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We used the mechanically controlled break-junction technique to observe the conductance through carbon
monoxide molecules in several nonpolar liquids (toluene, heptane, cyclohexane). CO molecules bridge
the electrodes prior to the break, causing the displacement of the first peak in the conductance histograms
from ∼1.0 to 1.1-1.15 of the quantum conductance unit (G0 ) 2e2/h). After the break, these molecules
remain attached to the electrodes and a peak related to the conductance through a CO molecule appears
at 0.2-0.3 G0.

Introduction

Over the past decade, electrical transport through single
molecules has been studied with a number of different tech-
niques, described in detail in recent reviews.1-3 Those studies
are motivated by prospects of the possibility to build electronic
devices on the basis of organic molecules. The significant part
of the measurements of molecular conductance was done by
using either mechanically controllable break-junctions (MCBJs)4-7

or modified STM setups working in organic solvents.8-10 The
latter are adjusted in such a way that they are similar to the
break-junction technique with respect to the repeated connection
and disconnection of the tip and sample electrodes. This
technique is more flexible in the choice of electrode materials
and molecules (and has the additional option of a surface scan)
and is therefore often used in spite of its drawbacks as compared
to the “true” break-junction technique. The cleanliness of the
tip and sample surfaces differs from freshly broken surfaces of
MCBJs, and ambient or organic solvent environments have far
more contaminants when compared to cryogenic UHV. Ill-
controlled cleanliness of the surface and environment can be
responsible for the large scattering of data (with a factor from
2 to 50) presented by different groups.11,12 The number of articles
where molecular conductance was studied with MCBJs in a
liquid environment is still very limited.13,14

Here, we report that freshly broken surfaces of the electrodes
of MCBJs are sensitive to water and dissolved gases. Even
micromoles of these compounds dissolved in the nonpolar
liquids already influence the measurements. Therefore, special
precautions must be taken with regard to the purification
including dehydration and degassing of the solvents. The
presence of small quantities of carbon monoxide in toluene,
cyclohexane, heptane, and some other nonpolar liquids results
in chemisorption of CO molecules on the surface of the gold
electrodes at room temperature. In this case, the conductance
histograms show an additional peak at 0.2-0.3 G0, related to
the conductance through carbon monoxide molecules bridging
the electrodes. A large concentration of CO in the solvent results

in the deterioration of the conductance histograms as the entire
surface of the electrodes is “contaminated” by chemisorbed
carbon monoxide. At the same time, we did not find any
influence of dissolved oxygen on the conductance histograms
of gold.

Experimental Section

In our experiments, we used a standard MCBJ technique with
a conventional type of sample mounting (a notched 125 µ wire)
described elsewhere.15 For the flexible bending beam, we used
chemically inert bidirectional (0/90°) carbon-fiber (CFK) plates
of 0.55 mm thickness with excellent elastic properties. A wire
was glued on the top of the bending beam with Stycast 2850
FT hard epoxy and cured at 110 °C for at least 3-4 h. After
that, the sample was sonically cleaned in isopropanol, rinsed in
ethanol, and afterward sonically cleaned and stored (for days
or even weeks) in the solvent under investigation of HPLC
grade, without further purification. There were no signs of
solvent contamination related to the sample.

Conductance measurements were performed in the quartz
glass liquid cell (1) presented in Figure 1. It was hermetically
closed with the Teflon lid (3). This allows one to work with
volatile solvents for at least 48-72 h. The vertical motion from
the step-motor and piezo drive was transferred within the cell
by the sliding glass piston (4). One more opening in the lid (5),
normally tightly closed, was used for changing the content of
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Figure 1. Experimental arrangement: 1, quartz glass cell; 2, sample
mounting; 3, Teflon lid; 4, sliding glass piston; 5, opening for changing
the content of the cell; 6, solvent.
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the cell during measurements. Special care was taken with regard
to the cleanliness of the cell and Teflon lid.

Using the traditional sample mounting instead of lithographi-
cally made break-junctions has a very important advantage. The
aspect ratio (ratio between the vertical motion perpendicular to
the MCBJ axis and the distance z between the electrodes) is
only around 300-1000 instead of 105. This gives us the
possibility of using a standard piezodriver instead of a slow
mechanical screw13,14 for repeated connection-disconnection
cycles, and this allows for a much faster collection of statistical
data. The latter is especially important if properties of the
electrode surfaces or solvent change during the measurements.
Conductance traces were recorded with an AT-MIO-16XE-50
or 6036E National Instruments data acquisition board at
sampling rates of 20 000-100 000 points/s. Normally, we used
5000-10 000 individual conductance traces for building up the
conductance histograms discussed below, with a bin size of 0.01
G0 on the linear scale and 100 bins/decade on the logarithmic
scale.

In our measurements, we used different nonpolar liquids
including n-heptane, toluene, cyclohexane, 1,4-dioxane, and
some other solvents. The results for all solvents are very similar,
and in this article, the presented data is mostly for toluene (one
of the most frequently used solvents in experiments with
molecular junctions; e.g., see refs 16 and 17).

Results and Discussion

Conductance histograms of coinage metals in pure nonpolar
liquids are supposed to show no or little difference from those
measured under UHV conditions at room temperature. However,
it was found that using nondistilled chemicals of commercial
grade (Sigma-Aldrich, Fluka) often led to gradual degradation
(on the time scale of hours) of the conductance histograms of
Au (Figure 2). Ag and Cu samples did not yield any reasonable
data at all, as this degradation occurs on the time scale of
minutes.

The gradual deterioration with time or after taking a certain
number of conductance curves (connection-disconnection
cycles) was also mentioned in refs 18 and 19 among others.

After additional distilling of the solvents, using the standard
procedures of removing water with calcium hydride (CaH2) or
sodium metal, we were able to measure Au samples for at least
48-72 h without any detectable changes. The typical conduc-
tance histogram measured for Au in distilled toluene is presented

in the upper panel of Figure 3 and shows a clear peak (in some
cases, a pronounced shoulder) centered between 0.2 and 0.4
G0, indicated by the arrow (one quantum unit G0 ) 2e2/h, 1/G0

≈ 12.9 kΩ). Only part of the individual conductance traces
display steps in this range, which can be selected with a simple
program by choosing curves with a maximal number of points
in the range of interest. The conductance histogram for the
selected traces (approximately 20% of all collected data) is
presented on a logarithmic scale in the inset of Figure 3 and
displays a clear feature with two maxima. Note that the position
of the peak corresponding to the single-atom contact for Au in
this histogram is shifted from 0.98-0.99 G0 to 1.12 G0.

The upper panel in Figure 4 shows a few individual
conductance traces from the histogram presented in the inset
of Figure 3. The conductance steps are not smooth and display
chaotic changes in G. The estimated length of the conductance

Figure 2. Conductance histogram measured in nondistilled n-heptane
immediately after the break. The inset shows results for the same sample
taken 4 h later.

Figure 3. Conductance histogram for gold in distilled toluene. The
arrow shows the appearance of a new peak below one quantum of
conductance. Inset: conductance histogram for the traces with steps
(see Figure 4) in the range 0.1-0.4 G0 (about 20% of data set).

Figure 4. Upper panel: individual conductance traces with steps in
the range 0.2-0.4 G0 from the histogram in the inset of Figure 3. Lower
panel: conductance traces plotted as a function of the distance between
electrodes on their approach.
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steps is between 0.5 and 1.5 Å (assuming that the work function
of Au is reduced to 4.0-4.5 eV by the adsorbed species).

The presence of molecules adsorbed on the surface of the
electrodes can be detected by distance tunneling spectroscopy
(DTS), by measuring the dependence of the conductance curves
on the distance between the electrodes during the approach to
the tunneling regime. The effect of adsorbed atoms and
molecules on electron tunneling was observed for the first time
for He,20 water (using the STM technique),21 and recently for
hydrogen molecules physisorbed on the surface of some
transition metals.22 Individual tunneling G(z) curves (where z
is the distance between electrodes) are presented in the lower
panel of Figure 4. For statistical analysis of the data, we used
the histogram technique. The typical histograms for distilled
toluene for the return traces are presented in Figure 5. The well-
pronounced peak in this histogram (as well as the plateaus in
the G(z) curves) indicate the presence of chemically adsorbed
molecules on the surface of the gold electrodes.

It should be noted that in spite of the clear conductance steps
observed on the individual traces in the range 1-10 G0 the return
conductance histograms for gold are practically featureless, in
some cases showing only weak features related to the atomic
shell effect. This is in sharp contrast with data for measurements
in cryogenic UHV.23 This effect is totally unexpected and can
probably be explained by the viscosity of the liquids being
enhanced at nanometer electrode separation.24

Judging from the return traces, the size of the chemisorbed
molecules is small. In the absence of any solid theoretical
background, we made the rough estimation from the length of
“plateaus” on conductance curves which leads to a value below
0.3 nm. This makes the gases dissolved in nonpolar liquids the
most probable candidates. The next logical step was the
refinement of already distilled solvents. This was done by a
degassing procedure of three freeze-pump-thaw cycles result-
ing in a further improvement of the Au conductance histograms
with no sign of additional peaks below 1 G0 (Figure 6). The
number of conductance traces with steps, found between 0.1
and 0.4 G0, falls below 0.5%. The increase in the relative
intensity of the single-atom peak with respect to the other
features in the histograms (including peaks related to the atomic
shell effect in gold around 4.5, 7, and 9.5 G0)25 and the decrease
of its half-width after the degassing procedure indicate the
decrease of surface contaminations.

These results strongly suggest that the reason for the
appearance of the new features in the histogram of the distilled

nonpolar liquids is related to dissolved gases. Two likely
candidates in our case are carbon monoxide and oxygen. It is
well-known that CO molecules readily react with transition
metals. According to the Blyholder model,26 charge is transferred
from the 5σ orbital to the d band of the metal for the CO
molecules that are chemisorbed in the linear geometry (M-C-O).
This is accompanied by the “back-donation” of this atom’s d
orbital electron density into the unoccupied CO 2π* antibonding
orbital. Such a so-called “push-pull” bond is quite strong.27

For gold, however, the d band is filled and below the Fermi
level. Therefore, only the back-donation from the 5d or 6s level
into the molecule’s CO 2π* antibonding orbital can contribute
to the binding to gold. On the bulk gold, chemisorption is weak
and occurs only at low temperatures. The case of nanoparticles28

and clusters29-32 is different. According to DFT calculations,
these particles have a higher concentration of states with d
character than bulk metals. They also have a stronger bonding
of CO, because of the donation from the 3σ orbital into residual
d level vacancies. Gold nanowires (and especially single-atom
nanochains with a coordination number of 2) could be even
more reactive.33 Chemisorption of CO at room temperature was
observed on clusters34 and surfaces with low coordination
number.35

In the case of a CO molecule chemisorbed in the linear
geometry, the only expectation is the deterioration of the
conductance histograms because of contamination of the surfaces
of the electrodes. To measure the conductance through the
molecule, it has to be attached to two terminals. Indeed, carbon
monoxide can also be chemisorbed in bridge form, connecting
two neighboring gold atoms. The carbon atom must then be
rehybridized to an sp2 configuration with three σ bonds in the
plane. The bridge form is energetically less favorable than the
linear one. Nevertheless, calculations made in ref 36 for CO
adsorption on gold with low-coordinated sites demonstrated that
the situation in which a CO molecule is bridging two atoms
can be stable at certain surfaces.

To prove that the new feature observed in the gold conduc-
tance histograms is related to the conductance through the CO
molecule, we dissolved spectroscopically pure CO in the
preliminary distilled and degassed toluene by leading this gas
through the liquid for 2-5 h. The solubility of carbon monoxide
in toluene at room temperature and atmospheric pressure is about
7 mM,37 and this proved too high for our measurements. The
conductance histograms are almost featureless and display only
the remnants of the single-atom peak (Figure 7). This indicates

Figure 5. Conductance histogram of the return traces for gold in
distilled toluene.

Figure 6. Conductance histogram for gold after degassing the toluene.
Inset: this histogram on a logarithmic scale.
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a strong interaction between carbon monoxide and the surface
of the electrodes.

To reduce the coverage of the electrode surfaces with
chemisorbed carbon monoxide, we used a diluted solution of
CO (100 or more parts of degassed toluene mixed with 1 part
of toluene saturated with CO). For such a concentration, we
were again able to observe the features at 0.2-0.3 G0 (inset in
Figure 7, conductance histogram for the selected traces with
steps in the range 0.1-0.4 G0). Though it is difficult to
accurately estimate the actual concentration of carbon monoxide
in the solvent, the Au break-junctions are sensitive to the
presence of the CO for even less than 10 µM.

Comparison of the single-atom peak position in the original
conductance histograms (raw data) and the position of the
relevant peak in histograms for curves selected by a program
shows that in the latter case there is a shift to the values
exceeding 1 G0. The differences between the positions of the
mentioned peaks vary from sample to sample and are in the
range 0.03-0.15 G0; their averaged value is close to 0.1 G0

(see Figure 8). As the conductance limit through a single-atom
gold contact cannot be higher than 1 G0, this effect can be
explained by suggesting that the CO molecule is already
adsorbed on the surface of the gold nanowire prior to the break.
The case of the gold nanowire with the carbon monoxide

molecule bridging two atoms in the short single-atom gold chain
will result in the observed increase of conductance. After the
disconnection of the gold atoms, the CO molecule remains
attached between two electrodes and we measure the conduc-
tance through this molecule, which in our case is equal to 0.3
( 0.1 G0.

It should be noted that the difference in conductance for the
“clean” single-atom contact and the one bridged by a CO
molecule is considerably less than the measured conductance
through the molecule. The possible explanation is that conduc-
tance of the CO molecule stretched between the electrodes is
higher due to the changes in its electronic structure caused by
deformation and changes in the adsorption geometry.

In the nonpolar liquids, it was only possible to observe the
conductance through the carbon monoxide molecule at relatively
small concentrations of CO (less than 0.1 mM) and when the
surface was clean enough. The cleanliness of the gold surface
is indicated by a high intensity of the first peak in the gold
conductance histograms, i.e., the possibility of pulling (short)
single-atom nanochains.

Our data for the conductance through a carbon monoxide
molecule in nonpolar liquids differ from the conductance of
CO between electrodes of Pt, Ni, Cu, and Au MCBJs in UHV
reported in ref 38. In all of those cases, the relevant peak in the
conductance histograms was very close to 0.5 G0. This differ-
ence can be explained by the difference in the experimental
conditions; in ref 38, all measurements were done in cryogenic
vacuum at 4.2 K. At low temperatures, the bonding of CO to
the gold surface is much stronger and this can be the cause of
the higher value of conductance.

The features in the conductance histograms related to carbon
monoxide are most often visible as two peaks (visible on a
logarithmic scale). The possible reason for such a shape can be
the dependence of the bond strength (and therefore conductance)
on the coordination number for gold atoms bridged by a CO
molecule.

Additional distilling and degassing of the solvents gives us
the opportunity to measure a silver MCBJ for a sufficiently long
period of time. Silver has lower-lying d states and less s-d
hybridization than gold. At some occasions, we were able to
observe the additional features in the conductance histograms
around 0.2-0.3 G0, with values of considerably lower amplitude
than those for gold junctions.

We also measured gold MCBJs in toluene and cyclohexane
saturated (after preliminary distilling and degassing) with
oxygen. No evidence of an interaction of O2 with the surface
of the electrodes was found, which is in agreement with the
fact that dissociation and chemisorption of oxygen does not
occur on gold nanoparticles and clusters.27

In conclusion, we measured conductance through a single
molecule of carbon monoxide using MCBJs operating in
nonpolar liquids with dissolved CO gas. Our experiments also
show the possibility to study the interaction of gases with
metallic surfaces using nonpolar liquids as a neutral environment.
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Figure 7. Conductance histogram for gold in toluene saturated with
carbon monoxide. Inset: conductance histogram measured in diluted
solution for the traces with steps in the range 0.1-0.4 G0 (about 20%
of data set).

Figure 8. Position of the peak related to the single-atom contact
between gold electrodes in the original conductance histograms (circles)
and in the histograms constructed from selected traces with the steps
in the range 0.2-0.4 G0 (squares). The first six points are related to
the measurements in toluene, while the last six are related to the
measurements in cyclohexane.
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(31) Häkkinen, H.; Moseler, M.; Landman, U. Phys. ReV. Lett. 2002,

89, 033401.
(32) Sanchez, A.; Abbet, S.; Heiz, U.; Schneider, W. D.; Häkkinen, H.;
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