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ABSTRACT 

A novel inclusion complexes nanofibrous membrane fluorescent sensor was prepared for recognizing F
-
 via 

electrospinning and host–guest interaction. The host α-cyclodextrin on the surface of the electrospun nano-

fiber membrane is assembled into the guest azobenzene molecule which modified with F
-
 fluorescent 

probe，and the formation of the inclusion complex is fixed on the surface of the nanofibrous membrane 

without external force，to prepare a novel surface controllable composite nanofiber membrane for F
-
 detec-

tion. The inclusion complexes nanofibrous membrane exhibited favourable sensitivity and selectivity for F
-
. 

The introduction of F
-
 would result in notable fluorescent decreasing of the membrane, but the other most 

common anions would not disturb the detection of F
-
. Moreover, this nanofibrous membrane was not only a 

fluorescent sensor for detecting F
-
, but also a good adsorbent for F

-
 in solution. 

Keywords: Host–guest interaction，Nanofibrous membrane，Fluorescent sensor，Fluoride ions， Adsor-

bent 

1. INTRODUCTION 

F
-
 is a very common anion in the environment, it always exists in the form of various compounds. Moreover, 

F
-
 is also widely used in industrial production，such as manufacture of plastics and rubber, the production of 

rodenticide pharmaceutical and pesticide [1].
 
The F

-
 content in human body is about 2.6 g, and 95% of them 

are distributed in bones and teeth to enhance their structure stability, in the second distributed in hair and 

nails，and microscale in organs [2].
  
The adsorption of F

-
 in the human body is mainly in water，food and 

skin, the soluble F
-
 in drinking water is almost absorbed by the small intestine and stomach, and the absorp-

tion rate of F
-
 in food is about 50%, moreover, F

-
 can be absorbed in human body by skin and transported to 

bone through blood [3, 4].
 
Excessive F

-
 in the human body will disturb the metabolism of calcium and phos-

phorus, then damage to skeleton, cardiovascular and nervous system, and even result in pharyngitis, laryngi-

tis, tracheitis, autonomic nerve dysfunction and acid erosion [5]. It is vital important to develop chemosen-

sors for F
-
 in the current environment.  

With the rapid expansion of fluorescence detection technique, more and more fluorescent sensors were 

applied to the composite material field,and nanofiber materials have attracted extensive attention due to their 

good properties [6, 7]. Electrospinning is a mature technology for fabricating nanofibrous membrane, the 

membrane prepared in this way is provided with many obvious structural superiority, such as large specific 

surface area and high porosity, meanwhile the porous reticulation structure is able to promote the diffusion 

rate of analyte inside nanofibrous membrane effectively, advance the interaction between the analyte and the 

functional sensors spreaded in the membrane [8]. This kind of material is very suitable for the construction of 

fluorescence sensors membrane. The host–guest interactions have been one of the hottest topics in supramo-

lecular chemistry. By choosing the proper host and guest molecules, such as α- cyclodextrin (α-CD) (host) 

and azobenzene (guest)，the self-assembled systems provide the possibility of immobilizing guest deriva-
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tives on a variety of substrates, but host–guest interaction was infrequently reported in the preparation of 

inclusion complexes nanofibrous membrane in previous work [9]. In this research, we fabricate the nano-

fibrous membrane fluorescent sensor for F
-
 via host–guest interaction and electrospinning. The guest azoben-

zene modified with F
-
 fluorescent probe is assembled into the host α-cyclodextrin molecule on the surface of 

the electrospun nanofiber membrane，it is concluded that the formation of the inclusion complex is fixed on 

the surface of the nanofibrous membrane without external force,to prepare a novel surface controllable com-

posite nanofiber membrane for F
-
 detection, in addition, this study also expands the method for the prepara-

tion of composite nanofiber membrane. 

2. MATERIALS AND METHODS 

All the chemical reagents and solvents used for synthesis were obtained from commercial suppliers and used 

without further purification. Solvents for spectra detection was HPLC reagent without fluorescent impurity. 

Solutions of different ions in titration and selectivity experiments were prepared with tetrabutylammonium 

salt of anions (CN
−
, F

−
, Cl

−
, AcO

−
, NO3

−
, HSO4

−
, I

−
, H2PO4

−
, ClO4

-
, PO4

3-
, SO4

2-
, HPO4

2-
 and HS

- 
) in 

HEPES-NaOH buffer solution at pH 7.1，all pH measurements were performed with a PHS-3C meter, the 

stock solution of probe was prepared in ethanol. The test samples were prepared by adding accurate amounts 

of ions stock into corresponding concentration solution of probe [CH3CN：H2O =1: 1, pH = 7.1]. For fluo-

rometric analysis, the fluorescence spectra measurements were performed on a Hitachi F-4500 spectrofluo-

rimeter, the excitation wavelength was set as 319 nm, and emission wavelength was collected from 450 to 

675 nm; both the excitation and emission slit widths were set as 5 nm and 5 nm, respectively. The FTIR 

measurements were performed on a BIO-RAD FTS135 Fourier Transform Infrared Spectrometer, KBr as 

tablet method with a resolution of 4 cm
-1

, measuring range 400~4000. The SEM measurements were per-

formed on a JEOL JSM-7610F scanning electron microscope analyzer. 

2.1 Synthesis of intermediate 1  [10] 

4-Bromo-1,8-naphthalic anhydride (5.51 g, 2.33 mmol) was dissolved in 150 mL ethanol at 70 ℃，and 
butylamine (1.6 mL, 22.03 mmol) was added dropwise into the solution under stirring. The mixture was 

refluxed for 2 h and cool down to 25 ℃，then distilled solvent to obtain crude product, the column chroma-

tography was utilized to purify the crude product (EtOH: CH2Cl2 = 1:15) from silica gel, the intermediate 1 

was collected as white solid (3.70 g, yield 52 %). Take the above product（1.10g, 5.0 mmol）and ethanedi-

amine (1.51 g, 25 mmol) in 50 mL ethylene glycol monomethyl ether. The mixture was refluxed for 2 h then 

cool down to room temperature, then remove the solvent，the crude product was purified by recrystallization 

to obtain intermediate 1 as yellow solid (4.60 g, yield 82 %).
         

 

2.2 Synthesis of intermediate 2 

P-amido-azobenzene (0.70 g, 3.60 mmol) and triethylamine (1.1 mL,7.9 mmol) were dissolved in 40 mL 

diethylene oxide，then took thiophosgene (0.3 mL,3.70 mmol) into the solution under N2 protection. Heat-

ing up the mixture to 60 ℃ with stirring for 3 h. The solvent was distilled and the crude product was extract 

with CH2Cl2 and water with 3 times，collect the organic phase and remove CH2Cl2，the crude product was 

purified by column chromatography (petroleum ether: CH2Cl2 = 1:1) on silica gel to obtain intermediate 2 as 

orange crystal  (1.62 g, yield 90 %).   

2.3 Synthesis of intermediate 3 

Intermediate 1 (0.75 g，2.5 mmol) and intermediate 2 (0.58 g, 2.5 mmol) were dissolved in 50 mL DMF at 

80 ℃ for 8 h，then distilled DMF to obtain crude product, the column chromatography was utilized to purify 

the crude product (MeOH: CH2Cl2 = 1:15) from silica gel, the intermediate 3 was collected as yellow solid 

(0.98 g, yield 74 %).  

2.4 Synthesis of PAN-co-AA/α-CD 

Acroleic acid (3.60 g, 0.05mol) and acrylonitrile (15 g, 0.29 mmol) were dissolved in 75 mL DMF and heat-

ed to 50 ℃，then PVP (0.019 g) and AIBN (0.186 g) were added into the solution and keep heating for 4 h. 

Heat the mixture up to 90 ℃ for 10 h, then 500 mL deionized water was taken into the solution，and collect-

ed the generated white precipitates. Washed the precipitates with deionized water for 3 times，and dried 

them under vacuum at 40 ℃ for 12 h. The PAN-co-AA was obtained as white solid (18.69 g, yield 38 %). 

PAN-co-AA (5.0 g) was dissolved in 80 mL DMF. EDCI（19.17 g，0.1 mol），DMAP（1.22 g，0.01 

mol）and α-CD（102.13 g，0.1 mol）were dissolved in 500 mL DMF and added dropwise into the PAN-

app:ds:%20%20petroleum%20ether
app:ds:%20%20petroleum%20ether
app:ds:%20%20petroleum%20ether
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co-AA/DMF solution, kept the mixture stirring for 12 h at room temperature,  the solvent was distilled and 

the crude product was taken into deionized water. Collected the generated white precipitates and washed 

them with deionized water for 3 times, and dried them under vacuum at 40 ℃ for 12 h to obtain PAN-co-

AA/α-CD (11.05 g). 

2.5 Preparation of PAN-co-AA/α-CD nanofibrous membrane  [11]       

PAN-co-AA/α-CD (2.0 g) was dissolved in DMF (8.0 g) for rapidly stirring 24 h at 25 ℃. The resulting 20. 

wt% precursor solution clear homogenous solution was utilized for electrospinning the nanofibrous mem-

brane. The device for electrospinning process was illustrated as Scheme 2, it was comprised of high - voltage 

supply, syringe and aluminum foil receiver. In the course of the electrospinning, the high-voltage supply was 

set as 18 kV, the syringe was at a distance of 15 cm from the aluminum foil, the velocity of spinning was 

controlled by a microinjector at 4 mL h
-1

, and the experimental environment is adjusted to 25℃ by air condi-

tioning. After about 2.5 h, the nanofibrous membrane completely covered in the receiver, then picked up the 

generated membrane by a tweezer from the aluminum foil. 

2.6 Preparation of self assembled inclusion complexes of intermediate 3 and PAN-co-AA/α-CD nano-

fibrous membrane [12] 

Intermediate 3 (0.5 g) was dissolved in 100 mL acetonitrile aqueous solution（CH3CN:H2O = 7:3）with 

stirring at 50 ℃. Then PAN-co-AA/α-CD nanofibrous membrane (size：1.5cm × 2cm) was taken into the 

solution with slowly stirring for 30 h. Then cooled down the mixture to room temperature and alternate 

washed them with deionized water and methanol for 3 times. After vacuum desiccation, the inclusion com-

plexes of intermediate 3 and PAN-co-AA/α-CD nanofibrous membrane was obtained. 

 

Figure 1: Synthesis of intermediate 3 

 

Figure 2: Synthesis of inclusion complexes of intermediate 3 and PAN-co-AA/α-CD nanofibrous membrane 
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3. RESULTS  

3.1 FT-IR investigations of inclusion complexes  

FT-IR was utilized to confirm that intermediate 3 was successfully assembled into PAN-co-AA/α-CD nano-

fibrous membrane. Figure 3(a), 3(b) and 3(c) displayed the FT-IR spectra of PAN-co-AA/α-CD nanofibrous 

membrane, intermediate 3 and inclusion complexes of intermediate 3 and PAN-co-AA/α-CD nanofibrous 

membrane, respectively. The bending vibrations at 2923 cm
-1 

in Figure 3(a) testified the –CH2- in α-CD, the 

band at 1121 cm
-1

 represented -OH in α-CD, meanwhile the band at 906 and 1641 cm
-1 

were ascribed to the 

stretching vibration of =C-H and C=C in monomer PAN-co-AA. The characteristic bands around 1660 cm
-1 

in Figure 3(b) represented the N=N, which validated azobenzene was successfully introduced in intermediate 

3 [13]. The band at 1220 represented C=S in the structure, moreover, the band was occurred at 2955 cm
-1 

proved the existence of N-H in intermediate 3 [14].  Furthermore, the above-mentioned characteristic bands 

in Figure 3(a) and 1(b) all appeared in Figure 3(c)，this confirmed that intermediate 3 was successfully as-

sembled into PAN-co-AA/α-CD nanofibrous membrane. 

 

Figure 3: FT-IR spectrum of (a) intermediate 3，(b) PAN-co-AA/α-CD nanofibrous membrane, and  (c) inclusion com-

plexes of intermediate 3 and PAN-co-AA/α-CD nanofibrous membrane 

3.2 Morphologies of inclusion complexes nanofibrous membrane 

The SEM images of the inclusion complexes nanofibrous membrane under 50 μm and 2 μm were shown in 

Figure 4. It was informed that the inclusion complexes nanofibrous membrane was composed of massive 

nanofibers in different directions，and no apparent critical fracture or defect were occurred on the nano-

fiber. The average diameter (D) of nanofibers could be calculated from the following equation (1) [15].
 
 

D=
 

 
∑   

  
   

 

 
                                                                                                                                            (1) 

where n represents the number of the nanofibers in SEM images, B and L refer to the scale bar and 

length of the scale bar, respectively. X represents the diameter of independent nanofiber. The average diame-

ter of the nanofiber is calculated to be 0.89 μm based on Figure 4b. Meanwhile, the inclusion complexes 

nanofibrous membrane take on obvious porous reticulation structure with large specific surface area,this 

preponderant configuration is able to promote the diffusion rate of F
-
 inside nanofibrous membrane and dis-

tinctly accelerate the recognition efficiency [16].
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Figure 4: SEM image of the inclusion complexes nanofibrous membrane under different scales (a. SEM image under 50 

μm, b. SEM image under 2 μm) 

4. DISCUSSION 

4.1 Response of the inclusion complexes nanofibrous membrane to F
-
  

The sensitivity of inclusion complexes nanofibrous membrane toward F
-
 was tested by means of titration 

experiments. The inclusion complexes nanofibrous membrane were cut to fixed size (size：0.8 cm × 1.5 cm) 

and immersed in CH3CN and buffer solution (HEPES-NaOH, pH 7.1) in titration experiments (CH3CN：
H2O =1: 1).

 
The fluorescence response upon of the inclusion complexes nanofibrous membrane depend on 

various concentration of F
-
 was investigated. As shown in Figure 5, the nanofibrous membrane displayed 

strong fluorescence at 527 nm (excited at 450 nm)，with the increase of F
-
 concentration in the system (0-

200μM)，the fluorescence intensity at nm decreased obviously. And we can clearly distinguish the fluores-

cence change of the membrane before and after added F
-
 under the irradiation of a UV-lamp. This significant 

decrease of 527 nm emission is due to the hydrogen bonding of the acceptor moiety distributed on the surface 

of the membrane，as F
-
 possess strong electronegativity, its introduction forms hydrogen bonds with H

+
 in 

NH, and the deprotonation of N leads the electrons transfer to the Homo orbit in the conjugated plane of the 

excited state of naphthalimide through the PET effect, and this prevents the excited state electrons from mov-

ing back, and result in fluorescence decreasing [17]. Moreover, as the velocity of proton transfer is far greater 

than the general electron coordination velocity, this inclusion complexes nanofibrous membrane have a quick 

response time to F
-
 [18].  

 

Figure 5: Fluorescence emission spectrum of the inclusion complexes nanofibrous membrane in different F- concentra-

tions in CH3CN-H2O solution. 

4.2 Selectivity and Competition Experiments  

To examine the selectivity of the inclusion complexes nanofibrous membrane towards F
-
 over the other ani-

ons, selectivity experiments and competition experiments were investigated. Some common anions in envi-
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ronmental such as F
-
, Cl

-
, Br

-
, I

-
, CN

-
, HSO4

-
, H2PO4

-
, AcO

-
, NO3

-
, ClO4

-
, PO4

3-
, SO4

2-
, HPO4

2-
, HS

- 
were 

utilized to test their effect of the inclusion complexes nanofibrous membrane. In selectivity experiments，
inclusion complexes nanofibrous membrane  (size：0.8 cm × 1.5 cm) was infiltrated in a cuvette with 

CH3CN solution，then 100 μmol L
-1

 F
-
, Cl

-
,Br

-
, I

-
, CN

-
, HSO4

-
, H2PO4

-
, AcO

-
, NO3

- 
, ClO4

-
, PO4

3-
, SO4

2-
, 

HPO4
2-

, HS
- 
in HEPES-NaOH buffer solution （pH 7.1）were taken into the cuvette respectively，as illus-

trated in the black bar of Figure 6, only F
-
 induced an significant fluorescent decrease at 527 nm in the emis-

sion spectra, meanwhile the introduction of other anions did not lead any obvious changes at 527 nm. And we 

can also clearly distinguish the fluorescent response of different anions on the inclusion complexes nano-

fibrous membrane under the irradiation of a UV-lamp. Furthermore, the competition experiments were uti-

lized to continue exam the obstruct of the inclusion complexes nanofibrous membrane in the detecting F
-
 

from the other anions. Under the same condition, 100 μmol L
-1

 F
-
 was first introduced in the inclusion com-

plexes nanofibrous membrane to induce fluorescence decrease , then 1 mmol L
-1

 Cl
-
,Br

-
, I

-
, CN

-
, HSO4

-
, 

H2PO4
-
, AcO

-
, NO3

-
, ClO4

-
, PO4

3-
, SO4

2-
, HPO4

2-
, HS

-  
were introduced into the fluorescence-attenuated mixed 

system respectively. As illustrated in the red bar of Figure 6, the F
-
 still resulted in the similar fluorescence 

changes, so it was convinced that these anions did not interference the detecting for F
-
. For rationalizing the 

good selectivity of the inclusion complexes nanofibrous membrane in detecting F
-
, we think the acceptor 

moieties distributed on the surface of nanofibrous membrane possess stronger binding capacity for F
-
, the 

binding mode blocks the excited state electrons from moving back to emit fluorescence, but for the other 

anions, their entries are not provided with these traits to decrease the fluorescence，therefore this causation 

brings out the favorable selectivity of the inclusion complexes nanofibrous membrane to F
-
. 

 

 

Figure 6: Selectivity experiments of the inclusion complexes nanofibrous membrane (black bar) and competition exper-

iments of the inclusion complexes nanofibrous membrane (red bar) 

4.3 The effect of pH on the sensing capability of the inclusion complexes nanofibrous membrane 

PH is an important factor that affects the ability of the sensor to detect determinand, thus the inclusion com-

plexes nanofibrous membrane was immersed in aqueous solution and F
- 
solution of different pH to test its pH 

stability. As illustrated in Figure 7, the black dots represent the fluorescence intensity of the inclusion com-

plexes nanofibrous membrane in aqueous solution of pH 3 to 12, it could be seen that the fluorescence inten-

sity was stable from pH 6 to 10, excessive acidity and alkalinity both reduced the fluorescence intensity. In 

addition, the red dots represent the fluorescence intensity of the inclusion complexes nanofibrous membrane 

in F
-
 solution from pH 3 to 12. As can be seen from the figure, F

- 
all quenched the fluorescence under differ-

ent pH conditions, hence the experimental data show that the inclusion complexes nanofibrous membrane has 

certain pH stability from pH 6 to 10, and verified its potential practical application value. 
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Figure 7: Effect of pH on fluorescence intensity of the inclusion complexes nanofibrous membrane before and after 

recognition of F- 

4.4 Adsorption kinetics of F
-
 onto the inclusion complexes nanofibrous membrane 

The inclusion complexes nanofibrous membrane provides a porous reticulation structures, which distinctly 

accelerate F
-
 to approach the fluorescence sensor groups in the inclusion complexes nanofibrous membrane, 

meanwhile the specific porous structure also enhanced the adsorption performance of the nanofibrous mem-

brane [19]. The equilibrium adsorption amounts were investigated by adsorption isotherm and Langmuir 

adsorption curve. The inclusion complexes nanofibrous membrane was cut as 0.8 cm × 1.5 cm, then infiltrat-

ed in F
-
 solutions for 24 h in diverse concentrations severally. Afterwards, the residual concentration of F

-
 

was surveyed by anion chromatograph. The equilibrium adsorption capacities in different F
-
 equilibrium 

concentrations were shown in Figure 8a, it was illustrated that the adsorption quantity of F
-
 increased obvi-

ously along with the increasing F
-
 until the concentration reached 80 mg L

-1
, subsequently the adsorption 

quantity leveled off. The reason for the change of adsorption curve could be owing to the binding sites for F
-
 

in the inclusion complexes nanofibrous membrane became saturated，then redundant F
-
 cannot be occupied, 

and result in the steady of adsorption quantity [20]. The Langmuir adsorption equation was given as follows, 

to analyze the experimental adsorption equilibrium data of the inclusion complexes nanofibrous membrane to 

F
-
 [21].  

 

m

e

mLe

e

q

C

qKq

C


1                                                                                                                                   (2) 

 

In the equation, qe represents the equilibrium quantity of F
-
 adsorbed in the inclusion complexes nano-

fibrous membrane, Ce represents the equilibrium concentration, qm represents saturation adsorption capacity 

and KL represents binding energy, thereinto, qm and KL are related to the Langmuir constants. As illustrated 

in Figure 8b，Ce qe
-1

 and Ce were in a linear relationship (R
2 

> 0.99). According to the Langmuir theory, 

every single receptor only absorbed one donor, so the adsorption appears in the inclusion complexes nano-

fibrous membrane is monoptychial.
17

 Thus the  F
- 
adsorption capacity could  be calculated from linear equa-

tion between Ce qe
-1

 and Ce in Figure 8b,  and it is 16.67 mg/g of the inclusion complexes nanofibrous mem-

brane to F
-
 (Table 1). 
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Figure 8: Adsorption isotherm plot of F- on the inclusion complexes nanofibrous membrane (a) and Langmuir plot of F- 

on the inclusion complexes nanofibrous membrane (b) 

Table 1： The Langmuir constants for F- on the inclusion complexes nanofibrous membrane 

anion KL/L mg
-1

 qm/mg g
-1

 R
2
 

F
-
 0.0202 16.67 0.9960 

 

5. CONCLUSION 

In conclusion, we have fabricated functionalized inclusion complexes nanofibrous membrane via 

electrospinning and host-guest interaction, the identification groups on the surface of the membrane afford 

the fluorescent sensor good sensitivity and selectivity for F
-，in addition, the porous reticulation structure 

with large specific surface area offers the nanofibrous membrane good adsorption ability for F
-
. We believe 

these unique advantages make the fluorescent sensor have potential application value in the future. 
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