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STM-Based Molecular Junction of Carbon Nano-Onion
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A significant amount of research has been done in the field of
fullerenes since their discovery in 1985 by Smalley, Curl, and
Kroto.[1] Fullerenes exhibit interesting properties, such as large
surface areas, high thermal stability, and broad absorption
spectra.[2, 3] One of the most attractive and potentially useful
properties of fullerenes is their ability to reversibly accept mul-
tiple electrons. For example, C60 and C70 are capable of forming
hexa-anions in solution.[4] These remarkable electronic proper-
ties have been the basis for employing these molecules in the
fabrication of photovoltaic cells, molecular electronics, and ca-
pacitors.[5, 6] Since the discovery of carbon nanotubes (CNTs) by
Iijma in 1991,[7] carbon nano-objects, such as nanotubes, nano-
onions (CNOs), graphene, nanobuds, and peapods have re-
ceived considerable attention. Carbon nanotubes are useful
materials in a variety of applications, particularly in biosens-
ing,[8] in designing novel therapeutic strategies,[9–12] field-effect
transistors,[13] and as electrochemical capacitors.[14, 15] Despite
the fast progress, there are still numerous challenges related
mainly to issues concerning reproducible separation of CNTs
with well-defined structures and physico-chemical properties.

Although the discovery of CNOs by Ugarte[16] and Iijima[17, 18]

was almost concurrent with that of the CNTs, progress in this
field has been very slow. Our current research has been cen-
tered mainly on carbon-based materials, such as CNOs, which
represent a structural link between the fullerenes and the
multi-wall carbon nanotubes. The CNO structures consist of
a hollow spherical fullerene core surrounded by concentric and
curved graphene layers with increasing diameters. The dis-
tance between the layers is very close to the interlayer dis-
tance in bulk graphite (0.34 nm).[19] CNOs have attracted con-
siderable attention because of their unique physical and chem-
ical properties. The thermogravimetric analysis of carbon nano-
onions shows high thermal stability for these nanoparticles in

air, even higher than for C60.[20] Besides higher thermal stability,
they also show higher chemical reactivity compared to CNTs.
Another very interesting observation is that CNOs obtained
from nano-diamonds are paramagnetic and have unpaired
electrons on their surfaces, which has been confirmed by elec-
tron paramagnetic resonance.[20] The high temperature anneal-
ing of ultra-dispersed nano-diamonds (5 nm, average size)
leads to their transformation into the CNO structure (5–6 nm
in diameter, 6–8 shells).[21] CNOs have a variety of potential ap-
plications, including optical limiting,[22] field emission in solar
cells,[23] fuel cell electrodes,[24] biosensors,[25] hyperlubricants,[26]

and material and composite electrodes.[27, 28]

Since the ability of CNOs to act as an electrically conductive
medium is crucial for numerous applications, we analyzed the
electronic conductance of single CNO structures. CNOs were
functionalized with sulfide-terminated chains in order to trap
molecules in metal–molecule–metal junctions. This approach
involves the use of scanning tunneling microscopy (STM)-
based molecular junctions, that is, entrapment of single mole-
cules between a gold substrate and a gold STM tip.[29, 30] As
demonstrated by several groups, this method provides repro-
ducible results for conductance measurements for n-alkanedi-
thiols.[31–33] Moreover, it was successfully utilized for the studies
of more complex systems, such as oligophenylethynylenes,[34]

polyenes,[35] peptides,[36] and DNA.[37] Conductance measure-
ments of functionalized C60 were also reported and redox-in-
duced switching was demonstrated.[38]

The functionalization of CNO was performed using the ami-
dation reaction with oxidized CNTs and 2-amino-1-ethane
methyl disulfide (1) or 3-amino-1-propane methyl disulfide (2)
as described in the Scheme 1. The molecule represented as
CNO�(CONH�(CH2)n�SH)m was entrapped between two metal-
lic contacts established by a gold substrate and a gold STM
tip. The conductance measurements for sulfide-terminated
CNOs were carried out using the STM-based molecular junc-
tion approach (see Scheme 2 for a representation of the gener-
al concept).

Figure 1 a shows representative examples of the current–dis-
tance curves recorded for the single-molecule junction experi-
ments using a bare gold substrate (a) and a gold substrate
covered with modified CNOs (c, c, c, and c). These
typical curves were recorded at a bias voltage of + 0.5 V. The
grey dashed curve displays a fast exponential decay of the cur-
rent with increasing distance between the tip and the sub-
strate. Such behavior is typical for electron tunneling between
the tip and the bare gold surface. The current–distance curves
recorded for the carbon material samples (solid curves) reveal
different characteristics. Initially, the current decays with in-
creasing distance between the tip and the substrate followed
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by a current step. The value of the current at the plateau is re-
lated to the conduction through the molecule (or molecules)
trapped between the tip and the substrate.[29, 30] The current re-
mains constant as long as the molecule is bonded to the met-
allic contacts, but once the contact is broken the conductivity
of the gap becomes very low, and the current drops suddenly.
Figure 1 b shows a representative histogram obtained from
current–distance curves recorded for modified gold samples.
The histograms display peaks corresponding to the value of
the current which occurred most frequently for the current–

distance curves. In other words, the maximum is lo-
cated at the value corresponding to the current pla-
teaus and it corresponds to the conductance of the
molecule trapped between the metallic contacts.

Based on the measurements performed at differ-
ent bias voltages, we were able to obtain current–
voltage characteristics for all of the systems studied.
As can be seen in Figure 2, the i–V curves are sym-
metric and display a sigmoidal shape. By analyzing
the linear part of the current–voltage plots, that is,
at bias voltages between �0.4 and + 0.4 V, we deter-
mined the conductance for each system.[39] The re-
sults are shown in Table 1.

The conductance values for the CNOs modified
with (�CONH�(CH2)2�SH) chains are significantly

higher than those obtained for the CNOs modified with longer
chains (�CONH�(CH2)3�SH). This result was anticipated since
the longer chains provide a higher barrier for tunneling and
consequently the conductance is one order of magnitude
lower.[31] This shows that the overall electron transmission
through the CNOs is strongly affected by the presence of mod-
ifying chains, which determine the tunneling barrier. This is
supported by the fact that the conductances measured for the
systems studied here are comparable to those reported for n-
alkanedithiols composed of eight to ten methylene
groups.[31–33] If we consider the length of the chains involved in
the electron transfer (excluding the core of the system, that is,
the CNO), we conclude that the pathway is composed of
either ten or twelve atoms for (�CONH�(CH2)2�SH) and
(�CONH�(CH2)3�SH), respectively (Scheme 2).

Scheme 1. Functionalization of CNOs with thiol derivatives. 1: H2N(CH2)2SSCH3; 2 : H2N-
(CH2)3SSCH3; NHS: N-hydroxysuccinimide; EDC: N-(3-Dimethylaminopropyl)-N’-ethylcarbo-
diimide hydrochloride.

Scheme 2. STM-based molecular junction.

Figure 1. a) Current–distance curves recorded for bare sample (a) and in
the presence of CNO�(CONH�(CH2)2�SH)x (c, c, c, and c). b) Ex-
emplary histograms constructed on the basis of current–distance curves
(300 curves).

Figure 2. Current–voltage characteristics obtained on the basis of current–
distance curves recorded at different bias voltages.

Table 1. Conductance of the junctions.

Sample Conductance [nS]

CNO�(CONH�(CH2)2�SH)x 1.4�0.1
CNO�(CONH�(CH2)3�SH)x 0.16�0.05
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In order to evaluate the efficiency of electron transmission
through the junctions, we calculated the decay factors (b) for
the CNO systems modified with (�CONH�(CH2)2�SH) and
(�CONH�(CH2)3�SH). The determination of b was carried out
using Equation (1):

ln
G1

G2
¼ b n2 � n1ð Þ ð1Þ

where G1 is the conductance obtained for molecules modified
with (�CONH�(CH2)2�SH), G2 is the conductance obtained for
molecules modified with (�CONH�(CH2)3�SH), n1 is the
number of backbone atoms within (�CONH�(CH2)2�SH) sepa-
rating the metallic contacts of the junction, that is, n1 = 10, and
n2 is the number of backbone atoms within (�CONH�(CH2)3�
SH), that is, n2 = 12. The decay factors were b= 1.08 per atom
for the modified CNOs. The magnitude of the decrease in con-
ductance expressed as decay factor b is important, if we con-
sider the detailed mechanism of electron transfer through the
molecules of interest. The values obtained in this work confirm
that electron transmission through the junctions occurs by
a superexchange mechanism, as they are similar to those ob-
served for electron tunneling through alkyl bridges, which usu-
ally range between b= 0.8 and 1.2 per atom.[31–33] Comparison
of the conductances determined for CNO-thiol derivatives in
our laboratory and for C60 having an amino-terminated linker[39]

with chains of the same length show that the electron trans-
port is more efficient for the C60 system (Scheme 3).

Gaussian curve fitting resulted in a single-molecule conduc-
tance of 4.9�1.7 nS for trans-2-C60 and 7.9�2.8 nS for trans-3-
C60 in DMF (Scheme 3).[38] There are several factors which can
be considered as origin for the observed difference. First, the
conductance measurements for trans-2-C60 or trans-3-C60 were
performed in a liquid environment. The presence of the sol-
vent as well as electrolyte ions may change the charge distri-
bution relative to air. Another issue is related to the extent of
the core modification. In our case the CNO core experiences
an extensive modification of the surface, the trans derivatives
of C60, however, possess only two groups. In other words, the
latter has a much better defined geometry of the junction and
as a consequence a better defined through-bond electron-
transfer pathway. On the other hand, the multiple chains on

the CNO core may give rise to interchain electron hopping or
electron tunneling through van der Waals bridges, which is
less effective compared to an exclusive through-bond mecha-
nism.[40] Finally, the difference in conductance may also result
from the nature of the core, that is, C60 may provide a more ef-
ficient medium for electron transfer compared to the CNO
core. In order to check this assumption, we estimated the
values of the conductances for unmodified CNOs by extrapo-
lating the conductance values to n = 0 and obtained a value of
~71.8 mS for CNOs. The conductance values reported in the lit-
erature for a pristine C60 cover quite a broad range. For exam-
ple, measurements based on mechanically controlled break
junctions (MCBJ) indicate that the conductance of unmodified
C60 trapped between two gold electrodes is 7.75 mS.[41] STM-
based measurements utilizing current–distance spectroscopy
on C60 deposited on a copper surface resulted in a value of
20 mS.[42] Both values are lower than the extrapolated conduc-
tance estimated for a bare CNO. The latter is much closer to
metallic behavior.[43] However, the extrapolated value should
be considered with care since the above mentioned tunneling
through the van der Waals bridges may contribute to a higher
decay constant.[40] It must be emphasized that the approaches
utilized for the C60 conductance measurements involve physi-
cal contact between the electrodes and the molecule with no
intermediate chemical linker. This may lead to mechanical de-
formation of the entrapped species resulting in a change of
the charge distribution and its electron-transfer mediating
properties.[44] Thus, we can only conclude that the intrinsic
conductances of CNOs and C60 are within the same order of
magnitude. This result was somewhat surprising but very
promising within the context of potential applications of CNOs
in molecular electronics.

Experimental Section

Formation of Junctions and Conductance Measurements

In all experiments we used gold substrates (Arrandee) with 200–
300 nm thick gold films evaporated on borosilicate glass slides pre-
coated with 1–4 nm adhesive layers of chromium. Prior to each ex-
periment the substrates were carefully flame-annealed to form
atomically flat Au (111) terraces. The monolayers of modified CNO
were prepared by a self-assembly method from ethanol solutions.
The substrates were soaked for 24 h. After the deposition, the sam-
ples were rinsed with ethanol and water. Molecular junctions were
formed using dry samples.

Conductance measurements were carried out using Agilent
5500AFM (Agilent Technologies, Santa Clara, CA, USA). All data
were taken under ambient conditions in air. For the molecular
junction experiments we used gold tips prepared by cutting
a 0.25 mm gold wire (99.99 %, Aldrich). The junctions were formed
using the STM-based method.[29, 30, 32] The gold STM tip was placed
at a chosen location on the sample surface and the tunneling-cur-
rent setting determined the initial distance between the tip and
the substrate. The values of the initial current were always suffi-
ciently high to provide the contact between the tip and the mole-
cules adsorbed on the gold surface. At these conditions it is ex-
pected that gold tip interacts with the terminal thiol groups of the
modified CNO and Au�S bonds are formed. Further, the feedback

Scheme 3. Chemical structures of trans-2-C60 and trans-3-C60.[38]
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system was disabled and the tip was elevated while keeping con-
stant x-y positions. During the vertical movement of the tip, the
current was recorded as a function of the tip–sample distance. This
procedure was repeated several hundred times for each sample in
order to obtain reliable statistics. At least 300 curves measured on
five independent samples were used to construct the histograms
for each type of monolayer. The conductance of the junctions was
measured within the bias voltage range from �0.5 V to + 0.5 V.

Synthesis of 2-Amino-1-Ethane Methyl Disulfide (1) and
3-Amino-1-Propane Methyl Disulfide (2)

The mixture of 0.4 g (5 mmol) of cysteamine hydrochloride or 3-
amino-1-propanethiol, 2 mL of dimethyl disulfide, and 0.1 mL of
triethylamine was heated at 110 8C for 24 h. The unreacted dimeth-
yl disulfide was evaporated under reduced pressure. Toluene was
added to the crude product to remove unreacted residues by
azeotropic distillation.
1: 1H NMR (MHz, CD3OD): d= 2.31 (s, CH3), 2.79 (t, CH2), 2.92 ppm
(t, CH2). FT-IR: ñ= 3332 (nNH), 2917 (nCH2), 2849 (nCH2), 1659 (nNH2),
1433 cm�1 (dCH2).
2 : 1H NMR (MHz, CD3OD): d= 1.86 (m, CH2), 2.35 (s, CH3), 2.59 (t,
CH2), 2.72 ppm (t, 2 H, CH2). FT-IR: ñ= 3335 (nNH), 2922 (nCH2), 2853
(nCH2), 1568 (nNH2), 1401 cm�1(dCH2).

Synthesis of Sulfide-Terminated CNOs

The non-modified CNOs were obtained by annealing nano-dia-
monds of 5 nm average particle size under a positive pressure of
helium at 1650 8C.[45] The functionalization of CNOs was conducted
as originally described by Lieber et al. for single-walled nano-
tubes,[46] and later adapted to the CNOs in our laboratory.[20] High
resolution transmission electron microscopy images of the CNOs
were reported elsewhere.[20] 20 mg of crude 6–8 shell CNOs were
dispersed by ultrasonication for 30 min and refluxed for 48 h
(CNOs) in 3.0 m aqueous nitric acid. The mixture was then centri-
fuged for 10 min and the black powder collected in the bottom of
the test tube was washed several times with 0.1 m NaOH, deion-
ized water and dried overnight in a vacuum oven (T = 120 8C), to
yield ox-CNOs. A 100 mL of ox-CNOs solution (5 mg mL�1), activated
by 50 mL N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (EDC, 100 mg mL�1) and 50 mL N-hydroxysuccinimide (NHS,
50 mg mL�1), was added to 10 mL of HEPES (1 m 4-(2-hydroxye-
thyl)piperazine-1-ethanesulfonic acid in H2O buffer, pH 7.2). Next,
disulfide 1 or 2 was added to the solution, and the amidation reac-
tion with ox-CNOs were performed (Scheme 1). The reduction reac-
tion with NaBH4 was conducted to CNO�(CONH�(CH)n�SH)m (n = 2
or 3).
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