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A Dramatic Effect of Water on Single Molecule Conductance
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ABSTRACT

Simple alkanedithiols exhibit the same molecular conductance whether measured in air,
under vacuum or under liquids of different polarity1. Here, we show that the presence of water
'gates' the conductance of a family of oligothiophene-containing molecular wires, and that the
longer the oligothiophene, the larger is the effect; for the longest example studied, the molecular
conductance is over two orders of magnitude larger in the presence of water, an unprecedented
result suggesting that ambient water is a crucial factor to be taken into account when measuring
single molecule conductances (SMC), or in the design of future molecular electronic devices.
Theoretical investigation of electron transport through the molecules, using the ab initio non-
equilibrium Green's function (SMEAGOL) method , shows that water molecules interact with
the thiophene rings, shifting the transport resonances enough to increase greatly the SMC of the
longer, more conjugated examples.

INTRODUCTION

We have examined the electrical properties of molecular junctions in which a n-
conjugated, often redox-active, unit is sandwiched between two thiahexyl 'spacers', with gold
contacts3"5. Since the frontier orbitals of the alkyl groups are far from the Fermi energy of the
contacts, while the frontier orbitals of the ^-conjugated unit are closer to the Fermi energy, these
molecules may be thought of as molecular analogs of double tunnelling barriers6. To examine the
effect of varying the length (and hence degree of conjugation) of the ^-conjugated unit,
oligothiophenes were selected. Oligothiophenes, polythiophenes and their derivatives have been
extensively investigated as semiconductors in organic thin film transistors and photovoltaic
devices7'8. We have found a remarkable effect of water on the SMC of longer oligothiophene
molecules, and we report these results here.

EXPERIMENT AND THEORY

Low-coverage phases of 1-4 (as dithiolates) on clean, atomically-flat gold surfaces were
prepared; X-Ray photoelectron spectra were consistent with the intact molecules 'lying down'
and binding to Au through both thiol sulfurs. We employed the scanning tunnelling microscopy
(STM)-based I(s) technique of Haiss et al3 to determine the single molecule conductances of 1-
4. Au STM tip is brought close to the surface (without making contact), the feedback loop is
switched off and the tip is retracted while the tunneling current is monitored. In experiments
where a molecule bridges between tip and substrate, the current at a given retraction distance is
greater than in the absence of a molecule, and characteristic current plateaux are observed; see
Figure IB.
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In the theoretical calculations, the relaxed geometry of the oligothiophenes was found
using the density functional code SIESTA9. A double-zeta plus polarization basis set, Troullier-
Martins pseudopotentials to remove core electrons and the Ceperley-Alder Local Density
Approximation description of the exchange correlation, were used and the atomic positions were
relaxed until all force components were smaller than 0.02 eV/A. The molecule was then
extended to include the surface layers of the gold leads; a layer comprising 14 atoms was chosen
and the extended region included 8 layers of gold to allow a suitable representation of charge
transfer effects at a molecule-gold interface. A fixed geometry corresponding to the fully-
extended, all-frans molecule in the junction was assumed. The location of the thiols was taken to
be a top site (i.e. directly above a surface gold atom), although the alkane chains limit any
dependence on the contact geometry.

RESULTS

Molecule
1. n = 0
2. n = 1
3. n = 2
4. n = 4

Length (S...S, nm)
1.99
2.38
2.72
3.47
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Figure 1. (A) Structures of 1-4, and S.. .S distances for the fully-extended molecules,
calculated using molecular mechanics. (B) Current-distance relations for several I(s)
determinations on 3. (C) Histogram of all of the characteristic conductance plateaux (Gw)
observed for 2 measured in ambient air (setpoint current /w = 4 nA, tip-sample bias 200 mV; 300
measurements, of which 72 produced plateaux as in B). (D) Experimentally-determined single
molecule conductance values (vs. molecular length) for 1-4, measured in ambient conditions
(light blue diamonds), computed zero-bias conductance in the absence of water (black squares),
and in the presence of individual water molecules located at the favoured "side" positions (red
circles). The blue triangles show the computed ensemble-averaged conductance in the presence
of 'side' molecules together with randomly-positioned background water molecules.
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Samples of 1-4 (Figure 1 A) were synthesised and fully characterised by standard chemical
techniques (details to be published). Since the conduction mechanism in such junctions is
superexchange, the molecular conductance of 1-4 was expected to decrease exponentially with
the length of the molecule10. Remarkably, however, the experimental molecular conductances of
1-4 are almost length-independent (Figure ID). It is clear from the experimental data in Figure
ID that all of the oligothiophene units are acting as tunnelling barrier indentations, because the
conductances are all larger than that of HS(CH2)8SH, although 1^4 are all much longer than
HS(CH2)gSH (S.. .S = 1.19 nm)11. To understand this unusual behavior, we have carried out a
detailed theoretical investigation of electron transport through these molecules, using the
recently-developed ab initio non-equilibrium Green's function (SMEAGOL) method12.
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Figure 2. Zero bias transmission coefficient versus energy for 1 (A), 2 (B), 3 (C) and 4
(D). The blue curves are obtained in the absence of water and the black curves in the presence of
two water molecules located at the lowest energy "side" positions as illustrated in (E).
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The black curves in Figure 2(A-D) shows the electron transmission coefficient T(E) for
electrons of energy E for 1-4. These molecules exhibit the expected behavior of a decrease in the
gap between the HOMO and LUMO resonances as the molecule becomes longer. Figure ID
(black squares) shows a plot of the conductance at the Fermi energy against the molecule length
and shows that the conductance of 1-4 decreases exponentially with length, in spite of the
decrease in HOMO-LUMO gap with increasing number of thiophene rings. The apparent
discrepancy between theory and experiment was resolved by realizing that the calculations
leading to Figure ID (black squares) assume a vacuum environment, whereas the experiments
were conducted in ambient air, containing water vapor, and gold electrodes under such
conditions are coated with a film of water. We therefore undertook detailed ab initio calculations
in the presence of surrounding water molecules. We examined both the relative effects of water
molecules in the first solvation shell of the oligothiophene units, occupying favored local energy
minima positions, and the effects of randomly-positioned water molecules beyond the first
solvation shell.

First we performed molecular dynamics simulations to find the optimum location of a
water molecule in the vicinity of the thiophene units. For molecule 1, Figure 2 shows the location
of the lowest energy position (in qualitative agreement with previous work13) and it also
produces the most dramatic change in the conductance, and therefore we initially recalculated the
conductance in the presence of these 'side' water molecules alone. For 1-4, we include two
'side' water molecules per thiophene ring. Figure 2 (a-d) shows that in the presence of these
'side' molecules, the transmission resonances are significantly shifted with respect to their
vacuum positions. In particular, the LUMO resonance shifts towards the Fermi energy in all
molecules, thus causing an increase in the zero-bias conductances. Crucially, the longer
molecules exhibit greater shifts, due to the presence of a larger number of water molecules,
which in turn compensates for the reduction in conductance as a function of length. Figure ID
(red circles) shows the zero-bias conductance in the presence of water molecules in the 'side'
configuration. Clearly, the exponential length dependence is removed and, in agreement with
experiment, after an initial rise for small n the conductance is predicted to be almost independent
of length.

We also examined the effect of a homogeneously-disordered cloud of water molecules
surrounding the molecules, and we find that this alone does not remove the exponential length
dependence. However, when included together with the 'side'-bound water, additional
homogeneously-disordered water does have a small but significant additional effect upon the
calculated conductances (Figure ID, blue triangles). Random water also leads to a smearing of
transmission resonances, so that negative differential resistance behaviour (which might be
expected from a brief inspection of Figure 2C or 2D, for example) is not observed.

The remarkable results from the theoretical calculations of molecular conductance in the
presence of water prompted us to perform I(s) conductance measurements on molecules 1 and 3
under water-free conditions. Figure 3 compares the conductance histograms for 3 measured after
purging the STM sample chamber with dry argon for 24 h (right), and subsequently after re-
admitting ambient air (left).
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Figure 3. Histogram of the characteristic current plateaux (/(w)) observed for molecule 3
measured under: (right) dry argon, UtiP = +1 V, setpoint current = 7 nA; 601(s) scans with
plateaux selected from 350 total; (left) after subsequent re-admission of ambient (wet) air to the
STM chamber, same conditions, 48 I(s) scans with plateaux selected from 250 total.

The conductance of 3 determined under argon is (0.012 ± 0.006) nS almost two orders of
magnitude smaller than the conductance in air. When ambient air was re-admitted to displace the
argon in the ambient pressure STM chamber, the conductance returned to the value previously
found under ambient conditions (within experimental error), (1.0 + 0.2) nS. Crucially, this also
occurred when the experiment was conducted under Ar in the presence of water vapour,
excluding the possibility that atmospheric O2 might be involved in the effect. This result is
reproducible. It is important to note, however, that the conductance of 3 after argon purging for
24 h is much larger than would be predicted for an a,oo-dithiaalkane of length (2.74 nm)
comparable with 3 {i.e. HS(CH2)2oSH, S...S distance 2.69 nm; calc. conductance 1.37 x 10~5

nS), and that therefore, the terthiophene unit is still acting as an indentation in the tunnelling
barrier. We tried to measure the conductance of junctions with molecule 4 under dry Ar, but we
could not measure meaningful I(s) data; the conductance of 4 under Ar was too low for the
current follower on our STM even with Utip = 1.0 V. This puts an upper limit of the conductance
of 4 in the absence of water of 0.006 nS, over two orders of magnitude smaller than in the
presence of water. In contrast, and again in agreement with the theoretical calculations, the
molecular conductance of 1 did not change significantly under argon compared with ambient air.

DISCUSSION

The observation that water, by weakly interacting with the rc-system of a molecule, can
drastically alter the molecular conductance of the goldlmoleculelgold junction, has wider
implications in other important electron transfer processes. Water is known significantly to affect
rates of electron transfer (ET) reactions in biological systems by mediating ET coupling
pathways and changing activation free energies14. Unusual 'structured' water molecules near
redox cofactors have been found to accelerate ET kinetics when the cofactors are close together;
such water appears to show anomalously weak distance decay for electron tunneling15. In this
instance, it is believed that water is involved in the electron tunneling pathway, whereas in 3 and
4 it "gates" the electron tunnelling pathway through the molecule. It has been suggested that
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water could interact strongly with thiol-gold contacts16, leading to a length-independent lowering
of the conductance of goldlmoleculelgold junctions, for simple alkanethiols and alkanedithiols.
Our results represent the first examples of a length-dependent water-induced "gating" of electron
transport through a synthetic molecular wire. They will have implications for molecular
electronics, and it may also provide a new paradigm for the construction of single molecule
sensors. It also emphasizes that solvent effects must be taken into account in laboratory studies
of single molecule electronics.
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