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a b s t r a c t

Polythiophene containing amphiphilic decyl-tri(oxyethylene) side group was synthesized. Gold nano-
wire networks having almost uniform wire diameters could be prepared when the amphiphilic poly-
thiophene was mixed with hydrogen tetrachloroaurate (HAuCl4) in THF followed by the addition of
aqueous sodium borohydride solution. The size of nanowire networks and the diameter of the compo-
nent wires could be controlled by changing the polymer concentration and the gold salt to polymer
ratios. When polythiophene derivatives having hydrophobic or hydrophilic side groups were used
instead of the amphiphilic polythiophene, disconnected poor networks and coagulated nanoparticle
chunks, respectively, were obtained, although the same reduction process was applied.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Conducting polymers have been widely studied over the past
few decades due to their unique semiconducting and optoelec-
tronic properties [1–5]. Recently, inorganic nanomaterials such as
nanoparticles and one-dimensional nanostructures including
carbon nanotubes have been incorporated into conducting poly-
mers to produce conducting nanocomposites [6–14]. The addition
of nanomaterials to conducting polymer matrices can improve or
tune the electrical and mechanical properties of nanocomposites by
adjusting the composition and the dispersions of the nanomaterials
[9–11]. Since nanomaterials have interesting optical, electro-
chemical, and photoelectrochemical properties, they can be used in
important applications such as electrochromic devices, microwave
absorbers, photovoltaic cells, sensors, etc [15–24]. Two-dimen-
sional nanowire networks have also attracted much attention for
their potential applications in microelectronics, nanocatalysis,
nanofillers in composites, and as interconnections for nanoscale
electronic devices. Procedures for the synthesis of the nanowire
networks such as template-direct methods using polymeric nano-
structures [25,26], organic surfactants [27–30], a hard template
method [31], and a templateless method [32] based on a coales-
cence process by agitation of nanoparticles in biphasic mixtures
have been developed.

Herein we report the synthesis of a polythiophene having
decyl-tri(oxyethylene) side chain groups. Having side groups with
amphiphilic character composed of hydrophilic tri(oxyethylene)
þ82 2 888 1604.
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and hydrophobic decyl groups, it was expected that this con-
ducting polymer could be used as a template for nanomaterials
formation. Previously, amphiphilic polymer brushes used as
template for the formation of one-dimensional metal and semi-
conductor nanostructures because metallic ionic precursors are
preferentially located in the nano-sized hydrophilic region, and
the subsequent reduction of the precursors produces nano-
materials with different sized nanorods and nanowires [25,33].
This time we could prepare gold nanowire networks having
uniform wire diameters when the polymer was mixed with gold
salt followed by a chemical reduction process, and the amphiphilic
character of the polymer was found to be crucial for the formation
of these nanowire networks. The synthesis and characterization of
the amphiphilic polythiophene, the preparation of the nanowire
networks using the polythiophene, and the effect of the side group
character of the polythiophene templates on the formation of
nanomaterials are described here.
2. Experimental methods

N-Methyl-2-pyrrolidone (NMP), N,N-dimethylacetamide
(DMAc), ethanol, and methanol were dried over molecular sieves
(4 Å). Tetrahydrofuran (THF) was dried over CaH2 for 24 h under
nitrogen atmosphere and distilled. 1-Bromodecane, triethylene
glycol, 3-bromothiophene, [1,3-bis(diphenylphosphino)propane]-
dichloronickel(II) (Ni(dppp)Cl2), N-bromosuccinimide (NBS),
sodium hydride (NaH), copper bromide (CuBr), sodium (Na), and
poly(3-decylthiophene) were purchased from Aldrich and they
were used without further purification. All other reagents and
solvents were used as received.
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Fig. 1. Synthetic route of novel regioregular PD3ET with amphiphilic side groups.
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2.1. 2-[2-(2-Decyloxyethoxy)ethoxy]ethanol

1-Bromodecane (13.4 g, 60.4 mmol) was added dropwise at 0 �C to
a stirred mixture of triethylene glycol (9.07 g, 60.4 mmol) and sodium
hydride (1.45 g, 60.4 mmol) in 200 mL of dimethylacetamide (DMAc).
After 3 h, the reaction was quenched by the dropwise addition of
distilled water and the reaction mixture extracted with methylene
chloride and 0.5 N aqueous HCl (1/1, vol/vol), dried over anhydrous
magnesium sulfate, and concentrated, producing an oily liquid. The
crude product was purified by column chromatography using SiO2 as
the stationary phase and ethyl acetate/hexane (1/2, vol/vol) as the
eluent to produce 6.06 g (34% yield) of 2-[2-(2-decyloxyethoxy)
ethoxy]ethanol. 1H NMR (CDCl3, d/ppm): d¼ 0.88 (t, –CH2CH3, 3H),
Fig. 2. (a) 1H NMR data (b) 13C NMR of regioregular PD3ET.
1.20–1.40 (m, –CH2(CH2)7CH3,14H),1.58 (m, –OCH2CH2(CH2)7CH3, 2H),
2.57 (br, –CH2CH2OH,1H), 3.45 (t, –OCH2CH2(CH2)7CH3, 2H), 3.55–3.79
(m, –(OCH2CH2)2OCH2(CH2)8CH3, 8H) 3.53–3.78 (m, –(CH2CH2O)3–,
12H). 13C NMR (CDCl3, d/ppm): 13.92 (–CH3), 22.49 (–CH2CH3), 25.90–
29.43 (–CH2(CH2)6CH2CH2CH3), 31.73 (–CH2CH2CH3), 61.32 (–CH2OH),
69.86 (–CH2CH2OH), 70.17–71.34 (–(OCH2CH2)2OCH2CH2OH), 72.49
(–OCH2(CH2)8CH3).
2.2. 3-{2-[2-(2-Decyloxyethoxy)ethoxy]ethoxy}thiophene (D3ET)

2-[2-(2-Decyloxyethoxy)ethoxy]ethanol (14.9 g, 51.4 mmol) was
added to a mixture of sodium (1.42 g, 61.7 mmol) and methanol
(30.0 mL). After stirring at room temperature for 2 h and 30 min, the
solvent was evaporated and a solid residue was obtained. Then,
3-bromothiophene (2.88 g, 17.7 mmol), CuBr (2.95 g, 20.6 mmol),
and NMP (30.0 mL) were added to the reaction flask and the reac-
tion mixture magnetically stirred at 140 �C for 2 h and 30 min. The
solution was then allowed to cool to room temperature and the
NMP was removed at 150 �C by rotary evaporation. After extraction
of the concentrated mixture with 0.5 N aqueous HCl and methylene
chloride (1/1, vol/vol) and drying over anhydrous magnesium
sulfate, the solution was concentrated by using a rotary evaporator
to produce an oily liquid. The crude product was purified by column
chromatography using SiO2 as the stationary phase and a mixture
of ethyl acetate/hexane (1/4, vol/vol) as the eluent. The fraction
with an Rf of 0.25 was collected and concentrated as above to yield
2.63 g (40% yield) of a light yellow oil. 1H NMR (CDCl3, d/ppm):
d¼ 0.88 (t, –CH2CH3, 3H), 1.26 (m, –CH2(CH2)7CH3, 14H), 1.57 (m,
–OCH2CH2(CH2)7C3, 2H), 3.43 (t, –OCH2CH2(CH2)7CH3, 2H), 3.55–
3.79 (m, –(OCH2CH2)2OCH2(CH2)8CH3, 8H) 3.85 (m, –CH2CH2O–
thiophene ring, 2H), 4.11 (m, –CH2CH2O–thiophene ring, 2H), 6.26
(dd, H-2, 1H), 6.78 (dd, H-4, 1H), 7.26 (dd, H-5, 1H). 13C NMR (CDCl3,
d/ppm): 14.12 (–CH3), 22.71 (–CH2CH3), 26.12–29.64 (–CH2(CH2)6

CH2CH2CH3), 31.93 (–CH2CH2CH3), 69.57 (–OCH2CH2(OCH2CH2)2

O(CH2)9CH3), 69.69 (–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 70.06–
70.81(–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 71.55 (–OCH2(CH2)8CH3),
97.48 (C-2), 119.59 (C-4), 124.61 (C-5), 157.58 (C-3).
2.3. 2,5-Dibromo-3-{2-[2-(2-decyloxyethoxy)ethoxy]-
ethoxy}thiophene

3-{2-[2-(2-Decyloxyethoxy)ethoxy]ethoxy}thiophene (2.42 g,
6.51 mmol) was dissolved in chloroform and acetic acid and N-
bromosuccinimide (2.54 g,14.3 mmol) were added to the solution at
Fig. 3. FT-IR spectrum of PD3ET and PD3ET/HAuCl4 complex.



Fig. 4. (a) TEM image of 2D gold nanowire networks obtained using THF solution containing 4 mM HAuCl4, 10 mM PD3ET, and 200 mM NaBH4 aqueous solution. (b) X-ray
diffraction spectrum of 2D gold nanowire networks. (c) Plot of frequency versus cross-sectional diameter for 510 randomly selected sections of the gold nanowire network as shown
in Fig. 4(a).
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0 �C, and the mixture was stirred for 6 h. The reaction mixture was
then extracted with distilled water and chloroform (1/1, vol/vol),
crude product was purified by column chromatography using ethyl
acetate/hexane (1/5, vol/vol). The product was isolated as 1.20 g of
a yellow oil (yield: 35%). 1H NMR (CDCl3, d/ppm): d¼ 0.88 (t, –CH2-
CH3, 3H), 1.26 (m, –CH2(CH2)7CH3, 14H), 1.57 (m, –OCH2CH2(CH2)7C3,
2H), 3.47 (t, –OCH2CH2(CH2)7CH3, 2H), 3.58–3.78 (m, –(OCH2-

CH2)2OCH2(CH2)8CH3, 8H) 3.86 (m, –CH2CH2O–thiophene ring, 2H),
4.14 (m, –CH2CH2O–thiophene ring, 2H), 6.87 (s, thiophene ring
protons,1H). 13C NMR (CDCl3, d/ppm): 14.12 (–CH3), 22.67 (–CH2CH3),
26.01–29.64 (–CH2(CH2)6CH2CH2CH3), 31.89 (–CH2CH2CH3), 69.81
(–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 70.07 (–OCH2CH2(OCH2CH2)2O
(CH2)9CH3), 70.69–71.52 (–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 72.03
(–OCH2(CH2)8CH3), 91.31 (C-2), 109.54 (C-5), 121.49 (C-4), 153.74
(C-3).
2.4. Regioregular poly(3-{2-[2-(2-decyloxyethoxy)ethoxy]ethoxy}-
thiophene) (PD3ET)

2,5-Dibromo-3-{2-[2-(2-decyloxyethoxy)ethoxy]ethoxy}thiop-
hene (1.20 g, 2.26 mmol) was dissolved in THF solvent (20.0 mL)
and 3.0 M methylmagnesium bromide/diethylether solution
(equivalent to 0.75 g, 2.26 mmol of the bromide) was added.
After 2 h of reflux with stirring, Ni(dppp)Cl2 catalyst (0.12 g,
0.0226 mmol) was added to the mixture and refluxed for an addi-
tional 2 h. When polymerization was completed, the polymer was
precipitated by adding the solution into methanol, and the result-
ing black precipitate was washed by Soxhlet extraction using
methanol and hexane for 24 h, respectively, to produce 0.50 g (59%
yield) of black solid. 1H NMR (CDCl3, d/ppm): d¼ 0.86 (t, –CH2CH3,
3H), 1.23 (m, –CH2(CH2)7CH3,14H), 1.53 (m, –OCH2CH2(CH2)7C3,
2H), 3.41 (t, –OCH2CH2(CH2)7CH3, 2H), 3.55–3.80 (m, –(OCH2CH2)2

OCH2(CH2)8CH3, 8H), 3.95 (t, –CH2CH2O–thiophene ring, 2H), 4.35
(t, –CH2CH2O–thiophene ring, 2H), 6.96 (s, thiophene ring protons,
1H). 13C NMR (CDCl3, d/ppm): 14.31 (–CH3), 22.89 (–CH2CH3),
26.32–29.88 (–CH2(CH2)6CH2CH2CH3), 32.12 (–CH2CH2CH3), 70.16
(–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 70.25 (–OCH2CH2(OCH2-

CH2)2O(CH2)9CH3), 70.95–71.32 (–OCH2CH2(OCH2CH2)2O(CH2)9

CH3), 71.77 (–OCH2(CH2)8CH3), 111.68 (C-2), 113.15 (C-4), 132.49
(C-5), 153.42 (C-3).
2.5. Regiorandom poly(3-{2-[2-(2-decyloxyethoxy)ethoxy]ethoxy}-
thiophene) (regiorandom PD3ET)

A solution of 3-{2-[2-(2-decyloxyethoxy)ethoxy]ethoxy}-
thiophene (D3ET) (0.37 g, 0.99 mmol) in dry chloroform (50.0 mL)
was added to a solution of anhydrous FeCl3 (0.67 g, 0.40 mmol) in
dry chloroform. The reaction mixture was stirred at 0 �C for 24 h, the



Fig. 5. TEM images of gold nanomaterials obtained using 200 mM NaBH4 aqueous solution and (a) 0.04 mM HAuCl4, 10 mM PD3ET; (b) 0.4 mM HAuCl4, 10 mM PD3ET; (c) 4 mM
HAuCl4, 10 mM PD3ET; (d) 8 mM HAuCl4, 10 mM PD3ET in THF solution.
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crude product precipitated in methanol, the polymer was purified
by extraction with methanol using a Soxhlet apparatus for 24 h, and
the result was 0.16 g of product (43% yield). 1H NMR (CDCl3):
d¼ 0.86 ppm (t, –CH2CH3, 3H), 1.24 ppm (m, –CH2(CH2)7CH3,14H),
1.55 ppm (m, –OCH2CH2(CH2)7C3, 2H), 3.41 ppm (t, –OCH2CH2

(CH2)7CH3, 2H), 3.57–3.80 ppm (m, –(OCH2CH2)2OCH2(CH2)8CH3,
8H), 3.96 ppm (t, –CH2CH2O–thiophene ring, 2H), 4.35 ppm (t,
–CH2CH2O–thiophene ring, 2H), 6.97 ppm (s, thiophene ring
protons,1H).13C NMR (CDCl3, d/ppm): 14.34 (–CH3), 22.90 (–CH2CH3),
26.34–29.93 (–CH2(CH2)6CH2CH2CH3), 32.14 (–CH2CH2CH3), 70.18
(–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 70.26 (–OCH2CH2(OCH2CH2)2O
(CH2)9CH3), 70.96–71.27 (–OCH2CH2(OCH2CH2)2O(CH2)9CH3), 71.79
(–OCH2(CH2)8CH3).
2.6. Poly(3-{2-[2-(2-methyloxyethoxy)ethoxy]ethoxy}thiophene)
(PM3ET)

2,5-Dibromo-3-{2-[2-(2-methyloxyethoxy)ethoxy]ethoxy}thio-
phene was prepared from 3-{2-[2-(2-methyloxyethoxy)ethoxy]-
ethoxy}thiophene using a published synthetic procedure [34].
2,5-Dibromo-3-{2-[2-(2-methyloxyethoxy)ethoxy]ethoxy}thioph-
ene (4.30 g, 10.6 mmol) was dissolved in THF (10.0 mL), methyl-
magnesium bromide, 3.0 M diethylether solution (1.27 g,
10.6 mmol) were added, and the mixture refluxed with stirring
for 2 h. Then Ni(dppp)Cl2 catalyst (0.06 g, 0.11 mmol) was added
and refluxed for an additional 2 h. When polymerization was
completed, the polymer was precipitated into methanol as above,
and the black precipitate subsequently washed by Soxhlet
extraction using hexane and H2O for 24 h, respectively. The result
was 1.04 g of product (40% yield).1H NMR (CDCl3, d/ppm): d¼ 3.35
(s, –OCH3, 3H), 3.52–3.80 (m, –CH3(OCH2CH2)2OCH2CH2O–, 8H),
3.95 (t, –CH2CH2O–thiophene ring, 2H), 4.35 (t, –CH2CH2O–
thiophene ring, 2H), 6.97 (s, thiophene ring proton, 1H). 13C
NMR (CDCl3, d/ppm): 58.63 (–CH3), 69.56–70.61 ((–OCH2-

CH2)2OCH2CH2OCH3), 71.52 (–CH2OCH3).
2.7. Preparation of 1D gold nanowire network in the polythiophene
derivatives

For the preparation of gold nanowire networks with uniform
cross-sectional diameters of about 10 nm, HAuCl4 (7 mg, 0.02 mmol)
was added into 5 mL of THF containing 19 mg of PD3ET (0.05 mmol).
One milliliter of aqueous sodium borohydride (NaBH4, 8 mg,
0.2 mmol) was then added and the mixture stirred vigorously
for 1 h. The product was precipitated into methanol and purified by
several reprecipitations from THF solution into methanol. Gold
nanomaterials with different sizes and shapes were obtained from
the same procedure except the amount of water, HAuCl4, and the
polymer in the reactions. For transmission electron microscopy
(TEM), the mixtures of the obtained gold nanomaterials and the
polythiophene derivatives were dissolved in THF and a drop of the
solution is placed onto a carbon-coated copper grid.

2.8. Instrumentation

1H NMR and 13C NMR spectra were produced by a Bruker Avance
500 (500 MHz). All NMR samples were dissolved in deuterated
chloroform (CDCl3). FT-IR spectra measurements were performed
on a JASCO FT/IR-200 using the polymer samples spin coated on
silicon wafers from THF solution. The silicon wafers were cleaned
by piranha solution. Gel permeation chromatography (GPC) was
used to determine the molecular weights and molecular weight
distribution, Mw/Mn, of polymer samples with respect to poly-
styrene standards using THF as the eluent. TEM images were taken
on a JEOL JEM-200CX operated at 200 keV.

3. Results and discussion

An amphiphilic polythiophene, poly(3-{2-[2-(2-decyloxy
ethoxy)ethoxy]ethoxy}thiophene) (PD3ET) was synthesized via
condensation polymerization using the Grignard metathesis
method (GRIM), initially reported by McCullough et al. [35]. (Fig. 1).



Fig. 6. TEM images of gold nanomaterials obtained using THF solution containing 0.04 mM HAuCl4, 10 mM PD3ET and (a) 400 mM NaBH4 aqueous solution, (b) 200 mM TBABH
dissolved in THF solution. (c) TEM image of gold nanomaterials obtained using THF solution containing 4 mM HAuCl4, 10 mM PD3ET, and 20 mM NaBH4 aqueous solution. (d) TEM
image of 2D gold nanowire networks obtained using THF solution containing 4 mM HAuCl4, 10 mM regiorandom PD3ET, and 200 mM NaBH4 aqueous solution. (e) Plot of frequency
versus cross-sectional diameter for 200 randomly selected sections of the gold nanowire network as shown in Fig. 6(d).
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3-{2-[2-(2-Decyloxyethoxy)ethoxy]ethoxy}thiophene was obtained
by reacting 3-bromothiophene and tri(ethylene glycol) mono-
decyl ether with sodium methoxide using NMP as a solvent and
CuBr as a catalyst, and then bromination of 3-{2-[2-(2-decyl-
oxyethoxy)ethoxy]ethoxy}thiophene using NBS produced 2,5-
dibromo-3-{2-[2-(2-methyloxyethoxy)ethoxy]ethoxy}thiophene.
Finally, PD3ET was obtained by the polymerization of 2,5-
dibromo-3-{2-[2-(2-methyloxyethoxy)ethoxy]ethoxy}thiophene
using methylmagnesium bromide. PD3ET exhibits good solu-
bility in common organic solvents, such as chloroform, dichloro-
methane, and tetrahydrofuran, and also in aprotic polar
solvents, such as N-methyl-2-pyrrolidone, dimethylformamide,
and others.

The chemical structure of PD3ET was confirmed by its 1H NMR
and 13C NMR spectra, shown in Fig. 2. One sharp aromatic peak at
d¼ 6.96 ppm from the proton of the thiophene ring in the 1H
NMR spectrum (h in Fig. 2(a)) and four peaks at d¼ 111.7, 113.2,
132.5, and 153.4 ppm in the aromatic region in the 13C NMR
spectrum (Fig. 2(b)) were observed. This result indicates that
PD3ET having a regioregular structure with more than 95% head
to tail sequence was obtained from the GRIM polymerization as
reported by others [36]. The number average molecular weight
and the molecular weight distribution of PD3ET calculated by GPC
with polystyrene standards were 43,000 g/mol and 1.6,
respectively.

Fig. 3 shows the FT-IR spectra of a PD3ET film and a PD3ET/
HAuCl4 mixture film on Si-wafer. For the mixture films, the molar
ratio of gold salt to the monomeric unit in PD3ET, [HAuCl4]/[D3ET],
was 0.4:1, which was the composition used for the preparation of
nanowire networks having uniform wire diameter shown later in
this discussion. The peak positions of the C–H stretching band of
the polymer and the mixture films at 2852, 2925, and 2956 cm�1

are identical, while peak shifts of the C–O–C bands in the range of
1000 cm�1 and 1300 cm�1 were observed. The peak shift can be
ascribed to the interactions between oxide groups in the side chain
of PD3ET and metal ions because similar peak shifts due to ion–



Fig. 7. TEM images of gold nanomaterials obtained by using 200 mM NaBH4 aqueous solution and (a) 4 mM HAuCl4, 10 mM PM3ET; (b) 4 mM HAuCl4, 10 mM P3DT in THF solution.
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dipole interactions have been reported previously [37–39]. There-
fore, gold ions in HAuCl4 can be coordinated with oxide groups in
the side chains of PD3ET in the bulk state.

Since NaBH4 is insoluble or only slightly soluble in THF, an
aqueous solution of NaBH4 was used to reduce HAuCl4 mixed with
THF solution of PD3ET. The amounts of all components such as
NaBH4, water, HAuCl4, PD3ET, and THF, were observed to affect the
size and shape of the gold nanomaterials. When 1.0 mL aqueous
solution containing 0.2 mmol of NaBH4 was added into 5 mL of
a THF solution containing 0.02 mmol of HAuCl4 and 0.05 mmol of
PD3ET ([HAuCl4]/[D3ET]¼ 0.40), gold nanowire networks having
uniform cross-sectional diameter of about 10� 2.0 nm were
obtained (Fig. 4). The gold nanowires have uniform diameters with
the ratio of the standard deviation to the average diameter of 20%.
The electron and X-ray diffraction patterns of gold nanowire
networks showed scattering points corresponding to (111), (200),
(220), (311) and (420) reflections for gold crystals.

The molar ratio of HAuCl4 to the monomeric unit in PD3ET
([HAuCl4]/[D3ET]) was varied to investigate the effect of the
Fig. 8. Schematic illustration of the formation mechanism of the 2D gol
amount of the salt or polymer on the formation of the gold nano-
materials when the amount of reducing reagent was fixed to 1.0 mL
aqueous solution containing 0.2 mmol of NaBH4. If only a small
amount of gold salt, such as 5 mL of the THF solution containing
0.0005 mmol of HAuCl4 and 0.05 mmol of PD3ET ([HAuCl4]/
[D3ET]¼ 0.01), was used, gold nanomaterials with irregular shapes,
an average length of 4–5 nm, and poorly connected gold networks
were obtained, as shown in Fig. 5(a). When the amount of gold salt
was increased from [HAuCl4]/[D3ET]¼ 0.10 to 0.40, the cross-
sectional diameter of the networks increased. The average cross-
sectional diameter of the networks obtained from [HAuCl4]/[D3ET]
ratios of 0.10, 0.40, and 0.80 is 6, 10, and 25 nm, respectively (Fig. 5).

When smaller amounts of water were used for preparing
aqueous NaBH4 solutions, loosely connected gold nanowire
networks formed with smaller cross-sectional diameter. Fig. 6(a)
shows the loosely connected gold nanowire networks with a cross-
sectional diameter of about 6 nm obtained using 0.5 mL aqueous
containing 0.2 mmol of NaBH4 instead of the 1.0 mL aqueous
solution used for the preparation of nanowire networks having
d nanowire networks by using (a) PD3ET/HAuCl4, (b) P3DT/HAuCl4.
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cross-sectional diameter of 10 nm as in Fig. 5(c). Since PD3ET is not
soluble in water, it is expected that the addition of water into
polymer solution decreases the hydrodynamic volume of PD3ET.
Therefore, less amount of water (0.5 mL) might expand the polymer
chain in THF, leading to the formation of more expanded or loosely
connected networks, more than the case when more water (1.0 mL)
was used which leads to connected networks. When THF soluble
reducing reagent, 0.2 mmol of tetrabutylammoniumborohydride
(TBABH), was used to reduce HAuCl4 in the THF solution of PD3ET
in the absence of water, mostly disconnected gold nanomaterials
were produced (Fig. 6(b)). Since TBABH can work as a surfactant
such as phase transfer catalysts [33,40], the template structuring
ability of the amphiphilic PD3ET to produce nanowire networks
should be destroyed.

When 0.02 mmol of NaBH4 instead of 0.2 mmol was added into
the same THF solution as above, smaller gold nanomaterials with
irregular shapes (Fig. 6(c)) were obtained, suggesting that the
amount of reducing reagent used here was not enough to generate
network structures. Also, when the amount of THF was increased
ten times (0.05 mmol of PD3ET was dissolved in 50 mL of THF
instead of 5 mL), then mostly disconnect gold nanomaterials
similar to that in Fig. 5(a) were observed. Possibly, the high dilution
of PD3ET by the large volume of THF destroyed the template
structure of the polymer. Therefore, a certain ratio of water to THF is
required to allow the template structure of PD3ET and an optimum
amount of reducing agent, polymer, and gold salt is required to
produce gold nanowire networks having uniform wire diameters.

We found that the stereoregularity of PD3ET does not affect the
formation of nanowire network structures. To eliminate the effect
of the molecular weight we intentionally prepared two PD3ETs
having similar number molecular weights of 9900 and 10,800
g/mol, respectively, while they have quite different stereo-
regioregularities such as 84% and 65%, respectively. Both polymers
produced almost same gold nanowire networks. For example,
when 1.0 mL of 200 mM NaBH4 aqueous solution was added into
5 mL of THF solution containing 0.02 mmol of HAuCl4 and
0.05 mmol of this regiorandom PD3ET ([HAuCl4]/[D3ET]¼ 0.40,
65% stereoregularity), gold nanowire networks with uniform cross-
sectional diameter of about 9.5�1.8 nm were obtained by
measuring 200 randomly selected sections of gold nanowires
(Fig. 6(d)). The ratio of standard deviation to the average diameter
is 20%. We also tried to observe the effect of cation of the gold salt
on the formation of gold nanowire networks. When 0.02 mmol
LiAuCl4 instead of HAuCl4 was added into THF solution containing
regioregular PD3ET followed by reduction of gold ion using NaBH4

as above procedure, gold nanowire networks similar to that in
Fig. 6(d) were obtained.

Two polythiophene derivatives, PM3ET having hydrophilic
methyltri(oxyethylene) side chains and poly(3-decylthiophene)
having hydrophobic hydrocarbon chains, were used as templates
for producing gold nanomaterials to examine the effect of the side
chain polarity on the formation of the nanostructures. Mimicking
the reaction conditions for the fabrication of gold nanowire
networks which produced uniform cross-sectional diameter
networks from PD3ET, when 5 mL of THF solution containing the
gold salt and either of these two polymers ([HAuCl4]/[monomer
unit of polymer]¼ 0.4) and 1.0 mL of 0.2 mmol NaBH4 aqueous
solution were used, irregular shaped gold nanomaterials and/or
aggregated nanowires structures were obtained as shown in Fig. 7.
To produce gold nanowire network structures and/or well shaped
gold nanomaterials, the ratio of gold salt to polymer or the amount
of NaBH4 aqueous solution used with these two polymers was
varied. While hydrophilic PM3ET produced disconnected short
nanowire and aggregated nanowires and hydrophobic poly(3-
decylthiophene) produced mostly aggregated gold chunks, which
clearly highlights the fact that the amphiphilic side chain structure
of the polythiophene derivatives is a crucial factor for the formation
of the gold nanowire network structures.

The formation mechanism of gold nanowire networks from
PD3ET has been schematically constructed, as shown in Fig. 8(a).
First, gold ions are selectively placed in the hydrophilic ethylene
oxide units [41,42] around the polythiophene backbone through
ion–dipole interactions. This was confirmed to some degree by
measuring 1H NMR of PD3ET/HAuCl4 in THF-d8. What we found
was that, the proton peaks of (d)–(g) in Fig. 2(a) were broaden and
shifted indicating the complex formation of gold salt with oxy-
ethylene unit in the polymer. Similar peaks’ shift and broadening
were observed by others from the polymer and metal complexes
[33,43]. When gold ions are reduced via a chemical reducing agent,
NaBH4, preliminary gold nanoparticles are produced in situ within
the hydrophilic ethylene oxide structure and then these gold
nanoparticles fuse into a wire network structure. Therefore, the
hydrophilic nanochannel structure formed from the phase sepa-
ration between hydrophilic oxyethylene unit and hydrophobic
alkane unit in the side chain works as a template to produce the
gold nanowire network along the nanochannel. However, when
poly(3-decylthiophene) having only hydrophobic side groups and
PM3ET with only hydrophilic side groups were used, such nano-
channel structures working as a nanotemplate could not be
generated. Then gold particle formation could not be organized
along the polymer and only aggregated gold chunks were
produced, as evidenced by gold materials located everywhere in
the product (Fig. 8(b)).
4. Conclusion

Polythiophene having amphiphilic side group was successfully
synthesized. It was established that the formation of gold nanowire
networks was affected by the amount of NaBH4, water, THF, gold
salt, and the amphiphilic polythiophene employed. Specifically,
gold nanowire networks having uniform diameter were produced
when 0.2 mmol of NaBH4 aqueous solution was added to 5 mL THF
solution containing 0.02 mmol HAuCl4 and 0.05 mmol of amphi-
philic polythiophene. In these systems, wire diameter increased as
the gold ion content increased. When polythiophenes having
hydrophilic and hydrophobic side groups were used in the same
reaction conditions instead of the amphiphilic polythiophene,
irregular shaped gold nanomaterials and disconnected nanowire
network structures were obtained, respectively. In conclusion,
polythiophene/gold nanowire network composites were success-
fully synthesized using amphiphilic polythiophene as the template.
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