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Abstract: Molecular components are vital to introduce and
manipulate quantum interference (QI) in charge transport
through molecular electronic devices. Up to now, the functional
molecular units that show QI are mostly found in conventional
p- and s-bond-based systems; it is thus intriguing to study QI
in multicenter bonding systems without both p- and s-
conjugations. Now the presence of QI in multicenter-bond-
based systems is demonstrated for the first time, through the
single-molecule conductance investigation of carborane junc-
tions. We find that all the three connectivities in carborane
frameworks show different levels of destructive QI, which leads
to highly suppressed single-molecule conductance in para- and
meta-connected carboranes. The investigation of QI into
carboranes provides a promising platform to fabricate molec-
ular electronic devices based on multicenter bonds.

Quantum interference (QI) offers the unique opportunity
to tune charge transport through molecular devices and
materials,[1] which leads to various applications such as QI-
based thermoelectrics,[2] molecular memory,[3] molecular
transistors,[4] and sensors.[5] The molecular building blocks
play a vital role in investigating QI-based molecular junctions.
Up to now, the molecular building blocks with QI are mostly
found in conventional two-center–two-electron (2c–2e) bond-
based systems, which lead to p-interference[1d,3, 4, 6] and s-
interference.[2b] In the p systems, the involvement of s bonds
are inevitable, and the p-interference can only suppress the
p channels, leaving the s channels unaffected. When the
molecular building blocks are only constructed from s bonds
with the vanishing of p channels, the s-interference will lead
to strong conductance suppression, as recently demonstrated
in s-conjugated silane system.[2b] Besides the 2c–2e bond-
based system, inorganic clusters based on metal–metal bonds
were also found to show QI.[7] These progresses suggest the
great potential of exploring QI in distinctive bonding systems.

Besides the conventional 2c–2e bonds, there exist abun-
dantly unconventional multicenter bonding systems, showing

much richer patterns to form bonds with the absence of both p

and s conjugations (Figure 1a). Thus, whether and how QI is
present in those multicenter bonding systems become an
unexplored and promising avenue. To explore such multi-
center-bond-based QI, carborane is an ideal molecular
building block. Since the carborane framework is constructed
from three-center–two-electron (3c–2e) bonds, the electrons
of the 3c–2e bonds can delocalize around the framework,

ensuring efficient conjugation between each multicenter
bond. The efficient conjugation of carborane leads to
distinctively three-dimensional aromaticity[8] and high stabil-
ity,[9] which has already been applied in a broad spectrum of
fields,[9b, 10] such as catalysis,[11] supramolecular chemistry,[12]

and optoelectronics.[13] Thus the single-molecule conductance
investigation of carborane provides an ideal testbed to
investigate the multicenter-bond-based QI, which will be
a benchmark for multicenter bonds based molecular elec-
tronic devices.

Herein, we demonstrate the existence of QI in the unique
multicenter bonding system for the first time, through the
single-molecule conductance investigation of the carborane
system using the scanning tunneling microscope break
junction (STM-BJ) technique (Figure 1c). We find that all

Figure 1. a) Example of conventional bonds and multicenter bonds.
b) The molecular structures of carboranes with three different connec-
tivities. The white cycles represent the B@H group, and the solid black
cycles represent carbon atoms. c) The STM-BJ setup for measuring the
single-molecule conductance of carboranes.
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the three connectivities in the carborane framework show
different degrees of destructive QI (Figure 1 b), leading to
highly suppressed single-molecule conductances in meta-
connected carboranes, while the conductance suppression of
destructive QI in ortho-connected carboranes is alleviated
through an intramolecular though-space pathway.

To fabricate the carborane-based single-molecule junc-
tions, as shown in Figure 1b, we synthesized o-CB, m-CB, and
p-CB by attaching thioanisoles as anchor groups to the two
carbons of carboranes (see the Supporting Information for
more details). From the lattice structures of the three
molecules (Supporting Information, Figures S16–S18), we
found that the intermolecular interactions are weak, which
would facilitate the formation of single-molecule junctions.
The crystal structures give the detailed bonding geometries of
the investigated molecules (Supporting Information Fig-
ure S19). We found that the C@C bond in o-CB is 1.74 c,
which is significantly longer than the conventional C@C single
bonds (1.50–1.55 c). Meanwhile, the C@B and B@B bonds in
the carborane cages show similar bond lengths to the C@C
bond in the carborane cage of o-CB, which is the character of
efficient delocalization in the carborane cage, with the
involvement of unconventional 3c–2e bonds.

The single-molecule conductances are characterized using
the STM-BJ technique in 1,2,4-trichlorobenzene with 0.25 mm
target molecules at room temperature, with 100 mV bias
applied between the gold tip and substrate. Typical conduc-
tance–displacement traces are shown in the inset of Figure 2a
with distinct conductance plateaus at different conductance
ranges. For statistical analysis, the one-dimensional (1D)
histograms are constructed from 5000 individual conduc-
tance–distance traces without data selection (Figure 2a). A
sharp peak around G0 indicates the formation of Au–Au
atomic point contacts,[14] and clear conductance plateaus are

observed as shown in the inset of Figure 2a. The most
probable conductance values determined from Gaussian
fitting are 10@2.93:0.42 G0 for o-CB, 10@4.58:0.46 G0 for p-CB,
and 10@5.14:0.63 G0 for m-CB. Since the junction formation
probability for the three connectivities of carborane is high
(Supporting Information, Figure S8), it is likely that more
than one molecule could be wired parallel within the
molecular junctions, which would not significantly alter the
relative difference of their molecular conductances. There is
also a shoulder peak centered around 10@3.0 G0 in the
conductance histogram of m-CB. To reveal the nature of
this shoulder peak, we performed the control experiment to
measure the single-molecule conductance of carborane with
only one thioanisole anchor (Supporting Information, Fig-
ure S11). We also observed the formation of a molecular
junction, with a molecule peak centered at 10@3.01:0.49 G0,
suggesting the shoulder peak of m-CB could be attributed to
the formation of molecular junctions between the carborane
cages and one of the two methylthio anchors, critically, we
think such interaction from carborane cage is more likely to
result from one of its B@H bonds.[15]

To further understand the conductance difference, we
analyzed the two-dimensional (2D) conductance–displace-
ment histogram. As shown in Figure 2b, o-CB shows a con-
ductance cloud around 10@3.0 G0 with 0.43 nm relative stretch-
ing displacement (inset in Figure 2 b). After calibration by
adding 0.50 nm snap-back distance of gold electrodes,[16] the
actual junction length for the o-CB is about 0.93 nm. In
comparison with o-CB, the 2D conductance–displacement
histograms of m-CB and p-CB show longer stretching
distances, with circa 1.22 nm and circa 1.33 nm junction
lengths for m-CB (Figure 2c) and p-CB (Figure 2d), respec-
tively. The stretching distances are consistent with the S@S
distances in the crystal structures (Supporting Information,
Figure S19),[17] suggesting that the formation of carborane
junctions is via the two @SMe anchors. Although the
conductances of molecular wires attenuate with the increase
of junction lengths,[1a, 18] the longer junction of p-CB still
shows higher conductance than m-CB, indicating that the
connectivity of electrodes into the carborane framework plays
a vital role to tune the charge transport through single-
molecule carborane junctions. It is intriguing that the single-
molecule-scale characterization of the conductivity of carbor-
anes is also correlated to the conductivity of carborane-based
conducting polymers, in which the polymer films constructed
from ortho-connected carborane monomer shows higher
conductivity than that based on meta- and para-connected
carborane monomers.[19] A similar trend was also observed in
the phosphorescent organic light-emitting diodes in that the
meta- and para-connected carboranes act as an insulated
spacer, while the charge transfer through ortho-connected
carborane is much more efficient.[13] The conductance of m-
CB is even lower than the reported molecules with destructive
QI within the length of 1.2 nm, such as the silane system with
s-interference.[2b]

To reveal the charge transport pathway through the three
different carborane junctions, we further performed flicker
noise analysis on their conductance plateaus. During the
flicker noise measurement, junction elongation was paused

Figure 2. a) All data-point one-dimensional conductance histograms
constructed from the STM-BJ traces of o-CB, m-CB, and p-CB, with
their typical individual traces shown in the inset. b)–d) Two-dimen-
sional conductance histograms of b) o-CB, c) m-CB, and d) p-CB with
stretching distance Dz distributions shown in the inset; peak centers
are labeled by Gaussian fitting.
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for 150 ms at the conductance range where the molecular
junctions are likely to form (the typical traces are shown in
Figure 3a), and the conductance plateaus within the period
were extracted for noise analysis (details of flicker noise
analysis are shown in Section 4 of the Supporting Informa-

tion). According to previous results,[2b, 20] the noise power of
through-space coupling scales as G2.0 (G is the mean
conductance); in contrast, the noise power of the through-
bond coupling scales as G1.0. As shown in Figure 3b, we found
that the noise power of o-CB scales as G1.0, suggesting that
through-bond coupling dominates the charge transport
through o-CB. The noise power of p-CB (Figure 3d) scales
as G1.3, suggesting the presence of partially through-space
coupling. The through-space coupling becomes dominant in
meta-connected m-CB with its noise power scaling as G1.9

(Figure 3c). The flicker noise analysis of the three carborane
junctions reveals that the higher conductance of o-CB is
associated with stronger through-bond coupling, which
becomes weaker in m-CB and p-CB. The connectivity-
dependent coupling between molecules and electrodes fur-
ther suggests that QI may appear in the charge transport
through single-molecule carborane junctions (see more
details in Section 4 of the Supporting Information).[20, 21]

To confirm the presence of QI, we carried out density
functional theory (DFT) calculations to get the zero-bias
transmission spectra of all the three molecules using the ATK
software package with non-equilibrium GreenQs functions
(NEGF).[22] As shown in Figure 4 a, we find that p-CB shows
higher transmission probability than m-CB in almost all the
energy choice, which agrees well with the conductance trend
in the experiment. In the calculated transmission functions,
the HOMO–LUMO gaps of all the three connectivities are

quite similar with circa 3 eV energy difference, indicating that
the variation of single-molecule conductance is not from the
difference of the HOMO–LUMO gaps. More interestingly,
we find that all the three connectivities of carborane frame-
work show anti-resonance transmission (as marked with
arrows in Figure 4a), which indicates that the destructive QI
exists in all the three connectivities, even for the para-
connectivity, which typically shows constructive QI in p-
conjugated molecules. For o-CB, the occurrence of anti-
resonance transmission is far away from the Fermi energy,
which is in contrast to the anti-resonance transmissions of p-
CB and m-CB closing to the Fermi energy. These results
reveal that the high conductance of o-CB in the experiment
might be associated with its higher transmission probability
and the absence of anti-resonance transmission around the
Fermi energy.

To further reveal the role of destructive QI in the strong
conductance suppression of m-CB, we analyzed the orbital
isosurfaces of their HOMO. As shown in Figure 4b, we find
the HOMO of the carborane framework shows a peripheral
orbital distribution, with a nodal plane between the carborane
cage and the phenyl groups (the dashed circle). To form the
nodal plane in the HOMO of m-CB from o-CB, one of the
phenyl groups in o-CB (such as the semitransparent part of o-
CB in Figure 4b) needs to reverse the signs of its orbital
coefficients. As such, from m-CB to p-CB, that signs of orbital
coefficients of the phenyl group need to reverse again to form

Figure 3. a) Typical traces for the noise measurement. b–d) Two-
dimensional histogram of normalized flicker noise power versus
average conductance for b) o-CB, c) m-CB and d) p-CB.

Figure 4. a) The calculated transmission coefficients of the molecule o-
CB, m-CB, and p-CB versus E@EF [eV]. The arrows represent the
features of destructive quantum interference. b) The orbital isosurface
of the HOMO of o-CB, with 0.015 isovalue. The dashed line represents
the nodal plane. Moving the semitransparent phenyl group of o-CB to
the meta- or para-connectivity of carborane frameworks, forms the
resemblance HOMO of m-CB or p-CB respectively. The signs of the
orbital coefficients of the sulfur atoms are shown beside.

Angewandte
ChemieCommunications

10603Angew. Chem. Int. Ed. 2019, 58, 10601 –10605 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


the HOMO of p-CB. The orbital interactions lead to the
HOMO coefficients product of the sulfur atoms in o-CB and
p-CB show a positive sign, which becomes negative in m-CB
(Supporting Information, Figure S14). According to the
orbital symmetry rule, the product of orbital coefficients for
the atoms that connecting to electrodes is directly associated
with the patterns of QI for p bonds based molecular
junctions.[23] Thus, we think that both the p channels from
phenyls and the 3c–2e bonding channels from carborane
cages contribute to the charge transport through carborane
junctions, and the 3c–2e bonding channels in all the three
connectivities show destructive QI. Since the destructive QI
of p channels also occurs in m-CB, both the p and 3c–2e
bonding channels are suppressed by destructive QI, leading to
highly suppressed single-molecule conductance of m-CB,
which is also consistent with the experimental comparison
that carborane systems show efficient conductance suppres-
sion by destructive QI (Supporting Information, Table S4).

The orbital isosurface also provides the insight to under-
stand the high conductance of o-CB. As shown in Figure 4b,
the two phenyl groups in o-CB are in close distance, which
could introduce intramolecular through-space transmission
by the substantial overlap between the two phenyl groups.
That overlap vanishes in m-CB and p-CB, which is due to the
relatively larger distances between the two phenyl groups in
their molecular skeletons (Supporting Information, Fig-
ure S14). Therefore we can conclude that the high conduc-
tance of o-CB is also contributed by the intramolecular
through-space transmission pathway between its two phenyl
groups. The intramolecular pathway bypasses the 3c–2e
bonding channels of the carborane cages with destructive
QI, and the alleviating of destructive QI further boost the
charge transport through the o-CB.[24]

In conclusion, we have demonstrated the presence of QI
in charge transport through multicenter bonding system by
experimental and theoretical investigation of single-molecule
carborane junctions with all possible connectivities. We find
that the single-molecule conductance for the three connec-
tivities of carboranes reduces as the following trend: o-CB >

p-CB > m-CB, in which the shorter molecule junctions of m-
CB shows lower single-molecule conductance than p-CB. The
DFT calculations also support the length-independent con-
ductance trend, and the orbital symmetry rule provides an
intuitive understanding of the QI in carborane system. Owing
to the occurrence of destructive QI, the meta-connected
carborane junctions show strong insulating property within
a circa 1.2 nm scale. The understanding of connectivity-
dependent charge transport through carboranes provides
a guideline to design carborane based molecular electronic
devices and a reference to investigate QI in multicenter
bonding systems.
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