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Carotenoid polyenes have been used extensively as electron
donors in molecular systems that demonstrate photoinduced electron
transfer1,2 and have recently been found to act as electron shuttles
in photosynthesis.3,4 Direct measurements of their conductance5

show that it is ca. 7 orders of magnitude higher than that of
equivalent-lengthn-alkanes, as might be expected on theoretical
grounds.6 This high conductivity should correspond to a small value
of â, the electronic decay constant. A lower limit forâ has been
inferred from spectroscopic data obtained from intervalence charge-
transfer complexes linked by polyenes,7 but â has not been
measured directly. We have measured the conductance of a series
of carotenoid polyenes as a function of their length, obtainingâ )
0.22( 0.04 Å-1, in close agreement with the value obtained from
first principles simulations (0.22( 0.01 Å-1).

The original measurements of the single-molecule conductance
of a carotenoid polyene were made by inserting the molecule into
an alkanethiol self-assembled monolayer and contacting the inserted
molecules either directly with a conducting atomic force microscope
(AFM) probe8 or by using a gold nanoparticle as an intermediate
contact.5,9 Xu and Tao10 recently introduced a new method for
single-molecule measurements based on repeated formation of
break-junctions. Their method is much easier to use with various
lengths of molecules and yields better data than the conducting
AFM approach.11

The homologous series of carotenoids (illustrated below) was
synthesized as described in the Supporting Information.

The molecules consist of a polyene backbone ofN ) 5 (I ), N )
7 (II ), N ) 9 (III ), andN ) 11 (IV ) carbon-carbon double bonds
in conjugation, each terminated with a benzene ring coupled to a
thiol via a methylene linker. The role of the thiols is to bind to
gold electrodes. A 2µM solution of freshly deprotected molecules

in toluene was placed onto a hydrogen-flame-annealed Au(111)
substrate12 in the liquid cell of a scanning tunneling microscope
(PicoSPM, Molecular Imaging, Tempe, AZ). After an hour, the
substrate was rinsed thoroughly and submerged in toluene for
measurement under Ar. Probes were made from freshly cut 0.25
mm Au wire (99.999%). The current was recorded on a digital
oscilloscope as the probe was repeatedly pushed into and retracted
from the substrate, with the tip-sample bias held fixed.10

Examples of current vs stretching distance (calculated from the
known probe velocity) recordings in the presence ofI are shown
in Figure 1a. Taken at a fixed tip bias of 0.2 V, the traces show
distinct steps at multiples of ca. 0.4 nA. These features are not
observed without added molecules. A histogram of the recorded
currents for hundreds of break-junctions (Figure 1b) shows a series
of peaks corresponding to one, two, and three molecules in the
gap.10 Fitting these histograms with Gaussians determines the peak
centers and full widths at half-height (fwhh). These peak values
are then plotted vs peak number (Figure 1b, inset), and the slope is
determined using a least-squares fit, with the data points weighted
using the fwhh as error bars. This slope determines the current at
a fixed bias, and plots of current vs bias for all four molecules are
shown in Figure 2. These current-voltage characteristics are linear
over the measured range, and the slopes of these lines yield the
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Figure 1. (a) Examples of current vs stretching distance data forI
(N ) 5) at a bias of 0.2 V. (b) Histogram of recorded currents shows peaks
at ca. 0.4, 0.8, and 1.2 nA. The slope of a plot of peak value vs peak number
(inset) yields the current per molecule.
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molecular conductance data listed in Table 1 and plotted vsN in
Figure 3. These data are well-fitted by an exponential decay,G )
G0 exp(-âNN) (lines in Figure 3), withâN ) 0.556( 0.09 and
G0 ) 37 ( 18 nS. The measured value forâN, taken together with
a linear distance between pairs of carbon atoms of 2.48 Å (produced
by the zigzag structure of a double bond of length 1.34 Å and a
single bond length of 1.45 Å5,13), leads toâ ) 0.22 ( 0.04 Å-1.

The structural geometry of each molecule was determined by
energy minimization using Hartree-Fock theory14 for determination
of bond lengths that are critical to the determination of electronic
transmission.15 The molecule is linked via sulfur to ideal (111) Au
surfaces at either the “hollow” site above a three Au atom junction
or an “on-top” site directly above a single Au atom (as might be
expected to occur for a molecule under tension as in the break-
junction experiments10). The two approaches give some indication
of the sensitivity of the result to local geometry. The currents were
calculated as a function of applied bias as previously described.5

These current-voltage characteristics were linear in the range
0 < V < 0.6 V, in good agreement with the experimental results,
and the molecular conductances obtained from the slopes of these

characteristics are listed in Table 1. Values for bonding to an on-
top site (the more appropriate geometry for the break-junction
method) are well-fitted (ø2 ) 0.003) by an exponential decayG )
G0 exp(-âNN) with âN ) 0.539( 0.01 andG0 ) 115 ( 6 nS,
yielding â ) 0.22 ( 0.01 Å-1. Similar values are obtained using
the calculated conductances for hollow-site bonding. The computed
value of â is in better agreement with experiment than is the
prefactor,G0. A partial explanation of this is thatâ is almost
exclusively a property of the molecule and can be estimated even
without having the molecule in contact with the metal.6 G0 is
sensitive to details of the molecule-metal interface, and this is
probably not well-described by the flat surface used in our
calculations.

Our previous measurement5 of the conductance ofIII (N ) 9)
yielded G ) 0.2 nS, within 30% of the present measurement,
justifying the interpretation of the break-junction histogram peaks
in terms of single-molecule conduction.10 The somewhat lower
value of current obtained with a nanoparticle contact9 is consistent
with the trends observed in measurements ofn-alkane conductance11

caused by suppression of transmission owing to the electronic
structure of the nanoparticle.

In summary, we have measured the electronic decay constant
for carotenoid polyenes, finding a value in good agreement with
the results of electronic structure calculations.
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Figure 2. Current-voltage characteristics for the four carotenoids. Lines
are linear fits, and error bars (not visible on most points) are(1 SE.

Table 1. Measured and Calculated Conductances (Hollow-Site
Values Are in Parentheses)

N G (measured) (nS) G (calculated) (nS)

5 2.06( 0.05 7.84 (9.71)
7 0.96( 0.07 2.60 (3.55)
9 0.28( 0.02 0.89 (1.01)
11 0.11( 0.07 0.31 (0.30)

Figure 3. Conductance vs number of double bonds in conjugation on linear
(circles) and log (squares) scales. Repeated data points are shown for
N ) 7 andN ) 9 samples. Open symbols are data from ref 5.
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