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A previous combined experimental and theoretical study found
that the position of anchoring groups on a phenanthrene (PHE)
backbone played a large role in determining the single-
molecule conductance of the PHE derivative. However, a
consistent 0.1 G0 feature was found across all PHE derivatives.
To understand this, the previously investigated PHE derivatives
were placed flat on a simulated Au substrate with a scanning
tunneling microscope (STM) tip over PHE and conductance was

calculated using the non-equilibrium Green’s function techni-
que in conjunction with density functional theory (NEGF-DFT).
The location of the tip was varied to find the most conductive
and most energetically favorable arrangements, which did not
coincide. Furthermore, the variation in conductance found in
erect junctions was not present when PHE derivatives were
lying flat, with all derivatives calculated to have conductance
values around 0.1 G0.

Introduction

Molecular electronics is focused on the study of current flow at
the fundamental size limit, allowing for key insight into how
quantum behavior affects charge transport characteristics in
mesoscopic systems.[1–5] Graphene-based organic molecules
such as graphene nanoribbons (GNRs) provide the basic
building blocks of molecular electronics and have high
mechanical strength, stability, and carrier mobility, and are the
basis for devices with applications in molecular rectification,
switching, spin filtering, and field-effect devices.[5–14] Of partic-
ular interest is the effect investigating how different anchoring
configurations on a common carbon backbone affect electron
transport across the molecule. Previously, density functional
theory (DFT) studies on polycyclic aromatic hydrocarbons
(PAHs) have shown that acene derivatives have near length-
independent conductance and that the anchoring configuration

(steric effect) could dominate the conductance behavior.[15]

However, extensive studies into how steric effects alter the
single-molecule conductance of PAHs anchored between elec-
trodes are limited to a few examples.[16] This led to an extensive
theoretical and experimental study of the effects of anchoring
group positions in the smallest armchair GNR (aGNR) unit,
phenanthrene (PHE) by Chen et al.[16]

Chen et al. substituted SMe anchor groups onto different
positions of a PHE backbone and measured the conductance
via scanning tunneling microscopy-break junction (STM-BJ)
experiments, complementing their findings with NEGF-DFT
calculations. They found a hierarchy of conductances, with PHE
with anchors in the 2,7 positions presenting the highest
conductance, and the hierarchy of conductance values being
G2,7>G3,6>G2,6>G1,7>G1,6>G1,8. However, a consistent bright
spot in the 2-D conductance histograms occurred at 0.1 G0
across all molecules, suggesting junction formation between
the tip, Au (111) surface, and PHE derivatives prior to erect
junction formation. This is in agreement with a dearth of
literature reporting similar 0.1 G0 features seen in experimental
conditions and explained computationally.[17–24] The effect of
molecule orientation has been explored previously in literature
using molecules such as 7,7,8,8-tetracyanoquinodimethane
(TCNQ). Yasini et al. investigated the effect of both denticity and
orientation on the conductance of TCNQ molecules, finding
that upright TCNQ with a lower denticity had the highest
conductance value.[25]

To investigate the consistent 0.1 G0 feature previously
identified,[17] we performed calculations utilizing DFT and the
non-equilibrium Green’s function technique in conjunction with
density functional theory (NEGF-DFT) in the Vienna ab initio
Simulation Package (DFT), Virtual NanoLab-Atomistix Toolkit
software package (NEGF-DFT) and NanoDCAL code (NEGF-DFT).
We investigated the same six molecules used in the study by
Chen et al. (1,6-, 1,7-, 1,8-, 2,6-, 2,7-, 3,6-PHE-2SMe), except that
these molecules were relaxed in such a way that they remained
flat on the surface of an Au (111) substrate and STM tips were
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simulated to be above either an anchoring group or the carbon
backbone of the PHE molecule. We found that the variation in
conductance previously identified for different anchoring group
positions does not hold up when the molecules are in a “flat”
configuration, and that the conductance values are remarkably
similar across all PHE derivatives in the flat configuration.

Results and Discussion

To identify arrangements where Au tip-flat PHE molecule
binding is more energetically favorable, as well as arrangements
where the conductance is likely to be highest, we employed the
Au tip/PHE molecule/Au (111) surface setup shown in Figure 5
and varied the lateral position of the tip relative to the static Au
(111) surface and 2,7-PHE-2SMe molecule. The most energeti-
cally favorable configuration was found when the tip was
centered over the SMe groups of 2,7-PHE-2SMe; however, the
highest conducting configuration was found when the tip was
centered over the central ring of the PHE molecule, as shown in
Figure 1. Surprisingly, the highest conductance does not
coincide with the lowest energy configuration of the cell,
something seldom reported in literature. We expect trends
identified in the tip position over 2,7-PHE-2SMe to be similar for
the other derivatives (1,6- 1,7- 1,8- 2,6- and 3,6-PHE-2SMe).
Through these data, we were able to construct two distinct
junction geometries for each PHE derivative: one in which the
tip is centered over the S atom in an SMe anchoring group
(corresponding to the lowest energy arrangement), and one in
which the tip is centered over the central PHE ring (correspond-
ing to the highest conductance arrangement).

In the previous study by Chen et al. the positions of the
anchoring groups strongly affect the single-molecule conduc-
tance by a factor of almost 20 when the molecule is positioned
upright between an Au (111) surface and a scanning tunneling

microscope tip, as evidenced by both experimental data and
theoretical predictions. However, a bright spot consistently
occurs in the 2-D conductance histograms of all PHE molecules
near 0.1 G0.

[16] The 0.1 G0 feature occurs at a very low tip-surface
separation distance across all molecules, indicating that if
junction formation occurs, the molecule must be lying flat on
the surface when this feature is measured. This is consistent
with STM imaging and STM-BJ studies,[17] combined with NEGF-
DFT calculations,[18,19,25] on a variety of molecules. To evaluate
this, we re-interpret the experimental data for this flat molecule
junction, focusing on the behavior observed at low tip
separation distances consistent with the feature near 0.1 G0.
Combining this with NEGF-DFT calculations, we elucidate the
effects anchoring group positions have on single-molecule
conductance when the PHE molecules are lying flat on an Au
(111) surface, and compare this to the previously identified
effects identified for PHE molecules in the upright position.

1D conductance histograms were recorded for all PHE
derivatives, as shown in Figure 2. The experimental conduc-
tance values shown in Table 1 were obtained via Lorentz fitting
of the high conductance (blue curves) and low conductance
(red curves) peaks in the 1D histograms. The high conductance
peaks are attributed to the PHE molecule lying flat in the
junction, while the low conductance peaks are attributed to the
PHE molecule positioned upright in the junction.

Despite the difference in anchoring positions, all derivatives
show similar conductance values when the tip is placed over
either the central ring or the S atom of the SMe anchoring
group, as shown in Table 1. Noticeably, the conductance
derived from experimental values no longer follows the same
trend that was identified for the PHE derivatives in the upright
positions. Here, a trend of G1,6>G2,6>G2,7>G3,6>G1,8>G1,7 was
identified from experimental data as opposed to the G2,7>
G3,6>G2,6>G1,7>G1,6>G1,8 trend from previous work by Chen

Figure 1. Color maps of the (a) relative energy and (b) conductance of the
Au tip/2,7-PHE-2SMe/Au (111) surface simulation cell are shown as a function
of tip x� and y� position. 2,7-PHE-2SMe is superimposed on the color maps
to provide reference.

Figure 2. 1D conductance traces of (a) 1,6-, (b) 1,7-, (c) 1,8-, (d) 2,6-, (e) 2,7-,
and (f) 3,6-PHE-2SME. The Lorentz fittings of high conductance (HC) peaks,
shown in blue, represent conductance values obtained for the flat
orientation of the PHE molecules. The Lorentz fittings of low conductance
(LC) peaks represent the conductance values obtained for upright PHE
molecules.
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et al.[16] The conductance hierarchy identified for the flat
molecular junction in experiment does not agree with theoret-
ical predictions, although in both theoretical predictions and
experimental data the range of conductance values is much
smaller than previously observed. In the upright configuration,
conductance values varied by a factor of 18.62 in experiment
and 75.86 in NEGF-DFT calculations.[16] For the flat configuration
conductance values varied by a factor of 1.74 in experiment
and 1.48 and 1.20 for NEGF-DFT calculations where the tip was
over the central PHE ring or SMe groups, respectively.

The similarity in conductance values, whether the tip is
positioned over the central PHE ring or an SMe anchoring
group of a derivative, is especially borne out by the trans-
mission spectra, as shown in Figure 3. Notably, all PHE
derivatives have remarkably similar transmission function
shapes and values around the Fermi energy of the Au electrode,
despite having notably different transmission function behavior
at energies far away (>1 eV) from the Fermi energy, with
variations in transmission functions occurring at peaks nomi-
nally associated with the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals of the derivatives. This
suggests that transmission through the flat molecule at zero

bias is not HOMO or LUMO mediated. This can be confirmed by
plotting the transmission pathways for electrons between the
Au tip, the PHE molecule, and the Au (111) surface, as shown in
Figure 4.

Electron transmission pathways were calculated for the
cases in which the tip was positioned over the SMe group of
the PHE derivatives and also over the central PHE ring
(Figure 4). In all cases, electrons tunnel directly from the tip,
through the molecule and into the Au (111) surface, rather than
traveling in molecular orbitals as occurs in the erect junction.[16]

Combining this fact with the flat transmission spectra calculated
around EF, we conclude that electron transmission in this
regime is not mediated by transmission resonances that occur
in molecular orbitals such as the HOMO or LUMO, but rather
occurs by direct tunneling from the tip to the surface through
the molecule.

Table 1. Conductance values obtained in experiment and NEGF-DFT calculations. The upright and flat configurations are denoted by “(UR)” and “(FL)”
respectively. The calc. PHE and calc. SMe headers refer to the configurations where the tip was positioned over the central PHE ring and SMe anchoring
group, respectively.

Conductance (G0)

PHE Derivative exp. (UR) calc. (UR) exp. (FL) calc. PHE (FL) calc. SMe (FL)

1,6-PHE-2SMe 1:02� 0:72� 10� 4 1:23� 10� 4 3:55� 0:17� 10� 1 8:32� 10� 2 7:76� 10� 2

1,7-PHE-2SMe 1:32� 1:18� 10� 4 2:04� 10� 4 1:78� 0:02� 10� 1 8:51� 10� 2 6:46� 10� 2

1,8-PHE-2SMe 8:13� 3:74� 10� 5 3:47� 10� 5 2:24� 0:02� 10� 1 7:59� 10� 2 7:08� 10� 2

2,6-PHE-2SMe 2:63� 1:60� 10� 4 5:50� 10� 4 3:24� 0:03� 10� 1 8:91� 10� 2 6:92� 10� 2

2,7-PHE-2SMe 1:51� 0:02� 10� 3 2:63� 10� 3 3:16� 0:03� 10� 1 1:12� 10� 1 6:46� 10� 2

3,6-PHE-2SMe 6:61� 4:62� 10� 4 2:09� 10� 3 2:57� 0:03� 10� 1 9:12� 10� 2 7:41� 10� 2

Max G/Min G 18.62 75.86 1.74 1.48 1.20

Figure 3. Transmission spectra are plotted for systems with (a) the Au tip
over the PHE ring and (b) the Au tip over the SMe group of PHE derivatives.

Figure 4. Transmission pathways are shown for (i) 2,7- (ii) 3,6- (iii) 1,6-
(iv) 1,7- (v) 2,6- and (vi) 1,8- PHE-2SMe, where the tip is positioned over
(a) the SMe group and (b) the central PHE ring of the derivatives.
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Conclusions

Previously, the steric- and regio-effects of PHE were noted to
have a conductance variation of almost 20 fold, but for each
derivative, distinct features were noticed in the 2-D conduc-
tance histograms at 0.1 G0 which suggested preliminary
junction formation with the PHE derivatives lying flat on the
surface. Follow-up DFT calculations were performed, and we
found that the conductance variation identified for erect
junctions did not hold up when the molecule was placed flat
on the surface. Surprisingly, the most energetically favorable
position for the tip and the most conductive arrangement of
the tip/molecule/Au (111) simulation cell do not correlate,
something seldom reported in literature. The conductance
variation was much smaller for the flat-lying PHE molecules due
to the fact that electrons tunnel directly through the molecule
to the Au (111) surface, completely ignoring the molecular
orbitals that are behind the conductance variation identified by
Chen et al.[16] In fact, the lack of conductance variation and
calculated conductance values, as well as correlation with
experiment, support the idea that junction formation is behind
the consistent feature identified around 0.1 G0, shedding new
light into processes that can be present in early-stage scanning-
tunneling microscopy-break junction traces.

Methodology

Density Functional Theory

Structural relaxations were performed in the Vienna ab initio
Simulation Package (VASP)[26] using a plane wave basis set and
projector augmented wave (PAW) potentials[27] with the Perdew–
Burke–Ernzerhof exchange-correlation functional (PBE),[28] the Γ k-
point and a 400 eV plane-wave cutoff. Van der Waals forces were
considered using the DFT-D3 method with Becke–Johnson
damping.[29] The substrate was constructed from the Au (111)
surface, and the PHE-derivatives were adsorbed onto the substrate.
Subsequently, a tip was introduced to the simulation cell, and
placed at a consistent distance of 5.85 Å above the substrate. To
find the optimal position of the tip with regards to the PHE
molecule, the tip position was varied in the x-y directions over 2,7-
PHE-2SMe as shown in Figure 5, and the energy of each tip
configuration was calculated. The most energetically favorable spot
for the tip to interact with the molecule was calculated to be over
the sulfur atoms of the -SMe anchoring groups (vide supra,
Figure 1).

Non-equilibrium Green’s Function-Density Functional Theory

NanoDCAL

In addition to identifying where the tip was most likely to bind to
PHE molecules, preliminary conductance calculations were per-
formed to identify where the Au tip/2,7-PHE-2SMe/Au (111) surface
system exhibits the highest conductance using the code
NanoDCAL.[30] The atomic cores were described by norm-conserving
pseudopotentials and the valence electrons of the C, H, and S
atoms in the PHE derivatives were described with a double-ζ
polarized (DZP) basis set, while those of the Au atoms in the
electrode were described with a single-ζ polarized (SZP) basis

set.[31] The exchange-correlation functional adopted for this inves-
tigation was the Perdew-Burke-Ernzerhof approach in the general-
ized gradient aproximation (PBE-GGA).[28,32] Calculation of transport
properties starts from the calculation of the Green’s function of the
system as a function of energy E,

G Eð Þ ¼ ½ E þ ihð ÞS � H � S1 � S2�
� 1: (1)

In Eq. (1), H and S are the Hamiltonian and overlap matrices for the
scattering region, respectively, η is a positive infinitesimal, and Σ1,2
are the self-energies of the left and right electrodes.[30,33] The self-
energies describe the effects of the coupling of the electrodes to
the scattering region, and consist of both real and imaginary
components. The real component represents a shift of the energy
levels in the scattering region, and the imaginary component
represents the broadening of these levels corresponding to the
broadening matrix seen in Eq. (2),

G1;2 ¼ i S1;2 � S
y
1;2

� �
: (2)

The self-energy is calculated by an iterative technique.[34] The
electronic density matrix is then obtained as,

1 ¼
1
2p

Z ∞

� ∞
½f E;m1ð ÞGG1G

y þ f E;m2ð ÞGG2G
y� dE; (3)

where μ1,2 are the electrochemical potentials of the left and right
electrodes and f E; mð Þ is the Fermi-Dirac function which describes
the occupation of an energy level given the energy and electro-
chemical potential, μ. With the Green’s function obtained in Eq. (3),
we can now obtain the transmission function T(E) via Eq. (4), which
gives the probability that an electron with a given energy E will
transmit from one electrode through the scattering region into the
other electrode as,[35]

T Eð Þ ¼ Tr G1GG2G
y

� �
: (4)

Figure 5. A side view of the Au tip/2,7-PHE-2SMe/Au (111) surface simulation
cell, with the tip at the top of the images and the Au (111) substrate at the
bottom. Two different tip positions which were placed in accordance with
the lattice constants of Au (111) are shown in (a) and (b). The simulation cell
is shown in the center of (a) and (b), with repeated images in the dark
orange shaded images to the left and right.
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In the limit of zero applied bias, the value of the transmission
function at the Fermi energy of the left electrode recovers the
conductance of the system.[36] The highest conductance was
calculated to occur when the tip was over the central ring of 2,7-
PHE-2SMe. Subsequently, two arrangements were made for each
molecule: one where the Au tip was over an SMe group of each
PHE derivative, and one where the Au tip was centered over the
central ring of each PHE derivative. These configurations were then
used for the following NEGF-DFT calculations.

Atomistix

With the geometries from the above, single-molecule junctions
were built to calculate the conductance and the electron trans-
mission pathway via NEGF-DFT formalism as implemented in the
Virtual NanoLab-Atomistix Toolkit (version 2015.1) software pack-
age in QuantumATK.[37,38] First, the central region consisting of the
Au (111) surface, the PHE derivative, and the Au tip was joined with
Au electrodes and relaxed for each derivative and binding
geometry. Then, the conductance was calculated at the Perdew-
Burke-Ernzerhof (PBE-GGA)[32,39] level implemented in ATK program
with 1×1×200 k-point sampling. Calculation parameters included a
mesh cut-off of 75 Hartrees and an electron temperature of 300 K.
The density matrix was considered to be converged under a
threshold of 10� 4 Hartrees, and structural relaxations were
performed until residual forces on all atoms were less than
0.05 eV/Å. In all ATK calculations, DZP (double-ζ polarized) basis
sets were utilized for C, H, and S atoms while DZ (double-ζ) basis
set for were employed for Au atoms.
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Previous results identified a 20-fold
difference in conductance between
phenanthrene derivatives with
different anchoring group positions
when measured upright between a
gold surface and STM tip. This
variation disappears when the
phenanthrene derivatives lie flat
between the tip and gold surface, all
derivatives exhibit a conductance
around 0.1 G0.
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