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ABSTRACT: Here, six phenanthrene (the smallest arm-chair graphene
nanoribbon) derivatives with dithiomethyl substitutions at different
positions as the anchoring groups were synthesized. Scanning tunneling
microscopy break junction technique was used to measure their single
molecule conductances between gold electrodes, which showed a difference
as much as 20-fold in the range of ∼10−2.82 G0 to ∼10−4.09 G0 following the
trend of G2,7 > G3,6 > G2,6 > G1,7 > G1,6 > G1,8. DFT calculations agree well
with this measured trend and indicate that the single molecule conductances
are a combination of energy alignment, electronic coupling, and quantum
effects. This significant regio- and steric effect on the single molecule
conductance of phenanthrene model molecules shows the complexity in the
practice of graphene nanoribbons as building blocks for future carbon-based
electronics in one hand but also provides good conductance tunability on
the other hand.
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■ INTRODUCTION

Carbon-based electronics holds great potential for the next
generation electronics beyond Moore’s law.1−5 As the thinnest
carbon-based material, graphene has unique electronic structure
and electronic properties,6−10 excellent mechanical strength,
good stability, and high carrier mobility.11 It is considered to be
an ideal material for the new generation of micro/nano
electronics.7,12 As a special type of graphene material, graphene
nanoribbons (GNRs) are deemed as one of the promising basic
building blocks toward the miniaturization of electronic devices
and have attracted tremendous research efforts to construct
molecular devices.13−15 With the rapid developments of
experimental technology and equipment in molecular elec-
tronics,16−19 molecular or atomic devices based on GNRs have
become one of the frontier research focuses. Molecular devices
based on GNRs have shown many interesting physical
properties, such as molecular rectification,20−22 molecular
switching,22−25 negative differential resistance,26,27 spin filter-
ing,21,25 and field effect28−30 characteristics. In the meantime,
significant electrical properties’31−33 dependence of GNRs on
their edge structures presents great opportunities to access
materials with suitable characteristics. For example, GNRs with
zigzag edges (zGNRs) exhibit metallic characteristics, whereas
armchair-shaped GNRs (aGNRs) exhibit semiconductor
characteristics.6 Polycyclic aromatic hydrocarbons (PAHs),
especially polyacenes, represent a special species of short
GNRs with atomic precision. Previous studies on the single

molecule conductance of polyacenes can be divided into two
categories. When no anchoring groups were applied, electrode−
molecule−electrode junctions through van der Waals inter-
actions between the π-orbital of polyacenes and two Ag or Pt
electrodes34 or two graphene electrodes35 were constructed.
The conductance of Ag/oligoacene junctions first increases with
molecule length, followed by the onset of conductance
saturation.34 Conversely, the conductance of Pt/oligoacene
junctions does not depend on the molecule length.34 In the case
of graphene electrodes, the measured exponential dependence
of the conductance on the number of benzene rings for linear
PAHs with the same number of benzene rings are different.35

Although when anchoring groups are involved, measurements
have been limited to how an extension of the acenes along the
long axis will affect the conductance perpendicular to the path of
tunneling electrons as a function of acene length36 where
intermolecular effects and junction geometries play important
roles. Another related example by Fujii37 showed that the
conductance of heteroatom acenes (pyrazine, quinoxaline, and
phenazine) are not only size dependent but also molecular
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orientation sensitive in the Au−molecule−Au junctions. Still,
studies on the regio-effects on the single molecule conductance
of PAHs anchored between electrodes are limited to a few
examples.38−40 Lambert et al.38,39 propose a magic ratio rule
(MRR) showcasing that the connectivity-driven conductance
ratio of graphene-like aromatic molecules is simply the square of
the ratio of two “magic integers” whose values depend only on
the connectivities to the electrodes. Density functional theory
(DFT) calculations results by Palma41 demonstrate that acene
derivatives have near length-independent conductance and the
anchoring configuration (steric effect) could dominate the
conductance behavior. In general, intrinsic electronic property
study of atomically thin GNRs at the single molecule level still
presents a great challenge in terms of structure−property
interpretations,42−47 and there still lacks a good example to case-
study the regio- and steric effect of anchoring groups on the
molecular conductance of GNRs with atomic precision. A
systematic case-study of the regio- and steric effect of six
phenanthrene derivatives with dithiomethyl substitutions at
different positions as the anchoring groups with the same
aromatic core is highly desirable.
In this work, we mainly focus on the design, synthesis, and

single molecule conductance measurements of the smallest
aGNRs unit, phenanthrenes (PHE) (Figure 1). By using a

home-built scanning tunneling microscopy break junction
(STM-BJ) setup49−52 (Figure 1b), a single-molecule charge
transport through a series of six phenanthrene molecules by
varying the positions of dithiomethyl (SMe) anchor groups
(Figure 1c) were investigated. Experimental data and density
functional theory (DFT) calculations were examined to explore
the influence of both the regio- and steric effects of anchor
groups on their electronic properties. Previous theoretical
predictions by DFT methods on the transport properties of
naphthalene, anthracene, and PHE indicate highly site-depend-
ent characteristic.53,54 We found that even with the same
molecule core, the different locations of the anchoring groups

would result in significant conductance differences by asmuch as
20-fold. The important finding is that the anchoring
configuration has a predominate effect on the conductance
behavior of PHE, which are optimal building blocks to fabricate
single-molecule devices with tunable charge transport proper-
ties.

■ RESULTS AND DISCUSSION
All molecules were synthesized following three key reactions
(Scheme 1), namely, Wittig olefination to furnish dibromos-
tilbene, oxidative photocyclization of the latter to afford
dibromophenanthrene, and Pd-catalyzed Suzuki coupling with
NaSMe55−57 to yield final target molecules of dithiomethylphe-
nanthrene (PHE-2SMe) (Section 1 in Supporting Information).
The double thiomethylation could be achieved from a Pd-
catalyzed reaction of Aryl-Br with CH3SNa in DMSO/n-BuOH
at 100 °C. The yields are moderate to high because the Pd
insertion into the C−Br bond will facilitate the subsequent
substitution of −SMe groups. All of the compounds were
characterized by comprehensive spectroscopic data (Figure S1
and NMR Spectra in Supporting Information).
Conductance measurements of these compounds were

carried out using STM-BJ technique (see Section 2 in
Supporting Information for details). Pure solvent 1,2,4-
trichlorobenzene (TCB) was used for the measurements,
which show a noise level of 10−5 G0 (Figure S2). Thousands
of current decay traces were recorded for each molecular species
with typical raw traces showing conductance steps (or plateaus)
presented in Figure S3. Two-dimensional (2D) conductance
displacement histograms are constructed by aligning all of the
recorded data set (∼5000 traces) for eachmolecule without data
selection, and distinctive conductance features can be visually
seen in these 2D histograms as shown in Figure 2a−f. The
possibility of forming molecular dimer junctions was ruled out
by conductance measurement of monosubstituted 2-PHE-SMe
molecule, which showed no obvious conductance peak in the
range of 10−4.7 G0 to 100 G0 (Figure S4). In Figure 2a, the
overlaid conductance plateau for molecule 2,7-PHE-2SMe (2,7)
is relatively flat with well-defined electronic conductance and
step length, while for molecule 1,7, 1,6, 2,6 (Figure 2b,d,e), the
conductance plateaus are very tilted with their conductance
ranges extending from 10−2 to 10−4 G0. For 1,8 and 3,6, the
overlaid plateau is even more tilted. But after data selection, 2D
conductance-displacement histograms and conductance histo-
grams for 1,8 (Figure S5a,c) and 3,6 (Figure S5b,d) show a clear
conductance peak. All of these electrical behaviors of single
molecules with the elongation of the electrode gap distance
reflect the unique electrical and mechanical properties of each
molecular type.
To gain insight into the structure−property relationship of the

six synthesized molecules with subtle structural difference, we
systematically compare their single molecule electronic
conductance, conductance plateau slope, the percentage of
molecular junction formation, and the junction stretching length
which are obtained by statistically analyzing each current decay
trace (see Figures S7 and S8 for data analysis methods). The
results are summarized in Figure 2g−j. Figure 2g shows the
combined 1D conductance histograms for six molecules
constructed by compiling all of the current decay traces for
each molecule without data selection. One-dimensional
conductance histograms with data selection for only 1,8 and
3,6 but not the other four derivatives (Figure S9, Table S1)
showed much clearer conductance differences. It is essentially

Figure 1. (a) Schematic presentation of zigzag (ZZ) and armchair
(AC) graphene nanoribbons.48 Adapted from ref 48. Copyright 2021
Springer Nature Limited. (b) Schematic presentation of STM-BJ single
molecule conductance measurement of the smallest aGNR: phenan-
threne. (c) Molecular structures of six phenanthrene (PHE) derivatives
with two thiomethyl (−SMe) anchoring groups substituted at different
positions (PHE-2SMe).
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the same as Figure 2h where the statistical conductance peaks
and peak widths are represented as a scatter point with error bar
on top. From both plots, we see a conductance trend of G2,7 >
G3,6 > G2,6 > G1,7 > G1,6 > G1,8.

The conductance peak for 2,7 stands out much sharper (and
higher) than the other molecules, consistent with the flat
conductance plateau seen in Figure 2a. It indicates that the single
molecule conductance of 2,7 is not sensitive to the electrode gap

Scheme 1. Synthetic Routes of Dithiomethyl Phenanthrene (PHE-2SMe) Derivatives

Figure 2. (a−f) Two-dimensional conductance−distance histogram for PHE derivatives showing a clear conductance peak that extends over a distance
of 0.5 nm relative to the break of the G0 contact. A 0.005 nm bin size was used for the distance axes, while the conductance axes feature 50 bins per
decade. All traces aligned in a common distance scale by setting the first point with the conductance G < 0.1 G0 to 0 nm. (g) One-dimensional
conductance histograms constructed using logarithmic bins for junctions of PHE derivatives. Histograms were generated from over 5000 traces
without data selection. (h) Logarithmic plot of single-molecule conductance versus different PHE derivatives from (g). Plot of the (i) conductance
plateau slope, (j) the percentage of molecular junction formation, and (k) the junction stretching length of PHE derivatives. The full width at half-
maximum of the Lorentz fitting curve (Figure S6) is used for “peak width” for the error bars. Unselected data for 1,8 and 3,6 are used.
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distance (Figure S23), which implies that the electronic
coupling between the −SMe group and the gold electrode is
most stable for 2,7 where the symmetric −SMe groups at two
ends of the phenanthrene backbone could stably bridge the
undercoordinated gold atoms from two electrodes and form a
much durable junction against the molecular stretching. Even
though anchoring groups at 1,3,6,8- positions can provide
molecular junctions that are mechanically stable, meta linkers do
not provide strong electronic coupling into the π-system.58,59

Such electronical coupling (Γ) with the electrodes are relatively
weaker than para-positioned linker groups such as 2,7. The
trend is in fairly good agreement with the conductance values as
shown in Figure 3b.
In contrast, the conductance plateau slopes for the other five

molecules are much smaller, which however can be separated
into two groups, as shown in the orange and green circled
regions in Figure 2i. The slopes 1,8 and 3,6 present the largest
conductance plateau slopes (most tilted in the 2D histograms
shown in Figure 2c,f), indicating that themolecular conductance
drops rapidly with the molecular stretching length (Figure S24).
This could be explained by their intrinsic chemical feature where
the−SMe functional groups are positioned on the side chains of
the phenanthrene, in which case their binding configurations

with the gold adatoms can be easily deformed at retraction and
the molecule−gold electronic coupling is instantly weakened.
Slopes 1,7, 2,6, and 1,6 show an intermediate conductance
plateau slope (green circled points in Figure 2i), suggesting a
more durable junction than 1,8 and 3,6, but less stable than 2,7.
A similar trend is seen in the junction formation percentage for
six molecules, as shown in Figure 2j. 1,8 and 3,6 show the
smallest occurrence rate for the molecular junction formation,
which is unquestionably related to the two closely neighboring
−SMe groups positioned on the same side of the phenanthrene.
Such a configuration is expected (intuitively) to form a stable
monolayer on one electrode surface and pose difficulty to form
molecular junctions with undercoordinated gold atoms. 1,7 and
2,6 have a higher binding frequency, showing that a minor shift
of the anchor group from meta- to para- position could
significantly improve the junction formation rate. 2,7 has the
highest junction formation rate over the other molecules with a
frequency of up to ∼85% of all retractions. The rigid chemical
structure of phenanthrene and the para-symmetric −SMe
groups could both contribute to the high junction formation
probability, showing the superiority of using GNRs-based
materials as single molecule electronic components. Figure 2k
summarizes the stretching length of the conductance plateaus of

Figure 3. (a) Transmission spectra of dithiomethyl PHE derivatives. (b) Experimental conductance data for dithiomethyl phenanthrene derivatives
(black solid line, black axis on the left), compared wtih DFT calculations (black dashed line, black axis on the left) and electronic coupling (Γ) (red
dashed line, red axis on the right). (c) Transmission pathways of 1,8. (d) Transmission pathways of 2,7.

Table 1. Single Molecule Conductance from STM-BJ Experiment and DFT Calculations, Calculated Plateau Length, Orbital
Energy Levels, and Electronic Coupling (Γ) of Six PHE Derivatives

molecule exp. log(G/G0) calc. log(G/G0) calc. S−S distance (Å)a HOMO eV LUMO eV Gap eV Γb eV
1.6-PHE-2SMe −3.99 −3.91 9.28 −4.76 −2.05 2.72 8.65 × 10−5

1.7-PHE-2SMe −3.88 −3.69 9.47 −4.73 −2.00 2.73 1.29 × 10−4

1.8-PHE-2SMe −4.09 −4.46 7.50 −4.82 −2.04 2.78 2.35 × 10−5

2.6-PHE-2SMe −3.58 −3.26 9.49 −4.72 −1.96 2.76 3.09 × 10−4

2.7-PHE-2SMe −2.82 −2.58 10.65 −4.74 −1.97 2.77 1.50 × 10−3

3.6-PHE-2SMe −3.18 −2.68 7.51 −4.70 −2.00 2.71 1.27 × 10−3

aMeasured S−S distance after DFT geometry optimization. bCalculated through eq 1 shown below.37
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each molecule, reflecting the bridging length of six molecules
spanning the junction gap. The obtained junction lengths show
consistency with the molecular dimensions of different
compounds calculated using DFT, as shown in Table 1.
We also performed DFT calculations of all six molecules via

nonequilibrium Green’s functions (NEGF) (see Section 4 in
Supporting Information for calculations details) to better
understand which factor contributes more to the single molecule
conductance. Calculated conductance, S−S distances, HOMO,
LUMOenergy levels, and electronic couplings were summarized
in Table 1. It is obvious that the conductance is not determined
by the S−S distance. The UV−vis absorption spectra of all six
PHE derivatives were compared to that of the parent PHE
(Figure S10), but no clear trend can be concluded.

ε
= Γ

− + Γ
T E

E
( )

( )

2

2 2 (1)

Charge transport through a single-molecule junction60−62 can
be explained using the resonant-level model. In this model, the
charge transmission probability is approximately represented as
a Lorentzian function63,64 (eq 1) with the energy difference (ε)
between the Fermi level (EF) and the energetically closest
molecular orbital level (e.g., the lowest unoccupied molecular
orbital (LUMO) or the highest occupied molecular orbital
(HOMO)), and the electronic coupling between the metal
electrodes and a single molecule (Γ).
Figure 3a shows the transmission spectra calculated by DFT.

The LUMOs of PHE derivatives are energetically closer to the
EF of the metal electrodes. When LUMOs energy levels were
applied to eq 1, electronic coupling (Γ) of PHE derivatives is
derived and summarized in Table 1. We plotted the measured
conductance, calculated conductance, and electronic coupling
(Γ) in Figure 3b. The calculated conductance (black dashed
line) showed good agreement with the trend of our measured
conductance (black solid line). From the transmission pathway
of 3,6 shown in Figure S25, the electron transport follows the
molecular skeleton, and no obvious reverse electron transport is
found. The changes in LUMO energy levels are related to the
different substitution sites (regio-effect). The electronic
coupling (Γ) is predominantly determined by the molecular
conformations in the gold−molecule−gold junctions (steric
effect). As shown in Figure 3b, the electronic coupling (Γ)
showed a close resemblance of the DFT calculated conductance.
To decipher the transmission mechanism of these conjugated

molecule, the optimized junction structures for all derivatives
and their transmissions were plotted in Figure S25 and the
HOMO and LUMO orbitals are shown in Table S3. The fact
that electron-density distributions of the LUMO are mainly
located on the backbone of PHE reveals that there are strong
electronic coupling interactions among the backbones (Table
S3). The colored arrows denote the direction of electron
transport, blue arrows represent electron transport from the left
electrode to the right one, and red arrows represent electron
transport in the opposite direction. In Figure 3a, we found the
transmission for 2,6 has an antiresonance in the transmission at
∼−1 to ∼−1.5 eV of the Fermi energy. But this feature is 1.0−
1.5 eV below the Fermi energy and does not seem to notably
affect the transmission at the Fermi energy. While 1,8 has an
antiresonance close to the Fermi energy, indicating a slight
suppression of the transmission by destructive quantum
interference. The transmission pathways of 1,8 with the lowest
measured conductance and 2,7 with the highest measured

conductance are shown in Figure 3c,d, respectively. In 2,7, the
electrons are transported along all pathways across the
molecular skeleton, while in 1,8, the electrons are mainly
transported along the shortest pathway across the skeleton
between the two anchor groups. In the meantime, significant
electron transport in opposite directions occurs in 1,8,
indicating obvious signatures of destructive quantum interfer-
ence.13 This also explains the regio-effect of the anchor groups as
discussed above. The relatively lower conductance of 1,6, 1,7,
and 1,8 with one of the anchoring −SMe groups at the 1-
position (meta-position to the central benzene ring) are due to
the destructive quantum effects (DQI), which are well reported
in the literature.58,59,65−68 Especially for 1,8, obvious reverse of
the ring current can be seen in Figure 3c. On the other hand, the
para-positioned linker groups, such as 2,7 can effectively couple
across the π-system and provide a conducting single-molecule
junction.

■ CONCLUSION
In summary, we have investigated the regio- and steric effect on
the single molecule conductance of phenanthrene model
molecules by placing anchors (−SMe) at different positions
on the PHE core. STM-BJ measurements and DFT calculation
were compared and analyzed. The results demonstrate that
substitution at different positions on the phenanthrene core
could lead to changes in molecular energy levels and the
electronic coupling between gold electrodes. These two factors
have a significant impact on transmission function, and single
molecule conductance tuning of 20-fold could be obtained by
adjusting the contact positions. This work proposes a desirable
and convenient method for structural adjustment of con-
ductance at the single-molecule level, which brings new
strategies for future application of graphene nanoribbons in
the field of carbon-based electronics.
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