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The propensity of Au ions to self-assemble 
and undergo rapid reduction into colloids 
and NPs, however, poses distinct barriers 
for utilizing conventional gold chemistry 
for creating structurally-defi ned, organ-
ized wire structures and thin fi lms. Pat-
terned Au structures have been produced 
through chemical derivation of gold col-
loids surfaces [ 14 ]  and/or the substrate 
employed for surface deposition, [ 15–17 ]  or 
through the aid of physical templates. [ 18–22 ]  
These approaches exhibit shortcomings, 
both conceptually as well as technically. 
Specifi cally, Au NP synthesis and surface 
derivatization are often multi-step proce-
dures and introduce certain variability in 
term of product uniformity. In addition, 
in many cases chemical treatment of NP-
based fi lms is further required after sur-
face deposition of the NPs, presenting 
additional experimental parameters to 
modify and optimize. Furthermore, on a 
fundamental basis, the rapid reduction of 
ionic gold into metal NPs severely restricts 

the possibility to control the structural features and spatial, 
long-range organization of the metal assemblies. 

 We present a simple strategy for fabricating extremely long 
(up to several centimeters), horizontally-aligned, conductive 
gold micro-wires, produced through deposition of a surfactant 
monolayer upon gold thiocyanate [Au(SCN) 4  − ] aqueous solu-
tion. We have recently demonstrated that Au(SCN) 4  −  self-
assembles into conductive Au 0  nanostructures through single-
step crystallization/reduction process which do not require 
addition of reducing agents. [ 23–25 ]  Here we show that a sur-
factant, octyl-melamine (OM), adopts elongated and aligned 
micro-wire morphology when isothermally compressed at the 
air/water interface. Furthermore, the OM assemblies consti-
tute a template for gold deposition through electrostatic attrac-
tion between the primary amine residues of the surfactant and 
soluble Au(SCN) 4  − , accompanied by spontaneous crystallization 
and reduction of gold by the thiocyanate moieties, without addi-
tion of reducing agents. In particular, previous studies have 
demonstrated that immobilization of the gold complex onto 
amine-displaying surfaces leads to crystalline organization that 
is largely promoted through aurophilic interactions among 
Au I  species. Reduction leading to metallic gold formation 
was found to occur concurrently with the crystallization pro-
cess, overall resulting in surface-anchored Au 0  nanostructure 

 “Bottom-up” technologies are based upon the premise that organized 
systems – from the nano-scale up to the macro-scale – can be assembled 
spontaneously from basic building blocks in solution. We demonstrate a 
simple strategy for the generation of extremely long (up to several centi-
meters), horizontally-aligned gold micro-wires, produced through a surfactant 
monolayer template deposited from gold thiocyanate [Au(SCN) 4  − ] aqueous 
solution. Specifi cally, we show that the surfactant, octyl-maleimide (OM), 
spontaneously forms oriented micro-wires at the air/water interface, which 
constitute a template for deposition of metallic gold through binding and 
crystallization of the soluble gold complex. The Au micro-wires can be sub-
sequently transferred onto solid substrates, and following plasma treatment 
and gold enhancement exhibit excellent conductivity even at electrode spac-
ings of several centimeters. Importantly, the micro-wire alignment determines 
the direction of electrical current, demonstrating that long-range ordering 
of the micro-wires can be accomplished, signifi cantly affecting the physical 
properties of the system. The new approach is simple, robust, and can be 
readily exploited for bottom-up fabrication of micro-wire assemblies and 
transparent conductive electrodes. 

  1.     Introduction 

 Fabrication of nano- and micro-scale conductive wires that 
would further exhibit long-range organization is a highly 
sought albeit challenging goal in optoelectronic, photovoltaic, 
and nano-photonics research and development. [ 1–4 ]  While most 
currently fabricated micro- and nano-electronic devices are 
produced via “top-down” lithography methods, [ 5–7 ]  “bottom-
up” approaches have emerged as promising alternatives for 
generation of organized nanostructures and electronic compo-
nents. [ 8–10 ]  Bottom-up techniques generally rely upon molecular 
self-assembly phenomena to produce defi ned structures that 
could be practically utilized. [ 11–13 ]  

 Many studies have focused on gold nanostructures as a ver-
satile and powerful means for bottom-up synthesis schemes. 
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formation; plasma treatment was further shown to complete 
the transformation of Au ions into the metallic species. [ 23 ]  

 The aligned gold micro-wires could be transferred from the 
air/water interface onto solid substrates. Following plasma 
treatment and gold enhancement the micro-wire fi lms exhib-
ited high optical transparency and excellent conductivity even 
at electrode spacings of several centimeters. Importantly, the 
alignment of the gold micro-wires effectively determined the 
direction of electrical current, demonstrating that macro-scale 
organization which affects the physical properties of the system 
could be accomplished.  

  2.     Results and Discussion 

 Formation of conductive gold micro-wires was carried out 
through a simple “template-directed” synthesis scheme 
( Figure    1  ). Specifi cally, a Langmuir monolayer of the OM sur-
factant was deposited upon water subphase containing soluble 
Au(SCN) 4  −  (at a concentration of 10 −5  M) (Figure  1 A). Incubation 
gave rise to deposition of metallic gold upon the OM monolayer 
through a recently-reported process in which Au(SCN) 4  −  binds 
through electrostatic attraction to the OM amino residues, fol-
lowed by crystallization and thiocyanate-induced reduction. [ 23 ]  
Remarkably, subsequent isothermal compression of the mono-
layer resulted in formation of aligned OM/gold micro-wires 
(Figure  1 B). The micro-wires could be transferred from the 
water interface onto solid supports by the Langmuir-Schaffer 
method (horizontal transfer), and following plasma treatment 
(to remove the organic residues) [ 26 ]  and gold enhancement [ 19,27 ]  
transparent and highly conductive fi lms comprising the gold 
micro-wires are produced (Figure  1 C).  

  Figure    2   and  3  present in situ and ex situ characterization 
of the micro-wires. Figure  2  shows a surface-pressure/area iso-
therm and corresponding Brewster angle microscopy (BAM) 
images of the OM monolayer deposited upon the Au(SCN) 4  −  
subphase. The BAM images in Figure  2  demonstrate the for-
mation of aligned, elongated micro-wires upon compression of 

the monolayer. In a low surface pressure, the OM monolayer 
appeared uniform, covering the entire surface area (Figure  2 , 
right image). However intense refl ective strips corresponding 
to condensed Au/OM micro-wires appear when the surface 
pressure was increased approximately to 50 mN m −1  (Figure  2 , 
middle image). The microwires became more abundant, while 
still aligned, upon further increase of the surface pressure 
(Figure  2 , top left image).   

 Aligned micro-wire organization was observed also upon 
compression of OM on pure aqueous phase (not containing 
the gold thiocyanate complex, Figure S1) indicating that the 
micro-wire assembly was adopted by the OM alone, which 
consequently served as a template for gold deposition. The for-
mation of micro-wire structures within the OM monolayer is 
likely ascribed to hydrogen-bonding and π–π stacking between 
adjacent melamine moieties. [ 28 ]  Indeed, such interactions have 
been shown to have prominent roles in promoting organized 
surfactant structures in Langmuir monolayers. [ 29 ]  Additional 
experiments corroborate the proposed contribution of hydrogen 
bonding to micro-wire formation. For example, changing the 
acidity of the aqueous subphase (from pH of 6.5 to 4) blocked 
formation of the micro-wires (Figure S2), presumably through 
disrupting the extent of hydrogen bond formation within the 
monolayer. After incubation and compression, the monolayer 
containing the aligned micro-wires was transferred by the 
Langmuir-Schaefer (LS) method (i.e., horizontal transfer) onto 
a hydrophobic solid substrate (silane-treated glass or silicon 
wafer). The glass-supported fi lms were then subjected to brief 
plasma treatment to remove the organic (OM) template, [ 26 ]  and 
gold enhancement procedure designed to augment the gold 
micro-wire features. [ 19,27 ]  The enhancement process essentially 
utilized the micro-wires as a “scaffold catalyst” for docking 
additional gold layers. 
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 Figure 1.    Experimental scheme (not in scale). (A) OM molecules are 
spread over aqueous subphase containing Au(SCN) 4  − . (B) After incuba-
tion, the monolayer is isothermally compressed resulting in the forma-
tion of aligned OM/gold micro-wires. (C) The micro-wires are transferred 
onto a solid substrate; plasma treatment and gold enhancement produce 
highly conductive, transparent gold micro-wire fi lms.

 Figure 2.    Micro-wire formation at the air/water interface. Surface-pres-
sure/area isotherm of OM monolayer compressed upon a water sub-
phase containing soluble Au(SCN) 4  − ; BAM images above the isotherm 
were recorded at the surface pressures indicated by the arrows.
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 Figure  3  presents microscopy characterization of the micro-
wire assemblies on silicon wafer after plasma treatment and 
gold enhancement. The scanning electron microscopy (SEM) 
image of a representative fi lm region in Figure  3 A highlights 
the formation of extremely long, macroscopically-aligned wires. 
The micro-wires appeared continuous up to lengths of several 
centimeters – essentially determined by the overall width of the 
Langmuir trough employed in the experiments. It should be 
noted that SEM measurements indicate that the aligned micro-
wire organization was preserved through both plasma and gold 
enhancement processes ( Figure    4  ). The SEM image (Figure  3 B) 
and atomic force microscopy (AFM) results (Figure  3 C) of a 
magnifi ed view within a gold micro-wire reveal dense gold 
coating and indicate that the micro-wires exhibit widths of few 
microns and heights in the range of 100–300 nm.  

 Experimental data designed to examine the effect of iso-
thermal compression and post-transfer treatment of the 
monolayers upon micro-wire organization is presented in 
Figure  4 . Specifi cally, the SEM images in Figure  4  indicate 
that high surface pressure of the Langmuir monolayer did not 
adversely affect microwire morphology, but rather resulted in 
greater abundance and “crowdedness” of the transferred wires 
(Figure  4 A). Similarly, micro-wire organization and integrity 
were retained following plasma treatment (Figure  4 B) and gold 
enhancement (Figure  4 C). 

 Spectroscopy analyses confi rm that the 
micro-wires comprised of metallic gold 
( Figure    5  ). Specifi cally, the x-ray photoelec-
tron spectroscopy (XPS, Figure  5 A) spectrum 
feature the Au 0  4f peaks, while the powder 
x-ray diffraction (XRD, Figure  5 B) spectrum 
highlights lattice planes of crystalline Au. 
Together, the XPS and XRD data in Figure  5  
affi rm that Au 0  was the predominant species 
in the micro-wires, both after transfer from 
the air/water interface onto the solid sub-
strate (Figure  5 A), as well as following 

plasma treatment and gold enhancement (Figure  5 B). The 
spectroscopic data in Figure  5  – indicating Au 0  formation – are 
consistent with the gold deposition mechanism outlined above, 
according to which electrostatic attraction induced binding 
between the amine moieties of OM (which are positively-
charged in the pH conditions employed) and the negatively-
charged Au(SCN) 4  − , followed by spontaneous crystallization/
reduction of the Au ions by the thiocyanate ligands. [ 23 ]  Control 
experiments corroborated the proposed mechanism. No organ-
ized Au structures were formed, for example, upon (or within) 
the water subphase when OM monolayers were not present. 
Also, no gold micro-wires were assembled when the ionic 
strength of the subphase was increased (for example using a 
subphase containing 0.5 M KCl, Figure S3) – this inhibition 
effect is ascribed to electrostatic shielding of the OM monolayer 
by the positive potassium ions in the aqueous solution. [ 23 ]   

 The physical properties and potential applicability of glass-
supported aligned gold micro-wire fi lms in electro-optical 
devices were further examined ( Figure    6  ). Figure  6  demon-
strates excellent transparency and conductivity profi les of the 
aligned gold micro-wire fi lms. Figure  6 A shows close to 100% 
light transmittance in the visible spectrum range and well 
into the infrared (IR) region of the electromagnetic radiation. 
It should be noted that the transparency was dependent upon 
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 Figure 3.    Microscopy characterization of the aligned gold micro-wires. (A) SEM image of a fi lm region depicting the gold micro-wires following plasma 
treatment and gold enhancement; (B) SEM image of a small region of the micro-wire showing a continuous, dense gold coverage; (C) AFM image 
(left) and height profi le of a region within a single micro-wire.

 Figure 4.    Effects of plasma treatment and gold enhancement upon Au micro-wires. SEM 
images depicting Au micro-wires transferred at a high surface pressure (55 mN/m) onto the 
hydrophobic substrate (A). The Au micro-wires after plasma treatment (B), and after gold 
enhancement (C). Scale bar: 100 μm.
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the abundance of micro-wires on the surface, however several 
measurements (employing different OM monolayer concentra-
tions and surface pressures in which monolayers were trans-
ferred from the air/water) all yielded light transmittance values 
that were higher than 85%.  

 The electrical conductance measurements in Figure  6 B 
underscore the extraordinary long-range conductivities of the 
gold micro-wires. The current-voltage ( I–V ) curves depicted in 
Figure  6 B were recorded through thermally evaporated gold 
electrodes upon the glass-supported micro-wire fi lms at the 
inter-electrode spacings indicated in the graphs. Importantly, 
the linear  I–V  relationships apparent in all electrode distances 
indicate Ohmic behavior of electron transport. [ 30 ]  Furthermore, 
the high current values observed for all electrode spacings (and 
corresponding sheet resistance of between around 20 Ω sq −1 ) 
confi rm that effi cient electron transport occurred within the 
gold micro-wires over considerable distances, from hundreds of 
microns (Figure  6 B) and up to several centimeters (Figure  6 C 
and Figure S4). 

 The conductance measurements in Figure  6 C further provide 
a dramatic manifestation that the direction of electron transport 

depended upon the orientation of the gold micro-wires relative 
to the surface-pasted electrodes. Specifi cally, Figure  6 C shows 
that electric current was recorded only when the two electrodes 
were placed in positions linked by parallel-oriented micro-
wires; no current (e.g. fl at  I–V  curve) was detected between two 
electrodes pasted in positions that were vertical to the micro-
wire alignment. This result confi rms that electron transport 
occurred only through the gold micro-wires, and demonstrates 
that macro-scale organization achieved by the new micro-wire 
fabrication technique provides the means for controlling the 
physical properties of the fi lms generated.  

  3.     Conclusions 

 In conclusion, we have developed a facile bottom-up method 
for fabricating extremely long, aligned, conductive gold micro-
wires. The gold micro-wires were spontaneously formed 
through binding and subsequent crystallization/reduction of 
water-soluble Au(SCN) 4  −  upon a template of octyl-melamine 
monolayer. Transfer of the micro-wires onto solid substrates 
followed by plasma treatment/gold enhancement yielded highly 
transparent fi lms exhibiting excellent conductivity up to elec-
trode distances of several centimeters. Overall, the new scheme 
offers a simple, inexpensive, and robust platform for fabri-
cating extremely long conductive gold micro-wires that can be 
employed in transparent conductive electrodes and other appli-
cations in electronics and photonics.  

  Experimental Section 
  Materials : HAuCl 4 ·3H 2 O, KSCN, 2-chloro-4,6-diamino-1,3,5-triazine, 

octadecylamine and anhydrous sodium hydrogencarbonate were 
purchased from Sigma-Aldrich and were used as received. The Au(SCN) 4  −  
complex was prepared according to previous studies. [ 23 ]  Briefl y, 1 mL 
solution of HAuCl 4 ·3H 2 O in water (24 mg mL −1 ) was added to 1 mL 
solution of KSCN in water (60 mg mL −1 ). The precipitate formed was 
separated by centrifugation at 4000 g for 10 min. The supernatant was 
decanted and the residue was dried at room temperature. The synthesis 
of OM molecule was carried out according to published procedures. [ 31,32 ]  
Briefl y, a mixture of 2-chloro-4,6-diamino-1,3,5-triazine (19 mmol), 
octadecylamine (19 mmol) and anhydrous sodium hydrogencarbonate 
(19 mmol) in 1,4-dioxan (75 mL) was refl uxed under argon atmosphere 
for 6 hrs. The reaction mixture was then cooled and poured into water 
(100 mL). The precipitation was fi ltered off and washed with water. The 
product was purifi ed by fl ash chromatography on silicagel, eluting with a 
dichloromethane/methanol 10:1 mixture. Water used in the experiments 
was doubly purifi ed using a Barnstead D7382 water purifi cation system 
(Barnstead Thermolyne, Dubuque, IA), at 18.3 mΩ cm resistivity. 

  Octyl Melamine (OM) Monolayers : A computerized Langmuir trough 
(model 622/D1, Nima Technology Ltd., Coventry, UK) was used for 
isothermal compression of OM molecules. A solution of the OM in 
chloroform was prepared at a concentration of 1 mg mL −1 . Specifi c 
volumes of the solution were spread over pure water subphase or water 
containing Au(SCN) 4  −  in the Langmuir trough. After solvent evaporation, 
the barriers of the trough were compressed at a rate of 10 cm 2  min −1 . 
The surface-pressure/area isotherm was recorded and the compression 
was performed from 340 cm 2  to 80 cm 2 . The aligned microwires were 
formed during the compression process. 

  Au Micro-Wires Formation : The appropriate amount of the OM 
solution was spread over KAu(SCN) 4  subphase (10 −5  M) in the 
Langmuir trough. In this stage, the amine moieties of OM (which are 
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 Figure 5.    Spectroscopic confi rmation that the micro-wires comprise 
of metallic Au. (A) x-ray photoelectron spectroscopy (XPS) spectrum 
of micro-wires transferred from the air/water interface onto solid sub-
strate. (B) x-ray diffraction (XRD) pattern of the micro-wires after gold 
enhancement.

 Figure 6.    Optical transparency and electrical conductance of gold micro-
wire fi lms. (A) Transmittance spectrum. The inset shows a picture of the 
Au fi lm deposited on glass and placed upon a text feature; (B) Current/
voltage (I/V) curves recorded for thermally evaporated square electrodes 
at distances of 100 μm and 1 mm, respectively; (C) Current/voltage 
curves recorded for pasted silver electrodes parallel (top picture on the 
right), and vertical (bottom picture on the right) to the aligned Au micro-
wires, respectively. Electrode distance was 2 cm.
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positively-charged in the pH conditions employed) and the negatively-
charged Au(SCN) 4  −  were attracted to each other through electrostatic 
interactions. Following incubation for a few hours, gradual formation of 
the surface-deposited Au fi lms occurred, without co-addition of external 
reducing agents – a common precondition in the large majority of gold 
metallization processes. [ 19,23,24 ]  Indeed, different than almost all Au 
nanostructure reaction pathways, in this case the ligand (thiocyanate) is 
the reducing agent, likely according to Equation  ( 1)  :

   H O SCN AU SO CN H SCN4 2Au III 2 0 8 72 4 4
2( )( ) ( )+ → + + + +− − − + −

  (1)   

 After for 6 h, the barriers of the trough were compressed at a rate 
of 10 cm 2  min −1 . The surface-pressure/area isotherm was recorded 
and the compression was performed from 340 cm 2  to 80 cm 2 . The 
aligned micro-wires were transferred onto hydrophobic silica wafer or 
glass substrates by the Langmuir-Schaefer (LS) method. After plasma 
treatment (Harrick Plasma PDC-32G, in High RF) for 3 min to remove 
the organic materials, the samples were ready for gold enhancement. 
Gold enhancement (seeding) was accomplished by dissolving HAuCl 4  
(20 mg) in water (1 mL), which was added to a KSCN solution (1 mL, 
60 mg mL −1 ). The precipitate formed was separated from the solution 
using a centrifuge (4000 g) and added to a 8 mL of 1 M buffer 
solution of phosphoric acid (pH 5.5). A solution of hydroquinone 
(1 mL, 5.5 mg mL −1 ), which constituted the reducing agent, was added 
to the buffer solution. The Au micro-wires transferred onto the solid 
substrate was then immersed for 3 min immediately after adding the 
hydroquinone. Subsequently, the substrate was gently washed with 
water. Note that when higher concentrations of KAu(SCN) 4  were used in 
the subphase we observed more pronounced deposition of gold, giving 
rise to enlarged Au domains rather than Au fi bers. 

  Brewster Angle Microscopy (BAM) : A Brewster angle microscope (NFT, 
Gottingen, Germany) mounted on a Langmuir fi lm balance was used 
to observe the microscopic structures in situ at the air/water interface. 
The light source of the BAM was a frequency-doubled Nd:YAG laser 
with a wavelength of 532 nm and 20–70 mW primary output power in a 
collimated beam. The BAM images were recorded with a charge coupled 
device (CCD) camera. The scanner objective was a Nikon superlong 
working distance objective with a nominal 10× magnifi cation and a 
diffraction-limited lateral resolution of 2 μm. The images were corrected 
to eliminate side ratio distortion originating from a non-perpendicular 
line of vision of the microscope. 

  Characterization : Scanning electron microscopy (SEM) images were 
recorded using a Jeol JSM-7400F Scanning electron microscope (JEOL 
LTD, Tokyo, Japan) at an acceleration voltage of 3 kV. Atomic force 
microscopy (AFM) images were recorded at ambient conditions in 
tapping mode using a Digital Instrument Dimension 3100 mounted 
on an active anti-vibration table. XPS analysis was carried out using 
Thermo Fisher ESCALAB 250 instrument with a basic pressure of 
2 × 10 −9  mbar. Powder x-ray diffraction (XRD) patterns were obtained 
using Panalytical Empyrean powder diffractometer equipped with a 
parabolic mirror on incident beam providing quasi-monochromatic Cu 
Kα radiation (λ = 1.54059 Å) and X’Celerator linear detector. UV-vis 
transparency measurements were carried out using a JASCO V-550 UV/
vis spectrophotometer. 

  Conductivity Measurements : 100 μm square electrodes with spacings 
of 100 μm and 1 mm, respectively, composed of 10 nm Cr and 90 nm 
Au, were thermally evaporated on glass substrate. Prior to the thermal 
evaporation the samples were inserted to a plasma cleaner, PDC-32G, 
Harrick plasma, and were exposed to plasma for 3 min under vacuum. 
Room temperature conductivity measurements were carried out in a 
two-probe confi guration using a probe station equipped with a Keithley 
4200SCS semiconductor parameter analyzer.  
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