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ABSTRACT: Two ferrocenyl-substituted N-acetyl-2-pyrazolines, N-acetyl-3-(2-furyl)-5-ferrocenyl-2-pyrazoline (Fc-1) and N-acetyl-3-(2-

thienyl)-5-ferrocenyl-2-pyrazoline (Fc-2) electrospun fibers, were produced in the presence of plasma-modified chitosan (PMCh)/

poly(ethylene terephthalate) (PET) supporting polymers with an electrospinning method. The morphological and chemical character-

izations of the PMCh/PET/Fc-1 and PMCh/PET/Fc-2 electrospun fibers were determined by scanning electron microscopy coupled

with energy-dispersive X-ray spectroscopy analysis. Thermogravimetric analysis results indicated the presence of ferrocene within the

PMCh/PET nanofibers. The electrochemical behavior of the PMCh/PET/Fc-1 and PMCh/PET/Fc-2 electrospun fibers were investi-

gated by cyclic voltammetry measurements based on the ferrocene/ferrocenium redox couple. The new PMCh/PET/Fc-1 and PMCh/

PET/Fc-2 electrospun fibers aggregated on the indium tin oxide were used for phosphate anion sensing. The highest oxidation peak

currents were observed for the PMCh/PET/Fc-1 electrospun fibers at about 0.56 V in 0.1M phosphate buffer. VC 2015 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2016, 133, 43344.
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INTRODUCTION

Ferrocene is a well-known mediator because of its diverse proper-

ties, such as its reversibility, unique redox behavior, thermal sta-

bility, and low price.1,2 Recently, ferrocene and its derivatives

have been shown to have interdisciplinary activities ranging from

materials science to biological assays.3–5 It was reported that

most various ferrocenyl-substituted compounds, such as con-

densed imidazoles,6,7 triazoles,8–11 guanidine,12 oxazoles,13,14 and

pyrimidines,15–17 have attracted substantial interest because of

their widespread applications in the fields of medicine,15,18,19

supramolecular chemistry,20,21 materials science,22,23 and sen-

sors.24 On the other hand, pyrazolines have propensities as blue-

light-emitting fluorescent agents with high quantum yields5,25–28

and hole-transport tendencies.5,29–32 In recent years, it was

reported that some ferrocenyl pyrazoline derivatives exhibited

important pharmacological and optical properties.5,19,33–36 Appli-

cations of ferrocenyl pyrazoline derivatives in materials sci-

ence5,19,36 could be improved by the preparation of electrospun

fibers; this depends on the increased surface area.

Chitosan and ferrocene hybrids have been used to obtain a

functionalized matrix in electrochemical biosensors for immobi-

lizing assorted enzymes, such as glucose oxidase. The covalent

linking of ferrocene to chitosan can prevent leakage in the

entrapment of the mediator.37 Moreover, ferrocene groups

increase the electron-transfer process between the electrode sur-

face and the immobilized biocatalyst; this allows one to obtain

more sensitive and stable biosensors.37,38 Ferrocene derivatives,

including aldehyde groups, can simply react with the NH2

group of chitosan to give a Schiff base, and then, the reduction

via NaCNBH3 occurs. Because of the hydrophobic properties of

the ferrocenyls, the number of redox active sites in the polymer

is limited. This problem was dissolved via functionalized polysi-

loxane with a chitosan composite of ferrocene; this indicated a

greater transport rate in the aqueous condition.38

Electrospinning is a novel and efficient method for producing

ultrathin fibers from a wide range of polymer materials. A char-

acteristic property of the electrospinning process is the exces-

sively rapid formation of the nanofiber structure on a
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millisecond scale. Other remarkable properties of electrospin-

ning are its enormous material elongation rate on an order of

1000 s21 and a cross-sectional area reduction on an order of

105–106; these have been shown to affect the orientation of the

structural elements within the fiber.39 Moreover, the polymer

solutions are very important for producing electrospun fibers

under various parameters (e.g., solution concentration,

voltage).40

Recent scientific research has focused on the study of both

ferrocene-derived nanofibers and chitosan nanofibers via elec-

trospinning technology.41–46 To the best of our knowledge,

chitosan nanofibers containing ferrocenyl-substituted N-acetyl-

2-pyrazoline derivatives prepared via electrospinning have not

been reported up to this point.

In our previously published articles, we reported the modifica-

tion of the chitosan surface via a radio-frequency hydrazine

plasma.46,47 In this way, the properties of chitosan were success-

fully improved through an increase in the free amino group

function. Because of enhanced functionality of the group with

close packing between the chitosan chains at the molecular

level, this leads to increased chitosan chain mobility and chain

scission.47 Therefore, in this study, radio-frequency hydrazine

plasma-modified chitosan (PMCh) was used to obtain fibers in

the presence of poly(ethylene terephthalate) (PET).

The nanofibers of PMCh and ferrocenyl-substituted N-acetyl-2-

pyrazoline derivatives were prepared via electrospinning meth-

ods in the presence of PET as a supporting material. The

obtained nanofibers were characterized via scanning electron

microscopy (SEM)–energy-dispersive X-ray spectroscopy (EDX)

analysis and thermogravimetric analysis (TGA) methods. Cyclic

voltammetry (CV) measurements were carried out to prove the

presence of ferrocene units in the fiber structures and to

emphasize the anion sensibility of the electrospun fibers with

phosphate anions.

EXPERIMENTAL

Materials and Methods

Low-molecular-weight chitosan (deacetylation degree� 75%)

was purchased from Aldrich. The molecular weight was approx-

imately 50,000–190,000 Da on the basis of the viscosity. PET

(weight-average molecular weight 5 30.000) was supplied from

Scientific Polymer. Trifluoroacetic acid (TFA; 99%) was pur-

chased from Aldrich and was used as supplied. Dichlorome-

thane (DCM) was purchased from Merck (99.8%), and sodium

perchlorate (NaClO4; Aldrich) was used as a supporting electro-

lyte for the CV experiments. Buffer solutions (pH 7.4) were pre-

pared with Na2HPO4 (anhydrous, Aldrich) and NaH2PO4�H2O

(Aldrich).

Two ferrocenyl-substituted N-acetyl-2-pyrazolines, N-acetyl-3-

(2-furyl)-5-ferrocenyl-2-pyrazoline (Fc-1) and N-acetyl-3-(2-

thienyl)-5-ferrocenyl-2-pyrazoline (Fc-2), were synthesized

according to previous studies.36,48 The chemical structures of

the used ferrocenyl N-acetylated-2-pyrazoline derivatives are

shown in Figure 1.

Formation of the PMCh/PET/Fc-1 and PMCh/PET/Fc-2

Electrospun Fibers

For electrospinning, PMCh (0.5 g) was dissolved in TFA (8 mL).

A concentration of 15 wt % PET was dissolved in TFA (1.4 mL)

and DCM (1.4 mL), respectively. To obtain a homogeneous

solution of the PMCh/PET, a binary mixture with a volume

ratio of 1:1 was prepared under constant stirring at room tem-

perature for 24 h.44,45

The ferrocenyl-substituted N-acetyl-2-pyrazoline derivatives, Fc-

1 (3.31 3 1024 mol) and Fc-2 (3.17 3 1024 mol), were dissolved

in DCM (1 mL) and were added to the obtained PMCh/PET

solution at volume ratios of 1:1. The mixtures were stirred at

room temperature for 24 h. Green homogeneous solutions were

obtained.

A homemade electrospun system was built and used for fiber

production. A custom-made, high-voltage, direct-current con-

verter (EMCO 4300) was biased with a direct-current power

supply.42,46 The prepared electrospinning solution was loaded

into a plastic syringe equipped with a stainless steel needle and

with a volume of 2 mL. The following constant system parame-

ters were used for the electrospinning process: an applied

voltage of 15 kV, a solution flow rate of 10 mL/h, and a tip-to-

collector distance of 5 cm.

Characterization of the PMCh/PET/Fc-1 and PMCh/PET/Fc-2

Electrospun Fibers

The electrospun fibers of PMCh/PET/Fc-1 and PMCh/PET/Fc-2

were coated onto an indium tin oxide (ITO) glass substrate to

perform the CV measurements. Redox behaviors of the PMCh/

PET/Fc-1 and PMCh/PET/Fc-2 electrospun fibers between 20.5

and 1.0 V were determined with a Gamry 300 model potentio-

stat with a three-electrode system at a scan rate of 50 mV/s.

Figure 1. Chemical structures of the synthesized ferrocenyl N-acetylated-2-pyrazolines. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The electrochemical sensing of the PMCh/PET/Fc-1 and PMCh/

PET/Fc-2 electrospun fibers of phosphate anions was investi-

gated with CV measurements in 0.1M NaClO4 with changing

concentrations of phosphate buffer (PB; NaH2PO4�H2O).

The synthesized electrospun fibers of PMCh/PET/Fc-1 and

PMCh/PET/Fc-2 were analyzed with SEM–EDX (Quanta 250

scanning electron microscope and Phillips XL-30S FEG micro-

scope). TGA measurements (Perkin–Elmer model, Beaconsfield,

Bucks HP91QA, United Kingdom) of the PMCh/PET/Fc-1 and

PMCh/PET/Fc-2 electrospun fiber samples were performed by

heating at a rate of 108C/min in the presence of an N2 atmos-

phere from 25 to 9008C.

RESULTS AND DISCUSSION

PMCh/PET/Fc-1 and PMCh/PET/Fc-2 Electrospun Fibers

The TFA/DCM system, which is one of the most promising sol-

vent systems49 for the electrospinning of homogeneous PMCh/

PET electrospun fibers, was also used to dissolve Fc-1 and Fc-2.

Between the pyrazoline derivatives, C19H18N2O2Fe (Fc-1) and

C19H18N2OSFe (Fc-2), and the chitosan (C6H11NO4)n, intermo-

lecular interactions such as hydrogen bonds could occur. Chito-

san protonated to NH1
3 in acid media. This could have been

due to hydrogen-bonding interactions between the NH1
3 group

of chitosan molecules and the C@O groups of Fc-1, Fc-2, and

PET molecules.50

Before we could obtain ideal (uniform, submicrometer and/or

micrometer scaled) PMCh/PET/Fc-1 and PMCh/PET/Fc-2 elec-

trospun fibers, first, the optimum solution concentration of the

compounds was determined. The most suitable PMCh/PET elec-

trospun fibers were obtained at a concentration of 15 wt %

PET with a tip-to-collector distance of 5 cm, a solution flow

rate of 10mL/h, and a voltage of 15 kV. The PMCh/PET electro-

spun fibers were also observed at a volume ratio of 1:1.

SEM images of the PMCh/PET, PMCh/PET/Fc-1, and PMCh/

PET/Fc-2 electrospun fibers are shown in Figure 2(a–c), respec-

tively. PET used as a supporting polymer was capable of provid-

ing electrospun fiber formation. The PMCh/PET electrospun

fibers were deposited on to the ITO electrode surface, and the

diameters of the nanofibers were measured in the range of 220

and 800 nm. In the ferrocenyl-substituted N-acetyl-2-pyrazoline

derivative (Fc-1 and Fc-2) loaded PMCh/PET electrospun fibers,

the effects of the Fc-1 and Fc-2 loadings on the morphologies

and diameters of the electrospun fibers were investigated.

In the electrospun fibers, the presence of the Fc-1 and Fc-2

components were confirmed by the EDX results (Table I). The

average diameters of the fibers are also given as the means plus

or minus the standard deviations in Table I. Iron (Fe) could be

used as an indicator for the existence of ferrocene in the fiber

structure. Sulfur (S) atoms were solely attributed to the Fc-2

structure in the PMCh/PET electrospun fibers (see Table I for

the structure of the PMCh/PET/Fc-2 electrospun fibers), and

the presence of the S peak in the EDX spectra indicated the suc-

cessful incorporation of Fc-2 in the nanofibers through electro-

spinning. To examine the distribution of Fc-1 and Fc-2 on the

Figure 2. SEM images of the electrospun fibers: (a) PMCh/PET, (b) PMCh/PET/Fc-1, and (c) PMCh/PET/Fc-2. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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nanofibers, S (blue spots) and Fe (red spots) mapping is shown

in Figure 3(a,b). In Figure 3(a,b), the increases in the number

of red spots in the fibers of Fc-1 and Fc-2 confirmed the disper-

sion of ferrocene throughout the PMCh/PET/Fc-1 and PMCh/

PET/Fc-2 electrospun fibers.

Generally, the conductivity of a polymer solution has a signifi-

cant effect on the electrospun fiber morphology and jet forma-

tion, as known from many published articles. The solution

conductivity is determined on the basis of the polymer type,

solvent type, availability of ionizable salts, and effect of conduc-

tivity groups.51 During electrospinning, it has been found that

with a decrease in the electrical conductivity of the polymer

solution, there is a significant increase in the diameter of the

electrospun nanofibers, whereas a high conductivity in the poly-

mer solution results in a significant decrease in the diameter of

the electrospun fibers.51

Thermal Analysis of the PMCh/PET/Fc-1 and PMCh/

PET/Fc-2 Electrospun Fibers

As shown in Figure 4, the degradation process of the PMCh/

PET, PMCh/PET/Fc-1, and PMCh/PET/Fc-2 electrospun fibers

were investigated with TGA from 25 to 9008C in nitrogen gas.

Because of the evaporation of adsorbed water or moisture, the

TGA results of all of the samples showed a first weight loss of

5–10% before approximately 1008C.41 The TGA curves of Fc-1

and Fc-2 each showed one decomposition stage between

approximately 130 and 4008C, as shown in Figure 4. This was

due to the thermal decomposition of these compounds. The

residual amounts at 9008C obtained were 4.9 and 21.7 wt % for

the Fc-1 and Fc-2 powders, respectively. It is well known from

the previous research that both of the compounds have similar

degradation processes, but Fc-2 is more resistant to decomposi-

tion.36 The PMCh/PET electrospun fibers showed a weight loss

with two steps. The first maximum weight loss at 2758C showed

the degradation of the PMCh chain. This degradation tempera-

ture was lower than that of the unmodified chitosan, as is

known from our previous studies, because of the increased chi-

tosan chain mobility and chain scission via plasma treat-

ment.47,52 The second degradation temperature, observed at

approximately 4158C, corresponded to the degradation of the

PET polymer backbone units.53 With respect to the amount of

residue at 9008C, the greatest weight loss was obtained for the

PMCh/PET electrospun fibers.

Figure 3. Comparison of the S and Fe mapping in electrospun fibers: (a)

PMCh/PET/Fc-1 and (b) PMCh/PET/Fc-2. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Table I. Summary of the EDX Results and Average Diameters of the PMCh/PET, PMCh/PET/Fc-1, and PMCh/PET/Fc-2 Electrospun Fibers

wt %

Fiber sample C O N S Fe Average diameter of fibers (nm)

PMCh/PET 67.79 31.69 0.52 — — 402.0 6 196.2

PMCh/PET/Fc-1 65.17 30.56 1.14 — 3.13 337.2 6 152.9

PMCh/PET/Fc-2 67.39 28.50 1.42 0.80 1.89 295.0 6 135.2

Figure 4. TGA thermograms of the (a) PMCh/PET electrospun fibers, (b)

Fc-1 powder, (c) PMCh/PET/Fc-1 electrospun fibers, (d) Fc-2 powder,

and (e) PMCh/PET/Fc-2 electrospun fibers. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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The trend of the degradation curves of the PMCh/PET electro-

spun fibers containing ferrocenyl pyrazoline derivatives was sim-

ilar to that of the PMCh/PET electrospun fibers. In the PMCh/

PET electrospun fibers weight loss curve, it was evident that the

first degradation step was due to both PMCh and ferrocenyl

pyrazoline derivatives, and the second one was due to the PET

polymer backbone. TGA was used to record the weight loss of

all of the fibers. Moreover, the aim of the TGA measurements

was to determine amount of Fe in the PMCh/PET electrospun

nanofibers. The residual amounts of the PMCh/PET/Fc-1 and

PMCh/PET/Fc-2 electrospun fibers at 9008C were determined as

10 and 7 wt %, respectively. The amount of Fe in the PMCh/

PET/Fc-1 electrospun nanofibers was higher than that of the

PMCh/PET/Fc-2 electrospun nanofibers. This result was consist-

ent with the EDX results.42

Electrochemical Studies

The electrochemical characterization of the PMCh/PET/Fc-1

and PMCh/PET/Fc-2 electrospun fibers were performed by

means of CV in 0.1M NaClO4 and PB at different concentra-

tions [Figure 5(a,b)] with a three-electrode cell consisting of an

ITO working electrode, a platinum wire auxiliary electrode, and

Ag/AgCl as the reference electrode at a scan rate of 50 mV/s.

Table II summarizes the redox potential data of the PMCh/PET/

Fc-1 and PMCh/PET/Fc-2 electrospun fibers.

Cyclic voltammograms of ferrocene and its derivatives are

known to exhibit regular waves corresponding to the reversible

ferrocene/ferrocenium redox couple.54,55

Therefore, the oxidation and reduction peaks were measure-

ments related to the ferrocene components in the electrospun

fiber films. On the other hand, the PMCh/PET electrospun

fibers loaded with ferrocene component exhibited a sharper CV

area than that of the unloaded PMCh/PET electrospun fibers.

This situation could have been related to the presence of well-

dispersed ferrocene compounds; this led to enhancement of the

connectivity and the electrochemical utilization of the PMCh/

PET electrospun fibers during the charge/discharge process. The

performance of the electrospun fibers was strongly influenced

by the presence of ferrocene in the fiber structures. It is appa-

rent from Figure 5(a,b) that the peak current for the PMCh/

PET/Fc-1 and PMCh/PET/Fc-2 electrospun fibers was higher

than those of the unloaded PMCh/PET electrospun fibers; this

suggested that the presence of ferrocene compounds improved

its activity.

CV of the PMCh/PET/Fc-1 and PMCh/PET/Fc-2 electrospun

fiber coated ITO electrode showed anodic/cathodic peaks

because of the ferrocene/ferrocenium centers of the Fe, which

were covalently bound to the insoluble polymer skeleton.

The highest peak currents were observed for the PMCh/PET/Fc-

1 electrospun fibers at about 0.56 V in 0.1M PB [Figure 5(a)].

The PMCh/PET/Fc-1 and PMCh/PET/Fc-2 electrospun fibers

showed electroactivity and the shifting of peak potentials in PB

prepared at different concentrations (Table II).

The anion sensitivity measurements of the PMCh/PET/Fc-1 and

PMCh/PET/Fc-2 electrospun fibers on ITO were made in the

range 0.1–0.01M PB. The reduction current values for the PMCh/

PET/Fc-1 electrospun fibers were monitored as a function of the

phosphate concentration, and a linear decrease in the current

Figure 5. Cyclic voltammograms of the (a) PMCh/PET/Fc-1 and (b)

PMCh/PET/Fc-2 electrospun fibers obtained for different concentrations

of PB and 0.1M NaClO4 at a scan rate of 50 mV/s. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Peak Potentials of the PMCh/PET/Fc-1 and PMCh/PET/Fc-2 Electrospun Fibers with Various PB Concentrations in 0.1M NaClO4

PB concentration

Fiber sample Potential — 0.1M 0.05M 0.025M 0.0125M 0.01M

PMCh/PET/Fc-1 Eoxd (V) 0.50 0.56 0.49 0.47 0.41 0.37

PMCh/PET/Fc-2 0.54 0.53 0.53 0.54 0.54 0.55

PMCh/PET/Fc-1 Ered (V) 0.25 0.28 0.26 0.26 0.28 0.27

PMCh/PET/Fc-2 0.27 0.29 0.29 0.29 0.30 —

PMCh/PET/Fc-1 E1/2 (V) 0.37 0.42 0.37 0.36 0.34 0.32

PMCh/PET/Fc-2 0.40 0.41 0.41 0.41 0.42 —

Eoxd, oxidation peak potential; Ered, reduction peak potential at 258C.
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was observed from 0.1 to 0.01M PB [Figure 5(a)]. The reduc-

tion current values of the PMCh/PET/Fc-1 electrospun fibers

were 21.06 3 1024 and 24.62 3 1025 A for 0.1 and 0.01M

PBs at 0.28 V, respectively. In contrast, an exponential increase

in the reduction current, which depended on the changes in

the coated ITO surface with the PMCh/PET/Fc-2 electrospun

fibers, was not observed from 0.1 to 0.01M PB [Figure 5(b)].

The reason for this result could have been the fact that the

PMCh/PET electrospun fibers loaded nonhomogeneously and

less with Fc-2. In addition, a more sensitive response of the

PMCh/PET/Fc-1 electrospun fibers in the range 0.1–0.01M PB

was also observed than that observed in the PMCh/PET/Fc-2

electrospun fibers, as shown in Figure 5(a,b).

We tested the electrochemical behavior of the ITO electrode

modified with the PMCh/PET/Fc-1 electrospun fibers under the

same conditions. The PCMh/PET/Fc-1 electrospun fiber coated

electrode showed good reversible redox behavior at E1/2 5 0.42 V

(E
1/2

identified as half-peak potential for a reversible redox cou-

ple at 258C) for the 0.1M PB medium. It was clear that the

reduction or oxidation peak potentials of the ITO electrode

modified with the PMCh/PET/Fc-1 electrospun fibers were

much smaller than those of the ITO electrode modified with

the PMCh/PET/Fc-2 electrospun fibers. Furthermore, the E1/2

(V) peak values of the PMCh/PET/Fc-2 electrospun fibers were

higher than those of the PMCh/PET/Fc-1 electrospun fibers.

Hendsbee et al.56 investigated the substitution effects of furan

and thiophene on the electrochemical properties. The onsets of

oxidation and reduction for the furan-substituted compound

obtained at 0.68 and 21.82 V, respectively, were slightly lower

when compared to those of the thiophene-substituted com-

pound. Thus, furan substitution led to an increase in the elec-

tron density of the small molecule. In this situation, the CV

results confirmed that the PMCh/PET/Fc-1 electrospun fibers

were more sensitive as anion sensors. The increase in the cur-

rent values of the PMCh/PET/Fc-1 electrospun fibers was pro-

portional to the increase in the PB concentration.

Moreover, the different potential shifts in CV showed that the

PMCh/PET/Fc-1 and PMCh/PET/Fc-2 electrospun fibers pro-

vided various redox behaviors. The cathodic peaks for the

PMCh/PET/Fc-1 fibers shifted to the right side of the voltam-

metric scale, whereas the anodic peaks of the PMCh/PET/Fc-2

fibers shifted to the right side of the voltammetric scale with

increasing phosphate concentration [Figure 5(a,b)]. It is well

known that negatively charged molecules can be incorporated

into the PVFc1 CIO2
4 film via anion exchange.42,57 The results

depend on the amount of ferrocene in the fiber structure with

the phosphate concentration effect on the anodic and cathodic

peak potentials. This state could be explained by the fact that

Fe1 has a strong coordinating capacity.42

The faster, more reversible behavior of the PMCh/PET/Fc-1 and

PMCh/PET/Fc-2 electrospun fibers could be explained by facile

electron transport through Fc-1 and Fc-2 by the structural

changes in the fibers caused by the introduction of chitosan.

Chitosan is well known to be sensitive; the redox potential of

the ferrocene derivatives can be tuned by the introduction of

functional groups or by changing the matrix to host it.58,59

CONCLUSIONS

The electrospun fibers of ferrocene-containing pyrazoline deriv-

atives with PMCh/PET were obtained successfully via an electro-

spinning method, and the fiber morphology exhibited regular

formation. CV results were recorded in the presence of ferrocene

in PB. These results were not dependent on the skeletal struc-

ture of the PMCh/PET electrospun fibers. For the PMCh/PET/

Fc-1 electrospun fibers, the oxidation potential increased with

increasing phosphate concentration. The results serve to under-

score new recognition motifs in the design of ferrocene-

containing pyrazoline derivatives as anionic sensors, and the

design based on this article can be further modified to construct

promising systems for different applications (e.g., drug–polymer

compatibility studies).
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