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Abstract: Tuning charge transport at the single-molecule level
plays a crucial role in the construction of molecular electronic
devices. Introduced herein is a promising and operationally
simple approach to tune two distinct charge-transport path-
ways through a cruciform molecule. Upon in situ cleavage of
triisopropylsilyl groups, complete conversion from one junc-
tion type to another is achieved with a conductance increase by
more than one order of magnitude, and it is consistent with
predictions from ab initio transport calculations. Although
molecules are well known to conduct through different orbitals
(either HOMO or LUMO), the present study represents the
first experimental realization of switching between HOMO-
and LUMO-dominated transport within the same molecule.

The idea to integrate individual molecules into electronic
circuits was theoretically proposed by Aviram and Ratner in
1974.[1] Despite various experimental approaches employed
for the formation of molecular junctions between two metal
electrodes,[2] it is highly desirable to incorporate a third (gate)
electrode, for example, a solid-state back gate electrode[3] or
electrochemical electrode, to adjust molecular energy levels
relative to the Fermi level or trigger redox reactions on the
molecule.[4] In conjunction with this idea, it is of great interest
to integrate molecules with multiple terminals into an
electrical circuit to allow differentiating and switching
between different charge-transport pathways. However, it
still remains a challenge to control the metal–molecule
contact to a degree that allows the injection/extraction of
charges at different points of the same molecule and thereby
explore multiple electron pathways. A possible way to
overcome this challenge is to exploit the sizeable variation
in binding energies of different anchor groups on a gold
surface.

Herein, we report the design and synthesis of a cruciform
conjugated molecule (M1) consisting of two orthogonally
disposed p-systems. Within this molecule the two linear arms
are terminated with pyridyl and TIPS-protected (TIPS = tri-
isopropylsilyl) acetylene groups, respectively (Figure 1). Cru-

ciform molecules have received significant attention because
of their special structural topology and opportunities for their
modulation,[5] and therefore they are considered to be
promising “hub” units for the integration of different func-
tional units in single-molecule circuits. Within the context of
the single-molecule conductance, only three papers on cruci-
form molecules have appeared in the literature.[6, 7] Differ-
entiating charge-transport pathways, however, has been
unexplored so far. To elaborate on our concept for achieving
high selectivity of anchoring sites on gold leads, we apply
desilylation chemistry,[8] which allows trapping of molecules
between two gold electrodes through in situ generated C¢Au
bonds. Single-molecule junctions formed by the C¢Au
s-bonds should be energetically favored over junctions
through pyridyl anchoring groups, because of the larger
binding strength of the covalent bond compared to the
coordinative bonding between the gold and lone pair atoms.[9]

Therefore, one can set the course for a controllable con-
ductance pathway in a molecule, for example, with well-
studied pyridyl and trimethylsilyl-protected acetylene termi-
ni.[4a, 9]

To realize this goal, we specifically synthesized the
cruciform molecule M1 (Figure 1) based on the benzo[1,2-
b :4,5-b’]difuran (BDF) core[10] to explore the possibility of
chemical tuning of anchoring sites in single-molecule devices.
Charge-transport properties of the single-molecule junctions
before and after the desilylation were investigated using the
mechanically controllable break junction technique

Figure 1. Setting a course for molecular conductance along different
pathways based on the M1-N and M1-C configurations.

[*] C. Huang,[+] Dr. S. Chen,[+] D. Reber, M. Baghernejad, Dr. Y. Fu,
Prof. T. Wandlowski, Prof. S. Decurtins, Dr. W. Hong, Dr. S.-X. Liu
Department of Chemistry and Biochemistry, University of Bern
Freiestrasse 3, 3012 Bern (Switzerland)
E-mail: hong@dcb.unibe.ch

liu@dcb.unibe.ch

K. BaruÛl Ørnsø, Prof. K. S. Thygesen
Center for Atomic-scale Materials Design (CAMD), Department of
Physics, Technical University of Denmark
Fysikvej, 2800 Kgs. Lyngby (Denmark)
E-mail: thygesen@fysik.dtu.dk

[++] These authors contributed equally to this work.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201506026.

..Angewandte
Communications

14304 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14304 –14307

http://dx.doi.org/10.1002/ange.201506026
http://dx.doi.org/10.1002/anie.201506026
http://dx.doi.org/10.1002/anie.201506026


(MCBJ).[11] Upon desilylation, the conductance value is more
than one order of magnitude higher, and is comparable with
other conductance tuning approaches through energy level
tuning or redox processes. In the present study, the origin of
the conductance difference lies in a complete conversion of
two charge-transport pathways in a well-controlled way, as
confirmed by density functional theory based transport
calculations.

As illustrated in Scheme 1, the target molecule M1 was
readily prepared from 2 in 69 % yield by a Sonogashira
reaction with 4-ethynylpyridine hydrochloride. The synthesis
of 2 was accomplished in 54% yield by iodination of M2[12]

through a double deprotonation in the presence of nBuLi and
subsequent treatment with iodine. The details are given in the
Supporting Information.

The initial single-molecule conductance measurement was
carried out in a THF/mesitylene solution (1:4, v/v) containing
0.1 mm M1, and then tetrabutylammonium fluoride (TBAF)
was added for in situ cleavage of TIPS to form the Au¢C
bonds. Figure 2A displays typical conductance (G) versus
distance (Dz) stretching traces, as plotted in a semi-logarith-
mic scale. In these traces, after the rupture of gold–gold
atomic contacts (plateau at G0 = 2e2 h, quantum conduc-
tance), the formation of molecular junctions is identified by
the presence of additional plateaus in the range 10¢0.3 G0�

G� 10¢7.0 G0. Some typical traces are shown for pyridyl-
terminated junctions M1-N (blue) in the initial state and the
acetylide-terminated junctions M1-C (red), upon the cleavage
of TIPS. The plateau length of M1-N is significantly longer
than that of M1-C, while the plateau of M1-C is in the higher
conductance regime.

Thousands of these individual traces are used to construct
one-dimensional (1D) conductance histograms without data
selection[11a] (Figure 2B). In the initial state (blue curve), the
conductance peak centered at G = 10¢5.1�0.1 G0 is assigned as
the statistically most probable conductance of the M1-N
molecular junctions. Upon the addition of 2 equivalents of
TBAF, a distinct conductance was detected at G =

10¢3.9�0.1 G0. The observed increase in molecular conductance
is attributed to the M1-C charge-transport pathway. It is also
found that the conductance of the M1-C configuration is in
perfect agreement with the molecular junction of the
reference molecule M2-C (Scheme 1; G = 10¢4.0�0.1 G0),
which features only one charge-transport pathway through
the 4,8-axis of the BDF core. For M2, we applied desilylation
chemistry to form the M2-C junction through Au¢C bonds.
Remarkably, the difference in conductance between the two
different pathways of the cruciform molecule is comparable
to the conductance variations previously obtained by gating
of the molecular junctions (Fermi level tuning[13] or redox
processes[14]).

For M1, the M1-N and M1-C configurations lead to
a significant change of the molecular lengths of the single-
molecule junctions. To further explore the evolution of
conductance as a function of the molecular length, the two-
dimensional (2D) histograms are displayed in Figure 3. Two

clear intensity clouds are observed for M1-N (Figure 3A) and
M1-C configurations (Figure 3B). Notably, the plateau length
for M1-N is longer than for M1-C. The most probable
stretched distance, Dz*, was determined from the maximum
peak position in the stretching distance (Dz) distribution
histograms (inset histograms of Figure 3A and B) to be
1.7 nm and 0.7 nm, respectively. After adding the snap-back
distance correction, the most probable absolute distance, z*
(z* = Dz* + 0.5 nm),[11b] between two gold tips is 2.2 nm for
M1-N and 1.2 nm for M1-C, and it agrees well with the length
of the corresponding orientations (2.4 nm for M1-N and
1.2 nm for M1-C cells based on DFT calculations). The good

Figure 3. Two-dimensional (2D) conductance histograms and stretch-
ing distance Dz distributions (inset) of M1-N (A), M1-C (B), and M2-C
(C). The stretching distance of the molecular junction is determined
from the conductance region set between the breaking of the gold–
gold atomic contact and the end of molecular plateau: 10¢6.0 G0 to
10¢0.3 G0 for M1-N, 10¢4.5 G0 to 10¢0.3 G0 for M1-C, 10¢4.5 G0 to
10¢0.3 G0 for M2-C.

Scheme 1. Synthetic route to the target molecule M1.

Figure 2. A) Typical conductance. Relative distance traces for M1-N
and M1-C configurations, as well as for M2-C. B) One-dimensional
(1D) conductance histograms of M1-N, M1-C, and M2-C.
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agreement between the experimentally and theoretically
determined junction lengths verifies the proposed junction
configurations. It is interesting that the conductance plateaus
of both M1-C and M2-C decrease in a continuous fashion
(close to linear on the log scale) as a function of the junction
length, whereas M1-N shows a constant plateau followed by
a more abrupt jump to very low conductance. Lambert et al.
studied the stretching process of the Au¢C interaction.[15] It is
suggested that a single gold atom is detached from the rest of
the surface while the Au¢C bond does not break during the
stretching process, thus leading to the sharp decrease in the
conductance within a short distance and thus to the tilted
molecular plateaus. All these results provide direct evidence
for the chemically stimulated change of the charge-transport
pathway from M1-N to M1-C. In other words, depending
upon the orientation of the benzodifuran backbone, the
lateral interaction of the molecule with the junction electro-
des changes completely. Although this issue has been
intensively addressed, our observations definitely open up
exciting vistas of molecular electronics.

It can be noted that the peak located at 1.7 nm,
corresponding to the M1-N junction (inset Figure 3A),
disappeared completely for the M1-C junction (inset Fig-
ure 3B), thus indicating that the conversion from the M1-N
into M1-C charge-transport pathway can reach up to about
100 % (9 in 1000 traces which show stretching distances longer
than 1.5 nm). Such a high selectivity is attributed to the fact
that the covalent C¢Au bonds are much stronger than the
Au¢N bond, as confirmed by DFT calculations. The binding
energies for the pyridyl and acetylide groups on the gold
electrodes are calculated to be 0.6 eVand 3.2 eV, respectively.
The DFT total energy calculations were performed with the
GPAW code[16b] using a real space grid with grid spacing of
0.18 è and the PBE exchange-correlation functional. The
atomic structure of the metal–molecule interface was mod-
eled as described in the Supporting Information.

Figure 4 shows the transmission functions for M1-N and
M1-C as calculated from DFT. The charge-transport calcu-
lation was performed using the GPAW electric structure

code,[16] using a double zeta plus polarization (DZP) basis set
and the PBE exchange-correlation functional. To overcome
the well-known problem of DFT to describe molecular energy
levels we have used the DFT+ Sigma scheme to correct the
DFT eigenvalues as described in previous studies.[17] As
illustrated in Figure 4, the charge transport is predominantly

by the LUMO for the M1-N configuration and the HOMO for
the M1-C configuration. The switching of the dominant
molecular orbital is in good agreement with previous
theoretical studies.[11b, 15]

In summary, two distinct charge-transport pathways of
a cruciform molecule are verified by single-molecule con-
ductance measurements using the MCBJ technique, and show
a conductance difference of more than one order of magni-
tude. Upon in situ cleavage of the TIPS groups, the complete
conversion from the M1-N junctions into the M1-C junctions
could be achieved. More importantly, the conductance tuning
by the high selectivity of different anchoring groups provides
a unique flexibility in the function modulation of devices. The
interpretation of the experiments was supported by ab initio
total energy and transport calculations. Although molecules
are well known to conduct through different orbitals (either
HOMO or LUMO), the present study represents the first
experimental realization of such switching between HOMO-
and LUMO-dominated transport within the same molecule.
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