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Temperature-dependent I–V characteristics for the nanocomposite
semiconducting films composed of a thiol end-capped dinuclear macrocyclic
complex and Au-NPs bridging 1 μm gap gold electrodes
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A rigid trans pyridine-4-thiol coordinated dinuclear zinc(II) macrocyclic complex trans-[Zn2L(py-4-SH)2]-
(ClO4)2 (1) is introduced for the first time to fabricate self-assembled nanocomposite films with gold
nanoparticles (Au-NPs) covering 1 μm gap gold electrodes. Utilizing the same self-assembled fabrication
technique but different concentrations of dithiol 1 and Au-NPs in chloroform, a series of molecular-scale
electronic devices 2–5 have been obtained exhibiting typical temperature-dependent (8–300 K)
semiconducting I–V characteristics on the order of μA, nA and pA in the temperature range of 8–300 K.
The transformation from an insulating dinuclear zinc(II) macrocyclic complex to a semiconducting
nanocomposite thin film is thereby achieved by means of the Au–S bonded contacts between dithiol
end-capped molecules and Au-NPs as well as the unique charge separation and electron transportation
abilities of Au-NPs. From the classical Arrhenius plots, it is concluded that the temperature-independent
tunneling current between Au-NPs in the 1 × 1 μm2 region dominates the conductance below 100 K.
However, the tunneling current is overwhelmed by the temperature-dependent thermal excitation current
with the increase of temperature and the hopping conductance finally governs the electron transportation
among the molecules.

Introduction

Over the past decades, tremendous progress has been achieved
since Aviram and Ratner pioneered the field of molecular elec-
tronics in 1974 by first proposing a molecular p–n junction.1 To
date, many of the current research interests in molecular elec-
tronics are focused on replacing the silicon and other inorganic
semiconductors, which are currently used in devices, with
organic materials.2 Among them, investigations into fabricating
self-assembled nanocomposite thin films by using gold nano-
particles (Au-NPs) and dithiols has attracted much attention.3 On
the one hand, the advent of self-assembly methodologies helps
to prepare stable adherent molecular thin films with relatively
regular geometries at reduced cost for large-scale manipulation.
On the other hand, Au–S bonded contacts between dithiol mole-
cules and Au-NPs are far stronger than conventional physisorp-
tion, which will greatly decrease the contact resistance originated
from the Schottky-like interfacial electronic barriers and facilitate

the electron hopping between Au-NPs via dithiol bridges even
if the dithiols are insulators such as long alkyl dithiol
compounds.4,5

Studies on the Robson-type dinuclear macrocyclic complexes
have also aroused extensive attention since their first emergence
in 1973 due to their important chemical, physical and biological
properties.6 Recently, mononuclear metal–porphyrins and metal–
phthalocyanines have been widely used in the fields of low-
dimensional organic semiconductors due to their diversified
potential applications in OFETs, chemical sensors, nonlinear
optics, and photovoltaic cells.7 However, because of their limited
solubility in the common organic solvents, nanowires are usually
made through physical vapor transport and deposition
approaches. In contrast, the Robson-type dinuclear zinc(II)
macrocyclic complex trans-[Zn2L(H2O)2](ClO4)2 has a rigid and
planar molecular structure,8 which can serve as a building block
to produce self-assembled supramolecular systems via the
replacement of two trans apical coordination water molecules by
certain pyridyl derivatives.9 More importantly, it shows good
solubility in common organic solvents and high thermal and
chemical stability.

Our idea and the current study are based upon the combination
of above-mentioned considerations, namely designing and pre-
paring dinuclear zinc(II) macrocyclic complexes with terminal
thiol groups in their molecular structures to fabricate self-
assembled thin films and devices on the nanometer scale with
Au-NPs by Au–S bonded contacts. In this paper, we have
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introduced for the first time a trans pyridine-4-thiol (py-4-SH)
coordinated dinuclear zinc(II) macrocyclic complex {trans-[Zn2L-
(py-4-SH)2](ClO4)2 (1)} and fabricated self-assembled nano-
composite semiconducting films with Au-NPs covering 1 μm
gap gold electrodes. These nanodevices exhibit temperature-
dependent I–V curves on the μA, nA and even pA order when
different concentrations of two starting materials are used.

Experimental

Materials and measurements

All reagents and solvents used were of analytical grade and
were used without further purification. The anhydrous solvents
were drawn into a syringe under a flow of dry N2 gas and were
directly transferred into the reaction flask to avoid contamination.
Tert-dodecanethiol-protected active Au-NPs were prepared using
a modified Brust method.10 Gold nanoelectrodes with 1 μm gaps
were prepared by a method described previously.11 Each 3 ×
3 mm2 silicon chip was thoroughly washed with toluene, acetone
and methanol, and cleaned in an oxygen plasma asher prior to
SEM analysis. For the preparation of self-assembled films with
tert-dodecanethiol-protected active Au-NPs in CHCl3, the elec-
trodes with 1 μm gaps were cleaned carefully in CF4 plasma and
checked with an optical microscope prior to use.

Caution: Although no problem was encountered in any of our
experiments, transition-metal perchlorates are potentially explo-
sive and should be handled in small quantities.

UV-vis spectra were recorded with a Shimadzu UV-3150
double-beam spectrophotometer using a quartz glass cell with a
path length of 10 mm at room temperature. Infrared spectra
(4000–400 cm−1) were recorded using a Horiba FT-700 spectro-
photometer. 1H NMR spectrum of 1 was obtained on a Bruker
500 MHz NMR spectrometer. Electrospray ionization mass
spectra (ESI-MS) were recorded on a Finnigan MAT SSQ
710 mass spectrometer in a scan range of 100–1200 amu. An
OLYMPUS BX60M optical microscope was used to check all
the electrodes before determination of I–V curves. A Yanaco
PLASMA ASHER LTA-102 instrument was used to clean all the
electrodes. Scanning electron microscope (SEM) images were
collected with a JEOL JSM-6700F microscope with an accelera-
tion voltage of 3 KV. The measurement is carried out in vacuo to
eliminate the influence of water adsorbed on the sample surface
and increase the sensitivity and reproducibility of the experi-
ment. The light source used for irradiating the samples with
maximum intensity is a NPI PCS-UMX250 High Power Metal
Halide Lamp.

All the I–V curves were collected with an Advantest R6245
2-Channel Voltage Current Source Monitor interfaced with a
microcomputer through a GPIB-SCSI board and NI-488.2 proto-
col. Data were acquired using a homemade procedure and Igor
Pro 4.0 (Wavemetrics) software. The samples were mounted on
the top of an anti-vibration table with a temperature-controlled
cryogenic chamber (±0.005 °C). All measurements were carried
out in high vacuum (P < 2.0 × 10−4 Pascal) formed by means of
a turbomolecular pump, and the samples were cooled using
liquid helium as the coolant (5 to 300 K). Short triaxial cables
were used to connect the molecular devices and the I–V monitor

in order to ensure maximum noise reduction and optimal shield-
ing and accurate measurements.

Synthesis of trans-[Zn2L(py-4-SH)2](ClO4)2 (1)

A 10 cm3 methanol solution of py-4-SH (0.011 g, 0.10 mmol)
was added to a stirred solution of trans-[Zn2L(H2O)2](ClO4)2
(0.038 g, 0.05 mmol) dissolved in 40 cm3 methanol. The
mixture was heated under reflux for 2 h under argon atmosphere,
after which it was cooled to room temperature and filtered. The
filtrate was concentrated using a rotary evaporator under Ar2
atmosphere to give a yellow solid of 1 in a yield of 65%. Anal.
Calcd for complex 1, [(Zn2C24H26N4O2)(C5H5NS)2]·(ClO4)2:
C, 42.78; H, 3.80; N, 8.80%. Found: C, 42.92; H, 3.97;
N, 8.71%. Main FT-IR absorptions (KBr disk, cm−1): 3047 (s),
2361 (m), 1635 (s), 1569 (s), 1520 (m), 1487 (s), 1408 (s), 1322
(m), 1104 (vs), 807 (m), 617 (m). 1H NMR (500 MHz, CD3OD,
298 K, TMS): δ = 8.60 (d, 4H, py-H), 8.45 (s, 4H, HCvN),
7.81 (d, 4H, py-H), 7.48 (s, 4H, phenyl), 4.06 (t, 8H, CH2), 2.34
(s, 6H, PhMe), 2.05 (m, 4H, CH2). UV-vis: (λmax in MeOH),
372 and 251 nm (trans-[Zn2L(H2O)2](ClO4)2, 362 and 251 nm).
Fluorescence emission in methanol, λmax = 441 nm. ESI-MS
(MeOH): m/z, 633 [Zn2LClO4]

+ and 266 [Zn2L]
2+/2.

Preparation of the semiconducting nanodevices 2–5

The nanodevices composed of trans-[Zn2L(py-4-SH)2](ClO4)2
bridged Au-NPs on 1 μm gap Au electrodes were fabricated by
an self-assembly method. Freshly oxygen plasma cleaned gold
electrode pairs with a 1 × 1 μm2 gap area (four pairs in each
chip) were immersed in a chloroform solution (20 cm3) of
freshly prepared trans-[Zn2L(py-4-SH)2](ClO4)2 (1.0 mmol L−1

for nanodevice 2, 0.5 mmol L−1 for nanodevice 3, 0.2 mmol L−1

for nanodevice 4 and 0.1 mmol L−1 for nanodevice 5) for
30 minutes in clean bottles, and then chloroform solutions of
freshly prepared tert-dodecanethiol-protected active Au-NPs
with the same concentration of dithiol end-capped complex 1
were added, respectively. The resulting mixtures were sealed and
kept standing at room temperature for 36 h in a glove box. The
nanodevices 2–5 were then taken out, washed thoroughly with
DMF and chloroform in order to remove excess Au-NPs and
dithiol molecules, and dried in vacuo. In general, 3–5 chips have
been used to prepare nanodevices 2–5 and they were checked by
SEM observations and subsequent I–V measurements, respecti-
vely, which shown good reproducibility of concentration-related
temperature-dependent electric characteristics.

Results and discussion

Syntheses and spectral characterizations

For the macrocyclic precursor trans-[Zn2L(H2O)2](ClO4)2 (left
top image in Fig. 1) prepared from the [2 + 2] sodium template
condensation of 1,3-diaminopropane and 2,6-diformyl-4-methyl-
phenol, both penta-coordinate and hexa-coordinate modes are
common, and weakly coordinated water molecules at each side
of the macrocyclic framework can be replaced by additive
ligands bearing strong coordination atoms.11 We have previously

14310 | Dalton Trans., 2012, 41, 14309–14315 This journal is © The Royal Society of Chemistry 2012
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reported a controlled synthetic method for preparing the cis or
trans isomers of dinuclear zinc(II) macrocyclic complexes with
the same rigid macrocyclic platform and counterion merely by
the substitution of a protonic solvent for a non-protonic
solvent.12 In this work, py-4-SH is used to replace py-4-NH2

under the same synthetic condition in order to prepare a thiol-
ended macrocyclic complex trans-[Zn2L(py-4-SH)2](ClO4)2 (1),
where the distance between the two S atoms of 1 is 1.4 nm. So
we can extend our research by fabricating stable self-assembled
molecular junctions, wherein novel macrocyclic dithiol-bridged

Au-NPs are chemisorbed to the pair of gold electrodes with a
1 × 1 μm2 gap area by means of the Au–S bonded contacts.

Trans thiol-ended macrocyclic complex 1 was prepared by the
same method we described previously in a yield of 65%.11 In its
electronic spectrum (Fig. 2a), a 10 nm bathochromic shift was
observed after the replacement of pyridine-4-thiol for the coordi-
nation water molecules in the trans positions of dinuclear zinc(II)
macrocyclic platform. In contrast, only a 3 nm bathochromic
shift for trans-[Zn2L(py-4-NH2)2](ClO4)2 species can be found.
Additionally, the FT-IR spectrum of 1 exhibits an intense

Fig. 1 Schematic illustration for the dinuclear zinc(II) macrocyclic complex 1 based self-assembled nanocomposite devices, together with the SEM
images of nanodevice 5 with different magnifications.

Fig. 2 (a) Electronic absorption spectrum for trans-[Zn2L(py-4-SH)2](ClO4)2 (1) in methanol (red line), together with that of trans-[Zn2L(H2O)2]-
(ClO4)2 in methanol (black line) for comparison. (b) Fluorescence spectra of trans-[Zn2L(py-4-SH)2](ClO4)2 (1) in methanol (red line for excitation
and black line for emission).

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 14309–14315 | 14311

D
ow

nl
oa

de
d 

by
 N

an
jin

g 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 1

9 
M

ar
ch

 2
01

3
Pu

bl
is

he
d 

on
 1

3 
Se

pt
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2D
T

31
63

8B

View Article Online

http://dx.doi.org/10.1039/c2dt31638b


absorption at 1104 cm−1 and a medium out-of-plane bending
vibration absorption at 617 cm−1, indicative of the presence of
perchlorate anions. ESI-MS spectral study in methanol shows
that only mono and doubly charged peaks corresponding to the
production of the macrocyclic units can be found. Like our pre-
viously mentioned rigid dinuclear zinc(II) macrocyclic com-
plexes, 1 is also fluorescence active showing an emission peak at
441 nm, as illustrated in Fig. 2b.

SEM observations for the nanodevices

The nanodevices herein can be easily fabricated via a previously
reported self-assembled method by adding an equal molar ratio
of tert-dodecanethiol-protected active Au-NPs in chloroform
into a chloroform solution of trans-[Zn2L(py-4-SH)2](ClO4)2 in
the presence of gold electrode pairs with a 1 × 1 μm2 gap area at
room temperature. The thickness and the conductance of result-
ing nanocomposite films are believed to be dependent upon the
concentrations of the two starting materials.

SEM observations of 1/Au-NPs nanodevices with different
thicknesses give very similar results. The resultant nanocompo-
site films herein are suggested to be multilayer thin films which
are similar to our previously reported dithiol/Au-NPs nano-
devices, since the self-assembled monolayer can not be formed
in our experimental condition considering the molecular shape
of dithiol 1. SEM images of the thinnest nanodevice 5 with
different magnifications are shown as the upper right and lower

right images in Fig. 1. The two images clearly indicate the for-
mation of self-assembled nanocomposite thin film between the
micrometer gap Au-electrodes. However, different from those
long linear alkyl dithiols, aggregation of Au-NPs to some extent
is observed on the surface of the nanocomposite thin film, which
is mainly because of the rigid and short molecular conformation
of trans pyridine-4-thiol coordinated dinuclear zinc(II) macro-
cyclic complex. Furthermore, the nanocomposite thin film looks
much thicker on the surface of the pair of gold electrodes than
on the surface of SiO2 due to the presence of strong Au–S
bonded contacts.

In addition to comparing the SEM images of the nanodevices
before and after the self-assembly, a more reliable method is to
verify the alteration of conductivity between the 1 μm gap Au
electrodes before and after the nanofabrication. Our experimental
results demonstrate that no current can be observed by the I–V
monitor between the bare Au electrode pairs prior to the nano-
fabrication. However, an obvious variation of conductivity can
be recorded once the self-assembled semiconducting thin films
are formed between the 1 μm gap Au electrodes.

Temperature-dependent I–V characteristics for the
nanocomposite semiconducting thin films

The nanodevices prepared herein are very stable in air and the
current between 1 μm gap gold electrodes can be kept constant
over repeated cycling. In our experiments, only the statistically

Fig. 3 Temperature-dependent I–V characteristics in the range of 8–300 K (a) and corresponding Arrhenius plots in the ranges of 8–300 K (b) and
100–300 K (c) for nanodevice 2 with 0.5 V intervals, where the current between 1 μm gap gold electrodes is collected on the order of μA.

14312 | Dalton Trans., 2012, 41, 14309–14315 This journal is © The Royal Society of Chemistry 2012
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average current can be recorded by the I–V monitor wherein a
great number of cross-linked dithiol molecules and Au-NPs con-
tribute to the generation of the whole current between the 1 ×
1 μm2 gap area. As a result, reproducible temperature-dependent
I–V curves (measured current versus applied bias voltage) can be
recorded using the cyclic scanning mode from 8–300 K.

The full range temperature-dependent I–V curves of nano-
junction 2 are shown in Fig. 3, wherein 1 bridged Au-NPs serve
as the active elements. The self-assembled nanocomposite thin
film manifests typical temperature-dependent semiconducting
I–V behaviors in the range of 8–300 K, where the conductance
of thin film is found to increase with the increase of temperature.
As can be seen in Fig. 3a, the I–V curve of nanodevice 2, pre-
pared from 1.0 mol L−1 solutions of dithiol 1 and Au-NPs, is
almost ohmic at 300 K with resistance on the order of 1.32 ×
106 ohm (R = 0.999 by performing the linear fitting). However,
the I–V characteristics of this nanodevice become increasingly
non-linear with decreasing temperature. With regard to the self-
assembled nanodevices 3 and 4, which are prepared from 0.5
and 0.2 mol L−1 solutions as shown in Fig. 4a and 5a, the I–V
curves at 300 K are nearly ohmic with higher average resistances
of 3.48 × 108 and 1.06 × 109 ohm (R = 0.993 and 0.998 by per-
forming the linear fitting), respectively. Similarly, the I–V charac-
teristics of these two nanodevices become increasingly non-
linear with decreasing temperature. In contrast, Fig. 5c shows
the temperature-dependent I–V curves of a self-assembled

nanodevice 5 prepared from 0.1 mol L−1 solutions, which are far
more non-ohmic in the temperature range of 8–300 K. By com-
paring the I–V curves of nanodevices 2–5, it is found that the
conductance is inversely proportional to the concentrations of
starting materials during the process of nanofabrication. For
example, the current is recorded to be −3.00 μA, −8.85 nA,
−3.93 nA and 26.94 pA at −4 V and 300 K for nanodevices 2,
3, 4 and 5, respectively.

The Arrhenius formula (I / exp �ΔE
kBT

h i
: I = current, T = temp-

erature, kB = Boltzmann constant and ΔE = activation energy for
the nanocomposite thin film) is often used to discuss the possible
conduction mechanisms, which reflects the classical hopping
transport of individual charges between the nearest neighboring
particles. Classical Arrhenius plots (ln(I) versus 1/T) are used
here to characterize the I–V behaviors of our nanodevices, from
which at least two different mechanisms can be obtained. For
example, Fig. 3b and 4b show that the currents are temperature-
independent in the temperature range of 8–80 K for nanodevices
2 and 3, since the conductance is governed only by the direct
tunneling between adjacent Au-NPs. In contrast, as the temp-
erature increases from 100 to 300 K, the contribution of the
thermal excitation current, wherein thermally excited electrons
hop from one isolated state to the next and the conductance
strongly depends on the temperature, becomes dominant and
subsequently obscures the amount of the tunneling current
(Fig. 3c and 4c). The temperature-independent tunneling current

Fig. 4 Temperature-dependent I–V characteristics in the range of 8–300 K (a) and corresponding Arrhenius plots in the ranges of 8–300 K (b) and
100–300 K (c) for nanodevice 3 with 0.5 V intervals, where the current between 1 μm gap gold electrodes is collected on the order of nA.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 14309–14315 | 14313
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between Au-NPs in the 1 × 1 μm2 region dominates the conduc-
tance when the temperature is below 100 K, but the tunneling
current is overwhelmed by the temperature-dependent thermal
excitation current with the increase of temperature and the
hopping conductance finally governs the electron transportation
among the dithiol-bridged Au-NPs. Analogous conduction
mechanisms can be found in the cases of nanodevices 4 and 5,
too, as can be seen in Fig. 5.

The activation energy (ΔE) for nanodevice 2 can be calculated
by the theoretical linear fitting of eleven ln(I) versus 1/T curves
at different bias voltages (0.5–6 V with 0.5 V steps) in the
regime of 100–300 K, yielding an average ΔE of 4.6 meV
(Fig. 3c). Similarly, average ΔE values can be obtained as
8.9 and 22.4 meV for nanodevices 3 and 4 (Fig. 4c and 5b),
respectively. As for nanodevice 5, the current between gap gold
electrodes is somewhat unstable due to the formation of an ultra
thin nanocomposite thin film and no good linear fitting can be
performed. So it is concluded that the values of activation
energy are influenced by the applied bias voltage between the
gap gold electrodes as well as the thickness of self-assembled
nanocomposite films. However, attempts to get the accurate
thickness of these nanodevices by atomic force microscopy
techniques have not been successful yet.

As for the activation energy of the self-assembled metal–
molecule–metal system chemisorbed by means of the Au–S
bond contacts, two types of nanojunctions have been extensively
investigated so far. One is the self-assembled monolayers

(SAMs) on gold surfaces where alkanethiols (CH3(CH2)n−1SH)
are most frequently used.13 The other is dithiol/Au-NP based
self-assembled nanocomposite thin films.14 In general, the
former gives higher ΔE values (ca. 100–350 meV)3c,15 because
of the low conductivity of long alkyl groups. In contrast, the
latter shows lower ΔE values of several to tens of meV14a–c due
to the unique ability of Au-NPs in reducing the ΔE values by
means of collecting and storing electrons and hence promoting
the charge separation and facilitating the electron transportation.
Moreover, the ΔE values can be more or less influenced by the
band gaps (direct proportion) as well as the molecular lengths
(inverse proportion) of bridging dithiols themselves, which have
been evidenced by the combination of density functional theory
calculations and linear fitting of Arrhenius plots based upon the
temperature-dependent I–V curves. Besides, the fabrication of
multilayer composite thin films also contributes to the decrease
of the activation energy barriers.

It should be mentioned that no photoresponse can be observed
for any of the the dinuclear zinc(II) macrocyclic complex 1 based
nanodevices, 2–5, since the measured I–V and I–T (current
versus time) curves remain unchanged with or without light
irradiation in the temperature range of 8–300 K, which is differ-
ent from our previously reported [Ru(bpy)2]

2+ or oligothiophene
based nanocomposite films prepared by the same self-assembled
method with Au-NPs.14 It is suggested that the easy achievement
of RuII/RuIII single-electron oxidation process for Ru(II) com-
plexes and the first oxidation state of oligothiophenes

Fig. 5 Temperature-dependent I–V curves for nanodevice 4 (a) and 5 (c) and corresponding Arrhenius plots in the ranges of 160–300 K (b for nano-
device 4) and 8–300 K (d for nanodevice 5) with 0.5 V intervals.

14314 | Dalton Trans., 2012, 41, 14309–14315 This journal is © The Royal Society of Chemistry 2012
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(oligothiophenium cations) under light irradiation will facilitate
the transport properties of photo-generated charge carriers
among Au-NPs. With regard to the molecular structure of 1, the
absence of the above-mentioned photosensitizers and the lack of
delocalized π-system, which will deter the possible photocurrent
generation process, are responsible for the zero photoresponse of
these nanodevices.

Conclusion

In summary, by using our previously reported protocols, a rigid
trans pyridine-4-thiol coordinated dinuclear zinc(II) macrocyclic
complex trans-[Zn2L(py-4-SH)2](ClO4)2 is introduced for the
first time to fabricate self-assembled nanocomposite films with
Au-NPs covering 1 μm gap gold electrodes. The transformation
from an insulating dinuclear macrocyclic complex to a semicon-
ducting nanocomposite film is achieved by means of the Au–S
bonded contacts between dithiol end-capped molecules and
Au-NPs as well as the unique charge separation and electron
transportation abilities of Au-NPs. Self-assembled molecular-
scale electronic devices 2–5 prepared from different concen-
trations of dithiol 1 and Au-NPs in chloroform (1.0, 0.5, 0.2 and
0.1 mmol L−1 solutions) exhibit typical semiconducting I–V
characteristics on the order of μA, nA and pA in the temperature
range of 8–300 K. However, none of the nanodevices in
this work exhibits photosensitive properties mainly due to the
absence of photo-excited carriers and delocalized π-system in
the system. Further work is being undertaken in our lab on
the photoresponsive or even photoswitching properties of self-
assembled nanojunctions based on trans dithiol end-capped
multinuclear ruthenium(II) macrocyclic complexes.
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