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We measured conductance traces while breaking gold point contacts in a solution of molecules containing
the µ-p-phenylenediethynyl X-CtC-C6H4-CtC-X unit, with eight different capping X groups: Au-
P(OMe)3 (1), H (2), SiMe3 (3), Au-P(cy)3 (4), Au-PMe2Ph (5), Au-PMePh2 (6), Au-PMe3 (7), and Au-
PPh3 (8). Our goal with this work was to achieve a direct Au-C link with a conjugated organic group,
potentially forming a molecular junction without chemical link groups that typically decrease junction
conductances, such as thiols or amines. Conductance traces collected in the presence of molecules1, 2, 3, 5,
and7 reveal additional steps at conductances as high as 0.1G0 (G0 ) 2e2/h) down to the measurable limits
of the experimental setup. Conductance histograms generated from these traces therefore show a broad increase
of counts when compared to a control histogram collected in the solvent alone suggesting the binding of the
molecules to the broken Au contacts. The histograms for molecules1, 5, 7, and2 were not distinguishable,
although that of molecule3 had considerably fewer counts over the entire conductance range, suggesting that
the steric bulk of the SiMe3 prevented frequent junction formation. The histograms collected in a solution of
molecules4, 6, or 8 did not differ from that of the control histogram probably because of the steric bulk of
the Au-PR3 capping groups prevented the formation a molecular junction.

In the development of components for molecular electronics,
the conductance properties of candidate wires (molecules) must
be measured and compared.1,2 The most widely used bonding
strategy to attach molecules covalently to gold electrodes is
reaction of dithiols3-10 directly with gold. Dithiol compounds
have been studied extensively using a plethora of methods,3,4,9,11-15

but it is well-known that the Au-S link, which involves a
covalentσ bond, does not provide a high conductance link
between the molecule and the electrodes. Recent work using
amine linkages to gold (Au-N) provides clear statistical
signatures for single-molecule conductance;15,16 however, the
contact resistance of these linkages is still high. Therefore, new
types of metal(electrode)-molecule (M-X) junctions are of
interest in order to provide good energy alignment between
electrode and molecule.17 Direct metal surface to carbon double
bonds have been prepared in ruthenium-carbene (RudC)18 and
molybdenum carbide-carbene (ModC)19 systems. In the former
case, theoretical and experimental work suggest that the
conductance through the link could provide a resonant tunneling
scenario.18

In this work, we explore the possibility of making a direct
contact between a gold metal atom and a carbon atom on both
ends of a molecule. We have chosen to investigate the
conductance of compounds that have an extended conjugated
π-system (X-CtC-C6H4-CtC-X) with eight different cap-
ping X groups as shown in Scheme 1: Au P(OMe)3 (1), H (2),
SiMe3 (3), Au P(cy)3 (4), Au-PMe2Ph (5), Au-PMePh2 (6), Au-PMe3 (7), and Au-PPh3 (8). The {Au2C10H4} unit is

electrostatically neutral and exists as a pure compound20 but is
insoluble due to extensive cross-linking of the electron-deficient
gold atoms to the CtC bonds in adjacent molecules. It has been
established that efficient electronic conduction is facilitated by
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SCHEME 1: End Capping Groups of C10H4
p-Phenyldiacteylene Fragment
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(i) delocalized systems ofπ-symmetry21 and (ii) orbital energy
matching between atoms in the contacts22 and atoms in the
conducting molecule. The capping X groups on the terminal
carbons have different sizes, as shown in Figure 1, thus changing
the accessibility of the terminal acetylide C to the Au atoms on
the electrodes and leading to possible variations in measured
conductance traces. In addition, for molecules1 and4, there is
a possibility that the Au atoms on the electrodes bind to the Au
atoms in the molecule.

Reaction of the{Au2C10H4}∞ polymer with neutral phos-
phines and phosphites, PR3, readily forms soluble compounds
that contain the conducting organic moiety and have linearly
coordinated gold atoms as shown in Scheme 2a. These gold
atoms are not coordinatively saturated and can bond further,
and they do so most often with other gold atoms. Driven by

dispersion or electron correlation effects, two gold atoms interact
at a distance of less than the sum of their van der Waals radii
(ca. 3.6 Å)23 with structurally characterized examples exhibiting
Au‚‚‚Au contacts in the range of 2.8-3.3 Å. The energies of
these interactions have been estimated24 theoretically to be 5-
15 kcal/dimer which are comparable to those of hydrogen
bonding.25,26

Previous structural characterization of compounds1 and 7
demonstrated Au‚‚‚Au contacts of 3.1722(3)27 and 3.1369(1)
Å,20 respectively. These two compounds have phosphorus
groups with the smallest cone angles,θ, which are defined by
the van der Waals surface of the ligands from CPK models,
Scheme 2b.28 The cone angles for the phosphine and phosphite
groups used in this study are collected in Table 1. Compounds
4, 6, and8 contain significantly larger{(R3P)Au} groups such
that 4 did not exhibit any close Au‚‚‚Au contacts in the solid

Figure 1. Space-filling models based on crystallographic data of compounds1, 2, 3, and4.

SCHEME 2: (a) µ-p-Phenylenediethynyl-bis[(PR3)gold(I)]
and (b) Cone Angle,θ

TABLE 1: Cone Angle of Selected Phosphorus Ligands with
Increasing Steric Bulk in the LAuC10H4AuL Family a

compd L
cone angle,θ

(deg)

1 P(OMe)3 107
4 Pcy3 179
5 P(Me)2Ph 127
6 PMe(Ph)2 136
7 P(Me)3 118
8 PPh3 145

a Ref 28.

17636 J. Phys. Chem. C, Vol. 111, No. 47, 2007 Millar et al.



state29 and8 has not been structurally characterized. Compounds
5 and6 have phosphine ligands with intermediate cone angles
and were prepared specifically for this study but not structurally
characterized.

The method used to form molecular junctions for conductance
studies uses a modified scanning tunneling microscopy (STM),
was initially developed by Xu and Tao,9 and has been described
in detail elsewhere.15,30 Briefly, a gold STM tip is brought in
and out of contact with a gold substrate in the presence of a
solution of the molecules. A constant bias is applied between
the tip and the substrate, and the current is monitored during
the measurements. The conductance decreases in a stepwise
fashion with each step occurring at an integer multiple of the
conductance quantumG0 ) 2e2/h.

Conductance histograms reveal pronounced peaks near mul-
tiples of G0. When the single Au atom contact is broken in
solutions of molecules1, 2, or 3, additional steps in individual
conductance traces belowG0 can be observed as shown in Figure
2a for molecule1. In the presence of molecule4, additional
steps are rarely seen in the conductance traces. The additional
steps seen with molecules1, 2, or 3 are due to the trapping of
one or more molecules between the breaking point contacts. In
comparison to the conductance steps seen in the presence of
diamine molecules,15,16these steps are much noisier, indicating
a binding geometry that is not well defined. In addition, multiple
steps are frequently seen, indicating that as the junction is being
pulled, changes in the detailed atomic configurations result in
large changes in conductances. Histograms of the conductance
traces calculated without any data selection or processing are
shown in Figure 2b on a log-log scale along with a histogram
measured in the solvent alone. There is a clear increase in the
number of counts below∼0.1G0 for molecules1 (red),2 (blue),
and3 (black), when compared to the control histogram (yellow).

For the {(R3P)Au}-containing molecules, there are two
possible mechanisms for the electrode Au atom to bind to the
molecule. One is through a Au(electrode)-Au(molecule) link.
The potential for a direct gold-gold contact is feasible for the
molecules with a small phosphine capping ligand such as
P(OMe)3 (1) (and ligands PMe2Ph (5) and PMe3 (7) as shown
in the Supporting Information). However, in the case of bulkier
phosphines such as Pcy3 (4) (and PMePh2 (6) and PPh3 (8),
Supporting Information), this is not necessarily the case, hence,
the lack of additional steps in the data collected with molecules

4, 6, and8. The second possible binding geometry is through
the formation of molecular junctions with direct Au(elec-
trode)-C link. Although we cannot conclude definitively on
the binding mode, the latter case is more likely given the fact
that conductance histograms in the presence of molecules2, 3,
and 5 reveal additional steps. In this case, the role of the{-
(R3P)Au} capping units could be to provide a more chemically
robust terminal group (R3P) than the hydrogen atom of1, and
the Au atom acts as a spacer to permit steric access of the STM
tip and surface to the acetylene groups that is not present in3.

Further insight can be gained from the conductance histo-
grams of the protonated version of the linker, molecule2. Initial
traces (around 2000) in a solution of molecule2 show similar
conductance behavior to that of compound1 (Figure 2). After
the initial ∼2000 scans, the region around the STM tip gets
covered with a polymer-like material preventing further mea-
surements and conductance traces often do not break within a
10 nm extension and do not show clear steps at integer multiples
of G0 (sample traces shown in Figure 3). We propose that this
polymerization is due to deprotonation of the ethynyl groups
and hydrogen atom radical formation by a reactive atomic-gold
site, such as an adatom15, on an electrode surface. It is plausible
that upon radical formation dimers, trimers, and longer oligmers
of phenylacetylene are readily formed between the tip and
substrate. When oligomerization of the organic units exceeds
the solubility limit, conductances can no longer be measured.
Gold thiols achieve their robust binding to gold through similar
activation of a terminal H-S bond. The polymerization of
molecule2 in our system probably follows either electrochemi-
cal or thermal radical polymerization, based on previously
reported polymerization studies by Akagi and Shirakawa31 and
Oancea et al.,32 respectively. Cyclic voltammetry and UV-vis
studies were carried out on solutions of molecule2 in 1,2,4-
trichlorobenzene (TCB) which support this hypothesis and can
be seen in the Supporting Information.

The triply bonded acetylene groups have high electron density
and side-on bonding of gold to acetylene units has been well-
characterized by infrared spectroscopy in the solid state.20,33

Bonding of the STM tip and surface to the Au atom in the
molecule would create a Au-(Au-C10H4-Au)-Au path of
conductance, whereas contact through the acetylene group would
create a Au-(C10H4)-Au path. These two possibilities are not
distinguishable in the experimental data on the R3PAu-C10H4--
AuPR3 compounds. A conducting contact through the central
arene ring is unlikely given that the arene solvent shows no
significant conductance. The conductance measured in repeated
junctions varies considerably from junction to junction, sug-

Figure 2. (a) Sample breaking conductance trace measured in the
presence of compound1 at an applied bias voltage of 25 mV and a
pulling rate of 20 nm/s. Traces show noisy steplike features occurring
over a range of conductance values below about 0.1G0. (b) Conductance
histograms of compounds1, 2, 3, and4 constructed from 5000 (2000)
consecutively measured traces for molecules1, 3, and4 (2) and control
histogram in the solvent alone shown on a log-log scale. All histograms
are normalized by the number of traces. Inset: The same histograms
on a linear scale. The bias voltage is 25 mV, and the histogram bin
size is 10-4 G0.

Figure 3. Sample conductance trace measured with molecule2 after
collecting over a few thousand traces. The junctions do not show clear
steps at integer multiples ofG0, do not have clean breaks, and extend
much longer than those shown in Figure 2a. Data collected with an
applied bias of 25 mV at a pulling rate of 20 nm/s.
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gesting significant variance in the geometric details of the
junction. The high conductance tails for1, 2, and3 exceed that
of the diamino-alkanes and 1,4-diamino-benzene15 implying that
in the highest conducting geometry, transport could be outside
the nonresonant tunneling regime.

Experimental Details

The syntheses of compounds1, 4, 7, and 8 have been
previously reported by Millar et al.,27 Jia et al.,20 Hurst et al.,34

and Chao et al.,29 respectively. Compounds2 and 3 are
commercially available. All syntheses were carried out in an
anhydrous dinitrogen atmosphere, and all solvents used were
dried to less than 0.1 ppm of H2O using standard drybox or
Schlenk-line techniques. The solvent (TCB) was purchased from
Sigma-Aldrich and used after purification via vacuum distillation
from CaH2. The coordination polymer{(AuCtC)2p-C6H4}n

was prepared by modification of a method reported by Jia
et al.20

µ-p-Phenylenediethynyl-bis[(dimethylphenyl Phosphine)-
gold(I)], 5. The P(Me)2Ph ligand (Aldrich, 0.107 g, 0.77mmol)
was added to a slurry of the polymer{(AuCtC)2p-C6H4}n

(0.200 g, 0.385mmol) in CH2Cl2 causing the polymer to dissolve
as the phosphine broke up the intermolecular gold-acetylene
interactions. The solution was filtered and layered with hexanes
to afford 3, as a yellow powder. After three successive
recrystallizations from CH2Cl2/hexanes, analytically pure, yel-
low/amber-colored crystals were obtained (0.242 g, 79% yield).
1H NMR (300 MHz, CDCl3): δ 1.58 (d, 12H, CH3, 2JHC )
19.55 Hz), 7.37 (s, 4H, C6H4), 7.51 (m, 6H,{m andp}-C6H5),
7.76 (m, 4H,{o}-C6H5). 31P NMR (121 MHz, CDCl3): δ 11.34
(P(Me)2Ph). UV-vis (CH2Cl2) [λmax, nm (ε, cm-1 M-1)]: 228
(158 000), 287 (92 000), 305 (191 000), 325 (251 000). Anal.
Calcd for C26H26Au2P2: C, 39.31; H, 3.30%. Found: C, 39.12;
H, 3.38%.

µ-p-Phenylenediethynyl-bis[(diphenylmethyl Phosphine)-
gold(I)], 6. The PMe(Ph)2 ligand (Aldrich, 0.155 g, 0.77mmol)
was added to a slurry of the polymer{(AuCtC)2p-C6H4}n

(0.200 g, 0.385mmol) in CH2Cl2 causing the polymer to
dissolve. The solution was filtered and layered with hexanes to
afford 4, as a white/yellow powder. After three successive
recrystallizations from CH2Cl2/hexanes, analytically pure, yel-
low-colored crystallites were obtained (0.189 g, 54% yield).1H
NMR (300 MHz, CDCl3): δ 2.08(d, 6H, CH3, 2JHC ) 20.10
Hz), 7.38 (s, 4H, C6H4), 7.45 (m, 12H,{m andp}-C6H5), 7.62
(m, 8H, {o}-C6H5). 31P NMR (121 MHz, CDCl3): δ 23.98
(PMe(Ph)2). UV-vis (CH2Cl2) [λmax, nm (ε, cm-1 M-1)]: 290
(50 000), 305 (110 000), 325 (156 000). Anal. Calcd for C36H30-
Au2P2: C, 47.07; H, 3.29%. Found: C, 47.21; H, 3.22%.

Conclusions

Conductance traces were recorded for solutions of molecules
containing theµ-p-phenylenediethynyl X-CtC-C6H4-Ct
C-X unit, containing capping{(R3P)Au}, SiMe3, and H groups.
The traces collected in the presence of molecules with smaller
capping groups reveal additional steps at conductances as high
as 0.1G0 (G0 ) 2e2/h) down to the measurable limits of the
experimental setup. The X-CtC-C6H4-CtC-X unit does
not show a discrete conductance value but does exhibit relatively
high conductances for a large number of transients in compounds
1, 2, 3, 5, and7. These results suggest that a strong, directional
bond is required to form a narrow range of molecule-electrode
contact geometries and lead to peaks in conductance histograms.
Although the{Au-C10H4-Au} unit is attractive as a potential
molecular electronics component with the ability to make

metal-electrode contacts and utilize the delocalizedπ-system,
its discrete conductance cannot be measured by this technique.
The ideal molecular wire will provide (i) a chemically robust
bond to the electrode with limited atomic-scale rearrangements,
(ii) similar orbital energy overlap between atoms in the molecule
and atoms in the contact, and (iii) facile electronic conduction
through a delocalizedπ-system. The challenge of preparing and
characterizing such a system remains.
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