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Conductance of a biomolecular wire
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Carotenoids (Car) act as ““wires” that discharge unwanted electrons
in the reaction center of higher plants. One step in this “’side-path”
electron conduction is thought to be mediated by Car oxidation.
We have carried out direct measurements of the conductance of
single-Car molecules under potential control in a membrane-mim-
icking environment, and we found that when Car are oxidized
conductance is enhanced and the electronic decay constant (p) is
decreased. However, the neutral molecule may already be conduc-
tive enough to account for observed electron transfer rates.

carotenoid | molecular electronics | photosynthesis | potential control |
single molecule

hotosynthetic systems are natural photoelectronic devices, in-

tegrating electronic and photonic elements in a protein scaf-
fold. Understanding the role played by the different components is
important both for understanding photosynthetic processes as well
as for using them in artificial molecular electronic devices. Caro-
tenoids (Car) in photosynthesis contribute to light harvesting,
structural stabilization, and protection from photooxidation. In
photosystem II reaction centers, Car participate in the “side-path”
electron donation reactions for reduction of Pgy, as part of the
photoprotective system. The role of the Car is thought to be that of
an electron carrier (1, 2). It is believed that B-carotene in photo-
system II is oxidized under illumination (1, 2). To investigate
whether Car oxidation is a prerequisite for electron transport in
photosystem II photoprotection, we measured the conductivity and
the length-dependence of the tunneling rate for single-Car mole-
cules under potential control. Measuring electron transport under
potential control allows us to simulate the redox environment of the
Car under natural conditions and to relate our electronic measure-
ments to its function in vivo.

Single (neutral) Car polyenes are much more conductive than
alkanes of equivalent length because of their conjugated m-electron
system (3-5). We and others (6-9) have shown that the conductivity
of redox-active single molecules can be regulated by changes in the
molecule’s oxidation state. Here, we have extended our experimen-
tal methods to work in a water- and oxygen-free environment that
mimics the conditions found in cell membranes. In this way, we
hope to understand one of the roles of Car in photosynthesis and
to explore their role as gatable electronic components. Finding such
components remains a challenge to date (10).

Single-molecule electron transport measurements under poten-
tial control were carried out by following the method developed by
Xu and Tao (6, 11), for which a scanning tunneling microscope
(STM) is used with a partially insulated probe to enable measure-
ments in a conductive electrolyte, which is required for maintaining
potential control. A scheme of the experimental setup is shown in
Fig. 1 (see also the supporting information, which is published on
the PNAS web site). Photosystem II is a transmembrane protein
complex, so the surrounding environment of natural Car is non-
aqueous. Moreover, Car generally undergo irreversible redox re-
actions in the presence of water or oxygen (12). Therefore, it was
necessary to perform the measurements in an oxygen-free electro-
lyte based on an organic solvent. The solvent chosen was propylene
carbonate, which has a low vapor pressure, low toxicity, and
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Fig. 1. Schematic description of the electrochemical STM cell with the Au
tip-Car—Au substrate measurement configuration (not to scale). The mole-
culesthatare not measured lie flat on the Au substrate surface. Egis the surface
potential, RE is the Ag quasireference electrode, CE is the Pt counterelectrode,
and Vi is the bias applied between the tip and the substrate.

relatively low hygroscopicity (13). The probes were insulated with
high-density polyethylene, which is insoluble in this electrolyte. The
all-trans Car molecules measured here consist of a polyene back-
bone of 7,9, or 11 double bonds terminated at both ends by pyridine
rings, which serve as binding groups to the Au electrode via the
nitrogen atom at positive potentials (Scheme 1) (14). The typical
thickness of the adsorbed layer of nine-double-bonds Car was found
(by ellipsometry) to be 7.5 = 1.5 A and was found to increase with
longer adsorption times. Large variations between different mea-
surements indicate a highly disordered layer. The layer thickness fits
well with the estimated dimension of the Car’s width of 7.8 A and
is significantly smaller than the calculated length of 28.4 A for the
nine-double-bonds Car. We conclude that the molecules are likely
to lie flat on the substrate in a nonordered fashion, as expected from
the tendency of both end groups to adsorb to Au (see Fig. 1).

Results and Discussion

Our cyclic voltammetry measurements (Fig. 2 shows an example
for the nine-double-bonds Car) show one oxidation peak (I),
with the corresponding reduction peak (II) being significantly
smaller. An additional reduction peak (III) could be assigned to
the reduction of a deprotonated oxidation product. The appear-
ance of one oxidation peak that is not entirely reversible is
interpreted as a single electron transfer in the oxidation process.
A one-electron oxidation also is deduced from calculating the
experimental current function (15) and comparing the values to
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Scheme 1.

those obtained by simulations (for a detailed discussion, see the
supporting information). Cyclic voltammetry of Car generally
shows evidence of two oxidation processes: from the neutral Car
to the radical cation (Car*) and from Car"* to the dication
(Car?*), whose oxidation potentials may differ by 0-250 mV
(16). The lack of the second oxidation process in our case, from
Car** to Car?™, is caused by the instability of the Car**, resulting
from the pyridine end groups. However, the small reduction
peak present (especially with 9 and 11 double bonds) may
indicate that some Car** is still present even at high positive
potentials, whereas the second oxidation peak is probably too
small to be observed because of the small quantity of Car**.
Thus, it is likely that our studies at potentials equal to or greater
than the oxidation potential involve both Car** and other,
unknown species. The transport measurements show a spread of
conductance values that probably reflects the presence of dif-
ferent species (see below). The oxidation potentials found for
Car with 7, 9, and 11 double bonds were 0.977, 0.839, and 0.737
V vs. standard calomel electrode (SCE) (£0.005 V), respectively.
These values are within the range generally found for natural
Car, (16) and the small variations are consistent with those found
for other Car with similar lengths (15).

The conductances of single neutral molecules (see the data
points for potentials close to 0 V in Fig. 3a) were found to be 0.66 =
0.1 nS, 0.23 = 0.05 nS, and 0.12 = 0.05 nS for Car with 7,9, and 11
double bonds, respectively. These values are in general agreement
with the previously measured conductances of neutral Car of
similar length with thiol linkers but measured without potential

4.0x10 "

| I
2.0x10 "+
<
— 0.0
— 1

1 i
-20X107 T T T T T T T T T

0.0 0.4 0.8 1:2 1.6

E_SCE[V]

Fig.2. Cyclicvoltammogram of bipyridine carotene with nine double bonds.
The working electrode was a Pt disk, and the solvent was CH,Cl, with tetrabu-
tylammonium hexafluorophosphate as a supporting electrolyte. The scan rate
was 2 V/s. See the text for peak identification.
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Fig. 3. Conductance of single Car molecules under potential control. (a)
Single-molecule conductance of Car of various lengths as a function of surface
potential vs. SCE. (Top) Seven double bonds. (Middle) Nine double bonds.
(Bottom) Eleven double bonds. The filled squares show conductance of the
high-current series of data, and the open circles show that of the low-current
series (see text). The curves show fits of the high-conductance data to Gaus-
sians. The bias was —500 mV. Error bars show the half-width at half-maximum
of peaks of the current histogram (see the supporting information). (b)
Semilog plot of conductance as a function of the number of double bonds in
the Car polyene backbone. Conductance in the neutral state (triangles) was
measured under potential close to zero, and that of the oxidized state
(squares) was taken as the average maximum conductance measured for each
length, at potential of ~0.86 V vs. SCE. The error bars are calculated from
multiple measurements.
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control (3, 5). The present measurements under potential control
demonstrate that the conductance measured previously was indeed
that of the neutral Car. Our experiments also determined the
change in the rate of tunneling with the change in the length of the
molecule. These data can be fitted with an exponential decay with
length, G = Gy exp(—BnN) (triangles in Fig. 3b), where G is
conductance, N is the number of double bonds in the polyene chain,

and an effective electronic decay constant, 3, per double bond, is
By = 0.43 = 0.07 [corresponding to 8 = 0.17 £ 0.03 A1 , assuming
2.48 A as linear length between two consecutive double bonds 31

This empirically determined quantity is not the same as the
coefficient of the exponential attenuation of the electron transfer
matrix element (although it depends on it). The electrochemical
data imply that energy levels shift as the length of the molecule is
changed, so the parameter determined here contains contributions
from both the intrinsic decay length and the length-dependence of
the electronic properties.

The changes of conductance with molecular length in the
neutral molecule are smaller than those observed with the
thiol-linked Car, where we found By = 0.556 = 0.09 (8 = 0.22 =
0.04 A=1) (3). The difference may be attributed to the effect of
the end groups on the alignment of molecular states with the
Fermi level of the electrode. This effect arises because of the
bond-dipole moment associated with the chemistry of the con-
tact. The relative “gap” between the Fermi level and the orbitals
of the molecule that mediate tunneling is shifted by an amount
equal to the product of the electronic charge and the surface dipole
moment. 3 depends on the square root of this quantity. This analysis
is supported by the different value of Gy: 14 = 12 nS, compared with
37 = 18 nS found for thiol-terminated similar Car. The thiol linker
incorporates an additional methylene group, yet it shows better
transport properties than the pyridine linker. These transport
properties indicate a significantly worse electronic coupling of the
pyridine—Au bond compared with the thiol-Au bond and might be
explained by the bonding through the nitrogen electrons, whose
orbital is orthogonal to the conjugated m-electron system in the
aromatic ring and polyene chain.

The potential dependence of the single-molecule conductance
is shown in Fig. 3a and generally shows an increase followed by
a decrease with increasing surface potential. It is important to
note that this trend also was observed when the potential was
scanned in the high-to-low direction. Thus, these changes are
generally reversible, even though the cyclic voltammetry (Fig. 2)
shows poor reversibility. It appears that molecules that undergo
nonreversible oxidations do not conduct well so that the reversible
population dominates the data. We frequently found evidence of
two types of data under similar experimental conditions: low-
current (conductance) and high-current (conductance) data. Most
experimental runs would show both features, whereas one or the
other would dominate in others. Multiple conductance values have
been reported in experiments like this on other molecules where
they were attributed to different contact geometries (17, 18). In this
case, the observation of coexisting low- conductance values can also
be explained by the presence of more than one Car species near (or
above) the oxidation potential (see the supporting information).
Both sets of data are shown in Fig. 3a (squares are high-
conductance values, and circles are coexisting low-conductance
data). The low-conductance data show no systematic dependence
of conductance on potential possibly because there really is no
dependence, but it is also possible that the lower signal-to-noise
ratio in these data hides any effect. We have therefore omitted these
data from the analysis shown in Fig. 4, where we averaged the
high-current data from repeated experiments (we show the range
of measured values by the length of the error bars).

The maximum enhancement in conductance owing to oxida-
tion measured here is only ~5-fold (Fig. 3a), much smaller than,
for example, the effect of doping polyacetylene (19) or iodine-
doping of Car films (20). These differences may be attributed to

8688 | www.pnas.org/cgi/doi/10.1073/pnas.0600593103

a ] m 01V

0.0
0.0
E_SCE [V]
b 1.5
1.0
g | | |
0.5
' |
|
0.0_._-l T T T T 1
00 02 04 06 08 10 12
V_[V]

ts

Fig.4. Current-voltage and current-potential characteristics of a single Car
molecule. (a) Current—potential curves of single Car with nine double bonds
measured with different tip-substrate bias (blue triangles, 0.5 V; red circles, 0.3
V; black squares, 0.1 V), compared with the curves calculated with the “mo-
lecular resistor”” model (see text). The height of the peaks was adjusted to the
measured peak current. (b) Single-molecule current-voltage data measured
with surface potential held at 0.56 V vs. SCE (squares) and compared with
curves calculated according to the molecular resistor model with no adjustable
parameters. The symbols show average values, and the error bars show the
range of measured values from repeated experiments.

intermolecule interactions in the bulk materials that enhance the
conductance in the charged state. Such interactions do not exist
in our single-molecule measurements (21).

The charge in the Car radical cation Car®* was shown to be
delocalized over most of the polyene chain (22, 23). Therefore,
we would expect that the conductance is enhanced and the
electronic decay constant is reduced upon oxidation. Indeed, a
reduced value of the empirically determined (B parameter is
found in the oxidized state (which probably includes the Car**
among other species) compared with the neutral state (squares
in Fig. 3b). We find By = 0.28 = 0.07 (8 = 0.11 * 0.03 A~1). Such
low B values reflect lowered sensitivity of the conductance to the
barrier width (which can be related to chain length), suggesting
that the change in the oxidation state results in intrinsic changes
in electronic properties.

These measurements were made with bias applied across the
molecule, which changes the local potential (6). This effect was
probed directly by measuring the conductance as a function of the
electrochemical potential, E; and the bias applied across the
molecule, Vi (Fig. 4a). The potential for peak conductance varies
linearly with applied bias, as was reported for similar measurements
of oligoaniline molecules (6). Following Chen ez al. (6), we fitted the
conductance to a parabola (curves in Fig. 4a):

Visoly-Fisher et al.
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The data were fitted with « = 1, b = 1.2 V, and a = 7.8 nS/V?
(Fig. 4a). In the case of oligoaniline, this modification of the local
potential resulted in negative differential resistance as the
applied bias changed the oxidation state of the molecule. For the
Car, the current vs. bias characteristic (at an otherwise fixed
surface potential) also is highly nonlinear (Fig. 4b). Using the
same the fitting parameters that were used to fit Eq. 1 to the
conductance data in Fig. 4a, we predicted the current-voltage
characteristic with no adjustable parameters (solid curve in Fig.
4b). The fit is surprisingly good. This fit demonstrates that the
nonlinear current-voltage characteristic is a consequence of the
change of oxidation state of the molecule induced by the applied
probe bias.

A more microscopic model of redox-state-mediated charge trans-
port has been proposed by Kuznetsov and Ulstrup (24) and others
(7, 25). The energy of the redox state with relation to the tip and
substrate Fermi levels is a critical parameter and is affected both by
the surface potential (which shifts the redox state) and the bias
(which shifts the tip or substrate Fermi levels with respect to the
redox state). Kuznetsov and Ulstrup’s expression for the current—
potential:

|: (Er —&mn - yVls)2:|
exp| —

4E KT
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where E; is the reorganization Gibbs free energy; en is the
fraction of the overpotential drop at the redox site, en = eEs —
Eo; Ey is the oxidation potential; vy is the fraction of the bias
dropped at the redox site; k is the Boltzmann constant; ngy, is the
number of electron transmitted; and wegr is the effective vibra-
tional frequency of the phonon associated with charging. It
should be noted that the Kuznetsov—Ulstrup model assumes a
tunneling gap between the STM tip and the molecule, whereas,
in our case, the molecule is chemically bound to the tip. This
model also could predict a peak in the general shape of the
current-surface potential curve; the measured data were not
fitted to this model because such fits required too many unknown
fitting parameters. Additionally, the Kuznetsov—Ulstrup model
predicts a decrease in peak width with decreasing bias, which was
not observed in our experiments (Fig. 4a). We conclude that the
observed changes in conductance result mostly from changes in
the molecular properties as determined directly from the con-
ductance vs. potential data in Fig. 3a.

When the bias is smallest (100 mV in our case), its effect on
the local potential is minimal, and the peak position is expected
to be near the potential that aligns the redox level with the
electrodes’ Fermi levels. In the Marcus theory, the redox energy
level g is related to the redox potential Ey through ey = Ey +
E, (26). If the mechanism is tunnel transport through states that
do not relax as a result of the transport, then the conductance
peak will be shifted from the formal potential by an amount
equal to E; (27). E; is expected to be smaller than that deter-
mined from electrochemical measurements due to the very
limited radius of the electrolyte shell involved and is estimated
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to be 0.25-0.5 eV (7, 24, 25, 27). In our case, the peak potential
measured for a molecule with nine double bonds under bias of
0.1 V was ~1.16 V (Fig. 4a), which is shifted ~0.3 V from the
measured oxidation potential. This analysis implies that trans-
port is mediated by tunneling unaccompanied by relaxation with
E, =04 *01eV.

Conclusions

In this study, we have measured electron transport through single
Car molecules under potential control in an STM break junction
in an organic (oxygen- and water-free) environment. Oxidation
of the Car resulted in the formation of radical cations and other
molecular species. Electron transport was enhanced, and the
decay of tunneling rate with distance was decreased at potentials
close to the oxidation potential. This enhancement of tunneling
points to an increase in the intrinsic molecular conductance upon
oxidation. Our data show that the conductance of these elec-
trochemically active molecules can be modified by the applied
bias as well as by the electrochemical potential. Car molecules
are therefore candidates for components in molecular electronic
devices.

What light do these single-molecule data shed on the role of
Car as an electron carrier in photosystem II (1, 2)? The
molecular conductance G has been related to the electron
transfer rate constant, k.., for charge transfer through a molec-
ular bridge: (28, 29)

G=510""k,/DOS, [3]

where DOS is the effective density of states associated with the
standard Golden Rule formulation of the rate constant. Taking
G = 0.1 nS (the smallest conductance measured in this study for
neutral Car with 11 double bonds) (Fig. 3a Bottom) yields ket =
0.28 X 10°s~ ! or 7 = 3.5 us, assuming £, = 0.4 eV. Taking G =
2 nS (the largest conductance measured for Car with 9 double
bonds under oxidizing potential) (Fig. 3a Middle) yields ket = 5.6 X
10°s~!or 7 = 0.18 us. Both time scales are significantly smaller than
that assumed for electron transfer from Qj to Pgy, via B-carotene
in photosystem II (200 us to 1 ms) (1, 30), indicating that the
electron transfer is not limited by the transfer across the Car but
more likely by other steps in the photoprotection mechanism.
Additionally, it is likely that electron transfer in our system involves
ballistic tunneling of many electrons as opposed to consecutive
oxidation and reduction for the transfer of each electron. The latter
process is the one suggested to occur in photosystem II, but we have
shown that it is not required to explain the estimated electron
transfer rates in the natural system. Although the exact oxidation
state of Car in photosystem II may be difficult to ascertain [although
it appears to be singly oxidized at low temperature (1, 2)], our
measurements, which encompass a wide range of molecular po-
tentials, show that oxidation is not required for the molecule to
function in its photoprotective role.

Materials and Methods

The all-trans Car molecules measured consist of a polyene
backbone of 7, 9, and 11 double bonds terminated at both ends
by pyridine rings that serve as binding groups to the Au
electrode via the nitrogen atom at positive potentials (14). The
dipyridylcarotenes with 7, 9, and 11 double bonds were syn-
thesized by double Wittig reactions under the conditions
reported in refs. 3 and 31, in which 4-[(diphenylphosphoryl)
methyl]pyridine, 10,10’-diapocarotene-10,10"-dial, 8,8'-
diapocarotene-8,8'dial, and 6,6’-diapocatotene-6,6'-dial were
used as starting materials. Pyridine was chosen as the binding
group to prevent dimerization as commonly seen with thiol-
binding groups. Similar transport measurements on a single
bipyridine molecule show that the voltage drop on the contacts
is expected to be negligible (11). A submonolayer of molecules
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was adsorbed on a Au(111) substrate (32), immediately after
hydrogen flame annealing, from a solution in toluene (typical
adsorption time was 18 h). The sample was then rinsed, dried
under nitrogen, and placed into the electrochemical STM
liquid cell. The presence of molecules on the surface and the
submonolayer coverage were confirmed with Fourier trans-
form infrared, contact angle measurements, and x-ray photo-
electron spectroscopy (data not shown). The molecular struc-
ture was determined with MM2 energy minimization by using
CHEM3D (CambridgeSoft, Cambridge, MA).

The electrolyte was tetrabutylammonium hexafluorophosphate
(electrochemical grade; Fluka)/10 mM in propylene carbonate
(99.7%, HPLC grade; Sigma-Aldrich). The counterelectrode was a
platinum wire, and the surface potential was controlled with respect
to a silver-wire, quasireference electrode. Potentials here are pre-
sented vs. SCE by calibration with ferrocene in similar electrolyte
solution. All preparation processes and measurements were done in
the dark under soft red light to prevent isomerization. To eliminate
the presence of water or oxygen, all liquids were kept over molec-
ular sieve type 3A for at least 12 h and thoroughly degassed in N,
flow before use, and the electrochemical STM cell was sealed and
flushed with dried Ar or N, before and during the measurements.
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Transport measurements were performed with a PicoSTM (Mo-
lecular Imaging, Tempe, AZ), and the current was recorded with
a digital oscilloscope (model DL 750, Yokogawa, Tokyo). For
transport measurement, the second electrode was a Au wire (0.25
mm in diameter, 99.999%, Premion) cut for use as an STM tip. The
tips were partially insulated with high-density polyethylene in a
process similar to that described in ref. 33 to reduce the Faradaic
leakage current during current measurements. In contrast to con-
ventional current-voltage measurements done with STM, here the
molecule was chemically attached to both electrodes using the
method described in ref. 11. Each current/conductance data point
presented here is an average of 1,000-3,000 measurements of single
molecules. The notation of potentials is such that the surface
potential is applied (independently) to the substrate (vs. the qua-
sireference electrode), and the bias is applied to the substrate with
respect to the tip.
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