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ABSTRACT: Using a scanning tunneling microscope, we
measured high-bias conductance of single polyporphyrin
molecular wires with lengths from 1.3 to 13 nm. We
observed several remarkable transport characteristics,
including multiple sharp conductance peaks, conductances
as high as 20 nS in wires with lengths of >10 nm, and
nearly length-independent conductance (attenuation
<0.001 A™"). We carried out first-principles simulations
on myriad metal-molecule—metal junctions. The simu-
lations revealed that the measured conductance is coherent
resonant transport via a delocalized molecular orbital.

flicient long-range charge transport in molecular wires is of
great importance in molecular electronic devices such as
light-emitting diodes, field-effect transistors, spintronics, and
solar cells, to name a few.' Charge transport over a long range
is expected to be conceptually different from that in short
molecules (<3 nm), wherein off-resonant tunneling dominates
the charge transport and decays exponentially.” In the longer
regime (>6 nm), incoherent sequential hopping is widely
accepted as the major charge transport mechanism, whose
conductance features a power law decay.’ A more effective
long-range charge transport mechanism is resonant transport.
Resonant transport, which takes place when a frontier
molecular orbital aligns with the Fermi level of the electrodes,*
can be nearly length-independent.’ Long-range resonant
transport was reported in nanotubes and DNA wires.®
Porphyrin-based molecular wires can mediate charge trans-
port with attenuation factors below 0.1 A™.""'" Charge
transport in these systems occurs via off-resonant tunneling
in short wires and hole polaron delocalization in long wires.* "'
In this work, we studied charge transport through biphenyl—
porphyrin oligomer (bp-ppo) wires with lengths of 1.3 to 13
nm. The bp-ppo wires were synthesized using on-surface
Ullmann reaction from precursor molecules of $,15-bis(4-
bromophenyl)-10,20-diphenylporphyrin (Br,-TPP) (Figure la)
on a Au(111) surface.'” Figure 1b shows the bp-ppo wires
comprising different numbers of TPP units. We applied on-
surface metalation to convert free-base bp-ppo wires to Fe-bp-
ppo wires." "
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Figure 1. (a) Precursor Br,-TPP molecule. (b) STM topograph (40
nm X 25 nm) showing bp-ppo wires synthesized on a Au(111) surface.
(c) From bottom to top: tunneling spectra of a Br,-TPP monomer, a
TPP unit in a bp-ppo wire, an Fe-TPP monomer, and an Fe-TPP unit
in an Fe-bp-ppo wire. Inset: zero-bias dip in the Fe-TPP tunneling
spectrum. (d, f) STM topographs of (d) a five-unit bp-ppo wire and (f)
a five-unit Fe-bp-ppo wire, with corresponding chemical structures. (e,
g) Spatially resolved dI/dV maps of (e) the bp-ppo wire and (g) the
Fe-bp-ppo wire. All scale bars are 1 nm.

Figure lc shows, from bottom to top, representative
differential tunneling spectra measured at the center of a Br,-
TPP monomer, a TPP unit in a bp-ppo wire, an Fe-TPP
monomer, and an Fe-TPP unit in an Fe-bp-ppo wire. The units
in the wires display nearly identical characteristics as the
corresponding monomers, implying that the biphenyl linkers
do not shift the frontier molecular orbitals of the porphyrin
units in the wires. TPP features two peaks at 1.6 and —0.9 V.
Density functional theory calculations confirmed that the 1.6 V
peak is associated with the lowest unoccupied molecular orbital
(LUMO) and LUMO+1 and that the —0.9 V peak is associated
with the highest occupied molecular orbital (HOMO)."* Fe-
TPP also features two peaks, which are downshifted to 1.4 and
—1.2 V. The major difference between TPP and Fe-TPP is that
Fe-TPP has a zero-bias dip and a low-energy peak at 0.2 V. The
zero-bias conductance dip (Figure lc inset) manifests Kondo
resonance associated with Fe spin states.' ™ Figure 1d is a high-
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resolution scanning tunneling microscopy (STM) image of a
five-unit bp-ppo wire and its chemical structure. Spatially
resolved point-by-point dI/dV spectra along the central axis of
this wire (Figure le) reveal that the HOMO is distributed
primarily at the porphyrin moieties, whereas the LUMO/
LUMO+1 is delocalized along the wire backbone. Figure 1f
shows a five-unit Fe-bp-ppo wire in which the central
protrusions of the TPP units account for Fe. The Fe sites
show a reduced dI/dV signal at the Fermi level (Figure 1g) as a
result of the Kondo effect. With a wide bias window, the
spatially resolved dI/dV map of the Fe-bp-ppo wire displays
features very similar to those of the bp-ppo wire shown in
Figure le, indicating that the Fe centers do not affect the
frontier molecular orbitals.

We used the STM tip to lift the wires as illustrated in Figure
2a."™" Figure 2b—d shows a seven-unit bp-ppo wire that was

a tip € 4o 2
P~ £ 25
substrate y& AZ 030 2 7
}gﬁf E 350
L B il 2 10 1 2
i % 20¢ bias voltage (V)
% 10k weak contact
strong contact
ot

20 10 0 10 20
bias voltage (V)

Figure 2. (a) Schematic illustration of short-range transport. (b—d)
STM topographs showing repeated lifting and dropping of a seven-
unit bp-ppo wire. Arrows mark the contact points of individual
manipulations. (e) dI/dV vs V curves measured at a tip height of 1.3
nm with weak contact (black) and strong contact (red). Inset: I-V
plot.

repeatedly lifted and dropped; the contact point of each
manipulation is marked with an arrow. In the first two
manipulations, the contact was lost and the wire dropped when
the tip was retracted 2 nm from the set point. In the third
manipulation, the tip was retracted to 8 nm without losing the
contact, presumably sustained by a stronger tip—molecule
contact than in the first two manipulations. Such weak and
strong contacts were highly reproducible in our experiments.
We propose that the strong contact corresponds to covalent
bonding between the terminal TPP units and the apex atom of
the STM tip, while the weak contact corresponds to
physisorption of the terminal TPP to the tip.

Figure 2e presents two differential conductance curves
measured at a tip retraction of 1.3 nm in the weak contact
(black) and strong contact (red) configurations. The initial tip
height was about 0.7 nm above the substrate; thus, at a tip
retraction of 1.3 nm, the tip apex was ~2.0 nm above the
substrate, and thus approximately one TPP unit was bridged
between the tip and the substrate. We define the transport
measured at this tip height as short-range transport. With weak
contact, a salient peak of 15 nS appeared at 1.5 V, accompanied
by two satellite peaks at 1.75 and 2.0 V, and a weak peak of 1
nS appeared at —1.2 V. With strong contact, three peaks of 40,
22, and 28 nS appeared at —1.0, —1.2, and —1.4 V, respectively.

We performed first-principles calculations to simulate the
short-range transport. A single TPP molecule bridges a flat Au
substrate and a pyramid-shaped tip (Figure 3a) to form a
metal—molecule—metal junction. Two configurations were
considered: with the top phenyl moiety physically attached to
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Figure 3. (a) Simulated junctions of a single TPP coupled to the tip
weakly (top) or strongly (bottom). (b) Simulated transmission as a
function of tip—substrate bias and energy for the two models. (c)

Simulated dI/dV vs V traces for the two junctions.

the tip, simulating weak contact (Figure 3a, top), and with the
top phenyl moiety covalently bonded to the tip via a Au—S
bond, simulating strong contact (Figure 3a, bottom). In both
models, the bottom phenyl moieties are weakly coupled to the
substrate. Figure 3b shows the calculated transmission as a
function of tip—substrate bias and energy. The areas inside the
dashed crosses refer to the conductance window; transmission
signals inside this region contribute to conductance. With weak
contact (Figure 3b, top), the LUMO enters the conductance
window at 1.5 and —1.8 V (marked by the white circles). As a
result, the differential conductance (Figure 3c, top) features a
70 nS conductance peak at 1.5 V and a 10 nS peak at —1.8 V. In
comparison, the HOMO contribution is insignificant. With
strong contact (Figure 3b, bottom), the LUMO enters the
conductance window at —1.8 V (black circle at the left),
resulting in a 1300 nS conductance peak at —1.8 V (Figure 3c,
bottom). At positive bias, HOMO, HOMO—1 and HOMO-2
enter the conductance window at positive bias (black circle at
the right), contributing three conductance peaks at 0.8, 1.2, and
1.5 V (Figure 3c, bottom). The LUMO-channeled conductance
peaks of the two junctions are in good agreement with the
experimental data shown in Figure 2e. However, the positive-
bias peaks channeled by the HOMO in the strong contact
junction are not present in the experimental data. We suggest
that this discrepancy is caused by inaccurate HOMO energy
level obtained in the simulation (see the SI for details). The
multiple satellite peaks resolved in the experiments are
presumably associated with molecular vibrational modes,'®"”
which were ignored in our calculations.

Wires with strong contact can be lifted entirely off the
substrate. The largest tip retraction with the wire bridging the
tip and the substrate was 13 nm, corresponding to at least eight
TPP units hanging between the tip and the surface, as
illustrated in Figure 4a. We define the conductance measured in
this configuration as long-range transport. We measured the
long-range transport of dozens of bp-ppo wires and Fe-bp-ppo
wires and found no systematic distinction between the
conductance characteristics of the two, suggesting that the
conductance is mediated by the molecular backbones but not
the Fe centers. This behavior is in contrast to the low-bias
transport of porphyrin molecules, in which a metal center
enhances the conductance.'® Figure 4b,c shows five differential
conductance curves acquired at the indicated tip retraction
heights of a five-unit bp-ppo wire and a 10-unit Fe-bp-ppo wire
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Figure 4. (a) Schematic illustration of long-range transport. (b, c) dI/dV vs V traces of a bp-ppo wire (shown in the inset in (d)) and a Fe-bp-ppo
wire (shown in the inset in (e)) acquired at the tip retraction heights indicated by the arrows in (d) and (e). (d, e) Length-dependent differential
conductance maps acquired on (d) the bp-ppo wire and (e) the Fe-bp-ppo wire. Scale bars in the insets are 1 nm. (f) Calculated dI/dV vs V traces of
a double-unit bp-ppo junction (black) and a triple-unit bp-ppo junction (red) as illustrated in the models. (g) Differential conductance of the bp-ppo

wire and the Fe-bp-ppo wire plotted against tip retraction height.

(insets in Figure 4d,e), respectively. One can see that multiple
sharp conductance peaks are present at all tip retraction
heights. The conductance peaks shift to more negative bias with
increasing wire length. The series of dI/dV versus V curves
acquired at progressively increased tip retraction heights were
combined into maps displaying differential conductance (color
scale) against tip height (y axis) and bias voltage (x axis)
(Figure 4d,e). Since the tip retraction height defines the length
of wire that bridges the tip and the substrate, such maps
represent length-dependent differential conductance (LDC).
The LDC maps show that the shifting rate of the conductance
peaks is ~0.3 V/nm and that the shifting is not perfectly linear
but rather exhibits discontinuity with a periodicity of ~1.2 nm.
This behavior is attributed to lifting of successive TPP units
from the substrate.'™ One possible mechanism for the
observed shift in the conductance peaks as a function of wire
length is that the bias voltage is partitioned at the wire and the
contacts in the metal—molecule—metal junctions as a function
of wire length (see the SI for details).

Figure 4g shows plots of the values of the first conductance
peaks shown in Figure 4d,e against tip retraction height.
Despite the different magnitudes, the two wires exhibit very
similar decay characteristics in their conductance. The
conductance jumps at some tip heights.'** In spite of these
irregularities, a trend of decay in the conductance as a function
of wire length can be determined, as represented by the dotted
lines in Figure 4g. When the tip retraction is <5 nm, the
conductance decays with an attenuation factor of 0.04 A~
(purple dotted line). When the tip is retracted >6 nm, the
conductance fluctuates around 20 nS (Fe-bp-ppo) or 3 nS (bp-
ppo) until the wire is fully lifted from the substrate. For
reference, we have plotted an exponential decay with an
attenuation factor of 0.001 A™' (green dotted line in Figure 4g).
This value is the lowest among all previously reported
attenuation factors.” Furthermore, Figure 4g shows that the
experimental conductance at long range appears more flat with
respect to Az than the green dotted line, being nearly length-
independent. Such sharp conductance peaks at specific energy
with a length-independent character is a hallmark of coherent
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resonant transport of noninteracting electrons."*™"? Tt is quite
surprising that coherent resonant transport takes place in the
twisted molecular wires. We reason as follows: a molecular wire
is twisted when the tip-to-surface junction is narrow; when the
junction is widened, the wire can have a straight section, which
affords the resonant transport; when the junction is further
widened, the twisted part retains its length while the straight
section becomes longer. Experimentally, tip heights below 5
nm, the conductance decays exponentially. We believe that this
is associated with the twisted wire conformation. At tip heights
larger than 5 nm, nearly length-independent conductance is
observed, which corresponds to wires containing a straight
section.

We calculated the conductance of two strong contact
junctions containing double and triple TPP units, as shown
in Figure 4f. Here we focus on the negative bias region, where
the LUMO level provides the conductance channels. Simulated
dI/dV versus V traces are plotted in Figure 4f. The double-unit
junction features a 31 nS conductance peak at —1.3 V (black
trace), while the triple-unit junction features a 27 nS
conductance peak at —1.6 V (red trace). The peak positions
corroborate the shifting of the resonant conductance peak to
more negative bias for the longer wire. The simulations reveal
that the conductance peaks of both junctions are mediated by
resonant transport via their LUMO levels (see the SI for
details).

In conclusion, we have demonstrated that the conductance of
single porphyrin oligomer wires exhibits nearly decayless
differential conductance (B < 0.001 A™') at long range (>6
nm). First-principles calculations revealed that the conductance
is channeled by resonant transport through the delocalized
LUMO. We anticipate that these findings will stimulate further
efforts to use porphyrin oligomer wires to construct single-
molecular electronics.
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