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Organic semiconducting microwires can be self-assembled from a trinuclear gold(I) com-
plex AuI

3ðMeN@COMeÞ3 (Au3A3) based on extended intermolecular AuI� � �AuI interactions
by a simple solution method. High mobility (0.23 cm2 V�1 s�1) of the microwires measured
in ambient conditions by organic field-effect transistor (OFET) devices was achieved, vapor
and photo responsive conductive characteristics with great sensibility, reversibility and
rapid response were also revealed. The AuI� � �AuI interaction based structure of the Au3A3

microwires can broaden the scope of nano- and micro-scale organic semiconductors and
will be valuable for the future design and synthesis of new organic semiconducting mate-
rials and also have potential in the fields of chemo-sensing and photo detectors.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The interest in using organic and organometallic mole-
cules to fabricate attractive one-dimensional (1D) crystal-
line building blocks such as nano/microwires or ribbons
for applications in the fields of high performance electron-
ics has grown significantly and much progress has been
made [1–6]. These 1D materials are potential candidates
in the fields including organic light-emitting diodes
(OLEDs), organic field effect transistors (OFETs), photo-
detectors and solar cells, etc. [7–20]. Obviously finding
out driving forces that can not only encourage the forma-
tion of nano/microsize 1D structures, but also lead to novel
electronic characteristics has become an issue in general
pursuit of an answer. Non-covalent intermolecular interac-
tions such as H-bonding, p� � �p stacking, electrostatic and
van der Waals interactions were widely used as efficient
means in 1D molecular assemblies. Except for these tradi-
. All rights reserved.
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tional driving forces, some intermolecular weak metal–
metal interactions such as PtII� � �PtII can also be employed
in the construction of nano/micro 1D molecules [21–24].
It is obvious that these metal interaction based materials
are expected to show outstanding conductive properties
that have so far been sparsely documented [25–28]. Due
to these weak metal interactions some 1D nano-structured
materials showed external stimuli (such as chemical vapor
and photo irradiation) responsive behaviors which may be
useful in the fields of sensors and opto-electronic switch-
ing devices [29–31].

It has been demonstrated that the vacuum deposition
process was an efficient approach to prepare high perfor-
mance optical and electronic devices, however, this ap-
proach always involves multiple and complex steps,
thereby increases manufacturing costs. Recently, much ef-
fort has been invested in developing organic nano/micro
semiconducting materials that are suitable for simple de-
vice process techniques, with a view to reducing process-
ing costs. Solution process has been demonstrated to be
an important way for preparing low-cost and large-area
integrated organic electronic devices. Therefore, it remains
an important task to achieve solution produced 1D materi-
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als and successfully apply them in the fabrication of high
mobility OFET devices [32–35].

In this literature, we report the AuI� � �AuI interaction
induced 1D microstructures of a gold complex AuI

3

ðMeN@COMeÞ3 (Au3A3) [36,37] (Fig. 1a) through a simple
solution process as well as the semiconducting properties
of the in situ formed microwires by fabricating field-effect
transistors. Notably, the produced microwires exhibit inter-
esting photo- and vapor-responsive conductive properties.
Showing that it is possible to prepare high quality AuI� � �AuI

based 1D crystals with field-effect charge carrier mobility
and external stimuli responsive properties by solution
process, which makes this material very interesting for
potential applications in solution process electronics.
2. Experimental

2.1. Materials and device fabrication

Gold complex Au3A3 shows perfect solubility in many
organic solvents. By taking advantage of this virtue, we
succeeded in obtaining microstructures of these com-
pounds through a simple drop-cast method using numer-
ous solvents. I–V measurement was performed on Au3A3

microwires by a simple device: Au3A3 solution (dichloro-
ethane, 2 mg/mL) was drop-cast and self-assembled on
SiO2 insulated substrates. Gold was deposited on top
through a shadow mask to serve as electrodes (Supple-
mentary Fig. S4). The lengths of the microwires were
mostly larger than the electrode gaps (150 lm) so many
of them were able to cross over the gap and connect the
two gold electrodes. In order to measure the field-effect
characteristics of the crystalline microwires, top-contact/
bottom gate configuration OFET devices were fabricated.
The OFET devices were prepared on a SiO2 (300 nm thick-
ness, capacitance C � 11 nFcm�2) dielectric layer with
underlying doped silicon as the gate electrode. The SiO2

surface was modified with n-octadecyltrichlorosilane
(OTS). The microwires were prepared by drop-cast and
slow volatilization method mentioned before on the sub-
strate. Subsequently, gold was deposited on top of the
microwires through a gold wire (diameter = 20 lm) sha-
dow mask to form source and drain electrodes (the typical
channel length was 15–20 lm). Photo and vapor respon-
sive conducting property experiments were conducted on
the Au3A3 microwires using a silver–palladium electrode
(Supplementary Fig. S5). Au3A3 solution (dichloroethane,
2 mg/mL) was drop-cast and self-assembled on the elec-
trodes to form microwires.
2.2. Characterization of the Au3A3 microwires and OFET
measurements

Compound Au3A3 was synthesized according to known
articles [36,37]. The microscopy images of as-prepared
nano/microwires were obtained on an Olympus BX51 fluo-
rescence microscope. FESEM images were achieved on a
JSM 6700F field emission scanning electronic microscope.
TEM images were performed on a Hitachi H-8100IV trans-
mission electronic microscope. X-ray Diffraction was
carried out on a Rigaku D/Max 2550 X-ray diffractometer.
Photoluminescence spectra were recorded on a Perkin-
Elmer LS 55 spectrophotometer. The I–V measurement
was carried out after assembly on the electrode and the
data was collected by an electrochemical workstation.
Field effect mobilities of the Au3A3 microwires were mea-
sured by using a top contact OFET device. Au3A3 micro-
wires were fabricated on a Si/SiO2 (300 nm) substrate
after being drop-cast and dried in air, source–drain elec-
trodes (Au) were evaporated through gold wire (20 lm)
shadow masks. The electrical characteristics were mea-
sured in ambient laboratory conditions by using a Keithley
2636A semiconductor analyzer. Average field effect mobil-
ity is calculated in the saturation regime using equation:
IDS = lCW/2L (VG � VT)2 in which L is the channel length,
W is the channel width which, C is the capacitance per unit
area of the insulator layer, VT is the threshold voltage and l
is the mobility in the saturation region [38].
3. Results and discussion

3.1. Microwire morphology and conductivity

Fig. 1b and d illustrates typical SEM spectroscopy
images of Au3A3 microwires self-assembled on silicon
substrates from tetrahydrofuran (THF, 2 mg/mL) and
dichloroethane (2 mg/mL) solutions, respectively, using
drop-cast method at room temperature. The images show
uniform well-defined 1D micro/nanowires with diameters
ranging from 100 to 1000 nm achieved from dichloroeth-
ane and 2000–3000 nm wires from THF, indicating
changeable size nano/microwires could be obtained by
changing solvents. Further morphology characterizations
of the formed microwires from dichloroethane were
performed on a transmission electron microscope and
shown in Fig. 1f. Au3A3 microwires could also be achieved
in numerous other solutions such as chloroform, chloro-
benzene, and tetrachloroethane (Supplementary Fig. S1),
demonstrating the generality of 1D self-assembly feature
of this gold(I) complex.

It is well-known that the assembly morphologies of
molecule based materials are often controlled by their
intermolecular interactions. So the molecular packing
characteristics of Au3A3 in the single crystals can provide
useful information for the explanation of the 1D mor-
phology in this study. Single crystals qualified for X-ray
diffraction (XRD) were achieved by Balch and co-workers
and crystal analysis revealed that Au3A3 crystallized as
three polymorphs: hexagonal, triclinic and monoclinic,
among which only the hexagonal polymorph could form
needle shaped crystals. Based on the comparison of the
XRD graphs of Au3A3 nano/microwires with the standard
XRD graphs simulated from hexagonal polymorph crys-
tals, it was demonstrated that the XRD pattern of the
nano/microwires was nearly the same as that of hexago-
nal polymorph crystals. (Supplementary Fig. S2). Gener-
ally, nano/microcrystals displayed incomplete XRD peaks
and different relative-diffraction-intensity compared with
their corresponding powder samples. This was due to the
fact that the crystal powder is isotropic and the nano/



Fig. 1. (a) Molecular structure of compound Au3A3, (b) SEM images of Au3A3 microwires achieved from THF (2 mg/mL). (d) SEM and (f) TEM images of Au3A3

microwires achieved from dichloroethane (2 mg/mL). The two types of stacking in the hexagonal form of Au3A3: (c) prismatic and (e) offset.

Fig. 2. I–V curves of Au3A3 microwires produced by solution process.
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microcrystals are not completely isotropic. This reveals
that our Au3A3 nano/microwires have the exact packing
feature of the hexagonal polymorph. To further confirm
the phase property of the nano/microwires, their emis-
sion spectrum (Supplementary Fig. S3) has been recorded
and exhibited identical profile compared with that of
hexagonal polymorph crystals [39]. These results can
support that the Au3A3 microwires are indeed packed in
the hexagonal polymorph and are based upon AuI� � �AuI

interactions. Balch and co-workers have thoroughly
investigated the packing characteristics of the hexagonal
polymorph crystals. In the crystal there are prismatic
and disordered (offset by 60�) stacking modes and both
stacks run parallel to the crystallographic c axis and are
based on aurophilic interactions (Fig. 1c and e) [39,40].

It has been reported before that some weak metal inter-
action based complexes can be fabricated into nano or
microsize materials which possess conductive properties
[25–28]. Based on this information it is reasonable to sus-
pect that the well-defined 1D Au3A3 microwires may be
promising candidates for the fabrication of high perfor-
mance electronic devices. To confirm our speculation we
carried out direct current–voltage (I–V) measurement to de-
tect the conductive characteristics of the Au3A3 microwires.
The electric conductivity at the voltage of 10 V was as high as
0.1 lA per wire (Fig. 2). The excellent conductive properties
of the Au3A3 microwires should arise from the 1D extended
AuI� � �AuI interactions based on 5dz10 orbitals of AuI ions
along the microwires.
3.2. OFET device performance

The results achieved present Au3A3 as a good candidate
for semiconducting materials. Fig. 3a and b shows the
output and transfer characteristics of our fabricated OFET
device based on solution processed 1D crystalline Au3A3

microwires, in which a clear effect of the gate on the cur-
rent was observed. Only p-channel activity is observed



Fig. 3. Field-effect characteristics of the OFET based on Au3A3 microwires: typical (a) output characteristics (inset: Schematic illustration of the Au3A3

microwire OFET device) and (b) transfer characteristics (inset: optical microscopy image of the Au3A3 micro-transistor).
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from the device, indicating holes are the major charge car-
riers in the conducting channel.

More than 10 devices were tested with hole mobilities
from 0.15 to 0.23 cm2 V�1 s�1, threshold from 20 to 10 V,
and Ion/Ioff of about 103. The performances of the
transistors were very stable and highly reproducible in
air. However from the output characteristics we can see
at low drain voltage there are signals of contact resistance;
this might be due to the ineffective contact between the
microwires and the drain/source electrodes. Also, the on/
off ratio is low due to the large off current, as observed
in Fig. 3b. This may be associated with the remaining con-
ductive paths on the surface of the crystals, which might
have been created during the drying process of the crystals
after re-crystallization by solution process [41].

3.3. Photo and vapor responsive conductive properties

Reports lately confirm that some weak metal–metal
interaction based 1D micro-structured materials possess
vapor and photo responsive conductive properties [42].
The conductivity of the Au3A3 microwires is due to the
AuI� � �AuI interactions, therefore there is a reason to believe
Au3A3 microwires may possess similar stimuli-responsive
conducting properties. In order to verify our hypothesis,
we conducted conductivity measurements of Au3A3 micro-
wires under certain excitation wavelengths and different
solvent atmospheres.

The photo-responsive characteristics of Au3A3 micro-
wires show photoswitch performance, as presented in
Fig. 4a. The devices were capable of switching on/off
reversibly and rapidly upon exposure to pulsed incident
light. Fig. 4b shows a series of current responses of the
Au3A3 microwire based sensor to dynamic switches of dif-
ferent light intensities. When the sensor device was ex-
posed to a light with the intensity of 42 lW/cm2, the
current promptly increased and then gradually reached a
relatively stable value. When the light was switched off
again, the current abruptly decreased and rapidly reached
another relatively stable value. The same procedure was
repeated with lights of various intensities and showed
the current response increased from low to high light
intensities. The response and recovery time (defined as
the time required reaching 90% of the final equilibrium va-
lue) were around 20 s and 15 s, respectively. The reason for
the photoswitch effect should be attributed to the photo-
induced carrier in the Au3A3 microwires, which gives a
net increase in the concentration of the charges, therefore
enhancing the electrical conductivity.

The exposure of some vapor volatile organic com-
pounds (VOC) to Au3A3 nano/microwires also resulted in
changes of conducting properties as we expected. Testing
procedures carried out provided more information on
three of the most important parameters for a sensing de-
vice: sensitivity, response time and reproducibility.
Fig. 5a depicts the vapor response properties of the Au3A3

microwires. The sample was exposed to an alternating
atmosphere of nitrogen with or without organic vapor.
Upon introduction of ethanol vapor (2.5 mmol/L) by a
nitrogen flow of 300–400 cm3 min�1, the conductivity in-
creased substantially. After removing the ethanol vapor
by purging with 100% nitrogen, the conductivity decreases
and recovers to the initial level again (Fig. 5a). The re-
sponse and recovery time were about 25 s and 15 s, respec-
tively, and the sensitivity Ion/Ioff was approximately 100–
120. We note that the conductivity of the Au3A3 micro-
wires show a relative response (Fig. 5b) and good linearity
(Fig. 5c) with the concentration of ethanol, clearly showing
the introduction of ethanol is the reason of the conductiv-
ity increase. The responsive properties can be repeated
without obvious deviation for many cycles, indicative of
an excellent reversibility, and all experiments were carried
out at room temperature and ambient atmosphere condi-
tions. Ten other organic vapors have been employed to
check the responsive selectivity of these microwires, only
methanol (Supplementary Fig. S6a) and acetonitrile (Sup-
plementary Fig. S6b) display a similar response to ethanol
vapor, the others such as THF, acetone, benzene and so on
do not induce the change of conductivity (Fig. 5d). There-
fore, the vapor responsive conducting properties of the
Au3A3 microwires exhibited certain selectivity. Our previ-
ous reports show that the intermolecular interactions



Fig. 4. (a) Current response of Au3A3 microwires which can be switched on/off rapidly by photo irradiation. (b) Current response results of Au3A3

microwires to different intensities of photo irradiation.
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caused by VOC guests may affect the metal–metal distance
coupled by changing the energy gap and lead to slight vari-
Fig. 5. (a) Current response of Au3A3 microwires which can be switched on/off by
under a constant voltage (1.5 V). (b) Current response results of Au3A3 microwir
response current and ethanol concentration. (d) Sensitivity (Ion/Ioff) of Au3A3 mi
methanol, (5) acetone, (6) propyl alcohol, (7) xylene, (8) butanol, (9) pentanol, (
ations in the coordination bond angles which are crucial
regarding the charge transfer [24,42]. In this case, ethanol
introducing ethanol (2.5 mmol/L) by a nitrogen flow at room temperature
es to different concentrations of ethanol. (c) Linear dependence between
crowires to various organic vapors: (1) THF, (2) benzene, (3) ethanol, (4)
10) acetonitrile.
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molecules may contact with the Au3A3 wires based on
hydrogen bond interactions and result in the variation of
conductivity.
4. Conclusions

In summary we have demonstrated that crystalline,
semiconducting microwires can be self-assembled from a
trinuclear gold complex Au3A3 based on extended intermo-
lecular AuI� � �AuI interactions by a simple solution process.
The formed microwires exhibiting excellent electrical con-
ductivity properties as well as high hole mobility
(0.23 cm2 V�1 s�1) suggest they are potential candidates
for the development of high performance semiconducting
devices. The AuI� � �AuI interaction based structure of the
Au3A3 microwires can also broaden the scope of nano-
and micro-scale organic semiconductors and will be valu-
able for the future design and synthesis of new organic
semiconducting materials. Vapor and photo responsive
conductive characteristics with good sensibility, reversibil-
ity and rapid response were also revealed, suggesting that
Au3A3 microwires have potential in the fields of chemo-
sensing and photo detectors.
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