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Abstract

The acetyl-protected, thiol-terminated ethers AcS(CH;)sO(CH,)4SAc and
AcS(CH;),0(CH;),0(CH;),SAc have been synthesised, and a range of related scanning
tunnelling microscopy (STM)-based methods have been employed to fabricate and electrically
characterise gold | single molecule | gold junctions involving these molecules. The
single-molecule conductance values obtained are consistently found to be substantially higher
(by a factor of 2-3) than the conductances of analogous alkanedithiols of similar length
(HS(CH,)9SH and HS(CH;)sSH, respectively). A rationalisation of these findings is suggested,
namely that the lone pair electrons on the oxygen atoms are substantially closer in energy to the
Fermi energy of the gold leads than are the occupied and unoccupied states of methylene
chains, so that the ether oxygens behave in a manner analogous to ‘wells’ in a
double-tunnelling-barrier system. In agreement with this suggestion, the current—voltage
behaviour of the monoether can be fitted using the Simmons approach, and the barrier height is
found to be significantly lower than for alkanedithiols of approximately the same length.

Online supplementary data available from stacks.iop.org/JPhysCM/24/164211/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The last decade has witnessed the successful development
of techniques for measuring the electrical properties of
metal | molecule | metal junctions. These techniques include
mechanically controlled break junctions, in which a nanoscale
gap between two electrodes is created by using a bending
force to break an ultrathin wire, following which molecules
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bearing suitable contact groups can successfully bridge the
gap [1-6]. Molecular junctions can also be formed by scanning
probe microscopy techniques, based on either scanning
tunnelling microscopy [7-11] or conducting atomic force
microscopy [12, 13]. For example, in an early study, Cui
et al embedded a small fraction of alkanedithiol molecules,
HS(CH;),SH, into a close-packed, self-assembled layer of
alkanemonothiol, HS(CH;),,CH3, on Au surfaces, and then
used the ‘free’ thiol groups to trap gold nanoparticles. A
conducting AFM was then used to first locate, and then
make electrical contact with, the resulting Au | molecule | Au
junction [12]. Subsequently we [10], and others [8], reported

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Structures of molecules 1-4.

the formation of metal | molecule | metal junctions made by
bringing a gold STM tip either into close proximity to, or
into contact with, a gold substrate in the presence of dithiol
molecules, followed by vertical withdrawal of the tip with
simultaneous measurement of tunnelling current as the dithiol
is extended into the resulting gap.

These developments have produced a plethora of studies
to establish structure—property relations in single-molecule
electrical properties, over the course of which it has become
clear that the electrical properties of the junctions are not
solely dependent upon the nature of the molecular backbone,
but on many other factors, for example the electrodes,
the detailed nature of the hybridisation at the molecule—
electrode interfaces [14—18], the temperature [19, 20] and, in
certain cases, the local environment (vacuum or air, solvent,
etc) [21, 22].

We have been particularly interested in systems in which
the electrical properties of metal | molecule | metal junctions
can be controlled by an external stimulus, for example change
in conformation using photochemical switching [23], pH
control [24] and, especially, change in oxidation state using
electrochemical switching [10, 25-27]. A key finding from
the latter work, relevant to the present study, is that the
conductance of junctions involving both molecules 1 and
2 (figure 1) are similar (0.5 and 0.7 nS, respectively); on
reduction (1; to V°*) [10, 25, 26] or oxidation (2; to p-
TTF*") [27] the conductance increases as the relevant frontier
molecular orbital (localised on the respective 7 systems)
comes nearer to resonance with the Fermi energy of the metal
contacts [26].

The conductances of 1 and 2, even in their ‘off’ (non-
near-resonant) states, are surprisingly high considering the
length of the molecules. Since the frontier molecular orbitals
of alkanedithiols are far from the Fermi energy of the metal
contacts, the mechanism of conductance is tunnelling, and their
conductance accordingly falls exponentially as a function of
molecular length. For comparison with 1 and 2, it should
be noted that the conductance of HS(CH,)sSH is 2.5 nS
and that of HS(CH,),SH (i.e. the two alkylthiol linkers of
1 and 2 placed back-to-back) is 0.038 nS [28]. Therefore,
although 1 and 2 are even longer than HS(CH,),SH, their
conductance, measured in ambient, is approximately an

HS\/\/\O/\/\/SH HS\/\O/\/O\/\SH
5 6

Figure 2. Monoether molecule 5 and diether molecule 6.

order of magnitude greater. We have rationalised this by
drawing an analogy with inorganic ‘double-tunnelling-barrier’
systems [29]. These have been introduced into field effect
transistors [30], diodes [31-33] and bipolar transistors [34]. In
these inorganic devices, metal-organic vapour phase epitaxy is
used to assemble a ‘well’ or barrier indentation (a low-bandgap
III-V semiconductor), sandwiched between the tunnelling
barriers (higher-bandgap III-V semiconductors). In 1 and 2,
clearly the alkanethiol linkers will have a wider ‘bandgap’
(i.e. HOMO-LUMO separation) than the central conjugated =
system.

Later, we showed that a simple arene ring (e.g. 1,4-phenyl
or 2,5-thienyl), although not conventionally redox-active, is
similarly capable of acting as a ‘well’; junctions involving
molecules 3 and 4 (figure 1; n = 1), for instance, have
conductances similar to those involving 1 and 2 in their ‘off’
states [22, 35]. For molecules of the type 3, we also showed
that the conductance was significantly higher if electron-
donating substituents were present and lower for electron-
withdrawing substituents [35].

These results prompted us to wonder what are the
minimum structural requirements for an entity to act as a ‘well’
in these molecules. Accordingly, we have now examined the
conductances of junctions with monoether 5 and diether 6
(figure 2) in which ether oxygens, bearing non-bonded lone
pairs of electrons, take the place of the arene unit.

Using close-packed, self-assembled monolayers of
HS(CH,),-O-(CH,),,OH (n = 6; m = 7, n = T,
m = 6) and HO(CH;)4SH, Cheng et al found that
the replacement of one —CH,— by an ether —O- signif-
icantly lowered the electrochemically determined electron
transfer rate constants for solution species ([Fe(CN)g]*>~ and
[Os(2, 2’-bipyridine)3]3+) [36], while Napper et al came to
the same conclusion in similar studies involving ferrocene-
terminated monolayers, FcC(O)O(CH;)s—O—(CH;)¢SH or
FcC(0)O(CHy)12SH [Fe = (n°-CsHs)Fe(n’~CsHy-)], di-
luted into host matrices of CH3(CH;)s—O—(CH;)sSH or
CH;3(CH;);;SH [37]. In contrast, we now find, using
careful examination of the conductance of junctions involving
monoether 5 and diether 6 by several related but different tech-
niques, that single-molecule junctions involving these ethers
are significantly more conductive than are those involving
alkanedithiols of comparable length (for 5, HS(CH,)9SH and
for 6, HS(CH,)sSH). We report these studies here.

2. Experimental section

2.1. Synthesis

Monoether 5 was prepared by the route shown in scheme 1
[38]. Diether 6 was prepared by treatment of commercial
tri(ethylene glycol) di-p-toluenesulfonate with KSAc/acetone.
The identity and purity of 5 and 6 were determined using
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Scheme 1. Synthesis of the acetyl-protected 5.

analytical and spectroscopic techniques. Full details are given
in the supplementary information (available at stacks.iop.org/
JPhysCM/24/164211/mmedia).

2.2. Single-molecule junction conductance determination:
general remarks

Chromium primed gold on glass slides (Arrandee) were flame-
annealed (butane/air) to produce Au(111) terraces. Following
cooling, these substrates were immersed into a solution of the
appropriate dithioacetate molecule (0.1 mM in CH,Cl,) for
1-2 min to produce the ‘low-coverage’ monolayer employed
for the I(s) and STM break junction experiments. The
‘high-coverage’ monolayers were prepared by increasing the
exposure time to 24 h. The substrate was then washed
with pure solvent, dried in an N, stream and mounted on
the STM stage. The STM tips were made by cutting gold
wire (0.25 mm diameter; Goodfellow, 99.99%); for some
experiments where imaging was performed, the tips were
prepared by electrochemical etching of the wire in a 50:50 v:v
HCI:EtOH solution. For experiments conducted in water, the
tips were coated with Apiezon wax, ensuring that only the tip
apex was exposed.

For the diether 6, XPS spectra were recorded on both low-
coverage and high-coverage monolayers on identical substrates
to those used in conductance determinations. Spectra were
acquired using a Scienta ESCA 300 spectrometer (NCESS,
Daresbury Laboratory, UK) at 90° take-off angle. The spectra
were referenced to the main C—H 1s peak at 285.0 eV. A survey
scan (0-1300 eV) was run, followed by high-resolution scans
at characteristic peak positions for C, O and S.

2.3. I(s) experiments [10, 39]

The gold STM tip was brought within tunnelling distance of
the substrate bearing a low-coverage monolayer, prepared as
above, at an initial vertical distance controlled by the set-
point current, Iyp. The feedback loop was disconnected, a
bias voltage applied and the tip was then withdrawn (total
distance 6 nm; 0.1 s) while the current was measured as
a function of vertical distance (hence I(s); I = current,
s = vertical distance). The feedback loop was then restored
and the tip was moved back to the same initial /y. For each
molecule, we employed several I, values and different tip—
substrate biases (section 3). For each set of parameters, the
experiment was repeated many times (typically 500). Those
current—distance curves showing clear plateaux (typically 100—
200 for each set of conditions) were analysed statistically

using a histogram plot of the current within a given range
(determined by bin size) versus the frequency with which
these occur. The break-off distance (the point at which
the current plateau decays rapidly, as a consequence of the
metal | molecule | metal junctions breaking on retraction) were
similarly analysed statistically [18]. By adding a correction
for the initial vertical height, the length of the junction
prior to its breakdown can be determined. The procedure
for making this correction has been previously described in
detail [40]; in essence, it consists of analysing /(s) curves
in which only an exponential decay of current with distance
is seen (i.e. in which no metal | molecule | metal junction is
formed) and extrapolating the current—distance curve back
to a current corresponding to the quantum conductance, Gy
(Go = 2¢*/h = 771.4 uS). Further details are given
in the supplementary information (available at stacks.iop.org/
JPhysCM/24/164211/mmedia).

2.4. The STM ‘break junction’ method [8, 39]

Using an adaptation of the original STM technique devised by
Xu et al for molecular junction formation [8], the STM tip was
pushed into metallic contact with a low-coverage monolayer-

coated Au(111) substrate (z = —2 nm) and was then retracted
to z = 46 nm as for the /(s) method while monitoring
current. Current plateaux corresponding to the cleavage of

metal | molecule | metal junctions, formed upon breaking the
gold atomic contacts, were observed. The latter were analysed
statistically as for the 7 (s) method.

2.5. The compact monolayer I(s) method [41] (‘Sek
adaptation’) [41]

The Au(111) substrate prepared as above was exposed to a
0.1 mM solution of monoether 5 or diether 6 for 24 h to allow
the formation of a compact, upright-standing self-assembled
monolayer. This was employed in /(s) measurements in
which an initial /y of 1 nA was chosen to place the tip just
above the monolayer. The value of I, was then increased in
0.5 nA increments until 7 (s) retraction curves began to show
plateaux indicative of junction formation. For monoether 5 this
occurred at Iy = 2 nA, whereas for diether 6 /, was 5 nm.
The experiment was then conducted as for the conventional
1 (s) technique above, and the results were similarly analysed
statistically.

3. Results and discussion

3.1. Single-molecule conductance determinations in ambient
conditions: I(s) measurements

It has become clear in recent years that metal | molecule | metal
junctions can exhibit different conductance values, depending
upon the exact nature of the bonding between the contact
atom(s) and the metal surfaces. We, and others, have
identified the occurrence of three different conductance values
for the same dithiol molecule [11, 17, 18, 42-44], and similar
observations have since been reported for other contact groups,
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Figure 3. (A) Representative examples of /—s curves where a molecule bridges tip and substrate, illustrating /—s plateaux for 7 (s)
experiments using monoether 5 with /; = 20 nA and bias voltage U, = 0.2 V. (B) All-current-values histogram plot for the 100 7 (s)
experiments in which a plateau such as the examples in (A) was obtained; the marked peak corresponds to the current value for
single-molecule junctions involving 5 coordinated to low-coordination sites at both contact atoms. (C) Detachment histogram plot for this
series of experiments; the average junction breakdown distance was 0.71 &= 0.12 nm and the correction for the initial vertical height was

0.71 nm, giving a mean detachment distance of 1.42 + 0.12 nm; the S - -

- S distance in 5 in its all-zrans configuration, calculated using

Spartan, is 1.31 nm. (D) Current-voltage plot from six [ (s) experiments of the type illustrated in (a)—(c) made at different values of Uy,.

such as pyridyl [45-47] and carboxylate [48]. In a detailed
study of alkanedithiols using several different methods of
forming junctions, we showed that there is a correlation
between metal surface roughness and the frequency with which
the higher conductance groups occur, suggesting that more
highly coordinated contact atoms, more prevalent on rougher
surfaces, give rise to higher conductance junctions [18];
this and earlier studies have formed the subject of a recent
review [39]. In the present study, we have therefore focused
on the lowest conductance group. By employing several
techniques, including the STM break junction method that
is known to favour junction formation involving the higher-
coordinated contact atoms (resulting in the higher conductance
groups) [18, 44], we have been able to cross-check the
assignment of these lower conductance groups.

The conductances of junctions involving monoether §
and diether 6 were first measured using the /(s) technique
(experimental; figures 3 and S1 (available at stacks.iop.org/
JPhysCM/24/164211/mmedia), respectively) [10, 39]. If a
molecule is trapped between the tip and substrate, the current
at a given vertical height s is larger than that in the absence
of a molecule, and at least one plateau is seen in the current—
distance plot during tip retraction. Typical examples for 5 are
shown in figure 3(A).

Owing to the fact that there is no control over the
number of molecules in the junction, or the nature of the two
metal | molecule contacts, the experiment must be repeated
many times, and the results are analysed statistically using
a histogram plot of the current versus the frequency with

which this current occurs. Figure 3(B) illustrates this for
one series of 7 (s) experiments using monoether 5 (equivalent
data for diether 6 is in the supplementary information,
figure S1, available at stacks.iop.org/JPhysCM/24/164211/
mmedia) [18, 39]. To check that the experiment is indeed
addressing junctions involving individual molecules of 5
coordinated to low-coordination sites on the gold surfaces, a
histogram of junction breakdown distances was also obtained
(figure 3(C)); the mean junction breakdown distance (corrected
for the initial vertical height of the tip, so) with this value of
Iy was 1.42 £ 0.12 nm, which compares favourably with an
S - - - S distance for the all-trans conformation of 5 of 1.31 nm,
calculated using the DFT implementation in Spartan 08.

A further advantage of the 7 (s) technique is that one has
control over the initial set-point current /j, and hence over the
initial tip height. We carried out experiments at [y values of
5, 20 and 60 nA. There was no difference, within experimental
uncertainty, in the conductances of junctions involving 5 or 6
at these different /.

3.2. Junction formation using the ‘push to contact’ approach

Next, we measured the conductances of gold | molecule | gold
junctions involving 5§ and 6 by employing the STM ‘push
to contact’ approach, first described by Xu et al [8]. Here,
the STM tip is deliberately brought into contact with the
gold surface in the presence of the molecule under test, and
is then retracted as in the /(s) method. It is presumed
that metallic contact between tip and substrate breaks upon
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Figure 4. (A) Typical current—distance retraction curves for the STM break junction method for monoether 5 with Uy, = 0.2 V; examples
showing a low conductance plateau are shown in blue and high conductance in black. (B) Histograms for both low conductance (blue trace)
and high conductance (black trace) events; in this plot, the high current histogram has been weighted by a factor of five, to take into account
the fact that high current events occurred only 20% as often as low current events.

Table 1. Comparison of conductance data for 5 and 6, obtained using different techniques, and published data on comparable length
alkanedithiols. (Figures S3b, S4b and S4d available at stacks.iop.org/JPhysCM/24/164211/mmedia.)

Molecule Conduct. (nS) Conduct. (nS) Conduct. (nS)
(S---Slengthin nm) /(s) method Sek method ([41]) BJ method
5(1.31) 1.20 £0.07 1.11+£0.28 1.554+0.40
(from slope of figure 1(d))  (from figure S4b) (lowest current peak, figure 3(b))
HS(CH,)oSH (1.33)  0.49 + 0.03 ([28])
6 (1.16) 2.954+0.10 2.224+0.53 442+ 1.16
(from figure S4d) (from lowest current peak; figure S3b)

HS(CH,)sSH (1.21)  1.01 £ 0.05 ([18])

retraction, whereupon dithiol(s) can bridge the gap that results,
producing peaks in the conductance histogram plot. In the
original paper [8], the experiment was conducted in the
presence of a solution of the molecule under test. However,
in our implementation, we use a low-coverage monolayer-
coated substrate as for the I(s) method. We [49], and
others [42], have observed that this technique also promotes
the formation of junctions in which the thiol molecules
occupy high-coordination sites, which produces larger junction
conductances. However, a peak at lower conductance,
approximately corresponding to the value measured using the
I(s) and I(t) techniques, can also be measured in these
experiments.

In the case of molecules 5 and 6, we observed two sets
of peaks in the current histograms, one at approximately the
same value as seen for the /(s) method and the other at
approx. four times this value (table 1). Typical examples
for monoether 5 are shown in figure 4 and for diether 6
in figure S2 (available at stacks.iop.org/JPhysCM/24/164211/
mmedia). We assign the high conductance peak to junctions in
which one of the thiol contact atoms is coordinated at a step
edge or similar high-coordination site (rather than bonded to
a single gold atom) as the junction cleaves, by analogy with
our earlier work on alkanedithiols [18]. The factor by which
the high conductance value is bigger than the low conductance
value is similar to the case of the alkanedithiols. However,
interestingly, for the latter we were also able to discern a still-
higher conductance, assigned as due to junctions in which

both thiols are at high-coordination sites [18], as also seen by
other workers [8, 17, 43], but such a peak was not observed
in the histograms for either 5 or 6. For monoether 5, the
low conductance value measured by this technique is almost
the same as that determined by the /(s) methods, although
for diether 6 it is somewhat larger. The reason for the latter
discrepancy is not clear; it is possible that some interaction
between the ether oxygens and the Au contacts may occur
during junction formation involving 6, and this could be more
pronounced in the ‘push to contact’ method.

3.3. I(s) technique on self-assembled monolayers (Sek
adaptation)

Finally, we used a variant of the I(s) technique first used
by Sek, in which a close-packed, self-assembled monolayer
of dithiol molecules 5 or 6 on an Au(l11) substrate is
first prepared by prolonged exposure of the surface to a
concentrated solution. Monoethers such as HS(CH;),—-O-
(CH,),,OH (n 6; m 7. n 7, m 6)
have been shown to form close-packed, upright-standing
self-assembled monolayers very similar to the corresponding
alkane derivatives [36], but the structures of monolayers
with compounds of the type HS(CH,CH,0),CH,CH,X
(X =-H, -SH) is less clear-cut [50]. Accordingly, we
first obtained XPS spectra of both low-coverage and high-
coverage monolayers of diether 6 on gold substrates.
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Figure S3 (supplementary information, available at stacks.
iop.org/JPhysCM/24/164211/mmedia) shows the S 2p doublet
region for the high-coverage phase. It can clearly be seen
that there are two (overlapping) sulfur environments of similar
intensity, one with binding energy corresponding to a free thiol
(163.5 eV) and one to an adsorbed thiol (162.0 eV), suggesting
that diether 6 forms, at least predominantly, an upright-
standing monolayer when high-coverage conditions are used.
In the low-coverage monolayer spectrum, the proportion of
free thiol was smaller, although it was still present. A
recent publication described similar XPS experiments on self-
assembled monolayers of HS(CH,CH,0);CH,CH,SH and
concluded that there was very little free thiol in this case
(implying molecular ‘looping’ such that both thiols adsorbed),
but the deposition conditions used in this work (including a
15 min deposition time) were significantly different [50].

Conductance determinations were then performed on the
high-coverage monolayer phases of 5§ and 6 as in the 7(s)
method [41]. An appropriate I, was first selected by trial
and error as the lowest value which resulted in the formation
of molecular junctions. Representative examples of the data
obtained in such experiments are illustrated in figure S4 in
the supplementary information (available at stacks.iop.org/
JPhysCM/24/164211/mmedia), and the conductances derived
are shown in table 1.

The overall conclusions from the data are (i) the
conductances of junctions involving both 5 and 6 are
significantly greater than those of the respective alkanedithiols
of comparable length, (ii) that the factor by which the
conductance is larger is significantly bigger for diether 6 (with
two —CH,— groups replaced by —O-) than it is for monoether
5 (with only one) and (iii) the conductance of 6 is significantly
greater than that of 5, which is as expected since 6 is shorter by
one atom than 5.

3.4. Calculations

To shed light on possible reasons for the apparent increase
in conductance on replacing —CH,— groups with —O—, we
now discuss the results of hybrid DFT-HF calculations using
Spartan 08 carried out on monoether 5 and on HS(CH,)oSH.
We do not have the computational resources to include ‘slabs’
of gold atoms to serve as contacts in such calculations, and
so these results are simply used here for illustrative purposes;
clearly, the inclusion of gold contacts would be expected to
perturb the orbital energies and symmetry.

There is general consensus that conductance through
these and related molecules is dominated by occupied
orbitals [35, 52, 53], and so we focus on these in the arguments
that follow. Figure 5 summarises the calculated energies of
the orbitals from the HOMO to the HOMO-4, and illustrates
the key orbitals for monoether 5§ and the corresponding 1,9-
nonanedithiol as a representative example. The HOMO and
HOMO-1 are essentially localised on the individual thiol sulfur
contact atoms, while the HOMO-2 has mainly O lone pair
character for 5, but is an o-symmetry orbital of much lower
energy for 1,9-nonanedithiol. For 5 having a single chain
heteroatom, the HOMO-3 is a o-bonding orbital of low energy,
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Figure 5. Energies of HOMO-HOMO-4 for monoether 5 and
1,9-nonanedithiol. HOMO-2 is a non-bonded orbital on the
heteroatom for 5 and is essentially a C—C o orbital for
1,9-nonanedithiol. HOMO-3 and HOMO-4 are o -bonding orbitals
for both molecules.

far from Efg, whereas for diether 6 it is a second heteroatom
lone pair orbital (see SI figure S35, available at stacks.iop.org/
JPhysCM/24/164211/mmedia). The remaining orbitals have
mainly o-bonding character and are of low energy for all of
these molecules.

The heteroatom non-bonded electrons of molecules 5 and
6 are clearly closer in energy to the Au Fermi energy of
the metal contacts (—5.31 eV for clean gold) than are the
remaining o orbitals of all the molecules, and we suggest that
the observed higher conductances of 5 and 6 are related to the
presence of these orbitals, acting in some respects as analogous
to a ‘well’ in an inorganic double-tunnelling-barrier device
when compared with the situation pertaining in the analogous
HS(CH;)9SH system. Phenyl rings may be more effective
than ether oxygen atoms as ‘wells’ in this picture, since in
molecules such as 3, the higher-energy orbitals with arene -
bonding character are significantly closer in energy to Ef for
clean gold than is the HOMO-2 of molecule 5 [35, 51].

3.5. Measurements at higher Uy,

The I-U behaviour of metal | molecule | metal junctions
involving alkanedithiols can be fitted well by the Simmons
model [54] because the frontier orbitals for such molecules are
far from the Fermi energy of the contacts, and therefore the
mechanism of conductance is tunnelling. Such Simmons fitting
for Au | alkanedithiol | Au single-molecule junctions has been
presented by Li et al [42] and Haiss et al [28]. If the ether
oxygen lone pairs of 5 and 6 act as barrier indentations, it might
be expected that the /-U behaviour of these molecules could
deviate significantly from the Simmons model.

To investigate whether the Simmons model could be used
to describe the current—voltage behaviour of 5 and 6, the range
of Uy, employed was increased to +1.2 to —1.2 V using
the 7(s) method. Although typical I(s) scans were often
noisier at these more extreme Uy, owing to current-induced
junction instability, good histograms were still obtained for
Uip = 0.8, 1.0 and 1.2 V. The resulting /-U curve for 5
is shown in figure 6.
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Figure 6. Current—voltage plot for 5. The line is a Simmons fit to the
data as outlined in the text.

The modified Simmons equation (equation (1)) has been
widely employed to fit and understand the voltage dependence
of the charge density (J) through molecular layers [54-59],
and also through single molecules [28, 42]. The Simmons
equation is a one-dimensional barrier-tunnelling model which
may be modified to include image charge effects. In
equation (1), e and m represent the charge and the mass of
an electron, while d and ®, refer to the width and the effective
height of the tunnelling barrier. « is a fitting parameter which
is related to the effective mass (m.¢) of the tunnelling electron
(or hole) where mea®> = meg:

e

J=——
472hd?

o, ¢V 202m)1/? © eV”Z
x LN A A D Y
eV 202m)'? eV\'?
— <CI)B+7> eXpI:—ih (X(CDB-F?) di|}

6]

For the case of single molecules of 5 and 6, J was calculated
from the observed current values by assuming that the surface
area occupied by a single molecule is 0.217 nm? (the area
occupied by a single alkanethiol molecule in a (/3 x 4/3)R30°
self-assembled monolayer structure on Au(l11)). Using
equation (1) with d = 1.5 nm measured from the Spartan DFT
calculations on 5, a fit to the /-U data for 5 was obtained with
realistic parameters, an image charge-corrected barrier height
®g of 0937 eV and ¢ = 0.50. These may be compared
with the corresponding figures for the same conductance group
obtained for octanedithiol, ®g = 1.36 eV and « = 0.53 [28].
The barrier height for 5 is therefore significantly lower, but the
conductance mechanism is similar, predominantly involving
filled o orbitals. For 6, however, the situation is notably
different. The curve was not sigmoidal and the /-U behaviour
could not be modelled using the Simmons equation with
physically meaningful values of the parameters ®p and ¢, and
it therefore appears that the charge transport mechanism for
this molecule is more complex.

(A)
Er
%
-8.40eV
(B)
Er
=h+}
-7.31eV
-8.40 eV

Figure 7. (A) Simple rectangular tunnelling barrier for
1,9-nonanedithiol. (B) Indented tunnelling barrier model for
compound 5. These model barriers are used in conjunction with the
Gamow equation (see text).

To further illustrate the influence of a barrier indentation
we take a very simple barrier-tunnelling model and the Gamow
equation. A general form of the Gamow equation for
tunnelling through a barrier of width a is given by equation (2),
where I is the transparency of the barrier [60, 61]:

a:gfammﬂwm—m.(m
i Jo

In this equation U(x) — E is the height of the barrier at
position x, i = h/2m and m is the electron/hole mass.

The experimental single-molecule conductance data
shows that the conductance of compound 5 (1.20 nS) is about
2.5 times greater than that of nonanedithiol (0.49 nS). Since
these two molecules have rather comparable bond lengths
this difference is accounted for by the ‘barrier indentation’
provided by the CH,—O-CH, region of compound 5, as shown
in the orbital energy diagram of figure 5. We have included
the barrier indentation within the framework of the Gamow
model by taking the orbital energies from figure 5 for the
HOMO-2 orbitals which are important frontier orbitals for
compound 5 and nonanedithiol. E in the Gamow model is
taken as the Fermi level of clean gold (—5.31 eV). Using
the HOMO-2 energies from figure 5 a simple rectangular
barrier is taken for nonanedithiol (figure 7(A)), while an
indented barrier is taken for compound 5 (figure 7(B)), with
the indentation spatially confined to the CH,—O-CH, region.
Using this model the conductance is predicted to increase by
a factor of about 2.7 on going from the rectangular barrier
of nonanedithiol to the indented barrier of compound 5. This
compares favourably with the experimentally measured factor
of 2.5, given the simplicity and approximations in this model.

I' =exp(—o)
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Note that quantitative agreement is not expected due to the
simple nature of the model, which does not take account of
the complex barrier profile, image charge effects, the precise
position of the Fermi level and Fermi level alignment, or the
effective hole mass.

In conclusion, two representative ether dithiols have
been synthesised and used to fabricate metal | molecule | metal
junctions, the conductances of which have been examined
using a range of STM-based methods. Single-molecule
junctions involving these ethers have a significantly higher
conductance than otherwise analogous junctions involving
alkanedithiols of the same length. We suggest that this is due to
the lone pairs on the oxygen atoms acting as wells in a double-
tunnelling-barrier model.
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