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ABSTRACT: Fluorescent and electron-rich polymer threaded
into porous framework provides a scaffold for sensing acceptor
molecules through noncovalent interactions. Herein, poly(9-
vinylcarbazole) (PVK) threaded MIL-101 with confined
nanospace was synthesized by vinyl-monomer impregnation,
in situ polymerization, and interpenetration. The pore size of
the resulted hybrid could be controlled by varying the time of
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polymerization and interpenetration. The interaction of PVK-threaded MIL-101 with guest molecules showed a charge-transfer
progress with an obvious red shift in the optical spectra. Depending on the degree of the interaction, the solution color changed
from blue to green or to yellow. In particular, electron-rich PVK-threaded MIL-101 could effectively probe electron-poor nitro
compounds, especially 1,3,5-trinitrobenzene (TNP), a highly explosive material. This sensing approach is a colorimetric
methodology, which is very simple and convenient for practical analysis and operation.
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P orous coordinated polymers"* and complex networks,*
particularly metal—organic frameworks (MOFs)*~” and
their variations, have been rapidly developed into a novel class
of porous materials. In addition to the properties such as
diverse functionalities, high surface areas, and high porosities,
MOFs integrate the advantages of ceramic matrix and regular
pore structures, capable of storing specific guest molecules.*’
Because the inclusion of appropriate guest molecules within
MOFs is restricted by chemical affinity of the porous cavities,
functionalizing the pore structures is an efficient approach to
improve the host—guest interactions. The pioneering work has
demonstrated that the introduction of extra functional species
into MOFs can lead to increased adaptability for the
encapsulation of guest molecules.'””"* Recently, Gao and co-
workers'* reported that a monomer could be caged into ZIF-8,
where it formed a macromolecule by polymerization. The caged
hybrid showed superior performance of ion exchange.
However, utilizing MOFs’ inherent advantages of high
porosity and controlled swelling to cage functional polymers
inside for molecular recognition with high selectivity controlled
by different size of pores has not been well investigated.
Comparing with conventional materials for molecular recog-
nition, a synergy effect is expected in the present case, where
polymer-threaded MOFs enhance the stability of the hybrids
and the MOF porosity could be used to realize the selectivity
toward different guest molecules. Some guest molecules with
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large sizes cannot enter into the polymer-caged MOFs, so that
no interaction happens. On the other hand, those small guest
molecules can go inside and move freely, interacting with the
polymer inside MOFs.

In our present work, we envisioned that the flexible
nanospace between MOF and polymer would show specific
guest adsorption via the donor—acceptor interactions, which
could be used for specific guest recognition. We made use of
the advantages of MOFs with high porosity and controlled
swelling to cage one electron-rich polymer into the MOF
cavities, and the resultant hybrid material as a new detection
system showed a special interaction with some electron-
acceptor molecules, particularly nitro compounds, due to the
electron donor—acceptor effect. Since nitro compounds are the
major components in explosive, it is very important to detect
and control their concentrations before any utilization.">™” In
this case, the recognition of guest molecules can be detected by
fluorescence. The fluorescence of polymer-threaded MOF is
highly sensitive to the surrounding conditions, and thus the
effect of incorporating various guests into the nanospace can be
manifested either by the changes in the emission intensity or by
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the appearance of a new emission band on account of exciplex/
excimer formation or charge transfer (CT).'®"?

The nitro compounds generally have low electron intensity
with a pull-electron effect. Electron-rich materials are desired to
probe the nitro compounds toward practical applications.
Herein, we developed electron-rich polymer-caged MOF to
detect the concentration of 1,3,5-trinitrobenzene (TNP), a
highly explosive material, through obvious red shift on optical
spectra and visible color change. Some studies about the TNP
detection have been reported, including the utilizations of
fluorescent quenching effect,">'”?**! conjugated chromo-
phores,*>** and metal coordination.**”® To the best of our
knowledge, the present study is the first example for the
detection of nitro compounds using polymer-caged MOF.

MIL-101 is a superstar in the MOF family, because of its
excellent characteristics in terms of cell dimension, pore size
and surface area, which was first synthesized by G. Férey and
co-workers.”” It possesses large spherical cavities with diameter
of ~2.9 nm, and the pore size of the windows is 1.2—1.6 nm.
On account of the large pore size, it was chosen as a suitable
porous material for caging functional molecules. Several studies
have been reported in the past few years using caged and
covered MIL-101 for catalysis, adsorption and morphology
control.>**® In our present study, we initially predicted the
loading of a monomer into the MIL-101 cavities through
computational calculations (Figure S1 in the Supporting
Information). 9-Vinylcarbazole has a molecular size of 7.1 X
8.2 A%, which is much smaller than the porosity of MIL-101. It
means that this molecule is able to impregnate into the MIL-
101 cavities completely. Supported by the calculations, we
designed polymer-caged MIL-101. MIL-101 was first activated
under vacuum in 150 °C for 6 h, so that the solvent molecules
in the cavities could be removed. Then, 9-vinylcarbazole
monomer and azobis(isobutyronitrile) initiator in dichloro-
methane (DCM) were added, the resulted mixture was stirred
for overnight to ensure the encapsulation of the monomer into
the cavities. After solvothermal reaction for the formation of
poly(9-vinylcarbazole) (PVK) inside MIL-101, the remaining
monomer, oligomer, and those species stayed on the surface of
MIL-101 were washed away by acetone through the Soxhelt
extraction. Finally, the obtained PVK caged MIL-101 (PVK@
MIL-101) powder was dried for further uses (see Figure 1 and
experimental section in the Supporting Information). After
loading PVK into the cavities, MIL-101 showed strong blue
fluorescence under UV lamp.

The synthesized PVK@MIL-101 was fully characterized by
scanning electron microscope (SEM), powder X-ray diffraction
(PXRD), N, adsorption/desorption measurements, and Four-
ier transform infrared spectroscopy (FTIR). As seen from the
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Figure 1. Schematic illustration for the synthesis of electron-rich PVK
polymer-caged MOF (PVK@MIL-101) from monomer loading to the
polymerization in the porous network of MIL-101.
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SEM images (Figure 2), PVK@MIL-101 is micrometer scale
particles, and the surface of the particles after caging the

Figure 2. SEM images of MIL-101 (a) before and (b) after caging
polymer.

polymer is still smooth as original ones. Moreover, no obvious
enhancement of the particle diameter was observed after the
polymer encapsulation.

From the PXRD patterns (Figure 3a), MIL-101 structure in
the synthesized PVK@MIL-101 remained intact, and several
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Figure 3. (a) PXRD patterns of MIL-101 before (blue curve) and after
(red curve) caging polymer; (b) N, adsorption/desorption isotherms
at 77K for MIL-101 before (black curve) and after caging different
polymers obtained under different polymerization times. Purple, red,
and blue curves indicate 1, 2, and 3 days of reactions, respectively.

key diffraction peaks match with that of original MIL-101. As
compared with the PXRD pattern of original MIL-101, some
slight shifts in the PXRD peaks were observed, corresponding
to a very small expansion after the polymer caging. Physical
mixing of MOFs and organic compounds showed no shifts in
the PXRD patterns. The broad peak around 20° was assigned
to the polymer threading in MIL-101. This conclusion was also
supported by FTIR spectra with the appearance of quaternary
peaks for the polymer at ca. 3051, 2946, 1453, and 715 cm™
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(Figure S2 in the Supporting Information). The reason that the
polymer interpenetrates into the framework cavities and does
not cover on the surface is discussed as follows. By
interpenetrating into the cavities, the polymer has the ability
to influence the pore size with different degree depending on
the reaction time. Figure 3b shows N, adsorption/desorption
isotherms at 77K for MIL-101 before and after caging the
polymer under different polymerization times of 1 day, 2 days
and 3 days. It could be clearly found that the polymers obtained
under different polymerization time were able to influence the
adsorption capability of MIL-101 at different degrees. In other
words, it can tune the porous size of MIL-101 with the
maximum surface area of 1134 m* g~' (Table 1). If the polymer

Table 1. Structural and Polymer-Caged Properties of MIL-
101 and PVK@MIL-101

S?ET pore width degradation
sample (m*/g)” (nm) temperature (°C)“

MIL-101 ~1709 24 ~394
PVK-1@MIL-101 ~1134 1.0 ~379

(1 day)
PVK-2@MIL-101 ~128 1.8

(2 days)
PVK-3@MIL-101 ~123 1.4

(3 days)

“Determined by N, adsorption/desorption isotherms at 77K;
bdetermined by Hohenberg—Kohn (HK) model of slit pore, which
gives the correct value of 0.5 nm for a standard zeolite 5 A. Alternative
density functional theory (DFT) analysis based on cylindrical pore
shape gives 2.4 nm for MIL-101 and 1.0 nm for PVK-1@MIL-101;
“From TGA results in Figure SS in the Supporting Information.

just covers the surface of MIL-101, the adsorption value should
be much lower than this value. To evaluate the polymerization
degree of the monomer, we tested the number-averaged
molecular weights (Mw) of the polymers by matrix-assisted
laser desorption/ionization time-of-flight (MALDI TOF) mass
spectrometry after removing the MIL-101 host through base

washing (Figure S3 in the Supporting Information). The M,
values of the three polymers are 2032, 3128, and 5221,
corresponding to ~10, ~16, and ~27 monomer units,
respectively. On the basis of the controlled polymerization, it
is possible to tune the pore size of MIL-101 by caging the
polymer. On the other hand, the MIL-101 framework can also
influence the polymer growth degree.

The pore width distribution of MIL-101 after caging the
polymer provides further evidence for the porosity decrease
(Figure S4 in the Supporting Information). The three polymers
obtained with different polymerization times could reduce the
pore sizes from original 2.4 to 1.0, 1.8, and 1.4 nm, respectively
(Table 1), indicating that the pore size distribution does not
change upon the impregnation process. Instead, the micro-
porous region (<2 nm) is more strongly affected, because
micropores contribute more to the pore volume and surface
area, which could be observed from dramatic decrease of the
pore volume in this region as compared to the reduction in
mesopore region. The pore volume and area of micropores and
mesopores are summarized in Table S1 (Supporting
Information). For MIL-101 and PVK-1@MIL-101, the micro-
pore volumes are 1.352 cc/g and 0.502 cc/g respectively, while
the corresponding total pore volumes are 1.757 and 0.978 cc/g.
In terms of the surface area, the major contribution is also
provided by the micropores. The observations suggest that the
caged polymer is not only at mesoporous region, but also
surrounds the supertetrahedron to clog the micropores. In
addition, the degradation temperature of PVK@MIL-101
obtained by thermogravimetric analysis (TGA) is another
evidence to support the polymer interpenetration into the
cavity, but not on the surface (Figure SS in the Supporting
Information). One obvious weight loss for MIL-101 without
polymer was observed below 100 °C, on account of the solvent
removal from the cavities. However, a same weight loss
temperature cannot be found for the case of PVK@MIL-101.
This observation indicates that the polymer was caged into the
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Figure 4. (a) Schematic representation of using PVK@MIL-101 to recognize three acceptors, i.e., NDI, TNP, and TCNB. The circle figure shows
the CT process. (b) Fluorescence spectra of PVK@MIL-101 before (blue) and after introducing three acceptors (green for TCNB, red for TNP, and
purple for NDI). (c) The emission of PVK@MIL-101 in solution under UV lamp before and after interacting with the three molecules. The right
one is the original solution of PVK@MIL-101 without any acceptors. (d) The emission of PVK@MIL-101 in the solid state (obtained by
centrifugation) under UV lamp before and after interacting with three acceptors. The right one is PVK@MIL-101 without any acceptors.
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framework, where the polymer replaced the solvent molecule
and occupied the cavities.

As above-mentioned, the polymer caged into the MIL-101
cavities is an electron-rich component, and can interact with
electron-deficient guest molecules through the CT process.
Herein, PVK-1@MIL-101 prepared under 1 day polymerization
was selected to recognize the acceptor molecules, due to its
remained porosity. The remained pores could provide the
selectivity to different acceptors with different sizes. The
schematic illustration of the recognition process is shown in
Figure 4a. We chose three traditional acceptor molecules with
different molecular sizes (Figure S1 in the Supporting
Information), i.e., 1,4,5,8-naphthalenetetracarboxdiimide
(NDI), TNP, and tetracyanobenzene (TCNB). These com-
pounds were added into the dispersed solution of PVK-1@
MIL-101 in DCM, where the compounds could dissolve in
DCM for interacting with PVK-1@MIL-101. The adsorption
and emission spectra of PVK were previously investigated both
in solution and film.>® Under photoexcitation, PVK yields a
broad fluorescence peak in the violet-blue region. Its high-
energy emission centers at ~375 nm, whereas lower energy
band is at ~420 nm in toluene. We also observed almost same
fluorescence spectra for PVK in solution (Figure S6 in the
Supporting Information).

The interaction of PVK@MIL-101 with these guests was
probed by fluorescence (Figure 4b). In the fluorescence
spectrum, a peak at longer wavelength represents the CT
process. To further confirm the CT process, precise control
experiments of the guests with polymer-caged MOF were
carried out. The interaction of electron donor and acceptor was
probed by the PXRD in situ (Figure 3a). The broad peak
around 22° belongs to PVK before interacting with any
acceptor. When an acceptor was introduced, a slight peak shift
occurred, indicating the CT complex formation.”” The process
was also supported by cyclic voltammetry experiments (Figure
S7 in the Supporting Information). It could be found that the
oxidation potential decreased after interacting with electron
deficient aromatics, meaning that the CT process occurred. In
the fluorescent spectra, the interactions of TNP and TCNB
with PVK@MIL-101 generated a peak at longer wavelength,
while no obvious difference was observed in the case of NDI
with PVK@MIL-101. The different phenomena were caused by
the selectivity given by the remained pore of PVK@MIL-101.
The sizes of these three acceptor molecules were predicted by
theoretical calculation (Figure S1 in the Supporting Informa-
tion). Although the size of NDI molecule is smaller than the
pore, r— stacking aggregation among NDI molecule increases
the volume, so that it cannot entry into the cavities to interact
with the polymer inside. As the electron-withdrawing ability of
TCNB is weaker than TNP, it is why the fluorescence red-shift
degree of PVK@MIL-101 with TNP is bigger than that with
TCNB. Moreover, the difference of emission color is very
obvious under UV lamp (Figure 4c). The original color of
PVK@MIL-101 dispersed in DCM is blue, originated from the
caged polymer, while MIL-101 has no fluorescence. When the
acceptor guests were added into the dispersion for several
seconds, the color of the mixture changed obviously to green
and yellow for TCNB and TNP, respectively. After
centrifugation, the obtained solid powder was collected. It
can be seen that the fluorescence color of PVK@MIL-101
powder before and after interacting with NDI still had no
change (Figure 4d). The observation also supports the polymer
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interpenetration and the interaction with the acceptor guests
inside the cavities, but not on the surface of MIL-101.

On the basis of the selectivity of PVK@MIL-101 toward
different acceptors, we then utilized it as a detector for nitro
compounds, especially for TNP, a highly explosive substance.
In the optical spectra, one new peak was generated after
treating PVK@MIL-101 with TNP, and the peak intensity
became higher and higher upon increasing the interaction time
(Figure S8 in the Supporting Information). The detection
process is very quick within a few seconds. Particularly in the
fluorescence spectra, the intensity of the original fluorescence
peak around 425 nm for PVK@MIL-101 decreased after
gradual addition of TNP, and the intensity of the newly
generated peak around 582 nm increased upon time, matching
well with the emission color change from blue to yellow. The
fluorescence quenching at 425 nm is due to the interaction of
caged polymer with electron-deficient TNP. The new peak at
582 nm was assigned to the CT process between the caged
polymer and TNP. Upon increasing the time, the CT process
became stronger, so that the peak intensity increased higher.
The detection response is very sensitive and fast (less than 10
s) with a detection limit of up to 1 ppm (Figure S9 in the
Supporting Information). In addition, we also tried to detect
acceptors in vapor in order to indicate that this methodology
could be applied in more common conditions. Here, the
powder of PVK@MIL-101 was fixed on a glass substrate, which
was then located on top of a container containing acetone at
boiling point under heating (Figure S10 in the Supporting
Information). It was observed that the fluorescence of PVK@
MIL-101 was quenched upon time with a slightly bathochromic
shift, supporting the interaction between PVK@MIL-101 and
acetone.

In conclusion, we have reported a facile methodology to
develop electron-rich polymer threaded MIL-101, featuring
flexible nanospace for molecular recognition, particularly in the
detection of TNP. The detection of nitro explosives using the
polymer-caged MIL-101 through the CT process has been
studied for the first time. The remained pores of MIL-101 after
the polymer interpenetration provide the selectivity to various
acceptor molecules with different sizes. The recognition of
polymer-caged MIL-101 to certain guest molecules shows a
characteristic red shift of the CT emission band, leading to a
tunable emission profile. Superior detection performance of the
polymer-caged MIL-101 toward TNP has been demonstrated.
This approach of sensing TNP concentration by polymer-caged
MOFs could be extended to other nitro compounds with
suitable molecular size and electron donor—acceptor effect. The
easy accessibility coupled with high surface area of the polymer-
caged MIL-101 could enable the system to detect nitro
explosives in gas phase or common environment, in which
some conventional detecting systems showed poor perform-
ance owing to uncontrolled selectivity and inaccessibility of
their embedded active sites. Therefore, the present work
provides a simple and efficient approach for the fabrication of
novel porous luminescent platforms in molecular recognition
and detection.
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