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Abstract Polythiophene (PTh) nanomaterials and

polythiophene/gold (PTh-Au) composites were suc-

cessfully fabricated using chloroaurate acid (HAuCl4)

as an oxidant in aqueous medium without using any

templates or structure-directing agents. With increasing

thiophene (Th) concentration from 0.5 to 50 mM at a

fixed molar ratio of thiophene and HAuCl4 of 3:1,

Au@PTh core–shell nanoparticles (*36 nm in diam-

eter) and fibers, AuNPs-modified PTh nanospheres

(*270 nm in diameter), flower-like gold microparti-

cles, and gold microsheets were obtained. At a fixed

thiophene concentration of 5.0 or 50 mM, the molar

ratio of thiophene/HAuCl4 also affected the morphology

and size of PTh–Au composites. The morphology of

obtained nanostructures was determined by scanning

electron microscope and transmission electron micro-

scope. Furthermore, characterization experiments

including FT-IR, UV–Vis spectrometry, energy-disper-

sive X-ray spectroscopy, and selected-area electron

diffraction were utilized to investigate the chemical and

electronic structures of PTh nanostructures and PTh–Au

composites. The photoluminescent (PL) properties of

PTh–Au composites have also been investigated to

clarify the effectiveness of the morphology and com-

position of composites on the PL emission peaks. In

addition, the formation mechanism of PTh nanostruc-

tures and PTh–Au composites is also proposed.
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Introduction

Polythiophene (PTh), an environmentally and ther-

mally stable conjugated polymer material (McCul-

lough 1999), has received a great deal of attention

because of its potential applications in electrical

conductors, antistatic coatings, sensors, photovoltaic

devices, polymer light-emitting diodes, solar cells, and

transistors (Skotheim et al. 1998; Kim et al. 2006,

2014; Pandey et al. 2008; Kline et al. 2006; Ho et al.

2008; Mwaura et al. 2006; Andersson et al. 1995; Zou

et al. 2007; Gevorgyan and Krebs 2008; Thompson and

Fréchet 2008; Gunes et al. 2007; Bao et al. 1996).

However, the extremely poor processability of the

unsubstituted PTh limits its further extensive applica-

tion. Although elaborate efforts have been taken to

incorporate various substituent groups such as alkyl,

alkoxyl, amine, sulfonic, and carboxylic acids to
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improve the solubility of thiophene (McCullough et al.

1993; Sheina et al. 2005; Ogawa et al. 2005; Bao and

Lovinger 1999; Chayer et al. 1997), these synthetic

procedures are quite complex and expensive.

One of the alternatives to improve the processability

of the unsubstituted PTh is the preparation of nano-

structured PTh by heterogeneous oxidative polymer-

ization. Tran et al. have pointed out that only

agglomerated structures of PTh will be obtained with

the traditional oxidative polymerization method (Tran

et al. 2008). Up to now, template synthesis has been the

main technique for preparing nanoscale PTh materials

such as nanotubes or nanowires (Fu et al. 2001; Li et al.

2003). In addition, surfactant method has also been

applied to fabricate PTh nanostructures in traditional

oxidative polymerization in organic solvents such as

chloroform and acetonitrile with ferric chloride

(FeCl3) as the oxidant (Gök et al. 2007; Li et al.

2009a, b). Although water is an environmentally

friendly medium, oxidative polymerization of unsub-

stituted thiophene monomers in aqueous medium has

been reported in only a few cases due to the high

oxidation potential and poor solubility of thiophene in

water (Alkan et al. 2003). Recently, Kim and co-

workers first reported the fabrication of PTh nanopar-

ticles via oxidative polymerization of unsubstituted

thiophene monomers in aqueous medium by using

FeCl3/H2O2 (catalyst/oxidant) and sodium dodecyl

sulfate (SDS, surfactant) combination system (Lee

et al. 2008a, b; Lee et al. 2010a, b). Similarly, Wang

et al. also obtained PTh nanoparticles by copper (II)-

catalyzed oxidative emulsion polymerization with a

series of copper (II) salts as oxidants in the presence of

anionic surfactant SDS and H2O2 (Wang et al. 2010).

Until now, PTh nanomaterials have been fabricated

either within templates or with structure-directing

agents. Moreover, other oxidants besides the conven-

tional oxidant FeCl3 should be explored to fabricate

different nanostructured PTh. Recently, chloroaurate

acid (HAuCl4) has been used as an oxidant to study

the polymerization of thiophene and prepare PTh–Au

composites. Chattopadhyay et al. first reported one-

pot synthesis of polythiophene–gold nanoparticles

(AuNPs) composites and then developed a reversible

pH sensor and a new method for bacterial quantifica-

tion based on the fluorescence properties of the PTh–

AuNPs composites (Panda and Chattopadhyay 2007;

Panda et al. 2008). The ‘superquenching’ property of

AuNPs to water-soluble fluorescent polythiophene

derivatives was also utilized to detect aspartic acid

and glutamic acid (Guan et al. 2008). However, the

visible photoluminescence of ultrathin poly(3-hexyl-

thiophene) films could increase extensively by the

incorporation of about 5-nm AuNPs into the matrix

(Nicholson et al. 2005). Kim and colleagues prepared

‘raspberry-like’ PTh–gold nanoaggregates which pos-

sess enhanced photoluminescent intensities because

the surface plasmon energy of AuNPs matches with

the emitted photon energy of PTh which results in the

resonance introducing energy transfer (Jung et al.

2010). Very recently, Suzuki et al. investigated the

magnetic and electrical transport properties of regio-

regular poly(3-hexylthiophene)-capped AuNPs doped

with iodine (Suzuki et al. 2011). AuNPs-embedded

PTh vesicles were also controllably prepared from

thiophene and AuNPs in aqueous solution in the

presence of H2O2, SDS, and a catalytic amount of

FeCl3 (Sun et al. 2011). So far, many efforts have been

devoted to the design and synthesis of various PTh–

AuNPs nanocomposites to enhance the optical and

electronic properties of polythiophene.

In the present study, one of our aims is to synthesize

PTh nanomaterials using HAuCl4 as the oxidant in

aqueous medium without using any templates or

structure-directing agents, and the other aim is to

fabricate various PTh–Au composites with different

morphologies and properties. The synthesis of PTh

was carried out under different reaction conditions,

i.e., varying thiophene concentrations and molar ratios

of thiophene/HAuCl4. The influence of synthetic

conditions on the specific morphology and size of

PTh–Au composites was also investigated.

Experimental details

Materials

Thiophene monomer was procured from Sigma–

Aldrich and used after distillation under reduced

pressure. HAuCl4�3H2O purchased from Alfa Aesar

was dissolved in water to make stock solutions of

10 mM and 100 mM.

Synthesis of PTh–Au composites

The synthesis of PTh–Au composites is as follows:

Aqueous thiophene solutions of varying concentrations
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were prepared by sonicating the required amount of

thiophene in 10.0 mL distilled water at room temper-

ature. Subsequently, requisite amounts of HAuCl4 were

added to obtain various molar ratios of thiophene to

HAuCl4. The reaction mixture was sonicated for 5 min

and left overnight at room temperature, without stirring.

After 24 h, the dark precipitate was separated via

centrifugation at a speed of 6,000 rpm and purified with

ethanol and water.

Characterization and instrumentation

The morphologies of the samples were investigated

using a JEOL JSM-6701F field emission scanning

electron microscope (FE-SEM) and a JEOL JEM

3010F transmission electron microscope (TEM) at

300 kV accelerating voltage. During the SEM exper-

iments, Synchronous Energy-Dispersive X-ray (EDX)

analysis was conducted using a LINK ISIS300 instru-

ment. X-ray diffraction patterns were taken with a

Bruker AXS D5005 Advance XRD instrument using

CuKa irradiation. Fourier transform infrared (FT-IR)

spectra were recorded on a Perkin-Elmer Spectrum

2000 IR spectrometer in the range of 400–4,000 cm-1.

The absorption spectra of the samples in ethanol were

measured with an UV–Vis spectrophotometer (UV-

1700PC, Shimadzu). Photoluminescence spectra were

performed on a FL spectrophotometer (F-7000

Hitachi).

Results and discussion

Morphology of PTh–Au composites

The oxidation polymerization of thiophene was car-

ried out using HAuCl4 as the oxidant by simultaneous

reduction of HAuCl4 to gold nanostructures and

polymerization of thiophene in aqueous medium at

room temperature. To study the effect of monomer

concentration on the morphology of PTh–Au com-

posites, a series of oxidative polymerization experi-

ments were first carried out with different monomer

concentrations at the theoretical molar ratio of thio-

phene and HAuCl4 of 3:1. The morphology and size of

PTh–Au composite powder were observed using

SEM. At an extremely low thiophene concentration

of 0.5 mM, nanoparticles with an average diameter of

approximately 36 nm were obtained (Fig. 1a). When

the concentration of thiophene increases to 1.0 mM,

these Au@PTh core–shell nanoparticles tend to merge

together and form short fiber-like nanostructures

(Fig. 1b). As the thiophene concentration gradually

increases to 5 and 10 mM, one-dimensional fibers

with various sizes were easily observed in Fig. 1c, d. It

is evident that the diameters of one-dimensional fibers

increase with increasing monomer concentration from

5 and 10 mM. As the monomer concentration further

increases to 50 mM, the morphological transition

from one-dimensional fibers to nanospheres and

flower-like microparticles can be observed in Fig. 1e.

Synchronous EDX analysis confirmed that the flower-

like microparticles were made of gold (data not

shown). As illustrated in a high-magnification SEM

image (the inset in Fig. 1e), the flower-like micropar-

ticles comprised many gold nanosheets with the

thicknesses of *30–60 nm. At a high thiophene

concentration of 100 mM, irregular microsheets were

generated besides nanospheres as shown in Fig. 1f.

The morphology and inner structure of PTh–Au

composite powder were further checked by TEM, as

shown in Fig. 2. These nanoparticles prepared at

0.5 mM of thiophene should be Au@PTh core–shell

nanoparticles which are AuNPs capped with a thin

layer of polythiophene. This was confirmed by TEM

shown in Fig. 2a, e. A typical TEM image of a

single nanofiber at higher magnification is shown in

Fig. 2b, f, from which it can be seen that the one-

dimensional fiber has a coaxial cable structure

composed of many AuNPs core and PTh shell.

AuNPs-modified PTh nanospheres with an average

diameter of around 270 nm were obtained with

small gold nanoparticles incorporated at the periph-

ery of PTh nanospheres, which was further con-

firmed by TEM image (Fig. 2c, g). The full higher

resolution TEM images (Fig. 2e–h) were shown as

supplementary material (Fig. S1). The typical

selected-area electron diffraction (SAED) pattern

of PTh–Au composite powder was obtained by

directing the electron beam perpendicular to the

samples deposited on the TEM grid. Figure 2i–k

shows the corresponding SAED pattern of Au@PTh

core–shell nanoparticles, Au@PTh nanofibers, and

gold nanoparticles, respectively. The characteristic

rings in the polycrystalline diffraction pattern from

inner to outer can be indexed to (111), (200), (220),

and (311) crystalline facets of face-centered cubic

(fcc) lattice gold phase (Guo et al. 2006).
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The microsheets synthesized at high thiophene con-

centration were further observed using TEM. We found

that the microsheet was a gold microsheet capped with a

thin layer of polythiophene (Fig. 2d, h). Figure 2h shows

a typical HRTEM image of a gold microsheet. The well-

resolved interference fringe patterns attest to the single

crystallinity of this gold sheet. The fringes with a spacing

of 0.248 nm could be ascribed to 1/3{422} lattice

spacing of the fcc gold crystal (Bai et al. 2008). The

single-crystalline nature of the gold microsheet was

further confirmed by their electron diffraction patterns

by focusing the electron beams perpendicular to the basal

plane ofa single gold microsheet (Fig 2l). The hexagonal

symmetry of the diffracted spots suggests that the gold

microsheet is a single crystal structure with highly

oriented growth direction along the Au (111) plane.

Three sets of spots can be identified based on d-spacing.

The spots (triangle) could be indexed to the {220}

reflection of fcc gold, the outer spots (square) could be

assigned to the allowed {422} Bragg reflection, and the

inner spots (circle) are believed to originate from the

forbidden 1/3{422} reflection.

The X-ray diffraction (XRD) patterns of the result-

ing products obtained at different concentrations of

Fig. 1 SEM images of PTh–Au composite powder prepared with various concentrations of thiophene: a 0.5 mM, b 1.0 mM,

c 5.0 mM, d 10 mM, e 50 mM, f 100 mM. Other reaction conditions: [Thiophene]/[HAuCl4] = 3:1, 25 �C, t = 24 h
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thiophene are shown in the supporting information

(Fig. S2). There are four main peaks at 38, 44, 65, and

78o in the XRD patterns of the resulting products,

which correspond to (111), (200), (220), and (311)

Bragg reflections of gold, respectively.

We also observed that the molar ratio of thiophene/

HAuCl4 affected the morphology and size of PTh–Au

composites. To explore the intrinsic formation mech-

anism of one-dimensional Au@PTh fibers and AuN-

Ps-modified PTh nanospheres, we conducted a series

of experiments by varying the molar ratio of thio-

phene/HAuCl4 at a fixed thiophene concentration of

5.0 or 50 mM.

Figure 3 shows the effect of the molar ratio of

thiophene/HAuCl4 on the morphology of products

when thiophene concentration was 5.0 mM. When the

molar ratio of thiophene/HAuCl4 was 1:1, 2:1, and 3:1,

respectively, one-dimensional Au@PTh fibers were

still produced. With increasing molar ratio of thio-

phene/HAuCl4, the average diameters of the fibers

decreased accordingly. The reduced amount of

HAuCl4 could result in reduced AuNPs, and the

Au@PTh fibers were generated by growing AuNPs as

core and a thin PTh layer as shell (Mallick et al. 2007).

However, when the molar ratio of thiophene/HAuCl4
increased to 5:1 and 10:1, the formation of fibers is

diminished while agglomerate formation dominates.

When the thiophene concentration was increased to

50 mM, a morphological transition from nanocables to

nanospheres was observed. The effect of varying molar

ratio of thiophene/HAuCl4 on PTh nanospheres has

also been investigated when the thiophene concentra-

tion is 50 mM (as shown in Fig. 4). At a thiophene/

HAuCl4 molar ratio of 5:1 and 3:1, respectively,

Fig. 2 TEM images (a–d), the corresponding HRTEM images

(e–h) and selected-area electron diffraction (SAED) patterns (i–
l) of PTh–Au composite powder prepared using 0.5, 5.0, 50, and

100 of thiophene, respectively. Other reaction conditions:

[Thiophene]/[HAuCl4] = 3:1, 25 �C, t = 24 h
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Fig. 3 SEM images of one-dimensional Au@PTh fibers; [Thiophene] = 5.0 mM [Thiophene]:[HAuCl4] = a 1:1, b 2:1, c 3:1, d 5:1

Fig. 4 SEM images of polythiophene nanostructures; [Thiophene] = 50 mM [Thiophene]:[HAuCl4] = a 10:1, b 5:1, c 3:1, d 2:1
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distinct PTh nanospheres with uniform size of

*191 nm (Fig. 4b) and *272 nm (Fig. 4c) were

formed, while smaller PTh nanospheres (*77 nm)

were produced at the molar ratio of 10:1 (Fig. 4a). At a

fixed concentration of thiophene, the dosage of

HAuCl4 determines the size of PTh nanospheres. The

detailed size distributions of PTh nanospheres pre-

pared at different thiophene/HAuCl4 molar ratios were

shown in Fig. S3. On the other hand, at a higher

thiophene/HAuCl4 molar ratio of 2:1 and 1:1, PTh

nanosphere formation broke down and agglomerate

particles were obtained. We postulate that the high

concentration of HAuCl4 results in a high reaction

energy that disrupted the formation of PTh

nanospheres.

Formation mechanism of PTh–Au nanocomposite

Based on the investigations mentioned above, a

possible formation mechanism of PTh–Au composites

is proposed as shown in Fig. 5. In the reaction system,

monomer thiophene was polymerized by using

HAuCl4 as the oxidant, which is driven by simulta-

neous reduction of HAuCl4 to gold nanostructures.

When the thiophene concentration is extremely low

(below 1.0 mM), the polymerization has a low con-

version rate which results in the generation of

thiophene oligomers (20 % yield). The resulting gold

nanoparticles were capped by oligothiophene as a

protective agent to form Au@PTh core–shell nano-

particles with different sizes. As the concentration of

thiophene increasing to 1.0 mM, more thiophene

oligomers will be produced (31 % yield). Thiophene

oligomers adsorbed on the surfaces of gold nanopar-

ticles prefer to aggregate and assemble which result in

the formation of short stick-like Au@PTh nanostruc-

tures. With increasing monomer concentration to

5.0 mM, more and more stick-like Au@PTh nano-

structures and Au@PTh nanoparticles tend to self-

assemble and transform into one-dimensional

Au@PTh fibers with different diameters (37 % yield)

(Sajanlal et al. 2008). As a result, thiophene may not

only work as a reductant but also play as a capping

agent to guide the growth of the nanocables. All the

Au@PTh composites obtained in different monomer

concentrations have the same structures with AuNPs

as the core and PTh as the shell. This analysis is

supported by the gradual change of the UV–Vis–NIR

absorption spectra. As the yield of the PTh increases,

the UV absorption peak between 300 nm and 400 nm

becomes more intense. The capping of AuNPs with

increasing thickness of PTh shell makes the aggre-

gated AuNPs show a broad absorption peak and

gradually shift to near-infrared region.

At a high thiophene concentration of 50 mM, we

postulate that most of the monomers form spherical

nanodroplets prior to polymerization because of the

low solubility of thiophene in water. The oxidative

polymerization will take place inside nanosized thio-

phene monomer droplets as nanoreactors, dispersed in

aqueous medium. The formation of thiophene nano-

droplets in aqueous solution results in the exclusion of

AuCl4
- ions during the reaction. Consequently, part of

the formed gold nanocrystals were incorporated on the

periphery of the PTh nanospheres to form AuNPs-

decorated PTh nanospheres, while the other part of

gold nanocrystals self-assembled into flower-like gold

microparticles composed of gold nanosheets (Figs. 2c,

1e). At a high enough concentration of thiophene, the

amount of resulting PTh will be comparatively high

(72 % yield). Enough polymers will be adsorbed

prominently on the low index planes of the gold

nanoparticles, which suppress the overall crystal

growth, resulting in the formation of gold nanosheets

and microsheets. Similar observations were reported

by Bai et al. on the synthesis of poly(acrylic acid)

(PAA)-based silver nanobelts, which were converted

into nanoplates at higher concentrations of PAA (Bai

Fig. 5 Schematic illustration of the formation of PTh–Au

composites prepared with various concentrations of thiophene
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et al. 2007). So, at a higher monomer concentration of

100 mM, except the formation of PTh nanospheres

(75 % yield), these first-formed AuNPs recrystallized

into large-sized gold microsheets by Ostwald ripening

(Fig. 2d, h) (Chayer et al. 1997).

Chemical and electronic properties

The chemical and electronic structures of PTh–Au

composites prepared with different thiophene concen-

trations at a fixed thiophene/HAuCl4 molar ratio of 3:1

were studied by FT-IR and UV–Vis spectroscopies,

respectively. The FT-IR spectra of Au@PTh core–

shell nanoparticles, Au@ PTh fibers, and AuNPs-

decorated PTh nanospheres are shown in Fig. 6. The

FT-IR spectra of Au@PTh nanoparticles and fibers

exhibited weak absorbance peaks, which can be

possibly due to the insignificant amount of polythio-

phene as compared with gold nanocrystals in the core–

shell structures. As expected, the FT-IR spectra of

AuNPs-decorated PTh nanospheres show typical

bands of polythiophene. The sharp band around

791 cm-1 is ascribed to C–H out-of-plane bending

vibration characteristic of 2,5-disubstituted thiophene

unit, indicating the a-position linkage between the

thiophene rings. The four IR characteristic peaks at

1,339 cm-1 (the stretching vibration of Cb-Cb’),

1,210 cm-1 (the stretching vibration of Ca-Ca’),

1,126 cm-1 (the in-plane bending of the aromatic C–

H), and 1,040 cm-1 (the in-plane stretching vibration

of C–H) are observed, which are in good agreement

with those of polythiophene (Fu et al. 2001; Cao et al.

1987). The peak at 1,392 cm-1 originated from the

bipolaron states of the doped PTh materials (Park et al.

2010). The characteristic peaks at 642 and 690 cm-1

correspond to C–S bending and C–S–C ring symmet-

ric deformation (Fig. 7).

The UV–Vis–NIR absorption spectra of PTh–Au

composites show the morphology-/size-dependent

optical properties (Fig. 7). The gold nanoparticles,

5–50 nm in size, show a sharp absorption band in the

520–530-nm regions due to the collective oscillation

of conduction electrons in response to optical excita-

tion (Henglein and Meisel 1998). Au@PTh core–shell

nanoparticles prepared in low thiophene concentration

show a typical surface plasmon resonance (SPR) band

around 540 nm with a 10–20-nm red shift compared

with that of the free AuNPs. This is because the tight

binding of PTh on the surface of AuNPs affects the

surface plasmon absorption band (Jung et al. 2010;

Sun et al. 2010). Furthermore, the weak absorbance

Fig. 6 FT-IR spectra of PTh–Au composites prepared with

different thiophene concentrations: a 0.5 mM, b 1.0 mM,

c 5.0 mM, d 10 mM, e 50 mM, f 100 mM. Other reaction

conditions: [Thiophene]/[HAuCl4] = 3:1, 25 �C, t = 24 h

Fig. 7 UV–Vis–NIR absorption spectra of PTh–Au composites

prepared with different thiophene concentrations: a 0.5 mM,

b 1.0 mM, c 5.0 mM, d 10 mM, e 50 mM, f 100 mM. Other

reaction conditions: [Thiophene]/[HAuCl4] = 3:1, 25 �C,

t = 24 h
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peak of PTh at 400 nm is hard to be observed due to

the small amount of PTh. However, the free AuNPs

SPR band at 520–550 nm cannot be observed for one-

dimensional Au@PTh nanofibers and microfibers.

Instead, a broad band extended into the near-infrared

region appears due to the longitudinal component of

the SPR band of aggregated AuNPs fibers (Zotti et al.

2007). In addition, a new shoulder peak at 400 nm

appears due to the p–p* transition for large p-

conjugation structure of polythiophene (Li et al.

2003). When the concentration of thiophene increases

to 50 mM and above, the obtained AuNPs-decorated

PTh nanospheres exhibit a broad absorption band

between 400 and 600 nm, which is assigned to the

synergistic effect of the absorptions of PTh nano-

spheres at 400 nm and gold nanoparticles at

520–550 nm.

We also compared the photoluminescent (PL)

properties of PTh–Au composites prepared with

different thiophene concentrations ranging from 0.5

to 50 mM at a fixed thiophene/HAuCl4 molar ratio of

3:1. Figure 8 shows the three normalized photoemis-

sion spectra of Au@PTh core–shell nanoparticles,

Au@PTh fibers, and AuNPs-decorated PTh nano-

spheres. When the PTh–Au composites were excited

at 400 nm in pure water, the nanocomposites

comprising AuNPs and polythiophene exhibited two

typical emission peaks at 460 nm and 498–513 nm,

which is consistent with previous reports (Panda and

Chattopadhyay 2007; Guan et al. 2008). Also, there is

a third small emission peak at 610 nm for Au@PTh

core–shell nanoparticles. The emission at 610 nm

belongs to the existence of partial small-sized

Au@PTh core–shell nanoparticles because AuNPs

with size larger than *2 nm are not likely to be

luminescent (Lee et al. 2010a, b).

With increasing monomer concentration, the

relative intensity of the emission peaks of the PTh–

Au composites at 460 and 610 nm decreased. AuNPs

with size larger than 15 nm show PL quenching

behavior (Wilcoxon et al. 1998; Jung et al. 2010). The

‘raspberry-like’ PTh–gold nanoaggregates prepared

by Kim et al. do not show quenching behavior because

AuNPs are about 5 nm. The mechanism of energy

transfer can be responsible for the fluorescence

quenching of PTh by AuNPs when the emission

spectrum of the composite materials and the absorp-

tion spectrum of AuNPs overlap. Therefore, the

emission peak at 513 nm of Au@PTh core–shell

nanoparticles is relatively weak. When Au@PTh

fibers with larger sizes were obtained, the quenching

behavior of Au is relatively weak. With increasing

thiophene concentration to 50 mM, AuNPs-decorated

PTh nanospheres exhibited the maximum PL emission

peak at 498 nm, which can be explained by the

different morphologies of PTh–Au composites and the

quenching effects of AuNPs resulting in a transfor-

mation of the PL spectrum shape (Choi et al. 2004).

PTh is a typical red-light-emitting material. However,

PTh–Au composites with different morphology and

composition prepared by varying the concentration of

thiophene exhibited different emission colors from red

to blue.

Conclusions

We have successfully synthesized AuNPs-modified

PTh nanospheres, Au@PTh core–shell nanoparticles,

and fibers via a facile one-pot synthesis process

without the use of templates or structure-directing

agent. The structures of PTh nanomaterials and PTh–

Au composites are found to be determined by the

molar ratio of monomer/oxidant (thiophene/HAuCl4)

as well as the concentration of thiophene in aqueous

Fig. 8 Normalized photoemission spectra of three PTh–Au

composites prepared with different thiophene concentrations at

a fixed thiophene/HAuCl4 molar ratio of 3:1, the excitation

wavelength was fixed at 400 nm
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medium. PTh–Au nanocomposites including

Au@PTh core–shell nanoparticles and nanofibers

have potential applications in the field of nanoelec-

tronics. On the other hand, the high surface area-to-

volume ratio of PTh nanospheres translates to greater

sensitivity and faster response time when functional-

ized with moieties in sensor application. Moreover,

the presence of AuNPs with different size can quench

or enhance the PL properties of the PTh through the

strong SP effect, which makes PTh–Au nanocompos-

ites very attractive materials applicable in biological

and electro-optical fields. This study on the formation

of PTh nanomaterials and PTh–Au composites will

serve to facilitate further research on conducting

polymers and metal-incorporated conducting poly-

mers in future technologies.
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