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ABSTRACT: This work demonstrates edge-on chemical gating effect in
molecular wires utilizing the pyridinoparacyclophane (PC) moiety as the gate.
Different substituents with varied electronic demands are attached to the gate
to simulate the effect of varying gating voltages similar to that in field-effect
transistor (FET). It was observed that the orbital energy level and charge
carrier’s tunneling barriers can be tuned by changing the gating group from
strong electron acceptors to strong electron donors. The single molecule
conductance and current−voltage characteristics of this molecular system are
truly similar to those expected for an actual single molecular transistor.
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Charge transport through single molecules is an active
research topic that involves design, syntheses, physical

measurements, and theoretical understanding of functional
molecules that can control charge transport.1−3 The extensive
research effort in both measurements and theoretical calculations
of the charge transport phenomenon has led to deeper
understanding on this topic. Different molecular components,
including molecular wires and diode molecules were synthesized
and investigated. Despite this progress, controlling charge
transport through single molecules is still a challenging issue.4,5

Electric gating is an important means to manipulate charge
transport behavior in semiconductor devices, which is the basis of
field effect transistors (FET). The same gating effect was pursued
in a limited number of field effect transistor structures using
single molecular semiconductor, such as C60,6,7 carbon
nanotube,8 or simple 1,4-benzenedithiol9 via external third
gating electrode separated by an oxide dielectric layer. However,
these molecular transistors were prepared with an exhaustive
nanofabrication of small electrode gaps with very low yield.10,11

Other approaches were applied to study the gating effect, such as
electrochemical gating.12−14 There is no molecule that mimics
the function of a transistor and can be investigated via a simple
approach although several theoretical studies have dealt with this
topic.15,16 An interesting example was reported by Rabeet al., in
which the current through a hybride molecular diode is
modulated by the formation of charge transfer interaction.17

In this study, we have designed and synthesized a single
molecular transistor system that contains cyclophane moieties as
shown in Figure 1 and investigated their electric gating effect on
molecular junctions. The cyclophane moiety (16-aza-tricyclo-
[9.2.2.14,8]hexadeca-1(14),2,4,-6,8(16),9,11(15),12-octaene)
offers a building motif for transistor molecules containing drain,
source, and gating termini; each of them can exhibit orthogonal
reactivity for connection to an electric circuit. The building motif
is a known compound that was shown to exhibit a perpendicular
orientation between two aromatic rings.18,19 In this molecular

system, the perpendicular pyridine moiety is connected to the
conjugated semiconducting segment with two vinyl groups. The
π-system in the pyridine ring and vinyl groups is orthogonal to
that in the semiconducting wire (Figure 1). It provides several
covalent bonding sites that can be chemically manipulated to
introduce functional groups. This system is designed to mimic
the structure of a bulk transistor at the molecular level in which
the pyridine unit can be used as the gating end that is not directly
conjugated with the semiconducting entity. The double bonds in
the cyclophane moiety act as the dielectric component to
electrically isolate the gate from the semiconductor. The
functional groups exert gating effect indirectly similar to a FET
setup. Although our ultimate goal is to connect the molecule to
three electrodes via orthogonal reactions, it is currently
impossible for us to connect three termini into an external
circuit with controlled precision. Thus, we decided first to
investigate the chemical gating effect.
Pentaphenylene bearing protected thiols on the ends was

chosen to be the molecular semiconductor with structures as
shown in Figure 1 in which the cyclophane core is integrated into
it with the thiols as the anchoring groups for drain and source
electrodes. The edge-on pyridine unit was functionalized with
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Figure 1. Chemical Structure of the protected cyclophane molecular
wires.
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different groups that possess varied electronic demands, which
will play the role of applied gating voltage to modulate the charge
conductance in the molecular junction. These substituents,
namely NO2, Cl, H, OCH3, and N(CH3)2, are attached onto the
para-position of the pyridine in the cyclophane moiety and range
from strongly electron withdrawing to strongly electron
donating.
To measure the conductance of single molecules, a self-

assembled monolayer film of the deprotected molecules was
prepared on gold surface via thiol-gold reaction.20 The molecules
with two terminal thiol groups strongly couple with two gold
electrodes to form a molecular junction. A representative metal−
molecule−metal junction is shown in Figure 2a. The density of
the anchored molecules was characterized with cyclic voltam-
metry after the top thiol group was functionalized with ferrocene
thioester as a reporting molecule. It was found that the typical
surface coverage of molecules is around 7.2 × 10−10 mol·cm−2.
Cyclic voltammogram of the experiment can be found in the
Supporting Information.
The conductance of the molecular junctions was measured by

using the break-junction technique with a modified STM
system.21−23 The experiments were carried out at 100 mV of
bias voltage in toluene according to the protocol by the Tao
group.22 The conductance traces of the molecules with different
substituents were recorded by using a LabVIEW program and are
shown in Figure 2b. In each measurement, molecule junctions
are formed after the gold STM tip was brought into contact with
a gold substrate functionalized with a monolayer of compound
under a small bias voltage applied between the tip and the
substrate. The STM tip was then pulled away from the substrate

while monitoring the current between the tip and the substrate. A
plateau in the conductance trace, recorded as the current as a
function of pulling distance, before junction break would indicate
the formation of a single molecule junction (Figure 2b).
The conductance in the last plateau in thousands of current

traces for each molecule was analyzed statistically to produce a
histogram with a clear peak, which corresponds to the single-
molecule conductance at that bias voltage. From the
conductance histograms in Figure 2c, the conductance values
of molecules PPC-NO2, PPC-Cl, PPC-H, PPC-OCH3, and PPC-
N(CH3)2 at 100 mV of bias voltage were determined to be 5.8 ×
10−6 Go, 11 × 10−6 Go, 2.8 × 10−5 Go, 5.8 × 10−5 Go, and 9.1 ×
10−5 Go respectively, where Go equals 2e

2/h (e is the electron
charge and h is the Plank constant). Systematic change can be
clearly observed when the substituent changes from strong
acceptor (NO2) to strong donor (N(CH3)2).
To understand the charge transport mechanism in the single

molecule junction at an extended bias voltage range, thousands of
I−V curves were recorded for each molecule when the STM tip
was pinned at the distance corresponding to single-molecule
junction, which was deducted from the conductance measure-
ments, and voltage was swept rapidly from−1.5 to 1.5 V. Because
of the instability of the single molecular junction caused by
various side effects, such as high bias voltages and current-
induced heating,21,24,25 a large portion of I−V curves (e.g., 47% of
the total I−V curves for PPC-H) were thrown out automatically
by the program.23

On the basis of the results of the conductance measurements,
I−V curves were measured at the corresponding locations of the
plateaus at around 5.8× 10−6Go, 11× 10−6Go, 2.8× 10−5Go, 5.8

Figure 2. (a) A representative metal−molecule−metal junction in STM break-junction technique. (b) Sample conductance traces of molecular
junctions with gating substituent:−NO2,−Cl,−H,−OCH3, and−N(CH3)2. (c) Conductance histogram of the five molecular junctions. Red dash lines
represent polynomial fitting of each peak. (d) Single current−voltage characteristic curves of the five molecular junctions constructed from the average
of 30 individual curves.
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× 10−5 Go, and 9.1 × 10−5 Go for PPC-NO2, PPC-Cl, PPC-H,
PPC-OCH3, and PPC-N(CH3)2, respectively. The 2D histo-

grams of the I−V and the G−V relations can be found in the
Supporting Information. Average I−V curves of the five

Figure 3. (a) A plot of conductance at 0.1 V (red) and 1.5 V (blue) against difference in charge of the pyridine N (from DFT calculations) of the four
substituted PPC compare with PPC-H. The data points from left to right correspond to −N(CH3)2, −OCH3,−H, −Cl, and −NO2, respectively. (b) A
plot of conductance against Hammet parameters of the corresponding functional group attached at the gate position. Colored lines are only used as eye
guide.

Figure 4. The 1D transition voltage histograms of (a) PPC-NO2, (b) PPC-Cl, (c) PPC-H, (d) PPC-OCH3, and (e) PPC-N(CH3)2 showing the
occurrence of transition voltage for eachmolecular junction. (f) A plot of energy offsets calculated with the transition voltages from panels a−e for all five
molecular junctions.
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molecular junctions constructed from 30 individual curves are
shown in Figure 2d. It can be observed that the current displays a
clear nonlinearity as a function of bias voltage. In particular, the
current for the molecule with electron donating group increases
much faster at higher bias than that with electron withdrawing
group. The conductance data clearly showed the gating effect, as
the substituent becomes more electron-rich, the conductance
increases. A better expression of the gating effect is the
interesting correlation of conductance with the charge density
change on the nitrogen atom in the pyridine ring. Density
functional theory (DFT) calculations of these molecules yield
the charge density on each atom. Specifically, we are more
interested in the nitrogen atom in the pyridine ring whose charge
density was shown in Supporting Information, Table 1. Shown
together in the table are also the Hammet parameters σpara, which
was developed for characterizing electronic effect of different
functional groups on organic reactions. It is interesting to notice
that the conductance changes correlate almost linearly with the
charge density changes on nitrogen atom of the pyridine ring
(relative to−H substituent) except for the compound containing
the nitro group (Figure 3a). The Hammet equation gives a
similar correlation (Figure 3b). When the pyridine ring in the
cyclophane moiety is attached with electron withdrawing group,
such as chlorine atom, the electronic density of the pyridine ring
is reduced relative to that with hydrogen atom. The nitrogen
atom in the pyridine ring bears less negative charge, which is
confirmed from quantum mechanics calculation. On the other
hand, a donating group (−N(CH3)2, or −OCH3) can make the
pyridine ring, thus the nitrogen atom, more negative, which will
facilitate hole current through the molecule and increase the
conductance. With no substituent present on the pyridine ring,
effectively no bias is applied at the gate. As a comparison, the
pentaphenylene wire was also synthesized and their conductance
measured. It is very interesting to notice that the pentapheny-
lenedithiolate molecular junction exhibits a conductance of ca.
7.4 × 10−5Go, which is larger that of PPC-H (2.8 × 10−5Go), but
smaller than that of PPC-NMe2 (9.1 × 10−5 Go). The difference
is due to the significantly more twisted structure along the
conjugating backbone caused by the cyclophane moiety of the
PPC molecular wires (i.e., the two phenyl rings next to
cyclophane) than the pentaphenylene molecule. The detailed
STM break-junction experiment data of the pentaphenylene
molecular junction is included in the Supporting Information.
Overall, the results indicated that variation in electronic demand
in substituent is identical to the change in gating voltage and the
single molecular circuit is performing similar to field effect
transistor.
To better understand the edge-on gating effect on the charge

transport mechanism, transition voltage spectroscopy (TVS) was
recorded and used to determine the energy level alignment of the
molecule.26 Each I−V curve was converted into curve of ln(I/V2)
as a function of 1/V, theso-called Fowler−Nordheim (FN)
plot.27 The minimum of the FN plot corresponds to the
transition voltage Vt and the 1D TVS histograms of the
occurrence of the transition voltage can be constructed from
these minimum values (Figure 4a−e). The heights of the charge
tunneling barriers of molecules can then be deduced from the
equation proposed by Baldea based on these transition voltage
values.28 The heights of the tunneling barriers of molecules with
substituent groups of−NO2,−Cl,−H,−OCH3, and−N(CH3)2
was calculated to be ca. 0.87, 1.36, 1.26, 1.15, and 1.03 eV
respectively. The results clearly indicated that when the
substituent changes from electron donor to electron acceptor,

the transition voltage increased, and the charge tunneling barrier
increase except for the compound with nitro group. The results
of the other four compounds are consistent with the trend in
HOMO energy level deduced from DFT calculations by using
calculation method RB3LYP with basis set 6-31G* (Supporting
Information, Table 1). In particular, the tunneling barrier for
nitro group is very interesting and provides insightful
information to be discussed below. The TVS histograms also
indicated a significant asymmetry of conductance. This effect has
been observed in many other systems, both conjugated or
nonconjugated, and was attributed to the difference in geometry
of two electrodes, one flat surface and the other a sharp tip.22

These results indicated that the pyridine unit modulates the
conductance of the pentaphenylene via tuning the charge
tunneling barriers. Because the main chain of the molecule is a p-
type semiconductor, it favors hole transport through the HOMO
of the molecule.29 DFT calculations based on RB3LYP method
with basis set 6-31G* show that the HOMO energy level of the
molecular wire decreases when the substituent on the pyridine
ring change from donor to acceptor (Supporting Information,
Table 1). This will cause an increase in charge tunneling barrier
assuming the energy level alignment against the Fermi level of
the gold was not significantly affected by the substituents. TVS
results are consistent with the HOMO energy level changes for
Cl, H, OCH3, and N(CH3)2 molecules. However, the compound
with nitro group exhibited abnormally small tunneling barrier,
yet its conductance is lower than other molecules. While studies
have shown that the nitro group may potentially interact with
gold surface,30,31 we did not observe any substantial difference
between the SAM of the nitro compound and that of the other
wire molecules. Conductance histogram of the nitro molecular
wire in our experiments shows a single well-defined peak.
Interaction from the nitro group with the gold surface would
theoretically result in a different conductance value. Cyclo-
voltametry studies indicated similar surface coverage with other
compounds. The similar anchoring effect with molecules
containing thiolate and nitro side group was described in
literature.32 The results imply that the conduction mechanism in
nitro compound is different from the others. Similar phenom-
enon can be observed in the effect of substituent on chemical
reaction, the linear energy correlation often showed outstanding
effect of nitro group due to mechanistic change.33 From the DFT
calculation results, we can notice that the LUMO energy level of
the nitro compound (−3.07 eV) is unusually lowered than the
others (around −1.3 ∼ −1.6 eV). On the basis of the tunneling
barriers derived from TVS of the other four compounds, the
energy offset of the four compounds are shown in Figure 4f,
which puts the nitro compound in such energy level alignment
that its LUMO energy level is closer to the Fermi energy level of
gold electrodes. This implies that the charge transport in nitro
compound is actually tunneling through the LUMO orbital. The
DFT calculations showed that the LUMO orbital in the nitro
compound is almost exclusively confined in the pyridine unit.
The charge transport therefore has to tunnel through space via
the nitropyridine, leading to diminished conductance.
In conclusion, we have successfully synthesized a molecular

wire system that demonstrated for the first time edge-on gating
effect by utilizing the pyridinocyclophane moiety as the
molecular gate. The gating effect is manifested via tuning the
energy levels of the molecular orbitals. Molecular conductance
and current−voltage characteristics curves measured via STM
break-junction method point out the possibility of molecular
switching as a function of gating voltage.
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