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We investigate the single-molecule electrical conductance of alkane rings connected to gold electrodes
and demonstrate that their logarithmic conductances are ocillatory functions of length. This contrasts with
Received 5th November 2018, the logarithmic conductances of alkane chains, which decay linearly with length. This non-classical
Accepted 11th March 2019 behaviour is attributed to conformational effects in the alkane rings, which tend to be more (less) planar
DOI: 10.1039/c8tc05565¢ when their branches contain even (odd) numbers of CH, groups. Surprisingly the conductances of alkane

rings with two parallel conductance paths are predicted to be lower then those of the corresponding
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1 Introduction

As any high-school science pupil will attest, the electrical
conductance of two identical conductors connected in parallel
is double the conductance of a single conductor. On the other
hand, when two conductors are connected in parallel within a
molecule, the resulting conductance rarely follows such a classical
law. An early theoretical study' suggested that the resulting
conductance should be increased by a factor of four, rather than
the classical conductance factor of two. To test this prediction
experimentally, Vazquez et al.®> measured the conductance of
four pairs of double-backbone and single-backbone molecular
junctions and found their conductance ratios to lie between 2.8
and 1.6, ie. the ratios were either higher or lower than the
classical value of 2, but none reached the ratio of 4. More recent
theoretical studies have demonstrated that conductances of
inter-molecular parallel branches combine in a variety ways,
depending on the precise chemistry of their connectivity within
a molecule.*° This variability is a consequence of multi-path
quantum interference within multi-branched molecules and is
clear evidence that electron transport through single molecules
is phase-coherent, even at room temperature." ™ All of the
above studies have focused on quantum interference within
the pi system of multi-path molecules, whereas transport
through their Sigma systems has been largely ignored. Sigma
transport is not only of interest in non-conjugated molecules,
where extended pi systems are absent, but also in conjugated
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linear chains with only one conductance path.

molecules exhibiting destructive quantum interference, where
transport in the pi channel is suppressed.*® The importance of
Sigma-mediated transport was demonstrated in a recent realisa-
tion of a molecular-scale transistor, where the room-temperature
on-off ratio was found to be 100 times higher in a self-assembled
monolayer (SAM) formed from non-conjugated molecules, com-
pared with a SAM formed from conjugated molecules.”

The aim of the present paper is to examine how parallel
electrical conductances combine in multi-branch, non-conjugated
molecules, by examining Sigma-mediated transport in ring-like
alkanes coupled to gold electrodes. Linear alkane chains are a
well-studied paradigm of phase-coherent electron tunnelling
through single-molecule Sigma systems. In common with other
linear molecular chains, such as oligoynes* and fluorenes,** their
conductance G is found to decay exponentially with length, as
G ~ exp — ffn, where n is the number of methylene units (e.g. n=8
for octane dithiol) in the alkane chain. The decay constant /3 is
measured to be approximately 0.9 per methylene group, although
there is approximately a 10% variation in the value reported by
different experimental groups and results depend slightly on the
nature of the binding to the gold electrodes.>””>” In what follows,
we show that despite the absence of an extended pi system, when
alkane chains are connected in parallel to form double-branched
molecules, their conductances combine in a non-classical
manner.

Examples of linear chains with three different anchor groups
are shown in Fig. 1. The top left chain (Au-C) is coupled to the
electrodes by a gold-carbon covalent bond. The bottom left
chain (Au-S) is coupled to the gold by thiol anchor groups. The
top right alkane chain (Au-SMe) is connected to gold electrodes
via thiomethyl anchor groups. The bottom right alkane ring
(Au-C) is coupled to the electrodes by a gold-carbon covalent
bond. To aid the discussion of their conductances, we assign an
integer n to each chain (see Fig. 1), such that chains of equal n

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Examples of alkane derivatives in Aulmolecule|Au junctions: (a): A
n = 4 linear chain with direct covalent gold—carbon coupling (Au-C). (b): A
n = 4 linear chain with gold—thiol coupling (Au-S). (c): A n = 4 linear chain
with connected to gold electrodes via thiomethyl anchor groups (Au—-SMe).
(d) A double-branch n = 4 alkane ring with direct covalent gold—carbon
coupling (Au-C).

have comparable lengths. For Au-SMe and Au-S terminated
chains, n is defined to equal the number of methyl units along
the length of the chain between the sulfurs. For the Au-C linked
chains, where the terminal CH, units are regarded as anchor
groups, n is defined to be two less than the number of CH,
units. In the case of double-branch alkane rings, » is defined to
be the number of CH, units in each branch, excluding the
terminal CH units, which covalently couple to the electrodes. In
other words, for a ring with N methyl units, n = (N — 2)/2.

2 Methods

We started by modelling terminal groups-Au binding, and then
relaxed each compound in the presence of fixed leads. Using
the density functional (DFT) code SIESTA®® (for more detail see
geometry of isolated alkane in the ESIt) the optimum geometries of
isolated alkane linear chains and rings, were obtained by
relaxing the molecules until all forces on the atoms were less
than 0.05 eV A~ (Fig. S1 and Table S1, ESIt). We used a double-
zeta plus polarization orbital basis set, norm-conserving pseu-
dopotentials, the local density approximation (LDA) exchange
correlation functional, and to define the real space grid, an
energy cutoff of 200 Rydbergs. We also computed results using
GGA and found that the resulting transmission functions were
comparable***° with those obtained using LDA (see Fig. S9, ESI). To
simulate the likely contact configuration during a break-junction
experiment,”*> we employed leads constructed from 6 layers of
Au(111), each containing 30 gold atoms and further terminated with
a pyramid of gold atoms. After relaxing each molecular junction with
lengths varying from n = 4 to n = 9, we calculated the electrical
conductance using the Gollum quantum transport code (for more
details see Section 9 of the ESIf).*®

3 Results and discussion

For the terminal Au-C, the covalent bond distance is found to be
2.3 A, with a Au-C~C angle (0) of 123°. For thiol-terminal the Au-S
distance is 2.5 A, with a Au-S-C angle of 120° and for SMe-terminal
the Au-S distance is slightly bigger at 3.0 A, with a Au-S-C angle
close to 180° as illustrated in Fig. 1, (for more detail see Fig. S3 and
S5, ESIt). Fig. S6 (ESIT) shows the conductance G for linear alkane
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Fig. 2 Length dependence of the conductance of a single-molecule
Aullinear alkane|Au junction, with Au—C covalent bonds connecting the
ends of the alkane to the gold electrodes. The black line shows our DFT
results. The red lines shows experimental results from ref. 37. The lines are
guides to the eye.

chains as a function of length with three different terminal groups:
thiol, methyl sulphides and direct contact Au-C (corresponding to
Fig. 1la-c). This study shows that G is sensitive to the terminal
group and demonstrates that the conductance is highest for
the covalent bond Au-C and lowest for the methyl sulphide
(SMe) terminal group, in agreement with earlier experimental
and theoretical studies.”>>*** For comparison, the red line in
Fig. 2 shows experimental results (n = 4, 6 and 8)*’ for the
conductances with covalent Au-C bonds to the electrodes, while
the black line shows our theoretical calculations (n = 4,...9). The
slope of the experimental line is in good agreement with our
theoretical results, although the intercept differs, partly because
experimentally a range of unknown tip configurations are sampled.

For Au-C coupling to the electrodes, Fig. 3 shows a comparison
between the conductances of the above linear chains with those of
the corresponding alkane rings, for n = 4 to 9 CH, units. The
conductance of the n = 4 ring is almost the same of its corres-
ponding linear chain, but for larger n, the conductances of rings
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Fig. 3 The theoretical length dependence of the single-junction Aulalkane
chain/ring|Au conductance for Au—C terminal group.
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Fig. 4 Schematic representation of Au—C covalently bonded full (n = 4)
alkane ring and two (n = 4) half rings, formed from the upper and lower
branches without further relaxation.

are significantly smaller than those of the corresponding chains
(specifically at n = 5 and 7).

This result is entirely non-classical, since the conductance of
two parallel classical conductors is twice that of a single
conductor. We now demonstrate that this behaviour of alkane
rings is largely determined by the conformations adopted by
the two branches of the ring. To demonstrate this feature, we
relax rings with n = 4,...9. Then the geometries are frozen and
we cut each ring into two halves, to yield two frozen alkane
chains formed from the upper or lower branches of the ring.
These branches are then separately attached to gold electrodes,
as shown in Fig. 4 for the case n = 4. If their conductances
combine classically, then the conductance of the ring would be
the sum of the conductances of the two branches.

Fig. 5 shows a comparison, between the conductance of
alkane rings (red circles) and the conductances of their two
branches (black and blue circles), obtained by connecting the
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Fig. 5 Length dependence of the Aulfull/half ring/chain|Au conductances
with Au-C bonds to the electrodes. The red circles show the conduc-
tances of alkane rings versus the number of CH, units n. For each n, the
blue and black circles show the conductances of the corresponding two
branches, obtained by placing each branch of the ring between gold
electrodes, without further relaxation. The green circles show the sum
of the branch conductances. The black-dashed and red lines show the
theoretical conductances of the corresponding linear chains and rings,
reproduced from Fig. 3.
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upper and lower branches to Au electrodes without further
relaxation and saturating the cut bonds with hydrogen atoms.>
In principle, the two branches could be identical, but in practice,
they have slightly different conformations, which results in small
differences in their conductances. For comparison, the black-
dashed and red lines reproduce the theoretical conductances of
linear chains and rings shown in Fig. 3. As shown in Fig. 5 the
conductance of a given ring is significantly higher than the sum
of the conductances of the associated branches (green circles).
The red curve in Fig. 5 shows that the conductance of alkane
rings oscillates as the ring size (n) increases. To demonstrate that
this oscillation is largely determined by the conformations adopted
by the two branches of the ring, rather than quantum interference,
Table S1 (ESIf) shows the relaxed geometries of each ring after
relaxation (see Table S1 and Fig. S2, ESIt). This reveals that the
even-numbered rings tend to be more planar than the odd-
numbered rings and consequently, as shown in Fig. 5, their
conductances (and those of their frozen branches) are below the
trend line of the even numbered rings. This consequence of
conformation is demonstrated in Fig. S8 (ESIt), where is shown
that if the geometry of the odd-numbered branches is artificially
forced into a more planar conformation, then their conductances
increase towards the trend line of even numbered branches.

3 Conclusions

In conclusion, we have studied the single-molecule conduc-
tance of a series of alkane rings and compared them with the
conductances of linear chains of comparable lengths. We find
that a logarithmic plot of the conductances of the latter falls
on a straight line, whereas the logarithmic conductances of
the former exhibit conductance oscillations. We find that
the conductances of the branches belonging to alkane rings
combine non-classically, with the conductance of the rings
exceeding the sum of the conductances of their branches.
Furthermore, the conductances of alkane rings are found to
be lower than those of the corresponding linear chains. These
non-classical features are attributed to conformational effects,
rather than quantum interference in the Sigma systems of the
molecules. Our study establishes that non-classical effects
in alkane rings play an important role in determining the
conductance of their single-molecule junctions.
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