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Abstract

As a virtually indispensable metal ion for biological environments and human life, deficiency or accumulation of Fe*" in the
body can induce various biological disorders. It is of great significance to develop a rapid, reproducible, highly sensitive,
and selective method for detecting Fe>* ions. Herein, a kind of novel nanofibrous membrane prepared by electrospinning
utilizing carboxyl-functionalized poly(arylene ether nitrile) (CPEN) as carrier of lanthanide sensor can serve as a simple
and reliable fluorescence platform for identifying Fe** ions. The CPEN-Eu>*-Phen nanofibrous membrane emitted intense
red fluorescence under UV irradiation with high quantum efficiency of 22.3%. Furthermore, CPEN-Eu>*-Phen exhibited
excellent fluorescence stability under the NaCl concentrations of 0—1.0 M and pH of 1-14, ascribed to exceptional chemical
durability of CPEN. Notably, the CPEN-Eu*-Phen implied excellent reusable performance for detecting Fe** ions with
more than 10 cycles of reuse. Moreover, the red fluorescence of nanofibrous membrane is notably quenched with addition
of Fe** ions, and the detection limit for Fe** in aqueous solution is as low as 3.8 pM. More importantly, CPEN-Eu**-Phen
nanofibrous membrane can also be applied to the detection of Fe®* ions in real lake water. In brief, these results indicated
that CPEN-Eu®*-Phen nanofibrous membrane is expected to behave as a promising Fe>* ion sensing material with high
selectivity, sensitivity, and reusability in aqueous solution.

Keywords Fe’* ions detection - Nanofibrous membrane - Poly(arylene ether nitrile) - Fluorescence quenching - Fluorescent
sensor

1 Introduction involved in multiple fundamental physiological processes

(e.g., cytochrome synthesis, enzymes formations, hemat-
A great diversity of inorganic/organic elements plays a  opoiesis, oxygen and nutrients transport, hemoglobin pro-
crucial role in maintaining the balance of the biological = ductions) [1-3]. Insufficient iron can induce the cellular
system. Iron ions, as a virtually indispensable micronu-  anemia, metabolic disorder, and decrease of immunity
trient for human and animal life, are authenticated to be  capacity. Nevertheless, excessive iron ions in the human
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body may trigger hereditary hemochromatosis, thalassemia,
etc. Additionally, iron is also a non-negligible ambient con-
taminant in industry [4-7]. Hence, it is of great significance
to develop a portable, low-cost, sensitive approach for iron
ion detection as to lessen environmental pollutions and pro-
tect human health.

Fluorescent sensors have been applied extensively in
metal ion detection fields owing to its intrinsic superiori-
ties such as remarkable sensitivity, simplicity, and ultrafast
speed as compared with the traditional detection methods
(e.g., X-ray diffractions, inductively coupled plasma mass
spectrometry, atomic absorptions spectroscopy, atomic
fluorescence spectrometry, and high-performance liquid
chromatography), which are a relatively promising chemi-
cal detection technology [8—15]. Although many fluores-
cent sensors have been reported, they are usually disposable
while measured. The sensors contaminated with analytes
are often hard to clean, limiting greatly the large-scale
applications. In this case, it is necessary to develop a fluo-
rescent sensor with excellent reusability, selectivity, and
sensitivity. With the advances in nanotechnology, nanocom-
posites are widely used in many fields such as microwave
absorbers [16—18], dielectric materials [19, 20], and solar
cells [21]. Electrospinning is considered to be a versatile
and viable technology for electrostatic nanofiber formations
with simple operations and low cost, and has been applied
extensively in diverse fields, including filtrations and optical
electronics, etc. [22, 23]. Fluorescent conjugated polymer
nanofiber fabricated by electrospinning has been increas-
ingly reported as optical chemosensors and biosensors
[24-28]. The nanofiber sensors have excellent reversibility
as well as fluorescence stability, which provide a distin-
guished alternative for achieving the repeatability of sensors
with less loss of fluorescence intensity during the reuse.
Furthermore, the nanofibrous membrane has an exceedingly
high surface-to-volume ratio in virtue of irregular accumu-
lations of nanofiber, which can significantly increase the
sensitivity of metal ion detection.

As is well-known, poly(arylene ether nitrile) is an out-
standing engineering plastic with excellent heat resist-
ance, insulations, chemical resistance, and high mechani-
cal strength in comparison with aliphatic polymers (e.g.,
poly(lactide-co-glycolide), poly(vinyl alcohol), poly (gly-
colide)) [29-35]. Herein, a novel carboxyl-functionalized
poly(arylene ether nitrile) (CPEN) was used as macromo-
lecular carrier of lanthanide sensors, which can not only
avoid the small molecule probes falling off from polymer
matrix due to strong covalent bonds, but also provide the
possibility to detect iron ions under severe environment
(e.g., strong acid, strong base) because of excellent chemi-
cal durability of CPEN [36]. Accordingly, a rational design
to quickly and sensitively identify Fe** ions through fluores-
cence behavior by on—off switching of the sensor bonded to

@ Springer

CPEN was exploited, which will offer a potential application
for detecting iron ions with remarkable reusability (more
than 10 cycles), high selectivity, and sensitivity (detection
limit as low as 3.8 pM).

2 Experimental section
2.1 Materials

Phenolphthalin (PPL) and CPEN were synthesized accord-
ing to a previously reported procedure in our laboratory
[29], as also described in Experimental Section S1 in Sup-
plementary Information. Rare earth chloride hexahydrate
(EuCl5;-6H,0 and TbCl;-6H,0), 1, 10-phenanthroline
(Phen), ZnCl,, KCl, BaCl,, FeCl;, MgCl,, MnCl,, CuCl,,
FeCl,4H,0, HgCl,, CoCl,, NiCl,"6H,0, Pb (NO;),, and
AgNO; were obtained from Titan Scientific Co., Ltd.,
Shanghai, China. N, N-dimethylformamide (DMF) was
acquired from Kelong Chemical Co., Ltd., Chengdu, China.
DMF was dried and distilled under reduced pressure just
before use. Ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na) was supplied by Hengxing Chemical Prepara-
tions Co., Ltd., Tianjin, China.

2.2 Fabrication of rare earth coordination polymer
nanofibrous membranes

The schematic diagram of CPEN-Eu3 +xTb3 + 1-x-Phen
(x=0,0.25, 0.5, 0.75, 1) coordination polymers is shown
in Scheme 1. Firstly, CPEN solution was prepared by dis-
solving CPEN (1.10 g) into 5 ml DMF under stirring at
60 °C for 0.5 h. Next, the well-stirred compound solu-
tion of RECl;-6H,0 (0.54 g of EuCl;-6H,0 or 0.55 g of
TbCl;-6H,0) and Phen (0.58 g) in 5 mL DMF was poured
into the as-prepared CPEN solution, and then stirred at
60 °C for 4 h to form a uniform rare earth coordination
polymer solution with 200 mg/mL through solvent volatili-
zations. '"H NMR of CPEN (400 MHz, DMSO-d6, ppm):
0=1.7 (s, 6H, 2CHj3), 6.59-7.84 (m, 26H, 26CH in benzene
rings of polymer backbone), 6.71 (s, 1H, CH), 12.99 (s, 1H,
COOH); '"H NMR (400 MHz, DMSO-d6, ppm) of CPEN-
Eu’*-Phen: 8=1.71 (s, 6H, 2CH;), 6.61-7.76 (m,26H,
26CH belong to benzene rings of polymer backbone), 6.73
(s, 1H, CH), 12.99 (s, 1H, COOH), 8.04-9.10 (m, 16H,
16CH belong to benzene rings of 1, 10-phenanthroline).
FT-IR (KBr pellet, v/cm™') of Phen: 3063(w), 1647(w),
1616(w), 1588(w), 1559(w), 1504(s), 1421(s), 1344(w),
1215(w), 1139(w), 1092(w), 853(s), 737(s); FT-IR (KBr
pellet, v/cm_l) of CPEN: 2967(w), 2229 (w), 1725 (s),
1600 (w), 1575 (w), 1501(s), 1457(s), 1242(s), 1020(s);
FT-IR (KBr pellet, v/em™!) of CPEN-Eu’*: 2967(w), 2229
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Scheme 1 Structural expressions of CPEN-Eu3+xTb3 + 1-x-Phen
(x=0, 0.25, 0.5, 0.75, 1) coordination polymers
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(W),1641(s), 1600(w),1577(w), 1501(s), 1459(s),1404(s),
1243(s), 1022(s); FT-IR (KBr pellet, v/iem™") of CPEN-
Eu’*-Phen: 2967(w), 2229(w), 1640(s), 1600(w), 1575(w),
1525(w), 1501(s), 1459(s), 1420(s), 1405(s), 1243(s),
1022(s), 846(s), 727(s). FT-IR (KBr pellet, v/cm™") of
CPEN-Tb>*-Phen: 2968(w), 2229(w), 1638(s), 1600(w),
1576 (w), 1522(w), 1501(s), 1459(s), 1421(s), 1400(s),
1243(s), 1022(s), 844(s), 725(s).

For the electrospinning process, the as-fabricated CPEN-
Eu’*-Phen solution was sucked into a syringe of 5 mL,
which was extruded with the positive voltage of 18 kV at
an injections speed of 0.1 mm/min. A stainless-steel needle
with an inner diameter of 0.5 mm was used as the nozzle of
the syringe across a distance of 16 cm between the needle
tip and the collector. The temperature and relative humidity
were kept at 30 °C and ~ 35%, respectively. A roller covered
with a layer of 30-cm-wide silicon paper acted as the collec-
tor, which was connected to the negative electrode. The rare
earth coordination polymer nanofibrous membranes were
collected on silicone oil paper with a rotational speed of
10 rpm and collection time of 5 h. Since the surface of the
silicon paper was smooth and compact, it can ameliorate the
weakness that the nanofiber was difficult to peel off. After
electrospinning, the as-prepared nanofibrous membranes
were transferred to a vacuum oven at 80 °C (for 2 h) for
removing the residual solvent.

2.3 Characterizations

Thermogravimetric analysis (TGA) and derivative thermo-
gravimetric (DTG) analysis were recorded with a TGA-Q50
system (TA Instruments, New Castle, USA) heated from 30
to 700 °C at a heating rate of 20 °C'min™' under a flow-
ing nitrogen atmosphere. Differential scanning calorimetry
(DSC) was determined with a DSC-Q20 analyzer (TA Instru-
ments, New Castle, USA) at a heating rate of 10 °C'min~!
from 30 to 300 °C in a nitrogen atmosphere. Luminescence
spectra and fluorescence decay curves were recorded on
an FLS1000 fluorescence spectrometer (Edinburgh Instru-
ments, Livingston, UK). The ultraviolet photolumines-
cence was observed with a WFH-204B analyzer (Jing Ke
Instruments, Shanghai, China) under UV-light irradiation
at 254 nm. Nanofiber was prepared by ET-2535H electro-
spinning equipment (Yongkang Leye, Beijing, China). The
micromorphology of nanofiber was measured utilizing JSM-
6460LV scanning electron microscopy (JEOL, Tokyo, Japan)
at 15 kV, accompanied with energy dispersive spectroscopy
(EDS) for analysis elements. The water contact angle (CA)
was completed on a Theta Lite optical contact angle measur-
ing system (Biolin Scientific, Gothenburg, Sweden). X-ray
diffraction (XRD) pattern was determined with a PANalytical
Empyrean Series 2 diffractometer (Malvern Panalytical, UK)
using Cu Ka radiation in a scanning range of 5-60° (26).
X-ray photoelectron spectroscopy (XPS) was conducted on
a Thermo Kalpha photoelectron spectrometer (Thermo Sci-
entific, Waltham, USA). Fourier transform infrared (FTIR)
spectra on KBr pellets were investigated with a Thermo
Nicolet iS5 spectrometer (Thermo Scientific, Waltham,
USA) in the 600-4000 cm™! region. The proton nuclear
magnetic resonance ('"H NMR) spectra were determined
with an Avance 400 spectrometer (Bruker, Switzerland) at
400 MHz. Ultraviolet—visible (UV—-Vis) absorption spectra
were recorded with a PE lambda 750S spectrometer (Perki-
nElmer, Waltham, USA).

3 Results and discussions

3.1 Fluorescence properties of coordination
polymer nanofibrous membrane

Figure 1la illustrates the formation process of CPEN-
Eu3 + xTb3 + 1-x-Phen nanofibrous membrane. The pre-
cursor solutions composed of CPEN and molecular probe
Eu3 4+ xTb3 + 1-x-Phen (x=0, 0.25, 0.5, 0.75, 1) was
stretched and emitted under the action of electrostatic
field. Figure 1b shows the emission spectra of CPEN-
Eu3 + xTb3 + 1-x-Phen recorded using 320 nm as the
excitation wavelength. The characteristic fluorescence
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Fig. 1 a Schematic dia-

gram of preparation of a

nanofibrous membranes.

b Emission spectra of CPEN-

Eu3+xTb3 + 1-x-Phen (x=0,

0.25, 0.5, 0.75, 1) using 320 nm Ve »
as the excitation wavelength.
The insert shows the linear
relationship between fluores-
cence intensity and ratio of Eu>*
(Tb**) at 618 (548) nm in the
CPEN-Eu3 +xTb3 + 1-x-Phen
system. ¢ Trajectory of color
modulations, recorded by the
change of the ratio of Eu** and
Tb** in the Commission Inter-
nationsale de L’Eclairage (CIE)
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emission peaks of CPEN-Eu3 +xTb3 + 1-x-Phen are
located at 618 nm (D,— ’F, transitions of Eu**") and
548 nm (°D, — 'F; transitions of Tb"), respectively. The
emission intensity of Eu®* increased with the increase
of x values, yet emissions intensity of Tb®* was just the
opposite. Besides, the linear regression coefficients for
Eu®* and Tb** were 0.9834 and 0.9763, respectively. In
order to reveal the mark of color variations, the trajectory of
color modulations was intuitively depicted in the CIE coor-
dinate diagram (Fig. 1¢) by adjusting the concentrations
of Eu** and Tb>*. Taking CPEN-Eu’*, ,5Tb>* ,5-Phen
as an example, the (0.445, 0.373) regarded as a chromaticity
coordinate falls into orange regions of the CIE coordinate
diagram where the image of nanofiber exhibited orange
fluorescence under UV light irradiations of 254 nm.
As displayed in Fig. 1d, the various colors of CPEN-
Eu3 +xTb3 + 1-x-Phen changed from red to yellow, then to
green. Meanwhile, EDS was employed to analyze chemical
compositions concerning the content of Eu** and Tb3*
(Table S1 in Supplementary Inforation). The results dem-
onstrated that the proportions of Eu** and Tb>* ions in
CPEN-Eu3 + xTb3 + 1-x-Phen (x=0.25, 0.5, 0.75) were
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very close to initial feed ratio, which further verified the
fluorescence color of CPEN-Eu3 +xTb3 + 1-x-Phen was
associated with the ratio of Eu** and Tb3*.

To further verify the structure of CPEN-Eu’*-Phen,
it was characterized by XPS and XRD, respectively. It is
noteworthy that the peak of O 1 s was split into two peaks,
where the component at 532.2 eV of CPEN was assigned
to the ether bond and another at 533.5 eV was ascribed to
the carbonyl group in carboxyl group (Fig. 2b) [37]. It can
be seen that the O 1 s peak located at 533.5 eV from the
carbonyl group of CPEN-Eu’*-Phen shifted to 534 eV, dem-
onstrating the appearance of bonding interactions between
the O atom of CPEN and the Eu** ions. This was principally
because the lone pair electrons of oxygen on the carboxyl
group of CPEN-Eu’*-Phen were partially transferred to the
outer vacant orbitals of Eu* ions, which decreased the outer
charge density of oxygen, thereby increasing binding energy
for O 1 s. Meanwhile, the peak at 398.6 eV of Phen was
attributed to the aromatic N, which from the aromatic N of
CPEN-Eu**-Phen shifted to 399.3 eV, suggesting the exist-
ence of bonding interactions between the N atom of Phen
and the Eu* ions. As shown in Fig. 2d, CPEN-Eu’*-Phen
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Fig.2 a XPS full spectra of CPEN-Eu**-Phen, CPEN, and Phen.
b XPS spectra for the O 1 s region of CPEN-Eu**-Phen and CPEN.
¢ XPS spectra for the N 1 s region of CPEN-Eu>*-Phen and CPEN.
d XRD patterns of the CPEN-Eu**-Phen and CPEN, Eu**-Phen, and

exhibited a diffuse peak similar to CPEN but opposite to the
sharp crystalline peaks of Eu**-Phen and Phen, indicating
that CPEN-Eu’*-Phen showed an amorphous structure.

Additionally, the morphologies of nanofibrous membrane
can be visually observed according to the electromicroscopy
(Fig. 2e). Taking CPEN-Eu**-Phen as an example, it was found
that the nanofiber was uniformly distributed and the surface
was smooth. Besides, the size distribution of fiber diameter
was acquired by employing Image-Pro Plus analysis, and the
diameter distribution is mainly in the range of 350 —450 nm
(Insert in Fig. 2e). Furthermore, the contact angle (CA) of
CPEN-Eu**-Phen is displayed in Fig. 2f, implying a water
contact angle of (113.6 +0.2)°. The nanofibrous membrane
exhibited moderate hydrophobicity, which will increase
repeatable stability of the sensors.

3.2 Thermal properties and fluorescence stabilities
of coordination polymer nanofibrous
membrane

As shown in Fig. 3a, the thermal stability of CPEN and
CPEN-Eu3 +xTb3 + 1-x-Phen (x=0, 0.25, 0.5, 0.75, 1)
nanofibrous membrane was measured by TGA ranging
from room temperature to 700 °C, and their derivative
thermogravimetry (DTG) curves are also shown in Fig. S1

Phen (for comparison). ¢ SEM image of CPEN-Eu**-Phen nanofi-
brous membrane. The insert shows the diameter distribution of the
nanofibers. f Magnified photograph of water contact angle of CPEN-
Eu’*-Phen nanofibrous membrane

in Supplementary Information. It was noteworthy that all
CPEN-Eu3 +xTb3 + 1-x-Phen had similar thermal decom-
positions process, presenting two thermal decompositions
steps in comparison with only one mass loss step of CPEN
ascribed to polymer skeleton decompositions. The first mass
loss occurring from 210 to 450 °C was attributed to the deg-
radations of coordination bonds and eliminations of Phen.
The second mass loss was caused by the decompositions
of polymer backbone which began at 500 °C. On the basis
of the analysis, it further corroborated the probe molecule
Eu3 +xTb3 + 1-x-Phen were successfully coordinated to
CPEN, thus forming the CPEN-Eu3 +xTb3 + 1-x-Phen coor-
dination polymers [38, 39]. As shown in Fig. 3b, the ther-
mal properties of CPEN and CPEN-Eu3 +xTb3 + 1-x-Phen
were investigated by DSC in the range of 30-300 °C. In
comparison with the glass transitions temperature (7,)
of CPEN (195 °C), there was no obvious 7, for CPEN-
Eu3 +xTb3 + 1-x-Phen. This is primarily because the pres-
ence of the multi-chelate rings formed by the rigid Phen and
the polymer backbone around rare earth ions can increase
steric hindrance in molecules, hence enhancing 7, beyond
observations temperature range [40].

In order to evaluate the fluorescence stability of nanofibrous
membranes under severe natural environment, as the case of
CPEN-Eu**-Phen, the response of fluorescence intensity was

@ Springer
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investigated thoroughly by simulating acid, alkali, and salt
environment created by regulating pH and NaCl concentra-
tions. It was clearly found that the normalized fluorescence
intensity of CPEN-Eu’*-Phen substantially unchanged at NaCl
concentrations of 0—1.0 M and pH value ranging from 1 to
14 (Fig. 3c—d). Hence, CPEN-Eu’*-Phen exhibited excellent
fluorescence stability in an acid, alkali, and salt environment,
which mainly originated from exceptional chemical durability
of CPEN. In addition, in order to investigate comprehensively
the photophysical properties of CPEN-Eu*-Phen, the fluores-
cence lifetime was 1.25 ms calculated by a double-exponential
decay function. On the basis of the value of the fluorescence
lifetime, the photoluminescence quantum efficiency of CPEN-
Eu**-Phen was determined by the following equation [41]:

Arad

n= —
Arad + Anrad

where y referred to the photoluminescence quantum effi-
ciency, A,,q4 was the radiative transitions rate, and A4
was the non-radiative transitions rate. The total radiative
transitions rate was obtained by the following formula
(Aot =Arad + Apraa =7, Where 7 referred to obtained fluo-
rescence lifetime). The quantum efficiency of CPEN-Eu’*-
Phen was as high as 22.3%. In brief, CPEN-Eu’*-Phen
nanofibrous membrane can be used as a fluorescence sensor
with excellent thermal properties, fluorescence stability, and
high quantum efficiency.
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3.3 The effect of metal ions on photophysical
properties

In an effort to investigate the selectivity of different cati-
ons for CPEN-Eu’*-Phen nanofibrous membrane in detail,
CPEN-Eu’*-Phen was immersed in the diverse metal ions
solution (0.01 M of K*, Ni**, Zn?*, Co**, Ba’*, Cu*",
Mg**, Pb>*, Hg?t, Fe?*, Ag™, Mn? ¥, Fe**) for 20 min, and
then their value of relative intensity (//1;) was recorded.
It was worth noting that only addition of Fe’* can nota-
bly quench the fluorescence intensity. However, other ions
slightly affected fluorescence intensity toward sensors based
on response of differences in electron configurations and
energy transfer [42]. Hence, CPEN-Eu’*-Phen was expected
to serve as a promising platform for Fe** ions detection. Fig-
ure 4b indicated the variations in fluorescence intensity as
a function of the concentration of Fe** ions. The quenching
effect progressively enhanced with the increasing concen-
tration of Fe>* ions. Fluorescence quenching by Fe** ions
was assessed using a Stern—Volmer equations (Ksv) [43-45].

10/ =1+ KSVC (1)

where I, and / were emission intensities in the absence
and presence of Fe** ions. Kgy was the Stern—Volmer con-
tent. C referred to the molar concentrations of Fe*. The
results showed that the quenched emissions intensity was
positively correlated with the Fe** concentrations in the
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range of 1x 107 to 5.6x 107 M (K,,=0.78 x 10* M),
The limit of detections (LOD) for Fe** was determined to
be 3.8 uM (LOD =36/S, where ¢ is the standard deviation
of 11 blank samples and § is the mean slope of the cali-
brations curve) with a regression coefficient, R*=0.9820.
When the concentration of Fe** ions reached the critical
point (5.6x 10~ M) at which fluorescence quenching sig-
nificantly occurred, the quenching efficiency of CPEN-Eu’*-
Phen reached 83.5% (Fig. 4c).

A comparison of different fluorescent sensing platforms
with that obtained in present work is displayed in Table 1.
Meanwhile, taking into account the practical sensing capa-
bility of real water system, the detection experiment of FeCl,
lake water solution composed of the mixture of different
concentration of Fe** stock solution and real lake water
(from South Lake, Banan District, Chongqing, China) was

Number of cycles

investigated. The results revealed similar quenching effect
as mentioned before, and S-V plot for Fe** ions showed
good linearity between the emission intensity of CPEN-
Eu’*-Phen at 620 nm and the concentration of Fe** ions
(K,,=0.62x10* M~!, R*=0.9661), demonstrating that the
CPEN-Eu**-Phen had an efficient sensing performance for
Fe** ions detection (Fig. S2 in Supplementary Information).
Despite there may be many impurities (e.g., suspended sol-
ids or colloids) in the lake environment, the CPEN-Eu’*-
Phen was still effective for the detection of Fe** ions.
Considering the cost and reality of CPEN-Eu*-Phen
sensing, the multiple quenching and recovery experi-
ment was conducted. After being washed with EDTA-2Na
(0.01 M) for five times in following each cycle, the fluores-
cence intensity of CPEN-Eu’"-Phen was recovered again
and can be recycled up to 11 times, as shown in Fig. 4d. This

Table 1 Comparison of

; . Sensing platform for Fe>* LOD (pM) Linear range (mM) Ref

different fluorescent sensing

platforms for Fe* jon detection [Euz(ppda)Z(npdC)(Hzo)]~H20 16.6 0-0.28 [37]
[Eu(ctpy)(tta),], @PAN 668 0-4.80 [46]
SRhBOH/ poly (HEMA-co-NMA-co- 100 0.1-10 [47]

NBD)

LaF;: Ce,Tb nanoparticles 2.4 0.008-0.1 [48]
Anthracene-based Schiff base 2.9 0.002-0.06 [49]
Eu,,,Tb, ;c-BHM-COOH 4.5 0-0.34 [5]
CPEN-Eu**-Phen 3.8 0-0.56 This work
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Fig.5 a Competition experi-
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is probably because the nanofibrous membrane is moder-
ately hydrophobic, which lead to easily removing Fe** ions
from nanofiber surface.

As we all know, metal ions usually persisted in the envi-
ronment together, rather than alone. Hence, it was essential
to carry out competitions experiment for Fe>* ion detection.
As illustrated in Fig. Sa, the fluorescence intensity at 618 nm
fluctuated slightly in comparison to original samples when
dropping 5.6 X 10~* M of other single competitive ions onto
the surface of nanofibrous membrane, whereas the addition
of Fe** ions can specifically quench the red fluorescence at
618 nm. Besides, the fluorescence intensity also changed
slightly with the successive participations of multi-competitive
ions (Fig. 5b). Until the addition of Fe** ions, the fluores-
cence quenching effect was pronounced. The above results
showed that, whether these competitive ions exist individually
or together, the detection of Fe3* ions by CPEN-Eu®*-Phen
nanofibrous membrane was almost undisturbed. Furthermore,
Fe* ions can be distinguished expediently among other ions
by visually observing the quenching of red fluorescence, which
was conducive to practical applications in the optical detec-
tion field. As a consequence, CPEN-Eu**-Phen nanofibrous
membrane had high selectivity and anti-interference for Fe**
ion detection.

To thoroughly explore the fluorescence quenching mecha-
nism of CPEN-Eu**-Phen nanofibrous membrane, CPEN-
Eu?*-Phen was soaked in 0.01 M Fe** ions for 20 min, and
then EDS was applied to identify whether the fluorescence
quenching was caused by the ion exchange between Fe** ions

@ Springer
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and Eu* ions [37]. As shown in Table S2 in Supplementary
Information, the content of Eu (11.90 wt%) is much higher
than that of Fe (0.26 wt%), thus indicating negligible degree
of cation exchange between Eu** and Fe** ions. Furthermore,
UV-vis absorption spectra of different metal ions at the same
concentration of 10~ M were measured, as shown in Fig. 5c.
By comparison, it was noticeable that the overlapping area
between the UV—vis absorption spectrum of Fe** ions and
the excitation spectrum of CPEN-Eu*-Phen is maximum. It
means that, partial radiation energy derived from excitation
light can be effectively absorbed by Fe** ions, which hin-
dered efficient energy transfer from the ligands (i.e., CPEN
and Phen) to luminescence center (i.e., Eu**), thereby result-
ing in a significant reduction of emission intensity. Namely,
Fe* ions as a high efficiency quencher played a shielding
role in the luminescence process. Therefore, the energy trans-
fer caused by competitive absorptions between CPEN-Eu’*-
Phen and Fe*" ions is the main cause of fluorescence quench-
ing [5, 50]. Additionally, by comparing the UV-vis and FTIR
spectra of CPEN-Eu’*-Phen nanofibrous membrane before
and after adding Fe3* ions, it was found that there was no
new peak or peak shift (Fig. S3 in Supplementary Informa-
tion). Therefore, it can be eliminated that the fluorescence
quenching is caused by the formation of non-luminescent
intermediate by chemical reactions.

Actually, the quenching was a process that competes
with the luminescence process to shorten the lifetime of the
excited state of luminescent molecule. The quenching pro-
cess may occur in the interactions between the quenching
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agent and the excited or ground states of a fluorophore. The
former is called dynamic quenching and the latter is called
static quenching. In the process of dynamic quenching, the
excited state molecules lose their excitation energy and
return to the ground state through the mechanism of energy
transfer and charge transfer by colliding with the quench-
ing agent [51]. Thus, the dynamic quenching efficiency is
related to the lifetime of excited state molecules. As shown
in Fig. 5d the fluorescence lifetime of CPEN-Eu’*-Phen
nanofibrous membrane is almost unchanged with the addi-
tion of Fe®* ions, which can exclude the cause of dynamic
quenching, implying that the fluorescence quenching pro-
cess belongs to static quenching.

4 Conclusions

In summary, a fluorescence sensing nanofibrous mem-
brane for rapidly detecting Fe>* ions in aqueous solutions
was successfully developed by utilizing CPEN as carrier of
Eu’*-Phen via electrospinning. The fluorescence properties
of CPEN-Eu’*-Phen nanofibrous membrane was almost
unaffected by acid, alkali, and salt environment benefiting
by the excellent chemical durability of CPEN. Moreover,
the CPEN-Eu**-Phen nanofibrous membrane demonstrates
low limit of detections (as low as 3.8 pM), high selectiv-
ity, and excellent anti-interference performance for Fe** ion
detection. More importantly, the nanofibrous membrane can
be reused for more than 10 times in aqueous solutions with
less loss of fluorescence intensity, profiting from its surface
hydrophobicity. Therefore, the CPEN-Eu**-Phen nanofibrous
membrane is expected to serve as a distinguished luminescent
sensor for Fe** ion detection in aqueous solutions and also
serve as sensors or platform for other applications [52, 53].
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