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A stable fluorescent nanofibrous membrane was fabricated by
in situ growing Eu-MOF crystals on electrospun polyacrylonitrile
nanofibers modified with y-aminobutyric acid. This nanofibrous
membrane can be used as a convenient fluorescent test paper for
rapid and cyclic detection of nitrobenzene.

Nitrobenzene (NB) is the basic and simplest constituent of
explosives among various nitroaromatics. Moreover, NB is a
highly toxic pollutant that can cause serious health and environ-
mental problems. Therefore, the sensitive detection of NB has
become a critical issue. Although various technologies such as gas
chromatography coupled with mass spectrometry (GC-MS)," sur-
face enhanced Raman spectroscopy (SERS),> cyclic voltametry®
and ion mobility spectrometry (IMS)* have been developed for
the detection of explosives, these methods are limited,> because
GC-MS equipment is large-scale, SERS needs complex sample
pretreatment and IMS instruments are expensive. Considering
that NB can act as an excellent electron acceptor owing to its
withdrawing nitro-group,® fluorescence quenching based on
chemical sensing has been recognized as the sensitive and
convenient method for the rapid detection of NB.” In view of this,
exploring effective and reversible luminescence materials is very
necessary.

Metal-organic frameworks (MOFs), a fascinating class of
solid crystalline materials, have been considered as promising
candidates for gas adsorption and separation due to their
intrinsic porous characteristics and extraordinarily large surface
area.® In recent years, great progress has been made in the use of
MOFs as luminescence sensors for various species.” Due to their
unique properties of short response times, characteristic sharp
emission in the visible region and relatively long luminescence
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lifetimes,'® lanthanide MOFs, especially Eu-MOFs, have been
considered to be effective luminescent probes for sensing NB.
However, most of the research'" focused on powder crystalline
materials. From the standpoint of separation and recovery of
fluorescence sensors from detection systems, film sensors are
more predominant compared with powdered materials because
no separation process is needed for the films.

Electrospinning is a convenient and effective route to fabri-
cate nanofibrous membranes (NFMs) with high porosity, large
specific surface area, tunable structure and ease of surface
modification.”” Compared to thin films, electrospun NFMs
have greater surface area approximately 1-2 orders of
magnitude.'® Recently, more attention has been paid to elec-
trospinning because this versatile technique is able to convert
MOF particles into self-supported and flexible MOF NFMs."*
The preparation of electrospun MOF NFMs and their applica-
tions, such as air filtration,’® gas capture,'® and heavy/radio-
active metal adsorption,'” and sensing/detection,'® have been
reported. However, most of the MOF NFMs were fabricated via
co-electrospinning of MOF crystals and polymers. In terms of
luminescence sensors, the active sites of composite NFMs may
be significantly reduced because MOF particles were encapsu-
lated by polymers.'® Hatton et al. grew MOF crystals directly on
an electrospun polyacrylonitrile NFM using microwave irradia-
tion technology,*® but owing to the weak interaction of the MOF
particles and polymer matrix, the MOF crystals were unstable
and easily fell off the membrane.

In this study, we designed and fabricated a stable fluorescent
NFM by in situ growing Eu-MOF crystals on electrospun poly-
acrylonitrile (PAN) nanofibers modified with y-aminobutyric acid
(GABA) (Scheme 1). The PAN NFM was employed as a matrix due
to its robust mechanical strength, excellent water insolubility,
good hydrophilicity and high chemical stability. In addition, the
abundant active nitrile groups of PAN can be used for further
derivatization. GABA performed well as a grafting agent, because
not only can it introduce a great number of coordination sites
(carboxyl groups) into the nanofibrous matrix for anchoring Eu-
MOF particles, but its relatively long carbon chains can reduce

Chem. Commun., 2019, 55, 4941-4944 | 4941


http://orcid.org/0000-0001-8635-9783
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cc00305c&domain=pdf&date_stamp=2019-04-06
http://rsc.li/chemcomm
https://doi.org/10.1039/c9cc00305c
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC055034

Published on 03 April 2019. Downloaded by Liaoning University Library on 7/11/2019 8:35:50 AM.

Communication

o & ‘ .

OH o

HaN.
GABA

] N N ) Ne oNH.oN L} =
H & # _ G w
*)\/k* *)\)\,]/ §
g a

PAN-GABA NFM

4 Interfacial Growth
4 4

PAN-GABA NFM PAN-GABA@Eu-MOF NFM

Scheme 1 Fabrication process of a PAN-GABA@Eu-MOF NFM.

the steric hindrance of both the grafting reaction and crystal
growing process. GABA was grafted onto the surface of the PAN
NFM first, and then Eu-MOF crystals were in situ grown on
the PAN-GABA NFM. Benefiting from the integrated merits of
the electrospun PAN NFM, GABA and Eu-MOF crystals, the as-
prepared PAN-GABA@Eu-MOF NFM can be used as a convenient
fluorescent test paper for rapid and cyclic detection of NB. More
importantly, the fluorescent test paper exhibited high reversi-
bility with stable quenching efficiency and a fast “off-on”
fluorescence switching process.

The representative SEM image of PAN nanofibers is shown
in Fig. 1a. These random nanofibers exhibited a smooth and
uniform surface and had an average diameter of 152 + 31 nm.
After being grafted with GABA, a compact structure among
fibers was formed along with the increase of the average fiber
diameter to 258 + 36 nm (Fig. 1b). This may be attributable to
the graft polymerization of GABA and the impregnation of the
solution into the fibers during the modification process. In
order to ensure the compatibility and size suitability of the
MOF crystals on the polymer nanofibers, the Eu-MOF particle
size was tuned on the nanoscale by employing sodium acetate
as the capping reagent (Fig. 1c). Fig. 1d displays an image of the

Fig. 1 SEM images of (a) PAN nanofibers, (b) PAN-GABA nanofibers, (c)
Eu-MOF particles and (d) PAN-GABA@Eu-MOF nanofibers. The insets
show the corresponding optical photographs of the samples and a high
magnification SEM image of PAN-GABA@Eu-MOF nanofibers.
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PAN-GABA@EU-MOF NFM. It was clear that the fibers exhibited
a rough tree-bark-like surface, indicating the effective growth of
Eu-MOF crystals on PAN-GABA nanofibers. As illustrated in the
insets of Fig. 1, the optical photographs of PAN, PAN-GABA and
PAN-GABA@EuU-MOF NFMs were white, yellow and dark yellow
in natural light, respectively. The PAN-GABA@Eu-MOF NFMs
emitted red color under a 265 nm UV lamp, as shown in Fig. S1
(ESIt). Eu-MOF crystals on the nanofibers increased with the
increase of crystal growth time and the red color of the NFMs
gradually became darker at the same time. When the growth
time exceeded 12 h, there was a serious adhesion between the
nanofibers (Fig. S1d, ESI). In terms of the porosity and fluores-
cence of the PAN-GABA@Eu-MOF NFM, 12 h was used to
conduct the following experiments.

The composition and structure of the as-prepared PAN-
GABA@EuU-MOF NFM were characterized by EDS, FT-IR and
PXRD. As shown in Fig. S2 and S3 (ESIt), C, N, O and Eu
elements were detected as expected, and Eu element was
distributed evenly on the surface of the NFM. Fig. 2a and
Fig. S4 (ESIT) show the FT-IR spectra of the PAN, PAN-GABA,
PAN-GABA@EuU-MOF NFMs and Eu-MOF crystals. The PAN
NFM exhibited characteristic absorption peaks at 2243 cm ™,
corresponding to the stretching vibration of C=N. After mod-
ification with GABA, the intensity of the peak associated with
the nitrile group at 2243 cm™ " decreased obviously.

Meanwhile, new peaks at 1632, 1662 and 3200-3358 cm ™
appeared, which can be assigned to the stretching vibration of
N-C=N, C=0 and O-H, respectively.>" All the changes indi-
cated that GABA was successfully grafted onto the PAN NFM,
and thus can provide a great number of carboxyl groups
for growing Eu-MOF crystals. The FT-IR spectrum of the
PAN-GABA@EuU-MOF NFM had nearly all the key features of
those of the Eu-MOF crystals and PAN-GABA NFM. The peak at
1612 cm™ ' was attributed to the skeletal vibration of the
aromatic ring, and peaks at 700-800 cm™ "' were related to the
out-of-plane C-H bending vibrations of the substituted benzene
compounds. These results provided preliminary evidence that
Eu-MOF crystals were successfully grown on the surface of
the PAN-GABA NFM. Fig. 2b shows that the experimental PXRD
pattern of the Eu-MOF powder was consistent with the simu-
lated one,?* while two broad peaks appeared in the pattern of
PAN-GABA in an amorphous form. The PXRD pattern of the
PAN-GABA@EuU-MOF NFM, as expected, contained all the
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Fig. 2 (a) FT-IR spectra of PAN, PAN-GABA, and PAN-GABA@Eu-MOF

NFMs and Eu-MOF crystals. (b) PXRD patterns of the Eu-MOF crystals,
PAN-GABA NFM and PAN-GABA@Eu-MOF NFM.
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peaks of the Eu-MOF crystals and PAN-GABA, further confirming
the effective growth of Eu-MOF crystals on the PAN-GABA NFM.

The wettability of the PAN-GABA@Eu-MOF NFM was inves-
tigated by measuring the contact angle of methanol on the
membrane. As can be seen from Fig. S5 (ESIt), the wettability of
the PAN NFM was greatly improved after GABA grafting. The
initial methanol contact angle (MCA) of the PAN NFM was
132.7°, and was still 100.1° after 60 s. However, for the PAN-
GABA NFM, the initial MCA was 47.8° and the complete
infiltration time was only 4 s. The high wettability of the
NFM was still maintained after the growth of Eu-MOF crystals.
The pore size of the PAN-GABA NFM was measured by the
mercury injection method, as shown in Fig. S6 (ESIt). The
porosity of the NFM was up to 82.4%, and most of the pores
were observed in the range of 120-431 nm with a most probable
aperture of 225 nm. After growing the Eu-MOF crystals, the
porosity of the NFM increased to 87.9%. High wettability and
porosity would contribute to the diffusion of methanol in
the MOF NFM sensor, leading to a rapid response and easy
reversibility of the PAN-GABA@Eu-MOF NFM.

The excitation and emission spectra of the PAN-GABA@Eu-
MOF NFM are shown in Fig. S7 (ESIt). Under excitation at
234 nm, the NFM exhibited a unique red color with four typical
emission peaks at 593, 618, 650, and 699 nm, which can
originate from the characteristic emission Dy — F, (J = 1-4)
transitions. Fig. 3a shows the influence of GABA usage amount
on the luminescence properties of the PAN-GABA@Eu-MOF
NFM. The intense emission band at 618 nm (°D, — ’F,
transition) gradually increased with the increase of GABA
contents. However, the intensity of this characteristic peak
barely changed when the mass ratio of PAN to GABA reached
1:6, suggesting that this mass ratio (1:6) was enough to
saturate the amount of carboxyl groups on the membrane.
The color change of PAN-GABA@Eu-MOF NFMs with different

(a) Feo0 brle @
8700 — PAN NFM s [ &
2600 —— PAN-GABA NFM S 800 -
b~ —— PAN/GABA 1:1 D 700
& 500 — PAN/GABA 1:2 c so0f
8 400 —— PAN/GABA 1:4 % s00|
€ 200 —— PAN/GABA 1:6 = ol
° — PAN/GABA 1:8 2 ol
> 200 £ o
2 B 200}
100 2wl
& 0 0
550 600 650 700 750 0 11 12 14 16 18
Wavelength (nm) Mass ratio of PAN and GABA
C) 1.0 Py
(c) (d) S0
0.8 s
600
2
0.6 ‘D
K= S 400
=04 %
"0 200
0.2 g
2
0.0 exal 3 Z 0 "
" “blank NB CI-BZ BZ TO p-XLPhOH NT Br-BZ & 550 600 650 700 750

Wavelength (nm)

Fig. 3 Luminescence spectra (a) and relative intensities (b) of PAN-
GABA@EuU-MOF NFMs with different GABA usage amounts. The insets
show the corresponding photographs of the NFMs under a 265 nm UV
lamp. (c) Fluorescence responses of the fluorescent test paper to various
aromatic compounds (blue bars) and to mixtures of different aromatic
compounds with NB (red bars). (d) Fluorescence spectra of the fluorescent
test paper with different concentrations of NB.
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GABA contents under UV-light matched well with the above
results, as shown in Fig. 3b. The red color of the NFM became
darker as the usage amount of GABA was increased, but it was
difficult to see the difference with the naked eye when the mass
ratio of PAN to GABA exceeded 1: 6, further demonstrating the
saturation of carboxyl groups. The fluorescent MOF NFM can
be used as a convenient fluorescent test paper for rapid and
selective detection of NB. As displayed in Fig. 3c, upon drop-
ping aromatic compounds such as NB, chlorobenzene (Cl-BZ),
benzene (BZ), toluene (TO), p-xylene (p-XL), phenol (PhOH),
naphthalene (NT) and bromobenzene (Br-BZ) at a concen-
tration of 107> M on the fluorescent test paper, only NB
exhibited a significant quenching effect. Moreover, competitive
experiments were carried out in the presence of NB with the
above mentioned aromatic compounds. Fluorescence quench-
ing caused by the mixtures of NB with the other aromatic
compounds was similar to that caused by NB alone, demon-
strating that the sensing of NB by the fluorescent test paper
was hardly affected by these commonly co-existent aromatic
compounds. To measure the detection range of NB, different
concentrations of NB solution were dropped onto the test
paper. From Fig. 3d, it was clear that the fluorescence intensity
gradually decreased with the increase of NB concentration. The
quenching efficiency could reach 96.05% when the concen-
tration of NB was 1 x 10~° M, while the detectable fluorescence
response of the test paper was still observed (9.15%) when the
NB concentration was 1 x 10~° M. The quenching efficiency
can be quantitatively described by the Stern-Volmer (S-V)
equation: Io/I = 1 + Ky,[Q],>* where I, and I are the fluorescence
intensities of the test paper and test paper with NB, respec-
tively, [Q] is the concentration of NB, and Ky, is the quenching
constant. As displayed in Fig. S8 (ESI{), the curve presented
good linearity at low concentrations (10~°-10~° M), whereas it
gradually deviated from linearity and bent upwards at higher
concentrations. This phenomenon may be due to the presence
of simultaneous static and dynamic quenching.** The mecha-
nism of luminescence quenching may be attributed to the
energy competition between the Eu-MOF crystals and NB.”®
The luminescence of the Eu-MOF crystals resulted from the
antenna effect that BTC®~ absorbed energy and transferred the
energy to Eu®*". Once NB was present, the energy absorbed by
BTC?~ was filtered by NB. Therefore, the possibility of energy
transfer from BTC?~ to Eu® would be reduced, consequently
resulting in luminescence quenching. The UV-vis absorption
spectrum of NB in Fig. S9 (ESIf) implied that the ultraviolet
absorption band of NB partially overlapped with the excitation
wavelength of the Eu-MOF crystals, further proving this
mechanism.

It is very important to regenerate sensors because this can
reduce the cost of the sensing process and make them more
suitable for practical applications.?® In view of this, the rever-
sibility of the fluorescent test paper was carefully examined. As
shown in Video S1 (ESIt) and Fig. 4a, an immediate fluores-
cence quenching was observed upon dropping NB on the
fluorescent test paper, while the original red color of the test
paper recovered in a very short time after dropping methanol
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Fig. 4 (a) Reversibility test of the fluorescent test paper with NB and

methanolA (b) Performance of the fluorescent test paper for the “off-on”
fluorescence switching within 10 cycles.

on the test paper. Compared with powdered sensing materials,
the NFM sensors needed no separation process such as cen-
trifugation before and after recovering; hence, the “off-on”
fluorescence switching process can be conducted more con-
veniently and rapidly. As shown in Fig. 4b, the quenching
efficiency of the fluorescent test paper towards NB remained
relatively stable within 10 cycles, and was approximately the
same as the initial efficiency. The enhanced reversibility
was primarily attributed to the stable structure of the PAN-
GABA®@EuU-MOF NFM. Sufficient carboxyl groups grafted onto
the surface of the PAN-GABA NFM can anchor Eu-MOF particles
tightly, so the morphology and structure of the fluorescent test
paper remained almost unchanged after a ten-cycle experiment
(Fig. S10 and S11, ESI¥). Moreover, the amount of Eu** species in
methanol used for recovering the test paper was determined by
ICP-OES after the ten-cycle experiment. No Eu®* leaching was
detected in methanol, further supporting that the Eu-MOF
particles was grafted strongly onto the NFM. The stability of
the test paper was compared with that of the Eu-MOF/PAN NFM
prepared by growing Eu-MOF crystals directly on the electrospun
PAN NFM. During the regeneration process, Eu-MOF particles
were obviously falling off the Eu-MOF/PAN NFM (Fig. S12b,
ESIT). Due to the lack of coordination groups on the surface of
the PAN NFM, Eu-MOF particles were only attached to the PAN
NFM rather than growing on the surfaces of the nanofibers.
Hence, the MOF particles were unstable and easily fell off the
NFM (Fig. S13a, ESIf), and the fluorescence intensity of the
Eu-MOF/PAN NFM gradually decreased as the number of regen-
eration was increased (Fig. S13b, ESIf).

In conclusion, a highly stable fluorescent NFM was success-
fully fabricated by in situ growing Eu-MOF crystals on electro-
spun PAN nanofibers modified with GABA. Because a great
number of carboxyl groups were introduced into the nano-
fibrous matrix for anchoring Eu-MOF particles, the as-prepared
PAN-GABA@EuU-MOF NFM was stable in the fluorescence
experiments and thus could be reused multiple times with
constant quenching efficiency. The NFM has been used as a
convenient fluorescent test paper for rapid and cyclic detection
of NB. Benefiting from the merits of the electrospun NFM, the
fluorescent test paper needed no separation process before and
after recovery; hence, the “off-on” fluorescence switching
process can be conducted more conveniently and rapidly
compared with powdered sensing materials. This work may
provide new insight into the development of rapid, stable and
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reusable test papers based on electrospun nanofibers and MOF
crystals for effective sensing detection.
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