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ABSTRACT: Molecular one-dimensional topological insulators (1D TIs), which conduct through energetically low-lying
topological edge states can be extremely highly conducting and exhibit a reversed conductance decay, affording them great potential
as building blocks for nano-electronic devices. However, these properties can only be observed at the short length limit. To extend
the length at which these anomalous effects can be observed, we design topological oligo[n]emeraldine wires using short 1D TIs as
building blocks. As the wire length increases, the number of topological states increases, enabling an increased electronic transmission
along the wire, Specifically, we show that we can drive over a microampere current through a single ~5 nm molecular wire,
appreciably more than what has been observed in other long wires reported to date. Calculations and experiments show that the
longest oligo[7]emeraldine with doped topological states, has an over 10° enhancement in the transmission compared to its pristine
form. The discovery of these highly conductive, long organic wires overcomes a fundamental hurdle to implementing molecules in
complex, nanoscale circuitry: their structures become too insulating at lengths that are useful in designing nanoscale circuits.

INTRODUCTION

Electron transmission through metal-molecule-metal junctions
can be engineered by manipulating the chemical structure of the
molecular backbone'-? to create nanoscale circuits elements that
include insulators,® switches,* > diodes,*® and most commonly,
conducting wires.” Since the electronic transmission through
these devices is ballistic, large currents can be driven across
single molecules efficiently without losing energy or electronic
phase information. Transport through molecular wires in a
coherent and off-resonant regime however leads to an
exponential decay of conductance with increasing wire length
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G=Ae P (5>0) (1)

where G is the molecular conductance, A is the pre-exponential
coefficient, f§ is the exponential decay factor, and n is the
number of repeating units. To achieve high conductances in
long wires, researchers have typically designed wires with
conjugated building blocks to achieve a small f, minimizing
the decay.” '*'* However, the negative exponential dependence
inherent to these wires has left the preparation of long, high
conducting wires an unrealized goal.

Over the past decades, electron transport through the
topological boundary state of solid-state topological materials

has been extensively studied.!®!” However, studies on electron
transmission through topological states at single-molecule level
are limited. Solid-state topological insulators (TIs) feature
conducting boundary states but insulating interior states. In a
molecular TIs, the boundary states, commonly represented by
radicals, are at the two ends of the wire. Therefore, the
conducting boundary states are called edge states. Conductance
across single molecule TIs is dominated by the edge-derived
frontier molecular orbitals. The edge states, which are
energetically close to the lead Fermi energy, delocalization
along the wire backbone and the extent to which the two are
coupled dictates the ability to drive current through these states.

It was recently shown that one-dimensional Su-Schrieffer-
Heeger-type topological insulators (1D SSH TIs)* ! could
yield wires where conductance increases with increasing
molecular length. The topological radical states have a finite
delocalization length analogous to solitons.”??* Taking the
prototypical polyacetylene system as an example (Figure 1A,
top), at the short chain limit, the two edge states in its diradical
resonant structure (red and blue clouds in Figure 1B, top) couple
at the center of the chain to generate highly conducting
pathways, in which a reversed conductance decay®® (8 < 0)
can be obtained. However, at the long chain limit, the two edge
states decouple, yielding an exponential decay in conductance
due to destructive quantum interference between the two edge-



state derived orbitals.”” Experimentally, these ideas have been
demonstrated in poly-p-phenylene wires with radical cations at
the edges.*® However, the experiments showed that a reversed
conductance decay is not maintained in these systems beyond
~1.4 nm.

Here, we demonstrate a new strategy to achieve high tunneling
current through long wires using a series of 1D TIs as repeating
units. This design strategy relies on the electron transport
properties in a single 1D SSH TI, where the two radical edge
states are spatially close and electronically coupled. To
illustrate this concept, we consider a hypothetical polyacetylene
wire with radicals on every third carbon (Figure 1B, middle).
We use a tight-binding approach to show that the transmission
through such a wire does not decay with length in contrast to
the polyacetylene terminated with two radicals (Figure 1C, and
see Tight-binding analysis section in Supporting Information).
Energetically, such a multi-radical polyacetylene is not stable
as it would convert to polyene by rearranging its single and
double bonds. However, we can modify the backbone structure
chemically to stabilize such a wire by replacing all the double
bonds with phenylene units and the carbon radicals with
nitrogens. In this design, the aromaticity of the phenylenes and
the lower on-site energy nitrogen units help to stabilize the
radicals. These modifications yield the oligo[n]emeraldine
(OE[n]) backbone (Figure 1A, bottom), which can be converted
to a multi-radical form t-OE[n] (topological OE[n]) through
oxidation as shown for the »=6 wire in Figure 1B. The edge
states of each TI unit are paired and thus for wires with an odd
n, a single secondary amine is left over (see Figure S1 for t-
OE[7]).
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Figure 1. (A) Scheme showing the two molecular backbones,
polyacetylene and oligo[n]emeraldine (OE[#n]), shown in their
trivial states (i.e. without topological radical states). (B) Structures
of a diradical polyacetylene chain (top), a hypothetical hexa-radical
polyacetylene chain (middle), and t-OE[6] (bottom), red and blue
region shows the topological spin states with opposite signs, also
indicative of their delocalization ranges. The purple boxes indicate
one 1D SSH TI unit of the middle and bottom structures. (C)
Calculated transmission functions versus energy for the

prototypical multi-radical polyacetylene molecules with m 1D SSH
TI units (the middle structure of Figure 1B), the inset figure shows
the transmission at Fermi energy (EF) versus m.

RESULTS AND DISCUSSION

We synthesized these wires and then probed their conductance
trends using a scanning tunneling microscope-based break
junction (STM-BJ) technique,"*' as detailed in the Supporting
Information. For the synthesis, the Boc-protected OE[#] series
with n = 2-7 was prepared through a convergent SxAr, Boc-
protection, hydrogenation route followed by a palladium-
catalyzed Buchwald-Hartwig coupling to install terminal
aurophilic thiomethyl groups (Figure 2A).*> ** Thermolytic
Boc-deprotection was performed by heating the as-obtained
solids at 150 °C for 9 h under vacuum, which yielded pure
trivial OE[n] powders (see Supporting Information for single-
crystal X-ray diffraction data, UV-Vis spectra, and cyclic
voltammograms). For the STM-BJ measurements, we prepared
0.1 mM solutions of the OE[#] series in propylene carbonate
(PC) with trifluoroacetic acid (TFA). We then oxidize the
molecules in situ by applying a positive bias to the tip during
the STM-BJ measurements.® In the presence of TFA, we
oxidize OE[n] to t-OE[#n] that is decorated with radical amine
cations, while without TFA, we generate the imine-linked
OE[n] (see Figure S2 for the structure, and see Figure S3-4 for
the conductance measurements). Figure 2B shows the 1D
conductance histograms for t-OE[#] with n ranging from 2 to 7,
measured at an applied bias of +500 mV. The conductance peak
for t-OE[6] and t-OE[7] is above 102G, which is significant
considering the molecular backbone length of almost 5 nm.
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Figure 2. (A) Synthetic route for OE[n] series. (B) 1D
conductance histograms for the t-OE[n] chains. In the
experiment with t-OE[#] solutions, the charge states are t-
OE[2] and t-OE[3]: 2+; t-OE[4] and t-OE[5]: 4+; t-OE[6] and
t-OE[7]: 6+. The counter ion is trifluoroacetate (1-). (C) 2D
conductance-displacement histogram of t-OE[7]. Note that
length of the feature in this 2D histogram is shorter than the
molecular length because a gap is opened instantly after the
rupture of the Au point-contact®®. (D) The measured
conductance of the t-OE[n] chains against n, showing an
attenuated reversed conductance decay trend with fit a = 7.70.



The measured conductance for trivial OE[2] and OE[3] chains
(purple) is also added to this graph, showing a decrease from
OE[2] to OE[3]. Assuming the exponential conductance decay,
the fit § = 1.84. For all the molecules, 2000 traces were
measured without data selection.

To confirm that we are measuring conductance through
molecules containing radicals under these experimental
conditions, we measured ex-sifu electron paramagnetic
resonance (EPR) spectra for the t-OE[n] oxidized with O, in the
presence of TFA (see Supporting Information), which reveal
clear paramagnetic resonance signals consistent with radical-
decorated emeraldine polymers.** The positive charges in t-
OE[n] planarize the molecular backbone to give a single narrow
molecular conductance peak, which is evidenced in the 2D
conductance-displacement histogram shown for t-OE[7]
(Figure 2C, and Figure S3 for other t-OE[#n]).

For the OE[n] series without radicals, what is referred to as its
trivial form, (Figure S6-7), we find that the conductance is
clearly distinguishable from the instrument noise floor only for
OE[2] and OE[3] as the conductance decreases with increasing
length. Assuming the trivial OE[n] series fits the exponential
conductance decay as described by equation (1), we obtain f =
1.84, in stark contrast to the t-OE[n]. Furthermore, this would
indicate that OE[7] would have a conductance of 1.4x10%Go, a
factor of ~1.25 million lower than t-OE[7].

To understand the trends in conductance for the t-OE[#n] series,
we fit the peaks in the 1D histograms with a Gaussian function
and determine the most probable molecular conductance values.
In Figure 2D we plot these conductance values against n. We
observe a clear odd-even effect, likely because we have one
neutral amine left in each of the t-OE[n] wires if n is odd
(Figure 1). As is clear from these data, the conductance of these
molecules increases with increasing molecular length. The
conductance does not increase exponentially as the trend is not
linear on this semi-logarithm plot. In general, an exponential
increase or decrease applies only for wires with a single pair of
radicals, i.e., with two topological edge states.”” However, in t-
OE[n], the number of topological states is not constant but
increasing with increasing number of units. Therefore, the
hybridization of the increasing topological states near Fermi
energy (Er) leads to distinct evolution of HOMO and LUMO
resonances compared to simple 1D TIs, thus the conductance-
length regime could be different. We find that our data can be
fit by a power law as:

G=Ae ¥ (a>0) )

where A" is the pre-exponential coefficient, and the attenuation
factor a is 7.70. From equation (2), the attenuated reversed
conductance decay indicates that the change in conductance
decreases with larger n. However, the reversed conductance
decay phenomenon still persists, which confirms that we have
successfully pushed the length limit of the reversed
conductance decay beyond what has been observed previously.
For the model in Figure 1C, we get no change in conductance
with length, different from what we obtain in the experiment,
which is due to the limitation of tight-binding analysis as a
single particle approach.

To investigate the robustness of the molecule junction formed

by OE[n], we carried out repeated current-voltage (I-V) sweeps
over a range from -1 V to 1 V while holding the longest OE[7]

molecule (see Supporting Information and Figure 3A, upper
panel). We select traces from our measurements that sustain a
molecular junction during this entire cycle (~ 50% of the
measured traces) and construct a 2D absolute current versus
time histogram (Figure 3A. lower panel). This 2D histogram
shows that we can maintain QE[7] in the molecular junction for
a period of 1 second at room temperature. The current exhibits
very robust and reproducible feature in every cycle. The current
at 1 V reaches a remarkable 4 pA through the t-OE[7], distinct
from the current in the negative bias region. Note that the
current in the negative bias range between 0 and -1 V during
ramp down, and -1 V and +0.2 V during ramp up is due to
Faradaic and capacitive currents through PC solvent. In Figure
3B we show the I-V characteristics for OE[7] from -1 to 1 V
within a single cycle of Figure 3A. From -1 to -0.75 V, the
current measured is through a neutral OE[7] single-molecule
junction. From -0.75 to 0.2 V, the current from neutral QE[7]
is lower than the capacitive current due to the ions in solution.
The oxidation processes of OE[7] happens between 0.2 V and
0.45 V. Above 0.45 V, the molecule is in its fully oxidized state
and a high current is measured. Importantly, these data show
that OE[7] can be repeatedly reduced and oxidized in-situ
switching between its topological and trivial forms.
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Figure 3. (A) 10-cyclic I-V measurement of t-OE[7] chain. Top:
bias applied across the junction with a 97 kQ resistor in series
while tip-substrate gap is held constant. Bottom: 2D current—
time histogram constructed from a selection of 1,072 from
2,100 traces. (B) I-V curve of t-OE[7] from -1 to 1 V obtained
from (A). (C) Experimental current through single-molecule
junction against molecular length at 1 V bias determined from
published works!>*¢#? (see structures in Figure S8). The blue
square on the top right shows the current for t-OE[7]
determined from the I-V sweep shown in Figure 3A.



We next compare the experimental current measured at +1 V
through t-OE[7] to that of other published" **** molecular
wires in Figure 3C (see structures in Figure S8). All the current
data are obtained at a 1 V. Among the experimental results, t-
OE[7] is the only molecule that has a current above the
microampere level and is at least a 1,000-fold larger than other
molecular wires that have similar length. Moreover, because the
conductance of longer wires with the same backbone should be
close to or higher than that of t-OE[7], we could expect even
higher current. These results demonstrate how concepts from
physical organic chemistry can be applied to achieve record
ballistic currents in single-molecule devices. These results also
solve a fundamental hurdle that hampers the implementation of
molecules in complex circuitry: molecular wires cannot be
made sufficiently long enough while maintaining high enough
electrical conductivity to be useful.
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Figure 4. (A) The geometry of t-OE[2] in a molecular junction
relaxed by DFT, two point-charge squares (pink) are added to
constraint the charges on the molecule. (B) Calculated
transmission functions of t-OE[n]. (C) Transmission at Er
against n for even (red) and odd (blue) topological chains, both
showing reversed conductance decay. Transmission at Ep
against n for trivial chains is also added to the graph as
comparison, showing an exponential decay in conductance. (D)
Schemes of doping topological radical states in trivial OE[#n]
chains. (E) The comparison between calculations (pink) and
experiments (yellow) on the enhancement of conductance upon
doping topological states, Giopological/ Gtrivial, 3gainst 7.

To elucidate the high conductance of topological OE[#] in the
experiments, we calculated the transmission functions of
molecular junctions formed with topological OE[n] using

density functional theory (DFT) with non-equilibrium Green’s
function (NEGF) method using the FHI-aims package** (see
Supporting Information). We first optimize the geometry of the
molecule and then attach it to two Auy, tetrahedral clusters. In
the experiments, the molecules, which are charged, are
stabilized by the solvent molecules and the counter ions in the
solution which form a delocalization shell of compensating
background charges.*® To emulate the counter charges, we
append two square planes of points charges above and below
the molecular region to constraint the correct formal charge to
the molecule (see Figure 4A, Figure S9, and Table S1). We
adjust the magnitude of the point charges by ensuring that the
nodal pattern of isolated t-OE[#n] HOMO and LUMO match
those of the junction (Figure S10-11). Since the edge states of a
1D SSH TI satisfies spin symmetry, that is, the total number of
spins is even, and the number of spin-ups is the same as the
number of spin-downs. Hence, the DFT-based calculations are
closed-shell.

With these optimizations, we calculate the transmission
functions, 7(E), for t-OE[n] (n = 2-7) and plot these against
energy relative to Er in Figure 4B, showing an odd-even
dependence. With spin-symmetry of 1D SSH TIs, the spin-up
and spin-down channels contribute equally to the total
conductances of the molecules. The HOMO and LUMO
resonances are quite close to Er and get closer as n increases,
which is different from the trend of HOMO-LUMO gap for the
isolated topological OE[#] (Table S2). By contrast, the HOMO
and LUMO resonances for the neutral molecule (trivial OE[r])
are far from Er (Figure S12), and the DFT calculation of
isolated trivial OE[#x] also reveals large HOMO-LUMO gap
(Table S3 and Figure S13). The transmission at Er for t-OE[#n]
and trivial OE[n] are shown in Figure 4C against n. For the t-
OE[n], an attenuated reversed conductance decay is confirmed,
with aca = 1.22. The calculated « is affected by the conductance
of short chains that are high due to known errors in DFT-based
transmission calculations*. The DFT transmission calculation
also leads to an increased conductance with length instead of
the flat trend in Figure 1C. This would also support that this
difference is because of the limitations of tight-binding
approach. For trivial OE[n], we also obtain an exponential
conductance decay with .. = 2.09 in approximate agreement
with the experiment. For completeness of this study, the
transmission of imine-linked OE[#n] series was also calculated
(Table S4, Figure S14-16), in line with the experiment.

The consistency of conductance-length trends between the
calculations and the experiment confirms ballistic transport
through the molecules, i.e., the electrons are tunneling across
the molecular orbitals that are formed from a linear combination
of the coupled edge states. The tunneling electrons are not
changing the redox state of the molecule in the conductance
measurements. Once the potential is increased beyond the
threshold for oxidation (for example, 0.45 V in Figure 3B for
OE[7]), the charge state changes and conductance continues
across the oxidized molecule through a ballistic mechanism, as
we have shown in our earlier work™.

The DFT calculation results of the topological and trivial series
enables us to investigate the relative enhancement of
conductance upon doping molecular wires as shown in Figure
4D. In Figure 4E, we show the conductance ratio between the t-
OE[n] and its corresponding trivial OE[n], Giopologicat/ Girivial-



Because the transmission ratio of the t-OE[x] to the trivial
OE[n] increases significantly with wire length, we obtain a
transmission enhancement that is a remarkable 2.6 million for
OE[7]. We also add the experimental data of OE[2] and OE[3]
to Figure 4E, which are in agreement with the data from
calculation.

CONCLUSION

Our experimental and theoretical results reveal a reliable
method to create highly conducting molecular wires starting
with the oligomeric OE[#] series. By connecting single 1D SSH
TI units in series, we overcome the primary shortcoming of
molecules created with a single TT unit and show that we can
achieve a reversed conductance decay at the long chain limit.
For the as-synthesized t-OE[n] series, we find that the
conductance-length relation follows an attenuated reversed
conductance decay (equation (2)), which has never been
reported before for other trivial closed-shell molecular series.
This attenuated reversed conductance decay is the key to
making long and highly conducting wires. In principle, there is
no theoretical upper limit to the number of 1D SSH TI repeat
units that could be embedded within a single chain and as such
it is reasonable to expect that for longer analogs of t-OE[n] (n
> 7) higher currents and conductances will be achieved.
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theoretical methods. This material is available free of charge via
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