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ABSTRACT

Conjugated polymers have been extensively applied as active materials in

nanostructured platforms for optical and electrical devices. The incorporation of

metal nanoparticles (NPs) into the polymer-based platform arises as a strategy to

develop novel hybrid functional nanocomposites with enhanced electrical and

optical properties. However, efficient and simple processing routes to produce

such nanocomposites are still on demand. In this work, we present an effective

route to obtain functional nanocomposites basedonelectrospunnanofibers coated

with gold nanoparticles, displaying interesting optical and electrical properties.

Polymethyl methacrylate (PMMA) electrospun nanofibers doped with poly(3-

hexyl thiophene-2,5-diyl) (P3HT)were obtained by the electrospinning technique,

and displayed a strong red emission centered at 650 nm assigned to P3HT. Such

nanofibers were deposited on to fluorine-doped tin oxide electrodes and with

modified with gold nanoparticles (AuNPs) in order to produce hybrid composite

materials. The performance of electrodes modified with PMMA/P3HT-AuNPs

composite material was evaluated by impedance spectroscopy and revealed an

enhancement of electron transfer kinetics, which indicates it as a potential plat-

form for optical and electrochemical (bio)sensors.

Introduction

The development of novel polymer materials using

special monomers (homopolymers and copolymers)

or the combination of different polymers (blends),

associated techniques that allow the processing of

these materials in the micro- or nanoscale are highly

pursued. Such materials can reach final optical and

electrical properties highly suitable for technolog-

ical applications [1–13]. In this context, the
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electrospinning technique has great potential since it

allows the fabrication of polymeric micro- and

nanofibers with controlled diameter and morphology

[14–18]. The electrospinning method was first pro-

posed by Formhals in 1956 [19], but only years later

was rediscovered by Reneker and Doshi [20] and

then widely employed [21]. In terms of applications

for optical and chemical sensors, the miniaturization

of sensitive material confers improved properties,

due to the increased contact surface area with the

analyte under investigation [22–31].

Conjugated polymers are employed in several

research and technological areas, especially in studies

involving sensory platforms [15, 17, 32–38], due to

their fascinating optical, electrical, and electrochemi-

cal properties. Such properties allow their use in

chemical sensing, converting physical and chemical

information into qualitative and quantitative signals

[39, 40]. The deposition of polymeric thin films over

sensor platforms is a great promise for attaining more

sensitive and selective sensors [26, 33, 41] due to their

high surface area-to-volume ratio [17, 42–44]. Besides,

the incorporation of some metallic nanoparticles into

the polymeric nanostructures brings additional

advantages to sensor applications, since these

nanoparticles enhance the optical and electrochemi-

cal properties via surface plasmon resonance effect

and may also confer biocompatibility to the platform

[43]. Among metal nanoparticles, gold nanoparticles

(AuNPs) are more frequently used because they are

chemically stable and can be obtained and cus-

tomized with different shapes and sizes under

ambient pressure.

Although previous investigations reported in the

literature describe the fabrication of hybrid materials

based on the combination of P3HT and AuNP for

applications in transistors, usually a high concentra-

tion of P3HT [27, 45] is employed for attaining suit-

able electrical properties. Here, we report an effective

route to obtain electrospun PMMA/P3HT nanofibers

coated with gold nanoparticles which combines the

interesting electrical and optical properties from

AuNPs and P3HT in the same platform, even when

small concentrations of P3HT (2 %) are employed.

The optical properties of PMMA/P3HT composites

nanofibers were investigated by UV-Vis absorption

and PL spectroscopy, while Electrochemical Impe-

dance Spectroscopy (EIS) confirmed the enhancement

of charge transference efficiency of the PMMA/

P3HT-AuNPs nanofibers.

Experimental

Materials

Poly(methylmethacrylate) (PMMA, Mw 350,000

g mol-1), poly(3-hexyl thiophene-2,5-diyl) (P3HT,

average Mn 15,000–45,000 g mol-1), and the surfac-

tant hexadecyltrimethylammonium bromide (CTAB)

were purchased from Sigma-Aldrich. Chloroformwas

purchased from Synth Chemical (São Paulo, Brazil).

All the chemicals were used as received.

Electrospinning of PMMA/P3HT nanofibers

The sample preparation conditions of net PMMA

nanofibers were optimized in a previous investiga-

tions of our group [46]. Initially, PMMA/P3HT solu-

tions using chloroform as solvent were prepared by

dissolving 5 % of PMMA (w/v in respect to the sol-

vent), 10 % of CTAB (w/w in respect to PMMA), and

0.1, 0.5, 1, and 2 %of P3HT (w/w in respect to PMMA),

yielding the samples named PMMA/P3HT0.1 %,

PMMA/P3HT0.5 %, PMMA/P3HT1 %, and PMMA/

P3HT2 %, respectively. The solutions were stirred for

2 h at room temperature. The PMMA/P3HT electro-

spun nanofibers were obtained using an electrospin-

ning apparatus using a feed rate of 0.15 mL h-1, an

electric voltage of 20 kV, a steel needle with inner

diameter of 1.2 mm, and a working distance (between

the syringe and the metallic collector) of 6 cm.

The nanofibers were electrospun directly onto glass

and fluorine-doped tin oxide (FTO) glass substrates to

obtain modified electrodes for electrochemical mea-

surements respectively. The substrateswere attached to

the metallic collector at the same position in all experi-

ments with an optimal deposition time of 30 min.

Adsorption of gold nanoparticles
onto the PMMA/P3HT nanofibers

Gold nanoparticles (AuNPs), synthesized by Turk-

vich method [47], were used to modify the electro-

spun nanofibers surface. The electrospun nanofibers

deposited onto FTO were immersed into the gold

nanoparticles solution, rinsed with distilled water,

and dried under ambient conditions. Different

adsorption times were tested (10 min, 1, 5, 12, and

24 h) to attain the best electrochemical properties of

the fabricated platforms. The experimental results,
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revealed by impedance spectroscopy, yielded 12 h as

the optimized time.

Nanofibers characterization

The morphology and size of the nanofibers were

evaluated by a scanning electron microscopy (SEM)

(JEOL JSM-6510) operating at 10 kV, coupled to EDS

(energy dispersive X-ray spectroscopy) module. The

fiber diameter was estimated using Image J (National

Institutes of Health, USA) analysis software. The

average nanofiber diameter and distribution were

determined by measuring 100 random fibers using

representative micrographs.

For FTIR measurements, the electrospun nanofi-

bers were removed from the substrate and placed

directly in the FTIR equipment chamber (Bruker

Vertex 70). The spectra were collected in ATR mode

from 400 to 4000 cm-1 with a resolution of 2 cm-1 (a

total of 64 scans were collected for each sample).

UV–Vis absorption spectrum of nanofibers depos-

ited on quartz slides were recorded in reflecting

mode using a Varian Cary 5000 spectrometer.

Fluorescence microscopy images of the PMMA/

P3HT nanofibers were obtained using a Carl Zeiss-

LSM510 confocal laser scanning microscope, with

excitation centered at 550 nm. The photolumines-

cence spectrum was collected using a Shimadzu

RFPC3501 spectrophotometer. For all cases, the

nanofibers were electrospun on glass substrates.

The morphology of nanofibers surface coated with

gold nanoparticles was investigated using a field

emission gun scanning electron microscope (FEG-

SEM, JEOL-JSM 6701F).

TGA experiments were performed using a thermo-

gravimetric analyser (Q500 TA Instruments) under

nitrogen atmosphere, at a flow rate of 50 mL min-1.

Samples in platinum pans were scanned from room

temperature up to 600 �C at a heating rate of 10 �C
min-1. DSC analyses were obtained using a Q100 TA

calorimetric analyzerunderN2atmosphere at aflowrate

of 60 mL min-1. The temperature range was set from

-80 up to 250 �C using a scanning rate of 10 �C min-1.

Before the measurements, the nanofibers were dried in

vacuum at 60 �C and placed in an aluminum pan.

Electrochemical measurements

The electrochemical experiments were performed

using a PGSTAT30 Autolab electrochemical system

(Metrohm) controlled with Nova software (1.10). The

FTO-PMMA/P3HT-AuNPs electrodes were used as

working electrodes. A Pt foil and Ag/AgCl

(3 mol L-1 KCl) were employed as the counter (CE)

and reference (RE) electrodes, respectively. Electro-

chemical impedance spectroscopy (EIS) measure-

ments were carried out in a 0.05 mol L-1

[Fe(CN)6]
3-/4- containing 0.1 mol L-1 KCl at open

circuit potential (OCP) over the frequency range from

0.1 to 100 kHz, using an amplitude of 10 mV. The

cyclic voltametry (CV) measurements were per-

formed in sulphuric acid solution (0.1 mol L-1) over

a potential range from 0.5 to 1.5 V at a scan rate of

50 mV s-1.

Results and discussion

PMMA/P3HT nanofibers

Polythiophene and its derivatives possess interesting

optical properties that respond to different stimuli,

including color change as a response to variation of

molecular conformation. Such color changes, in a

similar way to conductivity changes, are induced by

the twisting of the conjugated polymer backbone [48].

For this reason, this class of polymer is interesting for

application in optical (colorimetric), electrical, and

electrochemical sensors. The electrospun nanofibers

were fabricated using PMMA as polymeric matrix

because of its nanofiber-forming ability useful to

produce doped electrospun nanofibers [46], low cost,

and high transparency in the UV–Vis region. Fig. 1a–

d shows the SEM images of the PMMA/P3HT

nanofibers and the size distribution of nanofibers

diameters obtained with P3HT concentrations of 0.1,

0.5, 1.0, and 2.0 % (w/w), respectively. P3HT con-

centrations higher than 2.0 % (w/w) tended to

induce precipitation in the resulting solution

(PMMA/P3HT), which motivated to obtain nanofi-

bers with low amount of P3HT, in contrast to previ-

ous works found in literature, which employed

higher amounts of P3HT [27, 45]. Other advantages

attained by using low amounts of P3HT in the final

nanofibers are related to cost (once P3HT is well more

expensive than PMMA) and the ease to obtain elec-

trospun nanofibers without surface defects. The mean

diameters were obtained by measuring the diameters

of 100 random fibers, while the size distribution was

fitted using a Gaussian function. The SEM images
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reveal smooth and uniform electrospun fiber sur-

faces, indicating a well-regulated fabrication of

PMMA nanofibers doped with P3HT. Although the

fiber average diameter varied from 413 nm up to

486 nm, the differences were not statistically signifi-

cant considering the deviation. The PMMA/

Figure 1 (left) SEM image of PMMA/P3HT nanofibers and (right) the histogram of size distribution using different concentrations of

P3HT: a 0.1, b 0.5, c 1.0, and d 2.0 % (w/w).
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P3HT2 % nanofibers were selected for sequential

experiment because of the higher concentration of

P3HT, which is desirable for application in sensory

platform.

FTIR spectra of PMMA and PMMA/P3HT2 % are

shown in Fig. 2. There is no significant difference

between both spectra, since most of the peaks are

overlapped, as a consequence of similarities between

P3HT and PMMA chemical groups. In addition, the

peaks corresponding to the thiophene groups are of

low intensity (at 825 cm-1 corresponding to –C–H of

substituted thiophene ring, 1514 cm-1 corresponding

to –C=C of thiophene aromatic ring, and 3100 cm-1

corresponding to C–H thiophene aromatic ring) due

to the low concentration of P3HT contained into the

nanofibers. The peaks at 2900 cm-1 are related to

axial strain of aliphatic C–H, at 1729 cm-1 are

assigned to axial strain of C=O, at 1450 cm-1 are

associated to angular strain of CH2, at 1270 and

1232 cm-1 are assigned to axial and angular strain of

C–C–O, and at 1191 and 1144 cm-1 are assigned to

axial and angular strain of C–O.

The PMMA/P3HT2 % nanofibers deposited on

aluminum foil exhibits a homogenous reddish color

caused by the P3HT. The optical properties of

PMMA/P3HT2 % nanofibers were also investigated

by UV–Vis absorption and PL spectroscopy, as

shown in Fig. 3a, b respectively. The PMMA/

P3HT2 % displays a broad absorption band (black

line in Fig. 3a) centered at approximately 510 nm, in

which two shoulders can be seen at 430 and 580 nm,

as illustrated by the Gaussian decomposition (colored

lines in Fig. 3a). These three bands are assigned to the

p–p* transition related to the polymer backbone

conjugation.[49].

The electrospun nanofibers displayed a wide

emission band (black line in Fig. 3 b), with a peak

centered at 630 nm and two shoulders at 610 and

700 nm, as revealed by the Gaussian decomposition

(colored lines in Fig. 3b). The main peak is blue-

shifted with respect to the values reported previously

in the literature for cast films of the same chemical

composition [50], once the optical behavior of P3HT

in nanofibers is affected by different molecular con-

formation acquired by the polymer during the elec-

trospinning process [51–54]. Such result is in

agreement with the findings reported by Madhugiri

et al. [55], in which the blue shift observed for elec-

trospun nanofibers was attributed to the presence of

nano-voids within the nanofiber structure. Given that

the nanofibers were electrospun from polymer solu-

tions, the rapid solidification of polymer jet during

spinning can induce the formation of small air voids

within the fiber bulk.

Figure 3c shows a bright field optical microscopy

image of PMMA/P3HT2 % nanofibers, while Fig. 3d

displays a fluorescence microscope image of the same

nanofibers excited at 550 nm, where a red light uni-

formly emitted from the nanofibers membrane can be

seen. The later results show that P3HT was success-

fully distributed throughout the PMMA nanofibers

and indicate that the P3HT fluorescence was pre-

served after the electrospinning process. Therefore,

the results evidence the optical activity of the

PMMA/P3HT2 % nanofibers and their potential to

be applied applications in optical sensors, where the

large surface area of the nanofibers can be advanta-

geous for analyte adsorption and fluorescence

quenching mechanisms.

Thermal analysis of PMMA and PMMA/P3HT2 %

nanofibers were carried out by TGA and DSC (Fig. 4).

TGA curves (Fig. 4a) shows two different thermal
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Figure 2 Chemical structures of PMMA and P3HT, and FTIR

spectra of PMMA (dashed line) and PMMA/P3HT2 % (solid line)

nanofibers.
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events for both PMMA and PMMA/P3HT2 %

curves. The corresponding curve of PMMA nanofi-

bers presents a subtle weight loss in the range from

60 up to 190 �C, which is probably related to the

evaporation of residual solvent (chloroform) and low

molar mass molecules (such as molecules of CTAB),

used to enhance the formation of nanofibers. The

second and more pronounced thermal event starting

at 250 �C represents the degradation of PMMA. The

same behavior is observed for PMMA/P3HT2 %

nanofibers, with a slight increase of thermal stability.

The DSC curves (Fig. 4b) of PMMA and PMMA/

P3HT2 % nanofibers were obtained using two

methodologies. The first experiment was performed

by running the DSC analysis with the nanofibers

placed in a closed aluminum pan. In a second

experiment, a small puncture was made on the pan,

in order to allow the evaporation of residual solvent

during the DSC analysis. The DSC curves obtained

using closed pans are represented by solid lines,

while the curves obtained using punctured pans are

represented by dashed line in Fig. 4b. It is possible to

observe that the curves of closed pans show two

thermal events at 70 and 100 �C, corresponding to

chloroform and water evaporation, respectively. Such

events probably occurred due to an incomplete sol-

vent evaporation during the electrospinning process,

where both chloroform and water molecules

remained within the nanofibers bulk. The DSC curves

obtained using punctured pan allow the complete

evaporation of the solvents, evidencing the glass

transition (Tg) temperature of PMMA approximately

at 110 �C for net PMMA nanofibers, while for the

PMMA/P3HT2 % nanofibers, a small decrease of Tg

can be observed (105 �C), indicating a good misci-

bility between PMMA and P3HT.

Incorporation of gold nanoparticles (AuNPs)

In order to fabricate functional composite materials

by electrospinning, the surface of PMMA/P3HT2 %

nanofibers was functionalized with gold

Figure 3 a Normalized absorbance, b normalized photoluminescence spectrum, c bright field optical, and d fluorescence microscopy

images of PMMA/P3HT2 % nanofibers.
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nanoparticles. The composite material was produced

by immersing a fiber mat of PMMA/P3HT2 % in the

colloidal gold dispersion (20 nm) followed by water

rinsing and air drying. Through the FEG-SEM image

observed in Fig. 5, it is inferred that the AuNPs have

good affinity toward the PMMA/P3HT2 % nanofi-

bers, once they remain adhered on the nanofibers

surface. Such affinity is likely due to the hydrogen

bonding between O–H groups from citrate molecules

lying on AuNPs and the C=O groups from PMMA

[56]. The presence of AuNPs on the surface of

nanofiber mats (after immersion during 12 h in

AuNPs solution) was also confirmed by FEG–SEM

image.

EDS spectra of PMMA, PMMA/P3HT, and

PMMA/P3HT2 %-AuNPs nanofibers (Fig. 6) were

collected and reveal the qualitative chemical com-

position of each sample. As expected, the peaks

equivalent to carbon and oxygen were observed in all

spectra, whereas the peaks corresponding to the

sulphur atoms were observed in nanofibers contain-

ing P3HT and P3HT-AuNPs. In the latter sample, it

was also possible to observe the peak assigned to the

gold atoms. Such results confirm the atomic compo-

sition of the fabricated electrospun nanofibers as well

as the incorporation of AuNPs onto the PMMA/

P3HT2 % nanofibers.

The adsorption of AuNPs onto the nanofibers was

also proven by cyclic voltammograms measurements

of the FTO electrodes modified with PMMA/P3HT2

and PMMA/P3HT2 %-AuNPs nanofibers in

0.1 mol L-1 H2SO4 at 50 mV s-1, shown in Fig. 7. The

nanofiber-modified FTO electrode presents a higher

Figure 5 FEG-SEM image of PMMA/P3HT2 % nanofibers

coated with AuNPs.

Figure 6 EDS spectra of PMMA, PMMA/P3HT2 %, and

PMMA/P3HT2 %-AuNPs nanofibers with the peaks correspond-

ing to Au and S highlighted.
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charging current compared to the bare FTO electrode

due to an increase of the electrode surface area

caused by the nanofibers. No peaks are observed in

the cyclic voltammogram of PMMA/P3HT2 %-

modified FTO electrode. On the other hand, the

PMMA/P3HT2 %-AuNPs-modified electrode exhi-

bits an anodic current around 1.2 V assigned to the

oxidation of AuNPs deposited onto the nanofibers,

and a peak at 0.9 V attributed to the reduction of the

oxide formed on the AuNPs [57, 58]. The oxidation

reaction of AuNPs can be described by the following

equation:

2Au þ 3H2O ! Au2O3 þ 6Hþ þ 6e�:

Impedance spectroscopy (EIS) measurements were

carried out in order to evaluate the electron-transfer

efficiency in an electrochemical reaction for the pro-

posed nanofiber platforms. The impedance spec-

troscopy data are represented by the Nyquist

diagram shown in Fig. 8, which was analyzed using

the Randles equivalent circuit, shown in the inset of

Fig. 8. In this figure, C represents the interface

capacitance, Rs is the electrolyte resistance, Rct is the

electron charge-transfer resistance, and W is the

Warburg impedance. The Nyquist diagram displays

two distinct regions: a semicircular region at high

frequencies, which is related to a charge-transfer

process and a linear region related to interfacial dif-

fusion processes [59]. The diameter of the semicir-

cular region in the Nyquist plots is directly related to

the charge-transfer resistance of the material inter-

face. Therefore, the smaller the diameter, the smaller

the charge transfer resistance. One notes that the

presence of P3HT and AuNPs in the nanofibers

decreases the total charge transfer resistance (59, 40,

and 9.5 X for PMMA, PMMA/P3HT2, and PMMA/

P3HT2 %-AuNPs, respectively) and consequently

increases the electron transfer efficiency. Such effect

can be explained by the semiconductor characteristics

of the P3HT combined to the high conducting surface

area of AuNPs. These results indicate that the

PMMA/P3HT2 and PMMA/P3HT2 %-AuNP nano-

fibers are interesting for application in electrochemi-

cal sensing platform.

Conclusions

PMMA/P3HT nanofibers were successfully obtained

by electrospinning from blend solutions of PMMA

containing P3HT in concentrations of 0.1, 0.5, 1.0, and

2.0 % (w/w). The well-regulated fabrication of doped

electrospun fiber yielded uniform nanofibers with

smooth surfaces and fiber average diameter around

450 nm. The optical properties of PMMA/P3HT2 %

nanofibers were evidenced by PL and UV–Vis

absorption spectroscopy and in which three peaks in

the visible region (430, 510, and 580 nm) were iden-

tified and related to the p–p* transition of the P3HT

backbone conjugation. The PMMA/P3HT2 % nano-

fibers displayed an emission centered at 650 nm

assigned to P3HT, even a when small concentration

of the conjugated polymer was employed. The elec-

trochemical properties of PMMA/P3HT2 %
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Figure 7 Cyclic voltammetry of FTO electrodes modified with

PMMA/P3HT2 % and PMMA/P3HT2 %-AuNPs nanofibers in

sulphuric acid 0.1 mol L-1.
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nanofibers could be enhanced through the incorpo-

ration of gold nanoparticles onto the nanofibers sur-

face. The charge transfer resistance of the material

interface was investigated by Nyquist plots and

revealed that P3HT and AuNPs increased the elec-

tron transfer because of the semiconducting charac-

teristics of the P3HT and the high conducting surface

of AuNPs. The results show that the platform based

on conducting nanofibers of PMMA/P3HT2 %

modified with AuNPs exhibits interesting features to

be applied in optical and electrochemical sensors.
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