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Abstract One-dimensional braided gold nanowires

with 40–50 nm in width and several micrometers in

length which were fabricated by using cationic gemini

surfactant hexamethylene-1,6-bis (dodecyl dimethyl-

ammonium bromide) (C12C6C12Br2). Through simply

regulating the mole ratio of C12C6C12Br2 to HAuCl4,

the morphology of the gold products changed into

nanoparticles and nanowires. The CryoTEM images

indicated that the C12C6C12Br2/HAuCl4 mixture

formed spherical or fibrillar aggregates depending on

the mole ratio of C12C6C12Br2 to HAuCl4, which

performed as the versatile templates for morphology-

controlled synthesis of the multiple gold nanomateri-

als. The HRTEM and SAED results suggested the

nanowires and braided nanowires were polycrystal-

line. The gold nanostructure displayed a time-depen-

dent growth process, i.e., first the nanoparticles

arranged in one dimension, and then assembled into

nanowires. Therefore, a template-directed aggregation

and fusion process of nanoparticles is proposed for the

formation of the one-dimensional gold nanomaterials.

The braided nanowires exhibited a higher catalytic

activity in the reduction of p-nitroaniline than that of

the nanowires. This gemini surfactant-based template

provides a versatile strategy for the morphology-

controlled synthesis of gold nanomaterials, and may

be applied for the synthesis of other noble-metal

nanomaterials.
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Introduction

Gold nanomaterials with tailored morphologies have

received intense attention due to their fascinating

morphology-dependent optical, electronic, and cata-

lytic properties, etc. (Daniel and Astruc 2004; Cobley

et al. 2011). During the past decades, great success has

been achieved in the fabrication of gold nanomaterials

with different morphologies, such as rods (Nikoobakht

and El-Sayed 2003), wires (Kim et al. 2008), belts

(Zhang et al. 2006), tubes (Banerjee et al. 2003), cages

(Skrabalak et al. 2008), cubes (Habas et al. 2007),

polyhedrons (Jeong et al. 2009), plates (Millstone et al.

2009), stars (Sau and Murphy 2004), multipods (Chen

et al. 2007a), and so on. Among these nanomate

rials, one-dimensional (1D) gold nanomaterials are
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especially important because of potential applications

in the fields of optics, electronics, chemical, and

biosensing, nanomedicines (Chen et al. 2007b; Huang

et al. 2009; Pérez-Juste et al. 2005; Sharma et al. 2009).

Various methods such as lithography (Vazquez-Mena

et al. 2008), seed-mediated growth (Nikoobakht and

El-Sayed 2003; Murphy et al. 2011), and template

synthesis (Xiao and Qi 2011; Kijima et al. 2004) have

been used to fabricate 1D gold nanomaterials. How-

ever, to date, a majority of the reported 1D gold

nanomaterials were of individual nanorod, nanowire or

nanobelt. The hierarchical 1D gold nanowire com-

posed of several individual nanowires has long been a

missing piece of gold nanomaterials. Very recently,

Wang and coworkers (2011) demonstrated an example

to construct the alloy nanowires with well-defined

double helical features. Upon growth of a thin metal

(Pd, Pt or Au) layer on a chiral Au–Ag alloy nanowire,

the nanowire winded around preformed Au–Ag nano-

wire to give a metallic double helix. It is highly

desirable to search other feasible approaches to

manipulate individual gold nanowires into hierarchical

1D nanowires.

Template-directed synthesis is a simple way to

control the morphology of inorganic nanomaterials

(Pileni 2003). Surfactant can self-assemble into var-

ious well-defined nanostructures, such as spherical

and worm-like micelles, vesicles, and lamellar struc-

tures, which have been used to template synthesis of

inorganic nanomaterials (Holmberg 2004). Although

various surfactants have been applied to form ordered

aggregates in aqueous solution to be templates for the

synthesis of various nanomaterials (Lin and Mou

2002; Wan and Zhao 2007; Jana 2005), the template

mechanism for gold nanomaterials has not been well-

established. In general, surfactant aggregates are a

class of dynamic molecular assemblies and may lose

its structure in the presence of inorganic precursor or

reducing agent (Qiao et al. 2011). Therefore, how to

control the surfactant aggregate structures into the

final resultant nanomaterials is a key step. More

recently, a few studies illustrated that surfactant–metal

complexes (Lu et al. 2008; Li et al. 2010; Han et al.

2008; Yi and Gao 2011) or metal-driven surfactant

supermolecules (Qiao et al. 2011) are relatively stable

and can be used as reactive templates. The resultant

nanomaterials keep the morphology of template

counterparts. Xiao and Qi (2011) have commendably

reviewed the recent progress in the gold nanomaterial

synthesis assisted by single/mixed surfactants and

surfactant-metal complex templates.

Importantly, some novel surfactant aggregates can

be realized by varying surfactant molecular structures

and the solution conditions (Fan et al. 2011; Wu et al.

2010; Hou et al. 2010; Deng et al. 2009). Accordingly,

novel nanostructures could be constructed through

changing surfactant structures as well as their sur-

roundings. Gemini surfactants are constructed by two

hydrophobic chains and two polar/ionic headgroups

covalently connected by a spacer group at the

headgroup level (Menger and Keiper 2000). Due to

their special self-assembly ability, they are superior to

the corresponding conventional single-chain surfac-

tants, such as remarkably low critical micellar con-

centration (CMC), high surface activity, unusual

rheological properties, various aggregate structures,

strong adsorptive ability, and so on (Han and Wang

2011). Owing to these unique properties, gemini

surfactants have been considered as a kind of excellent

candidates to replace conventional single-chain sur-

factants in template synthesis of gold nanofibers

(Esumi et al. 1998) and nanoribbons (Bakshi et al.

2008). Furthermore, due to the high surface charge

density of the aggregates constructed by ionic gemini

surfactants, the aggregate transitions are highly sen-

sitive to inorganic precursors. In the synthesis of gold

nanomaterials, surfactant-precursor complexes (Li

et al. 2010) can be formed spontaneously, which

greatly influences the aggregation behavior of surfac-

tants. To reveal intrinsic formation mechanism of the

gold nanoparticles, it is essential to investigate the

nature of the mixed systems of inorganic precursors

with surfactants before nanomaterial reduction. It was

found that a small amount of Cu2? ions transform the

micelles of anionic carboxylate gemini surfactant

SDUC into vesicles due to the formation of Cu2?-

SDUC complexes, and Cu2? can induce the fusion/

fission of the vesicles with time (Huang et al. 2006).

Therefore, modulating the interaction between gemini

surfactants and ionic precursors may generate mixed

aggregates with special structures and the aggregates

may be applied as templates for constructing

nanomaterials.

Herein, novel hierarchical 1D gold nanowires,

braided nanowires, are successfully constructed using

gemini surfactant–HAuCl4 aggregates as the tem-

plates. To better understand the mechanism, system-

atic studies were performed to illustrate the aggregate
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transitions of C12C6C12Br2 upon the addition of

HAuCl4. The formation mechanism of the gold

nanomaterials has been proposed. Furthermore, the

catalytic activity of the as-prepared braided nanowires

was investigated.

Experimental section

Materials

Chloroauric acid (HAuCl4�4H2O, 99.9 %,) was pur-

chased from Shenyang Jinke Reagents Company.

Sodium borohydride (NaBH4) and p-nitroaniline (p-

NA) of analytical grade were obtained from Beijing

Chemical Reagents Plant. Gemini surfactant hexameth-

ylene-1,6-bis (dodecyl dimethylammonium bromide)

(C12C6C12Br2) was synthesized as reported in the

literature (Zana et al. 1991) and was used after repeated

recrystallization from ethanol. Ultrapure water (Milli-

Q, 18.2 MX cm) was used to prepare all the solutions.

Preparation of gold nanomaterials

As a typical procedure, 200 lL of C12C6C12Br2

solution (100 mM) was injected into 9 mL of water

and vortexed. After 30 min, 641 lL of HAuCl4
aqueous solution (15.6 mM) was added into this

surfactant aqueous solution and mixed, then the

mixture solution was held at 25 �C for 12 h. After

12 h aging, the 150 lL of ice-cold freshly prepared

NaBH4 (400 mM) was rapidly injected into the above

mixture with vigorously stirring for 1 min, and then

the reaction mixture was kept at 25 �C under static

condition for 24 h. The solution was centrifuged at

2,000 rpm for 20 min. Then the supernatant was

removed and ultrapure water was added to the

precipitate. The residue was dispersed by sonication

for 3 min. The rinsing procedure was repeated at least

three times to obtain the final gold nanomaterials.

Characterization of C12C6C12Br2–HAuCl4
aggregates

All the C12C6C12Br2–HAuCl4 solutions used in prep-

aration of gold nanomaterials underwent an aging

time of 12 h. After 12 h, suspensions appeared in

solutions with the C12C6C12Br2/HAuCl4 mol ratio

(R) of 10:1, 2:1, 1:1, and 1:2, while the solutions were

kept transparent at the R of 50:1 and 20:1. The

C12C6C12Br2–HAuCl4 solutions were characterized

by UV–Vis spectroscopy (Shimadzu, UV-1601),

X-ray diffraction (XRD, Rigaku D/max-2500, Cu

Ka radiation, 40 kV, 200 mA) and Cryogenic Trans-

mission Electron Microscopy (CryoTEM, FEI Tecnai

20, 200 kV). The UV–Vis absorption spectra of the

precursor solution were recorded from 190 to 700 nm

using a quartz cell with 0.5 cm path length. For the

XRD sample preparation, the suspension was centri-

fuged at 5,000 rpm for 10 min. The supernatant was

drawn off with a syringe and the yellow solid was

dried by freeze-dry and vacuum-dry in sequence. The

XRD patterns of the samples were recorded in the

range of 2–68 with a scanning speed of 1.28/min. For

the CryoTEM grid preparation, 3.5 lL of precursor

solutions were embedded in thin layer of vitreous ice

on freshly carbon-coated holey TEM grids by blotting

the grids with filter paper (blotting time was 3.5 or 4 s)

and then plunging into liquid ethane cooled by liquid

nitrogen. Frozen hydrated specimens were imaged by

using the low-dose mode (about 2,000 e/nm2) at about

-174 �C.

Characterization of gold nanomaterials

The synthetic gold nanomaterials were characterized

by transmission electron microscopy (TEM, FEI

Tecnai spirit, 120 kV), high-resolution TEM, selected

area electron diffraction (HRTEM and SAED, JEM-

2011, 200 kV), and XRD. TEM grids were prepared

by placing one drop of the aqueous dispersion of gold

product on carbon-coated copper grids, allowing water

to evaporate at ambient temperature. For the XRD

measurements, several drops of gold product aqueous

dispersion were dropped on a glass slide, followed by

drying naturally in the air.

Catalytic activities of gold nanomaterials

The reduction of p-NA by NaBH4 using the as-

prepared gold nanomaterials as catalysts was con-

ducted in aqueous solution. Gold nanowires, braided

gold nanowires, and broad braided gold nanowires

were used to investigate the catalytic properties. As

the typical procedure, 0.3 mL of p-NA stock solution

(1.0 mM) was mixed with 2.4 mL of water in the

quartz cell and stirred for homogenization. Consecu-

tively, 0.02 mL aqueous dispersion of gold nanowires
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(1 mg/1 mL) was added to the above p-NA aqueous

solution. Finally, 0.3 mL of ice-cold freshly prepared

NaBH4 aqueous solution (100 mM) was added to the

reaction mixture. The reduction of p-NA was moni-

tored with a spectrophotometer in the range

200–700 nm at ambient temperature.

Results and discussion

Synthesis of gold braided nanowires with gemini

surfactant C12C6C12Br2

A special kind of gold nanostructure-like braided

nanowires was obtained in the presence of the cationic

gemini surfactant C12C6C12Br2. Figure 1a shows the

typical braided nanowires with 40–50 nm in width and

several micrometers in length synthesized by adding

NaBH4 to a solution of 0.2 mM C12C6C12Br2 and

0.2 mM HAuCl4. The high-magnification TEM image

of the braided nanowires shown in Fig. 1b clearly

illustrates that the structure is composed of several

nanowires interlaced together. To obtain the crystal-

lographic structure information, SAED, HRTEM, and

XRD measurements were employed. The SAED

pattern (the inset of Fig. 1b) shows apparent diffrac-

tive rings that can be indexed as the gold polycrystal-

line face-centered-cubic (fcc) form. Figure 1c is the

HRTEM image of a tiny part of the braided nanowires.

Two types of lattice planes with the d spaces of 0.23

and 0.20 nm exist in the image, which can be ascribed

to the (111) and (200) lattice spaces. The lattice fringes

in different regions possess different orientations,

indicating the braided nanowires are composed of

small nanoparticles arranged in different directions.

Besides, the XRD pattern of the braided nanowires

(Fig. 1d) exhibits five sharp diffraction peaks exclu-

sively ascribed to gold crystals with a fcc structure

(JCPDS No. 04-0784), indicating that the braided

nanowires are pure gold crystals.

Fig. 1 TEM (a, b),

HRTEM (c) images and

XRD pattern (d) of the

braided nanowires from

reduction of 0.2 mM

HAuCl4 in the presence of

0.2 mM C12C6C12Br2.

Insets show the related

SAED pattern. [NaBH4]/

[HAuCl4] = 6
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Effects of C12C6C12Br2/HAuCl4 molar ratio

R on gold nanostructures

To better understand the formation mechanism of the

braided nanowires, the relationship between the product

morphologies and experimental conditions has been

investigated. Fixing the HAuCl4 concentration at

0.2 mM, the effect of R on the morphologies of gold

products was studied. As illustrated in Fig. 2, a

remarkable morphology evolution of nanoparti-

cles ? nanowires ? braided nanowires ? broad

braided nanowires is observed with the decrease of the

R. At R = 50:1 and 20:1, the gold products are spherical

nanoparticles with an average diameter of *10 nm

(Fig. 2a) and *15 nm (Fig. 2b), respectively. When

R decreases to 10:1, the products transform into

nanowires with hundreds of nanometers in length and

*20 nm in diameter, which coexist with a small

quantity of short nanorods and nanoparticles (Fig. 2c).

With further decreasing R to 2:1, the gold nanowires

become 20–30 nm in diameter and several micrometers

in length (Fig. 2d). Especially at R = 1:1, the braided

nanowires are generated (Fig. 1a). At R = 1:2, the

braided nanowires grow broadly with 100–120 nm in

width and about 1 lm in length (Fig. 2e, f).

The SAED, HRTEM, and XRD measurements

were also investigated for the nanowires and broad

braided nanowires (Fig. S1). Both the SAED and

HRTEM results suggest the obtained products are

polymorphism. Several groups of inconsecutive lattice

planes with the d space of 0.23 or 0.2 nm correspond

to the (111) or (200) lattice space of fcc gold. This

indicates that the nanowires and broad braided nano-

wires are also constructed of small nanoparticles. The

XRD patterns of these two gold nanomaterials show a

typical fcc gold diffraction pattern with five major

peaks, corresponding to the (111), (200), (220), (311),

and (222) reflection planes, respectively.

Aggregate structures in the C12C6C12Br2–HAuCl4
precursor solution

In order to understand the mechanism of the formation

of the gold nanomaterials above, the C12C6C12Br2–

HAuCl4 precursor solutions were investigated before

reduction. Figure 3 shows the UV–Vis spectra of the

C12C6C12Br2 aqueous solution, the HAuCl4 aqueous

solution and the mixed C12C6C12Br2/HAuCl4 solution

at different R. The UV–Vis absorption spectrum of the

C12C6C12Br2 aqueous solution (a) shows an intense

absorption at 200 nm due to bromide ions. The spectrum

of the HAuCl4 aqueous solution (b) presents two

absorption peaks around 220 and 296 nm, which are

ascribed to the charge transfer and d–d transition bands

(Esumi et al. 1998). For the C12C6C12Br2/HAuCl4
mixture at R = 2:1 (c), the charge transfer band

undergoes a significant red-shift to 272 nm, and the d–

d transition band splits into double peaks at around 415

and 486 nm. Then, the charge transfer and d–d transition

bands shift to 256 and 356 nm for R = 1:1 (d) and 244

and 342 nm for R = 1:2 (e). In the C12C6C12Br2–

HAuCl4 mixtures at R = 2:1, 1:1, and 1:2, each AuCl4
-

anion nearly binds with four, two or one quaternary

ammonium ions of the C12C6C12Br2 molecules. These

band shifts are attributed to the formation of the

C12C6C12Br2–HAuCl4 complexes by strong electro-

static interaction of the quaternary ammonium head-

groups of C12C6C12Br2 with the AuCl4
- anions.

Figure 4 presents the representative CryoTEM

images of the C12C6C12Br2–HAuCl4 aggregates. With

decreasing R, the aggregate morphologies of the

C12C6C12Br2–HAuCl4 complexes evolve from spher-

ical aggregates of 20–40 nm in diameter at R = 50:1

to well-defined nanofibers with length in micrometers

and 30–50 nm in diameter at R = 2:1. Continuously,

the diameter of the fibers increases to 70–90 nm at

R = 1:1, and 120–180 nm at R = 1:2.

At R = 50:1, the C12C6C12Br2–HAuCl4 mixture

forms spherical complex aggregates (Fig. 4a) rather

than normal small micelles, because the AuCl4
-

anions bind with C12C6C12Br2 through strong electro-

static interaction and in turn reduces the electrostatic

repulsion between the head groups of the C12C6C12Br2

molecules. With decreasing R to 2:1, the electrostatic

repulsion between the headgroups of C12C6C12Br2 is

further weakened by the binding of the AuCl4
- anions,

which leads to the increase of the packing parameter of

the surfactant. Since the XRD spectrum of the fibrils

(Fig. 5a) does not show a layer structure, the observed

C12C6C12Br2–HAuCl4 fibrils (Fig. 4b) should be

formed by worm-like aggregates. Further decreasing

R to 1:1 and 1:2, the significant reduction of electro-

static repulsion between the C12C6C12Br2 headgroups

broadens the C12C6C12Br2–HAuCl4 fibrils (Fig. 4c,

d). According to the related XRD data (Fig. 5b, c), the

diffraction peaks around 2h = 2.78 indicate the exis-

tence of layer structure with the d space of about

3.2 nm. The calculated length of a completely
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extended cationic alkyl chain of C12C6C12Br2 is

around 1.7 nm. Therefore, double layer structures

exist in the C12C6C12Br2–HAuCl4 fibrils. That is to

say, the C12C6C12Br2/HAuCl4 mixtures form

C12C6C12Br2–HAuCl4 complexes are at different

R and then form aggregates with different

morphologies.

On the basis of the above results, the corresponding

relationship of the aggregates of the C12C6C12Br2–

HAuCl4 complexes with the reduced gold

Fig. 2 TEM images of the gold nanomaterials from reduction of 0.2 mM HAuCl4 with different R of 50:1 (a), 20:1 (b), 10:1 (c), 2:1

(d) and 1:2 (e and f). [NaBH4]/[HAuCl4] = 6
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nanomaterials is summarized as follows: the

C12C6C12Br2–HAuCl4 spherical aggregates at

R = 50:1 yield gold nanoparticles, while the

C12C6C12Br2–HAuCl4 nanofibrils with various diam-

eters yield nanowires at R = 2:1, braided nanowires at

R = 1:1, and broad braided nanowires at R = 1:2.

Obviously, the morphologies of the gold nanomateri-

als closely correlate with the morphologies of the

C12C6C12Br2–HAuCl4 aggregates. Accordingly, the

C12C6C12Br2–HAuCl4 aggregates are served as the

templates for the formation of the gold nanomaterials.

Mechanism of morphological evolution of gold

nanomaterials

Based on the above investigation and discussion, the

possible mechanism of the morphology evolution of

the gold nanomaterials is proposed as follows.

Fig. 3 UV–Vis spectra of 0.4 mM C12C6C12Br2 (a), 0.2 mM

HAuCl4 aqueous solution (b), the mixture solutions of 0.4 mM

C12C6C12Br2 and 0.2 mM HAuCl4 (c), 0.2 mM C12C6C12Br2

and 0.2 mM HAuCl4 (d), and 0.1 mM C12C6C12Br2 and

0.2 mM HAuCl4 (e)

Fig. 4 CryoTEM images of the C12C6C12Br2–HAuCl4 aggregates after 12 h aging. R = 50:1 (a), 2:1 (b), 1:1 (c), and 1:2 (d)

J Nanopart Res (2013) 15:1380 Page 7 of 12
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Although, the micelle template mechanism is well-

established in the synthesis of mesoporous materials,

the template mechanism in the synthesis of metal

nanoparticles is illusive (Xiao and Qi 2011; Qiao et al.

2011). It is commonly considered that surfactant

molecules act as capping agents or particle stabilizers

in the synthesis of metal nanoparticles. Up to now, the

available templates for colloidal synthesis of gold

nanocrystals are still limited. Jana (2005) demon-

strated that CTAB cylindrical micelles could perform

as templates at the early stage of gold nanorods

growth. If the seed size was smaller than 3 nm and the

growth rate were properly controlled, the growing

nanoparticles (seed) absorbed on the micelle surface

and grew along the long axis direction of the micelles.

But if the seed size was larger than 3 nm, the

nanoparticles were detached from the micelles due

to the larger mass, and the micelles could not work

well as templates. Normally micelles are in a dynamic

equilibrium with monomers. Monomer-micelle

exchange takes place in microseconds (Groth et al.

2004). Consequently, micelles are not stable enough to

preserve the shape during the complex nucleation and

growth of metal nanoparticles. However, compared

with conventional surfactants, gemini surfactants have

much slower monomer-micelle exchange kinetics

(Ulbricht and Zana 2001). Moreover, the electrostatic

repulsion between the headgroups of C12C6C12Br2 is

greatly weakened through binding with the AuCl4
-

anions in the C12C6C12Br2–HAuCl4 aggregates, which

leads to the formation of compact structures in the

aggregates and further reduces the monomer-micelle

exchange. In addition, the gemini surfactant has much

stronger hydrophobic interaction and the resultant

stronger aggregation ability than normal single-chain

surfactants. Thus, different from the micelle template

assembled by CTAB molecules, the aggregates of the

C12C6C12Br2–HAuCl4 complexes are stable enough to

be the templates for the gold nanomaterials.

Herein, the spherical aggregates of the C12C6C12Br2–

HAuCl4 complexes are the templates of the spherical

gold nanoparticles. The shape of the templates is kept

after reduction. As to the gold nanowires, the long

fibrillar aggregates of the C12C6C12Br2–HAuCl4 com-

plexes perform as the templates. With the increase of the

HAuCl4 content, the binding of the AuCl4
- with the

headgroups of C12C6C12Br2 greatly lessens the electro-

static repulsion between the headgroups of the surfac-

tant. Then the C12C6C12Br2–HAuCl4 complex form

worm-like micelles. The worm-like micelles associate

into the long fibrillar aggregates. Upon reduction by

NaBH4, the gold nanomaterials are generated along the

fibrillar aggregates. In order to know the reduction

process, TEM was used to monitor the process as shown

in Fig. 6. The reaction solution extracted at different

reaction time was directly dropped on the TEM grid, and

then immersed into liquid nitrogen immediately. There-

after, the frozen samples were lyophilized for the TEM

observation. The image of the gold nanostructures

obtained after 30 s reduction clearly shows an assem-

bled line of nanoparticles in one-dimension (Fig. 6a).

The arrangement of the nanoparticles oriented in a line

strongly implies that the nanoparticles are directed by

the fibrillar C12C6C12Br2–HAuCl4 template. Once the

small particles are formed, the particle fusion occurs in

succession. The driving force for the fusion is to

minimize the surface energy of the system. The image

after the duration of 180 s indicates that larger nano-

particles already construct the premature gold nano-

wires (Fig. 6b). After 24 h intra-particles ripening

process (smoothing), the nanowires are formed

(Fig. 2d).

Gemini surfactant plays an important role during

the period of the particle fusion. The headgroups with

two positive charges can efficiently cap on the certain

surface of the growing gold nanoparticles, while

strong hydrophobic interaction of the surfactant with

two chains efficiently pull the particles to be close

Fig. 5 XRD patterns of the

C12C6C12Br2–HAuCl4
aggregates at R = 2:1 (a),

1:1 (b), and 1:2 (c).

[HAuCl4] = 0.2 mM
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enough, facilitating the subsequent fusion process.

Previously this enhanced aggregation by strong

hydrophobic interaction was also utilized to explain

the formation of the nanoparticle superlattice in the

presence of gemini surfactant (Bakshi 2009). More-

over, stronger hydrophobic interaction between the

gemini surfactants efficiently inhibit the template

breakage during the nucleation and growth stages.

As to the braided nanowires, the similar braided

nanostructure has not yet been observed in the

aggregates of the C12C6C12Br2–HAuCl4 complexes.

The C12C6C12Br2–HAuCl4 complexes still exist as

fibrillar aggregates in the precursor solution where the

braided gold nanowires are obtained. Because the

fibrillar aggregates contain double layer structure as

proved by XRD, the fibrillar aggregates formed at

R = 1:1 and 1:2 are thought to be composed of thinner

fibrils. We tried to observe the fine structure of the

C12C6C12Br2–HAuCl4 fibrils by HRTEM, but unfor-

tunately, the fibrils were easily damaged under the

irradiation of TEM electron beam (Fig. S2). Therefore,

a tentative interpretation on the formation of braided

nanowires is suggested as follows. Upon the binding

of the C12C6C12Br2 with more AuCl4
- anions at

R = 1:1 and 1:2, the C12C6C12Br2–HAuCl4 com-

plexes self-assembled into thinner fibrils with very low

surface charge density. The very low charged fibrils

should be more flexible and tend to twist with each

others. With the reduction of NaBH4, then the braided

nanowires are generated through template-directed

aggregation and fusion process of nanoparticles. In

brief, the morphologies and the molecular packing

modes of the C12C6C12Br2–HAuCl4 aggregates

control the morphologies of the gold nanomaterials.

Comparing with conventional single-chain surfactant,

the double chains of gemini surfactants promote the

aggregation and fusion of the nanoparticles. There-

fore, essentially, the presence of the gemini surfactant

is the key factor for the formation of the braided

nanowires.

Catalytic activities of gold nanomaterials

in the NaBH4 reduction of p-NA

It is well-known that the catalytic properties of

nanomaterials are largely dependent on their size,

morphology, specific surface area, and nature of

exterior facets, etc. (Min and Friend 2007; Campbell

2004). In general, the nanomaterials with large surface

areas and high-index exposed facets display high-

catalytic activity, especially for noble-metal nanom-

aterials (Mostafa et al. 2010; Tian et al. 2007). Here,

the gold nanowires, braided gold nanowires and broad

braided gold nanowires were selected to be applied to

the reduction of p-NA with NaBH4. The representative

time-dependent UV–Vis absorption spectra and the

plot of the absorbance (A) at 380 nm versus time are

shown for the broad braided nanowires in the Fig. 7a,

b. The absorption spectra of the reaction mixture show

a gradual decrease for the peak at 380 nm, a progres-

sive development for the peak around 220 nm and the

appearance of a new peak at 300 nm (Fig. 7a).
1HNMR result indicates the reduction product is p-

phenylenediamine with nearly 100 % yield (Fig. S3).

The rate constant (k) of the catalytic reaction calcu-

lated is 16.16 9 10-2 min-1 for the broad braided

Fig. 6 TEM images of the gold products at R = 2:1 for the duration of 30 s (a) and 180 s (b)
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nanowires, and 3.11 9 10-2 min-1 for the braided

nanowires, and 2.66 9 10-2 min-1 for the nanowires.

To further understand the catalytic efficiency, the

turnover number (TON) and turnover frequency

(TOF) were estimated (Kundu et al. 2009; Jia et al.

2012). The TON and TOF values are 4.28 9 108,

1.09 9 109, and 1.38 9 109 mol/mol, and 2.36 9

106, 6.98 9 106 and 4.58 9 107 mol/(mol min) for

the nanowires, braided nanowires, and broad braided

nanowires, respectively. Obviously, the catalytic

activity of the broad braided nanowires is the highest

among the three gold nanomaterials. The Brunauer–

Emmett–Teller (BET) adsorption analysis showed that

the specific surface areas of the nanowires, braided

nanowires and broad braided nanowires were 6.22,

6.73, and 11.46 m2 g-1, respectively, which sug-

gested that the enhanced activities of broad braided

nanowires should be partially attributed to the surface

areas. Besides, the higher catalytic activity corre-

sponds to the higher (311)/(111) intensity ratio

calculated from the XRD data (Fig. 7c). The higher

(311)/(111) intensity ratio offers a larger number of

atoms of corners and edges (low coordinated atoms),

which can also improve the catalytic activity of

nanomaterials (Chirea et al. 2011). In addition, the

kinks of the braided nanostructures may bring more

grain boundaries which may provide additional active

sites for catalytic reactions (Qin et al. 2010).

Conclusions

In summary, novel braided gold nanowires were

conveniently constructed with a cationic gemini sur-

factant C12C6C12Br2. The correlation between the

aggregate structures of the C12C6C12Br2–HAuCl4

complexes and the resultant gold nanomaterials was

systematically studied. The results indicate that the

complexes of the gemini surfactant C12C6C12Br2 with

HAuCl4 form spherical and fibrillar aggregates,

depending on the mole ratio of C12C6C12Br2 to

HAuCl4. The spherical aggregates of the

C12C6C12Br2–HAuCl4 complexes produce spherical

gold nanoparticles, while the C12C6C12Br2–HAuCl4
fibrillar aggregates composed of worm-like aggregates

and double layer structures generate gold nanowires

and braided nanowires, respectively. The gemini

surfactant is a key factor to the formation of the

braided nanowires. Fine modulation of the electrostatic

interaction between the C12C6C12Br2 headgroups and

AuCl4
- dictates the transition of the C12C6C12Br2–

HAuCl4 aggregates, which in turn determines the

morphology of the final gold products. Especially, the

gemini surfactant can form much stable aggregates

with HAuCl4, which insures the shape-preserved

transformation from templates to gold products. The

braided gold nanowires exhibit high-catalytic activity

for the reduction of p-NA with NaBH4. Moreover, such

one-dimensional nanostructures may have distinct

electrical and thermal transport properties and

mechanical properties and display potential applica-

tions in fabricating electronic, optoelctronic, and

electrochemical devices (Kuchibhatla et al. 2007; Xia

et al. 2003; Murphy et al. 2006; Li et al. 2003; Melosh

et al. 2003). This study helps to extend the application

of gemini surfactants in material science. Although

conventional single-chain surfactants have been

widely used in the synthesis of nanomaterials, the

utilizations of gemini surfactants are scarce. The

gemini surfactant-based template strategy provides a

facile route to design various inorganic nanomaterials

with novel morphologies and unique applications.

Fig. 7 a Successive UV–Vis absorption spectra and b the

corresponding plot of ln A versus time for the reduction of p-NA

(0.001 M) with 0.1 M NaBH4 catalyzed by the gold broad

braided nanowires. c The rate constant (k) and the (311)/(111)

intensity ratio of the selected gold nanomaterials
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