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Since it was first suggested1 that a single molecule might function
as an active electronic component, a number of techniques have
been developed to measure the charge transport properties of
single molecules2–12. Although scanning tunnelling microscopy
observations under high vacuum conditions can allow stable
measurements of electron transport, most measurements of a
single molecule bonded in a metal–molecule–metal junction
exhibit relatively large variations in conductance. As a result,
even simple predictions about how molecules behave in such
junctions have still not been rigorously tested. For instance, it is
well known13,14 that the tunnelling current passing through a
molecule depends on its conformation; but although some exper-
iments have verified this effect15–18, a comprehensive mapping of
how junction conductance changes with molecular conformation
is not yet available. In the simple case of a biphenyl—a molecule
with two phenyl rings linked by a single C–C bond—conductance
is expected to change with the relative twist angle between the two
rings, with the planar conformation having the highest conduc-
tance. Here we use amine link groups to form single-molecule
junctions with more reproducible current–voltage character-
istics19. This allows us to extract average conductance values
from thousands of individual measurements on a series of seven
biphenyl molecules with different ring substitutions that alter the
twist angle of the molecules. We find that the conductance for the
series decreases with increasing twist angle, consistent with a
cosine-squared relation predicted for transport through
p-conjugated biphenyl systems13.

We recently demonstrated that metal–molecule–metal junctions,
formed by breaking Au point contacts in a solution of molecules,
exhibit more reliable and reproducible conductance values when
amine groups rather than thiols or isonitriles are used to attach the
molecules to the junction contacts19. Because of this reduced varia-
bility, we can determine statistically meaningful average conductance
values for specific single-molecule junctions; this capability in turn
allows us to study the effect of molecular properties on junction
conductance.

We present our experimental results as conductance histograms,
where peaks indicate the most prevalent molecular junction conduc-
tances while the width of the conductance distributions reflects the
microscopic variations from junction to junction. (For details of
experimental and data analysis procedures, see Supplementary Infor-
mation.) Figure 1a shows the histograms for 1,4-diaminobenzene (1)
and 2,7-diaminofluorene (2), each constructed from thousands of
conductance traces without resorting to any data selection or
processing. All conductance traces reveal step-wise changes in con-
ductance at conductance values that are close to multiples of the
fundamental quantum of conductance, G0 (G0 ¼ 2e2/h, where e is
the charge on an electron, and h is Planck’s constant). In addition,

many traces also exhibit step changes below G0 that are due to
conduction through a single molecule bridging the gap between the
two Au point-contacts (see Fig. 1c and Supplementary Fig. S1). As
seen in the histograms of 1 and 2 (Fig. 1a), for each junction type the
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Figure 1 | Conductance measurements of 1,4-diaminobenzene and
2,7-diaminofluorene junctions. a, Conductance histogram of 1 (green;
constructed from 10,000 traces and scaled by 1/10) and 2 (purple;
constructed from 15,000 traces and scaled by 1/15) on a log–log scale, along
with a control histogram of Au measured without molecules in the junction
(yellow; constructed from 6,000 traces and scaled by 1/6). Peaks are clearly
visible at G0 and 2G0 for all three curves, and at 6.4 £ 1023G0 for 1 and at
1.5 £ 1023G0 for 2. Also shown is a histogram collected for an equimolar
solution of both molecules (vertically offset red curve; constructed from
4,000 traces and scaled by 1/4) showing two peaks indicated by the arrows
corresponding to the individual peaks in the green and purple curve. Inset,
lorentzian fit to the sub-G0 peak in the histogram of 1; note that conductance
and counts are now shown on a linear scale. The bin size is 1025G0 for all
histograms, and data were collected using a fixed bias voltage of 25 mV.
b, Top, illustration of a gap between a gold point-contact and a gold surface
that can be bridged with either molecule 1 or 2 from the surrounding
solution. Bottom, structure of 1 and 2. c, Sample conductance traces
obtained when pulling the point contacts apart, and exhibiting step-wise
changes corresponding to the conductance of molecule 1 and 2.
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additional step occurs within a narrow distribution of conductance
values. The most prevalent value is determined by a fit to the peak
below G0 in the conductance histograms using a lorentzian line
shape, which we find fits our peaks more accurately than a gaussian
line shape (see Fig. 1a inset, and Supplementary Information).

When the experiment is repeated using a solution containing an
equimolar mixture of 1 and 2 (as indicated in Fig. 1b), the resulting
histogram (red curve in Fig. 1a) shows two distinct peaks below G0 at
nearly the same conductance values as those of the peaks seen in the
histograms for the individual molecules (green and purple curves).
Individual traces using the solution mixture show conductance
plateaus corresponding to either molecule 1 or 2, and sometimes a
plateau corresponding to 1 followed by a plateau corresponding to 2
(Fig. 1c). But we do not see evidence of rapid fluctuations between
the two, so the molecules are not exchanging position within the
junction on the timescale of the experimental traces (few milli-
seconds for each trace). This provides further evidence that the
conduction is through an individual molecule, not an ensemble.

Molecules 1 and 2 do not have an internal twist degree of freedom,
but the two benzene rings of a biphenyl can rotate relative to one
another. For such a molecule, as the twist angle (v) between the two
rings increases and simultaneously the degree of p-conjugation
between them decreases, the junction conductance will decrease
because molecular electron transfer rates scale as the square of the
p-overlap14,20. When neglecting the contribution of tunnelling trans-
port through the j-orbitals (which is within the error of our
measurements), then theory predicts a cos2v relation13. We probe
this relation between molecule twist angle and conductance using
seven different biphenyl molecules (molecules 2 to 8 listed in Table 1),
where the size of the substituents on the proximal carbons is
optimized to create structures with a twist angle ranging from flat
to essentially perpendicular. Figure 2a shows the structure of four

(2, 4, 6 and 8) out of the seven molecules used. For each molecule, the
average junction conductance is determined from the location of the
peak in the conductance histogram, whereas the twist angle is
determined theoretically for each molecule by assuming a fully
relaxed and static geometry (see Table 1 and Supplementary Infor-
mation; but effects of dynamic structural fluctuations of the mol-
ecule in the junction will also be discussed later on).

Figure 2b shows the measured conductance histograms for the
molecules in Fig. 2a. For the flat molecule (2), the histogram peak
yields an average junction conductance value of 1.5 £ 1023G0. For
4,4

0
-diaminobiphenyl (4) with equal molecular length but a twist

angle v of 348, the conductance histogram shows a peak occurring at a
lower conductance of 1.1 £ 1023G0. As the angle between the two
aromatic rings is increased further to 528 in 4,4 0-diaminooctafluoro-
biphenyl (6), the conductance value also drops further, to
4.9 £ 1024G0. When all four hydrogens on the proximal carbons
of this molecule are replaced with methyls to give 2,6,2

0
,6

0
-tetra-

methyl-4,4 0-diaminobiphenyl (8) with a twist angle v of about 888,
most counts in the histogram occur for low junction conductance
values. In Fig. 2c, we plot the peak conductance value measured for
the seven molecules against cos2v and fit the data with a cos2v curve
(dashed line in Fig. 2c). The good fit indicates that the electronic
effects of the substituents do not significantly alter the simple picture
that junction conductance may be adjusted by simply decreasing the
p-overlap between phenyl rings within the bridging molecule.

Further evidence for tunnelling conductance through these aro-
matic diamine junctions is provided by Fig. 3a, which compares the
histograms for a series of oligophenyls (molecules 1, 4, 9) with 1, 2
and 3 phenyl rings. The inset shows that the plot of junction
conductance versus molecule length fits an exponential form with
a decay constant of 1.7 ^ 0.1 per phenyl ring. This behaviour is
direct evidence for non-resonant tunnelling transport through the

Table 1 | Molecular structure and measured properties

Conductance (G0)

Molecule number Structure Measured Calculated Peak width* Twist angle (8)

1 6.4 £ 1023 6.4 £ 1023 0.4 —

2 1.54 £ 1023 2.1 £ 1023 0.8 0

3 1.37 £ 1023 2.2 £ 1023 0.8 17

4 1.16 £ 1023 1.6 £ 1023 0.9 34

5 6.5 £ 1024 1.2 £ 1023 1.3 48

6 4.9 £ 1024 7.1 £ 1024 0.6 52

7 3.7 £ 1024 5.8 £ 1024 0.9 62

8 7.6 £ 1025† 6.4 £ 1025 NA† 88

9 1.8 £ 1024‡ 3.5 £ 1024 2.1 —

Table shows molecule structure, measured conductances, calculated relative conductances, relative widths of the histogram peaks (see Supplementary Information for details) and the
calculated twist angle, v.
*Half-width at half-maximum of the lorentzian fit, normalized to the peak value.
†The histogram peak was determined after subtracting the Au histogram from the data, as the raw data could not be fitted with a lorentzian so a width could not be determined.
‡Determined from actual maximum of the raw data.
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amine-terminated molecules14,20–24, with the measured decay con-
stant being close to the estimate of 1.5 per phenyl ring that we
obtain25–27 for these molecules (see Supplementary Information). In
Table 1, we also compare the measured conductance of all molecules
with an estimated relative conductance, obtained by calculating the

square of the tunnel coupling of each molecule and normalizing this
value to the measured conductance of molecule 1. This comparison
indicates that the trend in the measured conductances is largely
accounted for by the change in tunnelling with molecular
conformation.

The results presented so far agree quite well with predictions of
non-resonant tunnelling transport through static molecules. How-
ever, it is well established that the energy barriers for ring rotations in
unsubstituted biphenyls such as 4 are about 0.1 eV or 2–3 kcal mol21

(ref. 28; the barriers are altered by the substituents in the molecules
5–8, and are substantially higher (Supplementary Information)).
Therefore at room temperature, such molecules in the junction can
be expected to fully explore low-energy rotations. The measurement
times are long compared to the rate of molecular rotations in solution
(each conductance step lasts a few milliseconds), so the conductance
level measured at each step on a single trace is a thermal average over
any fast dynamic fluctuations. But even though the rotation barrier is
small for molecule 4, our calculations indicate that thermal averaging
still results in a conductance value that is close to the value
characteristic of a static molecule in its lowest energy conformation.

The data in Figs 1–3 also reveal another interesting trend: as
the molecule is granted additional rotational degrees of freedom, the
conductance peak broadens. This is in contrast to the data for the
diamino-alkane series19, where the histogram peak widths are similar
for all molecules and are associated only with the modest variations
in the electronic coupling through the Au–amine link. The peak
broadening for the aromatics (widths in Table 1) is most clearly seen
in Fig. 3a for the oligophenyl series. The sharpest peak is observed for
1, while the peaks in the histograms are systematically broader for
biphenyl- and terphenyl-diamines (4 and 9), where the individual
phenyl rings can rotate about the j-bond that connects them.
Individual conductance traces show steps (Supplementary Figs S1
and S2) that occur over an expanded the range. We therefore suggest
that in each junction formed during the measurements, the molecule
is in a different average conformation enabled by its rotational
degrees of freedom and that each different conformation has a
different characteristic conductance. In solution, the thermally
averaged conformation for molecule 4 would have both the ring–
ring twist angle and the two amine–ring twist angles close to their
rotational barrier minima of 348 and 908 respectively (angles illus-
trated in Fig. 3b). Upon junction formation, each Au–N link is
pinned by the particular Au–N bonding environment. This provides
a mechanism to skew the twist angles of the trapped molecule. The
average twist angles of the three rotatable bonds in the trapped
molecule (the C–C and the two C–N j-bonds) would then differ
from those in the unbound molecule, with the bond that has a lower

Figure 3 | Polyphenyl junction conductance as a function of the number of
phenyl units. a, Conductance histograms for molecular junctions of 1
(green; constructed from 10,000 traces and scaled by 1/10), 4 (cyan;
constructed from 7,000 traces and scaled by 1/7), and 9 (red; constructed
from 3,000 traces and scaled by 1/3), along with a control histogram
obtained from measurements without molecules between the contacts
(yellow; constructed from 6,000 traces and scaled by 1/6). Bin size is 1025G0

for the green trace (and is therefore offset vertically by a factor of 10) and
1026G0 for the other traces. Arrows point to the peaks. Lorentzian fits (solid
black curves) are also shown. All data were taken at 25 mV bias voltage. Inset,
peak conductance values obtained with 1, 4 and 9 versus the molecules’
number of phenyl rings, on a semi-log scale. The black line shows an
exponential fit to the data points. b, Illustration of molecule 4, highlighting
the three twist angles that influence conductance through the metal–
molecule–metal junction, and which are defined as the angles between the
adjacent planes shown in the figure. In solution, molecule 4 has a thermally
averaged conformation with a ring–ring twist angle and amine–ring twist
angles close to the potential minimum values of 348 and 908, respectively.

Figure 2 | Biphenyl junction conductance as a function of molecular twist
angle. a, Structures of a subset of the biphenyl series studied, shown in
order of increasing twist angle or decreasing conjugation. b, Conductance
histograms obtained from measurements using molecule 2 (purple;
constructed from 15,000 traces and scaled by 1/15), 4 (cyan; constructed
from 7,000 traces and scaled by 1/7), 6 (pink; constructed from 11,000 traces
and scaled by 1/11) and 8 (blue; constructed from 5,000 traces and scaled by
1/5). Also shown is the control histogram obtained from measurements

without molecules between the contacts (yellow; constructed from 6,000
traces and scaled by 1/6). Arrows point to the peak conductance values
obtained from lorentzian fits (solid black curves). All data were taken at a
bias voltage of 25 mV. c, Position of the peaks for all the molecules studied
plotted against cos2v, where v, the calculated twist angle for each molecule, is
listed in Table 1. Error bars are determined from the standard deviation of
the peak locations determined from the fits to histograms of 1,000 traces (see
Supplementary Information.)
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energy barrier for rotation accommodating a larger change. This
results in wider histograms, although the histogram peaks, which
correspond to the most probable Au–molecule–Au conformations,
are still located close to the lowest energy conformation.
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