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ABSTRACT: Tribenzosubporphyrins are boron(III)-chelated
triangular bowl-shaped ring-contracted porphyrins that possess
a 14π-aromatic circuit. Their flat molecular shapes and discrete
molecular orbital diagrams make them ideal for observation by
scanning tunneling microscopy (STM). Expanding their
applications toward single molecule-based devices requires a
fundamental knowledge of single molecular conductance
between tribenzosubporphines and the STM metal tip. We
utilized a tungsten (W) STM tip to investigate the electronic
properties of B-(5-mercaptopentoxy)tribenzosubporphine 1 at
the single molecular level. B-(5-mercaptopentoxy)-tribenzo-
subporphine 1 was anchored to the Au(111) surface via reaction with 1-heptanethiol linkers that were preorganized as a self-
assembled monolayer (C7S SAM) on the Au(111) substrate. This arrangement ensured that 1 was electronically decoupled from
the metal surface. Differential conductance (dI/dV − V) measurements with the bare W tip exhibited a broad gap region of low
conductance and three distinct responses at 2.4,−1.3, and −2.1 V. Bias-voltage-dependent STM imaging of 1 at 65 K displayed a
triangle shape at −2.1 < V < −1.3 V and a circle shape at V < −2.1 V, reflecting its HOMO and HOMO−1, respectively. In
addition, different conductance behaviors were reproducibly observed, which has been ascribed to the adsorption of a
tribenzosubporphine-cation on the W tip. When using a W tip doped with preadsorbed tribenzosubporphine-cation, negative
differential resistance (NDR) phenomena were clearly observed in a reproducible manner with a peak-to-valley ratio of 2.6, a
value confirmed by spatial mapping conductance measurements. Collectively, the observed NDR phenomena have been
attributed to effective molecular resonant tunneling between a neutral tribenzosubporphine anchored to the metal surface and a
tribenzosubporphine cation adsorbed on a W tip.

■ INTRODUCTION

Prior to the construction of molecular electronic devices that
contain multiple components, it is necessary to understand the
electrical properties of individual molecules. π-Conjugated
molecules have played a central role in the construction of
molecular electronic devices.1−10 Negative differential resist-
ance (NDR) behavior, which is an initial rise followed by a
decrease in current with increasing voltage, is a phenomena that
is extensively used to study the operational capacity of
molecular devices.11−13 NDR phenomena have been demon-
strated by using π-conjugated molecules such as oligo
(phenylene-ethynylene),11−19 fullerene,20−23 phthalocya-
nines,24 and porphyrins.25,26 While various mechanisms have
been proposed for NDR, the most important mechanism is a
molecular-origin resonant tunneling diode (RTD). In conven-

tional RTD with compound semiconductors, there is a
quantum well between two tunnel barriers with doped contacts
on either side to form reservoirs of electrons.27 When a voltage
is applied, a current can only flow when electrons can tunnel
through the sub-band state in the quantum well. For NDR
behavior, these sub-bands have to constitute discrete energy
levels. Therefore, π-conjugated molecules with discrete energy
levels originating from molecular orbitals can be used as
quantum wells in molecular RTD.
Tribenzosubporphines, the first reported case of a sub-

porphyrins in 2006,28 constitute an interesting class of π-
conjugated molecules in light of their 14π-aromatic circuits,
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triangular bowl-shaped structures, intense green fluorescence
and nonlinear optical properties.29,30 In addition, due to the
lack of substituents at the meso position, tribenzosubporphines
possess streamlined contours that are ideal for single molecular
observation by STM. Density functional theory (DFT)
calculations reveal that tribenzosubporphines have molecular
orbital diagrams with discrete energy levels of frontier orbitals
such as HOMO−1, HOMO, and nearly generate LUMO,
reflecting their compact aromatic system. These features are
considered to be ideal for detection of RTD phenomena.
Molecular-resolution STM and scanning tunneling spectros-

copy (STS) are powerful tools for probing the electrical
properties of individual molecules, providing us with vital
information on adsorption geometry, intermolecular patterns
and local conductivity of single molecules.23,24,26,31 These
characteristics allow us to understand the function of single
molecules and the mechanism of how they operate which in
turn allow us to intelligently design more complicated
multicomponent architectures.
This work reported here demonstrates molecular electronic

device operations of tribenzosubporphine in a single molecular
level by combination of STM and STS. Importantly, NDR
phenomena have been clearly observed during spatial mapping
conductance measurements, which have been attributed to
molecular resonant tunneling between a neutral tribenzosub-
porphine anchored to the metal surface and a trizenbosubpor-
phine cation adsorbed on a W tip.

■ EXPERIMENTAL SECTION
B-Methoxytribenzosubporphine was prepared by the condensation of
2-(3-oxo-2,3-dihydro-1H-isoindol-1-yl)acetic acid by following pre-
viously reported method,28 and was converted to B-(5-
mercaptopentoxy)tribenzosubporphine 1 by heating in the presence
of 5-mercaptopentanol in CH2Cl2 (Figure 1a) 1-Heptanethiol (C7S)
of reagent grade quality was purchased from Wako Chemicals Ltd. and
used without further purification. The Au(111) substrate was
fabricated by thermal evaporation of gold onto freshly cleaved mica.
Prior to gold evaporation, the mica substrates were held in a vacuum at
773 K for 4 h. The temperature was maintained at 773 K during gold
evaporation, and postannealing was performed at 748 K for 1 h. The
substrate was briefly flame-annealed and then quenched with ethanol
to form an atomically flat Au(111) surface. This Au(111) substrate was
immersed in a 1 mM solution of C7S in ethanol for 24 h and was
rinsed with ethanol two times and dried in a pure N2 flow to form the
C7S SAM coated Au(111) substrate. The resulting substrate was then
immersed in a 0.1 mM solution of 1 in acetonitrile for 3 h to form a
substrate in which 1 was anchored to the Au(111) surface, being
embedded in C7S SAM (Figure 1c). Importantly, 1 is electronically
well decoupled from the Au(111) surface and probably floated on C7S
SAM with its concave face directing upward. The rinsed sample was
immediately introduced into a modified UHV-STM system with a base
pressure below 3.0 × 10−8 Pa (UNISOKU). The STM images were
measured by varying sample voltages (V) in a constant-current mode

at 65 K. The STM tip was an electro-polished W probe. During STS
measurements, the tip was held at a fixed position above the sample
surface. The sample bias voltage is applied to the Au(111) substrate.

■ RESULTS AND DISCUSSION
Figure 2a−e shows STM images (2.5 × 2.5 nm2) of a single
molecule of 1 inserted in C7S SAM at various sample voltage

with a set point current of −4 pA. A periodic structure behind 1
was due to the head part of C7S SAM. These STM images
show a triangle-like structure. Bias-voltage dependence was

Figure 1. Molecular structures of (a) B-(5-mercaptopentoxy)tribenzosubporphine (1) and (b) B-tribenzosubporphine cation. (c) Schematic side
view consisting of B-pentanethioloxy tribenzosubporphine:C7S mixed self-assembled monolayer (SAM)/Au(111).

Figure 2. (a−e) STM images of single B-pentanethioloxy
tribenzosubporphine inserted in C7S SAM under the sample bias
voltage of −2.4,−2.2,−2.0,−1.8 and −1.6 V, respectively, at the set
point current of −4 pA. STM image size is 2.5 × 2.5 nm2.

Figure 3. (a) Kohn−Sham molecular orbitals of B-pentanethioloxy
tribenzosubporphine with isovalue of 0.02 e/A3 at HOMO and
HOMO−1, respectively. (b) Energy levels of calculated Kohn−Sham
molecular orbitals.
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observed at the right side angle of 1, that is, a valley structure
was observed at low bias voltage region (∼−1.6 to −1.8 V),
while a rounded fringe structure was observed at −2.2 V.
To demonstrate the Kohn−Sham molecular orbitals of 1, we

have carried out ab initio pseudopotential DFT calcula-
tions.32,33 Geometry optimizations were carried out using the
B3LYP functional and 6-31G (d) basis set with Gaussian
03.34−36 Graphical presentations of the computational results
were generated by using GaussView 4.1 (Gaussian Inc.). Figure
3a shows that calculated Kohn−Sham HOMO and HOMO−1
eigenvalues and orbitals of isolated 1. It is important to note
that the valley and rounded fringe structures agree with the
Kohn−Sham molecular orbitals of HOMO and HOMO−1 of
1. Figure 3b shows the energy levels of calculated Kohn−Sham

molecular orbitals, which indicates that characteristically
LUMO and LUMO+1 are nearly degenerate.28

Figure 4a shows an STM image (3 × 3 nm2) of an individual
molecule of 1 inserted in C7S SAM with the bare W tip at the
sample bias voltage of −1.4 V and a set point current of −12
pA. In Figure 4b, current−voltage (I−V, black lines) and
differential conductance-voltage (dI/dV − V, red lines)
characteristics were measured at all the 8 × 8 divided parts of
the STM image in Figure 4a with consecutive bidirectional
sample bias voltage sweeps from −2.5 to 2.5 V (backward
sweep, solid line) and from 2.5 to −2.5 V (forward sweep,
dashed line). Spatial mapping STS is not easy and time-
consuming but we employed this in order to reveal detailed
molecular orbital features in a single molecular level.37 Here it is

Figure 4. (a) STM image of B-pentanethioloxy tribenzosubporphine inserted in C7S SAM by bare W tip with 3 × 3 nm2 at the sample bias voltage
of −1.4 V and a set point current of −12 pA. (b) Spatial mapping of current−voltage (I−V, black lines) and differential conductance-voltage (dI/dV
− V, red lines) characteristics at all the 8 × 8 divided parts of the STM image with consecutive bidirectional sample bias voltage sweeps from −2.5 to
2.5 V (solid line) and from 2.5 to −2.5 V (dashed line). The STM image of (a) is overlaid.
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important to note that the employed spacing area is relatively
small as compared with the actual molecular size of
tribenzosubporphine, which caused a complicated situation
that I−V and dI/dV − V responses measured by STS do not
necessarily reflect the molecular occupying area recorded by
STM. Importantly, however, we have confirmed that the
measurement results of backward sweeps agree well with those
of forward sweeps for all of 64 parts, which assures the
reliability of the measurement results of I−V and dI/dV − V
curves.
The I−V and dI/dV − V characteristics are clearly different

between 1-detecting parts and 1-free parts in a rough sense.

Figure 5a and b shows the representative I−V and dI/dV − V
characteristics of such two parts, that is, part 57 and part 35
designated in Figure 4b. Figure 5a shows low conductance in a
wide range between 2.5 and −2.5 V without discernible dI/dV
peak in accord with no electroactive material of C7S at part 57,
while Figure 5b exhibits low-conductance in a range between 2
and −1 V but displays discrete dI/dV peaks at V = 2.4, −1.3,
and −2.1 V, apparently via the availability of the conductance
between the tip and the molecular orbitals of 1. It notes that the
I−V and dI/dV − V characteristics on parts of 16, 59 to 64 look
similar to the data on part 35 (Figure 5b). These results suggest
that the 1-detecting parts are spread widely over the STM
images.
In order to understand the observed dI/dV peaks

quantitatively, a voltage distribution of W tip/vacuum/1/
insulating layer/Au(111) surface was taken up, where insulating
layer is C7S SAM. When the tunneling current flows through a
molecular orbital, the positive and negative tunneling threshold
voltages V+ and V− are expressed by eqs 1 and 2

=
+

+
+V

C C
eC

E1 2

2
dis

(1)

and

= −
+

−
−V

C C
eC

E1 2

2
dis
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where C1 is the capacitance of the vacuum layer between the W
tip and 1 and C2 is the capacitance between 1 and Au(111)
surface. Here, Edis

+ and Edis
− express the energy differences

between LUMO of 1 and Fermi level (EF) and between EF and
HOMO (or HOMO−1) of 1, respectively.37−39 Using the
electrical image method,40−42 C1 and C2 were estimated to be
0.11 and 0.23 aF, respectively, provided that the relative
permittivity of alkanethiol SAM is 2.6,31,43 the distance between
the W tip and 1 is 0.35 nm,23 and the C7S SAM height above
the Au(111) surface is 1.09 nm.44

Considering the electron donating properties of 1,28 the dI/
dV peak at V = −1.3 V in Figure 5b is attributed to the HOMO
level (EHOMO) of 1. Energy difference Edis

− (= EF − EHOMO) is
evaluated to be 0.88 eV by eq 2. As the second peak at V = −2.1
V in Figure 5b is attributed to the HOMO−1 level (EHOMO−1)
of 1, the energy difference Edis

− (= EF − EHOMO−1) is evaluated
to be 1.42 eV. As a result, EHOMO − EHOMO−1 is estimated as
0.54 eV.
On the other hand, the dI/dV peak at V = 2.4 V in Figure 5b

is attributed to the LUMO level (ELUMO) of 1. Energy
difference Edis

+ (= ELUMO − EF) is evaluated to be 1.62 eV by eq
1. Consequently, the HOMO−LUMO gap is evaluated as 2.5
eV from the STS measurements. Therefore, the energy diagram
of W tip/vacuum/1:C7S SAM/Au(111) structure is described
as shown in Figure 6.
Here, we reconsider the STM images in Figure 2.

Considering the energy levels of the molecular orbital of 1,
the observed peaks in the dI/dV spectrum at −2.1 and −1.3 V
can be assigned to the EHOMO−1 and EHOMO of 1 embedded in
C7S SAM, respectively. This assignment leads to the
conclusion that HOMO−1 contributes to STM images at V
< −2.1 V and HOMO contributes to those at −2.1 < V < −1.3
V. In accord with this assignment, the Kohn−Sham orbital of
HOMO−1 has a circle shape with more density at the center
and that of HOMO has a triangular shape as shown in Figure 3.

Figure 5. Representative I−V and dI/dV − V characteristics measured
on (a) C7S SAM and (b) B-pentanethioloxy tribenzosubporphine with
a bare W tip, which correspond the parts 57 and 35 of Figure 4b,
respectively.

Figure 6. Energy diagrams of W tip/vacuum/B-pentanethioloxy
tribenzosubporphine:C7S SAM/Au(111) structure.
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During the STM measurements, we found that the
tribenzosubporphine cation was often liberated from a 5-
mercaptopentoxy anchor and adsorbed on to the W tip. Figure
7a shows such a typical STM image at a sample bias voltage of
−3.0 V and a set point current of −5 pA. In this case, a
liberated tribenzosubporphine cation (Figure 1b) was thought
to be adsorbed on to the W tip on the basis of the following
observations. We found that the cation adsorbed W tip was
very robust and thus once the cation was adsorbed it was rather
difficult to detach the cation from the tip. Differential
conductance measurements were performed on all the 8 × 8
divided parts as the same measurement conditions used to
record Figure 4b and are overlaid in Figure 7b. Differently from

the measurements using a bare W tip, characteristic dI/dV
peaks were observed by differential conductance measurements
at parts with no contribution of 1 especially at bottom-line and
top-left parts in Figure 7b. As a typical example, the differential
conductance measurement at part 62 was shown in Figure 8a,
where discrete dI/dV main peaks are observed at V = 2.4, 1.8,
−0.9, and −2.0 V. If the electroactive subporphine cation is
adsorbed at the tip, the capacitance C1′ of the vacuum layer
between the W tip and tribenzosubporphine cation becomes
larger than that C2′ between tribenzosubporphine cation and
Au(111) surface. As a result, eqs 1 and 2 are re-expressed as

Figure 7. (a) STM image of B-pentanethioloxy tribenzosubporphine inserted in C7S SAM by tribenzosubporphine-cation attached W tip with 3 × 3
nm2 at the sample bias voltage of −3.0 V and a set point current of −5 pA. (b) Spatial mapping of current−voltage (I−V, black lines) and differential
conductance-voltage (dI/dV − V, red lines) characteristics at all the 8 × 8 divided parts of the STM image with consecutive bidirectional sample bias
voltage sweeps from −2.5 to 2.5 V (solid line) and from 2.5 to −2.5 V (dashed line). The STM image of (a) is overlaid.
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where, Edis
+′ and Edis

−′ express the energy differences between EF
and HOMO (or HOMO−1) of tribenzosubporphine cation
and between LUMO of tribenzosubporphine cation and EF,

respectively. Consequently, dI/dV main peaks at V = 2.4, 1.8,
−0.9 are attributed to HOMO−1, HOMO, and LUMO levels.
It notes that the peak voltage differences between HOMO−1
and HOMO, and between HOMO and LUMO are 0.6 and 2.7
V, respectively, which values are almost equal to the energy
differences of EHOMO − EHOMO−1 of 0.54 eV and HOMO−
LUMO gap of 2.5 eV, respectively. As a result, C1′ is much
larger than C2′ (C1′ ≫ C2′), and the HOMO−1, HOMO, and
LUMO levels of tribenzosubporphine cation are pinned to
Fermi level of the W tip. It is also important to point out that
the attachment of tribenzosubporphine cation can be easily
confirmed by STS measurement at focusing the tribenzosub-
porphine-free alkanethiol area, which led to the characteristic
responses similar to those shown in Figure 8a.
Energy differences EF − EHOMO, EF − EHOMO−1, and ELUMO −

EF are evaluated to be 1.8, 2.4, and 0.9 eV, respectively. It notes
that the HOMO−1, HOMO, and LUMO levels are
approximately 0.9 eV shifted owing to the adsorbed the
electroactive subporphine cation. The tribenzosubporphine
cation is an electron-deficient species and its molecular orbital
energies have been calculated to be stabilized by ca. 3.6 eV as
shown in Figure S1 (Supporting Information).45 Consequently,
LUMO, HOMO, and HOMO−1 levels of subporphyrin cation
are pinned by the W tip due to the adsorption, and are shifted
0.9 eV as compared with those of neutral subporphyrin.
As the STM image of 1 was observed in Figure 7a,

differentiation of tribenzosubporphine-cation-absorbed W tip
from the bare W tip is possible. Figure 8b shows the typical I−

Figure 8. Representative I−V and dI/dV − V characteristics measured
on (a) C7S SAM and (b) B-pentanethioloxy tribenzosubporphine with
tribenzosubporphine-cation attached W tip, which correspond the
parts 62 and 16 of Figure 7b, respectively.

Figure 9. Consecutive bidirectional I−V characteristics within a
sample bias voltage range between −3 and 3 V in W tip/
tribenzosubporphine-cation/vacuum/B-pentanethioloxy tribenzosub-
porphine:C7S mixed SAM/Au(111). Each curve has 5 pA offset in
order to clarify.

Figure 10. (a) Schematic side view and Energy diagrams of W tip/
tribenzosubporphine-cation/vacuum/B-pentanethioloxy tribenzosub-
porphine:C7S mixed SAM/Au(111) structure at (b) V = 0, (c)
−1.9, and (d) −2.8V.
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V and dI/dV − V characteristics recorded at part 16, which
exhibits distinct NDR with a peak-to-valley (PV) ratio of 2.6 in
both forward and backward voltage sweeps. The characteristic
NDR are clearly observed at positions of 8, 16, 24, and 32.
Here, the spatial ambiguity can be the STM tip drift during the
STS mapping measurements. We would like to also propose
that the tilting of a neutral tribenzosubporphine anchored to
the metal surface, which leads to the formal expansion of STS
active area over the STM image. When this tilted
tribenzosubporphines is interacted with the cation-adsorbed
tip, the PV ratio would depend on the molecular position but
the NDR observation would be possible if there are the overlap
between 1 and tribenzosubporphine-cation-absorbed W tip.
These NDRs were repeatedly observed not only at V = −1.9 V
but also at V = −2.8 V with consecutive bidirectional sample
voltage sweep from −3 to 3 V (black line) and from 3 to −3
(red line) as shown in Figure 9.
Here, we discuss on the mechanism of the NDR phenomena

based on molecular resonant tunneling. It is known that B-
alkoxy subporphyrins undergo SN1 type heterolysis to give
corresponding cationic states under acidic conditions.45

Subporphyrin cations have been shown to be planar and the
corresponding tribenzosubporphine cation was indicated to be
also planar by DFT calculation.45 Energy difference between
ELUMO and EF of the subporphyrin cations is 0.9 eV, and that
between EF and EHOMO is 1.8 eV . These results indicate that
Fermi energy of the W tip absorbing subporphyrin cations is
0.9 eV close to LUMO level rather than LUMO level of 1. An
energy diagram of W tip/tribenzosubporphirine cation/
vacuum/1/C7S SAM/Au(111) is shown Figure 10a.
When negative sample voltage was applied to Au(111)

substrate and reached at V = −1.9 V, an energy level alignment
between the HOMO level of 1 and the LUMO level of the
tribenzosubporphirine cation resulted in molecular resonant
tunneling, and electrons were easy to tunnel between W tip and
Au(111) through the HOMO level of 1 and the LUMO level of
the tribenzosubporphirine cation. If larger negative sample bias
voltage of −1.9 V was applied, the energy level overlap between
the HOMO level of 1 and the LUMO level of tribenzosubpor-
phirine cation was reduced, which resulted in a reduction in
current. As a result, the first NDR with the peak and the valley
was observed. More larger negative sample bias voltage was
applied up to −2.8 V, the energy level overlap between the
HOMO−1 level of 1 and the LUMO level of the
tribenzosubporphirine cation increased again, which allowed
for a second molecular resonant tunneling event. As a result,
the NDR was observed. If the HOMO and HOMO−1 energy
levels were close, this NDR with the PV ratio of 2.6 would not
be observed since the continuous energy state prevented a
conductance reduction. Therefore, it is concluded that the
isolated energy levels of 1 play crucial roles in the NDR
phenomena.

■ CONCLUDING REMARKS
In summary, the STS measurements of tribenzosubporphine 1
anchored to the Au(111) surface via a 5-mercaptopentoxy
chain but embedded in the heptanethiol SAM (C7S SAM)
were performed with bare W tip or a tribenzosubporphines-
cation-adsorbed W tip. The method allowed us to probe the
inherent electronic properties of 1, recording a triangular shape
for the HOMO and a circular shape for the HOMO−1 by
molecular-resolution STM images, and evaluating the
HOMO−LUMO gap to be 2.5 eV. In the spatial mapping

STM, a tribzenzosubporphine cation part of 1 was often found
to be liberated from the 5-mercaptopentoxy anchor and
adsorbed on to the W tip. When the STS of 1 in C7S SAM
was measured by using the cation-adsorbed W tip, NDR
phenomena were repeatedly observed with a peak-to-valley
ratio of 2.6. The observed NDR phenomena have been
attributed to the molecular resonant tunneling diode operation
in which the electrons tunnel between the W tip and Au(111)
surface through discrete frontier molecular orbitals of 1 and its
cation. Through this study, the potential of tribenzosubpor-
phines in molecular electronic devices has been underlined in
terms of compact aromatic property with discrete frontier
molecular orbitals, smoothly curved molecular shape, and
availability of the axial group as an anchor that allows their
fixation and electronic decoupling from the metal surface
through the use of SAM coated surface.
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