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ABSTRACT: Although most molecular electronic devices and materials consist of a
backbone with a planar structure, twisted molecular wires with reduced inter-ring π-
orbital overlap offer a unique opportunity for the modularized fabrication of molecular
electronic devices. Herein we investigate the modularized tuning of the charge transport
through the localized molecules by designing highly twisted molecules and investigating
their single-molecule charge transport using the scanning tunneling microscopy break
junction technique. We find that the anthracenediyl-core molecule with a 90° inter-ring
twist angle shows an unexpectedly high conductance value, which is five times higher
than that of the phenylene-core molecule with a similar configuration, whereas the
conductance of the delocalized planar molecule with an anthracenediyl core or a
phenylene core is almost the same. Theoretical calculations revealed that highly twisted
angles result in weak interactions between molecular building blocks, for which
molecule orbitals are separated into localized blocks, which offers the chance for the
modularized tuning of every single block. Our findings offer a new strategy for the
design of future molecular devices with a localized electronic structure.

The electronic coupling between different molecular
building blocks is essential for the design and fabrication

of molecular materials and devices.1−3 In the current stage,
most molecular electronic devices select molecules with a
planar structure as building blocks,4−8 which is mainly because
the charge transport through the twisted molecular wires
significantly decreases with the increasing twist angle owing to
the reduction of inter-ring π-orbital overlap.9−12 However, the
delocalized electronic structure and strong coupling between
building blocks also bring huge challenges for the rational and
modularized tuning of charge transport in individual building
blocks. To minimize the delocalization for the modularized
fabrication of molecular devices, a large twist angle is typically
employed to reduce the inter-ring coupling.13−16 Although the
highly twisted molecular wires exhibit a weaker charge-
transport ability owing to the weak π-orbital overlap,17−21

the weak coupling between each block of molecules with a
large inter-ring twist angle results in a highly localized
electronic structure. Compared with conjugated molecules
with a delocalized electronic structure, molecules with a
localized electronic structure exhibit unique quantum
phenomena, such as rectification, Coulomb blockade, and
negative differential resistance;22−25 more importantly, the
localization of the electronic structure makes it possible to
modify a single building block of molecules without
perturbation from other building blocks.13−15 Thus highly
twisted molecules with a localized electronic structure may

offer a unique chance for the modularized tuning of charge
transport by modifying individual building blocks of molecular
devices.
In this work, we synthesized and investigated the charge-

transport properties through a set of highly twisted molecules
with an anthracenediyl core and with a phenylene core using
the scanning tunneling microscope break junction (STM-BJ)
technique (Figure 1a).26 N1 and N2 were designed with a
twist angle of 90° between anchoring groups and central
groups to minimize the π-conjugation between molecular
building blocks, and the highly twisted angle leads to the
electronic localization of the central group. The single-
molecule conductance measurements reveal that the highly
twisted and localized N1 and N2 exhibit more remarkable
conductance tuning than that of N1A and N2A (Figure 1f)
with a planar conjugated structure. Combined density
functional theory (DFT) calculations revealed that the
localized electronic structure of N1 allows the insertion of
new resonance in the transmission at Fermi energy, whereas
the insertion of a new resonance orbital leads to the
reorganization of the electronic structure in N1A and N2A
due to the delocalization.
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The target compounds N1 and N2 (Figure 1a) were
synthesized via Suzuki cross-coupling reactions27,28 and
purified via column chromatography and recrystallization. N1
and N2 are composed of three parts, anchoring group−central
group−anchoring group (A−C−A), in which the anchoring
groups of 4-pyridyl are directly attached to the central aromatic
ring without linkers. The central group is 9,10-anthracenediyl
in N1 and 2,3,5,6-tetramethyl-1,4-phenylene in N2. Because of
the large stereohindrance of the anthracene ring in N1 or the
four methyls in N2, the twist angles between the anchoring
group and the central group of the most stable configurations
of N1 and N2 are 90° according to DFT calculations (Figure
1b). As we can see in Figure 1b, N1 and N2 both have the
lowest energies at a twist angle of 90°. It is found that the
rotational barriers of N1 and N2 vary slightly.
Single-molecule conductance measurements were carried

out using the STM-BJ technique in solutions of 1 mM
concentration of target molecules with a mixed solvent of
tetrahydrofuran/1,3,5-trimethylbenzene (THF/TMB v/
v = 1:4) at room temperature. A fixed bias voltage of 100
mV was applied between the tip and substrate. Figure 1c show
the 1D conductance histograms of N1 and N2, each of which
is constructed from more than 1000 individual conductance−
distance traces without data selection, respectively. All of these
molecules exhibited clear molecular plateaus after the breaking
of gold−gold atomic contacts at G0 (G0 = 2e2/h = 77.5 μS),
indicating the formation of single-molecule junctions.29 The
conductance−distance traces in the insert of Figure 1c show
typical individual conductance traces of N1 and N2. Statistical
analysis demonstrates that the conductance value of N1 locates
at 10−4.47G0 (2.62 nS), which is five times higher than that of

N2 at 10−5.18G0 (0.512 nS). The conductance of N2 is
consistent with previous studies.17−21

The 2D conductance versus relative distance histograms of
N1 and N2 are shown in Figure 1d,e. It is found that all
molecules showed highly distinct conductance intensity clouds,
indicating that single-molecule junctions formed during most
of the stretching cycles with similar charge-transport proper-
ties. Further analysis of the displacement distribution of all of
the molecular junctions (insert of Figure 1d,e) suggests that
the lengths of these molecular junctions are all determined to
be ∼1 nm. (The peak of the length distributions located at
∼0.5 nm and a +0.5 nm calibrated gold−gold snap-back
distance should be added.30) The lengths of the characterized
junctions are in good agreement with the molecular lengths,
suggesting that the molecules bridge between the two gold
electrodes with a fully stretched configuration. Thus the
conductance variation between different molecules originates
from the changes of the central ring single-molecule junctions.
To compare the difference of highly twisted molecules with

regular planar conjugated molecules, we synthesized N1A and
N2A, shown in Figure 1f, via Sonogashira cross-coupling
reactions31,32 with the same central units of N1 and N2, but
ethynylene linkers are inserted between the anchoring groups
and central groups, which makes the twist angles between the
core and the terminal pyridine plane of the two molecules
almost 0°, as depicted in Figure S2. It should be noticed that
the ethynylene groups are well conjugated with both pyridyl
groups and central groups, which leads to strong coupling
between pyridyl groups and central groups. Thus we described
the ethynylene groups as “linkers” but not “spacers”. As a result
of good π-conjugation, all nonhydrogen atoms were coplanar
without the effect of stereohindrance. We find that the

Figure 1. (a) Schematic of STM-BJ setup and molecular configurations of N1, N2, N1A, and N2A. (b) Comparison of rotational barriers between
N1 (blue) and N2 (red) and calculated molecular configurations (insert) at twist angles of 90 and 60° (view along the rotational axis). (c) 1D
conductance histogram comparisons and typical individual conductance−distance traces (insert) of N1 (blue) and N2 (red). 2D conductance
versus relative distance (Δz) histogram and relative distance distributions (insert) of (d) N1 and (e) N2. The relative distance distributions are
determined from the conductance ranges of 10−0.3G0 ≈ 10−5.1G0 for N1 and 10−0.3G0 ≈ 10−6.2G0 for N2. (f) 1D conductance histogram
comparisons and chemical structures (insert) of N1A (cyan) and N2A (magenta).
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conductance of N1A and N2A varies slightly from 10−4.22G0
(4.66 nS) for N1A to 10−4.25G0 (4.36 nS) for N2A, which is
consistent with the previous results.33

To further reveal why the difference between N1 and N2 is
significantly larger than that between N1A and N2A, DFT
calculations were performed to calculate the transmission
functions through single-molecule junctions. The molecules
were first optimized in a vacuum using Gaussian software;34

then, they were wired into single-molecule junction config-
urations. The single-molecule junctions were relaxed to a force
threshold of 0.05 eV/Å using the DFT code SIESTA35 with
the Perdew−Burke−Ernzerhof (PBE) correlation-exchange
functional.36 The optimized single-molecule junctions were
utilized to calculate transmission functions in the ATK
software package with nonequilibrium Green’s functions
(NEGFs).37−39 More details of the calculations are shown in
the Supporting Information. The peaks at the relative energy
levels of −2.12 and +0.12 eV are attributed to the HOMO and
LUMO of N1 (labeled by asterisks in Figure 2a). Previous
studies revealed that the LUMO is the dominant conductance
channel for molecules with an anchoring group of pyridyl.30

Thus the inserted LUMO of N1 at +0.11 eV becomes the
dominant transport channel, which has a very strong electronic
coupling with electrodes (see scattering states plot in Figure
S10).40 The strong coupling between the LUMO of N1 and
the Fermi energy significantly enhanced the charge transport
through the single-molecule junctions. In contrast, the LUMO
of N2 is far away from the Fermi energy and shows a lower
conductance than N1 at the Fermi energy.
Molecular projected self-consistent Hamiltonian (MPSH)41

plots of the frontier molecular orbital were all calculated using
the junction configuration, shown in Figure 2b,d (more details
in Figure S9), which demonstrates that the major difference in
electronic structures between N1 and N1A (or N2 and N2A)
is that N1 and N2 have localized electronic structures, whereas
N1A and N2A have delocalized electronic structures. As
shown in Figure 2b, the LUMO of N2 is located at the pyridyl

groups, whereas the HOMO of N2 is located at the central
group. In contrast with N2, the HOMO and LUMO of N1 are
both located at the central group. This separation of frontier
molecular orbitals is attributed to the weak inter-ring electronic
coupling from the highly twisted configurations, which bridges
the widely employed strategy for designing efficient organic
light-emitting diodes in which the highly twisted configuration
leads to the separation and localization of the HOMO and
LUMO.13−15 In the charge transport through single-molecule
junctions, the localized electronic structures of highly twisted
molecules offer the chance for the modularized individual
tuning of the energy levels of the HOMO and the LUMO.
To reveal why the conductance difference of planar N1A

and N2A becomes much smaller, we further calculated the
transmission functions, as shown in Figure 2c. It is found that
the energy level of the dominated transport channel of N1A is
quite similar to that of N2A, and the variety from N2A to N1A
is simply the narrowing of the HOMO−LUMO gap, which
does not make a remarkable change at the transport channel
near the Fermi energy. Frontier molecular orbitals of N1A and
N2A presented in Figure 2b show good continuity, indicating
strong electronic coupling between anchoring groups and the
central group, which we have mentioned above. As a result, the
replacement of the central phenyl group with anthracenediyl
would be averaged by electronic delocalization, resulting in the
experimental challenge of rational tuning of charge transport in
the delocalized single-molecule junction. Further investigations
of the charge transport through highly twisted molecules with
naphthalenyl, tetracenyl, and pentacenyl were carried out using
DFT calculations, as shown in Figures S14−S16. By replacing
the central phenyl group with naphthalenyl, anthracenediyl,
tetracenyl, or pentacenyl, the transmission at Fermi energy of
N1, N2, N3, N4, and N5 gradually increases with the enlarging
of conjugation, as shown in Figure S16a. However, the
transmission at Fermi energy of N1A, N2A, N3A, N4A, and
N5A, as shown in Figure S16b, remains almost the same,
suggesting that the modulation of charge transport in highly

Figure 2. Calculated transmission functions of (a) N1 (blue) and N2 (red) and (c) N1A (cyan) and N2A (magenta). Inserted channels in N1 are
labeled by asterisks in panel a. MPSH plots of (b) N1 and N2 and (d) N1A and N2A. The isovalue was set at 0.05 au. Energies are related to the
Fermi energy.
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twisted molecules is more efficient than that of the planar and
conjugated molecules while using the same central groups.
To further validate the generalization of the strategy, S1, S2,

S1A, and S2A were designed by replacing the 4-pyridinyl
anchoring groups of N1, N2, N1A, and N2A with 4-
(methylthio)phenyl. Similarly, weak inter-ring electronic
coupling from the highly twisted configuration leads to
localized electronic structures of S1 and S2, whereas strong
electronic coupling of ethynylene linkers leads to delocalized
electronic structures of S1A and S2A as well. Figure 3a,c shows
the conductance histograms of S1, S2 and S1A, S2A, each of
which was constructed from more than 1000 individual
conductance−distance traces without data selection, respec-
tively. Statistical analysis demonstrates that the conductance
value of S1 locates at 10−4.82G0 (1.17 nS), which is three times
higher than that of S2 at 10−5.26G0 (0.426 nS). The
conductance of S1A and S2A varies very slightly from
10−4.16G0 (5.36 nS) for S1A to 10−4.14G0 (5.66 nS) for S2A,
which is similar to the result of N1A and N2A and consistent
with the previous results.33 The calculated transmission
functions shown in Figure 3b,d indicate that there are two
more channels inserted at −1.12 and +1.08 eV with >1 eV of
gap from the Fermi energy in the transmission function of S1,
whereas the variety from S2A to S1A leads to the narrowing of
the HOMO−LUMO gap, as also demonstrated in N1A and
N2A. Thus the charge-transport difference between S1 and S2
is obviously larger than that between S1A and S2A. We also
found that the charge transport of S1 will significantly decrease
by replacing the hydrogens with fluorine due to the inductive
effect (Figure S12). These results support our hypothesis that
the properties of the localization lead to more efficient tuning
than that of the delocalized molecules.

In conclusion, we investigated the modularized tuning of
charge transport through a family of highly twisted and
localized single-molecule junctions using the STM-BJ
technique. We found that the highly twisted molecules
provided more efficient tuning than planar conjugated
molecules and that the conductance of the highly twisted
anthracenediyl-core molecule with the 4-pyridinyl anchor is
five times higher than that of the highly twisted phenyl-core
molecule with 4-pyridinyl anchor, whereas the conductance of
the planar anthracenediyl-core molecule is almost the same as
that of the planar phenyl-core molecule. A similar trend is
observed in the molecules with 4-pyridinyl anchoring groups
replaced by 4-(methylthio)phenyl. DFT calculations reveal
that the localized electronic structures of highly twisted
molecules allow the insertion of resonance in the transmission
at Fermi energy via the replacement of the phenylene core in
N2 by the anthracenediyl core in N1. Our findings suggest that
modifying electronic structures in the highly twisted molecule
with a localized electronic structure offers the chance to
modulate charge transport at the single-block level, leading to
the modularized design of molecular devices and materials.
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