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Charge transport characteristics for metal-molecule-metal junc-
tions containing two structurally related m-conjugated systems
were studied to probe 77— interactions in molecular junctions. The
first molecule contains a typical 7-conjugated framework derived
from phenylene vinylene units, whereas the second has the phe-
nylene vinylene structure interrupted by a [2.2]paracyclophane
(pCp) core. Electrochemical investigations were used to character-
ize the defects and packing density of self-assembled monolayers
of the two molecules on gold surfaces and to enable quantitative
comparison of their transport characteristics. Current-voltage
measurements across molecular junctions containing the two spe-
cies demonstrate that the pCp moiety yields a highly conductive
break in through-bond m-conjugation. The observed high conduc-
tivity is consistent with density functional theory calculations,
which demonstrate strong through-space #— coupling across the
pCp moiety.

charge transport | molecular electronics | surface science

Ithough the importance of intermolecular 77— overlap in

thin-film organic electronics is well understood (1, 2), the
role that such intermolecular interactions play in molecular
electronics is less clear. Experiments have demonstrated that
molecules addressed in parallel act as independent conductance
channels (3-5); namely, the conductance of an ensemble of
molecules is simply the sum of the individual molecular con-
ductances. Calculations predict, however, that more facile
charge transport could be achieved by a monolayer of strongly
interacting conjugated molecules due to the formation of a
pseudo two-dimensional band structure in the molecular layer
(6). In particular, strong m-orbital coupling is calculated for
structures in which the intermolecular distance is reduced to <4
A (7). It is believed that the herringbone packing structure (8)
exhibited in monolayers of rigid-rod m-conjugated molecular
wires precludes strong 7—m coupling between neighboring mol-
ecules, and thus a different motif is needed to experimentally
address such interactions.

In this work, we use molecular design to explicitly address the
issue of electronic coupling by 77— interactions in a molecular
tunnel junction. The structures of the two molecules under study
are 1,4-bis[4’-(acetylthio)styryl]benzene (1) and 4,12-bis[4'-
(acetylthio)styryl][2.2]paracyclophane (2) (Fig. 1). The acetate
groups are removed during the self-assembly protocol to provide
thiol groups that bind to the Au electrodes. Our molecular design
incorporates conjugated structures with similar length (sulfur—
sulfur distance is 19.3 and 19.9 A for 1 and 2, respectively) and
identical surface binding groups but with dlfferent electronic
structures. Compound 1 contains a typical 7-conjugated frame-
work, whereas 2 may be viewed as a pair of 7-conjugated stilbene
units attached through an ethylene brldge al2. 2]paracyclophane
(pCp) core. The 3.09- A cofacial ring-ring spacing imposed by
pCp provides a controlled experimental system to investigate
strongly coupled m-systems. Unlike previous measurements that
demonstrated the charge transport properties of two adjacent
self-assembled monolayer-modified electrodes (9, 10), in 2, the
orientation of 77— interaction along the molecular backbone
(path of conduction) is defined and can be viewed as two
conjugated films between the Au contacts (Fig. 1). It is known
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that the optical properties of well-defined, linked conjugated
oligomers such as 2 are often perturbed by transannular exten-
sion of conjugation (11-14). Although these previous optical
measurements have been used to determine the extent of
through-space delocalization, nothing is known about how this
arrangement influences the conductance of such molecules. The
charge transport efficiency of 2 relative to 1, therefore provides
insight into 7 (through-space) coupling in molecular tunnel
junctions.

Materials and Methods

General Considerations. Electrochemical measurements were per-
formed in a standard three-electrode electrochemical cell by
using a commercially available Au working electrode (1.6-mm
diameter), a Ag/AgCl reference electrode, and a Pt auXiliary
electrode. Solutions were degassed with Ar for at least 20 min.
Blocking experiments were performed in 1 mM Fe(CN)(, in1
M KCI at a sweep rate of 100 mV/s. Desorption experiments
were performed in 0.1 M H,SO, at a sweep rate of 100 mV/s.
Electrodes were cleaned by polishing to a mirror surface with
0.05-um alumina and sonicating in deionized water, followed by
repeated electrochemical cycling in 0.1 M H,SO4 until there was
no change in the area of the Au oxide removal peak. The
electrode area was calculated for each electrode immediately
before they were functionalized with the monolayer. Commer-
cially available 10-um Au wires were used in crossed-wire
measurements. Au wires were cleaned in a solution of 30%
(vol/vol) hydrogen peroxide, followed by rinsing with deionized
water and anhydrous ethanol.

Preparation of Monolayer Films. Working under a nitrogen atmo-
sphere, 10 ml of a tetrahydrofuran solution containing 2-4 mg
of 1 or 2 was treated with ~50 ul of concentrated NH,OH (aq).
The solution was passed through a 0.2-uwm membrane into a vial
containing a clean Au electrode or a clean Au wire. The
substrate was submerged in the solution overnight (=14 h),
rinsed with tetrahydrofuran and absolute ethanol, and stored
under ethanol.

Current-Voltage (I-V) Characterization. A photograph of the
crossed-wire apparatus used in these experiments is shown in
Fig. 2. The crossed-wire apparatus is housed in a nitrogen-
purged bell jar inside a Faraday cage. Two triaxial and two bnc
bulkhead electrical connectors are mounted onto an aluminum
plate in a cross pattern. The 10-um-diameter Au wires, one
modified with a self-assembled monolayer of the molecule of
interest, are mounted to the electrical connectors with indium
solder. A rare earth magnet mounted onto the upper triaxial
connector supplies a constant magnetic field (0.04 T at the
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Fig. 1. The structures of compounds 1 and 2 used in this study and the
structure of the metal-molecule-metal junctions formed in the crossed-wire
tunnel junction.

junction) parallel to the fixed wire. The deflection wire is
mounted so that it has a curved section perpendicular to the
applied magnetic field and is ~1 mm from the fixed wire. The
junction separation is controlled by bending the deflection wire
with the Lorentz force generated from a small dc deflection
current. The deflection current is slowly increased, while mon-
itoring the tunneling current at a fixed voltage of 0.5 V, to bring
the wires gently together to form a junction at the contact point.
After initial contact, the junction “relaxes” over the time scale
of seconds to a minute to a stable conductance state. The
current-voltage characteristics of the molecular junctions are
recorded by an Agilent 4155B semiconductor parameter ana-
lyzer (Agilent Technologies, Palo Alto, CA) by means of the two
triaxial connectors. All measurements were made at room
temperature.

Density Functional Theory Calculations. The electronic structure of
the two molecules coupled to one Au atom at either end was
calculated within the density functional theory approximation
(15). The density functional theory calculations were performed
by using the B3LYP functional (16) coupled with the LANL2DZ
basis set (17) for all atoms. The entire “extended molecule”

-

Fig. 2. Photograph of the crossed-wire apparatus. Note that the 10-um-
diameter Au fixed wire (mounted vertically between the small red leads) and
deflection wire (mounted horizontally between the green leads) are not
visible.
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Fig. 3. Synthetic route to compounds 1 and 2. The reagents and conditions
are as follows: (i) methyltriphenylphosphonium bromide, NaH, tetrahydrofu-
ran; (ii) 1,4-bis[(methyl)triphenylphosphonium chloride]benzene, NaH, tetra-
hydrofuran; (iii) pseudo-p-dibromo[2.2]paracyclophane, Pd(OAc),, tri-o-
tolylphosphine, EtsN, dimethylformamide; and (iv) (1) NaSCHs,
dimethylformamide, and (2) AcCl.

(molecule plus Au atoms) was relaxed to find the final structure
before performing the electronic structure calculations.

Results and Discussion

Monolayer Preparation and Characterization. The synthesis of com-
pounds 1 and 2 is described in detail in ref. 18. Briefly, the
synthetic strategy involves protecting the reactive thiol group as
its S-methyl derivative, which is more tolerant of synthetic
manipulations that require strong or nucleophilic bases. As
shown in Fig. 3, the conjugated fragments were formed by a
twofold coupling under Wittig (19) or Heck-type (20) conditions
for 1 and 2, respectively. The S-methyl termini were converted
to S-acetyl termini following a dealkylation protocol (21, 22).
The thermal conditions of this step were found to fully isomerize
the olefinic linkages providing only all-E «,w-bis(thioacetyl)phe-
nylenevinylenes. To avoid working with the more reactive free
thiols, the S-acetyl groups were deprotected to free thiols in situ
under a nitrogen atmosphere, and the resulting solutions were
immediately exposed to the Au surfaces (23).

We previously characterized the monolayer formation of 1 and
2 on Au surfaces (18). In the present work, electrochemical
studies were performed to determine the molecular packing and
defect density in the monolayers. Such analysis enables the
conductivity of the molecular species to be evaluated on a
per-molecule basis from charge transport measurements on
monolayer junctions. Porter et al. (24) demonstrated that the
ability of a monolayer to block a redox process at an electrode
surface is related to the thickness and defect density of the film.
Because 1 and 2 have nominally the same length and thus
monolayers of the two also have nominally the same thickness,
the blocking characteristics of the two films can be used to probe
their relative defect density. Cyclic voltammetry measurements
of bare Au and electrodes treated with 1 and 2 are shown in Fig.
4. Electrodes functionalized with 1 show no redox wave in the
presence of 1 mM Fe(CN);™ in 1 M KCl aqueous solution. A
steadily increasing current (versus potential) is observed, con-
sistent with electron tunneling across the monolayer to the redox
couple in solution (24). Under the same conditions, cyclic
voltammetry reveals that electrodes treated with 2 have a less
perfect monolayer structure. However, the absence of a current
peak and the sigmoidal shape of the wave indicate only minor
“pinhole” defects in the monolayer film (25-29). The blocking
characteristics of 2 are in good agreement with results recently
reported for monolayers of oligo(phenylene ethynylene) mole-
cules such as 4,4’-di(phenylene ethynylene)benzenethiol (30),

Seferos et al.



Lo L

P

1\

BN AN PNASN D

Current (pA)
(=]

»0..2 0 0.2 0.4 0.6
Potential (V vs Ag/AgCl)

Fig. 4. Cyclic voltammetry for Au/1 (red), Au/2 (blue), and untreated Au
electrodes (green) in 1 mM Fe(CN)g’/1 M KCI (aq) solution.

which are known to form highly ordered densely packed mono-
layers (8). The fractional surface coverage (0) and fractional
pinhole area (1-6) were calculated relative to the anodic peak of
the bare electrode (24). The Au/1 electrode has a fractional
surface coverage of 0.9996 and a fractional pinhole area of 4.1 X
10~%, whereas the Au/2 electrode has a fractional surface
coverage of 0.98 and a fractional pinhole area of 2.0 X 1072,

Although these blocking experiments reveal that 1 and 2
form nearly complete monolayers with low defect density, they
do not directly address the question of how many molecules per
unit area are on the surface. To better understand the packing
density of the two monolayer films, we modeled the monolayer
packing according to the van der Waals radii of the molecules
(31). The calculated molecular density was 5.53 X 1071? and
2.68 X 10719 mol/cm? for films containing 1 and 2, respec-
tively, assuming a nearly perpendicular orientation of the
molecules (see Fig. 7, which is published as supporting infor-
mation on the PNAS web site). These calculations imply that
perfect monolayers of 1 would have approximately twice as
many molecules (2.06) per unit area as monolayers of 2. These
calculated packing densities are supported by electrochemical
desorption measurements that determine the molecular sur-
face coverage from the current needed to irreversibly oxidize
the molecules from the electrode (32, 33). The desorption
current associated with the Au/1 electrode is consistent with
that reported for alkane thiols, whereas the desorption current
for Au/2 is roughly half the expected value. Electrochemical
desorption thus confirms that monolayers of 1 have roughly
twice the number of molecules (1.86) per unit area than
monolayers of 2 (see Fig. 8, which is published as supporting
information on the PNAS web site).

Molecular orientation is also of importance, particularly
with respect to enabling electrical contact to both ends of the
molecule in the crossed-wire tunnel junction. Recent angle-
resolved near-edge x-ray adsorption fine structure spectros-
copy measurements confirm that both molecules have their
long axis oriented ~37° from the surface normal in the
monolayer films (A. Hexemer, D.S.S., E. J. Kramer, and
G.C.B., unpublished data). This finding compares favorably
with the molecular tilt determined from infrared spectroscopy
for the more extensively studied oligo(phenylene ethynylene)
systems (30).

Molecular Junction Measurements. Previously, we have shown that
crossed-wire tunneling junctions have the ability to examine
charge transport (34) and inelastic electron tunneling spectros-
copy (35) for a variety of molecular species in a well controlled,
reproducible manner. Specifically, we have demonstrated the
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Fig. 5. -V characteristics (linear and log scale, Upper Inset) for Au/1/Au

(red) and Au/2/Au (blue) averaged from three independently formed junc-
tions. The error bars show one standard deviation of the data. Graphic
illustration of transport in Au/1/Au and Au/2/Au junctions (Lower Inset).

utility of this technique to compare the conductivity of aliphatic
and aromatic molecules (36) as well as aromatic and organome-
tallic species (37). A crossed-wire tunneling junction is formed
when one 10-um diameter Au wire, modified with a monolayer
of the molecule of interest, is brought into gentle contact with a
second unmodified Au wire controlled by a small dc deflection
current in the presence of an external magnetic field. Experi-
mentally, this approach offers several advantages to other con-
ductivity measurement techniques. Primarily, because the top
metal-molecule contact is made mechanically, we avoid expos-
ing the molecules to a metal evaporation that can disturb or
chemically modify the thin molecular layer (38). Furthermore,
because formation of molecular junctions in this manner is
relatively easy, we are able to repeatedly measure the sample of
interest generating multiple data sets where statistics can be
applied. The number of molecules contained within the ~300-
nm? junction depends on the packing density of the monolayer
film. Although the measurements are made on an ensemble of
molecules in the monolayer, previous studies have shown excel-
lent correlation between crossed-wire measurements and single-
molecule STM measurements (39).

I-V characteristics for molecular junctions formed from
monolayers of 1 and 2 are shown in Fig. 5. The reported I-V/
characteristics are the average from multiple traces on three
independently formed junctions. The error bars shown in Fig. 5
Inset are one standard deviation in the measurement. Multiple
traces on the same junction show little variation. The main
contribution to the uncertainty in the measured value results
from variations in the number of molecules contacted in the
independently formed junctions. Both molecules yielded molec-
ular junctions stable to repeated measurements for bias voltages
in the =1 V range. As expected from the symmetric nature of the
molecular junctions, the measured /-V characteristics are sym-
metric with respect to bias voltage polarity (34). The symmetry
of the I-V characteristics demonstrates that the Au-S contacts at
either end of the molecules are chemically similar (40).

The measured, efficient charge transport across the delocal-
ized structure of 1 is consistent with transport measurements on
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Fig.6. Charge density plots of the frontier orbitals of 1 and 2 attached to two Au atoms. The through-space conjugation across the pCp core is clearly evident

in the HOMO-1 orbital (—5.8 eV) of Au/2/Au.

similar molecules (36, 41, 42). The most striking aspect of the -}/
characteristics is the high conductivity measured for 2 relative to
1. Although it is not surprising that 1 is a good molecular wire,
the excellent conductance of 2 is noteworthy because of the
break in m-conjugation imposed by the internal pCp core. The
conductivity of Au/1/Au, calculated from the slope of the linear
low bias region, is only 2.3 times greater than Au/2/Au. Addi-
tionally, when considering that the packing density of the
monolayer of 2 is approximately half the packing density of
monolayer of 1, the conductivity per molecule for the two
structures is the same given the uncertainties of the measure-
ments. For comparison, orders of magnitude differences in
conductivity are observed between saturated alkanes and m-con-
jugated oligomers of similar length (36, 43). The similar mea-
sured /- characteristics of 1 and 2, specifically the magnitude
of the conductance, indicate that the pCp arrangement provides
an efficient mechanism for charge transport.

Electronic Structure Calculations. A number of researchers have
demonstrated the utility of ab initio calculations for examining
the charge transport efficiency of a molecular system (44—-47).
These previous studies have shown that delocalized orbitals that
span the entire molecule and are positioned close to the Fermi
level of the metal electrodes facilitate charge transport across
molecular junctions. To evaluate the potential conductance
channels for the molecules investigated in this study, we calcu-
lated the electronic structure of molecules 1 and 2 at the
B3LYP/LANL2DZ level of density functional theory (15-17)
with single Au atoms attached to the terminal S on either side
of the molecule. The Au atoms are used to represent the
interaction of the molecules with the Au electrodes. Although
single Au atoms are clearly not equivalent to an extended Au
surface, previous studies have demonstrated the utility of such
calculations (45, 47). Charge density plots for the frontier
orbitals of molecules 1 and 2 bound to two Au atoms as well as
their energy are shown in Fig. 6. For reference, the Fermi level
of Auis —5.31 eV (48).

Analysis of orbital topology shows that the highest occupied
molecular orbital (HOMO) of 1 bound to two Au atoms (Fig. 6)
is the most likely conductance channel for this system, because
this delocalized orbital (i) spans the entire molecule, (if) has
appreciable charge density on the terminal Au atoms, and (iif)
is close in energy to the Fermi level of Au. This analysis is

8824 | www.pnas.org/cgi/doi/10.1073/pnas.0500002102

consistent with previous studies, which determined that hole
transport through filled molecular orbitals such as the HOMO
dominate charge transport in w-conjugated molecular wire
systems (44-47). A similar argument can be made for the
HOMO and HOMO-1 orbitals of 2 bound to two Au atoms (Fig.
6). These two orbitals are nearly degenerate in energy, are within
0.5 eV of the Au Fermi level, and span the entire molecule.
These calculated charge density plots of 2 demonstrate that
although there is a break in through-bond conjugation at the pCp
core, the m-system of the two stilbene units spans the entire
molecule because of through-space conjugation. The HOMO
has a node in the m-system at the pCp core, whereas the
HOMO-1 clearly demonstrates delocalization across the pCp
core. Although it can be argued that the HOMO-1 orbital is
probably more important to charge transport because it has a
larger electron density on the terminal Au atoms, and hence
better coupling to the metal electrodes, both orbitals undoubt-
edly contribute to the measured charge transport. The calculated
electronic structure for 2 bound to two Au atoms, demonstrates
that the low-lying through-space delocalized state (11-14) can
effectively facilitate charge transport in a molecular junction.

Conclusions

The measured charge transport across metal-molecule-metal
junctions formed from a pair of chromophores held together
by a pCp core is surprisingly conductive and comparable with
that of an intact m-delocalized structure. Although previous
spectroscopic measurements on pCp containing chro-
mophores have demonstrated strong through-space coupling
(11-14), the results reported here enable the electronic con-
duction across the pCp linkage to be compared to its fully
conjugated analog. The junction -V characteristics demon-
strate that the Au/1/Au junction is approximately a factor of
two more conductive than the Au/2/Au junction. Considering
that the number of molecules contacted in the Au/2/Au
junction is approximately half the number contacted in the
Au/1/Au junction suggests that the conductivity on a per-
molecule basis is nearly the same. The similar conductivity is
likely due to charge-transport through energetically similar
filled molecular orbitals. The molecular structure of 2 dem-
onstrates that suitably arranged m-systems can exhibit strong
through-space 77 coupling that is efficient at promoting
charge transport across the system. Thus, the cofacial align-
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ment and ring-to-ring spacing of 3.09 A in the pCp core
provide one example of an orientation and packing that would
provide intermolecular w-coupling. Although it is currently
difficult to imagine how one could drive a monolayer system
to adapt such molecular packing, this result should provide
motivation for such research as well as for designing future
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