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6
Molecular Wires
Conductance: Linear
Conjugation versus Cross
Conjugation
In this chapter, we employ a bond topology approach to the design and synthesis of two series of molecular wires. One series is dithiophenes-based
molecular wires with cores of thieno[3,2-b]thiophene (TT-1, linearly conjugation), bithiophene (BT, linearly conjugation), thieno[2,3-b]thiophene (TT-2,
cross-conjugation and an isomer of TT-1.) Another series is benzodithiophenes based molecular wires with cores of benzo[1,2-b:4,5-b’]dithiophene
(BDT-1, linearly conjugation), benzo[1,2-b:5,4-b’]dithiophene (BDT-3, crossconjugated and an isomer of BDT-1) and benzo[1,2-b:4,5-b’]dithiophene-4,8dione (BDT-2 cross-conjugated quinone). We investigated the charge transport of these two series molecular wires in tunneling junctions in a variety
of experimental platforms. Through a combination of density of functional
theory (DFT) and experimental results, we show that cross-conjugation produces a quantum interference feature that leads to lower conductance. The
presence of an interference feature and its position can be controlled independently by manipulating bond topology and electronegativity. This is the first
study to separate these two parameters experimentally, demonstrating that
the conductance of a tunneling junction depends on the position and depth
of a QI feature, both of which can be controlled synthetically.
I would like to thank Yanxi Zhang for help in EGain measurements, Xinkai Qiu for help in CP-AFM
measurements and Saurabh Soni for help in calculation. Parts of this chapter have been published in
Chem. Sci., 2018, 9, 4414–4423.
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6.1. Introduction
nderstanding the principles of charge transport through 𝜋-molecules spanning

U two electrodes is of fundamental importance in the field of molecular electron-

6

ics. In general, molecular conductance G varies exponentially with the tunneling
barrier-width d such that G = G exp(−𝛽 d), where G is the theoretical value of G
when d = 0, and 𝛽 is the tunneling decay coefficient. This tunneling currents length
dependent effect had been widely investigated in variety molecular system. However, 𝜋-conjugated molecules influence transport more than a simple, rectangular
tunneling barrier; when a tunneling electron traverses the region of space occupied
by orbitals localized on these molecules, its wave function can undergo constructive or destructive interference, enhancing or suppressing conductance. When the
presence of different pathways in molecular system affects conductance, it is typically described as quantum interference (QI),[1] which was originally adapted from
the Aharonov-Bohm effect[2] to substituted benzenes.[3, 4] Solomon et al. further
refined the concept in the context of Molecular Electronics where it is now well established that destructive QI leads to lower conductance in tunneling junctions.[5–
10] We previously demonstrated QI in SAM-based junctions using a series of compounds based on an anthracene core; AC, which is linearly-conjugated; AQ, which
is cross-conjugated via a quinone moiety; and AH, in which the conjugation is interrupted by saturated methylene bridges.[11] Subsequent studies verified these findings in a variety of experimental platforms and a consensus emerged that, provided
the destructive QI feature (anti-resonances in transmission) is sufficiently close to
the Fermi level, 𝐸 , cross-conjugation leads to QI.[12–19] However, experimental studies on conjugation patterns other than AC/AQ are currently limited to ring
substitutions such as meta-substituted phenyl rings,[20–27] or varied connectivities
in azulene,[28–30] which differ fundamentally[1, 6, 31–33] from cross-conjugated
pattern[18, 34, 35] because they change tunneling pathways, molecular-lengths
and conjugated pattern simultaneously. Isolating these variables is however important because the only primary observable is conductance, which varies exponentially with molecular length. More recent work has focused on “gating” QI effects
by controlling the alignment of 𝜋-systems through-space[32, 36, 37] and affecting
the orbital symmetry of aromatic rings with heteratoms.[38–40] These studies exclusively study the effects of the presence and absence of QI features; to date—and
despite recent efforts[41]—the specific effects of bond topology and electronegativity on the depth and position of QI features have not been isolated experimentally.
Controlling the QI effects is a key challenge. A fundamental understanding on
the topological structures for the appearance of QI effects and the relationship between the structures and QI features line shape and position in transmission spectra
is needed.[18] Clearly, for well-defined studies of cross-conjugation versus linear
conjugation, a minimal change in molecular length (conformation) is desirable. This
can be achieved by bond topology approach. Bond topology approach is useful and
powerful methodology that can provide seemingly minor changes in the chemical
structure of a molecule result in significant changes in a physical property of the
system.
The goal of this chapter is two-fold. The first is to present a study on the un-
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derstanding of the relationships among conjugation pattern, molecular length, and
conductance. For this purpose, we employed bond topology methodology to design
and synthesize a series of molecular wires; thieno[3,2-b]thiophene (TT-1, linearly
conjugation), bithiophene (BT, linearly conjugation), thieno[2,3-b]thiophene (TT2, cross-conjugation and an isomer of TT-1. We investigated the charge transport
of these three molecular wires in tunneling junctions by combining a variety experimental platforms including large area self-assembled monolayers (SAMs) with
EGain top contacts and conductive-probe atomic force microscopy (CP-AFM) for
SAMs. Through a combination of density of functional theory (DFT) and experimental results, we show that cross-conjugation produces QI features that lead to
the lowest conductance and dominate the charge transport. Compare with TT-1,
BT exhibited low conductance because of longer molecular length and higher tunneling barrier. The results indicate that bond topology plays a very important role
in tunneling charge transport process.
The second goal is to isolate the specific effects of bond topology and electronegativity on the depth and position of QI features, which have not been isolated experimentally. To address this issue, we designed and synthesized the second series molecules of benzodithiophene derivatives (BDT-𝑛); benzo[1,2-b:4,5b’]dithiophene (BDT-1, linearly conjugated), benzo[1,2-b:4,5-b’]dithiophene-4,8dione (BDT-2, cross-conjugated with quinone), and benzo[1,2-b:5,4-b’]dithiophene
(BDT-3, cross-conjugated and an isomer of BDT-1). These compounds separate the influence of cross-conjugation (bond topology) from that of the electronwithdrawing effects of the quinone functionality while controlling for molecular
formula and length. We investigated the charge transport properties of these
molecules in tunneling junctions comprising self-assembled monolayers (SAMs),
which are relevant for solid-state molecular-electronic devices.[42–44] Through a
combination of theoretical calculations, we show that cross-conjugation produces
QI features near occupied molecular states and that the position and depth of the
QI feature is strongly influenced by the strongly electron-withdrawing quinone functionality, which places these features near unoccupied states while simultaneously
bringing those states close to 𝐸 . Thus, by controlling bond topology and electronegativity separately, the conductance can be tuned independently of length
and connectivity via the relative positions of the QI features and molecular states
and not just the presence or absence of such features.

6.2. Results and Discussion
6.2.1. Design and Synthesis of Molecular Wires
Figure 6.1a shows the structures of TT-n series and BT molecular wires; Figure
6.1b shows the structures of the BDT-𝑛 series and AQ molecular wires; the “arms”
are linearly-conjugated phenylacetylenes and the cores (Ar) are substituted by the
structures indicated. The TT-n series and BT molecular wires were designed and
synthesized to elucidate the effect of molecular length and 𝜋-conjugation pattern
on the charge transport properties through molecules spanning two electrodes. We
designed linear conjugation molecular wire TT-1 based on thieno[3,2-b]thiophene
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Figure 6.1: (a) Structures of BT, TT-1 and TT-2 with linearly and cross-conjugated pathways of the
cores drawn in red and blue, respectively. The phenylacetylene arms are linearly conjugated. BT and
TT-1 are linearly-conjugated, TT-2 is cross-conjugated, arises from the positions of the sulfur atoms
(there are no exocyclic bonds). (b) Structures of BDT- , BDT- and BDT- with linearly and crossconjugated pathways of the cores drawn in red and blue, respectively. The phenylacetylene arms are
linearly conjugated. BDT- is linearly-conjugated, BDT- contains a cross-conjugation imposed by the
central quinone ring analogous to AQ and BDT- is similarly cross-conjugated, but the cross-conjugation
separating the two linearly-conjugated pathways arises from the positions of the sulfur atoms relative
to the central phenyl ring (there are no exocyclic bonds).

moiety core as benchmark compound. To investigate the charge transport in crossconjugation versus linear conjugation system, the cross-conjugation molecular wire
TT-2 based on thieno[2,3-b]thiophene moiety core was designed to minimize the
change in molecular length (tunneling barrier) and conjugation. Cross-conjugated
TT-2 is one isomer of the linear conjugated molecular wire TT-1 that alter the
relative position of the sulfur atoms; they have the same molecular length. In
addition, the molecular wire BT, based on a bithiophene moiety, was designed to
study molecular length dependent effects. Compared to thieno[3,2-b]thiophene,
bithiophene has one more exocyclic carbon-carbon single bond, resulting in longer
molecular length of BT. Hence, these three molecular wires are perfect models to
study destructive QI effects and molecular length dependent effects in tunneling
junction.
The BDT-𝑛 series and AQ molecular wires were designed and synthesized to
isolate molecular conjugation pattern and electronegativity (orbital energies) effects on charge transport through molecules spanning two electrodes. The linearly
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conjugation molecular wire BDT-1 based on a benzo[1,2-b:4,5-b’]dithiophene moiety serves as benchmark compound. To isolate the effect on charge transport in
cross-conjugation versus linear conjugation systems, the cross-conjugated molecular wire BDT-3 based on benzo[1,2-b:5,4-b’]dithiophene, was designed to minimize the change in molecular length (tunneling barrier) and conjugation. Crossconjugated BDT-3, is one isomer of the linearly conjugated molecular wire BDT-1,
differing by the relative position of the sulfur atoms, they have the same molecular
formula. Cross-conjugation BDT-2 based on benzo[1,2-b:4,5-b’]dithiophene-4,8dione is to designed to isolate redox potential (orbital energies) effects, and has
nearly identical molecular length with BDT-1 and BDT-3.The variation in the endto-end lengths of these compounds is within 1 Å. Note that we include AQ in the
series as a benchmark for destructive QI effects.
All molecular wires are designed with acetyl protected thiol anchors which ensures these compounds are stable and can be stored in air. The acetyl protected
group can be removed in situ during the formation of SAMs. The synthesis, thorough characterization and a detailed discussion of their properties are provided in
the Experimental Section.

6
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6.2.2. UV-Vis Absorption Spectroscopy

Figure 6.2: (a) Normalized UV-Vis absorption spectra for TT-1, BT, and TT-2. (b) Normalized UV-Vis
absorption spectra for BDT-1, BDT-2, andBDT-3.

6

The UV-Vis absorption measurements were carried out for three molecular wires
in toluene solvent to gain information regarding their optoelectronic structure (Figure 6.2). The optical band gaps are summarized in Table 6.1 and Table 6.2. The
absorption of molecular wires TT-1, TT-2 and BT ends abruptly at 416 nm, 380 nm
and 450 nm, respectively, resulting in an optical HOMO-LUMO gap trend of TT-2
> TT-1 > BT. This indicates that electronic communication in cross-conjugation
molecular wire TT-2 is lower than in linearly conjugation molecular wires TT-1 and
BT. Compared to TT-1, BT showed a red-shift absorption, indicating that BT has
longer conjugation length and lower band gap.
For the BDT series, the absorption of molecular wire BDT-1, BDT-2 and BDT-3
ends abruptly at 420 nm, 493 nm and 393 nm, respectively, resulting in an optical
HOMO-LUMO gap trend of BDT-3 > BDT-1 > BDT-2. This suggests that electronic
communication in cross-conjugation molecular wire BDT-3 is lower than in linearly
conjugation molecular wires BDT-1, resulting in a higher optical band gap. While
cross-conjugated BDT-2 has the lowest optical band gap, it has both strong electron donating (thiophene unit) and accepting groups (quinone unit); this push–pull
configuration leads to the small optical band gap. More specifically, the quinone
unit in BDT-2 is a strong electron accepting group, which decreases its LUMO level
significantly, whereas the thiophene ring can act as a donor, explaining the small
optoelectronic HOMO–LUMO gap of wire.

6.2. Results and Discussion
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6.2.3. Conductance Measurements
We first measured tunneling charge transport through metal-molecule-metal junctions comprising these two molecular series using conformal eutectic Ga-In (EGaIn)
contacts as top electrodes.[45] We utilized an established procedure of the in situ
deprotection of thioacetates[36, 46] to form well-defined SAMs on Au substrates;
these substrates served then as bottom electrodes. We refer to the assembled junctions as Au/SAM//EGaIn where “/” and “//” denote a covalent and van der Waals
interfaces, respectively. To verify that the structural similarities of the compounds
carry over into the self-assembly process, we characterized the SAMs of two series
molecules by several complementary techniques, including (high-resolution) X-ray
photoelectron spectroscopy (HRXPS/XPS) and angle-resolved near-edge X-ray absorption fine structure spectroscopy (NEXAFS). These data are summarized in Table
6.1 and Table 6.2, and discussed in detail in the published paper’s Supplementary
Information[47]. The characterization of SAMs of AQ is reported elsewhere.[11, 36]
The XPS and NEXAFS data suggest that two series molecules in the SAMs are assembled upright with the tilt angle of approximately 35°. The molecules are packed
densely on the order of 10 molecules per cm2 as are similar conjugated molecularwire compounds.[36]
Table 6.1: Summary of the physical properties of BT, TT-1 and TT-2.

Compound
[eV]
[eV], gas-phase
HRXPS thickness (Å)
Density (
molecules per cm2 )
Area per molecules Å2
log| (Acm 2 )| @0.5 V
Yield of working junctions (%)
Num. working EGaIn junctions
Total / traces

BT
.
.
. ± .
.
. ±
. ± .
.

TT-1
.
.
. ± .
.
. ±
. ± .
.

TT-2
.
.
. ± .
.
. ±
. ± .
.

= 1240/optical absorption onset

Figure 6.3a shows the current-density versus voltage (𝐽/𝑉) curves for TT-1, TT2, and BT using EGaIn top contacts. The linearly conjugated TT-1 is the most conductive across the entire range of applied bias. As expected, the cross-conjugated
TT-2 are less conductive than the TT-1 in one order magnitude across the entire
range of applied bias. The linearly conjugated BT exhibits the less conductance
than that of TT-1, however, show higher conductance than the across-conjugation
TT-2. Compared to the TT-1, the lower conductance of BT is attributed to a
lager tunneling barrier than that of TT-1. BT has a longer molecular length and
higher tunneling barrier than TT-1. The lower conductance of TT-2 results from
cross-conjugation, which produces destructive QI effects and leads to reduced conductance.
Figure 6.3b shows the current-density versus voltage (𝐽/𝑉) curves for the BDT𝑛 series and AQ using EGaIn top contacts. BDT-1 is the most conductive across
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Table 6.2: Summary of the properties of SAMs of BDT- and Au/BDT- //EGaIn junctions.

Compound
XPS thickness (Å)
HRXPS thickness (Å)
Averaged XPS thickness (Å)
Water contact angle (∘ )
Density (
molecules per cm2 )
Area molecules per Å2 )
| | @0.5 V (Acm−2 )
Yield of working junctions (%)
Num. working EGaIn junctions
Total / traces

6

BDT-1
±
. ± .
.
. ± .
.
. ±
. ± .
.

BDT-2
±
. ± .
.
. ± .
.
. ±
. ± .
.

BDT-3
±
. ± .
.
. ± .
.
. ±
. ± .
.

the entire bias window. As expected, the cross-conjugated BDT-2, BDT-3 and
AQ are all less conductive than BDT-1. The low-bias conductivity (from the Ohmic
region, −0.1 V to 0.1 V) of the quinones (BDT-2 and AQ), however, is even more
suppressed than the cross-conjugated BDT-3, while the magnitudes of 𝐽 for BDT2, BDT-3 and AQ are similar beyond −0.5 V. We observed similar behavior in QI
mediated by through-space conjugation in which the compound with an interference feature very close to 𝐸 exhibited a sharp rise in 𝐽, eventually crossing the
𝐽/𝑉 curve of the compound with a feature further from 𝐸 .[36] This observation
suggests that, as the junction is biased, the transmission probability “climbs” the
interference feature rapidly, bringing highly transmissive conduction channels into
the bias window at sufficiently low values of 𝑉 to meet and exceed the total transmission of the compound for which the interference feature is far from 𝐸 at zero
bias.

Figure 6.3: (a) Plots of
| (Acm 2 )| versus of Au/SAM//EGaIn junctions comprising SAMs of TT-1
(red up-triangles), BT (black diamonds) and TT-2 (blue down-triangles). (b) Plots of
| (Acm 2 )|
versus of Au/SAM//EGaIn junctions comprising SAMs of BDT- (salmon up-triangles), BDT- (purple
down-triangles), BDT- (pink diamonds) and AQ (grey circles). Each datum is the peak position of a
Gaussian fit of
| | for that voltage. The error bars are 95 % confidence intervals taking each junction
as a degree of freedom.
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Figure 6.4: (a) The Normalized low bias conductance of linearly conjugated TT-1 (red ball) features
the highest values, the TT-2 (blue ball) the lowest and BT (black ball) is in between. (b) Normalized
low bias conductance, linearly conjugated BDT- (salmon ball) features the highest values, the quinone
BDT- (purple ball) and AQ (grey ball) the lowest and cross conjugated BDT- (pink ball) is in between.

To better compare the conductance of the molecules, we calculated two series
molecules conductivities at the low-bias and normalized them to TT-1 and BDT-1,
respectively. These values are plotted in Figure 6.4. For the TT-1, TT-2, and BT
molecules wires, they show that cross-conjugation lowers the conductance of TT2 by an order of magnitude compared to TT-1, and the longer molecule BT show
lower the conductance by an order of magnitude compared to TT-1, but higher
conductance than that of TT-2. For BDT-𝑛 series molecules, they show that crossconjugation lowers the conductance of BDT-3 by an order of magnitude compared
to BDT-1 and the quinone functionality of BDT-2 and AQ lowers it by two orders
of magnitude, in agreement with the analogous behavior of AC and AQ. [15]

6
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To control for large-area effects (e.g., if there are defects in the SAM) and comparison, we have measured SAM of two series molecular wires by conducting-probe
atomic force microscopy (CP-AFM) with Au electrodes, as shown in the Figure6.5.
We found that the conductance of these two series molecular wires show the same
trend as EGaIn measurements: TT-1> BT> TT-2; BDT-1>BDT-3>BDT-2, respectively.
Figure 6.5a shows the current versus voltage plots for TT-1, TT-2 and BT by
CP-AFM. TT-1 exhibit the highest the conductivity across the entire bias window
in the CP-AFM measurements. The current of BT and TT-2 were 10 lower than
below that of TT-1 in the low-bias regime at ±1 V, and the difference in conductivity
between BT and TT-2 is nearly identical for both at ±1 V and ±1.5 V in CP-AFM
measurements.
Figure 6.5b shows the current versus voltage plots for BDT-𝑛 series by CPAFM. The difference in conductivity between BDT-1 and BDT-3 is nearly identical
for both EGaIn and CP-AFM measurements across the entire bias window. The
current of BDT-2 was below the detection limit of our CP-AFM setup in the lowbias regime, however, at ±1 V, the difference between BDT-1 and BDT-2 is 10
larger for CP-AFM than for EGaIn.
Thus, we conclude that cross-conjugation produce QI and lower the conductance and quinones suppress conductance more than cross-conjugation alone, irrespective of the measurement/device platform.

Figure 6.5: (a) Plots of
| (nA)| versus of Au-on-mica/SAM//AuAFM junctions comprising SAMs of
TT-1 (red), BT (black) and TT-2 (blue) without error bars. Each datumn is the peak of a Gaussian
| | for that voltage. (b) Plots of
fit of
| (nA)| versus of Au-on-mica/SAM//
junctions
comprising SAMs of BDT- (black), BDT- (blue) and BDT- (red) without error bars. Each datum is
the peak of a Gaussian fit of
| | for that voltage. The inset shows the Gaussian fitted / trace for
BDT- on linear scale to ±1.8 V.
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6.2.4. Transport Calculation
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Figure 6.6: (a)Transmission spectra for isolated molecules of TT-1, BT and TT-2. The spectrum of TT-1
(red) and BT (black) are featureless between the resonances ( ( ) → ) near the frontier orbitals. The
sharp dip in the spectra of TT-2 (blue) is destructive QI features which is about 1.8 eV away from the
and it is outside the resonances ( ( ) → .) The energies on the bottom axis are with respect to the
value of −4.3 eV. (b) Transmission spectra for isolated molecules of BDT- and AQ. The spectrum
of BDT- (salmon) is featureless between the resonances ( ( ) → ) near the frontier orbitals. The
sharp dips in the spectra of BDT- (purple), BDT- (pink) and AQ (grey) indicated with arrows are
destructive QI features. The energies on the bottom axis are with respect to the
value of −4.3 eV.

For insight into the shapes of the 𝐽/𝑉 curves and the conductance, we simulated
the transmission spectra, 𝑇(𝐸) vs. 𝐸−𝐸 (𝐸 value of −4.3 eV) of the two series
molecules using density functional theory (DFT). These calculations simulate the
transmission spectra through isolated molecules in vacuum at zero bias and are
useful for predicting trends in conductance. From the transmission spectra 6.6a,
we can capture three important features in the TT-1, BT and TT-2 series; 1) The
trend of transmission probability follows the order that TT-1>BT>TT-2, agreeing with our conductance measurement (Figure 6.3a and Figure 6.5a); 2) there
are no antiresonance features for linear conjugation molecule TT-1 and BT; 3)
only cross-conjugated molecular wire TT-2 produce the antiresonance dip at about
1.8 eV away from the 𝐸 level, (the sharp dips in the spectra are the destructive QI
features)[8, 13]. This can explain why the conductance of TT-2 is lowest among
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the conjugated molecules in this work.
For the BDT-𝑛 series the molecular transmission spectra is shown in Figure
6.6b; there are three important features of these curves: 1) Only the compounds
with cross-conjugation (including quinones) show sharp dips (anti-resonances or
QI features)[8, 13] in the frontier orbital gap; 2) the dips occur near 𝐸 only for
the two quinones; and 3) the QI features are more pronounced for the molecules
in which the cross-conjugation is caused by a quinone moiety as opposed to the
carbon-carbon bond topology. When bias is applied to a junction, the x-axis of
the transmission plot shifts and 𝐸 broadens such that an integral starting at 𝐸 −
𝐸 = 0 eV and widening to larger ranges of 𝐸 − 𝐸 is a rough approximation of
how 𝑇(𝐸) translates into current, 𝐼(𝑉). This relationship is apparent in the slightly
lower conductance of AQ compared to BDT-2 (Figure 6.3b) and the slightly lower
values of 𝑇(𝐸) for AQ compared to BDT-2 across the entire range of 𝐸 − 𝐸 . The
proximities of the QI features to 𝐸 is also apparent in the 𝐽/𝑉 curves (Figure 6.3b).
As the junction is biased, the minimum of the QI feature shifts such that, by 0.5 V,
the transmission probabilities are roughly equal for BDT-𝑛 and AQ.

6
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Figure 6.7: (a) Differential conductance heatmap plots of Au/SAM//EGaIn junctions comprising TT-1
(left), BT (middle) and TT-2 (left) showing histograms binned to
| | (differential conductance, Yaxis) versus potential ( , X-axis). The colors correspond to the frequencies of the histograms and lighter
(more red) colors indicate higher frequencies. The bright spots near ±1 V are due to the doubling of
data that occurs in the forward/return / traces. The plots of TT-1, BT and TT-2 are U-shaped.
(b) Differential conductance heatmap plots of Au/SAM//EGaIn junctions comprising BDT- (top-left),
BDT- (top-right), BDT- (bottom-left) and AQ (bottom-left) showing histograms binned to
| |
(differential conductance, Y-axis) versus potential ( , X-axis). The colors correspond to the frequencies
of the histograms and lighter (more yellow) colors indicate higher frequencies. The bright spots near
±1 V are due to the doubling of data that occurs in the forward/return / traces. The plots for both
BDT- and AQ, which contain quinones, are V-shaped at low bias and exhibit negative curvature,
suggesting a destructive QI feature near , while the plots of BDT- and BDT- are mostly U-shaped.

It is known that the QI features near 𝐸 can be resolved experimentally by tracing differential conductance plots of log | | vs. 𝑉[13, 36, 48]. Figure 6.7 shows
heatmap plots of the normalized differential conductance (NDC) of Au/SAM//EGaIn
constructed from histograms binned to log | | for each value of 𝑉. Here we normalized the differential conductance to reduce the diffraction of lines in heatmap.
This won’t change the lineshape of differential conductance plots, but it makes them
more visible. (Note that these are histograms of 𝐽/𝑉 curves with no data-selection,
thus, brighter colors correspond to mean values of 𝐽 and are not related to conductance histograms of single-molecule break-junctions.) Figure 6.7a shows TT-1, BT,
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and TT-2 molecular wires heatmap plots. Unlike the quinone structural AQ exhibit
V-shaped plots with negative curvature,[36] all BT, TT-1, and TT-2 show ordinary
U-shaped plots characteristic of non-resonant tunneling like alkanes based SAMs
reported by Jiang et al[49]. It is not surprising that the linearly conjuagted TT-1
and BT exhibit U-shaped plots, which has been observed in other linearly conjugated systems like anthracene (AC), and 1,4-bis(((4-acetylthio)phenyl)ethynyl)
benzene (OPE3).[36] However, it is interesting to resolve the lineshape of TT-2 in
differential conductance, which is U-shaped. These results are in agreement with
theoretical calculation results in the Figure 6.6a, which simulated that TT-2 produce
the antiresonance dip at about 1.8 eV away from the 𝐸 of the electrode. This QI
features explains why TT-2 exhibit U-shaped feature in NDC plots. These results
indicate that cross-conjugation system produce destructive QI effects and lead to
significantly reduced conductance.
Figure 6.7b shows BDT-𝑛 series and AQ molecular wire heatmap plots of differential conductance of Au/SAM//EGaIn constructed from histograms binned to
log | | for each value of 𝑉. Both BDT-1 and BDT-3 exhibit ordinary, U-shaped
plots characteristic of non-resonant tunneling. By contrast, both AQ and BDT-2—
the two compounds bearing quinone functionality—show V-shaped plots with negative curvature. These results are in agreement with Figure 6.6b, which places the QI
features for the quinone moieties, AQ and BDT-2, much closer to 𝐸 than for BDT3. The positions of these features are related to the positions of highest-occupied
and lowest-unoccupied 𝜋-states (HOPS and LUPS), which is a in good agreement
between DFT and experiment. Thus, the differential conductance heatmaps (experiment) and DFT (simulation) both indicate that cross-conjugation suppresses
conductance because it creates a dip in 𝑇(𝐸) in the frontier orbital gap, but that
the electron-withdrawing nature of the quinone functionality simultaneously pulls
the LUPS and the interference features close to 𝐸 such that the 𝐽/𝑉 characteristics
and transmission plots of AQ and BDT-2 are nearly indistinguishable despite the
presence of two thienyl groups in BDT-2. These results also suggest that tunneling
transport is mediated by the HOPS (hole-assisted tunneling) for BDT-1 and BDT-3
and by the LUPS (electron-assisted tunneling) for BDT-2 and AQ because tunneling
current is dominated by the resonance(s) closest to 𝐸 .
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6.3. Conclusions
In summary, we investigated the charge transport of two series molecular wires in
tunneling junctions by combining a variety experimental platforms including large
area self-assembled monolayers (SAMs) with EGain top contacts and conductiveprobe atomic force microscopy (CP-AFM) for SAMs. Through a combination of
density of functional theory (DFT) and experimental results, we show that crossconjugation produces QI features which lead to lower conductance and dominate
the charge transport. The results indicate that the bond topology plays a very
important role in tunneling charge transport process. The second key question of
this chapter demonstrate how cross-conjugation and electronegativity affect QI features. Based on our experimental observations and calculations, we assert that destructive QI induced by cross-conjugation is highly sensitive to the functional groups
that induce the cross-conjugation and that quinones are, therefore, a poor testbed
for tuning QI effects because their strong electron-withdrawing nature places a
deep, destructive feature near 𝐸 irrespective of other functional groups. In contrast, TT-1 and TT-2, BDT-1 and BDT-3 are heterocyclic isomers with no functional groups, identical molecular formulas, nearly-identical HOPS, identical lengths
that translate into SAMs of identical thicknesses. They isolate the single variable
of conjugation patterns, allowing us to separate bond topology (cross-conjugation)
from electronic properties (functional groups), giving experimental and theoretical
insight into the relationship between bond topology and QI. Our results suggest
that there is a lot of room to tune the conductance of moieties derived from BDT3 by including pendant groups (e.g., halogens, CF3 groups or acidic/basic sites)
that shift the QI feature gradually towards 𝐸 synthetically and/or in response to
chemical signals.
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6.4. Experimental
Synthesis and Characterization
Reagents. All reagents and solvents were commercial and were used as received.
NMR and Mass Spectra. HNMR and CNMR were performed on a Varian Unity
Plus (400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal
standard. NMR shifts are reported in ppm, relative to the residual protonated solvent signals of CDCl3 (𝛿= 7.26 ppm) or at the carbon absorption in CDCl3 (𝛿 = 77.23
ppm). Multiplicities are denoted as: singlet (s), doublet (d), triplet (t) and multiplet
(m). High Resolution Mass Spectroscopy (HRMS) was performed on a JEOL JMS
600 spectrometer. UV-vis spectra were recorded on Shimadzu UV 3600.
Synthesis of molecular wire TT-1

6
Figure 6.8: Synthetic route for TT-1.

2,5-Bis[2-(trimethylsilyl)ethynyl]thieno[3,2-b]thiophene (2) 2,5-dibromothieno[3,2b]thiophene 1 (1000 mg, 3.36 8.5 mmol) and (trimethylsilyl)acetylene (1.32 g, 13.5 mmol,
4.0 equiv.) were dissolved in mixture of fresh distilled Et3 N (5 mL) and anhydrous THF (20 mL). After degassing with dry N2 , the catalysts Pd(PPh3 )4 (60 mg,
0.06 mmol) and CuI (20 mg, 0.1 mmol) were added. The reaction mixture was refluxed overnight under N2 . The reaction mixture was poured into water, then the
product was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and
then brine. The organic phase was then collected and dried over Na2 SO4 and
the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give target product 2 (900 mg, 80 %). HNMR (400 MHz,
CDCl3 ): 𝛿: 7.28 (s, 2H), 0.26 (s, 18H). CNMR (100 MHz, CDCl3 ): 𝛿: 138.95,
126.89, 124.81, 101.90, 97.84, 0.01.
2,5-diethynylthieno[3,2-b]thiophene To a solution of trimethylsilyl derivative
2,5-bis[2-(trimethylsilyl)ethynyl]thieno[3,2-b]thiophene 2 (694 mg, 2 mmol) in THFmethanol (20 mL, 5 mL), aqueous KOH (155 mg, 0.4 mL H2 O) was added to deprotect the trimethylsilyl group. The reaction solution was stirred at room temperature
under N2 for 1 h. The reaction was quench by adding water (5 mL), then the product
was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then brine.
The organic phase was then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation to provide 2,5-diethynylthieno[3,2-b]thiophene 3 as
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a yellow solid in quantitative yield. The crude was used in next step without further purification. HNMR (400 MHz, CDCl3 ): 𝛿:7.34 (s, 2H), 3.49 (s, 6H). CNMR
(100 MHz, CDCl3 ): 𝛿: 138.97, 125.95, 125.27, 83.88, 77.30.
S,S’-((thieno[3,2-b]thiophene-2,5-diylbis(ethyne-2,1-diyl))bis(4,1-phenylene))
diethanethioate (TT-1) 2,5-diethynylthieno[3,2-b]thiophene 3 (188 mg, 1 mmol)
and 4-iodophenylthioacetate (610 mg, 2.2 mmol) were dissolved in mixture of fresh
distilled Et3 N (5 mL) and anhydrous THF (20 mL). After degassing with dry N2 , the
catalysts Pd(PPh3 )4 (40 mg, 0.04 mmol) and CuI (20 mg, 0.1 mmol) were added.
The reaction mixture was refluxed overnight under N2 . The precipitate was collected by filtration to provide the crude solid. The crude solid was purified by
recrystallization from toluene to give product (260 mg, 53 %). HNMR (400 MHz,
CDCl3 ): 𝛿: 7.56 (d, J = 8.2 Hz, 4H), 7.41 (d, J = 8.3 Hz, 4H), 7.40 (s, 2H), 2.44
(s, 6H). CNMR (100 MHz, CDCl3 ): 𝛿: 193.49, 139.68, 134.48, 132.16, 128.88,
126.55, 124.52, 123.94, 95.09, 84.90, 30.54. HRMS(ESI) calcd. for C26 H17 O2 S4
[M+H] = 489.01059, found: 489.01050.
Synthesis of molecular wire TT-2

6

Figure 6.9: Synthetic route for TT-2.

2,5-bis((trimethylsilyl)ethynyl)thieno[2,3-b]thiophene (5) 2,5-dibromothieno[2,3b]thiophene 4 (435 mg, 1.46 mmol)and (trimethylsilyl)acetylene (580 mg, 5.84 mmol,
4.0 equiv.) were dissolved in mixture of fresh distilled Et3 N (5 mL) and anhydrous THF ( 20 mL). After degassing with dry N2 , the catalysts Pd(PPh3 )4 (70 mg,
0.06 mmol) and CuI (20 mg, 0.1 mmol) were added. The reaction mixture was refluxed overnight under N2 . The reaction mixture was poured in water and the product was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then
brine. The combined organic phase was then collected and dried over Na2 SO4 and
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the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give target product 5 (120 mg, 28 %). HNMR (400 MHz,
CDCl3 ): 𝛿: 7.28 (s, 2H), 0.26 (s, 18H). CNMR (100 MHz,CDCl3 ): 𝛿: 144.27,
139.07, 126.60, 125.32, 100.58, 97.58, 0.02.
2,5-diethynylthieno[2,3-b]thiophene (6) To a solution of trimethylsilyl derivative 2,5-bis((trimethylsilyl)ethynyl)thieno[2,3-b]thiophene 5 (100 mg, 0.31 mmol)
in THF-methanol (20 mL:5 mL), aqueous KOH (49 mg, 0.2 mL H2 O) was added to
deprotect the trimethylsilyl group. The reaction solution was stirred at room temperature under N2 for 1 h. The reaction was quench by adding water, then the product
was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then brine.
The organic phase was then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation to provide 2,5-diethynylthieno[2,3-b]thiophene 6 as
a yellow solid in quantitative yield. The crude was used in next step without further
purification. HNMR (400 MHz, CDCl3 ): 𝛿: 7.35 (s, 2H), 3.47 (s, 2H).
2,5-bis((trimethylstannyl)ethynyl)thieno[2,3-b]thiophene (7) The crude
2,5-diethynylthieno[2,3-b]thiophene 6 (56 mg, 0.30 mmol) were dissolved in anhydrous THF (10 mL) under an atmosphere of N2 , cooled to −78 ∘C and n-butyllithium
(0.74 mmol, 0.47 mL, 1.6 M in hexane) was added drop-wise. The solution was
stirred for 30 min in the cold bath. Then, Trimethyltin Chloride (0.74 mL, 0.74 mmol,
1.0 M in THF) was added. After that, the solution was stirred at room temperature
overnight. Water was added to quench the reaction, and the solution was extracted
with n-hexane. The organic phase was dried over Na2 SO4 and the solvents removed
by rotary evaporation provide crude compound 7 as yellow oil which was used in
the next step without further purification. HNMR (400 MHz, CDCl3 ): 𝛿: 7.23 (s,
2H), 0.37 (s, 18H).
S,S’-((thieno[2,3-b]thiophene-2,5-diylbis(ethyne-2,1-diyl))bis(4,1-phenylene))
diethanethioate (TT-2) 2,5-bis((trimethylstannyl)ethynyl)thieno[2,3-b]thiophene
(150 mg, 0.30 mmol) and 4-iodophenylthioacetate (220 mg, 0.8 mmol) were dissolved in fresh distilled toluene (10 mL). After degassing with dry N2 , the catalysts Pd(PPh3 )4 (20 mg, 0.02 mmol) was added. The reaction mixture was refluxed
overnight under N2 . The reaction mixture was poured into water, then the product was extracted with CH2 Cl2 , washing with saturated NaHCO3 , water and then
brine. The organic phase was then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give product (30 mg, 20 %). HNMR (400 MHz, CDCl3 ): 𝛿: 7.55 (d,
J = 8.2 Hz, 4H), 7.41 (d, J = 8.3 Hz, 4H), 7.39 (s, 2H), 2.44 (s, 6H). C NMR
(100 MHz, CDCl3 ): 𝛿: 193.50, 144.92, 139.82, 134.47, 132.17, 128.83, 126.29,
124.99, 123.94, 93.84, 84.54, 30.54. HRMS(ESI) calcd. for C26 H17 O2 S4 [M+H] =
489.01059, found:489.01050.
Synthesis of BDT series molecular wire.
General. Unless stated otherwise, all crude compounds were isolated by bringing
the reaction to room temperature, extracting with CH2 Cl2 , washing with saturated
NaHCO3 , water and then brine. The organic phase was then collected and dried
over Na2 SO4 and the solvents removed by rotary evaporation. Synthetic schemes
and NMR spectra are provided in the Supplementary Information.
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Synthesis of molecular wire BDT-1
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Figure 6.10: Synthetic route for BDT- .

2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene (8). Benzo[1,2-b;4,5-b’]dithiophene
(540 mg, 2.84 mmol) were dissolved in 70 mL anhydrous THF under an atmosphere
of N2 , cooled to −78 ∘C and 𝑛-butyllithium (8.5 mmol, 5.3 mL, 1.6 M in hexane) was
added drop-wise. The solution was stirred for 30 min in the cold bath before being
warmed to room temperature and stirred for and additional 20 min. The mixture
was cooled to −78 ∘C again and a solution of CBr4 (2.8 g, 8.5 mmol) in 5 mL anhydrous THF was added. The solution was stirred for 30 min in the cold bath before
being quenched with concentrated sodium bicarbonate solution (10 mL) at −78 ∘C.
The crude solid was purified by recrystallization from CHCl3 to give 1 (890 SI890mg,
90 %) as colorless platelets. HNMR (400 MHz, CDCl3 ) 𝛿: 8.03 (s, 2H); 7.33 (s, 2H).
CNMR (100 MHz, CDCl3 ) 𝛿: 138.36, 136.88, 125.63, 116.00, 115.10.
2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene (BDT1). 2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene (8; 125 mg, 0.36 mmol) and 4ethynyl-1-thioacetylbenzene (9; 176 mg, 1 mmol) were dissolved in mixture of fresh
distilled Et3 N (5 mL) and anhydrous THF (10 mL). After degassing with dry N2 , the
catalysts Pd(PPh3 )4 (58 mg, 0.05 mmol) and CuI (10 mg, 0.05 mmol) were added.
The reaction mixture was refluxed overnight under N2 . The crude solid was purified by column chromatography to give BDT-1 (78 mg, 40 %). HNMR (400 MHz,
CDCl3 ) 𝛿: 8.17 (s, 2H), 7.59 (d, J=8.2, 4H), 7.55 (s, 2H), 7.43 (d, J=8.2, 4H), 2.45
(s, 6H). CNMR (100 MHz, CDCl3 ) 𝛿: 195.88, 140.66, 140.46, 136.90, 134.76,
131.51, 130.89, 126.53, 126.25, 119.27, 97.57, 87.31, 32.97. HRMS(ESI) calcd. for
C30 H18 O2 S4 [M+H] : 539,02624, found: 539.02457.
Synthesis of molecular wire BDT-2
2,6-Bis[(4-tert-butylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene4,8-dione (12). 2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene-4,8-dione (10; 200 mg,
0.53 mmol) and 1-tert-butylthio-4-ethynylbenzene (11; 230 mg, 1.21 mmol) were
dissolved in mixture of fresh distilled Et3 N (5 mL) and anhydrous THF (10 mL). After
degassing, the catalysts Pd(PPh3 )4 (30 mg, 0.03 mmol) and CuI (5 mg, 0.03 mmol)
were added. The reaction mixture was refluxed for overnight under N2 . The crude
solid was purified by column chromatography to give 12 (100 mg, 32 %). HNMR
(400 MHz, CDCl3 ) 𝛿: 7.71 (s, 2H), 7.55 (d, J=8.2, 4H), 7.50 (d, J=8.2, 4H), 1.31
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Figure 6.11: Synthetic route for BDT- .

6

(s, 18H). CNMR (100 MHz, CDCl3 ) 𝛿: 173.33, 143.91, 142.55, 137.24, 135.17,
131.73, 131.56, 130.31, 121.70, 98.14, 82.55, 46.81, 31.02.
2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene-4,8dione (BDT-2).[50] TiCl4 (0.04 mL, 0.364 mmol) was added drop-wise to a solution
of compound 12 (100 mg, 0.167 mmol) and CH3 C(O)Cl (0.03 mL, 0.377 mmol) in
CH2 Cl2 at 0 ∘C. The resulting mixture was stirred at room temperature for 1 h and
the conversion was monitored by TLC (hexanes/CH2 Cl2 , 2:1). Upon completion,
the reaction was quenched with water (10 mL). The crude solid was purified by
column chromatography to give BDT-2 (50 mg, 53 %). HNMR (400 MHz, CDCl3 )
𝛿: 7.73 (s, 2H), 7.59 (d, J=8.2, 4H), 7.45 (d, J=8.2, 4H), 2.46 (s, 6H). CNMR
(100 MHz, CDCl3 ) 𝛿: 195.59, 175.96, 145.20, 136.95, 134.87, 134.20, 133.15,
132.57, 132.50, 125.24, 100.42, 85.49, 33.01. HRMS(ESI) calcd. for C30 H17 O4 S4
[M+H] : 569,00042, found: 568.99887.
Synthesis of molecular wire BDT-3
2,6-Bis[(4-tert-butylthiophenyl)ethynyl]benzo[1,2-b:5,4-b’]dithiophene (14).
2,6-dibromobenzo[1,2-b:5,4-b’]dithiophene (13; 50 mg, 0.143 mmol) and 1-tertbutylthio-4-ethynylbenzene (11; 68 mg, 0.358 mmol) were dissolved in mixture of
fresh distilled Et3 N (5 mL) and anhydrous THF (10 mL). After degassing, the catalysts Pd(PPh3 )4 (16 mg, 0.014 mmol) and CuI (2.7 mg, 0.014 mmol) were added.
The reaction mixture was refluxed overnight under N2 . The crude solid was purified
by column chromatography to give 14 (40 mg, 49 %). HNMR (400 MHz, CDCl3 ) 𝛿:
8.16 (s, 1H), 8.14 (s, 1H), 7.56 (s, 2H), 7.54 (d, J=4, 4H), 7.51 (d, J=4, 4H), 1.31
(s, 18H). CNMR (100 MHz, CDCl3 ) 𝛿: 141.35, 140.05, 139.89, 136.77, 134.10,
131.29, 125.64, 125.38, 120.85, 117.39, 97.51, 86.99, 49.30, 33.67.
2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:5,4-b’] dithiophene (BDT3).[50] TiCl4 (0.042 mL, 0.388 mmol) was added drop-wise to a solution of compound (14) (100 mg, 0.176 mmol) and CH3 C(O)Cl (0.03 mL, 0.397 mmol) in CH2 Cl2
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at 0 ∘C. The resulting mixture was stirred at room temperature for 10 min and the
conversion was monitored by TLC (hexanes/CH2 Cl2 2:1). Upon completion the reaction was quenched with water (10 mL). The crude solid was purified by column
chromatography to give BDT-3 (25 mg, 26 %). HNMR (400 MHz, CDCl3 ) 𝛿: 8.17
(s, 1H), 8.15 (s, 1H), 7.59 (d, J=7.2, 4H), 7.58 (s, 2H), 7.43 (d, J=8.2, 4H), 2.45 (s,
3H). CNMR (100 MHz, CDCl3 ) 𝛿: 195.88, 141.43, 140.03, 136.90, 134.76, 131.51,
131.48, 126.27, 126.50, 120.94, 117.42, 97.22, 87.15, 32.97. HRMS(ESI) calcd. for
C30 H18 O2 S4 [M+H] : 539,02624, found: 539.02476.
Self-assembled Monolayers
The SAMs of were formed via in situ deprotection[36, 46] on template-stripped
Au substrates[51]. Freshly template-stripped substrates were immersed into 3 mL
of 50 μ solutions of the thioacetate precursors in freshly distilled toluene inside
a nitrogen-filled glovebox and sealed under a nitrogen atmosphere. The sealed
vessels were kept inside a nitrogen flow box[52] (O2 below 3 %, RH below 15 %)
overnight; all subsequent handling and EGaIn measurements were performed inside
the flowbox. 1.5 h prior to measurement, 0.05 mL of 17 m diazabicycloundec-7ene(DBU) in toluene was added to the precursor/substrate solution. The substrates
were then rinsed with toluene and allowed to dry for 30 min before performing the
measurements.
Electrical Measurements
EGaIn
The details of the EGaIn setup are described elsewhere.[11, 36] Briefly, EGaIn
measurements were carried in the nitrogen flowbox. For each SAM, at least 10
junctions were measured on each of three different substrates by applying a bias
from 0.00 V → 1.00 V → −1.00 V → 0.00 V with steps of 0.05 V. At least 20 trace/retrace cycles were measured for each junction; only junctions that did not short over
all 20 cycles were counted as ”working junction” for computing yields. A new EGaIn
tip was prepared every 4 junctions.
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J-V Data Processing: Data was acquired as described above and then parsed in a
”hands-off” manner using Scientific Python to produce histograms of 𝐽 for each value
of 𝑉 and the associated Gaussian fits (using a least-squares fitting routine). The
confidence intervals for 𝜇
(Gaussian mean) depicted as error bars in the 𝐽/𝑉 plots
were calculated using 𝛼 = 0.95 from 𝜎
(standard deviation) taken from Gaussian
fits. The standard deviation of a fit (𝜎) was then recalculated into 95% confidence
interval using following equation CI = 𝑡 , where 𝑡 is the coefficient in 𝑡-distribution
√
and 𝑁 is the number of degrees of freedom for our system (𝑁
−1). The value
of t chosen for BDT-1 and BDT-3 is 2.04 (degree of freedom is 31) and BDT-2 is
2.05 (degree of freedom is 29). The value of t chosen for TT-1 is 2.045 (degree of
freedom is 29), BT is 2.052 (degree of freedom is 27), and TT-2 is 2.020 (degree
of freedom is 37).
Differential Conductance Heatmap: The 𝐽 − 𝑉 plots were smoothed by the polynomial model and the derivative of the current density (J) relative to the voltage
(dJ/dV) were computed individually from each J-V plot. Then we constructed a
2D histogram of these dJ/dV values by logarithmically binning them for each bias
voltage and plotting them, resulting in a heatmap with on the x-axis the bias voltage, on the y-axis the log (dJ/dV) and on the z-axis (in colour scale) the number of
counts.

6

Conductive Atomic Force Microscopy(CP-AFM)
𝐼-𝑉 measurements were performed on a Bruker AFM Multimode MMAFM-2 equipped
with a Peak Force TUNA Application Module (Bruker.) For TT-1 TT-2 and BT series,
the SAMs were contacted with a Au coated silicon nitride tip with a nominal radius
of 130 nm (NPG-10, Bruker, tip A: resonant frequency: 65 kHz, spring constant:
0.35 N/m; tip B: resonant frequency: 23 kHz, spring constant: 0.12 N/m; tip C:
resonant frequency: 56 kHz, spring constant: 0.24 N/m; tip D: resonant frequency:
18 kHz, spring constant: 0.06 N/m. Tip A was chosen in this work) in TUNA mode.
The AFM tip was grounded and the TT-1 sample were biased from −1.0 V to +1.0
V and from +1.0 V to −1.0 V on Au to record the 𝐼-𝑉 curves. The samples of TT-2
and BT were bias from −1.5 V to +1.5 V , since the current of TT-2 and BT is on the
magnitude of pA from −1.0 V to +1.0 V. We plotted TT-2 and BT from the region
of −1.5 V to +1.5 V for easy comparison with TT-1. A max of 10 trace/re-trace
cycles per junction were performed and the top electrode was removed from SAMs
between junctions. New tips were replaced between samples. For BDT-𝑛 series,
the SAMs were contacted with a Au-coated silicon nitride tip with a nominal radius
of 30 nm (NPG-10, Bruker, tip A: resonant frequency: 65 kHz, spring constant:
0.35 N/m; tip B: resonant frequency: 23 kHz, spring constant: 0.12 N/m; tip C:
resonant frequency: 56 kHz, spring constant: 0.24 N/m; tip D: resonant frequency:
18 kHz, spring constant: 0.06 N/m. Tip A was chosen in this work) in TUNA mode.
The AFM tip was grounded and the samples were biased from −1.0 V to +1.0 V
and from +1.0 V to −1.0 V on Au to record the 𝐼-𝑉 curves. The samples of BDT-2
were bias from −1.8 V to +1.8 V, since the current of BDT-2 is on the magnitude
of pA from −1.0 V to +1.0 V. We plotted BDT-2 from the region of −1.0 V to +1.0 V
for easy comparison with BDT-1 and BDT-3. 11 trace/re-trace cycles per junction

6.4. Experimental

143

were performed and the top electrode was removed from SAMs between junctions.
New tips were replaced between samples. The total number of 𝐼-𝑉 traces recorded
by CP-AFM is summarized in Table 6.3.
Processing. All raw data were processed algorithmically using Scientific Python
to generate histograms, Gaussian fits, extract transition voltages and construct differential conductance heatmap plots.
Table 6.3: Summary of - traces recorded by CP-AFM

SAMs
TT-1
BT
TT-2
BDT-1
BDT-2
BDT-3

Number of junctions
20
40
20
10
10
12

Number of traces
427
643
451
110
110
136

Computational Methodology
We performed the calculations using the Orca 4.0.0.1 software package[53, 54] and
the Artaios-030417 software package.[55, 56] The procedure is described below
step-by-step.
Molecular Geometry Optimization
We optimized all the four molecules terminating with dithiols. We used ORCA DFT
package and utilized the default Ahlrichs 𝑑𝑒𝑓2 − 𝑆𝑉𝑃 basis sets (ORCA option AccOpt, that calls the BP functional).[57] This optimized gas-phase geometry was then
used for all the following steps.
Single Point Energy Calculations
Gas-Phase energies
We used the ORCA DFT package also for calculating the gas-phase energies for all
the four molecules. We used the minimized geometries terminating with thiols to
calculate the single-point gas-phase energies using 𝐵3𝐿𝑌𝑃/𝐺 𝐿𝐴𝑁𝐿2𝐷𝑍.
Transport Properties
For computing the electron transmission probability plots as function of energy of
electron, we first ran single point energy calculations on structures terminating with
only sulfur atoms, i.e., by manually deleting the hydrogen atoms from the dithiols.
Same basis sets were used as described above for the single point energy calculation. The hamiltonian and overlap matrices were generated from the output of
these energy calculations, which served as the input for the Artaios-030417 software tool for generating the transmission curves.[55, 56] Thus, we used the input
geometry of these four molecules without the terminal hydrogen atoms, computing the transmission of only the gas-phase molecule without the electrode clusters.
The reason for using the molecular system without electrode clusters is that we
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are only interested in the transmission of the molecule. These calculations are not
simulations of an assembled junction; their purpose is to give insight into how the
electronic structure affects transmission, not to predict level-alignment. The use
of electrode clusters in these junctions is to identify the position of Fermi level of
EGaIn junctions is physically realistic. Thus, we use the 𝐸 of −4.3 eV for scaling the energy axis of the transmission curve in the Figure 3 of the main text. It
is known that the literature value for workfunction of clean gold is about −5.2 eV
to −5.3 eV but the assembly of alkanethiolates atop the gold surface reduces this
value by 0.85 eV (−4.32 eV to −4.4 eV) [58]; further, the assembly of conjugated
molecules result in a shift of 0.98 eV[59, 60]. Finally, the 𝐸 of EGaIn has been
reported as −4.3 eV in the literature[61] Thus, we use the value of −4.3 eV for 𝐸
which is close to the cumulative 𝐸 value for the junctions comprising SAMs with
EGaIn as top electrode and Au as bottom electrode.
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