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ABSTRACT: Quantum interference (QI) of electron waves passing
through a single-molecule junction provides a powerful means to
in�uence its electrical properties. Here, we investigate the correlation
between substitution pattern, conductance, and mechanosensitivity
in [2.2]paracyclophane (PCP)-based molecular wires in a
mechanically controlled break junction experiment. The e�ect of
the meta versus para connectivity in both the central PCP core and
the phenyl ring connecting the terminal anchoring group is studied.
We �nd that the meta-phenyl-anchored PCP yields such low
conductance levels that molecular features cannot be resolved; in the
case of para-phenyl-coupled anchoring, however, large variations in
conductance values for modulations of the electrode separation
occur for the pseudo-para-coupled PCP core, while this
mechanosensitivity is absent for the pseudo-meta-PCP core. The experimental �ndings are interpreted in terms of QI e�ects
between molecular frontier orbitals by theoretical calculations based on density functional theory and the Landauer formalism.

� INTRODUCTION
In recent years, great advancements have been made in the
�eld of molecular electronics toward single-molecule junction
studies.1 The visionary idea of Aviram and Ratner2 to pro�t
from single molecules as functional units in electronic devices
led to the development of several proof-of-concept molecular
devices, such as molecular wires,3,4 switches,5,6 recti�ers/
diodes,7,8 and thermo-electronic devices.9,10 The design of
molecules incorporated in such electrode�molecule�electrode
junctions is guided by our understanding of charge transport
through the molecules. Indeed, even small structural
modi�cations such as substituent e�ects,11,12 conformational
�exibility,13 and changes in the anchoring groups and their
positions14�18 can result in large conductance variations.
Particularly strong variations are predicted for quantum
interference (QI) e�ects originating from the interplay
between di�erent transport pathways. Destructive QI (DQI)
or constructive QI (CQI) between the pathways can occur,
re�ected in a low or high conductance, respectively.19 QI
e�ects thus become essential molecular design elements, on
the one hand enriching the variety of functionalities emerging
from the molecular structure but on the other hand making a
full comprehension of the molecule’s electronic transport
behavior more challenging. A detailed understanding of these
QI e�ects and of their origin in the molecule’s structure is thus
crucial to realize their full potential in future electronic
components and devices.

Relationships between substitution pattern and single-
molecule conductance were already theoretically predicted
and experimentally con�rmed in a variety of examples, ranging
from simple phenyl rings20 connected directly to the electrodes
to more sophisticated oligo(phenylene vinylene) (OPV)21 and
oligo(phenylene ethynylene) (OPE)-based molecular wires.15

Unanimously, these studies report a decrease in electronic
transparency upon shifting the anchoring groups from the para
to the meta position. This observation was rationalized by
Yoshizawa and co-workers,22�24 who considered frontier
orbital theory for simple organic molecules. Their set of
rules predicts for benzene the para connection to be the
symmetry-allowed one for charge transport, while charge
transport involving the meta connection is symmetry-
forbidden, resulting in high and low conductance, respectively.

Because the e�ects of substitution patterns in planar �-
systems are well described and understood, our focus moved to
three-dimensional structures like [2.2]paracyclophane (PCP),
with two benzene systems facing each other interlinked by a
pair of C2H4 bridges.25 Initially, we considered the structure as
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a model to investigate the through-space coupling of the
stacked �-systems26,27 but realized quickly that their behavior
is much richer. Already the �rst model compound28 (ps-para-
para-OPE PCP in Figure 1) displayed a sharp destructive QI

feature close to the Fermi level, but the phenomenon also
depended substantially on the mechanical stress exposed to the
molecule. It thus seemed that the rigid but squeezable PCP
subunit provided mechanosensitivity to the molecular junction.
Interestingly, Yoshizawa and co-workers29 already provided
their orbital view of PCP subunits and predicted that the
charge transport through the pseudo-para-substituted PCP
should be suppressed due to DQI, while CQI would prevail for
pseudo-meta-substituted PCP. It thus seems that the rule-of-

thumb (para � good transport due to CQI; meta � bad
transport due to DQI) is inverted for the PCP subunit.

Excited by this hypothesis, we explored the e�ects of the
substitution pattern in more detail and designed the four PCP
model compounds 1�4 (see Figure 1) consisting of
comparable subunits but with various substitution patterns.
The oligo(phenylene)-type PCP structures combine the
compactness favoring electronic transparency on a detectable
level with straightforward synthetic accessibility. Terminal
acetyl masked thiol anchor groups enable their immobilization
in a mechanically controlled break junction (MCBJ) by
covalent S�Au bonds, guaranteeing both electronic coupling
and mechanical stability. The latter is of particular importance
to enable subtle mechanical manipulation of the integrated
single molecule. The investigation of their transport properties
and the in�uence of mechanical manipulations are studied with
MCBJ experiments. The �ndings are rationalized by QI e�ects
emerging from the interplay of frontier molecular orbitals,
discussed with a theoretical model based on density functional
theory (DFT). The electronic transport is described in terms
of the Landauer formalism,30 expressed through nonequili-
brium Green’s function (NEGF) methods.

� RESULTS AND DISCUSSION
The PCP-based model compounds were assembled from the
corresponding para/meta building blocks by Suzuki�Miyaura
cross-coupling reactions. The literature known pseudo (ps)-
para- or ps-meta-dibromo[2.2]paracyclophane31 and either 4-
or 3-(tert-butylthio)phenyl boronic acid provided the PCP
derivatives with four di�erent combinations of substitution
patterns. The adaption of a protocol from Jevric et al.32

enabled the subsequent transprotection and provided the
target structures 1a�4a in reasonable isolated yields ranging
from 63 to 85%. The identity of the new PCP derivatives was
corroborated by 1H NMR, 13C{1H} NMR spectroscopy, and
high-resolution mass spectrometry (HR-MS). A detailed
description of the synthetic protocols and the analytical data
of all new compounds are provided in the Supporting
Information (section 1).

The single-molecule electronic transport properties of PCPs
1�4 were investigated by integrating them into an electronic
circuit using an MCBJ setup operated at ambient conditions.
Two types of measurements were performed: fast-breaking and
modulation experiments (see below). Details of the technique
providing a pair of mechanically adjustable electrodes with a
distance resolution of atomic dimensions have been reported

Figure 1. Schematic representation of target structures 1�4 together
with the already reported model compound. The four molecules
include either para or meta connection patterns in both the central
PCP subunit and the peripheral phenyl subunits labeled in red and
blue, respectively. For simplicity, the following text refers to the
structures by their pre�xes, with ps as an abbreviation for pseudo,
followed by the pre�x referring to the substitution pattern of the
central PCP, and �nally the pre�x referring to the substitution pattern
of the thiol anchor group in the phenyl subunits.

Figure 2. Two-dimensional conductance vs electrode displacement density histograms. The �rst (from the left) and second histograms are built up
from 6 834 and 9 638 traces at 100 mV with ps-para-para- and ps-meta-para-PCP molecules, respectively. The third and fourth 2D histograms
correspond to 3 780 and 10 000 traces at a bias voltage at 250 mV with ps-para-meta- and ps-meta-meta-PCP molecules, respectively.
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