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Scheme 1. Charge Transport Pathways through a Single
TPyP Molecule Bridged between Two Electrodes in an STM
Break Junction: (A) Through the Farthest Anchoring
Groups at the “Para” Positions and (B) Through the
Shortest Path between Neighboring Anchoring Groups at
the “Ortho” Positions

ABSTRACT: Charge transport in a porphyrin with four
identical pyridyl substituents, 5,10,15,20-tetra(4-pyridyl)21H,23H-porphine (TPyP), was investigated using the
scanning tunneling microscopy break junction method. To
determine the dominant pathway, we studied two
structurally similar porphyrins, o-DPyP and p-DPyP. Our
experiments reveal that charge transport through TPyP in
a break junction configuration does not follow the
traditional assumption, i.e., the shortest path between the
neighboring side groups. Instead, the charge transport
pathway was dominated by the farthest anchoring groups.
Furthermore, these single molecule experiments can
distinguish between the two structural isomers, which is
important in molecular discrimination, porphyrin chemistry, and molecular electronics.

T

he detailed study of charge transport through individual
molecules is important in understanding many chemical
and biological reactions and represents a central theme in
molecule-based devices.1−5 As a class of ubiquitous molecules
in nature, porphyrins are involved in a wide variety of
important biological process, e.g., photosynthesis and biocatalysis. The unique structure and function of porphyrins make
them a particular promising system for studying charge
transport mechanism6 and fabricating molecule-based devices
to mimic their functionality in nature.7 Recent technological
developments allow measurement of electron transport through
objects down to the single molecule level using mechanical
controllable break junction (MCBJ)8−11 or scanning tunneling
microscopy (STM) break junctions.9,12−16 In a break junction
experiment, individual molecules are wired between two
electrodes by introducing proper anchoring groups, making it
possible to measure single molecule conductance (SMC).
Though thiols (−SH) are frequently used as anchoring groups,
due to the formation of a robust Au−S bond,17−19 a recent
trend is to use linker groups which have weaker coupling with
gold electrodes, such as amines,20,21 pyridyls,11,21 and
isocyanos,22 as they can form molecular junctions with less
fluctuation in conductance due to the reduced variability in
binding geometries.4,20,22,23
Previous SMC studies focused on molecules with two
anchoring groups; multiple anchoring or charge transport
pathways have not been explored. In this Communication, we
investigate charge transport in a porphyrin with four identical
pyridyl substituents, 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (TPyP), using the STM break junction method (Scheme
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1). Our experiments reveal that charge transport through a
TPyP-mediated junction does not follow the traditionally
assumed route, i.e., along the shortest path between the
neighboring side groups (Scheme 1B). Instead, the maximum
observed in the current histogram may merely reflect the
greater probability of the “para” configuration versus the
“ortho” one when both are possible (Scheme 1A), which is
evidenced by the larger conductance of 5,10-di(4-pyridyl)15,20-diphenylporphyrin (o-DPyP) in comparison with 5,15di(4-pyridyl)-10,20-diphenylporphyrin (p-DPyP).
First, we investigated the SMC of TPyP with four identical
pyridyl anchor groups, so that charge transport can take place
between the pyridyls in either the “para” or “ortho” position of
the TPyP. We assumed that the charge transport would
predominantly proceed along the shortest path between the
neighboring anchoring groups, i.e., along the groups at the
“ortho” positions. The details of the sample preparation and
STM break junction experiment are described in the
Supporting Information (SI). Under these assembly conditions,
TPyP adsorbs flat on Au surfaces.2,24−26 In a break junction
experiment, an STM tip is brought into and out of contact with
a molecule-modified electrode to repeatedly form molecular
junctions while current−distance traces are recorded. The
displacement of two electrodes (an STM tip and a substrate)
without molecules bridging between them gives rise to quasiexponentially decaying traces with some noise due to
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pophyrins that possess only two pyridyl anchoring groups at
either the “para” position, 5,15-di(4-pyridyl)-10,20-diphenyl-

Figure 1. (A) Sample current−distance traces of TPyP in break
junction experiments: monotonic decay (black) and stepped curves at
Vbias = 0.10 V (red) and 0.05 V (blue). (B) Current histogram (dark
gray) and fit of the histogram (green) with a function consisting of a
gaussian using parameters from a fit for p-DPyP (red) and a gaussian
using parameters from a fit for o-DPyP (blue) and an exponential
(black).

Figure 2. (A) Current histogram of p-DPyP constructed from 97
current−distance traces out of 1000 total traces and fitted by a
gaussian plus exponential function as a guide to the eye (yellow curve).
Inset: molecular structure of p-DPyP. (B) Current histogram of oDPyP constructed from 103 current distance traces out of 1000 total
traces and fitted by a gaussian plus exponential function as a guide to
the eye (yellow curve). Inset: molecular structure of o-DPyP.

instabilities27 (Figure 1A, black). When molecules are trapped
between two electrodes during the stretching of molecular
junctions, a current plateau or current step appears in the traces
before the current drops.5 For instance, the current plateaus at
∼2 nA (Figure 1A, red) represent one molecule bridged
between two electrodes, and the plateaus with higher current
values could be due to multiple molecules trapped in the
junction.5 The plateau current decreased when the bias voltage
between electrodes was changed from 0.1 V (Figure 1A, red) to
0.05 V (Figure 1A, blue).
To determine the conductance of single TPyP molecules, we
recorded thousands of current-distance traces for statistical
analysis. The current histogram in Figure 1B was constructed
using 133 stepped traces from 1000 total traces. It shows a
current maximum at ∼2.0 nA at a bias voltage of 0.1 V,
corresponding to a SMC of 20 nS (2.58 × 10−4Go; Go is the
quantum of conductance and is equal to 77 500 nS). The
current maxima at different biases determined from the
corresponding histograms were plotted as a function of bias
(SI Figure S1B). The current versus bias plots are quite linear,
and the slope of the linear fitting yields molecular conductance
of 20.5 ± 2.8 nS, which is consistent with the conductance
value from individual traces and histograms (Figure 1).
As there are two possible charge transport pathways in a
TPyP molecule with four linker groups (Scheme 1), we could
expect to see different peaks in the current histogram. The fact
that we observed only one peak indicates either that the two
charge transport pathways give the same or similar conductance
values or that one of the pathways dominates transport. In
order to determine the dominant pathway of charge transport
and whether there is a difference between the conductance
values of the two possible pathways, we used two other

porphyrin (p-DPyP, Figure 2A, inset), or the “ortho” position,
5,10-di(4-pyridyl)-15,20-diphenylporphyrin (o-DPyP, Figure
2B, inset). The break junction experiment for these two
isomers was performed in the same way as for TPyP. Examples
of individual current−distance responses are shown in SI for pDPyP and o-DPyP. The histograms constructed from all
stepped traces show a current maximum of ∼1.95 nA for pDPyP, almost equal to the current maximum for TPyP, and
∼2.7 nA for o-DPyP. The current peaks in the histograms
(Figure 2) can be determined by the gaussian plus exponential
fittings (see details in SI) to be 1.97 and 2.75 nA,
corresponding to a SMC of 19.7 and 27.5 nS for p-DPyP and
o-DPyP, respectively, when the bias voltage is equal to 0.10 V.
The difference in the conductance of p-DPyP and o-DPyP
shows that structurally similar isomers (p-DPyP and o-DPyP)
can be distinguished with break junction techniques by
measuring and comparing their SMC. There is no evidence
for direct connection of the tip to the porphyrin ring, which
would have resulted in identical conductances for o-DPyP and
p-DPyP.
Surprisingly, the conductance of a single TPyP is very close
to the conductance of p-DPyP, which has a longer charge
transport pathway. In other words, these observations reveal
that charge transport in a TPyP-mediated STM break junction
does not proceed along the shortest pathway between
anchoring groups, i.e., the anchoring groups at the “ortho”
positions. Instead, the charge transport pathway through TPyP
was dominated by the farthest anchoring groups located at the
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“para” positions, which is evidenced by the similarity of the
conductance of p-DPyP and TPyP, 19.7 and 20.5 nS,
respectively. In comparison, the conductance of o-DPyP, 27.5
nS, is much greater. Tentatively, we ascribe this observation to
the contact geometry of TPyP in molecular junctions (SI
Figure S4). When the STM tip lifts a TPyP molecule from the
surface by pulling on one anchoring group, the most stable
geometry appears to be that with two anchoring group at the
“para” positions connected to the two electrodes (an STM tip
and a substrate). For instance, at the initial stage of pulling a
TPyP molecule, when one pyridyl group makes contact with
the STM tip, it is possible that all other pyridyls are in contact
with the substrate. Further pulling will lift either one or both
pyridyls at the “ortho” positions with respect to the pyridyl
connected to the STM tip. Lifting two pyridyls, at one the
“ortho” position and one at the “para” position, simultaneously
and leaving another o-pyridyl anchored on a substrate (Figure
S4C) appears not to be a stable configuration. Instead, the most
probable configuration for a TPyP in a stretching junction
involves the two groups at the farthest positions in contact with
two electrodes (Figure S4B).
This interpretation also can explain the observation of a high
conductance peak (27.5 nS) for o-DPyP, but not in the TPyP
experiments. The absence of two peaks in the histogram for
TPyP may reflect the greater stability of the “para” connection
compared to the “ortho” connection, and the fact that when
these two connections are possible TPyP favors the “para”
connection in the junction. The assumption was well supported
by fitting the current histogram of TPyP (Figure 1B) with a
function consisting of a gaussian for a “para” connection, using
parameters from a fit for p-DPyP (Figure 1B, red), and a
gaussian for an “ortho” connection, using parameters from a fit
for o-DPyP (Figure 1B, blue) and an exponential (Figure 1B,
black). The fitting equation, parameters, and details are listed in
the SI, showing that the overwhelming contribution to the
current histogram of TPyP comes from “para”-connected
junctions (∼80%), further supporting the conclusion that
electron transport through the “para” positions is the
dominating pathway.
In summary, we have demonstrated that the charge transport
pathway through a tailored porphyrin can be determined by the
STM break junction technique. Our experiments reveal that
charge transport through TPyP-mediated junctions does not
follow the traditional assumption: the shortest path between
the neighboring anchoring groups should be the most probable
charge transport path. Instead, the detailed analysis shows that
electron transport through “para” positions is more probable,
possibly due to the greater stability of the “para” connection
compared to the “ortho” connection. Thus, when both
connections are possible, TPyP favors the “para” connection
in the junction. Furthermore, these experiments show that
single molecule charge transport can distinguish between two
porphyrin isomers of identical mass and chemical formula. The
ability to reveal the charge transport pathway at the single
molecule level and further distinguish between the two
structural isomers as demonstrated in this paper may provide
insight into the charge transport mechanisms, molecular
discrimination, the design of molecule-based devices and
porphyrin chemistry.
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Experimental details, conductance versus bias voltage, current−
distance traces for p-DPyP and o-DPyP, and influence of
different fittings on molecular conductance. This material is
available free of charge via the Internet at http://pubs.acs.org.
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