VOCs. When the
molecule was three-dimensional, it was difficult for
cyclohexane to enter inside the pore channel and only
surface adsorption occurred. For toluene, pyridine and
THF, the gate-open effect allowed the guest molecule to
enter the pore channel in the framework. However, due
to the large molecular size of toluene, the adsorption
dynamics was slow and desorption is extremely diffi-
cult. Moreover, many toluene molecules were trapped
within the pore channels. Pyridine and THF showed
faster adsorption and desorption dynamics due to their
smaller molecular sizes and better planarity. To desorb

Figure 7: Dynamic wavelength changes of fiber Mach–Zehnder interferometer (MZI) during the adsorption/desorption.
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from the pore channel, the electrostatic force interaction
between the guest molecule and the framework must
be overcome, regardless of the size of the molecule.
Therefore, desorption of those heterocyclic VOCs was
more difficult than adsorption. Nevertheless, we found
that the adsorption and desorption of methanol can help
to expel large molecules trapped within the pore chan-
nel. This was an important finding for the reuse of ZIF-8
in sensing and adsorption.

2.4 Enrichment of trace toluene for air
purification

Toluene is one of the harmful VOCs that exhibit high health
risk in respiratory diseases and cancer. Despite being a
carcinogenic chemical, toluene is still broadly used in
painting and building materials, resulting in the emission
of toluene in indoor building [42–44]. As proven by our
real-time monitoring fiber MZI, the gate-opening effect of

ZIF-8 caused toluene trapping in the frame, which was
suitable for indoor toluene removal, rather than for
sensing. Therefore, we monitored the traces of toluene in
the air adsorbed by ZIF-8 through fiber MZI device to ach-
ieve the goal of air purification. The device was sealed in a
bag (2 L) and 10 mL of air containing 1.2 ppm toluene was
injected, and then the spectral changes were monitored. A
second gas injection was performed after the central
wavelength remained unchanged, and seven cycles were
repeated. The spectra of MZI and central wavelength
changes for each cycle are shown in Figure 9 (the full
spectra can be found in Figure S8). It was found that the
central wavelength gradually changed with each toluene
injection, indicating that the adsorption of toluene by ZIF-8
was an enrichment process. As a proof of concept, 1 g of
ZIF-8 was placed in a sealed box containing 1.2 ppm
toluene to purify the air. After 24 h, the concentration of
toluene in the sealed box was decreased to 0.1 ppm, indi-
cating that ZIF-8 can effectively adsorb toluene for indoor
air purification.

Figure 8: Real-time spectral change of fiber Mach–Zehnder interferometer (MZI) in monitoring the adsorption and desorption of toluene.
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3 Conclusion

In summary, the framework flexibility (or gate-opening
effect) of ZIF-8 was confirmed by real-time monitoring the
VOC adsorption/desorption dynamics with ZIF-8 func-
tionalized in-line fiber MZI device. For heterocyclic VOCs
with dynamic diameters larger than the aperture diameter
of ZIF-8, three-dimensional cyclohexane was difficult to
penetrate into the framework, while for two-dimensional
toluene, pyridine, and THF, the gate-opening effect was
effective for their enrichment in the ZIF-8 pore channel.
However, the gate-opening effect could not achieve com-
plete desorption of toluene, pyridine, and THF. Especially a
large amount of toluene was trapped in the framework. It
was also found that the adsorption and desorption of
methanol within ZIF-8 can effectively clear the trapped
guest molecules within the framework, which can improve
the efficiency of MOF materials for VOC adsorption appli-
cations. Based on the real-time dynamic monitoring, we
clarified that the gate-opening effect of ZIF-8 was more
suitable for the adsorption of molecules such as toluene

and pyridine. Therefore, we conceptually demonstrated
the use of ZIF-8 for toluene enrichment for indoor air pu-
rification. The use of optical fiber to monitor the dynamics
of guest molecules in the framework in real time is an
important guideline for the application of metal-organic
frameworks in VOC sensing and adsorption.

4 Experimental section

Materials and instruments. All solvents and chemicals
were purchased from Sigma-Aldrich and were used as
received. Optical simulation was performed by a com-
mercial mode solver (COMSOLMultiphysics) based on the
full-vector finite-element method in C + L bands. Gas
adsorption was measured by Quantachrome Autosorb-IQ
and EDS was carried out by Hitachi S-4800. Scanning
electronic microscopy (SEM) images were collected by
Inspect F (FEI).

LPFG device fabrication. An LPFG was fabricated by CO2

laser (CO2-H10, Han’s Laser) to couple the fundamental
mode (LP01 mode) to cladding mode LP08. The CO2 laser
beam was focused onto the SMF clamped by two fiber
holders to a spot of ∼80 μm. Laser beam had an energy
density of 11 J mm−2 and the movement of the laser beam
along the fiber was under the control of a computer pro-
gram, whichmanaged the grating period and the number of
periods. The period of LPFG is set to 320 μm. Then the
fabricated fiber was thoroughly cleaned by sonication in
deionized water, acetone, and ethanol for 10 min, respec-
tively, before surface self-assembly of ZIF-8.

Self assembly of ZIF-8 on optical fiber. Zn(NO3)2·6H2O
(12.5 mM) and 2-methyl-imidazole (25 mM) were respec-
tively dissolved in methanol. Then fiber device was
immersed in 50 mL mixed solution with 1:1 volume ratio.
After self assembly for 30min, the fiber device was washed
with methanol. Such process was repeated for seven cy-
cles. The final fiber device was immersed in methanol
overnight and then was dry in vacuum at 80 °C.
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Figure 9: The spectra of Mach–Zehnder interferometer (MZI) and
central wavelength changes for each cycle.
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