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The relationship between the molecular structure and the electronic transport properties of molecular
junctions based on thiol-terminated oligoethers, which are obtained by replacing every third methy-
lene unit in the corresponding alkanethiols with an oxygen atom, is investigated by employing the
non-equilibrium Green’s function formalism combined with density functional theory. Our calcula-
tions show that the low-bias conductance depends strongly on the conformation of the oligoethers in
the junction. Specifically, in the cases of trans-extended conformation, the oxygen-dominated trans-
mission peaks are very sharp and well below the Fermi energy, EF, thus hardly affect the transmission
around EF; the Au–S interface hybrid states couple with σ-bonds in the molecular backbone forming
the conduction channel at EF, resulting in a conductance decay against the molecular length close
to that for alkanethiols. By contrast, for junctions with oligoethers in helical conformations, some
π-type oxygen orbitals coupling with the Au–S interface hybrid states contribute to the transmission
around EF. The molecule-electrode electronic coupling is also enhanced at the non-thiol side due to
the specific spatial orientation introduced by the twist of the molecular backbone. This leads to a
much smaller conductance decay constant. Our findings highlight the important role of the molec-
ular conformation of oligoethers in their electronic transport properties and are also helpful for the
design of molecular wires with heteroatom-substituted alkanethiols. Published by AIP Publishing.
https://doi.org/10.1063/1.5025190

I. INTRODUCTION

Establishing relationships between the electronic trans-
port properties of single-molecule junctions and their atomic
structure is an important and challenging task in the field of
molecular electronics.1–8 Besides the metal electrodes and the
anchor groups, the molecular structure and the ensuing elec-
tronic structure of the central molecules are vital factors for
determining the current-voltage characteristics of molecular
junctions. So far, a large amount of molecules with different
kinds of backbones have been systematically studied. These
include saturated hydrocarbons,9–12 aromatic molecules,13–15

porphyrins,16–18 and so on. Among these, alkanethiol-based
junctions have attracted significant attention because of their
simple molecular structure and the high reproducibility of
the experimental measurements.10–12,19–25 By exploring the
low-bias junction conductance as a function of the molecular
length, it is generally accepted that off-resonance tunneling
is the conducting mechanism of alkanethiol-based junctions.
In order to further tune the electronic transport properties of
alkanethiol-based molecular junctions, heteroatoms are intro-
duced to probe the effects of local atomic and electronic

a)Author to whom correspondence should be addressed: smhou@pku.edu.cn

changes on the junction conductance. For example, an alka-
nethiol molecule is changed into a thiol-terminated oligoether
molecule with similar length when every third methylene
(–CH2–) unit is substituted by an oxygen atom. Scullion
et al. measured the low-bias conductance of ether and alkane
chains connected to gold electrodes with thiol groups using
the scanning tunneling microscopy I(s) method and found
that the conductance values of the Au–S(CH2)4O(CH2)4

S–Au and Au–S(CH2CH2O)2(CH2)2S–Au junctions are
higher than those of the length-matched Au–S(CH2)9S–Au
and Au–S(CH2)8S–Au junctions.26 By contrast, Wierzbinski
et al. and Xie et al. both reported that the measured conduc-
tance values of the oligoethers are lower than those of the
alkane chains with the same length27,28 and that the conduc-
tance decay constant β of the oligoethers is slightly higher
than that of the alkane chains.28 Interestingly, a more recent
experimental observation from Baghbanzadeh et al. revealed
an anomalously small conductance decay in oligoethers with
β= 0.29± 0.02/atom, a much lower value than that of
alkanes β= 0.94± 0.02/atom.29–31 Concerning the interpreta-
tion of the conduction mechanism, Scullion et al. and Bagh-
banzadeh et al. ascribed the high conductance values and
their small decay in oligoethers to the high-energy occupied
orbitals associated with the lone-pair electrons on oxygen that
are believed to decrease the tunneling barrier height.26,29 By
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contrast, Wierzbinski et al. and Xie et al. proposed that
the lower conductance values of oligoethers are traced to
the more localized oxygen-related molecular orbitals.27,28

Therefore, there is still a debate on how the oxygen sub-
stitution in saturated alkane chains affects the molecular
conductance.

It is well-known that the conductance measured for
molecules can be affected significantly by the molecule-
electrode binding motifs and by the conformation of the
central molecule in the junction. However, resolving the
molecular structure of a junction from experiments is still
very difficult, a fact that largely hinders further exploration of
the structure-property relationship in molecular junctions.32

Computational simulations have the advantage of comple-
menting this deficiency since they can easily explore the
effects of the contact geometries and molecular conformations.
Here, we theoretically study the electronic transport proper-
ties of thiol-terminated oligoether junctions employing the
non-equilibrium Green’s function formalism combined with
density functional theory (the NEGF+DFT approach),33–41

especially focusing on the influence of the molecular con-
formation of oligoethers on the conductance decay against
the molecular length. Our calculations show that the conduc-
tance of molecular junctions with oligoethers in the helical
conformation has a much smaller decay constant than that
of oligoethers in the trans-extended conformation. Further
analysis of the electronic transmission spectra as well as the
eigenchannel reveals that the Au–S interface hybrid states
dominate the electron tunneling around the Fermi energy,
EF. However, the tunneling efficiency strongly depends on
the conformation of the oligoethers. More specifically, for
molecular junctions with oligoethers in the trans-extended
conformation, the transmission peaks dominated by theπ-type
oxygen lone-pair states have sharp structures and are posi-
tioned well below EF. The conduction channel at EF is then
formed by the Au–S interface hybrid states coupling to the
σ-bonds along the molecular backbone. Thus, their conduc-
tance decay constant is almost the same as that for alkanethiols.
By contrast, when oligoethers adopt helical conformations,
some π-type oxygen orbitals couple with the Au–S interfa-
cial hybrid states contributing to the transmission around EF,
due to the specific spatial orientation among the oxygen and
sulfur atoms and the shortened S–O and O–O distances. The
electronic coupling between longer oligoether molecules and
the gold electrode at the non-thiol side is also promoted by
the direct Au–O interaction. As a result, a much smaller con-
ductance decay constant occurs for the oligoethers in helical
conformations.

II. THEORETICAL METHOD AND COMPUTATIONAL
DETAILS

We employ the SIESTA software package to investi-
gate the atomic and electronic structures of Au-molecule-Au
molecular junctions and the SMEAGOL (Spin and Molecular
Electronics Algorithm on a Generalized atomic Orbital Land-
scape) code to study their electronic transport properties.40–42

SIESTA is an efficient DFT package for numerical simula-
tions of a large system with affordable resources, in which the

wave functions of valence electrons are expanded over a finite-
range numerical basis set and the core electrons are described
by norm-conserving Troullier-Martins pseudopotentials.42,43

While a double-zeta plus polarization (DZP) basis set is used
for H, C, O, and S atoms, two different types of basis func-
tions are used for Au, respectively, in the bulk and at the
surface. In more detail, a DZP basis set augmented with diffuse
functions is used for the Au surface atoms, while a single-
zeta plus polarization (SZP) basis is used for the bulk. The
exchange-correlation functional is treated at the level of the
generalized gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) formulation.44 An equivalent cutoff of
200.0 Ry is taken for the real space grid integration. Geometry
optimization is performed by standard conjugate gradient until
all the atomic forces are smaller than 0.03 eV Å�1.

SMEAGOL is a practical implementation of the
NEGF+DFT approach, which uses SIESTA as the DFT plat-
form.40,41 Periodic boundary conditions are applied in the
plane transverse to the transport direction, while the unit cell
of the extended molecule includes the central molecule and ten
atomic layers of the gold electrodes with a (3 × 3) supercell.
The charge density is integrated over 24 energy points along
the semi-circle, 24 points along the line in the complex plane,
while 24 poles are used for the Fermi function (the electronic
temperature is 25 meV). The transmission coefficient T (E) of
the molecular junction is evaluated as

T (E) =
1

Ω2DBZ

∫
2DBZ

T (~k; E)d~k, (1)

where Ω2DBZ is the area of the two-dimensional Brillouin
zone (2DBZ) in the transverse directions (orthogonal to the
transport direction). The k-dependent transmission coefficient
T (~k; E) is obtained as

T (~k; E) = Tr[ΓLGR
MΓRGR+

M ], (2)

where GR
M is the retarded Green’s function matrix of the

extended molecule and ΓL (ΓR) is the broadening function
matrix describing the interaction of the extended molecule
with the left-hand (right-hand) side electrode. Here, we cal-
culate the transmission coefficient by sampling 4 × 4 k-points
in the transverse 2DBZ.

III. RESULTS AND DISCUSSION

We start our studies with the investigation of the atomic
and electronic structures of isolated oligoether molecules
in the trans-extended conformation. With a thiol group
terminated at one end, these oligoethers are denoted as
trans-HS(CH2CH2O)nCH3, where n is the number of the
CH2CH2O units in the molecular backbone. Taking the trans-
HS(CH2CH2O)3CH3 molecule as a representative of this fam-
ily, its optimized atomic structure is shown in Fig. 1(a). As
we can see, all of the non-hydrogen atoms including S, C,
and O are coplanar. The C–O bond lengths in the backbone
are optimized to be 1.43 Å, close to the C–C bond lengths
(1.53 Å) in the corresponding trans-HS(CH2)9CH3 molecule.
At the same time, the values of the ∠C–O–C bond angles
in trans-HS(CH2CH2O)3CH3 are nearly the same as those
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FIG. 1. (a) The optimized atomic structure and the occupied frontier
molecular orbitals of an isolated trans-HS(CH2CH2O)3CH3 molecule. (b)
Linear fit for the orbital energies of the oxygen lone pairs of isolated trans-
HS(CH2CH2O)nCH3 molecules with n = 2, 3, 4, and 5. In (a), light gray,
gray, red, and yellow spheres are, respectively, hydrogen, carbon, oxygen,
and sulfur atoms.

of the ∠C–C–C bond angles in trans-HS(CH2)9CH3, both of
which are around 112◦. Similar results are obtained for the
C–O bond lengths and the ∠C–O–C bond angles in other
trans-HS(CH2CH2O)nCH3 molecules with n = 2, 4, and 5.
Therefore, the molecular lengths of oligoethers are almost
equal to those of the corresponding alkanethiols.

The highest occupied molecular orbital (HOMO) of trans-
HS(CH2CH2O)3CH3 is dominated by the 3p atomic orbital of
the terminal sulfur atom [see Fig. 1(a)],26–28 which is perpen-
dicular to the plane of the molecular backbone. The π-type
electronic coupling between the S 3p atomic orbital and the

adjacent O 2p atomic orbital is rather weak due to their energy
mismatch and the isolation produced by the two intermedi-
ate methylene groups. By contrast, the HOMO-1, HOMO-2,
and HOMO-3 orbitals are delocalized along the three oxygen
atoms,26,27 which are mainly contributed by the oxygen lone
pairs and thus have an obvious π-conjugation feature. Occu-
pied frontier molecular orbitals with the same bonding charac-
teristics are also observed in other trans-HS(CH2CH2O)nCH3

molecules with n = 2, 4, and 5: the HOMO is predomi-
nately distributed on the sulfur atom of the thiol group, while
the molecular orbitals going from HOMO-1 to HOMO-n are
π-type and dominated by the oxygen lone pairs of elec-
trons. These oxygen-dominated molecular levels are separated
with almost equal energy intervals and can be well described
by a one-dimensional n-site infinite potential well εm = ε0

+ 2t cos(mπ/(n + 1)),45 where the index m = 1,2, . . ., n
labels the molecular levels and the on-site energy and the hop-
ping integral are, respectively, fitted to be ε0 = �5.79 eV and
t = �0.12 eV [see Fig. 1(b)]. This illustrates that each oxygen
atom in the backbone makes an equal contribution to these
π-type molecular orbitals and further confirms the weakπ-type
electronic coupling between the thiol group and the substituted
oxygen atoms.

Then we investigate the electronic transport properties
of oligoethers in the trans-extended conformation. The opti-
mized atomic structure of the Au–trans-S(CH2CH2O)3CH3–
Au molecular junction is shown in Fig. 2(a). Here the molecule
is assumed to chemically bind at the hollow site of the Au(111)
surface through Au–S covalent bonds at the left side and is
physically connected to the right gold electrode through the
terminal methyl group. The molecular backbone is placed in
the yOz plane; the Au–S bond lengths and the distance between
the rightmost hydrogen atom in the terminal methyl group and
the right electrode surface are, respectively, optimized to be
2.51 Å and 2.64 Å. The equilibrium transmission spectrum
plotted in a semi-logarithmic scale is presented in Fig. 2(b).
The first transmission peak below the Fermi energy appears at

FIG. 2. (a) The optimized atomic structure of the
Au–trans-S(CH2CH2O)3CH3–Au molecular junction,
(b) the equilibrium transmission spectra of the Au–
trans-S(CH2CH2O)nCH3–Au molecular junctions with
n = 2, 3, 4, and 5, (c) the LDOS of the Au–trans-
S(CH2CH2O)3CH3–Au molecular junction projected
onto the oxygen 2p atomic orbitals, (d) linear fit for
the oxygen-dominated peak positions in the Au–trans-
S(CH2CH2O)nCH3–Au molecular junctions with n = 3,
4, and 5, and (e) linear fit for the conductance decay con-
stant of the Au–trans-S(CH2CH2O)nCH3–Au molecular
junctions with n = 2, 3, 4, and 5.
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�1.17 eV and decays rapidly toward EF; other two transmission
peaks are centered at �1.36 eV and �1.55 eV, respectively. By
inspecting the local density of states (LDOSs) projected onto
the oxygen atoms [see Fig. 2(c)], one can see that the O 2px
atomic orbital contributes three large LDOS peaks centered at
�1.17 eV, �1.35 eV, and �1.56 eV, in excellent agreement with
the positions of the three transmission peaks. This indicates
that these three transmission peaks are dominated by oxygen
lone pairs of electrons.

Very similar junction structures are obtained for other
trans-HS(CH2CH2O)nCH3 molecules with n = 2, 4, and 5, and
the overall shape of their equilibrium transmission spectra is
almost identical to that of the Au–trans-S(CH2CH2O)3CH3–
Au junction except that the number of the transmission peaks
below EF equals to that of the oxygen atoms in the molecular
backbone [see Fig. 2(b)]. In Fig. 2(d), we fit the peak positions
(ε) of the Au–trans-S(CH2CH2O)nCH3–Au junctions with
n = 3, 4, and 5 as a function of the number of oxygen atoms
and find that the relation ε = ε1 + 2t1 cos(mπ/(n + 1)) still holds
in the junctions with ε1 = �1.38 eV and t1 = �0.14 eV, indi-
cating that these π-type molecular orbitals dominated by the
oxygen lone pairs of electrons only couple weakly to the elec-
tronic states of gold electrodes. Extrapolating the number of
oxygen atoms in the molecular backbone to infinity (an infinite
chain), the first transmission peak (the band edge) will be up
shifted to �1.10 eV, but it is still much lower than the Fermi
energy.

The low-bias junction conductance that is defined as the
product of the quantum conductance, G0 = 2e2/h (e is the
electron charge and h is the Planck constant), and the trans-
mission coefficient at EF demonstrates an exponential decay
against the molecular length [see Fig. 2(e)], following the form
G = Gcexp(�βN), in which Gc is the effective contact con-
ductance and N is the number of non-hydrogen atoms in the
molecular backbone. The conductance decay constant β is
fitted to be 1.02/atom, very close to the accepted value of
β = 0.94/atom for alkanethiols.30,31

In order to get more insight into the nature of the trans-
mission around EF and validate the contribution of the oxygen
atoms to the transmission peaks below EF, the eigenchannels
of the Au–trans-S(CH2CH2O)3CH3–Au junction are calcu-
lated at EF, �1.17 eV, �1.36 eV, and �1.55 eV (see Fig. 3).46,47

One can notice that the eigenchannels at the energies �1.17 eV,
�1.36 eV, and �1.55 eV shown in Figs. 3(b)–3(d) are delocal-
ized over the molecular backbone. By comparing these three
eigenchannels with the HOMO-1, HOMO-2, and HOMO-3
orbitals of the isolated trans-HS(CH2CH2O)3CH3 molecule
[see Fig. 1(a)], we can find that these three transmission peaks
are indeed dominated by the π-type oxygen lone-pair orbitals.
By contrast, the eigenchannel at EF has a dominant weight on
the left terminal sulfur atom as shown in Fig. 3(a), indicating
that it is mainly governed by the interface hybrid states formed
between the anchoring sulfur atom and the surface gold atoms.
When the isovalue at which the eigenchannel isosurface is
drawn is decreased from 2 × 10�4 bohrs�3 to 2 × 10�5 bohrs�3,
this eigenchannel shows a decay along the molecular backbone
through S–C, C–C, and C–O σ-bonds. Therefore, the π-type
oxygen lone-pair orbitals only make negligible contributions
to the transmission around EF due to their weak coupling to

FIG. 3. Eigenchannels of the Au–trans-S(CH2CH2O)3CH3–Au molecular
junction calculated at EF (a), �1.17 eV (b), �1.36 eV (c), and �1.55 eV (d).
The isovalue is set to be 2× 10�4 bohrs�3, but is decreased to 2× 10�5 bohrs�3

in the inset of (a).

the gold electrodes (sharp peak structures) and the low-lying
energy positions (more than 1.10 eV below EF). This also
explains why the calculated conductance decay constant for
oligoethers in the trans-extended conformation is very close
to that of alkanes.

It is worth noting that although our calculated conduc-
tance decay constant β for Au–trans-S(CH2CH2O)nCH3–
Au is much larger than that experimentally measured by
Baghbanzadeh et al.,29 it is well consistent with that reported
by Xie et al.28 where oligoethers are bridged to the gold elec-
trodes through thiol groups at both sides. In order to test the
effects of different anchoring groups between our junction
models and the experiments, the electronic transport prop-
erties of oligoethers connected to the gold electrode through
thiol groups at both sides are also investigated. These junctions
are termed Au–trans-S(CH2CH2O)nCH2CH2S–Au with n = 2,
3, and 4. The optimized atomic structure of the Au–trans-
S(CH2CH2O)3CH2CH2S–Au molecule junction is shown in
Fig. 4(a), and the equilibrium transmission spectra of the
junctions with n = 2, 3, and 4 are presented in Fig. 4(b).
Clearly, the replacement of the terminal methyl group with
thiol does not change the overall shape of the transmission
spectra, but indeed enhances the coupling strength of oli-
goethers with the right gold electrode. This results in a largely
increased junction transmission and in a slight shift of the
peak positions dominated by the oxygen lone-pair orbitals.
Moreover, we find that the transmission around EF is still dom-
inated by the electron tunneling of the Au–S interface hybrid
states through σ-bonds of the molecular backbone, which in
turn manifests a conductance decay constant β = 1.01/atom
[see Fig. 4(c)]. Therefore, the low-bias conduction mech-
anism of the Au–trans-S(CH2CH2O)nCH3–Au junctions is
the same as that of the Au–trans-S(CH2CH2O)nCH2CH2S–
Au junctions, regardless of the detailed contact configura-
tion between the oligoether molecule and the right gold
electrode.

To date, the underlying mechanism for the anomalously
small conductance decay constant in oligoethers observed
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FIG. 4. The optimized atomic structure (a) of the Au–trans-
S(CH2CH2O)3CH2CH2S–Au molecular junction, the equilibrium
transmission spectra (b) and the linear fit for the conductance decay constant
(c) of the Au–trans-S(CH2CH2O)nCH2CH2S–Au molecular junctions with
n = 2, 3, and 4.

experimentally by Baghbanzadeh et al. still remains unex-
plained.29 It is noticed that the measured thickness values of
the self-assembled oligoether monolayers are much smaller
than the molecular lengths calculated for trans-extended oli-
goethers. Therefore, oligoethers with helical conformations
may exist in the junctions. In what follows, we investigate
the atomic and electronic structures and the electron trans-
port properties of oligoethers with helical conformations.
These are denoted as helical-HS(CH2CH2O)nCH3. Figure 5(a)
shows the optimized atomic structure and the occupied frontier
molecular orbitals of the isolated helical-HS(CH2CH2O)3CH3

molecule. When compared with trans-HS(CH2CH2O)3CH3,
the changes of the C–O bond lengths and the ∠C–O–C bond
angles are, respectively, less than 0.01 Å and 2◦. However,
the S–O and O–O distances are shortened by ∼1 Å, and
the spatial orientation among the oxygen and sulfur atoms is
also changed significantly, leading to great modifications of
the occupied frontier molecular orbitals. Qualitatively, these
oxygen lone-pair states are no longer pure π-type molecular
orbitals because the reduced symmetry of the helical confor-
mation causes some π-σ hybridization. Quantitatively, these
oxygen lone-pair states not only shift to higher energies but
also distribute over a wider energy range [see Fig. 5(b)],
illustrating that the electronic coupling between the oxy-
gen atoms is enhanced. The HOMO is also more delo-
calized due to the enhanced interaction between the sulfur
atom and the adjacent oxygen atom. Similar results are also
obtained for other helical-HS(CH2CH2O)nCH3 molecules
with n = 4 and 5.

The optimized atomic structures of Au–helical-
S(CH2CH2O)nCH3–Au molecular junctions with n = 3, 4, and

FIG. 5. (a) The optimized atomic structure and the occupied frontier molec-
ular orbitals of an isolated helical-HS(CH2CH2O)3CH3 molecule and (b)
comparison for the orbital energies of oxygen lone pairs of isolated trans- and
helical-HS(CH2CH2O)nCH3 molecules with n = 3, 4, and 5.

5 are shown in Fig. 6(a). At the left molecule-electrode inter-
face of these three molecular junctions, the Au–S bond lengths
are optimized to be 2.53 Å very close to those in the cor-
responding Au–trans-S(CH2CH2O)nCH3–Au junctions. By
contrast, the right molecule-electrode interfaces are markedly
different: both the terminal methyl group and its neighboring
CH2CH2O group face the right gold electrode in the Au-
helical-S(CH2CH2O)nCH3–Au molecular junctions with n = 4
and 5 while it is still the terminal methyl group that points to the
right electrode surface in the Au-helical-S(CH2CH2O)3CH3–
Au junction. Noticeable changes are also observed in the
equilibrium transmission spectra shown in Fig. 6(b). On the
one hand, some transmission peaks dominated by the oxygen
lone-pair states become less prominent and even disappear
completely so that the number of the transmission peaks in
the Au-helical-S(CH2CH2O)nCH3–Au junctions with n = 4
and 5 is less than that of the oxygen atoms in the molec-
ular backbone. On the other hand, those remarkable trans-
mission peaks are broadened by the enhanced S–O interac-
tion, which indirectly strengthens the coupling between the
oxygen lone-pair states and the electronic states of the gold
electrode. Especially, the first transmission peak below the
Fermi energy decays toward EF in a much slower manner
and thus contributes to the transmission around EF. The trans-
mission around EF of the Au-helical-S(CH2CH2O)nCH3–
Au junctions is much greater than that of the Au–trans-
S(CH2CH2O)nCH3–Au junctions with n = 3, 4, and 5. When
all of the non-hydrogen atoms in the molecular backbone are
considered, the conductance decay constant of the Au-helical-
S(CH2CH2O)nCH3–Au junctions with n = 3, 4, and 5 is fitted to
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FIG. 6. The optimized atomic structure (a), the equi-
librium transmission spectra (b) and the linear fit
for the conductance decay constant (c) of the Au-
helical-S(CH2CH2O)nCH3–Au junctions with n = 3,
4, and 5, and (d) the eigenchannel of the Au-helical-
S(CH2CH2O)3CH3–Au molecular junction calculated at
EF.

be 0.39/atom [see Fig. 6(c)], consistent with the experimental
value of 0.29/atom reported by Baghbanzadeh et al.29

FIG. 7. Bond current profiles of the Au–trans-S(CH2CH2O)3CH3–Au junc-
tion (a) and the Au-helical-S(CH2CH2O)nCH3–Au junctions with n = 3 (b),
4 (c), and 5 (d). For clarity, the bond currents on H and Au atoms are not
shown.

The enhanced transmission around EF and the reduced
conductance decay constant are intimately related to the
atomic structures of the Au-helical-S(CH2CH2O)nCH3–Au
junctions. Just as shown in the eigenchannel of the Au-
helical-S(CH2CH2O)3CH3–Au junction calculated at EF [see
Fig. 6(d)], the transmission around the Fermi energy is still
dominated by the Au–S interface hybrid state. However,
when the isovalue for the eigenchannel is decreased from
2 × 10�4 bohrs�3 to 2 × 10�5 bohrs�3, we can see that some
π-type orbitals of oxygen atoms participate in the transmis-
sion around EF. This is vastly different from that of the
Au–trans-S(CH2CH2O)nCH3–Au molecular junctions, sug-
gesting that the twist of the oligoethers in the junctions
enhances the efficiency of electron transport along the molec-
ular backbone. Moreover, more functional groups facing the
right electrode surface also improve the conductance of the
Au-helical-S(CH2CH2O)nCH3–Au junctions with n = 4 and
5, which is evident in the bond current profile showing the
pathway of electrons in the junction (see Fig. 7).48–50 Dif-
ferent from the Au–trans-S(CH2CH2O)nCH3–Au junctions
with n = 3, 4, and 5 and the Au-helical-S(CH2CH2O)3CH3–
Au junction where the terminal methyl group dominates
the electronic coupling at the right molecule-electrode inter-
face, the oxygen atom in the CH2CH2O group adjacent to
the terminal methyl group not only couples more strongly
with the right gold electrode but also shortens the pathway
of electrons in the Au-helical-S(CH2CH2O)nCH3–Au junc-
tions with n = 4 and 5. Therefore, the conductance decay
constant of 0.39/atom fitted with all of the non-hydrogen
atoms in the molecular backbone is somewhat underesti-
mated, but it only increases to 0.44/atom when the terminal
methyl groups in the Au-helical-S(CH2CH2O)nCH3–Au junc-
tions with n = 4 and 5 are not considered. This is still much
less than that of the Au–trans-S(CH2CH2O)nCH3–Au junc-
tions, demonstrating the highly efficient electron transport of
the Au-helical-S(CH2CH2O)nCH3–Au junctions.

IV. CONCLUSIONS

We have investigated the atomic structure and electronic
transport properties of thiol-terminated oligoether molecular
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junctions employing the NEGF+DFT method. Our calcula-
tions show that the conformation of oligoethers plays a decisive
role in the low-bias junction conductance. For molecular junc-
tions with oligoethers in the trans-extended conformation, the
transmission around the Fermi energy is mainly contributed
by the Au–S interface hybrid states that couple with the S–C,
C–C, and C–O σ-bonds of the molecular backbone forming
the conduction channel at EF, while the transmission peaks
dominated by the π-type oxygen lone-pair states hardly affect
the transmission around EF due to their sharp peak structures
and low-lying energy positions. As a result, the calculated con-
ductance decay constant is very close to that of alkanes. By
contrast, for molecular junctions with oligoethers in the helical
conformation, the shortened O–O and S–O distances enhance
their interactions and the specific spatial orientation among
the oxygen and sulfur atoms results in σ-π hybridization along
the oligoether backbones. Therefore, some π-type oxygen
orbitals contribute to the junction transmission around EF.
The pathway of electrons is also shortened, and the molecule-
electrode coupling at the non-thiol side is strengthened in
the Au-helical-S(CH2CH2O)nCH3–Au junctions with n = 4
and 5, in which the oxygen atom of the CH2CH2O group
neighboring the terminal methyl group interacts strongly with
the right gold electrode. These two factors induced by the
twist of the helical oligoethers lead to the much smaller con-
ductance decay. Our findings provide an explanation to the
discrepancy of recent experimental observations on the con-
ductance decay constant for oligoethers and are also helpful for
designing molecular wires based on heteroatom-substituted
alkanethiols.

ACKNOWLEDGMENTS

This project was supported by the National Natural
Science Foundation of China (Grant Nos. 61671021 and
61621061) and the National Key Research & Development
Program (Grant No. 2016YFA0201901). S.S. thanks addi-
tional funding support from the European Research Council
(QUEST project) and AMBER (Science Foundation Ireland,
No. 12/RC/2278).

1Z. J. Donhauser, B. A. Mantooth, K. F. Kelly, L. A. Bumm, J. D. Monnell,
J. J. Stapleton, D. W. Price, Jr., A. M. Rawlett, D. L. Allara, J. M. Tour, and
P. S. Weiss, Science 292, 2303 (2001).

2S. H. Choi, B. Kim, and C. D. Frisbie, Science 320, 1482 (2008).
3A. Nitzan and M. A. Ratner, Science 300, 1384 (2003).
4N. J. Tao, Nat. Nanotechnol. 1, 173 (2006).
5K. Moth-Poulsen and T. Bjørnholm, Nat. Nanotechnol. 4, 551 (2009).
6R. M. Metzger, Chem. Rev. 115, 5056 (2015).
7D. Xiang, X. Guo, and T. Lee, Chem. Rev. 116, 4318 (2016).
8T. A. Su, M. Neupane, M. L. Steigerwald, L. Venkataraman, and C. Nuckolls,
Nat. Rev. Mater 1, 16002 (2016).

9L. Venkataraman, J. E. Klare, I. W. Tam, C. Nuckolls, M. S. Hybertsen, and
M. L. Steigerwald, Nano Lett. 6, 458 (2006).

10F. Chen, X. Li, J. Hihath, Z. Huang, and N. Tao, J. Am. Chem. Soc. 128,
15874 (2006).

11J. M. Beebe, B. Kim, C. D. Frisbie, and J. G. Kushmerick, ACS Nano 2,
827 (2008).

12H. Song, Y. Kim, H. Jeong, M. A. Reed, and T. Lee, J. Phys. Chem. C 114,
20431 (2010).

13L. Venkataraman, J. E. Klare, C. Nuckolls, M. S. Hybertsen, and
M. L. Steigerwald, Nature 442, 904 (2006).

14H. Song, Y. Kim, Y. Jang, H. Jeong, M. Reed, and T. Lee, Nature 462, 1039
(2009).

15C. R. Arroyo, S. Tarkuc, R. Frisenda, J. S. Seldenthuis, C. H. M. Woerde,
R. Eelkema, F. C. Grozema, and H. S. J. van der Zant, Angew. Chem., Int.
Ed. 125, 3234 (2013).

16G. Sedghi, L. J. Esdaile, H. L. Anderson, S. Martin, D. Bethell, S. J. Higgins,
and R. J. Nichols, Adv. Mater. 24, 653 (2012).

17M. L. Perrin, C. J. O. Verzijl, C. A. Martin, A. J. Shaikh, R. Eelkema,
J. H. van Esch, J. M. van Ruitenbeek, J. M. Thijssen, H. S. J. van der Zant,
and D. Dulić, Nat. Nanotechnol. 8, 282 (2013).

18A. C. Aragonès, N. Darwish, W. J. Saletra, L. Pérez-Garcı́a, F. Sanz,
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